The S. pombe mitochondrial transcriptome
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ABSTRACT

Mitochondrial gene expression is largely controlled through post-transcriptional processes including mitochondrial RNA (mt-
RNA) processing, modification, decay, and quality control. Defective mitochondrial gene expression results in mitochondrial
oxidative phosphorylation (OXPHOS) deficiency and has been implicated in human disease. To fully understand mitochondrial
transcription and RNA processing, we performed RNA-seq analyses of mt-RNAs from the fission yeast Schizosaccharomyces
pombe. RNA-seq analyses show that the abundance of mt-RNAs vary greatly. Analysis of data also reveals mt-RNA processing
sites including an unusual RNA cleavage event by mitochondrial tRNA (mt-tRNA) 5’-end processing enzyme RNase P.
Additionally, this analysis reveals previously unknown mitochondrial transcripts including the rnpB-derived fragment,
mitochondrial small RNAs (mitosRNAs) such as mt-tRNA-derived fragments (mt-tRFs) and mt-tRNA halves, and mt-tRNAs
marked with 3’-CCACCA/CCACC in S. pombe. Finally, RNA-seq reveals that inactivation of trz2 encoding S. pombe
mitochondrial tRNA 3’-end processing enzyme globally impairs mt-tRNA 3’-end processing, inhibits mt-mRNA 5’-end
processing, and causes accumulation of unprocessed transcripts, demonstrating the feasibility of using RNA-seq to examine the
protein known or predicted to be involved in mt-RNA processing in S. pombe. Our work uncovers the complexity of a fungal
mitochondrial transcriptome and provides a framework for future studies of mitochondrial gene expression using S. pombe as

a model system.
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INTRODUCTION

Mitochondria are eukaryotic energy-producing organelles,
which synthesize ATP through oxidative phosphoryla-
tion (OXPHOS). In addition, mitochondria are involved
in many important cellular processes including amino acid
and fatty acid synthesis, reactive oxygen species production,
apoptosis and aging (Chan 2006; Suen et al. 2008; Shadel
and Horvath 2015). Mitochondrial dysfunction is associated
with neurodegenerative diseases including Alzheimer’s dis-
ease and Parkinson’s disease (Wallace 2005; Suzuki et al.
2011) and metabolic disorders such as diabetes (Bhatti et al.
2017).

Mitochondria contain their own DNA (mtDNA) that en-
codes essential subunits of the OXPHOS complexes. Similar
to animal mtDNAs (~16 kb) and unlike the budding yeast
Saccharomyces cerevisiae mtDNA (~86 kb), the fission yeast
Schizosaccharomyces pombe mtDNA is a compact genome
(~19 kb). The two yeast mtDNAs encode seven subunits of
the OXPHOS complexes including apocytochrome b (Cobl,
also called Cob or Cytb), cytochrome coxidase subunits 1, 2,
and 3 (Coxl, Cox2, and Cox3) and three ATP synthase
subunits (Atp6, Atp8, and Atp9). Besides, the two mtDNAs
encode a ribosomal protein (Varl, also called Rsp3 in
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S. pombe), 25 tRNAs and two rRNAs (rns and rnl), and the
RNA subunit of RNase P (rnpB). In contrast, the human
mtDNA encodes 13 OXPHOS subunits including seven sub-
units of complex I (ND1-ND6 and ND4L) and 22 tRNAs and
two rRNAs.

Mitochondrial genes are transcribed into polycistronic
RNAs (Supplemental Fig. S1). The two strands of human
mtDNA are transcribed into genome-length polycistronic
transcripts (Asin-Cayuela and Gustafsson 2007; Scarpulla
2008). In S. pombe, mtDNA-encoded genes are expressed
as two primary transcripts (~19 and ~11 kb) with the major
promoter located before the rul gene and the minor promoter
located just ahead of the cox3 gene (Schifer et al. 2005).
Unlike human and S. pombe mtDNAs, S. cerevisiae mtDNA
is transcribed as 11 separate polycistronic units with long
noncoding stretches of DNA in between (Foury et al. 1998;
Turk et al. 2013).

According to the tRNA punctuation model (Ojala et al.
1981), mitochondrial mRNAs (mt-mRNAs) and rRNAs
(mt-rRNAs) are often immediately adjacent to tRNAs (mt-
tRNAs) and liberated by mt-tRNA 3’-end endonuclease
tRNase Z" and 5'-end processing endonuclease RNase P.
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In humans, besides these two endonucleases (Daoud et al.
2012; Rossmanith 2012; Salinas-Giége et al. 2015), additional
factors such as PTCD1, PTCD2, GRSF1, and the FASTK fam-
ily proteins are required for processing of human mt-mRNAs
that do not have flanking tRNAs at both ends (Xu et al. 2008;
Rackham et al. 2009; Sanchez et al. 2011; Jourdain et al. 2013,
2017). In S. cerevisiae, maturation of 3’-ends of mt-mRNAs
and mt-rRNAs involves cleavage of two nucleotides down-
stream from an AU-rich dodecamer sequence by an unknown
enzyme. In contrast, mature 5 -ends of mt-mRNAs and mt-
rRNAs can be generated by a variety of processes, including
transcription (15S rRNA, 21S rRNA, COXI, COX2, and
ATP9), removal of the upstream mt-tRNA (COB, COX3,
VARI, and RPM1) and cleavage at the upstream dodecamer
site (ATP6/8) (Lipinski et al. 2010). Processing of the 5'-end
of COB, ATP6/8, and VARI additionally requires a putative
5'- to 3’-exonuclease Pet127 (Lipinski et al. 2010). In Candida
albicans, the 5'- and 3’-ends of mitochondrial RNAs (mt-
RNAs) are generated by mt-tRNA processing enzymes except
for the 3’-ends of NADI1, COX3, NAD3, and RNS that are like-
ly to be generated by transcription termination (Kolondra
et al. 2015).

RNase P can be either a ribonucleoprotein (RNP) enzyme
(ribozyme) consisting of a catalytic RNA and one or more
protein subunits or a protein-only enzyme (PRORP) (Seif
et al. 2003; Howard et al. 2013; Lechner et al. 2015).
PRORP is widespread in eukaryotes and found in the nuclei
and/or organelles whereas RNP-based RNase Ps is identified
in bacteria, archaea, the eukaryotic nuclei and the mitochon-
dria of fungi (particularly in yeast) (Lechner et al. 2015;
Klemm et al. 2016). Human mitochondrial PRORP con-
tains three protein subunits (MRPP1, MRPP2, and MRPP3)
(Holzmann et al. 2008) and is responsible for mt-tRNA 5'-
end processing in humans (Brzezniak et al. 2011; Sanchez
etal. 2011). In humans, mt-tRNA 5'-end processing precedes
3’-end processing, and is required for mitochondrial ribo-
some assembly (Rackham et al. 2016). The Arabidopsis
organellar PRORP (PRORP1) is a single-subunit enzyme re-
sponsible for tRNA 5'-end processing in both mitochondria
and plastids (Gobert et al. 2010; Gutmann et al. 2012; Zhou
et al. 2015). The S. cerevisize mt-RNase P contains an
mtDNA-encoded RNA (rnpB) and a nuclear-encoded pro-
tein (Rpm2) whose close homologs are only found in species
of the order Saccharomycetales. Both the S. cerevisiae Rmp2
and catalytic subunit of PRORP are pentatricopeptide repeat
(PPR) proteins (Herbert et al. 2013; Pinker et al. 2013).

tRNase Z (also called RNase Z) can be classified into short
(tRNase Z°) (Lide la Sierra-Gallay et al. 2005, 2006) and long
form (tRNase Z%), which is believed to have arisen by
duplication and divergence of the tRNase Z° gene. (Ma et
al. 2017a). Bacteria and archaea only have the short form,
whereas eukaryotes have either the long form or both forms.

The role of tRNase Z" in mt-RNA processing has been
studied in S. cerevisiae (Skowronek et al. 2014), S. pombe
(Zhao et al. 2009, 2010; Fan et al. 2011; Wang et al. 2012;
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Zhang et al. 2013; Zhou et al. 2014), Drosophila (Xie and
Dubrovsky 2015) and human (In humans, tRNase 7L is
named ELAC2) (Brzezniak et al. 2011; Sanchez et al. 2011).
These studies firmly establish that tRNase Z" is responsible
for mt-tRNA 3’-end processing.

Transcriptomic studies permit a global view of the expres-
sion levels of the RNAs and RNA processing events in living
cells. High-throughput RNA sequencing (RNA-seq) has been
applied to analyze the mitochondrial transcriptomes of hu-
mans (Mercer et al. 2011), S. cerevisiae (Turk et al. 2013),
C. albicans (Kolondra et al. 2015), and some plants (Stone
and Storchova 2015).

We have previously shown that unlike S. cerevisiae,
Drosophila and human, which contain a single tRNase Z" lo-
calized to both the nucleus and mitochondria, S. pombe has
two tRNase Z's encoded by two different essential genes
which are responsible for nuclear and mitochondrial tRNA
3’-end processing, respectively (Zhao et al. 2009; Gan et al.
2011; Zhang et al. 2013). However, a comprehensive land-
scape of S. pombe mitochondrial transcriptome is still
lacking.

In this study, RNA-seq was used to explore the S. pombe
mitochondrial transcriptome. We provided a detailed map
of mt-RNA processing sites. Furthermore, we identified pre-
viously undescribed mtDNA-encoded transcripts including
the rnpB-derived fragment, mt-tRNA-derived fragments,
mt-tRNA halves, and mt-tRNAs marked with 3'-CCACCA/
CCACC. We also confirmed and extended previous results
on mt-tRNA 3’-end processing enzyme #rz2 by showing
that inactivation of #z2 globally impairs maturation of the
3’-ends of mt-tRNAs and 5'-ends of other mt-RNAs.

RESULTS

S. pombe mt-RNAs are differentially expressed

To globally examine S. pombe mitochondrial gene expression
levels, we performed RNA-seq on purified mitochondria
from the wild-type S. pombe strain yAS56. S. pombe mito-
chondria were isolated by the spheroplast method and tested
for possible nuclear and/or cytosolic contaminants by immu-
noblotting and qRT-PCR analyses. We did not detect any
nuclear and cytosolic markers (Supplemental Fig. S2). To
determine the levels of mt-mRNAs and mt-rRNAs, we con-
structed and sequenced a cDNA library using total RNA iso-
lated from S. pombe mitochondria. The ¢cDNA library was
prepared without poly(A) selection, depletion of rRNA and
tRNA and size selection. This approach is similar to the strat-
egies used in S. cerevisige and human. (Mercer et al. 2011;
Turk et al. 2013). Totally, ~30 million mapped reads were
unambiguously aligned with the S. pormbe mtDNA reference
sequence (NC_001326.1) and covered almost the entire
mtDNA transcribed. The majority (>85%) of reads that did
not map to the reference sequence could be unambiguously
mapped to the nuclear genome sequence. As observed in
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the analyses of human and C. albicans mitochondrial tran-
scriptomes (Mercer et al. 2011; Kolondra et al. 2015), these
nuclear match reads possibly resulted from copurifica-
tion of cytosolic ribosomes with the mitochondrial outer
membrane.

To compare the expression levels of different mitochon-
drial transcripts, we calculated gene expression level as reads
per kilobase per million mapped reads (RPKM) (Fig. 1).
There appeared to be no significant difference between the
two mt-rRNAs levels (rns and rnl). Similar results have been
reported for transcriptome analyses of the mitochondria of
S. cerevisiae (Turk et al. 2013), C. albicans (Kolondra et al.
2015), and human (Mercer et al. 2011). In contrast, the
steady-state levels of different mature mt-mRNAs vary by sev-
eral orders of magnitude (Fig. 1A). mt-mRNAs showed nearly
800-fold differential expression between coxI with the high-
est RPKM values, and atp8 with the lowest RPKM values
(Fig. 1A).

To determine mt-tRNA levels and their 5’'- and 3’-ends, we
constructed and sequenced a ¢cDNA library using mt-tRNA
isolated from S. pombe mitochondria. ~2.5 million reads
that mapped uniquely to the mitochondrial genome were ob-
tained. Mature mt-tRNA-derived reads were defined by the
presence of 3’-end CCA. The reads that were mapped to the
mature mt-tRNA sequences were counted for each unique
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FIGURE 1. Differential expression of mt-RNAs in S. pombe. (A)
Quantification of the levels of mt-rRNAs (rns and rnl), mt-mRNAs,
and mtDNA-encoded introns (coblIl, coxIIlb, and coxII2b) in
S. pombe. (B) Quantification of levels of mature mt-tRNAs in S. pombe.
Values are the RNA read counts expressed in RPKM.

mature mt-tRNA sequence to calculate RPKM values. Re-
markably, the steady state levels of mt-tRNAs appear to vary
dramatically (Fig. 1B).

Genome-wide analysis of processing of mt-RNAs

Deep sequencing of the mitochondrial transcriptome allows
determination of 5'-and 3’-end processing of all S. pombe
mt-RNAs. The 3'-ends of mt-tRNAs were determined by
looking for the presence of the 3’-CCA, which is added
post-transcriptionally to all tRNAs. The 3'-CCA-containing
reads were then used to identify the 5'-ends of mt-tRNAs
based on the tRNA secondary structure prediction. This anal-
ysis revealed that both ends of mt-tRNAs are generated by a
single cleavage event. We also compared the ends of mt-
tRNAs determined by RNA-seq and tRNAscan-SE with those
of mt-tRNAs in Pombase, which were predicted solely by
tRNAscan-SE. Except for mt-tRNAABVEY ywhich has incor-
rect 5’- and 3’-ends, all predicted mt-tRNAs have correct 5'-
and 3’-ends (Supplemental Figs. S3, S4).

Next, we examined processing of mt-mRNAs and mt-
rRNAs. We found that 5'-end processing of all mt-mRNAs
and mt-rRNAs occurs at a single major site (Fig. 2; Supple-
mental Fig. S5). The 5-ends of most mt-mRNAs and mt-
rRNAs precisely coincide with the 3’-ends of their upstream
mt-tRNAs, indicating that the 5'-ends of most mt-rRNAs
and mt-mRNAs are generated by trz2. The positions of 5'-
ends of cobl, cox2, and atp6 are one nucleotide further down-
stream from the 3’-ends of their upstream mt-tRNAs, suggest-
ing that these mt-mRNAs are subsequently subjected to 5'-3’
exonucleolytic trimming for maturation. rnl and cox3 mRNA
lack upstream mt-tRNAs. However, the rnl and cox3 genes are
adjacent to the major promoter (Pp,,) and minor promoter
(Pui)» respectively. It is most likely that their 5’-ends are gen-
erated by transcription initiation sites (Fig. 2). Analyses of 5'-
ends of mt-RNAs allow us to define their 5'-UTR sequences
(Fig. 3). These 5'-UTR sequences generally matched those re-
ported previously (Schifer 2005; Schiifer et al. 2005).

Unlike the 5'-processing of mt-mRNAs and mt-RNAs,
the 3/-processing involves multiple cleavage sites (Fig. 2;
Supplemental Fig. S6). Except for rnl, all mt-mRNAs and
mt-rRNAs contain a C-core motif (four or five consecutive
C residues) close to the 3’-end of all mt-mRNAs and rns
mRNA (Schifer et al. 2005). 3/-processing of these mt-
RNAs occurs primarily at one or a few nucleotides down-
stream from the C-core motif (Fig. 2). For rnl, which lacks
a C-core motif but contains a poly(U) track close to its 3'-
end, 3’-processing occurs at the last two Us within a poly(U)
track and one or few nucleotides downstream from the
poly(U) track (Fig. 2A; Supplemental Fig. S6). This poly(U)
track is likely to serve as the signal for 3’-end cleavage.
Similar to the situations in S. cerevisige and unlike humans
and consistent with previously reported results (Schifer
et al. 2005), we found that mature mt-mRNAs in S. pombe
are not polyadenylated at their 3'-ends.
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FIGURE 2. Schematic of the 5'- and 3'-termini of mt-rRNAs and mt-mRNAs in S. pombe. Graphs showing the number of RNA-seq reads that
mapped to 5'- and 3’-ends of mt-rRNAs (rns and rnl) (A) and eight mitochondrial encoded genes (cobl, coxl, cox2, cox3, atp6, atp8, atp9, and
varl) (B). 5'- and 3'-ends of mt-rRNAs, cox2, atp6, and varl were also mapped by cRT-PCR, and the data are shown at the bottom. The exons
and introns are indicated by the blue boxes and white boxes, respectively. The likely cleavage site is depicted with a down arrow.

To verify our RNA-seq data, we performed circularized
reverse transcription PCR (cRT-PCR) to map both 5'- and
3’-ends of two mt-rRNAs and three mt-mRNAs. Sequence
analysis of the cRT-PCR products revealed that 5-ends of
all mt-rRNAs and mtRNAs examined were precisely cut at
a single site, whereas the 3’-ends of all these mt-RNAs were
cut at multiple sites. Thus, the cRT-PCR data confirmed
our RNA-seq data (Fig. 2).

Examination of the primary sequences and predicted sec-
ondary structures of mt-tRNAs revealed that two mt-tRNAs
contain an extra 5-nucleotide. One is mt-tRNAMB(GUS)
which has one additional G residue at position —1 at its 5'-
end (G_,), and the other is mt-tRNA*SVY) which contains
an additional A residue at position —1 (A_;) (Fig. 4A). The
G_, residue is a ubiquitous feature of mt-tRNA™* and is re-
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quired for recognition by the histidyl-tRNA synthetase (Betat
et al. 2014), whereas the addition of A_; at the 5'-end of mt-
tRNA”'8 has not been reported. In addition, the presence of
G_; could potentially extend the acceptor stem by forming an
additional base pair with C;; in tRNATSGUS), Similarly, the
unusual A_; base pairs with Uy, in tRNAATEVCY) resulting in
formation of an unusual acceptor stem (8 base pairs instead
of the normal 7).

To confirm the presence of A_; in mt-tRN we
precisely mapped the 5'-end of mt-tRNA*"VCY) by cRT-
PCR. In this method, total mt-tRNA was first treated with
T4 RNA ligase to join their 5'- and 3’-ends and then the ligated
RNA end of mt-tRNA*8VCY) yyas specifically amplified by
RT-PCR using specific primers (Supplemental Table S1).
The resulting PCR products were cloned into a Sma I-digested

AArg( UCU)
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FIGURE 3. Mapping of the 5'- and 3'-termini of mitochondrial tran-
scripts. The number in the parentheses after the name of the gene indi-
cates the size of the gene. The likely cleavage sites are depicted with a
down arrow. mt-tRNAs are represented by single-letter code.

plasmid for sequencing. All the 12 sequenced clones contain
the A_; at position 9817 (mt-tRNAABUCY) position) and
a Uy, at position 9888 (numbering based on the reference se-
quence NC_001326.1), followed by a CCA at the 3’-end (Fig.
4B), except in one clone CC was detected as the 3’-ending nu-
cleotides. Thus, by using cRT-PCR, we were able to detect
the presence of the extra A in the mt-tRNA*SVCY) (Fig,
4B,C).

Trz2 regulates the processing of mt-RNAs

We have previously shown by Northern blot analysis that
inactivation of #rz2 affects 3’-end processing of mt-
tRNA VYYD me(RNAMEACY) and - mt-tRNAMHEYS)
(Zhang et al. 2013). To determine whether inactivation of
trz2 affected genome-wide mt-tRNA 3’-end processing, we
constructed and sequenced cDNA libraries from mt-tRNA
of the wild-type strain and #rz2-1 mutant, which harbors a
temperature-sensitive allele of #z2 (Zhang et al. 2013). The
5- and 3’-extended precursor mt-tRNAs were defined by
the presence of at least 5-nt 5'-flank and at least 5-nt 3’-flank
of mature mt-tRNAs, respectively. Reads that were mapped
to mature mt-tRNA regions and mt-tRNA flanks were ac-
counted to compute RPKM. RNA-seq revealed that inactiva-
tion of trz2 resulted in accumulation of precursor mt-tRNAs
with unprocessed 3'-ends (Fig. 5A). The most pronounced
increases (~40- to 50-fold increase) were observed for
mt-tRNAMEY and mt-tRNA YUY (Fig, 5A). Since in-
activation of tRNase Z" in S. cerevisaie also affects 5'-end pro-
cessing of pre-tRNAs (Skowronek et al. 2014), we wondered
whether #rz2 inactivation would affect 5'-end processing of
mt-tRNAs. We found that 5'-end processing of nearly half
of mt-tRNAs was impaired in the trz2-1 mutant, but 5-end
processing was not impaired as severely as 3’-end processing
(Fig. 5B). As expected, we found that the levels of most ma-

ture mt-tRNAs were reduced in the #rz2-1 mutant strain un-
der nonpermissive temperature (Fig. 5C).

Because 3'-end cleavage of mt-tRNAs is also crucial for the
maturation of downstream adjacent mt-RNAs, we also ana-
lyzed 5'-end processing of mt-mRNAs and mt-rRNAs in
the trz2-1 mutant strain under nonpermissive temperature.
As expected, we found that the levels of 5'-extened precursors
of all mt-mRNAs and mt-rRNAs that are flanked on the 5'-
side by an mt-tRNA were increased in the trz2-1 mutant,
compared to those from the wild-type strain (Fig. 5D). In
contrast, 3'-extended precursors of most mt-mRNAs and
mt-rRNAs were much less affected (Fig. 5D). Together, these
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FIGURE 4. Identification of mt-tRNAs with an extra nt at the 5'-end.
(A) The secondary structures of mt-tRNATEVS) 3hd mt-tRNAABUCY
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numbering positions; —1, the extra nt encoded by the genome; +1, the
first nt encoded by the genome. The likely cleavage sites are depicted
with an arrow. (B) Abundance of 5'- and 3’-ends sequencing reads at
each nt position mapped to mt-tRNA*SVCY) analyzed by RNA-seq
(top) and cRT-PCR (bottom). (C) Sequence of representative cloned
RT-PCR products derived from circularized tRNAs. Nucleotide identi-
ties are only shown for the predominant sequence. The corresponding
sequences up to the 5'- as well as the 3'-end of the cDNA are given. The
nonencoded CCA ends are highlighted in green, and the 5'-extra nt of
the mature mt-tRNAs are underlined. Numbering is based on the ref-
erence sequence NC_001326.1.
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FIGURE 5. Inactivation of trz2 affects the expression of precursor and mature mt-RNAs. (A,B)
Relative expression of precursor mt-tRNAs with unprocessed 3'-end or 5'-end in the trz2-1 mu-
tant compared with the WT control strain (defined value of 1) by RNA-seq. (C) Relative expres-
sion of mature mt-tRNAs in the WT strain compared with the trz2-1 mutant (defined value of 1)
by RNA-seq. (D) Relative expression of 5'-extended or 3'-extended precursors of mt-rRNAs and
mt-mRNAs in the trz2-1 mutant compared with the WT control strain (defined value of 1) by
RNA-seq. mt-tRNAs are represented by single-letter code and indicated by red boxes.

results suggest that the trz2 inactivation impairs a global mt-
tRNA 3’-end processing and 5'-end processing of the adja-
cent mt-mRNAs and mt-rRNAs.

Processing of the S. pombe rnpB RNA

In S. pombe, the rnpB RNA is flanked by mt-tRNA**(YS and
mt-tRNAYYS) RNA-seq analysis revealed that the 5'- and
3’-cleavage sites of the rnpB RNA precisely coincided with the
3/-cleavage site of upstream mt-tRNA** VS and the 5'-
cleavage site of downstream mt-tRNA"(YYS) | respectively

(Figs. 3, 6A), confirming the previous primer extension map-
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and mt-tRNA"SAY) (Fig. 7). The 5’ mt-
tRNA halves were 32-38 nt long, and the
3’-mt-tRNA halves were 40-51 nt in
length. Both 5'- and 3’-mt-tRNA halves
were detected with cleavage sites (Fig. 7).
mt-tRNA"CGAY) was primarily cleaved
between 35 and 36 and between 36 and
37 within the anticodon loop, whereas
others were primarily cleaved at a single
site within the anticodon loop (Fig. 7).
To obtain an independent validation of
the RNA-seq results, we used Northern
blot analysis to detect mt-tRNA halves
in the wild-type S. pombe cells (Fig. 8).
We probed total RNA isolated from
S. pombe mitochondria with probes
specific for the 5'- or 3’-mt-tRNA half. Probes specific
for 5-mt-tRNAPEVO 5/ mt tRNAPVSS) and 5/-mt-
tRNAXUYAG) detected 5'-mt-tRNA halves (Fig. 8). As con-
trols, probes specific for 3’-halves of these mt-tRNAs did
not detect their corresponding 3’-mt-tRNA halves (Fig. 8).
Similarly, probes specific for the 3/ -mt-tRNAS(ECY)
3 RNA"AY) or 3/ (RNAMMEYY) detected 3'-mt-tRNA
halves. As controls, probes specific for 5'-halves of these mt-
tRNAs did not detect their corresponding 5’ -mt-tRNA halves
(Fig. 8). In the case of the 5’ -mt-tRNAMEUY) paf probe, a
5'-mt-tRF was detected instead of an mt-tRNA half (Fig. 8).
This 5-mt-tRF was also identified in RNA-seq data
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mt-tRNAs such as mt-tRNATPUCA py¢
tRNAMPCUC) - m-tRNAAMEUY) | and
mt-tRNACAY (Supplemental Table S3).

S. pombe mitosRNAs

To determine whether mitosRNAs exist
in S. pombe, we sequenced the 15- to
30-nt small RNA (mitosRNA) library
constructed from RNA extracted from

C 518 18130 M VASS6 S. pombe mitochondria. The numbers of
FAS- reads mapped to S. pombe mtDNA are

/ 280 &% < rnpB ~1.8 million. To distinguish mitosRNAs

;‘ﬂ n | from potential random by-products of

f\' u f\ ﬂ \ [‘ 'LW(‘ ‘ 202 « rnpB-f the degradation of mt-RNAs, we filtered

[Um N IMIW U\J ﬂf out lowly expressed mitosRNAs (ex-

5 sequence T I TTTeCCeeTCCy 44 - pressed at >850 reads per million, the
3’ sequence §-GITIGGATC-Y 30+ median level of sRNA expression in

S. pombe). As expected, the predominant

E 10 2 30 size of sequences mapping to S. pombe
" UUU cce--- ACAUU UG G- UAG . .
s uce UCCAAA UUAUU  AAU  UUUUUAAAC A mtDNA was in the size range of 15-30
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3’ cu- UUUGAA cuU- - GU AG ucu nt. TOtally’ 32 unique mitosRNA se-

80 70 60

FIGURE 6. Mapping of rnpB transcript ends. (A) Analysis of 5'- and 3'-ends of the rnpB and
rnpB-f RNAs by RNA-seq (top) and cRT-PCR (bottom). cRT-PCR was performed on total mt-
RNA, and the rnpB and rnpB-f products were amplified, cloned, and sequenced. Arrow indicates
the cleavage site. (B) An ethidium bromide-stained gel showing detection of the rnpB RNA
(lane 1) and the rnpB-f RNA (lane 2) by cRT-PCR analysis. The products were separated on a
3.0% agarose gel. Lanes M-1 and M-2 are DNA size markers in nt. (C) Chromatogram displaying
the sequences of the TA cloned cRT-PCR products representing the sense strands of the rnpB-f
RNA. The corresponding DNA sequences are aligned below. (D) Northern blot analysis of the
rnpB-f RNA. RNA was isolated from S. pombe mitochondria, separated by 9% PAGE-8 M
urea, and transferred. The blot was probed with the DIG-labeled oligopDNA probe specific for
the rnpB-f RNA. Lane M contains a DNA marker. (E) The secondary structure of the rnpB-f
RNA predicted by Mfold (http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form).

(Supplemental Table S2). These results further confirmed the
presence of 5'- and 3’-mt-tRNA halves.

CCACCA/CCACC addition in S. pombe mt-tRNAs

Interestingly, RNA-seq revealed addition of CCACCA/
CCACC to the 3'-end of some mt-tRNAs from wild-type
S. pombe (Fig. 9; see Supplemental Table S3 for a complete
list). As an example, with mt-tRNASYVCO we found that a
fraction of the CCACCA/CCACC tagged mt-tRNASY(VC®
contains point mutations and/or truncations (Fig. 9). Trunca-
tions at the 3'-end of mt-tRNASYYC® apparently disrupt
the base-pairing of the acceptor stems and cause destabiliza-
tion of tRNA (Fig. 9A). We also found that a series of mt-
tRNASYUCC) 3/ fragments with successive 5'-truncations
were marked with 3’-CCACCA/CCACC (Fig. 9B,C). These
5'-truncations suggest progressive 5-3’ exoribonucleo-
lytic degradation of CCACCA/CCACC-containing mt-
tRNAs®YVCO_ Similar results were obtained in several other

quences were mapped to 14 different
lociin the S. pombe mtDNA (Supplemen-
tal Table S2). More than half of
mitosRNA sequences were mapped to
mt-tRNA loci and are candidate mt-
tRNA-derived fragments (mt-tRFs). Se-
quences that were derived from the 5'-
and 3'-regions of tRNA were categorized
as mt-tRF-5s and mt-tRF-3s, respectively.
Since mt-tRF-5s and mt-tRF-3s are sig-
nificantly enriched, these sequences are
probably not random by-products of the
degradation of tRNAs.

DISCUSSION

In this study, we presented a mitochondrial transcriptome
map from S. pombe, which is evolutionarily distant from S.
cerevisiae and other well-studied model yeasts. Compared
to traditional low-throughput techniques such as Northern
blot analysis or reverse transcriptase PCR, which are limited
to examine individual RNAs, RNA-seq allows simultaneous
high-resolution analysis of all RNAs. Our transcriptome
analysis revealed that S. pombe mt-mRNAs as well as mt-
tRNAs display significant abundance differences. Because
mtDNA-encoded genes are transcribed as polycistronic tran-
scripts, these differences are likely due to differences in mt-
RNA stability. Similar observations have been found in
S. cerevisiae, C. albicans, and human mitochondria (Krause
and Dieckmann 2004; Piechota et al. 2006; Mercer et al.
2011; Turk et al. 2013; Kolondra et al. 2015). These findings
suggest the complexity of post-transcriptional regulation
in mitochondria. Future experiments will be required to

1247

www.rnajournal.org


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.064477.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.064477.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.064477.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.064477.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.064477.117/-/DC1
http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form
http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form
http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form
http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form
http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form
http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form

A 3 3 3
5671 5 375 5 A74
G-C C-G G-L
A-U G-C C-G
A-U G-C AU
) Sonarf o e
, '-ha -t ) U-A
5'-half }_é UGGGUCAU &y s 5'-half O cpuectAa
A AU ac CCAG € uAU A Gaags S usA, G & AAGGy CG
atavvee g U fiaea UGt & Ten oY
G ara6u G AUGT s Gy (4ACAU Y
A G GyuC A A , v
U-aY A egh U-AA
C-G U-A U-A
G-U U-G U-A
& et !
uoc v U c A
U A U G39 [u GG
Gy C U . Gw A
32133 ¢ 38 35836
tRNAAsP (GUO) tRNAP (UGE) tRNALeu (UAG)
3 3 3
A A A
< & c
5 83 S 5 67
¢ A-L .
G-C G-C G-C
AU 3thale VA 3half e
e 3"-hal E_i\; -hal &L 3-half
U G g U 7- .
Gl cacyel g AU[ - l,‘AA(7(fIIA(; e vcacclla
v Ay g GHGAGy ¢ SRR T AUUGGy© vAacped’ ~l\l(l'll'('?(l;uI C
G ea U " y . G, AGAGC A
GyaACA A o G, AGAGU i ICC AGAGC é
S G- St A gt
v-a ¢, U G-C U-A
A-T A A C:\-[G C.;’:
vCc v A CA' A
U A U A U A
G U G, U G
35456 351 36'( 37 33434
tRINAS*r (6CU) tRN A (GAD) tRINAAsn (GUU)
B
o
51
=
<
i
5 160, 40 2
i
= S 120 30 15
5 x
J o=@
n s 80 20 1
==
< O
=g 40 10 0.5
w g I
< s o0l 0 - 04 = I | 1
é GCCUUG?UCACG CUUUGG?GUGUU UACCUU¢AGGAG
=
tRINA AP (GUO) tRNAPr (UGG) tRINALeu (UAG)
o
51
S 40 20
= 50
=
_g 40 30 15
= o
E% 30 4 20 10
‘I ) 20 J
e 10 5
= 2 104
s 3
= 04 0 011 1 ol
“ g ACUUGCUACGU CUUGAUAAGUU CACUGUUAAUG
<2 f 1 1
E tRNASer (6CU) tRNAL (GAV) tRNA A (GUU)
=

FIGURE 7. Identification of mt-tRNA halves by RNA-seq analysis. (A) 3’- and 5'- mt-tRNA
halves found in S. pombe. Sequences of mt-tRNA halves (in red) were identified by RNA-seq anal-
ysis. Arrow indicates the cleavage site. Nt positions are indicted based on the nt numbering system
of tRNAs. (B) The distribution of reads that were mapped to the region surrounding the cleavage
site (indicated by an arrow).

elucidate the mechanism for the post-transcriptional regula-
tion of mt-RNA expression. It should be noted that tRNA
modifications and its stable and extensive secondary struc-
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ture can interfere with cDNA synthesis
and adaptor ligation during the cDNA li-
brary construction. These problems for
the sequencing of tRNA could be over-
come in future studies by using engi-
neered tRNA demethylase and highly
processive thermostable group II intron
reverse transcriptase (TGIRT) (Cozen
et al. 2015; Zheng et al. 2015).

Our transcriptome data show that
similar to the situation in human mito-
chondria, 5-ends of all S. pombe mt-
mRNAs and mt-rRNAs are generated
by tRNase 7% consistent with the tRNA
punctuation model (Ojala et al. 1981),
except for rnl and cox3 RNAs whose 5'-
ends are generated directly from tran-
scription. However, unlike the situation
in human mitochondria, S. pombe mt-
mRNAs and mt-rRNAs have heteroge-
neous 3'-ends likely resulting from exo-
nucleolytic trimming.

Our analysis reveals that unlike 5'-end
maturation, the generation of the 3’-ends
of S. pombe mt-mRNAs and rns rRNA in-
volves additional exonucleolytic process-
ing after mt-RNase P cleavage. This is
likely responsible for 3'-heterogeneity,
which has also been observed previously
(Hoffmann et al. 2008). A previous ge-
netic study suggests that the 3'-ends are
matured by a complex consisting of a pu-
tative exoribonuclease Rpm1 (also called
Parl) and a putative DEAD box helicase
Rpm?2 (also called Pahl), which are ho-
mologous to S. cereveisiae exoribonu-
clease Dssl and the RNA helicase Suv3,
respectively (Hoffmann et al. 2008). It
is likely that the final maturation of the
3’-ends requires exonucleolytic trim-
ming by Rpm1. Rpm?2 is likely to play a
supportive role in this process. However,
S. cerevisiae Dss1 and Suv3 do not appear
to be involved in the 3’-end formation
of mt-RNAs. These two proteins form
the mitochondrial degradosome and are
involved in degradation of mt-RNAs
(Dziembowski et al. 2003).

Our analysis also shows the C-core
motif located a few nucleotides close to
the 3’-cleavage site appears to serve as
the 3’-processing signal for Rpm1l and

Rpm2, which is consistent with a previous study (Schifer
et al. 2005). It is unclear whether this motif serves a binding
site for a yet-to-be-identified protein, which plays a role in
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Our high-throughput sequencing
analysis of the transcriptome of S. pombe
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FIGURE 8. Identification of mt-tRNA halves in S. pombe mitochondria by Northern blot anal-
ysis. Total mt-RNA was isolated from S. pombe cells grown to mid-log phase and was separated by
electrophoresis in a 9% PAGE containing 8 M urea. Blots were probed with oligopDNAs that are
specific to 5'- or 3'-mt-tRNA halves. M, single-stranded DNA markers in nt. Mature mt-tRNA,

5'- and 3'-mt-tRNA halves and 5'-tRF are indicated to the right.

mt-RNA 3’-end formation. The C-core motif appears to be
present not only in the fission yeasts but also in Saccharom-
cotina, Basidiomycota and basal groups of fungi (Supple-
mental Table S4; Supplemental Fig. S7), suggesting that this
may be a basic type of mechanism of mt-RNA 3'-end
processing.

We also investigated the role of S. pombe Trz2 in mt-RNA
processing using RNA-seq, which allows comprehensive anal-
ysis of the 5'- and 3’-ends of all mt-tRNAs. The data derived
from RNA-seq have been verified by comparing them with
our previous data obtained with Northern blotting (Zhang
et al. 2013). We found that while ¢rz2 deletion blocks the 3'-
end processing of all mt-tRNAs, it has varying effects on
mt-tRNAs. These results indicate that Trz2 is responsi-
ble for 3’-processing of all mt-tRNAs. This is consistent
with the notion that unlike nuclear tRNA 3’-ends, which
can be generated endonucleolytically or exonucleolytically
(Blewett and Maraia 2018), mt-tRNA 3’-ends are generated
endonucleolytically by tRNase Z" We also found nearly a
half of mt-tRNA 5'-end processing was also affected in the
trz2-1 mutant although not as severely as 3’-end processing.
Inhibition of 5'-processing when mitochondrial tRNase Z"

5’ probe
M _yASS56

—
- ‘t— Mature

mitochondria also reveals a plethora of
mitochondrial sRNAs (mitosRNAs)
including mt-tRNA-derived fragments
(mt-tRFs) and mt-tRNA halves. mt-
tRFs revealed by deep sequencing are in
a size range from 17 to 28 nt. The biogen-
esis and biological functions of S. pombe
mt-tRFs remain to be determined. mt-
tRFs have been also found in animal mi-
tochondria (Mercer et al. 2011; Ro et al.
2013). The mammalian mt-tRFs have
been suggested to play a role in regulation
of mtDNA gene expression (Ro et al
2013). However, their biogenesis is un-
clear. In humans, DICER and tRNase Z" have been shown
to be involved in the biogenesis of nuclear tRFs (Shigematsu
et al. 2014).

tRNA halves identified in S. pombe mitochondria are 32—
51 nt in size and generated by cleavage of mt-tRNA within
the anticodon. Our analysis identified at least six mt-tRNA
halves under nonstressed conditions, which were confirmed
by Northern blotting (Fig. 8). mt-tRNA halves have previous-
ly only been reported in rainbow trout; however, their func-
tions are unknown (Ma et al. 2016). Unlike mt-tRNA halves,
tRNA halves derived from cytosolic tRNAs have been widely
found in eukaryotes under stress as well as nonstress condi-
tions (Huang and Hopper 2016; Soares and Santos 2017).
tRNA halves whose expression is induced in response to a va-
riety of stresses are known as tRNA-derived stress-induced
RNAs (Yamasaki et al. 2009).

tRNA halves have been implicated in inhibition of protein
synthesis (Soares and Santos 2017), promoting formation of
stress granules (Yamasaki et al. 2009; Emara et al. 2010),
and protection of cells from apoptosis through interaction
with cytchrome ¢ (Saikia et al. 2014). A type of 5'-tRNA halves
termed sex hormone-dependent tRNA derivatives (SHOT-
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A No. Reads

Ref. GCAGATATAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCA

1 GCAGATATAAGTCAATTGGCAAACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACCA 1
2 ATTGGCAGACCTTCTGATTTCCACTTAGATTATTTTCGTTCGAATCGGACTATCTGCACCACCA 1
3 TTCTGATTTCCACTTAGATTATGTTCGTTCGAAACGGACTATCTGCACCACCA 1
4 TTATGTTCATTCGAATCGGACTATCTGCACCACCA 1
5 TTATGTTCGTACGAATCGGACTATCTGCACCACCA 1
6 TGTTCGTACGAATCGGACTATCTGCACCACCA 1
7 TGTTCGTTTGAATCGGACTATCTGCACCACCA 2
8 TCGTTCGACTCGGACTATCTGCACCACCA 1
9 ATTGGCAGACCTTCTGATTTCCACTTAGATTATTTTCGTTCGAATCGGACTATCTGCACCACCA 1
10 GCAGATATAAGTCAATTGGCAGACCTTCTGATTT- CACCA 2
11 GCAGATATAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCT——CCACCA 7
12 AGATATAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCT——CCACCA 2
13 ATATAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCT——CCACCA 2
14 TATAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCCAATCGGACTATCT——CCACCA 3
15 TAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCT——CCACCA 2
16 AAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCT———CCACCA 2
17 GTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCT———CCACCA 4
18 CAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCT——CCACCA 3
19 AATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCT——CCACCA 3
20 TTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCT——CCACCA 2
21 AGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATC— CAC 2
22 AATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATC—— 2
23 ATAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTAT———— 2
B No. Reads

Ref. GCAGATATAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCA CCA
1 GCAGATATAAGTCAATTGGCAAACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCA CCACCA
2 CAGATATAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCA CCACCA
3 AGATATAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCA CCACCA
4 GATATAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCA CCACCA
5 ATATAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCA CCACCA
6 TATAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACCA
7 TAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACCA
8 AAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACCA

43
2
1
1
1
2
6
3
9 AGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACCA 4
10 GTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACCA 5
11 CAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACCA 1
12 AATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACCA b
13 ATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACCA 13
14 TTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACCA 36
15 GGCAGACCTTCTGATTTCCACTTAGATTATGT TCGTTCGAATCGGACTATCTGCACCACCA 1
16 CAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACCA 1
17 ACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACCA 2
18 TTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACC. CA 2
19 TTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACCA 1
20 TCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACCA 1
21 CACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACCA 4
22 CTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACCA 7
23 TAGATTATGTTCGTTCGAATCGGACTATCTGCACCACCA 2
24 GATTATGTTCGTTCGAATCGGACTATCTGCACCACCA 58
25 ATTATGTTCGTTCGAATCGGACTATCTGCACCACCA 19
26 TTATGTTCGTTCGAATCGGACTATCTGCACCACCA 268
27 TATGTTCGTTCGAATCGGACTATCTGCACCACCA 66
28 ATGTTCGTTCGAATCGGACTATCTGCACCACCA 88
29 TGCTCGTTCGAATCGGACTATCTGCACCACCA 173
30 GTTCGTTCGAATCGGACTATCTGCACCACCA 19
C No. Reads

Ref. GCAGATATAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCA CCA

1 GCAGATATAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACC 31
2 GATATAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACC 4
3 TATAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACC 2
4 ATAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACC 2
5 TAAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACC 8
6 AAGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACC 2
7 AGTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACC 1
8 GTCAATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACC 2
9 AATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACC 4
10 ATTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACC 2
11 TTGGCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACC 2
12 GCAGACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACC 2
13 GACCTTCTGATTTCCACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACC 2
14 CACTTAGATTATGTTCGTTCGAATCGGACTATCTGCACCACC 2
15 TATGTTCGTTCGAATCGGACTATCTGCACCACC 4
16 ATGTTCGTTCGAATCGGACTATCTGCACCACC 3
17 GTTCGTTCGAATCGGACTATCTGCACCACC 2

FIGUREY. List of mt-tRNA®YV® transcripts containing 3'-CCACCA/CCACC. (A) Alignment
of the sequences of mt-tRNASY(VCS) marked with 3'-CCACCA and containing mutation (shown
in red colored character) or 3'-deletion (shown as a hyphen). (B) Alignment of the sequences of
the 5'-truncated mt-tRNASY(VEC) transcrigts marked with 3’-CCACCA. (C) Alignment of se-
quences of the 5'-truncated mt-tRNASYVS) transcripts marked with 3-CCACC. Ref., the se-
quence of the S. pombe mt-tRNASYVCS gene,

whose expression is affected by paternal
diet, may contribute to diet-induced
metabolic disorders (Chen et al. 2016;
Sharma et al. 2016).

So far ribonucleases Rny1 in yeast and
angiogenin (ANG) in mammals have
been identified to cleave mature cytosolic
tRNAs to generate tRNA halves during
stress. Rnyl and ANG belong to the
RNase T2 family (Thompson and Parker
2009) and the RNase A superfamily, re-
spectively (Yamasaki et al. 2009). The ho-
mologs of Rnyl and ANG do not appear
to exist in S. pombe, suggesting an alter-
native mechanism for generation of mt-
tRNA halves.

In our RNA-seq data, we also found
that a small fraction of the full-length
rnpB RNA was cleaved into an 89-nt frag-
ment (rnpB-f). In S. cerevisiae, three frag-
ments of mt-RNase P RNA (RMPI RNA)
(52, 71, and 89 nt) but not full-length
RMP1 RNA were detected, suggesting
that an intact RMPI RNA is not required
for mt-RNase P activity (Daoud et al.
2012; Turk et al. 2013). Because the
rnpB-f RNA contains only conserved
region CRI but lacks other conserved re-
gions that are essential for catalytic activ-
ity or substrate binding (Supplemental
Fig. S8), it cannot fulfill the function of
the full-length RNA. Thus, unlike S. cer-
evisiae mt-RNase P, an intact rnpB RNA
is likely to be required for S. pombe mt-
RNase P activity. However, elucidation
of the biological role and biogenesis of
the rnpB-f RNA will require further
investigation.

Our study provides the first evidence
that mt-tRNA™SYS from a fungal mi-
tochondria contains an extra guanylate
residue at its 5-end (G_;). With very
few exceptions, all known mt-tRNAMS
contain an extra G_, residue, which is re-
quired for recognition by histidyl-tRNA
synthetase (Betat et al. 2014). Various
mechanisms used to generate this extra
G_, have been demonstrated. In bacteria
and archaea and presumably in fungal
mitochondria and plant chloroplasts,
the G_,; residue is encoded in the mt-
tRNAM(CYS) gene and generated by an

RNAs) can enhance cell proliferation in breast and prostate  unusual mt-RNase P cleavage. In the cytoplasm of eukaryotes
cancer cell lines (Honda et al. 2015). A subset of mouse sperm and animal mitochondria, the G_; residue is gene-encoded
tRNA-derived small RNAs (mainly from 5-tRNA halves),  and is generated after transcription by histidinyl tRNA
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guanylyl transferase (Thgl), which is more common in eu-
karyotes, and also found in a limited number of bacterial
and archaeal species (Jackman and Phizicky 2006; Abad
et al. 2010). The G_; residue can also be generated by tran-
scription initiation. In the archaeon Nanoarchaeum equitan,
RNase P is lost and all tRNA 5'-ends are generated by tran-
scription initiation. Because the G_; residue in S. pombe
mt-tRNA™SCYS) s gene-encoded, it is very likely that this
addition nucleotide is the result of unusual processing by
mt-RNase P. Consistent with this prediction, we found that
the mitochondrial Thgl could be predicted bioinformatically
in humans, but not in S. cerevisiae and S. pombe.

Besides mt-tRNAMSGYS)  oyr analysis also revealed that
mt-tRNASVCY) possesses an extra adenylate residue at its
5’-end. This extra nucleotide is gene-encoded and presum-
ably generated because of an unusual cleavage by mt-RNase
P. Our finding adds to a growing list of tRNAs, which contain
an extra 5'-nucleotide. Several tRNAs other than tRNA™*
have also been found to contain an extra 5'-nucleotide. For ex-
ample, mt-tRNA™ from the mitochondria of the ciliate pro-
tozoon Tetrahymena pyriformis has an extra 5 U_;. (Schnare
etal. 1985). In the archacon Nanoarchaeum equitans, tRNATY"
and tRNA™* are found to possess an extra 5 G_; or 5 A_,,
respectively. These extra 5'-nucleotides are generated by tran-
scription initiation, and the resulting unusual tRNAs are sub-
strates for their cognate amino-tRNA synthatases.

One interesting finding of our deep sequencing analysis is
identification of a low but reproducible level of extended
CCA motifs (defined as CCACCA or CCACC) on mt-
tRNAs, such as mt-tRNASYCEA me RNATPUCA " ¢
tRNAMPEYO me-tRNAMYEYY) and mt-tRNA"AY) in
S. pombe. Some of our detected CCACCA-marked mt-
tRNAs are truncated at the 3'-ends. Because these truncations
were in the acceptor stems, they apparently disrupt base-pair-
ing and cause instability of mt-tRNA. Most of the CCACCA-
marked mt-tRNAs have common 3’-ends and variable 5'-
truncations, indicative of exonucleolytic degradation. It is un-
clear how the 5'-sequences are missing. It has previously been
shown that the CCA-adding enzyme, ATP (CTP):tRNA
nucleotidyltransferase can add CCACCA to structurally un-
stable tRNAs and hypomodified tRNAs (Wilusz et al. 2011).
Unlike S. cerevisiae and human, which contain a single
CCA-adding enzyme, S. pombe contains two candidate genes
(ccal and cca2) encoding the CCA-adding enzymes. Ccal and
Cca2 display 30% identity and 53% similarity. It is unclear
which of these proteins can add CCACCA to structurally un-
stable or hypomodified mt-tRNAs. CCACCA-marked tRNAs
are difficult to be detected because they are degraded rapidly
and efficiently by 3’-5" exonuclease RNase R in E. coli and
3’-5" exonuclease Rrp44 (also called Dis3), in cooperation
with 5'-3" exonucleases Xrnl in cooperating with Rrp44 in
S. cerevisiae (Wilusz et al. 2011). It remains to be determined
how CCACCA-marked mt-tRNAs are degraded. Our findings
also suggest that the CCACCA-mediated quality control
mechanism may also operate in mitochondria.

MATERIALS AND METHODS

Strains and media

S. pombe strains used in this study are yAS56 (wild-type; h* leul-
32 ura4-D18) and yHD1 (h* trz2-1 leul-32 his3-D1 ura4-DI8
ade6-210), which exhibits a temperature-sensitive phenotype re-
sulting from mutation of Ala to Val at position 623 of trz2
(Zhang et al. 2013). S. pombe cells were grown in yeast extract sup-
plement (YES) medium with the appropriate supplements (0.5%
yeast extract, 3% (w/v) glucose, and 225 mg/liter each adenine,
histidine, leucine, and uracil) and the cell growth was monitored
at ODgpo.

Isolation of mt-RNA

S. pombe cells were grown in YES medium at 30°C overnight, reinoc-
ulated in fresh YES medium to an ODgqg of 0.2, and grown to an
ODgg of 0.6-0.8. Then cells were shifted to 37°C and continued to
grow for another 6 h before being harvested. The crude mitochon-
dria were prepared by the spheroplast method and further purified
by sucrose gradient centrifugation as previously described (Wang
etal. 2017). The sucrose gradient purified mitochondria were treated
with DNase I (Qiagen) to reduce cytoplasmic nucleic acid contami-
nation. Total mt-RNA was purified using the miRNeasy Micro Kit
(Qiagen) with additional on-column DNase I treatment to remove
mt-DNA. RNA purity and integrity was assessed by checking its
Aje0/Asgo ratio using BioAnalyser (Agilent) and the enrichment
of mt-RNAs (cox2 mRNA) relative to nuclear (#ba2 mRNA) and cy-
toplasmic RNAs (18S rRNA) by Quantitative real-time RT-PCR
(qQRT-PCR).

RNA sequencing (RNA-seq)

To determine mt-mRNA and mt-rRNA expression levels, we con-
structed a ¢cDNA library using the Ilumina TruSeq Stranded
Total RNA protocol with modifications. Because S. pombe mt-
mRNAs lack poly(A) tails, mt-RNA samples were used directly for
fragmentation without poly(A) selection. In addition, the library
was constructed without ribosomal or tRNA subtraction. Approxi-
mately 200-nt fragmented mt-RNAs were selected for library con-
struction. The first-strand ¢cDNA was synthesized with random
hexamer primers. Adapters were ligated to the 3’-ends and 5'-
ends of cDNA. The ligated fragments were amplified by PCR and se-
quenced with the Illumina HiSeq 2000.

To determine mt-tRNA expression levels and mt-tRNA cleavage
sites, the second library was prepared and constructed using the
Mumina Small RNA Sample Preparation Kit. Briefly, the mt-RNA
fraction (30-120 nt) from total mt-RNA was gel-purified on dena-
turing urea-PAGE. Sequencing of RNA libraries was performed on
an Illumina HiSeq 2000 sequencer. Reads were checked for quality
with the program FastQC and trimmed to remove low quality bases
and the adaptor sequences with Trimmomatic. The reference
genome sequence for mapping the RNA-seq data was retrieved
from the NCBI database (https:/www.ncbi.nlm.nih.gov/nuccore/
NC_001326.1) with Bowtie (Langmead et al. 2009; Langmead and
Salzberg 2012). Quantification of gene expression was conducted us-
ing Cufflinks v2.1.1 to calculate RPKM for each gene.
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To identify SRNA candidates in S. pornbe mitochondria, a SRNA
library was generated using the Illumina Small RNA Sample Prepara-
tion Kit. Briefly, total mt-RNA was fractionated on denaturing
PAGE. sRNA (15- to 30-nt) was isolated from the gel, ligated to
adapters. PCR was performed with primers complementary to
the RNA adapters to yield a library. The library was sequenced on
an [llumina HiSeq 2000. The raw reads were processed as described
above.

Circular reverse transcription-PCR (cRT-PCR)

cRT-PCR was used to determine the termini of mt-RNAs as
previously described (Supplemental Fig. S9; Yokobori and Paabo
1995; Forner et al. 2007). Briefly, 5 pg of mt-RNA from one sample
was allowed to self-ligate in a total volume of 100 pL containing
100 units of T4 RNA ligase (Takara) at 16°C for 16—18 h. The circu-
lar RNAs were purified using the PureLink RNA Mini Kit
(Invitrogen). RT-PCR was performed as previously described
(Wang et al. 2017). Primer sequences are provided in Supplemental
Table S1. For all RT-PCR experiments, a negative control without
template RNA was included. PCR products were cloned into the
TA vector using the TAcloning kit (Takara) according to the man-
ufacturer’s protocol and sequenced (Sangon Technology).

Northern blot analysis

mt-RNA was separated on a 9% polyacrylamide-urea gel and
transferred to a nylon membrane (Amersham). The blots were
hybridized with digoxigenin (DIG)-labeled oligonucleotide probes
complementary to precursors or mature forms of mt-tRNAs. The
sequence of the probes is listed in Supplemental Table S5. DIG-la-
beled probes were synthesized by Sangon Biotech, and immunolog-
ical detection was performed using the DIG Luminescent Detection
Kit (Roche) according to manufacturer’s instructions and as
described.

qRT-PCR

qRT-PCR was performed as described before (Su et al. 2015).
Primer sets are listed in Supplemental Table S1. cDNA was prepared
by reverse transcription of RNA using random hexamers and the
RevertAidTM First Strand cDNA Sythesis Kit (Fermentas). The
SYBR Select Master Mix (Applied Biosystems) and a StepOne
real-time PCR system (Applied Biosystems) machine were used
for all RT-qPCR experiments. All reactions were performed in three
technical replicates and two biological replicates. Data analysis was
performed by StepOne software.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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