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Abstract

The Saccharomyces cerevisiae uses a highly glycolytic metabolism, if glucose is available,
through appropriately suppressing mitochondrial functions except for some of them such as
Fe/S cluster biogenesis. Puf3p, a Pumillio family protein, plays a pivotal role in modulating
mitochondrial activity, especially during fermentation, by destabilizing its target mMRNAs and/
or by repressing their translation. Puf3p preferentially binds to 8-nt conserved binding
sequences in the 3'-UTR of nuclear-encoded mitochondrial (nc-mitochondrial) mRNAs,
leading to broad effects on gene expression under fermentable conditions. To further
explore how Puf3p post-transcriptionally regulates nc-mitochondrial mMRNAs in response to
cell growth conditions, we initially focused on nc-mitochondrial mMRNAs known to be
enriched in monosomes in a glucose-rich environment. We unexpectedly found that one of
the monosome-enriched mMRNAs, CAT5/COQ7 mRNA, directly interacts with Puf3p through
its non-canonical Puf3p binding sequence, which is generally less considered as a Puf3p
binding site. Western blot analysis showed that Puf3p represses translation of Cat5p,
regardless of culture in fermentable or respiratory medium. In vitro binding assay confirmed
Puf3p’s direct interaction with CAT5 mRNA via this non-canonical Puf3p-binding site.
Although cat5 mutants of the non-canonical Puf3p-binding site grow normally, Cat5p
expression is altered, indicating that CAT5 mRNA is a bona fide Puf3p target with additional
regulatory factors acting through this sequence. Unlike other yeast PUF proteins, Puf3p
uniquely regulates Cat5p by destabilizing mRNA and repressing translation, shedding new
light on an unknown part of the Puf3p regulatory network. Given that pathological variants of
human COQ7 lead to CoQ;, deficiency and yeast cat5A can be complemented by hCOQ?7,
our findings may also offer some insights into clinical aspects of COQ7-related disorders.

Introduction

Mitochondria play crucial roles in numerous cellular processes in eukaryotes, including pro-
duction of the majority of ATP, metabolism of amino acids and lipids, and biosynthesis of var-
ious redox molecules such as heme, Fe/S clusters, and coenzymes [1-3]. Saccharomyces
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cerevisiae, a classical model organism for mitochondrial research, normally prefers fermenta-
tion rather than respiration. The fermentation process using glucose as substrate is catalytically
more efficient than mitochondrial respiration in terms of ATP production per unit protein
mass [4], whereas the latter generates 10 times more ATP per glucose molecule [5]. Yeasts only
switch to aerobic respiration if glucose is exhausted, which is accompanied by the upregulation
of mitochondrial biogenesis. This process is referred to as the diauxic shift. Although yeasts
can survive with defects in oxidative phosphorylation coupled with the complete loss of
mtDNA, defects in the mitochondrial assembly of Fe/S clusters are lethal [2, 3, 6]. The mito-
chondrial iron-sulfur cluster assembly machinery is required for the biogenesis of all cellular
Fe/S proteins, including the cytosolic and nuclear Fe/S proteins that are involved in DNA
maintenance and RNA modification, as well as for cell viability [2, 7].

In S. cerevisiae, only eight mitochondrial proteins are encoded by the mitochondrial
genome, and all the remaining mitochondrial proteins (>99%) are encoded by the nuclear
genome and translated in cytosolic ribosomes in their precursor forms [8-10]. Thus, the cor-
rect sorting of mitochondrial proteins is the first step in ensuring organellar functionality. A
classical targeting pathway for mitochondrial proteins uses mitochondrial targeting sequences
(MTS) that are principally located at their N-terminus [10, 11], whereas approximately one-
half of the nuclear mRNAs encoding mitochondrial proteins (nc-mitochondrial mRNAs) are
transported to the mitochondrial surface, and translated locally [12-15]. A molecular biologi-
cal approach using proximity-specific ribosome profiling and a cytological method with elec-
tron cryotomography showed that the mitochondrial surface is a place of local translation of
nc-mitochondrial mRNAs [16, 17]. Mutant analyses revealed the close relationship between
the local translation on the cytosolic surface of mitochondria and mitochondrial functions [18,
19]. Proper translational control of nc-mitochondrial mRNAs is expected in harmony.

Indeed, a member of the Pumilio-homology domain family, Puf3p is a well-known regula-
tor of nc-mitochondrial mRNAs [20-22]. A global analysis showed that Puf3p physically inter-
acts with at least 220 transcripts, of which >70% are nc-mitochondrial mRNAs [23]. Multi-
omics analyses have consistently shown binding specificity of Puf3p for nc-mitochondrial
mRNAs [24-26]. Puf3p possesses eight-Puf repeats, each of which comprises three a-helices,
and the helices of neighboring repeats are stacked to form a crescent shape [27-29]. X-ray
crystallography has revealed that three amino acid residues within each Puf repeat directly
interact with a single RNA base, and this is the principal determinant of binding specificity
[29-34]. The Puf3p repeat domain (Puf3-RD) is sufficient to interacts with target mRNAs and
to regulate mRNA metabolism, as illustrated by the binding of yeast Puf3p to the 3'-UTR of
COX17 mRNA [35, 36]. An 8-nt UGUANAUA sequence has been identified as the consensus
Puf3p-binding motif on target mRNAs [23, 37, 38]. PUF family proteins generally bind to an
8-nt sequence that includes UGU(A/G) at the 5’ end, along with a more variable 3’ sequence
that is specific to the individual PUF proteins [23, 33, 39, 40].

The puf3A yeast grows slowly in respiratory media [23, 41] and shows impairments in mito-
chondrial motility and biogenesis [41, 42]. The absence of Puf3p alters the cellular tolerance to
oxidative stress and the glutathione redox state [43], as well as increasing cellular oxygen con-
sumption in a growth-dependent manner [44]. At the molecular level, a number of studies
have shown that Puf3p destabilizes a wide variety of target mRNAs by promoting deadenyla-
tion and reduces the efficiency of their translation, causing a downregulation of mitochondrial
biogenesis under fermentable conditions [23, 36, 37, 44-49]. Consistent with a repressive role
of Puf3p in glucose-rich medium, Puf3p expression is downregulated during the diauxic shift
[42], but it interacts with actively translating polysomes upon glucose depletion and promotes
mitochondrial biogenesis [41, 49]. These bidirectional functions of Puf3p are regulated
through phosphorylation by the casein kinase Hrr25p [41, 50]. Corresponding PUF3(24A)
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mutations are dominant negative, and even more strongly inhibit cell growth following the
diauxic shift than the complete deletion of PUF3 [41], which implies that abnormal phosphor-
ylation of Puf3p has a substantial impact on cellular homeostasis.

Yeast CAT5/COQ7 mRNA encodes a putative monooxygenase required for coenzyme Q
(CoQ) biosynthesis and its product Cat5p is an integral membrane protein in the inner mito-
chondrial membrane [51-53]. Cat5p expression is regulated at the level of mRNA, especially
in response to carbon source and CoQ-related metabolites though precise molecular mecha-
nism of this regulation is still under investigation [51, 54]. The functional conservation of
Cat5p/Coq7p among species is shown by the ability of human COQ7 (hCOQ7) to rescue yeast
CoQg deficiency caused by cat5A [55, 56]. Indeed, expression/stability of hCOQ?7 is fine-tuned
by the level of hCOQ4, and is also affected by 2,4-dihydroxybenzoic acid, which is capable of
bypassing the enzymatic step performed by hCOQ7 [57, 58]. Such fine-tuning may be achieved
at the mRNA level, like the case of yeast Cat5p. Various RNA-binding proteins like HuR and
hnRNP C1/C2 interact with the 3’-UTR of hCOQ7 mRNA to modulate hCOQ7 levels, thereby
controlling CoQ; [59]. The human Pumilio proteins (PUMs), PUM1 and PUM2, also bind to
the 3’-UTR of hCOQ7 mRNA via their canonical binding motif, while the expression level of
hCOQ7 mRNA is unchanged in the PUM-knockdown cells [60]. Mutations in hCOQ?7 are
associated with primary ubiquinone deficiency, which contributes to CoQ;, deficiency syn-
drome, and related diseases, predominantly featuring hypertonia and sensorineural hearing
loss (SNHL) [57, 61-63]. To fully understand the pathogenesis of CoQ;o-deficiency related dis-
eases, not only enzymatic mechanism of COQ proteins but also regulation of their expression
needs to be clarified.

As described above, a large quantity of information has been accumulated regarding Puf
proteins, especially Puf3p in the yeast, from its binding consensus to its modes of action. How-
ever, it is still not fully understood how Puf3p utilizes its bidirectional modes of regulation of
individual mRNAs to achieve differential regulation of such targets under fermentable and
respiratory conditions. The CAT5/COQ7 mRNA was previously considered not to be a target
of Puf3p. However, our in vivo and in vitro analyses clearly revealed that Puf3p regulates CAT5
mRNA translation and stability, and directly binds to the CAT5 3'-UTR via a non-canonical
Puf3p-binding sequence (UGUAUAAA) that contains an unusual nucleotide substitution of A
for U at position 7. We also found that CAT5 mRNA expression is regulated by other factors
through interactions with this non-canonical Puf3p-binding site at both the transcriptional
and post-transcriptional levels. Thus, the present data provide several lines of evidence regard-
ing Puf3p-related regulation of target molecules according to the carbon metabolic state, as
well as demonstrating wider recognition of mRNA species by Puf3p. Our finding would con-
tribute to understanding the molecular regulatory mechanisms of the CoQ pathway in higher
eukaryotes and give some clues to pathological studies of the CoQ;, deficiency in humans.

Materials and methods
Yeast strains, plasmids and culture conditions

Standard yeast genetic techniques and other molecular biological techniques were used [64,
65]. The S. cerevisiae strains used are listed in S1 Table. The plasmids and primers are summa-
rized in S2 and S3 Tables, respectively. To generate the cat5A puf3A strain (SHSC0090), an
amplified puf3A::CgHIS3 fragment was introduced into a cat5A strain (SHSC0060), and to
make the cat5-101 strain (SHSC0279), a mutant CAT5 3'-UTR allele was integrated using the
two-step gene replacement strategy. First, the URA3 marker was integrated at the correspond-
ing transcribed region of the CAT5 gene, generating the cat5A::URA3 strain (SHSC0268). Sub-
sequently, a 1.08-kb EcoRV-HindIII fragment containing the CAT5 3’-UTR mutant allele
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from pSHSC009 was integrated into SHSC0268 to replace the URA3 marker. 5-Fluoroorotic
acid resistant clones were isolated, and correct integration was confirmed by sequencing. To
generate a cat5-101 puf3A strain (SHSC0286), an amplified puf3A::CgHIS3 fragment was intro-
duced into SHSC0279. To make the cat5-102 (SHSC0480), cat5-103 (SHSC0484), and cat5-104
(SHSC0488) strains, which included a substitution at position 7 of the Puf3p-binding sequence
in the CAT5 3’-UTR, the two-step gene replacement strategy was performed with some modi-
fications: for the cat5-102, cat5-103, and cat5-104 strains, 1.08-kb EcoRV-HindIII fragments
containing the CAT5 3’-UTR mutant alleles from pSHSC039, pSHSC040, and pSHSC041,
respectively, were integrated into SHSC0268 to replace the URA3 marker.

The yeast strains were cultured at 30°C in YPD [1.0% (w/v) yeast extract, 2.0% (w/v) poly-
peptone, 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 YPGly [1.0% (w/v) yeast extract, 2.0% (w/v) polypeptone, and
2.0% (w/v) glycerol]. For growth comparisons, cells were cultured in 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) casa-
mino acids, vitamin assay, and 2.0% (w/v) glycerol] with 20 pg/ml appropriate amino acids
and nucleobase supplements.

Crude RNA preparation and northern blotting

Crude RNA was extracted from mid log-phase cultured yeast cells at 65°C using Na-acetate/
sodium dodecyl sulfate (SDS) buffer [50 mM Na-acetate, pH 5.2, 10 mM EDTA, 1.0% (w/v)
SDS] and an equal volume of Acidic Phenol Chloroform [phenol:chloroform = 5:1, pH 4.5] or
Phenol, Saturated with Citrate Buffer [pH 4.5] (Nacalai Tesque, Kyoto, Japan). The aqueous
phase was separated by the addition of chloroform and subsequent centrifugation, and was
sequentially extracted using phenol/chloroform and chloroform. The resulting RNA was pre-
cipitated using 2-propanol, and the final pellets were dissolved in TE [10 mM Tris-HCI, pH 7.5
and 1.0 mM EDTA]. The crude RNA and the RNAs obtained 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, IL, USA)
by capillary transfer in 20xSSC. Hybridization with digoxigenin (DIG)-labeled antisense RNA
probes was performed in DIG Easy Hyb (Roche Diagnostics) at 68°C. The antisense RNA
probes for AIM17, MRPL16, RSM10, 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 ODggp units) were collected by centrifugation, resuspended in
113 pl Lysis Buffer II [10 mM Tris-HCl, 1 mM EDTA-Na, 278 mM NaOH, and 6.2% (v/v) B-
mercaptoethanol], and incubated for 5 min on ice. The cell lysates were treated with 1.0 ml of
ice-cold 10% (w/v) TCA for 10 min on ice, then centrifuged at 18,000 x g for 5min at4°Cina
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, pH 8.0, 2.5% (w/v)
SDS, 12.5% (w/v) glycerol, 0.005% (w/v) bromophenol blue, 2.0% (v/v) B-mercaptoethanol,
and 2.0 mM PMSF] supplemented with Tris to a final concentration of 20 mM, and heated for
5 min at 95°C. Immunoblots were developed using ECL, with horseradish peroxidase-conju-
gated goat anti-rabbit IgG as the secondary antibody. For ECL detection, membranes were
incubated for 1 min in ECL solution [100 mM Tris-HCI, pH 8.6, 0.2 mM p-coumaric acid, 1.2
mM luminol sodium salt, and 0.01% (w/v) H,O,] [66]. Antibodies against Mrpl16p and
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Cat5p/Coq7p were 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, pTYE600, and its vector, pGEX-4T-2, were introduced
into the Escherichia coli strains BL-21 (DE3) or TG1 [supE hsdAS5, thi, A(lac-proAB)/F’, traD36,
proABY, laclf, lacZAM15]. GST-tagged fusion proteins were overexpressed by incubating cul-
tures to log-phase growth with 0.2 mM IPTG at 37°C for 2 hr. The collected cells were washed
with ice-cold STE Buffer [10 mM Tris-HCI, pH 8.0, 0.1 M NaCl, and 1 mM EDTA-Na], and
resuspended in ice-cold Lysis Buffer IIT [50 mM Tris-HCI, pH 7.5, 100 mM NaCl, 2 mM
EDTA-Na, and 1 mM PMSF]. The cells were then disrupted using an ultrasonic disruptor
(UD-201; Tomy, Tokyo, Japan). In advance of centrifugation for the removal of cells debris,
cell lysates were incubated with 0.1% (w/v) Triton X-100 on ice for 5 min. The GST fusion pro-
teins were purified using Glutathione Sepharose™ 4B (GE Healthcare), Binding Buffer I [50
mM Tris-HCl, pH 7.5, 0.1% (w/v) Triton X-100, 2 mM EDTA-Na, pH 8.0, 0.1 M NaCl, and 1
mM PMSF], and Elution Buffer [50 mM Tris-HC, pH 8.0 and 25 mM reduced glutathione],
according to the manufacturer’s protocol. Protein eluates were dialyzed against 50 mM Tris-
HCI, pH 8.0, and the protein concentrations of the final samples were determined using the
Bradford method with Protein Assay CBB Solution (Nacalai Tesque) and bovine serum albu-
min (Fujifilm Wako Pure Chemical) as a standard.

In vitro transcription and fluorescence labeling of RNA

DNA templates were amplified from pTYE611 (MRPL16 3'-UTR), pTYE612 [mrpl16 3'-UTR
w/o Puf3 site 26 TGTA to 26ACAC)], pSHE002 [mrpl16 3'-UTR double mutations (18TGTA
to 18ACAC, 26TGTA 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 using Illustra GFX PCR DNA & Gel
Band Purification Kit (GE Healthcare), followed by 2-propanol precipitation, and the final pel-
lets were dissolved in DEPC-treated water (DEPC-DW). In vitro transcription was performed
using SP6 RNA polymerase with a MEGAscript kit (Ambion, Austin, TX, USA). The tran-
scribed RNAs were subjected to phenol/chloroform extraction, followed by chloroform extrac-
tion and 2-propanol precipitation, and the final pellets were dissolved in 40 ul of TE, and were
then desalted with NucAway™ Spin Columns (Ambion) equilibrated with TE. The RNAs was
treated with NalO, at final concentration of 1.8 mg/ml at 23°C for 60 min in the dark, result-
ing in the 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 was exchanged for 0.10 M NaOAc, pH 5.2 using PD
Spin Traps G-25 (GE Healthcare). The recovered RNA samples were each mixed with 7.0 ul of
10 mM Cy3 hydrazide (BroadPharm, San Diego, CA, USA) and incubated at 4°C for 4 hr in
the dark to facilitate dialdehyde-hydrazide conjugation. After ethanol precipitation, the final
pellets were dissolved in 10 ul of DEPC-DW, and the RNA was purified by PAGE using a 7%
(w/v) TBE-urea polyacrylamide gel. The RNA samples were each eluted with 750 ul of Urea-
PAGE Elution Buffer (0.30 M NaOAc, pH 5.2, 5.0 mM EDTA-Na, and 0.10% (w/v) SDS) in
the dark overnight, and then this process was repeated with 250 ul of the same buffer for 4 hr.
The eluted RNA samples were extracted with phenol/chloroform and then with chloroform.
After precipitation with 2-propanol in the presence of 12.5 pg/ml glycogen, the final pellets
were dissolved in 20 ul DEPC-DW. For the quantification of fluorescence-labeled RNAs, the
RNA samples were separated on a 7% (w/v) TBE-urea polyacrylamide gel, and the signals were
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detected using a laser scanner (Typhoon FLA-7000; GE Healthcare) or a cooled CCD camera
system (Ez-Capture; ATTO, Tokyo, Japan).

Electrophoretic mobility shift assay (EMSA)

In vitro binding analysis of GST-Puf3-RD was performed largely as previously described [35,
36]. Reaction mixtures were prepared in 20 pul of Binding Buffer II [10 mM HEPES-KOH, pH
7.4,50 mM KCl, 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 pres-
ence (0.65 pM) or absence of GST-Puf3-RD or GST, and final 600 pM and 100 pM concentra-
tions of fluorescence-labeled in vitro transcripts of the MRPL16 or CAT5 3’-UTRs,
respectively. The mixtures were incubated at 24°C for 30 min, 5.0 pg of heparin was added,
and they were then re-incubated at 24°C for 10 min. For electrophoresis on a 7% (w/v) TBE-
acrylamide gel, the reaction mixtures were mixed with 4.0 pl of 5xGel-shift Sample Buffer
[5XTBE, 25% (w/v) sucrose]. Electrophoresis was performed at 200 V and 4°C for 2-2.5 hr,
then fluorescence signals were detected using Typhoon FLA-7000 (GE Healthcare), and the
data were processed using Image Quant TL software (GE Healthcare).

Measurement of protein synthesis

HPG labeling to measure protein synthesis was performed as previously described [67]. Cells
grown in SD [0.67% (w/v) yeast nitrogen base without amino acids, and 2.0% (w/v) D-glucose]
with appropriate supplements until log phase were transferred to SD with appropriate supple-
ment except for methionine, were incubated for 30 min for methionine starvation, and then
total 3.0 ODgg cells were labeled with 2.8 nmol of HPG (Jena Bioscience, Jena, Germany) for
30 min. SDS cell lysates were prepared as described above but final pellets were resuspended in
200 uL of HEPES SDS Buffer [100 mM HEPES-NaOH, pH 7.5, 2.0% (w/v) SDS, and 2 mM
PMSEF]. Click chemistry to conjugate HPG residues with biotin was performed as described
[68]. Briefly, the SDS lysates were first treated with final 44 mM sodium ascorbate and 111
mM iodoacetamide for 10 min at room temperature, and they were mixed with 0.10 mM
azide-PEGs;-biotin (Sigma Aldrich, St. Luis, Missouri, USA), 25 mM CuSO,, 10 mM tris
(3-hydroxypropyltriazolylmethyl)amine (Sigma Aldrich), and 20 mM aminoguanidine in final
concentrations in this order. After 15 min-incubation at 30°C, unreacted reagents were
removed using methanol-chloroform precipitation, and the pelleted proteins were dissolved in
500 pL of IP SDS Buffer [20 mM Tris-HCI, pH 7.5, 150 mM, 1.0% (w/v) SDS, and 2.0 mM
PMSEF]. After 2-fold dilution with IP Buffer w/o SDS [20 mM Tris-HCI, pH 7.5, 150 mM, and
1.0% (w/v) Triton X-100], biotinylated proteins were recovered with avidin D-agarose (Vector
Laboratories, Newark, CA, USA). After extensive wash of the beads with IP Buffer [20 mM
Tris-HCI, pH 7.5, 150 mM, 1.0% (w/v) Triton X-100, and 0.10% (w/v) SDS], bound proteins
were released from the beads with SDS-PAGE Sample Buffer, and were subjected to western
blotting.

Thiolutin chase

The cat5-101 and puf3A mutant strains (SHSC0279 and SHSC0056, respectively), together
with the wild-type BY4741 strain, were cultured in YPD to the log phase, and a final concentra-
tion of 3.0 pug/ml of thiolutin (Tocris Bioscience, Bristol, United Kingdom) was added. Two-
milliliter yeast samples were withdrawn from the cultures at 0, 5, 10, 20, 40, and 60 min after
the addition of thiolutin, briefly centrifuged, and frozen in liquid N,. RNA samples were pre-
pared from the yeast samples, and 5.0-pg RNA aliquots were analyzed by northern blotting
using an RNA probe against CAT5 ORF labeled with DIG, as described above.
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Results
Puf3p functions as a translational repressor of CAT5 mRNA

We were originally interested in unique translational characteristics of monosome-enriched
mRNAs in S. cerevisiae reported by Heyer and Moore [69]. A considerable part of monosome-
enriched mRNAs was nc-mitochondrial mRNAs, and many of them have the canonical
Puf3p-binding site in their 3>-UTR (Table 1).

According to [69], nc-mitochondrial mRNAs shown in the table were categorized into
monosome-enriched mRNAs (upper part) or polysome-enriched mRNAs (lower part). Mito-
chondria-localized mRNAs that are dependent on and independent of Puf3p are highlighted
by orange and light yellow, respectively. Saccharomyces Genome Database (https://www.
yeastgenome.org/) was referred for cellular function and mRNA localization. Saint-Georges
et al. [70] were referred for Puf3p binding site and MLR (mitochondrial localization of
nuclear-encoded mRNAs) classification.

A considerable portion of these mRNAs were also known to be localized on the mitochon-
drial surface in a Puf3p-dependent manner [70]. During analyses of the individual nc-mito-
chondrial mRNAs enriched in the monosome fraction, we realized that CAT5/COQ7 mRNA,
which was previously reported to lack the Puf3p-binding site, seems to be akin to the canonical
Puf3p target, like MRPL16 or RSM10 mRNAs. Northern blotting of several monosome-
enriched mRNAs revealed that CAT5 mRNA modestly but reproducibly increased in a puf3A
mutant and that this difference was similar to those of MRPL16 and RSM10 mRNAs (S1 Fig).
Such increase in the puf3A mutant was only seen under the fermentable conditions, and no
statistically meaningful increase of mRNAs was observed under respiratory conditions among
CAT5 mRNA and other mRNAs tested here.

We then subsequently verified the effects of PUF3 deletion on CAT5 expression at the pro-
tein levels. As shown in Fig 1A-1C, the steady-state Mrpl16p expression (Puf3p target control)
in the wild-type yeast was very low in the fermentable medium (YPD), but was approximately
8-9 times higher in the respiratory media (YPGal or YPGly; Fig 1B). Similarly, Cat5p expres-
sion was substantially induced under these growth conditions, as for that of Mrpl16p (Fig 1D~
1F). The wild-type cells expressed approximately 3-4 times more Cat5p in the respiratory
media than in the fermentable medium. The effects of puf3A mutation are more obvious on
the protein level than the mRNA level. Importantly, the deletion of Puf3p increased the expres-
sion of both Mrpl16p and Cat5p in yeast grown in the fermentable medium, but this effect was
less marked when the yeast was grown in the respiratory media (Fig 1C and 1F). In the respira-
tory media, Puf3p functioned as a translational repressor of Cat5p, but it did not reduce the
translation of Mrpl16p. These findings imply that Puf3p acts as a negative regulator of both
mRNAs at the post-transcriptional level in a carbon source- and/or transcript-dependent
manner.

Puf3p binds to non-canonical sequences in the MRPL16 and CAT5 mRNAs
with a variation at position 7 of the Puf3p-binding motif in vitro

As shown in Fig 2A, three amino acid residues within each Puf repeat, make direct contact
with a single RNA base, which is the principal determinant of binding specificity [29-34].
CAT5 mRNA does not contain the canonical Puf3p-binding sequence UGUANAUA, but it
does contain a similar sequence, UGUAUAAA, which differs at nucleotide 7 of the Puf3p-
binding sequence (A instead of U), at position 92-99 nt of the CAT5 3’-UTR (Fig 2C). To
directly evaluate whether CAT5 mRNA is a bona fide target of Puf3p, we employed an in vitro
assay of the binding of Puf3p [35, 36] to the experimentally defined 3'-UTRs of the MRPL16
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Table 1. Monosome-enriched mRNAs for nc-mitochondrial proteins are inclined to be localized on the mitochondrial membrane via Puf3p.

Systematic | Standard Cellular function mRNA localization on Puf3p binding site | MLR mRNA type
name name mitochondrial outer on the 3>-UTR Classification
membarane
YDR336W MRX8 Protein associates with mitochondrial ribosome | Localized No independent of | Monosome
Puf3p

YDR332W IRC3 Double-stranded DNA-dependent helicase undetermined No - Monosome

YER024W YAT2 Carnitine acetyltransferase Localized No independent of | Monosome
Puf3p

YGRO15C YGROI15C | Mitochondria-localized protein undetermined No - Monosome

YJL023C PETI30 Protein required for respiratory growth Localized No independent of | Monosome
Puf3p

YML042W CAT2 Carnitine acetyl-CoA transferase Localized No independent of | Monosome
Puf3p

YBL107C MIX23 Mitochondrial intermembrane space protein undetermined - - Monosome

YERO015W FAA2 Medium chain fatty acyl-CoA synthetase undetermined - - Monosome

YLR105C SEN2 Subunit of the tRNA splicing endonuclease undetermined - - Monosome

YCRO005C

YDRI191W

CIT2

Citrate synthase

Localized

No

independent of
Puf3p

NAD(+)-dependent protein deacetylase undetermined - |-

Monosome

Monosome

YER183C FAUI 5,10-methenyltetrahydrofolate synthetase Not localized No - Monosome
YGR146C ECLI mitochondrial-dependent role in the extension | undetermined - - Monosome
of chronological lifespan
YHL021C AIM17 Mitochondria-localized protein Localized No independent of | Monosome
Puf3p
YJL133W MRS3 Iron transporter Localized No independent of | Monosome
Puf3p

YNL213C RRGY Mitochondria-localized protein Localized No independent of | Monosome
Puf3p
YORO037W CYCc2 Mitochondrial peripheral inner membrane Localized No independent of | Monosome
protein Puf3p
YOR125C CAT5 Protein required for Coenzyme Q biosynthesis | Localized No independent of | Monosome
Puf3p
YLR355C ILV5 Acetohydroxyacid reductoisomerase and Not localized No - Polysome
mtDNA binding protein
YGR094W VASI Mitochondrial and cytoplasmic valyl-tRNA Localized No independent of | Polysome
synthetase Puf3p
YOR335C ALAI Cytoplasmic and mitochondrial alanyl-tRNA undetermined Yes - Polysome
synthetase
(Continued)
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Table 1. (Continued)

Systematic

name

YPLO61W
YIL125W

YKL182W
YPL231W
YNRO16C

Standard
name

ALD6
KGD1

FAS1
FAS2
ACCI1

Cellular function

Cytosolic aldehyde dehydrogenase

Subunit of the mitochondrial alpha-
ketoglutarate dehydrogenase complex

Beta subunit of fatty acid synthetase
Alpha subunit of fatty acid synthetase

Acetyl-CoA carboxylase, biotin containing

mRNA localization on Puf3p binding site | MLR mRNA type

mitochondrial outer on the 3-UTR Classification

membarane

undetermined No - Polysome

Localized No independent of | Polysome
Puf3p

Not localized No - Polysome

undetermined No - Polysome

undetermined No Polysome

enzyme

https://doi.org/10.1371/journal.pone.0295659.t001

and CAT5 mRNAs [71]. We purified the glutathione S-transferase-tagged Puf3p repeat
domain (Puf3-RD; 465-879 amino acids) expressed in E. coli, and in vitro-transcribed the 3'-
UTRs of the Cy3-labeled MRPLI6 and CAT5 mRNAs with or without mutations. These mate-
rials were subjected to electrophoretic mobility shift assay (EMSA). Various concentrations of
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Fig 1. Puf3p regulates the expression of Mrpl16p and Cat5p in a carbon source-dependent manner. (A) Steady-
state levels of Mrpl16p in the wild-type (WT) and puf3A strains. Total cell extracts prepared from the same mass of
cells were analyzed by immunoblotting using antibodies specific for Mrpl16p, and for Srplp as a loading control.
Because the expression levels of Mrpl16p differed significantly, light-contrast (L) and dark-contrast (D) images of the
same immunoblot are displayed. (B) Bar chart showing the relative abundance of Mrpl16p, normalized with that of
Srplp, for more than three biological replicates in (A) (Student’s t-test, **, p < 0.01; ns, not significant). (C) Relative
expression of Mrpl16p in the puf3A cells versus that in wild-type cells under various culture conditions. The mean
value for the WT cells in YPD was set to 1.0 (n > 4; ****, p < 0.0001). (D) Steady-state levels of Cat5p in the WT and
puf3A strains. Cell extracts were analyzed as in (A). (E) Bar chart showing the relative abundance of Cat5p, quantified
from at least three biological replicates in (D), and shown as in (B) (Student’s ¢-test, ***, p < 0.001; **, p < 0.01;*, p <
0.05). (F) Relative expression of Cat5p in the puf3A cells versus that in the WT cells (n > 4; *, p < 0.05; ***, p < 0.001).

https://doi.org/10.1371/journal.pone.0295659.9001
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Fig 2. Puf3p accepts variants at nucleotide 7 of the Puf3p canonical binding sequence in the MRPL16 and CAT5 3’-UTR:s in vitro. (A) Crystal
structure of the Puf3p repeat domain (Puf3-RD) in complex with the 3’-UTR of the COX17 mRNA (PDB ID code: 3K4E). R1-R8 indicate the PUF
repeats of Puf3-RD. The nucleotides of COX17 mRNA (5'-UGUAUAUA-3') are shown in green for position 7 of the canonical Puf3p-binding
sequence and in red for the other positions. (B) Overview of the Puf3-RD fusion protein used in this study. The numbers represent the amino acid
positions in Puf3p. (C) The upper scheme shows the 3'-UTR sequences of the MRPL16 mRNA used in EMSA. The numbers represent the nucleotide
positions in the 3'-UTR. Capital letters indicate the canonical Puf3p-binding sequence (orange underline; U26-A33) or a candidate for a non-
canonical Puf3p-binding sequence with a different nucleotide at position 7 (24C; U18-A25). Nucleotide 7 of the canonical or non-canonical Puf3p-
binding sequences is shown in green and mutations of the canonical or non-canonical Puf3p-binding sequences are shown in red. The lower scheme
shows the 3'-UTR sequences of the CAT5 mRNA used in EMSA. The numbers represent the nucleotide positions in the 3'-UTR. Capital letters
represent a candidate non-canonical Puf3p-binding sequence (U92-A99), which has a different nucleotide at position 7 (98A; green). The mutated
positions are highlighted in red. (D) EMSA was performed using 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 concentrations of GST-Puf3-RD used in the assays were 0 uM
(=), 0.65 uM, and 1.95 uM (black triangle). Lane G (lanes 4, 8, and 12) is the control gel shift with 1.95 pM GST. No RNA substrates were included in
lanes 13 or 14, in the presence of 1.95 uM GST-Puf3p-RD (+) or GST (G), respectively. (E) EMSA performed using the wild-type and mutant forms of

the CAT5 3'-UTR. The assay conditions were similar to those described in (D), except 100 pmol Cy3-labeled RNAs were included instead of 600 pmol.
Bands marked by an asterisk may represent RNA dimers.

https://doi.org/10.1371/journal.pone.0295659.g002

purified recombinant Puf3-RD (0-1.95 uM) were incubated with fixed amounts of labeled
wild-type or mutated RNAs (Fig 2D and 2E).

As shown in Fig 2D, Puf3p dose-dependently bound to the wild-type MRPL16 3'-UTR,
gradually yielding a shifted band as increasing amount of the GST-Puf3-RD fusion were used
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in the EMSA (lanes 1-3). The Puf3-RD part was responsible for this binding, because there
was no band shift in the presence of GST alone (G; lane 4). Strikingly, mrpl16-101, in which
the first four nucleotides of the canonical sequence UGUA were replaced by ACAC, still
showed a clear band shift that depended on the amount of Puf3-RD present (Fig 2D, lanes
5-7). According to Jackson et al. [36], the substitution of the UGUA sequence in Puf3p targets
is sufficient to abolish their binding affinity with Puf3p. Nevertheless, the mrpl16-101 3’-UTR
with this substitution retained its binding affinity with Puf3-RD. We then searched for an
additional Puf3p-binding sequence within the 64 nt of the MRPL16 3'-UTR, and found one
sequence that was similar to the Puf3p-binding sequence, UGUAUACA, an 8-nt with a U-to-
C substitution at position 7, immediately upstream of the canonical Puf3p-binding sequence.
We then generated an mrpl16-102 mutant with additional substitutions of UGUA for ACAC
in a candidate Puf3p-binding sequence in mrpl16-101, and then performed EMSA (Fig 2D).
The mrpl16-102 3'-UTR showed no band shift, irrespective of the presence or absence of
Puf3-RD, and all the mutant RNAs remained as the lower free RNA bands (Fig 2D, lanes
9-11). These in vitro results indicated that the MRPL16 mRNA contains two distinct Puf3p-
binding sites, the canonical one and a variant, which has a single-nucleotide substitution at
position 7 of the canonical sequence.

Next, we prepared the 115-nt sequence of the CAT5 mRNA 3’-UTR as a wild-type substrate
and performed EMSA, as shown in Fig 2E. This showed that the wild-type CAT5 3’-UTR
directly interacts with Puf3-RD (Fig 2E, lanes 1-4). The shifted band appeared in the presence
of Puf3-RD, but not in its absence or in the presence of GST alone. Conversely, the lowest free
RNA band disappeared when Puf3-RD was incubated with the wild-type CAT5 3'-UTR, like-
wise MRPL16 (Fig 2E, lanes 2 and 3). Next, we tested whether a mutated version of the CAT5
mRNA, cat5-101, which includes the UGUA-to-ACAC mutation in the candidate non-canoni-
cal Puf3p-binding sequence (Fig 2C), binds to Puf3-RD in vitro. As expected, the cat5-101 3'-
UTR did not bind to Puf3-RD (Fig 2E, lanes 5-7). Therefore, we concluded that the CAT5
mRNA is a novel bona fide Puf3p target that interacts with Puf3p via the non-canonical Puf3p-
binding sequence UGUAUAAA in vitro.

The non-canonical Puf3p-binding sequence of the CAT5 mRNA is required
for the appropriate expression of Cat5p under both fermentable and
respiratory conditions

To clarify whether the novel Puf3p-binding sequence of CAT5 mRNA identified in the in vitro
analyses is functional in vivo, we generated a strain containing the UGUA-to-ACAC mutation
in the non-canonical Puf3p-binding sequence of the CAT5 gene (cat5-101) described above.
As shown in Fig 3A, the cat5-101 strain grew similarly to the wild-type cells, both in the fer-
mentable and the respiratory (YPD and YPGly) media at 30°C and 37°C (S2A Fig). By con-
trast, the cat5-deleted strains (cat5A and cat5A puf3A) grew on YPD but not on YPGly at 30°C
or at 37°C (Fig 3A and S2A Fig), consistent with their previously reported respiration-deficient
phenotypes [53]. Because Puf3p seems to regulate Cat5p expression post-transcriptionally (Fig
1D-1F), the Puf3p-binding affinity for the CAT5 mRNA may affect the translation of Cat5p.
Unexpected as a repressive function of Puf3p, the cat5-101 strain produced less Cat5p than the
wild-type strain in YPD medium (Fig 3B, lanes 1 and 2; Student’s ¢-test, p < 0.001). Impor-
tantly, the amount of Cat5p produced in the cat5-101 mutant was similar, regardless of the
presence or absence of Puf3p (Fig 3B, relative amount (RA) = 0.33+0.11 and 0.43+0.15, respec-
tively; Student’s t-test, p = 0.209). Given that the puf3A strain showed higher expression of
wild-type Cat5p (Fig 3B, lane 4, RA = 2.25+0.87, Student’s t-test, p = 0.034; Fig 1D-1F), the
low Cat5p expression in the cat5-101 mutant may be the result of another protein binding to
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Fig 3. Mutations in the non-canonical Puf3p-binding sequence of CAT5 mRNA affect Cat5p expression in vivo
but not cell viability. (A) Comparison of the growth of the wild-type (WT), cat5-101, and cat5A strains in the presence
or absence of the PUF3 gene. Saturated cultures of the indicated strains were serially diluted 10-fold, dropped onto
YPD or YPGly plates, and cultured at 30°C. (B)-(C) Western blot analysis of Cat5p expression in the corresponding
yeast strains. Cells were cultured at 30°C in YPD (B) or in YPGly (C) media. Srp1lp was used as a loading control. The

numbers under the gel images represent the mean + standard deviation of the relative amount (RA) of Cat5p,

quantified from n > 3. The WT Cat5p expression was set to 1.00. (D)-(G) Quantitative western blot analysis of Cat5p
expression in the WT strain and in strains with one of the three point mutants of the CAT5 Puf3p-binding sequence at
position 7 (cat5-102, A-to-G; cat5-103, A-to-C; and cat5-104, A-to-T). Quantification results of (D) and (F) were
summarized as bar graphs in (E) and (G), respectively. The cells were cultured at 30°C in YPD (D and E) or in YPGly
(F and G) media. Relative abundance of Cat5p, normalized with that of Srplp, inn > 3 in (D) and n > 4 in (F). The

mean value for the WT was set to 1.0 (Student’s t-test, **, p < 0.01; %, p < 0.05; ns, not significant).

https://doi.org/10.1371/journal.pone.0295659.9003
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the non-canonical binding sequence UGUAUAAA, rather than only a lack of Puf3p binding.
A similar Cat5p expression pattern was also observed in the cat5-101 cells grown in YPGly
(Fig 3C, lanes 2 and 4, RA = 0.3620.10 and 0.33+0.27, respectively; Student’s t-test, p = 0.448).
Thus, Puf3p binding to the non-canonical Puf3p-binding site in the CAT5 3'-UTR is not
required for yeast growth in the respiratory medium, but contributes to the downregulation of
Cat5p translation. Moreover, the non-canonical Puf3p-binding site seems to recruit an
unidentified factor(s) that increases Cat5p production under both fermentable and respiratory
conditions, and facilitates cooperation with Puf3p in the post-transcriptional regulation of
CATS.

We next analyzed in vivo effects of a point mutation at position 7 of the non-canonical
Puf3p-binding site in the CAT5 3'-UTR. A-to-G (cat5-102) and A-to-C (cat5-103) mutations
increased Cat5p expression similarly to PUF3 deletion in yeast grown in the fermentable
medium (Fig 3D and 3E), but these effects were abolished in the respiratory medium (Fig 3F
and 3G). Although the cat5-102 mutant showed a statistically significant difference in Cat5p
expression from that in the wild-type cells in the respiratory medium (Student’s ¢-test,

p = 0.012), the difference was so small that it is likely to have little physiological impact. The
mutation to the canonical sequence (cat5-104; A-to-U) did not affect Cat5p expression under
either fermentable or respiratory conditions. These results imply that the A at position 7 of the
non-canonical sequence in the CAT5 Puf3p-binding site is equivalent to the U at position 7 of
the canonical sequence with respect to the in vivo effects of Puf3p under the conditions ana-
lyzed. So far, the reason why the CAT5 gene contains an A instead of a U at position 7 of its
Puf3p-binding site remains to be determined.

We next analyzed the contributions of other Pumillio family proteins to the regulation of
CATS5. There are 6 PUF genes on the yeast genome [21]. Puf4p and Puf5p partially share target
mRNAs with Puf3p [23, 72], and Porter et al. reported that Puf2p also binds to the CAT5
mRNA [73]. The puf4A mutation increased Cat5p expression less than the puf3A mutation
under the fermentable conditions, suggesting that Puf3p makes a major, and Puf4p makes a
minor, contribution to the downregulation of Cat5p (Fig 4A and 4B). Interestingly, puf6A had
a small but reproducible opposing effect on Cat5p expression (Fig 4A and 4B). This result sug-
gests that Puf6p may counteract the effects of Puf3p (and Puf4p) and that this effect is abol-
ished by the cat5-101 mutation. However, statistical analyses showed a difference in the Cat5p
expression of the puf6A and cat5-101 strains (Student’s t-test, p = 0.027; one-way ANOVA
with WT strain, p = 0.0014). Therefore, a lack of access of Puf6p to the CAT5 mRNA fails to
completely explain the downregulation of Cat5p by the cat5-101 mutation. Under the respira-
tory conditions, PUF3 deletion, but not PUF4 or PUF6 deletion, altered Cat5p expression (Fig
4C and 4D), indicating that only Puf3p regulates Cat5p expression, irrespective of the preva-
lent type of carbon metabolism. The cat5-101 mutation reduced Cat5p production in the respi-
ratory medium to a similar level to that obtained under fermentable conditions, which
suggests that a factor that binds to this region other than Puf6p plays a major role in the upre-
gulation of Cat5p expression.

Cat5p protein level is mainly determined by mRNA level: Puf3A mutation
affects CAT5 mRNA stability while cat5-101 mutation seems to alter its
transcription

To understand the regulatory mechanism of Cat5p level by Puf3p and the non-canonical
Puf3p-binding site more in detail, we asked whether the higher Cat5p expression in the puf3A
mutant is the result of an alteration in production and/or stability of protein and/or mRNA.
First, we performed a cycloheximide (CHX) chase in the wild-type, cat5-101, and puf3A strains
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Fig 4. Effects of deletions in various PUF gene family members on Cat5p expression. (A) Western blot analysis of
Cat5p expression in the wild-type (WT) and the puflA-puf6A strains. Cells were cultured at 30°C in YPD, and total
cell extracts were analyzed as in Fig 3D. (B) Relative abundance of Cat5p, normalized with that of Srplp, inn > 3 in
(A). The mean values for the WT were set to 1.0 (Student’s #-test, *, p < 0.05; **, p < 0.01; ***, p < 0.001). (C) Western
blot analysis of Cat5p expression in the WT and the puflApuf6Astrains grown at 30°C in YPGly. (D) Relative
abundance of Cat5p, normalized with that of Srplp, in n > 3 in (C). The mean value for the WT was set to 1.0
(Student’s t-test, **, p < 0.01; ***, p < 0.001).

https://doi.org/10.1371/journal.pone.0295659.9004

to determine whether the changes were the results of an alteration in translation or degrada-
tion. The puf3A mutant consistently possessed more Cat5p than the wild-type strain over
0-240 min following the addition of CHX (Fig 5A). The calculated half-lives of Cat5p in the
wild-type, cat5-101, and puf3A strains were 4.7+1.2 hr, 6.7+3.3 hr, and 3.8+1.2 hr, respectively,
and there were no significant differences among these, according to Student’s t-test and one-
way ANOVA. Then, we examined Cat5p synthesis by L-homopropargylglycine (HPG) pulse-
label experiments (Fig 5B). Relative abundance of HPG-labeled Cat5p compared to that of the
wild-type cells are 0.65+0.17 in the cat5-101 and 1.65+0.27 in puf3A mutants (Student’s ¢-test,
p =0.0125 for the cat5-101 and p = 0.0071 for puf3A). Finally, the half-lives of CAT5 mRNA
were measured by a thiolutin chase assay, and found that the puf3A mutation was associated
with a near doubling of the half-life (20+2 min) versus the wild-type strain (Fig 5C, 9.8+5.7
min; Student’s t-test, p = 0.025), according to previously reported data regarding mRNA desta-
bilization by Puf3p [36, 37, 48]. Further interestingly, the cat5-101 mutant expressed less CAT5
mRNA (Fig 5C), consistent with the Cat5p expression (Fig 3B and 3C), but the half-life of the
mRNA (8.8+3.8 min) was comparable to that of the wild-type strain. Thus, the lower CAT5
mRNA expression in the cat5-101 strain was not solely the result of a post-transcriptional
defect but was also caused by a transcriptional defect. These results indicate that Cat5p levels
are controlled by production but not by degradation of Cat5p, and that mRNA stability/tran-
scription affects Cat5p production in addition to translation efficiency.

Discussion

Recent multi-omics analyses have revealed that yeast Puf3p directly regulates CoQ biosynthe-
sis, in particular via Coq5p [74], which catalyzes the immediately prior reaction step of the one
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Fig 5. Stabilization of Cat5p, demonstrated using a CHX chase, and the half-lives of CAT5 mRNAs, estimated
using a thiolutin chase. (A) Cycloheximide (CHX) chase in the wild-type (WT), cat5-101, and puf3A strains. The
Cat5p expression at the time points indicated was determined after the inhibition of protein synthesis by the addition
of 200 pg/ml CHX to log-phase cells grown in YPD. Cell lysates were subjected to SDS-PAGE, followed by
immunodetection with anti-Cat5p antibodies. Owing to the low signal intensity for Cat5p in the cat5-101 mutant, the
amount of sample loaded was increased 2.25-fold. Calculated half-lives (means of n > 3 independent experiments) are
shown in below of the images, along with standard deviations. (B) The HPG pulse-labelling in the WT, puf3A, and
cat5-101 strains. Logarithmically grown cells in the SD-based medium were treated with methionine starvation for 30
min, and labeled with HPG for 30 min. HPG-labeled proteins were biotinylated by click chemistry and purified with
avidin D-agarose. The numbers under the gel images represent the mean + standard deviation of the relative amount
(RA) of HPG-labeled Cat5p, quantified from n > 3. The WT Cat5p was set to 1.00. (C) Thiolutin chase in the WT,
cat5-101, and puf3A strains. Cells were cultured in YPD to the log phase, then thiolutin was added to stop
transcription. Samples were collected at the indicated time points. RNA prepared from the samples (5.0 ug RNA/lane)
was separated on a 2.2 M formaldehyde/1.2% agarose gel and subjected to northern blotting using a probe against the
CATS5 OREF. Signals were quantified and fitted to an exponential curve to obtain a CAT5 mRNA half-life for each
strain. A representative northern blot for each strain is shown. The calculated half-lives (means of 3 or 4 independent
experiments) are shown in parentheses, along with standard deviations.

https://doi.org/10.1371/journal.pone.0295659.9005

via Cat5p [56]. Indeed, yeast strains lacking Puf3p are deficient in CoQ synthesis under fer-
mentable conditions but not under respiratory conditions [74]. Although HITS-CLIP and
RNA tagging data led to the eventual exclusion of CAT5 from the list of highly likely Puf3p tar-
gets [74], we identified CAT5 as another regulatory point of CoQ biosynthesis by Puf3p, and
this regulation may be utilized to fine-tune CoQ biosynthesis. In the present study, we have
shown that Puf3p directly interacts with a non-canonical Puf3p-binding sequences containing
a variation at position 7 in the CAT5 and MRPLI16 3’-UTRs in vitro (Fig 2). Our in vitro analy-
sis of these 3’-UTRs shows that Puf3p accepts U-to-C and U-to-A variants at position 7 of the
canonical 8-nt binding sequence. Thus, it is possible that Puf3p recognizes a wider range of
mRNAs in vivo than just the strict targets identified in previous studies [25, 26, 74]. In addi-
tion, some mRNA species may have multiple canonical and/or non-canonical Puf3p-binding
sites with redundant functions. Of note, in in vivo mutant analysis of CAT5, the Puf3p effect
on Cat5p expression seemed to be abolished by introduction of C at position 7 in the non-can-
noical site while Puf3p bound to MRPL16 3’-UTR with the U-to-C variant in vitro. Flanking
sequences of the Puf3p-binding site may affect Puf3p affinity to the 3-UTR with position 7
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variants. Or as discussed later, seugnece preference of another factor(s) recognizing the CAT5
3’-UTR region near the non-canonical Puf3p-binding site may also alter the effect of mutation
at the position 7.

The N-terminal part of the PUF domain, responsible for recognizing the 3’ region of the
Puf-binding site, displays greater flexibility in terms of its acceptance of target-nucleotide
mutations than the C-terminal part [75-77]. Indeed, analysis of human PUM2 binding sites
using SEQRS in vitro and PAR-CLIP in vivo revealed that substitutions to A or C at position 7
of the canonical sequence occur naturally [75, 78]. In addition, several PUF proteins show
broader specificity when certain undesirable nucleotides are absent [34, 79]. We do not know
how Puf3p-RD structurally can recognize these variant sequences, but as proposed by Zhou
et al. [76, 77], an equilibrium between the individual binding specificity of each repeat to the
corresponding nucleotide and the total binding affinity for target mRNAs in PUF proteins
may be crucial.

The mutation studies revealed that Cat5p expression is regulated not only by Puf3p but also
by other proteins, including Puf4p and Pufé6p, in vivo (Fig 4). Puf3p more potently reduces
CATS5 expression in fermentable medium than in respiratory medium, whereas the other Puf
proteins only have effects under fermentable conditions. CAT5 mRNA expression was not
increased, but was in fact reduced, by the cat5-101 mutation (UGUA to ACAC) in the non-
canonical Puf3p-binding site, which should have mimicked PUF3 deletion (Fig 5C). The cat5-
101 mutation led to a ~70% reduction in Cat5p production in both the fermentable and respi-
ratory media (Fig 3B and 3C). Thiolutin chase analysis revealed that the cat5-101 mutant
reduced the abundance but not the stability of the CAT5 mRNA (Fig 5C). Therefore, it appears
that the non-canonical Puf3p-binding sequence is also necessary for the correct transcription
of CAT5 mRNA. Moreover, the results suggest that the non-canonical Puf3p-binding site is
recognized not only by factors that destabilize CAT5 mRNA, such as Puf3p, but also by one or
more factors that stabilize it. The abolition of the interaction of both destabilizing and stabiliz-
ing factors may cause this wild-type level stability of the cat5-101 mRNA. Puf6p is not the only
candidate for this stabilizer. According to a study of diverse sequence motifs that are enriched
in mRNAs bound by specific RNA-binding proteins [24], Pab1p has the ability to bind the
non-canonical Puf3p-binding sequence UGUAUAAA, and therefore may be a candidate.
Pab1p generally controls poly(A) tail length and promotes efficient translation through bind-
ing to poly(A) tails, but it also binds to the 3'-UTRs of certain mRNAs and regulates their fates
[80-82]. The analysis of point mutations at position 7 of the non-canonical Puf3p-binding site
in the CAT5 3'-UTR revealed that the A-to-G and A-to-C mutations partially mimic the puf3A
phenotype under fermentable conditions, whereas Puf3p reduces Cat5p, but not Mrpl16p,
production, even in respiratory medium (Figs 1 and 3D-3G). This may imply that the non-
canonical Puf3p-binding site is recognized by Puf3p only under fermentable conditions, as for
the MRPL16 mRNA, and that the higher Cat5p expression in puf3A cells grown in glycerol-
containing medium is the result of a secondary effect of PUF3 deletion. It is also possible that
the modification of Puf3p, such as phosphorylation, under respiratory conditions may alter
the Puf3p-binding preference at position 7 of this non-canonical binding site.

Comprehensive analyses are required to fully understand translational regulation by Puf3p.
A number of questions remain to be answered. Firstly, how wide is the range of non-canonical
RNA sequences recognized by Puf3p? Secondly, how does Puf3p reduce Cat5p expression
under both fermentable and respiratory conditions, while Puf3p affects Mrpl16p expression
only under fermentable conditions? Finally, what are the unknown factor(s) and their specific
functions? To address these questions and comprehend Puf3p’s involvement in Cat5p regula-
tion, additional biochemical analysis is imperative. This includes evaluating CoQg levels in
cat5 mutants with disrupted Puf3p binding. Furthermore, isolating mutants deficient in the
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downregulation of Cat5p would be valuable to identify the cis-element for the potential nega-
tive regulator.

Importantly, the fact that hCOQ7 complements yeast lacking Cat5p highlights its cross-spe-
cies functionality and the utility of yeast as a model for investigating hCOQ7 mutations associ-
ated with CoQ, deficiency and related diseases. Our research findings have the potential to
bridge the divide between yeast and human CoQ biology, offering insights into precise mecha-
nism of /COQY regulation at the mRNA level in response to expression of other hCOQ pro-
teins and CoQ metabolic states, and leading to potential therapeutic approaches for CoQ
deficiency-related disorders. The enhancing our comprehension of the Puf3p-driven regula-
tion in yeast would also contribute to understanding the pathogenesis of CoQ deficiency in
humans.

Supporting information

S1 Fig. Loss of Puf3p modestly increases the mRNA expression of RSM10, MRPL16, and
CATS5, but reduces that of AIM17. (A) Northern blot analysis of several monosome-enriched
mRNAs. Total RNAs were isolated from the wild-type (W) and puf3A (A) yeasts grown in the
fermentable medium (YPD), and those were subjected to the northern blotting for the indi-
cated mRNA species. The numbers represent relative expression changes of mRNA abun-
dance. The means and standard deviations of the mRNA signals (A/W, puf3A/WT) were
calculated from n > 3. Lower panels represent the total RNAs in each corresponding sample,
visualized by GelRed staining prior to northern blotting. (B) Northern blot analysis of the
MRPL16 and CAT5 mRNAs extracted from yeasts grown in respiratory media (YPGal and
YPGly). The relative expression changes of the mRNAs were analyzed as described above.
Lower panels represent the total RNAs in each corresponding sample, visualized by GelRed
staining prior to northern blotting.

(PDF)

S2 Fig. Higher temperature (37°C) did not enhance the phenotypes in yeasts harboring the
cat5-101 mutation. (A) Growth comparison among wild-type, cat5-101, and cat5A strains in
the presence or absence of the PUF3 gene. Saturated cultures of the indicated strains were seri-
ally diluted by 10-fold as shown in the bottom and dropped onto YPD or YPGly plates, and
incubated at 37°C. (B) Western blot analysis of Cat5p. The yeast strains in (A) were grown at
37°C in YPD, and subjected to western blotting. Srp1p was used as a loading control. The
numbers under the gel images represent the mean + standard deviation of the relative amount
(RA) of Cat5p, quantified from n > 3. The WT Cat5p expression was set to 1.00.

(PDF)

S1 Table. Yeast Strains used in this study.
(XLSX)

S2 Table. Plasmids used in this study.
(XLSX)

S3 Table. Primers used in this study.
(XLSX)

S1 Raw images.
(PDF)

S$2 Raw images.
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0295659 December 15, 2023 17/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0295659.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0295659.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0295659.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0295659.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0295659.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0295659.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0295659.s007
https://doi.org/10.1371/journal.pone.0295659

PLOS ONE

A non-canonical Puf3p site on CAT5/COQ7 mRNA

S$3 Raw images.
(PDF)

S$4 Raw images.
(PDF)

S5 Raw images.
(PDF)

S6 Raw images.
(PDF)

Acknowledgments

We are grateful to Prof. Antonio Barrientos (University of Miami, USA) and Prof. Catherine
F. Clarke (UCLA, USA) for providing the o-Mrpl16p and a-Cat5p/Coq7p antibodies. We also
thank Dr. Shintaro Iwasaki (RIKEN, Japan) for technical advices and discussion.

Author Contributions
Conceptualization: Sachiko Hayashi, Tohru Yoshihisa.

Data curation: Sachiko Hayashi, Tohru Yoshihisa.

Formal analysis: Sachiko Hayashi, Tohru Yoshihisa.

Funding acquisition: Sachiko Hayashi, Tohru Yoshihisa.

Investigation: Sachiko Hayashi, Kazumi Iwamoto, Tohru Yoshihisa.

Project administration: Sachiko Hayashi.

Resources: Sachiko Hayashi, Tohru Yoshihisa.

Supervision: Sachiko Hayashi, Tohru Yoshihisa.

Validation: Sachiko Hayashi, Kazumi Iwamoto, Tohru Yoshihisa.

Visualization: Sachiko Hayashi, Kazumi Iwamoto, Tohru Yoshihisa.

Writing - original draft: Sachiko Hayashi, Tohru Yoshihisa.

Writing - review & editing: Sachiko Hayashi, Tohru Yoshihisa.

References

1.

Attardi G, Schatz G. Biogenesis of mitochondria. Annu Rev Cell Biol. 1988; 4: 289-333. https://doi.org/
10.1146/annurev.cb.04.110188.001445 PMID: 2461720

Lill R, Muhlenhoff U. Maturation of iron-sulfur proteins in eukaryotes: mechanisms, connected pro-
cesses, and diseases. Annu Rev Biochem. 2008; 77: 669-700. https://doi.org/10.1146/annurev.
biochem.76.052705.162653 PMID: 18366324

Malina C, Larsson C, Nielsen J. Yeast mitochondria: an overview of mitochondrial biology and the
potential of mitochondrial systems biology. FEMS Yeast Res. 2018; 18: foy040. https://doi.org/10.1093/
femsyr/foy040 PMID: 29788060

Nilsson A, Nielsen J. Metabolic trade-offs in yeast are caused by F1FO-ATP synthase. Sci Rep. 2016; 6:
22264. https://doi.org/10.1038/srep22264 PMID: 26928598

van Dijken JP, Bauer J, Brambilla L, Duboc P, Francois JM, Gancedo C, et al. An interlaboratory com-
parison of physiological and genetic properties of four Saccharomyces cerevisiae strains. Enzyme
Microb Technol. 2000; 26: 706—714. https://doi.org/10.1016/s0141-0229(00)00162-9 PMID: 10862876

Gancedo JM. Yeast carbon catabolite repression. Microbiol Mol Biol Rev. 1998; 62: 334—361. https://
doi.org/10.1128/MMBR.62.2.334-361.1998 PMID: 9618445

PLOS ONE | https://doi.org/10.1371/journal.pone.0295659 December 15, 2023 18/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0295659.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0295659.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0295659.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0295659.s011
https://doi.org/10.1146/annurev.cb.04.110188.001445
https://doi.org/10.1146/annurev.cb.04.110188.001445
http://www.ncbi.nlm.nih.gov/pubmed/2461720
https://doi.org/10.1146/annurev.biochem.76.052705.162653
https://doi.org/10.1146/annurev.biochem.76.052705.162653
http://www.ncbi.nlm.nih.gov/pubmed/18366324
https://doi.org/10.1093/femsyr/foy040
https://doi.org/10.1093/femsyr/foy040
http://www.ncbi.nlm.nih.gov/pubmed/29788060
https://doi.org/10.1038/srep22264
http://www.ncbi.nlm.nih.gov/pubmed/26928598
https://doi.org/10.1016/s0141-0229%2800%2900162-9
http://www.ncbi.nlm.nih.gov/pubmed/10862876
https://doi.org/10.1128/MMBR.62.2.334-361.1998
https://doi.org/10.1128/MMBR.62.2.334-361.1998
http://www.ncbi.nlm.nih.gov/pubmed/9618445
https://doi.org/10.1371/journal.pone.0295659

PLOS ONE

A non-canonical Puf3p site on CAT5/COQ7 mRNA

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Sharma AK, Pallesen LJ, Spang RJ, Walden WE. Cytosolic iron-sulfur cluster assembly (CIA) system:
factors, mechanism, and relevance to cellular iron regulation. J Biol Chem. 2010; 285: 26745—-26751.
https://doi.org/10.1074/jbc.R110.122218 PMID: 20522543

Endo T, Yamano K, Kawano S. Structural insight into the mitochondrial protein import system. Biochim
Biophys Acta—Biomembr. 2011; 1808: 955-970. https://doi.org/10.1016/j.bbamem.2010.07.018
PMID: 20655871

Priesnitz C, Becker T. Pathways to balance mitochondrial translation and protein import. Genes Dev.
2018; 32: 1285—-1296. https://doi.org/10.1101/gad.316547.118 PMID: 30275044

Wiedemann N, Pfanner N. Mitochondrial machineries for protein import and assembly. Annu Rev Bio-
chem. 2017; 86: 685—-714. https://doi.org/10.1146/annurev-biochem-060815-014352 PMID: 28301740

Chacinska A, Koehler CM, Milenkovic D, Lithgow T, Pfanner N. Importing mitochondrial proteins:
machineries and mechanisms. Cell. 2009; 138: 628—644. https://doi.org/10.1016/j.cell.2009.08.005
PMID: 19703392

Garcia M, Darzacq X, Delaveau T, Jourdren L, Singer RH, Jacq C. Mitochondria-associated yeast
mRNAs and the biogenesis of molecular complexes. Mol Biol Cell. 2007; 18: 362—368. https://doi.org/
10.1091/mbc.e06-09-0827 PMID: 17108321

Marc P, Margeot A, Devaux F, Blugeon C, Corral-Debrinski M, Jacqg C. Genome-wide analysis of
mRNAs targeted to yeast mitochondria. EMBO Rep. 2002; 3: 159-164. https://doi.org/10.1093/embo-
reports/kvf025 PMID: 11818335

Lesnik C, Golani-Armon A, Arava Y. Localized translation near the mitochondrial outer membrane: an
update. RNA Biol. 2015; 12: 801-809. https://doi.org/10.1080/15476286.2015.1058686 PMID:
26151724

Sylvestre J, Vialette S, Corral-Debrinski M, Jacq C. Long mRNAs coding for yeast mitochondrial pro-
teins of prokaryotic origin preferentially localize to the vicinity of mitochondria. Genome Biol. 20083; 4:
R44. https://doi.org/10.1186/gb-2003-4-7-r44 PMID: 12844360

Williams CC, Jan CH, Weissman JS. Targeting and plasticity of mitochondrial proteins revealed by
proximity-specific ribosome profiling. Science. 2014; 346: 748—751. https://doi.org/10.1126/science.
1257522 PMID: 25378625

Gold VA, Chroscicki P, Bragoszewski P, Chacinska A. Visualization of cytosolic ribosomes on the sur-
face of mitochondria by electron cryo-tomography. EMBO Rep. 2017; 18: 1786—1800. https://doi.org/
10.15252/embr.201744261 PMID: 28827470

Wang X, Chen XJ. A cytosolic network suppressing mitochondria-mediated proteostatic stress and cell
death. Nature. 2015; 524: 481-484. https://doi.org/10.1038/nature14859 PMID: 26192197

Andréasson C, Ott M, Buttner S. Mitochondria orchestrate proteostatic and metabolic stress responses.
EMBO Rep. 2019; 20: e47865. https://doi.org/10.15252/embr.201947865 PMID: 31531937

Walters R, Parker R. Is there quality control of localized mRNAs? J Cell Biol. 2014; 204: 863—868.
https://doi.org/10.1083/jcb.201401059 PMID: 24637320

Quenault T, Lithgow T, Traven A. PUF proteins: repression, activation and mRNA localization. Trends
Cell Biol. 2011; 21: 104—112. https://doi.org/10.1016/j.tcb.2010.09.013 PMID: 21115348

Crawford RA, Pavitt GD. Translational regulation in response to stress in Saccharomyces cerevisiae.
Yeast. 2019; 36: 5-21. https://doi.org/10.1002/yea.3349 PMID: 30019452

Gerber AP, Herschlag D, Brown PO. Extensive association of functionally and cytotopically related
mRNAs with Puf family RNA-binding proteins in yeast. PLoS Biol. 2004; 2: E79. https://doi.org/10.1371/
journal.pbio.0020079 PMID: 15024427

Hogan DJ, Riordan DP, Gerber AP, Herschlag D, Brown PO. Diverse RNA-binding proteins interact
with functionally related sets of RNAs, suggesting an extensive regulatory system. PLoS Biol. 2008; 6:
2297-2313. https://doi.org/10.1371/journal.pbio.0060255 PMID: 18959479

Freeberg MA, Han T, Moresco JJ, Kong A, Yang YC, Lu ZJ, et al. Pervasive and dynamic protein bind-
ing sites of the MRNA transcriptome in Saccharomyces cerevisiae. Genome Biol. 2013; 14: R13.
https://doi.org/10.1186/gb-2013-14-2-r13 PMID: 23409723

Kershaw CJ, Costello JL, Talavera D, Rowe W, Castelli LM, Sims PFG, et al. Integrated multi-omics
analyses reveal the pleiotropic nature of the control of gene expression by Puf3p. Sci Rep. 2015; 5:
15518. https://doi.org/10.1038/srep15518 PMID: 26493364

Edwards TA, Pyle SE, Wharton RP, Aggarwal AK. Structure of Pumilio reveals similarity between RNA
and peptide binding motifs. Cell. 2001; 105: 281-289. https://doi.org/10.1016/s0092-8674(01)00318-x
PMID: 11336677

Wang X, Zamore PD, Hall TMT. Crystal structure of a Pumilio homology domain. Mol Cell. 2001; 7:
855-865. https://doi.org/10.1016/s1097-2765(01)00229-5 PMID: 11336708

PLOS ONE | https://doi.org/10.1371/journal.pone.0295659 December 15, 2023 19/22


https://doi.org/10.1074/jbc.R110.122218
http://www.ncbi.nlm.nih.gov/pubmed/20522543
https://doi.org/10.1016/j.bbamem.2010.07.018
http://www.ncbi.nlm.nih.gov/pubmed/20655871
https://doi.org/10.1101/gad.316547.118
http://www.ncbi.nlm.nih.gov/pubmed/30275044
https://doi.org/10.1146/annurev-biochem-060815-014352
http://www.ncbi.nlm.nih.gov/pubmed/28301740
https://doi.org/10.1016/j.cell.2009.08.005
http://www.ncbi.nlm.nih.gov/pubmed/19703392
https://doi.org/10.1091/mbc.e06-09-0827
https://doi.org/10.1091/mbc.e06-09-0827
http://www.ncbi.nlm.nih.gov/pubmed/17108321
https://doi.org/10.1093/embo-reports/kvf025
https://doi.org/10.1093/embo-reports/kvf025
http://www.ncbi.nlm.nih.gov/pubmed/11818335
https://doi.org/10.1080/15476286.2015.1058686
http://www.ncbi.nlm.nih.gov/pubmed/26151724
https://doi.org/10.1186/gb-2003-4-7-r44
http://www.ncbi.nlm.nih.gov/pubmed/12844360
https://doi.org/10.1126/science.1257522
https://doi.org/10.1126/science.1257522
http://www.ncbi.nlm.nih.gov/pubmed/25378625
https://doi.org/10.15252/embr.201744261
https://doi.org/10.15252/embr.201744261
http://www.ncbi.nlm.nih.gov/pubmed/28827470
https://doi.org/10.1038/nature14859
http://www.ncbi.nlm.nih.gov/pubmed/26192197
https://doi.org/10.15252/embr.201947865
http://www.ncbi.nlm.nih.gov/pubmed/31531937
https://doi.org/10.1083/jcb.201401059
http://www.ncbi.nlm.nih.gov/pubmed/24637320
https://doi.org/10.1016/j.tcb.2010.09.013
http://www.ncbi.nlm.nih.gov/pubmed/21115348
https://doi.org/10.1002/yea.3349
http://www.ncbi.nlm.nih.gov/pubmed/30019452
https://doi.org/10.1371/journal.pbio.0020079
https://doi.org/10.1371/journal.pbio.0020079
http://www.ncbi.nlm.nih.gov/pubmed/15024427
https://doi.org/10.1371/journal.pbio.0060255
http://www.ncbi.nlm.nih.gov/pubmed/18959479
https://doi.org/10.1186/gb-2013-14-2-r13
http://www.ncbi.nlm.nih.gov/pubmed/23409723
https://doi.org/10.1038/srep15518
http://www.ncbi.nlm.nih.gov/pubmed/26493364
https://doi.org/10.1016/s0092-8674%2801%2900318-x
http://www.ncbi.nlm.nih.gov/pubmed/11336677
https://doi.org/10.1016/s1097-2765%2801%2900229-5
http://www.ncbi.nlm.nih.gov/pubmed/11336708
https://doi.org/10.1371/journal.pone.0295659

PLOS ONE

A non-canonical Puf3p site on CAT5/COQ7 mRNA

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Zhu D, Stumpf CR, Krahn JM, Wickens M, Hall TMT. A 5’ cytosine binding pocket in Puf3p specifies
regulation of mitochondrial mMRNAs. Proc Natl Acad Sci U S A. 2009; 106: 20192—-20197. https://doi.org/
10.1073/pnas.0812079106 PMID: 19918084

Cheong CG, Hall TMT. Engineering RNA sequence specificity of Pumilio repeats. Proc Natl Acad Sci U
S A. 2006; 103: 13635—-13639. https://doi.org/10.1073/pnas.0606294103 PMID: 16954190

Koh YY, Opperman L, Stumpf C, Mandan A, Keles S, Wickens M. A single C. elegans PUF protein binds
RNA in multiple modes. RNA. 2009; 15: 1090—1099. https://doi.org/10.1261/rna.1545309 PMID: 19369425

Miller MT, Higgin JJ, Hall TMT. Basis of altered RNA-binding specificity by PUF proteins revealed by
crystal structures of yeast Puf4p. Nat Struct Mol Biol. 2008; 15: 397—402. https://doi.org/10.1038/nsmb.
1390 PMID: 18327269

Opperman L, Hook B, DeFino M, Bernstein DS, Wickens M. A single spacer nucleotide determines the
specificities of two mRNA regulatory proteins. Nat Struct Mol Biol. 2005; 12: 945-951. https://doi.org/
10.1038/nsmb1010 PMID: 16244662

Wang Y, Opperman L, Wickens M, Hall TMT. Structural basis for specific recognition of multiple mRNA
targets by a PUF regulatory protein. Proc Natl Acad Sci U S A. 2009; 106: 20186—20191. https://doi.org/
10.1073/pnas.0812076106 PMID: 19901328

Houshmandi SS, Olivas WM. Yeast Puf3 mutants reveal the complexity of Puf-RNA binding and identify
a loop required for regulation of MRNA decay. RNA. 2005; 11: 1655—-1666. https://doi.org/10.1261/rna.
2168505 PMID: 16244132

Jackson JS Jr, Houshmandi SS, Leban FL, Olivas WM. Recruitment of the Puf3 protein to its mRNA tar-
get for regulation of MRNA decay in yeast. RNA. 2004; 10: 1625—-1636. https://doi.org/10.1261/rna.
7270204 PMID: 15337848

Olivas W, Parker R. The Puf3 protein is a transcript-specific regulator of mMRNA degradation in yeast.
EMBO J. 2000; 19: 6602—6611. https://doi.org/10.1093/emboj/19.23.6602 PMID: 11101532

Riordan DP, Herschlag D, Brown PO. Identification of RNA recognition elements in the Saccharomyces
cerevisiae transcriptome. Nucleic Acids Res. 2011; 39: 1501-1509. https://doi.org/10.1093/nar/gkq920
PMID: 20959291

Bernstein D, Hook B, Hajarnavis A, Opperman L, Wickens M. Binding specificity and mRNA targets of a
C. elegans PUF protein, FBF-1. RNA. 2005; 11: 447-458. https://doi.org/10.1261/rna.7255805 PMID:
15769874

Wickens M, Bernstein DS, Kimble J, Parker R. A PUF family portrait: 3'UTR regulation as a way of life.
Trends Genet. 2002; 18: 150—157. https://doi.org/10.1016/s0168-9525(01)02616-6 PMID: 11858839

Lee CD, Tu BP. Glucose-regulated phosphorylation of the PUF protein Puf3 regulates the translational
fate of its bound mRNAs and association with RNA granules. Cell Rep. 2015; 11: 1638—1650. https://
doi.org/10.1016/j.celrep.2015.05.014 PMID: 26051939

Garcia-Rodriguez LJ, Gay AC, Pon LA. Puf3p, a Pumilio family RNA binding protein, localizes to mito-
chondria and regulates mitochondrial biogenesis and motility in budding yeast. J Cell Biol. 2007; 176:
197-207. https://doi.org/10.1083/jcb.200606054 PMID: 17210948

Rowe W, Kershaw CJ, Castelli LM, Costello JL, Ashe MP, Grant CM, et al. Puf3p induces translational
repression of genes linked to oxidative stress. Nucleic Acids Res. 2014; 42: 1026—1041. https://doi.org/
10.1093/nar/gkt948 PMID: 24163252

Chatenay-Lapointe M, Shadel GS. Repression of mitochondrial translation, respiration and a metabolic
cycle-regulated gene, SLF1, by the yeast Pumilio-family protein Puf3p. PLoS One. 2011; 6: e20441.
https://doi.org/10.1371/journal.pone.0020441 PMID: 21655263

Foat BC, Houshmandi SS, Olivas WM, Bussemaker HJ. Profiling condition-specific, genome-wide regu-
lationof MRNA stability in yeast. Proc Natl Acad Sci U S A. 2005; 102: 17675—17680. https://doi.org/10.
1073/pnas.0503803102 PMID: 16317069

Gupta |, Clauder-Munster S, Klaus B, Jarvelin Al, Aiyar RS, Benes V, et al. Alternative polyadenylation
diversifies post-transcriptional regulation by selective RNA-protein interactions. Mol Syst Biol. 2014; 10:
719. https://doi.org/10.1002/msb.135068 PMID: 24569168

Lee D, Ohn T, Chiang Y-C, Quigley G, Yao G, Liu Y, et al. PUF3 acceleration of deadenylation in vivo
can operate independently of CCR4 activity, possibly involving effects on the PAB1-mRNP structure. J
Mol Biol. 2010; 399: 562-575. https://doi.org/10.1016/j.jmb.2010.04.034 PMID: 20435044

Miller MA, Russo J, Fischer AD, Leban FAL, Olivas WM. Carbon source-dependent alteration of Puf3p
activity mediates rapid changes in the stabilities of mMRNAs involved in mitochondrial function. Nucleic
Acids Res. 2014; 42: 3954-3970. https://doi.org/10.1093/nar/gkt1346 PMID: 24371272

Wang Z, Sun X, Wee J, Guo X, Gu Z. Novel insights into global translational regulation through Pumilio
family RNA-binding protein Puf3p revealed by ribosomal profiling. Curr Genet. 2019; 65: 201-212.
https://doi.org/10.1007/s00294-018-0862-4 PMID: 29951697

PLOS ONE | https://doi.org/10.1371/journal.pone.0295659 December 15, 2023 20/22


https://doi.org/10.1073/pnas.0812079106
https://doi.org/10.1073/pnas.0812079106
http://www.ncbi.nlm.nih.gov/pubmed/19918084
https://doi.org/10.1073/pnas.0606294103
http://www.ncbi.nlm.nih.gov/pubmed/16954190
https://doi.org/10.1261/rna.1545309
http://www.ncbi.nlm.nih.gov/pubmed/19369425
https://doi.org/10.1038/nsmb.1390
https://doi.org/10.1038/nsmb.1390
http://www.ncbi.nlm.nih.gov/pubmed/18327269
https://doi.org/10.1038/nsmb1010
https://doi.org/10.1038/nsmb1010
http://www.ncbi.nlm.nih.gov/pubmed/16244662
https://doi.org/10.1073/pnas.0812076106
https://doi.org/10.1073/pnas.0812076106
http://www.ncbi.nlm.nih.gov/pubmed/19901328
https://doi.org/10.1261/rna.2168505
https://doi.org/10.1261/rna.2168505
http://www.ncbi.nlm.nih.gov/pubmed/16244132
https://doi.org/10.1261/rna.7270204
https://doi.org/10.1261/rna.7270204
http://www.ncbi.nlm.nih.gov/pubmed/15337848
https://doi.org/10.1093/emboj/19.23.6602
http://www.ncbi.nlm.nih.gov/pubmed/11101532
https://doi.org/10.1093/nar/gkq920
http://www.ncbi.nlm.nih.gov/pubmed/20959291
https://doi.org/10.1261/rna.7255805
http://www.ncbi.nlm.nih.gov/pubmed/15769874
https://doi.org/10.1016/s0168-9525%2801%2902616-6
http://www.ncbi.nlm.nih.gov/pubmed/11858839
https://doi.org/10.1016/j.celrep.2015.05.014
https://doi.org/10.1016/j.celrep.2015.05.014
http://www.ncbi.nlm.nih.gov/pubmed/26051939
https://doi.org/10.1083/jcb.200606054
http://www.ncbi.nlm.nih.gov/pubmed/17210948
https://doi.org/10.1093/nar/gkt948
https://doi.org/10.1093/nar/gkt948
http://www.ncbi.nlm.nih.gov/pubmed/24163252
https://doi.org/10.1371/journal.pone.0020441
http://www.ncbi.nlm.nih.gov/pubmed/21655263
https://doi.org/10.1073/pnas.0503803102
https://doi.org/10.1073/pnas.0503803102
http://www.ncbi.nlm.nih.gov/pubmed/16317069
https://doi.org/10.1002/msb.135068
http://www.ncbi.nlm.nih.gov/pubmed/24569168
https://doi.org/10.1016/j.jmb.2010.04.034
http://www.ncbi.nlm.nih.gov/pubmed/20435044
https://doi.org/10.1093/nar/gkt1346
http://www.ncbi.nlm.nih.gov/pubmed/24371272
https://doi.org/10.1007/s00294-018-0862-4
http://www.ncbi.nlm.nih.gov/pubmed/29951697
https://doi.org/10.1371/journal.pone.0295659

PLOS ONE

A non-canonical Puf3p site on CAT5/COQ7 mRNA

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Bhondeley M, Liu Z. Mitochondrial biogenesis is positively regulated by casein kinase | Hrr25 through
phosphorylation of Puf3 in Saccharomyces cerevisiae. Genetics. 2020; 215: 463-482. https://doi.org/
10.1534/genetics.120.303191 PMID: 32317286

Jonassen T, Proft M, Randez-Gil F, Schultz JR, Marbois BN, Entian KD, et al. Yeast Clk-1 homologue
(Coqg7/Cat5) is a mitochondrial protein in coenzyme Q synthesis. J Biol Chem. 1998; 273: 3351-3357.
https://doi.org/10.1074/jbc.273.6.3351 PMID: 9452453

Marbois BN, Clarke CF. The COQ7 gene encodes a protein in Saccharomyces cerevisiae necessary
for ubiquinone biosynthesis. J Biol Chem. 1996; 271: 2995-3004. https://doi.org/10.1074/jbc.271.6.
2995 PMID: 8621692

Tran UC, Marbois B, Gin P, Gulmezian M, Jonassen T, Clarke CF. Complementation of Saccharomy-
ces cerevisiae coq7 mutants by mitochondrial targeting of the Escherichia coli UbiF polypeptide: Two
functions of yeast Coq7 polypeptide in coenzyme Q biosynthesis. J Biol Chem. 2006; 281: 16401—
164009. https://doi.org/10.1074/jbc.M513267200 PMID: 16624818

Padilla S, Tran UC, Jiménez-Hidalgo M, Lépez-Martin JM, Martin-Montalvo A, Clarke CF, et al. Hydrox-
ylation of demethoxy-Qg constitutes a control point in yeast coenzyme Qg biosynthesis. Cell Mol Life
Sci. 2009; 66: 173-186. https://doi.org/10.1007/s00018-008-8547-7 PMID: 19002377

Vajo Z, King LM, Jonassen T, Wilkin DJ, Ho N, Munnich A, et al. Conservation of the Caenorhabditis
elegans timing gene clk-1 from yeast to human: a gene required for ubiquinone biosynthesis with poten-
tial implications for aging. Mamm Genome. 1999; 10: 1000—1004. https://doi.org/10.1007/
5003359901147 PMID: 10501970

Awad AM, Bradley MC, Fernandez-del-Rio L, Nag A, Tsui HS, Clarke CF. Coenzyme Qo deficiencies:
pathways in yeast and humans. Essays Biochem. 2018; 62: 361-376. https://doi.org/10.1042/
EBC20170106 PMID: 29980630

Freyer C, Stranneheim H, Naess K, Mourier A, Felser A, Maffezzini C, et al. Rescue of primary ubiqui-
none deficiency due to a novel COQ7 defect using 2,4-dihydroxybensoic acid. J Med Genet. 2015; 52:
779-783. https://doi.org/10.1136/jmedgenet-2015-102986 PMID: 26084283

Herebian D, Seibt A, Smits SHJ, Biinning G, Freyer C, Prokisch H, et al. Detection of 6-demethoxyubi-
quinone in CoQ4, deficiency disorders: Insights into enzyme interactions and identification of potential
therapeutics. Mol Genet Metab. 2017; 121: 216-223. https://doi.org/10.1016/j.ymgme.2017.05.012
PMID: 28552678

Cascajo MV, Abdelmohsen K, Noh JH, Fernandez-Ayala DJM, Willers IM, Brea G, et al. RNA-binding
proteins regulate cell respiration and coenzyme Q biosynthesis by post-transcriptional regulation of
COQ7. RNA Biol. 2016; 13: 622—634. https://doi.org/10.1080/15476286.2015.1119366 PMID:
26690054

Bohn JA, Van Etten JL, Schagat TL, Bowman BM, McEachin RC, Freddolino PL, et al. Identification of
diverse target RNAs that are functionally regulated by human Pumilio proteins. Nucleic Acids Res.
2018; 46: 362—386. https://doi.org/10.1093/nar/gkx1120 PMID: 29165587

Quinzii CM, Emmanuele V, Hirano M. Clinical presentations of coenzyme Q;, deficiency syndrome.
Mol Syndromol. 2014; 5: 141-146. https://doi.org/10.1159/000360490 PMID: 25126046

Wongkittichote P, Lasio MLD, Magistrati M, Pathak S, Sample B, Carvalho DR, et al. Phenotypic,
molecular, and functional characterization of COQ7-related primary CoQ1 deficiency: Hypomorphic
variants and two distinct disease entities. Mol Genet Metab. 2023; 139: 107630. https://doi.org/10.
1016/j.ymgme.2023.107630 PMID: 37392700

Alcéazar-Fabra M, Rodriguez-Sanchez F, Trevisson E, Brea-Calvo G. Primary Coenzyme Q deficien-
cies: A literature review and online platform of clinical features to uncover genotype-phenotype correla-
tions. Free Radic Biol Med. 2021; 167: 141—-180. https://doi.org/10.1016/].freeradbiomed.2021.02.046
PMID: 33677064

Guthrie C, Fink GR, editors. Guide to yeast genetics and molecular biology. Methods Enzymol. vol.
194. New York: Academic Press;1991.

Green MR, Sambrook J. Molecular cloning: a Laboratory Manual 4™ ed. Cold Spring Harbor: Cold
Spring Harbor Laboratory Press; 2012.

Raue U, Oellerer S, Rospert S. Association of protein biogenesis factors at the yeast ribosomal tunnel
exit is affected by the translational status and nascent polypeptide sequence. J Biol Chem. 2007; 282:
7809-7816. https://doi.org/10.1074/jbc.M611436200 PMID: 17229726

Wiltschi B, Wenger W, Nehring S, Budisa N. Expanding the genetic code of Saccharomyces cerevisiae
with methionine analogues. Yeast. 2008; 25: 775-786. https://doi.org/10.1002/yea.1632 PMID:
19061186

Calve S, Witten AJ, Ocken AR, Kinzer-Ursem TL. Incorporation of non-canonical amino acids into the
developing murine proteome. Sci Rep. 2016; 6: 32377. https://doi.org/10.1038/srep32377 PMID:
27572480

PLOS ONE | https://doi.org/10.1371/journal.pone.0295659 December 15, 2023 21/22


https://doi.org/10.1534/genetics.120.303191
https://doi.org/10.1534/genetics.120.303191
http://www.ncbi.nlm.nih.gov/pubmed/32317286
https://doi.org/10.1074/jbc.273.6.3351
http://www.ncbi.nlm.nih.gov/pubmed/9452453
https://doi.org/10.1074/jbc.271.6.2995
https://doi.org/10.1074/jbc.271.6.2995
http://www.ncbi.nlm.nih.gov/pubmed/8621692
https://doi.org/10.1074/jbc.M513267200
http://www.ncbi.nlm.nih.gov/pubmed/16624818
https://doi.org/10.1007/s00018-008-8547-7
http://www.ncbi.nlm.nih.gov/pubmed/19002377
https://doi.org/10.1007/s003359901147
https://doi.org/10.1007/s003359901147
http://www.ncbi.nlm.nih.gov/pubmed/10501970
https://doi.org/10.1042/EBC20170106
https://doi.org/10.1042/EBC20170106
http://www.ncbi.nlm.nih.gov/pubmed/29980630
https://doi.org/10.1136/jmedgenet-2015-102986
http://www.ncbi.nlm.nih.gov/pubmed/26084283
https://doi.org/10.1016/j.ymgme.2017.05.012
http://www.ncbi.nlm.nih.gov/pubmed/28552678
https://doi.org/10.1080/15476286.2015.1119366
http://www.ncbi.nlm.nih.gov/pubmed/26690054
https://doi.org/10.1093/nar/gkx1120
http://www.ncbi.nlm.nih.gov/pubmed/29165587
https://doi.org/10.1159/000360490
http://www.ncbi.nlm.nih.gov/pubmed/25126046
https://doi.org/10.1016/j.ymgme.2023.107630
https://doi.org/10.1016/j.ymgme.2023.107630
http://www.ncbi.nlm.nih.gov/pubmed/37392700
https://doi.org/10.1016/j.freeradbiomed.2021.02.046
http://www.ncbi.nlm.nih.gov/pubmed/33677064
https://doi.org/10.1074/jbc.M611436200
http://www.ncbi.nlm.nih.gov/pubmed/17229726
https://doi.org/10.1002/yea.1632
http://www.ncbi.nlm.nih.gov/pubmed/19061186
https://doi.org/10.1038/srep32377
http://www.ncbi.nlm.nih.gov/pubmed/27572480
https://doi.org/10.1371/journal.pone.0295659

PLOS ONE

A non-canonical Puf3p site on CAT5/COQ7 mRNA

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Heyer EE, Moore MJ. Redefining the translational status of 80S monosomes. Cell. 2016; 164: 757—769.
https://doi.org/10.1016/j.cell.2016.01.003 PMID: 26871635

Saint-Georges Y, Garcia M, Delaveau T, Jourdren L, Le Crom S, Lemoine S, et al. Yeast mitochondrial
biogenesis: a role for the PUF RNA-binding protein Puf3p in mRNA localization. PLoS One. 2008; 3:
€2293. https://doi.org/10.1371/journal.pone.0002293 PMID: 18523582

Nagalakshmi U, Wang Z, Waern K, Shou C, Raha D, Gerstein M, et al. The transcriptional landscape of
the yeast genome defined by RNA sequencing. Science. 2008; 320: 1344—1349. https://doi.org/10.
1126/science.1158441 PMID: 18451266

Lapointe CP, Preston MA, Wilinski D, Saunders HAJ, Campbell ZT, Wickens M. Architecture and
dynamics of overlapped RNA regulatory networks. RNA. 2017; 23: 1636—1647. https://doi.org/10.1261/
rna.062687.117 PMID: 28768715

Porter DF, Koh YY, VanVeller B, Raines RT, Wickens M. Target selection by natural and redesigned
PUF proteins. Proc Natl Acad Sci U S A. 2015; 112: 15868—15873. https://doi.org/10.1073/pnas.
1508501112 PMID: 26668354

Lapointe CP, Stefely JA, Jochem A, Hutchins PD, Wilson GM, Kwiecien NW, et al. Multi-omics reveal
specific targets of the RNA-binding protein Puf3p and its orchestration of mitochondrial biogenesis. Cell
Syst. 2018; 6: 125—135.e6. https://doi.org/10.1016/j.cels.2017.11.012 PMID: 29248374

Campbell ZT, Valley CT, Wickens M. A protein-RNA specificity code enables targeted activation of an
endogenous human transcript. Nat Struct Mol Biol. 2014; 21: 732—738. https://doi.org/10.1038/nsmb.
2847 PMID: 24997599

Zhou W, Melamed D, Banyai G, Meyer C, Tuschl T, Wickens M, et al. Expanding the binding specificity
for RNA recognition by a PUF domain. Nat Commun. 2021; 12: 5107. https://doi.org/10.1038/s41467-
021-25433-6 PMID: 34429425

Zhou W, Melamed D, Banyai G, Meyer C, Tuschl T, Wickens M, et al. Publisher Correction: Expanding
the binding specificity for RNA recognition by a PUF domain. Nat Commun. 2022; 13: 3693. https://doi.
org/10.1038/s41467-022-31463-5 PMID: 35760818

Campbell ZT, Bhimsaria D, Valley CT, Rodriguez-Martinez JA, Menichelli E, Williamson JR, et al. Coop-
erativity in RNA-protein interactions: global analysis of RNA binding specificity. Cell Rep. 2012; 1: 570—
581. https://doi.org/10.1016/j.celrep.2012.04.003 PMID: 22708079

Gupta YK, Nair DT, Wharton RP, Aggarwal AK. Structures of human Pumilio with noncognate RNAs
reveal molecular mechanisms for binding promiscuity. Structure. 2008; 16: 549-557. https://doi.org/10.
1016/j.str.2008.01.006 PMID: 18328718

Lowell JE, Rudner DZ, Sachs AB. 3'-UTR-dependent deadenylation by the yeast poly(A) nuclease.
Genes Dev. 1992; 6: 2088—2099. https://doi.org/10.1101/gad.6.11.2088 PMID: 1358757

Vasudevan S, Garneau N, Tu Khounh D, Peltz SW. p38 mitogen-activated protein kinase/Hog1p regu-
lates translation of the AU-rich-element-bearing MFA2 transcript. Mol Cell Biol. 2005; 25: 9753-9763.
https://doi.org/10.1128/MCB.25.22.9753-9763.2005 PMID: 16260593

Vazquez-Pianzola P, Urlaub H, Suter B. Pabp binds to the osk 3'UTR and specifically contributes to osk
mRNA stability and oocyte accumulation. Dev Biol. 2011; 357: 404—418. https://doi.org/10.1016/j.ydbio.
2011.07.009 PMID: 21782810

PLOS ONE | https://doi.org/10.1371/journal.pone.0295659 December 15, 2023 22/22


https://doi.org/10.1016/j.cell.2016.01.003
http://www.ncbi.nlm.nih.gov/pubmed/26871635
https://doi.org/10.1371/journal.pone.0002293
http://www.ncbi.nlm.nih.gov/pubmed/18523582
https://doi.org/10.1126/science.1158441
https://doi.org/10.1126/science.1158441
http://www.ncbi.nlm.nih.gov/pubmed/18451266
https://doi.org/10.1261/rna.062687.117
https://doi.org/10.1261/rna.062687.117
http://www.ncbi.nlm.nih.gov/pubmed/28768715
https://doi.org/10.1073/pnas.1508501112
https://doi.org/10.1073/pnas.1508501112
http://www.ncbi.nlm.nih.gov/pubmed/26668354
https://doi.org/10.1016/j.cels.2017.11.012
http://www.ncbi.nlm.nih.gov/pubmed/29248374
https://doi.org/10.1038/nsmb.2847
https://doi.org/10.1038/nsmb.2847
http://www.ncbi.nlm.nih.gov/pubmed/24997599
https://doi.org/10.1038/s41467-021-25433-6
https://doi.org/10.1038/s41467-021-25433-6
http://www.ncbi.nlm.nih.gov/pubmed/34429425
https://doi.org/10.1038/s41467-022-31463-5
https://doi.org/10.1038/s41467-022-31463-5
http://www.ncbi.nlm.nih.gov/pubmed/35760818
https://doi.org/10.1016/j.celrep.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22708079
https://doi.org/10.1016/j.str.2008.01.006
https://doi.org/10.1016/j.str.2008.01.006
http://www.ncbi.nlm.nih.gov/pubmed/18328718
https://doi.org/10.1101/gad.6.11.2088
http://www.ncbi.nlm.nih.gov/pubmed/1358757
https://doi.org/10.1128/MCB.25.22.9753-9763.2005
http://www.ncbi.nlm.nih.gov/pubmed/16260593
https://doi.org/10.1016/j.ydbio.2011.07.009
https://doi.org/10.1016/j.ydbio.2011.07.009
http://www.ncbi.nlm.nih.gov/pubmed/21782810
https://doi.org/10.1371/journal.pone.0295659

