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The mitochondrial cytoplasmic surface serves as a pro-
cessing site for numerous RNAs from budding yeast to
metazoans. We report that budding yeast mitochondrial
outer membrane (MOM) proteins that are subunits of
the translocase of the outer mitochondrial membrane
(Tom70 and Tom 22) and sorting and assemblymachinery
(Sam37) are required for efficient pretransfer RNA (pre-
tRNA) splicing.Defective pre-tRNAsplicing inMOMmu-
tants is due not to loss of respiratory metabolism but
instead inefficient targeting/tethering of tRNA splicing
endonuclease (SEN) subunits to mitochondria. Schizosac-
charomyces pombe SEN subunits also localize to mito-
chondria, and Tom70 is required for this localization and
pre-tRNA splicing. Thus, the role of MOM protein in tar-
geting/tethering SEN subunits to mitochondria has been
conserved for >500 million years.
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Transfer RNAs (tRNAs) deliver amino acids to ribosomes
during translation and are essential for protein synthesis
in all kingdoms of life. All eukaryotic primary tRNA tran-
scripts—synthesized in the nucleus by RNA polymerase
III—contain 5′ leader and 3′ trailer sequences, and some
contain introns (Hopper and Phizicky 2003). Removal of
introns from pre-tRNA is essential to generate a complete
set of tRNAs for protein synthesis in eukaryotes because
tRNA genes encoding at least one tRNA family are exclu-
sively intron-containing (Chan and Lowe 2009).
In yeast and vertebrates, intron removal from pre-tRNA

is catalyzed by the heterotetrameric tRNA splicing
endonuclease (SEN) complex consisting of subunits
Sen2, Sen15, Sen34, and Sen54 (TSEN in humans) (Trotta
et al. 1997; Paushkin et al. 2004). Conserved Sen2 and
Sen34 function as the catalytic subunits and cleave in-
tron-containing tRNAs at 5′ and 3′ splice sites, respective-
ly (Trotta et al. 2006). Sen15 and Sen54 are poorly
conserved but are thought to help establish the pre-
tRNA cleavage sites (Trotta et al. 1997). Interactions be-
tween budding yeast Sen2 and Sen54 and between Sen15
and Sen34 have been shown by two hybrid studies, but

interactions between the other subunits have not been
reported (Trotta et al. 1997). Thus, how the SEN sub-
units form a heterotetrameric SEN complex remains un-
known. Each of the genes encoding Saccharomyces
cerevisiae SEN subunits is essential. Similarly, TSEN2
and TSEN54 are essential in multiple human haploid can-
cer cell lines, and TSEN15 and TSEN34 are essential in
some, but not all, cell lines (Boone and Andrews 2015).
Although the SEN complex configuration and mecha-

nism of catalysis are conserved in eukaryotes, the sub-
cellular localizations differ among organisms. The SEN
complex is located in the nucleus in human cells andXen-
opus oocytes (Melton et al. 1980; Lund andDahlberg 1998;
Paushkin et al. 2004) and on the mitochondrial surface in
S. cerevisiae (Yoshihisa et al. 2003). The mitochondrial
surface appears to function as a “processing plant” for nu-
merous RNA processing steps (Chatterjee et al. 2018), in-
cluding pre-tRNA splicing (Yoshihisa et al. 2003) and
cleavage of anmRNA in yeast (Tsuboi et al. 2015), specific
tRNA modifications in yeast (Huh et al. 2003; Miyauchi
et al. 2012) and mice (Boland et al. 2009), and piRNA
(PIWI-interacting RNA) 5′ and/or 3′ maturation in mice
(Choi et al. 2006; Watanabe et al. 2011), flies (Huang et al.
2011), silk worm (Izumi et al. 2016), and Caenorhabditis
elegans (Tang et al. 2016). Studies of pre-tRNA splicing
in yeastmay provide understanding of how and why other
RNAprocessing steps occur on themitochondrial surface.
A comprehensive genome-wide screen for proteinswith

novel roles in tRNA biology identified twomitochondrial
outer membrane (MOM) proteins that are subunits of
the translocase of the outer mitochondrial membrane
(Tom70) and sorting and assembly machinery (Sam37).
Deletion of TOM70 or SAM37 causes accumulation of in-
tron-containing tRNAIle

UAU (Wu et al. 2015). Tom70 is a
subunit of the TOM complex, and Sam37 is a subunit of
the SAM complex. The TOM and SAM complexes are re-
sponsible for initial import steps of many mitochondrial
proteins and aid insertion of α-helical and β-barrel proteins
into the MOM (Stojanovski et al. 2012). tom70Δ and
sam37Δ cells are defective in mitochondrial protein im-
port and respiratory metabolism (Stojanovski et al. 2012).
We report that the pre-tRNA splicing defects of tom70Δ

and sam37Δ cells are due not to the loss of mitochondrial
respiratory metabolism but instead defective association
of SEN subunits with the mitochondrial surface. Using
budding yeast strains, each with individual SEN subunits
tagged with GFP at their endogenous loci in wild-type,
tom70Δ, and sam37Δbackgrounds,we show that SENsub-
unit levels on mitochondria are reduced in the mutant
cells. Thus, Tom70 and Sam37 are required for proper lo-
calization, assembly, and function of the SEN subunits
on mitochondria in S. cerevisiae. We also report that
Tom70 is required for pre-tRNA splicing and SEN subunit
protein levels and localization to the mitochondrial sur-
face inSchizosaccharomyces pombe. Thus, themitochon-
drial localization of the SEN subunits and the role of
Tom70 in this localization have been conserved for at least
500 millions years (Rhind et al. 2011).

[Keywords: tRNA splicing endonuclease; RNA processing on the
mitochondrial surface; Tom70; Sam37]
Corresponding author: hopper.64@osu.edu
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.316257.118.

© 2018 Wan and Hopper This article is distributed exclusively by Cold
Spring Harbor Laboratory Press for the first six months after the full-issue
publication date (see http://genesdev.cshlp.org/site/misc/terms.xhtml).
After six months, it is available under a Creative Commons License (Attri-
bution-NonCommercial 4.0 International), as described at http://creative-
commons.org/licenses/by-nc/4.0/.

GENES & DEVELOPMENT 32:1309–1314 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/18; www.genesdev.org 1309

mailto:hopper.64@osu.edu
mailto:hopper.64@osu.edu
mailto:hopper.64@osu.edu
http://www.genesdev.org/cgi/doi/10.1101/gad.316257.118
http://www.genesdev.org/cgi/doi/10.1101/gad.316257.118
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genesdev.cshlp.org/site/misc/terms.xhtml


Results and Discussion

Mutations of MOM protein-encoding genes affect tRNA
splicing after tRNA nuclear export

Deletion of the budding yeast tRNAexportin LOS1 causes
accumulation of end-processed unspliced pre-tRNAs
(Hopper et al. 1980). Splicing defects occur because
tRNA end processing is catalyzed in the nucleus, but
splicing occurs in the cytoplasm on the surface of mito-
chondria (Yoshihisa et al. 2003), and, in los1Δ cells, in-
tron-containing tRNAs are retained in the nucleus away
from the splicing machinery (Sarkar and Hopper 1998).
Similar to los1Δ cells, cells harboring deletions of
TOM70 or SAM37 genes accumulate more than fourfold
and threefold, respectively, end-processed intron-contain-
ing tRNAIle

UAU than do wild-type cells (Wu et al. 2015;
Fig. 1). A yeast strain harboring a temperature-sensitive
(ts) allele of TOM22 (tom22-ts) encoding an essential
TOM complex subunit also accumulates end-processed
unspliced tRNAIle

UAU upon incubation for 2 h at the non-
permissive temperature (37°C) (Supplemental Fig. S1A,B).
The tom70Δ, sam37Δ, and tom22-ts mutants also accu-
mulate end-processed intron-containing tRNATyr

GUA
(Supplemental Fig. S1C,D). Thus, Tom70, Sam37, and
Tom22 are required for efficient pre-tRNA splicing.

Defects in pre-tRNA splicing in tom70Δ and sam37Δ
cells could be due to reduced pre-tRNA nuclear export
or defects in splicing after the tRNAs have been exported
to the cytoplasm. To distinguish between these possibili-
ties, we conducted fluorescence in situ hybridization
(FISH) to visualize the subcellular localization of intron- containing tRNAs. FISH probe SRIM03 hybridizes to the

intron of pre-tRNAIle
UAU and detects the primary tRNA

transcripts and end-processed intron-containing tRNAs.
Because tRNAs are transcribed in the nucleus, there are
basal nuclear signals in wild-type cells overlapping with
DAPI staining of nuclear DNA (Fig. 2). Only low cytoplas-
mic FISH signals are detected in wild-type cells because
intron-containing tRNAs are efficiently spliced upon nu-
clear export. Due to the defect in tRNA nuclear export,
there are elevated nuclear signals in los1Δ cells (Fig. 2).
In contrast, unspliced tRNAs are elevated in the cyto-
plasm of tom70Δ and sam37Δ cells (Fig. 2). Quantification
and normalization of the average FISH signals from 10
randomly chosen cells in each of three biological repeat
experiments (Supplemental Fig. S2) document that, com-
pared with wild type, tom70Δ and sam37Δ cells have 1.5-
fold and 1.4-fold increases in the cytoplasmic versus
nuclear signals, respectively. In contrast, los1Δ cells have
decreased cytoplasmic versus nuclear signals compared
with wild-type cells (Fig. 2). Similar results were obtained
by using a different quantification method that assesses
every cell in a field (Supplemental Fig. S3). Thus,
tom70Δ and sam37Δ cells accumulate intron-containing
tRNAs in the cytoplasm; the data are consistent with
Tom70 and Sam37 serving a role in tRNA splicing at a
step after tRNA nuclear export.

The absence of respiratory metabolism does not affect
tRNA splicing

Because tom70Δ and sam37Δ cells are defective in respira-
torymetabolism,we explored the possibility that efficient
pre-tRNA splicing is coupled with efficient respiratory
metabolism. If inefficient pre-tRNA splicing in the cyto-
plasm results from defective respiratory metabolism of

A

B

Figure 1. Respiratory metabolism is not required for efficient pre-
tRNA splicing in S. cerevisiae. (A) Northern analysis of tRNAIle

UAU
(probe JW0041) in cells lacking mitochondrial DNA. Wild-type cells
lacking mitochondrial DNA via treatment with ethidium bromide
[wild-type (EtBr)] and mip1Δ cells. (P) Primary tRNA transcript; (I)
end-processed intron-containing tRNA; (5S) 5S rRNA stained with
EtBr; (I/P) signal intensity of end-processed intron-containing
tRNA/primary tRNA transcript, normalized to wild type. (B) Statisti-
cal analysis of end-processed intron-containing tRNA/primary tRNA
transcript ratios compared with wild type from three biological re-
peats. (ns) P > 0.05; (∗∗) P≤ 0.01; (∗∗∗) P≤0.001; (∗∗∗∗) P≤0.0001.

Figure 2. S. cerevisiae tom70Δ and sam37Δ cells accumulate end-
processed intron-containing tRNAs in the cytoplasm. FISH analysis of
the subcellular localization of tRNAIle

UAU using intron probe SRIM03
(green).NucleiwerevisualizedbyDAPIstaining (red).Bar,4µm.Theav-
erage signal intensities from the cytoplasm and nucleus were obtained
from 10 cells, and statistical analysiswas performed from three biologi-
cal repeats (Supplemental Fig. S2; SupplementalMaterial).The ratio be-
tween signal intensity of cytoplasm versus nucleus was calculated and
normalized towild type (Cyto/Nuc). (∗) P≤0.05; (∗∗) P≤0.01.
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tom70Δ and sam37Δ cells, then one would predict
that cells unable to conduct respiratory metabolism via
a different mechanism would also evidence inefficient
pre-tRNA splicing. To test this, we used two methods to
create strains lacking mitochondrial DNA (mtDNA).
Cells lacking mitochondrial genomes are unable to grow
on nonfermentable carbon sources but possess the
mitochondrial organelle.MIP1 encodes the mtDNA poly-
merase, and thus mip1Δ cells are unable to replicate
mtDNA (Genga et al. 1986). Likewise, treatment of cells
with ethidium bromide (EtBr) causes loss of mtDNA (Fer-
guson and von Borstel 1992).
Using DAPI staining that detects nuclear DNA and

mtDNA, independent isolates of mip1Δ cells and cells
treated with EtBr evidenced no detectable mtDNA, and
the cells are unable to grow onmediumwith nonferment-
able glycerol as the carbon source (Supplemental Fig. S4).
Thus, these strainshave defective respiratorymetabolism.
As assessed by Northern analysis,mip1Δ and EtBr-treated
strains splice intron-containing tRNA as efficiently as do
wild-type cells (Fig. 1). Therefore, efficient tRNA splicing
does not require mitochondrial respiratory metabolism,
and Tom70 and Sam37 must affect tRNA splicing by a
mechanism independent of respiratory metabolism.

Tom70 and Sam37 are important for SEN subunit
mitochondrial localization in S. cerevisiae

Tom70 and Sam37 are integral MOM proteins that func-
tion in mitochondrial protein import as well as dis-
tribution of other mitochondrial proteins to the MOM
(Stojanovski et al. 2012). The SEN subunits are localized
on the surface of mitochondria as nonintegral proteins
(Yoshihisa et al. 2003). One way that Tom70 and Sam37
might be required for efficient pre-tRNA splicing would
be for these proteins to function in the localization and/
or assembly of the SEN complex on mitochondria.
To study a putative role for Tom70 and Sam37 in the lo-

calization of the SEN subunits on mitochondria, we
tagged each SEN subunit with GFP at its endogenous
chromosomal locus in wild-type, tom70Δ, and sam37Δ
strains. As each SEN subunit must interact with the other
subunits of the heterotetramer, GFP taggingmay interfere
with the SENcomplex assembly and/or catalysis. In fact, a
C-terminal GFP-tagged SEN34 strain was not obtained in
the genome-wide GFP tagging study (Huh et al. 2003). We
verified that C-terminal GFP-tagged Sen34 results in le-
thality when expressed from the SEN34 promoter in a sin-
gle-copy plasmid (Supplemental Fig. S5A). Therefore, to
assure that GFP tagging does not affect SEN complex
function, we generated yeast in which each gene encoding
a SEN subunit was endogenously tagged with GFP to ei-
ther the N terminus or the C terminus and then assessed
the consequences on viability, growth rate, and pre-tRNA
splicing. Surprisingly, only Sen15 could be C-terminally
GFP-tagged and maintain full function (Supplemental
Fig. S5B; Supplemental Table S1). The levels of tRNA
splicing for the resulting N-terminally or C-terminally
tagged SEN subunits, as assessed by Northern analyses,
are similar to the untagged strains (Supplemental Fig. S6).
The subcellular localization of each endogenously GFP-

tagged fully functional SEN subunit was assessed by live-
cell confocal microscopy using DAPI to detect nuclear
DNA and mtDNA. The GFP-Sen2 signals overlap with
the mtDNA DAPI staining (Fig. 3) in wild-type cells, but

the signal on mitochondria is highly reduced in tom70Δ
cells andmoderately reduced in sam37Δ cells. To quantify
GFP-Sen2 levels associated with mitochondria, we frac-
tionated yeast into whole-cell lysate, mitochondrial-en-
riched, and cytoplasm-excluding mitochondria-enriched
fractions and assessed protein levels byWestern blot anal-
ysis. As shown by antibodies to mitochondrial MTCO1
(detects Cox1) and cytoplasmic Pgk1 markers, there is
no detectable cross-contamination between the subcellu-
lar fractions (Fig. 4A). We chose Cox1 as a mitochondrial
marker because it is encoded by the mitochondrial
genome and does not require Tom70 or Sam37 for mito-
chondrial protein import, as do other imported mitochon-
drial proteins such as Porin, which is decreased in sam37Δ
cells (Wenz et al. 2015). However, evenMTCO1 levels are
reduced ∼30% in tom70Δ and sam37Δ cells (Supplemen-
tal Fig. S7E) compared with wild-type cells, possibly due
to defective mitochondrial import of other cytochrome c
oxidase subunits. Compared with MTCO1, GFP-Sen2 is
significantly reduced in tom70Δ cells and trends less in
sam37Δ cells (Supplemental Fig. S7A). To obtain a quanti-
tative analysis of the roles of Tom70 and Sam37 in themi-
tochondrial location of SEN subunits that is not biased by
the import/stability of single proteins, the ratios of GFP-
Sen2 versus total protein cofractioningwithmitochondria
were calculated from three biological repeat experiments.
Consistent with the live-cell imaging, GFP-Sen2 is de-
creased approximately fivefold and approximately two-
fold in the mitochondrial fractions of tom70Δ and
sam37Δ cells, respectively (Fig. 4A). Thus, Tom70 and
Sam37 are required for efficient localization of Sen2 to
the mitochondria.
We conducted similar studies for the other three SEN

subunits. Sen15, Sen34, and Sen54 evidence reduced
mitochondrial localization in tom70Δ cells as assessed
by microscopy, although to different extents (Fig. 3).

Figure 3. Deletion of TOM70 or SAM37 causes mislocalization of
SEN subunits from the mitochondrial surface. Cells with endoge-
nously GFP-tagged SEN2, SEN15, SEN34, and SEN54 in wild-type,
tom70Δ, and sam37Δ strains were subjected to live-cell fluorescence
microscopy; DAPI staining was used to locate nuclear DNA and
mtDNAs (red). Bar, 4 µm.
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For sam37Δ cells, the mitochondrial localization of Sen2
and Sen54 is moderately reduced, whereas Sen15 does
not appear to be affected. Interestingly, Sen34 localizes
to distinct unknown foci in sam37Δ cells that do not
colocalize with mitochondria (Fig. 3). The results from
the subcellular fractionation experiments are consistent
with the microscopy data (Fig. 4B–D; Supplemental Fig.
S7B–D).

Although deletion of TOM70 or SAM37 causes reduced
association of the SEN subunits with mitochondria and
inefficient pre-tRNA splicing, total SEN subunit levels
are not reduced in tom70Δ or sam37Δ cells (Fig. 4; Supple-
mental Fig. S7). The data support the notion that the mi-
tochondrial surface may serve as a platform for assembly
of the heterotetrameric SEN complexes. SEN subunits
are low in abundance—estimated to range from 25 to
530 molecules per cell for Sen2, Sen15, and Sen54 and
∼1300 molecules per cell for Sen34 (Ghaemmaghami
et al. 2003; Kulak et al. 2014). Therefore, it may be diffi-
cult for SEN subunits to efficiently “find each other” in
the dilute cytoplasm; targeting SEN subunits to the mito-
chondrial surface may aid their efficient interactions.
Even though pre-tRNA splicing is essential, Tom70 and

Sam37 are unessential. This could be due to the existence
of TOM71 (a TOM70 paralog), residual SEN complexes on
the mitochondrial surface, or low levels of SEN complex
assembly in the cytoplasm in tom70Δ and sam37Δ cells.

The SEN subunits may interact either directly with
Tom70 and Sam37 or indirectly by interacting with un-
identified MOM proteins inserted by Tom70 or Sam37.
The latter seems more likely, since we identified three
separate proteins of the TOM and SAM complexes
(Tom70, Tom22, and Sam37) that are important for pre-
tRNA splicing.

Mitochondrial localization of SEN subunits in S. pombe
and a conserved role for Tom70 in localization and the
protein level of SEN subunits

The subcellular localization of pre-tRNA splicing sur-
prisingly differs among organisms: Splicing occurs on
mitochondria in budding yeast but is nucleoplasmic in
Xenopus oocytes and human cells (Melton et al. 1980;
Lund and Dahlberg 1998; Paushkin et al. 2004). However,
data from genetic studies indicate that pre-tRNA splicing
outside of the nucleus may not be unique to S. cerevisiae.
In S. pombe and Arabidopsis thaliana, deletions of the
S. cerevisiae LOS1 homologs XpoT and PAUSED, respec-
tively, cause intron-containing tRNA accumulation (Park
et al. 2005; Cherkasova et al. 2012). The data are consis-
tent with the hypothesis that pre-tRNA splicing may oc-
cur in the cytoplasm—and perhaps on the mitochondrial
surface—in evolutionally diverged yeasts and plants.
However, imaging studies of the subcellular localizations
of SEN subunits have led to different conclusions. Data
from a genome-wide protein localization study using over-
expression by the inducible nmt1 promoter in S. pombe
reported that Sen2 localizes to undefined cytoplasmic
foci, Sen15 localizes to the nucleus, and Sen54 localizes
to mitochondria (Matsuyama et al. 2006). ForA. thaliana,
AtSen1 and AtSen2 (putative yeast Sen2 orthologs) locate
to the nucleus and cytoplasm when transiently overex-
pressed via the strong 35S Ω promoter in Allium epider-
mal and Vicia guard cells (Englert et al. 2007).

To investigate the seeming contradictions between the
genetic and imaging data for the localization of the SEN
subunits in S. pombe and A. thaliana cells, we hypothe-
sized that imaging studies using overexpressed constructs
may not accurately report protein localization. Specifi-
cally, overexpression of a single subunit would have aber-
rant stoichiometry for a heterotetrameric complex and
may not achieve the same localization as an endogenously
expressed subunit. To test this, we determined the subcel-
lular localizations of overexpressedGAL1-inducible GFP-
tagged SEN subunits in S. cerevisiae. Upon 1 h of galac-
tose induction, overexpressed Sen2, Sen15, and Sen34 ac-
cumulate in the cytoplasm, whereas Sen54 maintains its
mitochondrial localization (Supplemental Fig. S8). Since
overexpression of SEN subunits causes their mislocaliza-
tion in budding yeast, we re-examined S. pombe SEN sub-
unit localizations by tagging S. pombe SEN subunits with
C-terminal mECitrine at their endogenous loci. Sen2,
Sen34, and Sen54 endogenously tagged at their C termini
locate to mitochondria, as indicated by the overlapping
signal with the mitochondrion stain MitoView Blue (Fig.
5A). However, we were unable to create a strain with
Sen15 C-terminally tagged with mECitrine, perhaps
because the C-terminal mECitrine tag affects its function

BA

DC

Figure 4. Subcellular fractionation of endogenously tagged S. cerevi-
siae SEN subunits. (A–D) Subcellular fractionations for GFP-Sen2 (A),
Sen15-GFP (B), GFP-Sen34 (C ), and GFP-Sen54 (D). Whole-cell lysate
(W), mitochondria-enriched (M), and cytoplasm-excludingmitochon-
dria-enriched (C) fractions were isolated, and extracted proteins were
analyzed by Western blots. Anti-MTCO1 and anti-Pgk1 were used to
assess mitochondrial and cytoplasmic proteins, respectively. Total
protein stain was used as the loading control. Signal intensities
were quantified from three biological repeats. Themean and standard
deviation (SD) of GFP-tagged SEN subunits versus total protein are
plotted. (ns) Not significant (P > 0.05); (∗) P≤0.05; (∗∗) P≤ 0.01. Note
that for the two closely migrating bands for GFP-Sen2, only the top
band was associated with the mitochondria-enriched fraction and
used for quantification.
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for S. pombe. Because the SEN complex is a heterote-
tramer and we showed that three SEN subunits expressed
from endogenous loci locate to mitochondria, it is very
likely that the SEN complex in S. pombe is also located
on mitochondria.
Tom70 is conserved in eukaryotes; BLASTp alignments

of S. pombe and S. cerevisiaeTom70 showed 32% identity
and 49% similarity. Sam37 appears not to be conserved.
We assessed whether S. pombe Tom70 serves a function
for fission yeast in locating the SEN complex on mito-
chondria similar to what it does in budding yeast. To
accomplish this, we deleted the TOM70 gene in the
S. pombe strains that contain endogenously mECitrine-
tagged SEN subunits. Althoughwe obtained TOM70 dele-
tions in SEN2-mECitrine and SEN54-mECitrine strains,
the SEN34-mECitrine/tom70Δ strain was not obtained.
By confocal microscopy, Sen2-mECitrine and Sen54-
mECitrine signals were very weak in tom70Δ cells, with
the residual signals located in the cytoplasm and some lo-
cated on mitochondria (Fig. 5A).
To assess levels of SEN subunits in wild-type and

tom70Δ cells, we used Western analysis using a GFP anti-
body that detects the highly similar mECitrine (Supple-
mental Fig. S9). Using α-tubulin as the loading control,

the levels of Sen2-mECitrine and Sen54-mECitrine are re-
duced in tom70Δ cells compared with wild type (Fig. 5B;
Supplemental Fig. S9). We interpret these results to sup-
port the hypothesis that S. pombe Tom70 functions in
the mitochondrial localization of SEN subunits; when
mitochondrial localization is not achieved, the SEN sub-
units become unstable, although it is possible that SEN
subunits are poorly expressed in tom70Δ cells. Thus, mi-
tochondrial localization for RNA processing enzymes
may serve to protect them from cytoplasmic degradation.
There is precedence for this notion; for example, when
individual S. cerevisiae ribosomal proteins are in excess
and unable to assemble with ribosomes, the “free” ribo-
somal proteins are destabilized (Perry 2007). Likewise,
S. cerevisiae Hrr25 becomes unstable when mislocalized
from P bodies to the cytoplasm (Zhang et al. 2016).
If S. pombe Tom70 is important for function and/or

stability of the SEN complex, then deletion of S. pombe
TOM70 would be expected to cause defects in pre-
tRNA splicing. We used Northern analysis with probes
complementary to the 5′ exons or introns of S. pombe
tRNALeu

CAA and tRNAPro
CGG. tom70Δ cells accumulate

more intron-containing tRNALeu
CAA and tRNAPro

CGG
than wild-type cells (Fig. 5C), documenting a role for
S. pombe Tom70 in pre-tRNA splicing.

Summary

Several post-transcriptional RNA processing steps are
catalyzed on the mitochondrial surface by mitochon-
dria-localized enzymes (Chatterjee et al. 2018). Here,
we report that the mitochondrial localizations of endoge-
nous SEN subunits are conserved between S. cerevisiae
and S. pombe, which diverged >500 million years ago
(Rhind et al. 2011), and that there are novel and conserved
roles for MOM proteins in the mitochondrial localization
of SEN subunits (Supplemental Fig. S10). Mitochondrial
localization appears to serve for assembly of the SEN com-
plex in S. cerevisiae and for maintenance of SEN subunit
levels in S. pombe. Mitochondrial localization of RNA
processing enzymes may also serve additional functions,
such as aiding substrate/enzyme interactions to mediate
specificity for RNases such as piRNA 5′ processing Zuc-
chini, which is nonspecific in vitro (Ipsaro et al. 2012). It
will be interesting to learn whether the conserved role
of Tom70 in tRNAprocessing is also required for the other
RNAprocessing steps occurring on themitochondrial sur-
face or in other organisms.

Materials and methods

Strains

S. cerevisiae and S. pombe strains were created with SEN subunits tagged
at their endogenous loci.

Reagents

Probes for Northern analysis and FISH, antibodies for Western analysis,
and primers for plasmid constructs are detailed in the Supplemental
Material.

Mitochondrion isolation

Mitochondria were isolated by yeast mitochondrion isolation kits (Sigma-
Aldrich [MITOISO3] or BioVision [K259]).

B

A

DC

Figure 5. S. pombe SEN subunits localize to mitochondria, and
TOM70 deletion causes mislocalization, reduced SEN subunit levels,
and inefficient tRNA splicing. (A) Cells with endogenously mECi-
trine-tagged SEN2, SEN54, and SEN34 in wild-type and tom70Δ
strains were subjected to live-cell fluorescence microscopy (green).
S. pombe mitochondria were stained with MitoView Blue (red). Bar,
6 µm. (B) Proteinswere extracted fromcells with endogenouslymECi-
trine-tagged SEN2 or SEN54 in wild-type and tom70Δ backgrounds
and subjected toWestern analysis.Anti-GFPwasused to detectmECi-
trine-tagged SENsubunits. Anti-TAT1wasused to detect α-tubulin as
the loading control. (Lane 1) Wild-type SEN2-mECitrine. (Lane 2)
tom70Δ SEN2-mECitrine. (Lane 3) Wild-type SEN54-mECitrine.
(Lane 4) tom70Δ SEN54-mECitrine. (C ) Northern analysis of
tRNALeu

CAA from wild-type, tom70Δ, or los1Δ cells using exon or in-
tron probes. Unknown RNAs are indicated by an asterisk. (5S) 5S
rRNA stained with EtBr as the loading control. (D) Northern analysis
of tRNAPro

CGG from wild-type, tom70Δ, and los1Δ cells as in C.
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Imaging

S. cerevisiae mitochondria were viewed by live-cell DAPI staining.
S. pombe mitochondria were stained by MitoView Blue (Biotium, 70052).
Additional experimental details are in the Supplemental Material.
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