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Pre-tRNA splicing is an essential process in all eukaryotes. In yeast and vertebrates, the enzyme catalyzing intron
removal from pre-tRNA is a heterotetrameric complex (splicing endonuclease [SEN] complex). Although the SEN
complex is conserved, the subcellular location where pre-tRNA splicing occurs is not. In yeast, the SEN complex
is located at the cytoplasmic surface of mitochondria, whereas in vertebrates, pre-tRNA splicing is nuclear. We
engineered yeast to mimic the vertebrate cell biology and demonstrate that all three steps of pre-tRNA splicing,
as well as tRNA nuclear export and aminoacylation, occur efficiently when the SEN complex is nuclear. However,
nuclear pre-tRNA splicing fails to complement growth defects of cells with defective mitochondrial-located
splicing, suggesting that the yeast SEN complex surprisingly serves a novel and essential function in the cytoplasm
that is unrelated to tRNA splicing. The novel function requires all four SEN complex subunits and the catalytic
core. A subset of pre-rRNAs accumulates when the SEN complex is restricted to the nucleus, indicating that
the SEN complex moonlights in rRNA processing. Thus, findings suggest that selection for the subcellular
distribution of the SEN complex may reside not in its canonical, but rather in a novel, activity.
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tRNAs deliver amino acids to ribosomes during transla-
tion. Transcribed as precursors (pre-tRNAs), they undergo
numerous post-transcriptional processing steps, includ-
ing 59 and 39 maturation and nucleoside modifications
(for reviews, see Hopper and Shaheen 2008; Hopper et al.
2010; Phizicky and Hopper 2010). For tRNAs encoded
by intron-containing genes, removal of the introns (pre-
tRNA splicing) is an essential, multistep process (Trotta
et al. 1997; Hopper and Shaheen 2008; Hopper et al. 2010;
Phizicky and Hopper 2010). Of the 274 genes that encode
tRNAs in the yeast Saccharomyces cerevisiae, 61 contain
an intron (Phizicky and Hopper 2010).

In yeast and vertebrates, the heterotetrameric tRNA
splicing endonuclease (SEN) complex catalyzes pre-tRNA
cleavage at the intron–exon junctions (Peebles et al. 1983;
Trotta et al. 1997; Paushkin et al. 2004). The catalytic
subunits Sen2 and Sen34 are conserved from Archaea
(Kleman-Leyer et al. 1997; Lykke-Andersen and Garrett
1997; Tocchini-Valentini et al. 2005) to vertebrates, whereas
the other two subunits, Sen15 and Sen54, are absent from

Archaea and are not highly conserved between yeast and
vertebrates (Paushkin et al. 2004). Intron removal generates
two tRNA half-molecule exons: The 59 half possesses a
terminal 29,39-cyclic phosphate, and the 39 half possesses a
59-hydroxyl (Peebles et al. 1983). In vertebrates and Ar-
chaea, the tRNA half exons are ligated by a tRNA ligase
that joins 29,39-cyclic phosphate and 59-hydroxyl (Salgia
et al. 2003; Popow et al. 2011). In contrast, the plant and
yeast tRNA ligase Trl1 possesses phosphodiesterase, poly-
nucleotide kinase, and ligase domains that convert the
29,39-cyclic phosphate to a 29-phosphate and activate and
phosphorylate the 59 half prior to ligation (Phizicky et al.
1986; Wang et al. 2006). The resulting 29-phosphate at the
ligation junction is transferred to NAD+ by a 29-phospho-
transferase, Tpt1, in the third step of splicing (Culver et al.
1997).

Although the SEN complex is conserved among eu-
karyotes, its spatial distribution is not. First demonstrated
in Xenopus oocytes (Melton et al. 1980; Lund and Dahlberg
1998) and supported by studies in human cells (Paushkin
et al. 2004), pre-tRNA splicing was shown to occur solely
in the nucleus, leading to the expectation that it would be
nuclear in all eukaryotes. However, the S. cerevisiae SEN
complex subunits are not nuclear, but rather are located on
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the cytoplasmic surface of mitochondria (Yoshihisa et al.
2003). Moreover, the S. cerevisiae tRNA ligase is distrib-
uted throughout the cytoplasm, consistent with its addi-
tional unessential function in the cytoplasmic unfolded
protein response (UPR) (Nikawa et al. 1996; Sidrauski et al.
1996; Mori et al. 2010). The location of the endonuclease
in the cytoplasm has been verified (Huh et al. 2003; Shaheen
and Hopper 2005), and genetic and biochemical studies
showed that yeast pre-tRNA splicing occurs in the cyto-
plasm (Yoshihisa et al. 2007). Data also indicate that pre-
tRNA splicing in Schizosaccharomyces pombe, a distantly
related fungus, may also occur in the cytoplasm (Intine
et al. 2002; Matsuyama et al. 2006).Therefore, pre-tRNA
splicing is nuclear in vertebrates but cytoplasmic in yeast.

Here we investigated three possible nonexclusive ex-
planations for the cytoplasmic location of pre-tRNA
splicing in yeast: (1) Yeast may have evolved cytoplasmic
tRNA splicing to evade harm caused by cleavage of putative
off-target nuclear substrates; (2) the involvement of yeast
tRNA ligase in UPR may have provided a selection for
cytoplasmic pre-tRNA splicing; and (3) the yeast tRNA
splicing machinery or pre-tRNA processing intermedi-
ates may serve additional unknown cytoplasmic func-
tions. There is precedence for an alternative function for
the tRNA SEN, as it was reported that Sen34 depletion
results in delayed pre-rRNA processing (Volta et al. 2005),
and the vertebrate SEN complex has been proposed to
affect pre-mRNA 39 processing (Paushkin et al. 2004). To
address the possibilities, we genetically engineered yeast
that conditionally lack endogenous mitochondrially lo-
cated tRNA SEN subunits (the mito SEN complex) and
instead express nuclear tRNA SEN subunits (the nuc SEN
complex). We show that the nuc SEN complex is func-
tional and is not detrimental to yeast, arguing against
possibility 1. Even though pre-tRNA splicing by the nuc
SEN complex occurs efficiently, yeast are not viable with-

out the functional mito SEN complex. Our data provide
evidence that all four subunits of the mito SEN complex
and the catalytic core of Sen2 are required for a novel and
essential function unrelated to pre-tRNA splicing, thereby
supporting possibility 3. One such possible role for the mito
SEN complex is in pre-rRNA processing.

Results

Redistribution of yeast tRNA splicing machinery
from the cytoplasm to the nucleus

As previously reported (Huh et al. 2003; Yoshihisa et al.
2003; Shaheen and Hopper 2005), each of the four tRNA
SEN subunits is located on the mitochondrial surface
(Supplemental Fig. S1), and the tRNA ligase (Trl1) is
cytoplasmic (Mori et al. 2010). The location of the 29-
phosphotransferase (Tpt1), previously not determined, is
in both the nucleus and the cytoplasm (Fig. 1A).

To assess whether yeast pre-tRNA splicing can occur in
the nucleus instead of on the mitochondrial surface, we
directed the mito SEN complex and the cytoplasmic tRNA
ligase (cyt ligase) to the nucleoplasm, mimicking the dis-
tribution in vertebrates. Each SEN protein and tRNA
ligase was tagged with a nuclear localization sequence
(NLS) at the N terminus and with two tandem GFPs at
the C terminus. Since Tpt1 localizes to both the nucleus
and cytoplasm, its distribution was not altered. Recombi-
nant proteins were expressed under a galactose (Gal)-
inducible promoter, which is both inducible and repressible.
The presence of glucose in the growth medium represses
expression and thereby prevents potential harm by ec-
topic expression. The localizations of the recombinant
proteins were assessed following a 2-h induction by addi-
tion of Gal. All four NLS-tagged tRNA SEN subunits (the
nuc SEN complex)—NLS-Sen2-2GFP, NLS-Sen15-2GFP,

Figure 1. Subcellular location of tRNA splicing ma-
chinery in yeast. (A) Location of Tpt1-GFP and Nup49-
mCherry, and merged images. (B) Nuclear redistribu-
tion of tRNA SEN subunits and tRNA ligase. Location
of plasmid-encoded NLS-tagged and 2GFP-tagged tRNA
SEN subunits (NLS-Sen) or tRNA ligase (NLS-Trl1) in
cells harboring Nup49-mCherry. (C) Heterokaryon anal-
yses of nuc SEN complex subunits. Yeast expressing
GFP-tagged NLS-Sen, NLS-H2B, or NLS-Cca1 were
mated with the kar1-1 mutant to generate hetero-
karyons (outlined). Cartoons of heterokaryons on the
right depict either shuttling (two green nuclei) or non-
shuttling (one green nucleus) results. DAPI staining
shows visualization of nuclear DNA. More than 20
heterokaryons were counted, and the same results were
obtained as depicted in the figure. Bar, 4 mm.
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NLS-Sen34-2GFP, and NLS-Sen54-2GFP—are nuclear, as
evidenced by the GFP-localized signal within the nuclear
margins of the nucleoporin Nup49-mCherry signal (Fig. 1B;
Lai et al. 2009). The NLS-tagged tRNA ligase NLS-Trl1-
2GFP is localized to both the nucleus and the cytoplasm
(Fig. 1B).

Although no steady-state cytoplasmic pools of the nuc
SEN complex were visualized, it is possible that such pools
dynamically exist. To address this concern, we analyzed
heterokaryons formed after mating strains expressing
nuclear-redirected SEN complex proteins to karyogamy-
deficient kar1-1 mutants that are unable to fuse nuclei
when mated, resulting in a shared cytoplasm and two par-
ental nuclei in a single heterokaryon. As expected, control
experiments using cells with the shuttling NLS-Cca1-GFP
(Feng and Hopper 2002) protein mated to kar1-1cells
resulted in both nuclei of the heterokaryon exhibiting
GFP signals (Fig. 1C). The control nonshuttling protein
NLS-H2B-GFP (Peng and Hopper 2000) was located in
only one nucleus of the heterokaryon (Fig. 1C). When
strains expressing each of the four nuc SEN complex
subunits were mated with kar1-1, the resulting hetero-
karyons exhibited only one nucleus with GFP signals (Fig.
1C). The data show that none of the nuc SEN complex
subunits shuttle between the nucleus and cytoplasm; the
data also indicate that it is unlikely that there are low
cytoplasmic levels of the tRNA SEN subunits.

Pre-tRNA splicing in the nucleus

Since the nuc SEN complex subunits are modified at both
the N and C termini, it is possible that their catalytic ac-
tivities were compromised. To address this possibility, we
assessed the abilities of the recombinant nuc SEN com-
plex and nuclear and cytoplasmic tRNA ligase (nuc-cyt
ligase) to complement los1D, rna1-1, sen2-42, and rlg1-4
mutations. Los1 is the only known nuclear export protein
for intron-containing pre-tRNAs (Hopper and Shaheen
2008; Murthi et al. 2010). Deletion of LOS1 (los1D) results
in nuclear retention of tRNAs (Sarkar and Hopper 1998)
so that intron-containing tRNAs have reduced access to
the mitochondrial splicing machinery and are not spliced
(Hopper et al. 1980). To test whether the nuc SEN complex
and the nuc-cyt ligase are catalytically active, we trans-
formed the complete set of plasmids expressing the Gal-
inducible nuc SEN complex and nuc-cyt ligase into los1D

cells. Accumulation of intron-containing pre-tRNAIle
UAU

in los1D cells is suppressed by the nuc SEN complex and
the nuc-cyt ligase (Supplemental Fig. S2A). Similar ob-
servations were obtained using a strain that has a temper-
ature-sensitive (ts) mutation in the gene encoding Ran
GAP, rna1-1 (Supplemental Fig. S2B; Corbett et al. 1995).
The data show that the recombinant nuc SEN complex is
catalytically active.

We also used a yeast strain expressing the rapid and
reversible ts SEN2 allele sen2-42 (Yoshihisa et al. 2007) to
assess tRNA splicing. At the nonpermissive (np) temper-
ature, sen2-42 causes accumulation of intron-containing
pre-tRNA in the cytoplasm (Yoshihisa et al. 2007). We
transformed sen2-42 cells with the set of plasmids encod-

ing the nuc SEN complex and the nuc-cyt tRNA ligase
and assessed whether the pre-tRNA splicing defect of the
sen2-42 mutant can be complemented. sen2-42 cells
transformed with vectors (V) accumulate intron-contain-
ing tRNALeu

CAA after a 2-h shift to the np temperature
(37°C) in the presence (+) or absence (�) of Gal (Fig. 2A,
lanes 2,4). A small compensatory decrease of mature
tRNA levels is detectable at 37°C (Fig. 2A, m). As antici-
pated, the ratio of the signal intensity of the end-matured
intron-containing pre-tRNA (Fig. 2A, i) to the initial tran-
script (Fig. 2A, p) is higher at 37°C than at the permissive
temperature (23°C). In contrast, sen2-42 cells expressing
the nuc SEN complex and nuc-cyt ligase (N) do not accu-
mulate intron-containing tRNALeu

CAA after a 2-h shift to
37°C in the presence of Gal (Fig. 2A, lane 8), but do so in its
absence (Fig. 2A, lane 6). When pre-tRNA accumulation is
corrected by the nuc SEN complex and nuc-cyt ligase, a
compensatory increase in the mature tRNA results (Fig.
2A). Similarly, the other nine families of tRNAs encoded by
intron-containing tRNA genes are also processed by nu-
clear-localized tRNA splicing machinery (Supplemental
Fig. S3). The data show that all pre-tRNAs serve as sub-
strates for nuclear-localized tRNA SEN and also confirm

Figure 2. Ability of nuclear-localized tRNA splicing machinery
to catalyze pre-tRNALeu

CAA splicing. (A) Correction of splicing
defect of sen2-42 by the nuc SEN complex and nuc-cyt ligase.
Northern analysis of sen2-42 cells containing either vectors (V)
or the set of plasmids encoding the nuc SEN complex and nuc-
cyt ligase (N) in the presence (+) or absence (�) of Gal induction
at the permissive temperature (23°C) or after 2 h at the np
temperature (37°C). (B) Correction of tRNA ligation defects of
rlg1-4 by the nuc SEN complex and nuc-cyt ligase. Northern
analysis of rlg1-4 cells containing the same set of plasmids as A
under the same conditions. (P) Initial pre-tRNA transcript; (i)
end-matured intron-containing pre-tRNA; (m) mature tRNA; (h)
half tRNAs; (5S) loading control; (Qm) quantifications of m
signal intensity. Ratios of the signal intensities of i/p are shown.
(C) 29-Phosphotransferase activity. RT–PCR was used to assess
whether spliced tRNA possess a 29-phosphate at the splice
junction of tRNAIle. (Lane 1) tpt1D cells with Gal-inducible
TPT1 in the presence of Gal. (Lane 2) The same cells as lane 1
without Gal induction. (Lanes 3,4) sen2-42 cells with the set of
plasmids encoding nuclear-localized splicing machinery in the
presence of Gal at 37°C. (Lane 5) Wild-type cells.
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our finding that the modified splicing proteins are catalyt-
ically active (Supplemental Fig. S2).

The apparent lack of half tRNAs accumulating in sen2-
42 cells expressing the engineered nuc SEN complex and
nuc-cyt ligase (Fig. 2A, h) suggests that NLS-Trl1-2GFP-
mediated tRNA ligation is not defective. To confirm this,
we transformed the same set of plasmids into a strain
with a ts mutation of the tRNA ligase gene rlg1-4 (Phizicky
et al. 1992). As expected, at the np temperature (37°C),
rlg1-4 cells with vectors, with (+) or without (�) Gal
induction, accumulate species that migrate at the antici-
pated position for tRNA halves (Fig. 2B, V, lanes 10,12, h).
The half molecules do not accumulate at the permissive
temperature (23°C) (Fig. 2B, lanes 9,11,13,15). rlg1-4 cells
transformed with plasmids encoding the Gal-inducible nuc
SEN complex and nuc-cyt ligase without Gal induction (�)
accumulate the tRNA half molecules at 37°C (Fig. 2B, N,
lane 14), whereas tRNA half molecules do not accumulate
in cells after 2 h of Gal induction (+) (Fig. 2B, N, lane 16).
The data demonstrate that upon removal of introns by the
nuc SEN complex, NLS-Trl1-2GFP efficiently ligates tRNA
halves.

We devised a RT–PCR strategy to assess 29-phosphate
removal, the third step of pre-tRNA splicing. The strategy
was based on the report that 29-phosphates at RNA liga-
tion junctions inhibit reverse transcription, prohibiting
PCR amplification (Schutz et al. 2010). In a strain lacking
29-phosphotransferase (tpt1D) complemented with Gal-
inducible TPT1, cDNA production from tRNAIle

UAU is
hampered when Tpt1 production is inhibited by glucose
(Fig. 2C, lane 2), but cDNA production and subsequent
PCR amplification occur when the medium contains Gal
(Fig. 2C, lane 1). Thus, Tpt1 activity can be assessed by
this method. After a shift to the np temperature for 2 h,
tRNAIle

UAU extracted from sen2-42 cells expressing the
nuc SEN complex and nuc-cyt ligase generated full-length
cDNA at levels (Fig. 2C, lanes 3,4) similar to wild-type
cells (Fig. 2C, lane 5). The data show that upon removal
of introns by the nuclear-localized endonuclease subunits,
the endogenous 29-phosphotransferase Tpt1 catalyzes 29-
phosphate removal from ligated tRNAIle

UAU. Thus, intron-
containing pre-tRNAs are fully processed in sen2-42 cells
with the nuclear tRNA splicing machinery.

To determine whether tRNAs cleaved in the nucleus
are exported to the cytoplasm, we monitored the location
of tRNAs by fluorescence in situ hybridization (FISH) an-
alyses. FISH of intron-containing tRNATyr was carried out
employing sen2-42 cells transformed with either vectors
or the set of plasmids encoding the Gal-inducible nuc
SEN complex and nuc-cyt ligase using a probe comple-
mentary to mature tRNATyr. Wild-type cells, with an
equal distribution of tRNATyr throughout the nucleus and
cytoplasm (Fig. 3A; Sarkar and Hopper 1998), and los1D

cells, with nuclear tRNATyr pools (Fig. 3B; Sarkar and
Hopper 1998), served as controls. Nuclear accumulation
of tRNATyr was not detected in sen2-42 cells at 23°C or
37°C whether the cells expressed vectors alone or the nuc
SEN complex and nuc-cyt ligase (Fig. 3C,D). The data show
that tRNA spliced in the nucleus are normally exported
from the nucleus.

We performed Northern analyses to assess whether
aminoacylation of tRNA is affected in sen2-42 cells
expressing the nuc SEN complex and nuc-cyt ligase. We
first assessed tRNALeu

UAG, one of the families tRNAs
encoded by intron-containing tRNA genes (Fig. 4A). For
a control, we extracted tRNAs from wild-type cells grown
in fed conditions (+aa) and starved conditions (�aa). As
expected, the majority of tRNALeu

UAG from fed cells is
aminoacylated (Fig. 4A, lane 5, C). Also as expected, the
majority of tRNALeu

UAG from wild-type cells grown in
starved conditions (�aa) was not aminoacylated (Fig. 4A,
lane 6, U), demonstrating that aminoacylation defects
can be detected by this analysis. sen2-42 cells—whether
expressing vectors (V), the mito SEN complex (M), or the
nuc SEN complex and nuc-cyt ligase (N) at the permissive
(23°C) or np (37°C) temperature—have the same levels of
aminoacylated tRNAs as wild-type fed cells (Fig. 4A). We
also assessed tRNATyr (data not shown) and obtained the
same results. Thus, by this Northern assay, there is no
defect in tRNA aminoacylation when pre-tRNAs are
spliced in the nucleus. To address all of the tRNA families
by a different assay, we used a lacZ reporter fused in-
frame to the 59 upstream regulatory region of GCN4
(Hinnebusch 1985), which responds to the global tRNA
aminoacylation status in cells. Binding of nonaminoacy-
lated tRNAs to a domain in Gcn2 activates its kinase
activity and ultimately results in derepression of Gcn4
translation (for review, see Hinnebusch 1997).We trans-
formed the plasmid expressing the GCN4 reporter into
sen2-42 cells expressing either vectors (V) or the nuc SEN
complex and nuc-cyt ligase (N) and monitored the b-ga-
lactosidase activity at the permissive temperature (23°C)
or after a 2-h incubation at the np temperature (37°C).
Control experiments assessed b-galactosidase activity in
cells incubated in medium lacking amino acids (�aa). As

Figure 3. FISH analyses of tRNATyr
GUA in yeast expressing

nuclear tRNA splicing machinery. (A) Wild type (wt). (B) los1D.
(C) sen2-42 cells expressing vectors. (D) sen2-42 mutants with
the plasmids encoding the nuc SEN complex and nuc-cyt ligase.
Cells were assessed after growth at 23°C or after a 2-h shift to
37°C, and the location of tRNATyr was determined. DAPI was
used to locate nuclear DNA. Bar, 5 mm.
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expected, when cells were transferred to medium lacking
amino acids, b-galactosidase activity was significantly
higher than when cells were maintained in fed conditions
at both 23°C and 37°C (Fig. 4B,�aa/+aa). The results verify
that the assay detects nonaminoacylated tRNAs. Under
fed conditions (+aa), sen2-42 cells expressing either vectors
(V) or the nuc SEN complex and nuc-cyt ligase (N) exhibit
significantly lowered b-galactosidase activity, indicating
that there is no detectable defect in tRNA aminoacylation
when pre-tRNAs are spliced in the nucleus (Fig. 4B, +aa, V,
N). The cumulative data show that when distribution of
the tRNA SEN is changed from exclusively mitochondrial
to nuclear, all three steps of tRNA splicing, tRNA nuclear
export, and tRNA aminoacylation occur.

Novel cytoplasmic function for the tRNA SEN

Since tRNA splicing can occur in the nucleus of yeast, we
hypothesized that nuclear tRNA splicing would substi-
tute for the mitochondrial/cytoplasmic pre-tRNA splic-
ing machinery. We assessed whether ts growth of sen2-42
cells at 37°C was alleviated by the nuc SEN complex and
the nuc-cyt ligase (Fig. 5). Cells possessing the set of
plasmids encoding the Gal-inducible mitochondrially
located tRNA SEN (the mito SEN complex) are able to

grow at 37°C in selective medium containing Gal (Fig.
5D, M) but not in selective medium lacking Gal (Fig. 5C,
M) and thus complement the sen2-42 growth defect.
sen2-42 cells transformed with vectors are unable to grow
at 37°C, but grow similarly to wild type at 23°C in
medium with or without Gal (Fig. 5, V). Likewise, sen2-42
mutants transformed with plasmids encoding the nuc
SEN complex and nuc-cyt ligase grow comparably to wild-
type cells when propagated at 23°C (Fig. 5E,F). sen2-42
mutant cells with the nuc SEN complex and nuc-cyt ligase
in the absence of Gal fail to grow at 37°C (Fig. 5G, N).
Surprisingly, sen2-42 mutants expressing the nuc SEN
complex and nuc-cyt tRNA ligase, which results in effi-
cient pre-tRNA splicing, are unable to grow at 37°C (Fig.
5H, N). The inability to grow in medium containing Gal is
not due to high-level continuous expression of the nuc SEN
complex and nuc-cyt ligase, since wild-type cells trans-
formed with the same plasmids grow well at both 23°C and
37°C (Fig. 5F,H). Furthermore, we also conducted a growth
assay of the ts tRNA ligase mutant rlg1-4 expressing nu-
clear Trl1 to ensure that the lack of viability is not due to
defective NLS-Trl1 and showed that NLS-Trl1 expressed in
rlg1-4 rescues the ts growth phenotype of rlg1-4 cells
(Supplemental Fig. S4). Since pre-tRNA splicing is efficient
in sen2-42 cells expressing the nuc SEN complex and nuc-
cyt ligase (Fig. 2), and availability of the mito SEN complex
can rescue the ts growth defect associated with the
mutation (Fig. 5D), the inability of sen2-42 cells to grow
at the np temperature when expressing nuclear splicing
machinery (Fig. 5H) indicates that the mito SEN complex
serves an essential cytoplasmic function.

The above experiments address only the requirement
for Sen2 in the cytoplasm. To determine whether the
other three SEN subunits are required in the cytoplasm
when tRNA endonucleolytic cleavage occurs in the
nucleus, we assessed whether depletion of each individ-
ual subunit can be complemented by the nuc SEN complex
and nuc-cyt ligase. We generated yeast strains with endog-

Figure 4. Efficient tRNA aminoacylation in cells possessing
nuclear tRNA splicing. (A) Assessment of tRNALeu

UAG amino-
acylation by Northern analysis of tRNA from W303 (wt) Leu�

cells or sen2-42 cells containing either vectors (V), the set of
plasmids encoding the nuc SEN complex and nuc-cyt ligase (N),
or the set of plasmids encoding the mito SEN complex and
cytoplasmic ligase (M) in the presence of Gal induction at the
permissive temperature (23°C) or after 2 h at the np temperature
(37°C). (C) Aminoacylated tRNALeu

UAG; (U) nonaminoacylated
tRNALeu

UAG. (B) Assessment of tRNA aminoacylation with
Gcn4 translation using a b-galactosidase reporter assay. sen2-
42 cells containing either vectors (V) or the set of plasmids
encoding the nuc SEN complex and nuc-cyt ligase (N) in the
presence (+aa) or absence (�aa) of amino acids.

Figure 5. The mitochondrial tRNA SEN complex and cytoplas-
mic tRNA ligase can rescue the ts growth phenotype of sen2-42,
whereas the nuclear tRNA splicing machinery does not. Wild-type
(wt) or sen2-42 (sen2) cells with the set of vectors (V) or the set of
Gal-inducible plasmids encoding the nuc SEN complex and nuc-
cyt ligase (N) or the mito SEN complex and cytoplasmic ligase
(M). The spot assay was accomplished by placing an equal number
of serially diluted cells on selective medium containing Gal (Gal)
or lacking Gal (Glu) and incubated at the permissive temperature
(23°C) (A,B,E,F) or the np temperature (37°C) (C,D,G,H).
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enous tRNA SEN subunits expressed from tetracycline
(tet)-regulatable promoters (Mnaimneh et al. 2004). The
presence of doxycycline (+DOX) in the growth medium
represses expression of individual tRNA SEN subunits,
which prevents cell growth, whereas the absence of doxy-
cycline (�DOX) allows cell growth (Fig. 6A). We trans-
formed each tet-regulatable strain—tet sen2, tet sen15, tet
sen34, and tet sen54—with the set of plasmids encoding
either the mito SEN complex and cyt ligase or the nuc SEN
complex and nuc-cyt ligase. The strains were grown in
+Gal �DOX medium and were replica-plated to +Gal
+DOX or +Gal �DOX medium. As expected, all four tet-
regulatable yeast strains expressing the mito SEN com-
plex and cyt ligase were able to grow in +DOX or �DOX
medium (Fig. 6A, Mito SEN). Also as anticipated, each of
the strains expressing plasmids encoding the nuc SEN
complex and nuc-cyt tRNA ligase grows in �DOX me-
dium (Fig. 6A, �DOX, Nuc SEN). In contrast, none of the
tet-regulatable yeast strains expressing the nuc SEN com-

plex and nuc-cyt ligase grows on medium containing DOX
(Fig. 6A, +DOX, Nuc SEN).

To ensure that plasmids expressing nuc SEN complex
and nuc-cyt ligase were functional in tet sen strains, we
performed Northern analysis on the tet sen34 strain (Fig.
6B). When the strain is expressing the nuc SEN complex
and nuc-cyt ligase (N), intron-containing pre-tRNAIle

UAU

accumulates after 9 h of growth in +DOX(+) medium in
the absence of Gal, whereas in the presence of Gal, the
pre-tRNAIle

UAU accumulation is suppressed to levels that
are comparable with � DOX medium. Controls express-
ing vectors (V), do not exhibit lowered intron-containing
pre-tRNA levels even in the presence of Gal. The data
indicate that the nuc SEN complex and nuc-cyt ligase are
catalytically active in tet sen strains and further demon-
strate that the requirement of the endogenous mitochon-
drial tRNA SEN subunits are unrelated to tRNA splicing.
Thus, each of the four endogenous mitochondrial SEN
subunits is required for viability even if pre-tRNA splic-
ing occurs efficiently in the nucleus.

To determine whether the catalytic core of Sen2 for
tRNA splicing is required in the cytoplasm when efficient
pre-tRNA splicing occurs in the nucleus, we expressed a
catalytically inactive sen2 allele, sen2 H297A (Trotta
et al. 2006), in sen2-42 mutants harboring the set of
plasmids encoding either the mito SEN complex and cyt
ligase or the nuc SEN complex and nuc-cyt ligase. We
assessed whether the ts phenotype of the sen2-42 trans-
formants was alleviated with the catalytically inactive
sen2 H297A, which we confirmed localizes to the endog-
enous mitochondrial location (data not shown). As antic-
ipated, sen2-42 transformants coexpressing empty vectors
as well as the catalytically inactive sen2 H297A are unable
to grow at the np temperature (Fig. 7A, V+H297A). Also as
expected, sen2-42 expressing plasmids encoding the entire
set of mito SEN complex and cyt ligase at the endogenous
location was able to complement the ts phenotype of
sen2-42 when coexpressing the catalytically inactive
sen2 H297A (Fig. 7, M+H297A). However, expression
of the entire set of plasmids encoding the nuc SEN complex
and nuc-cyt ligase in sen2-42 coexpressing sen2 H297A
was unable to complement the ts phenotype (Fig. 7,
N+H297A). The data indicate that in addition to the
requirement of each of the subunits in the cytoplasm (Fig.
6), Sen2 protein with a normal catalytic core, required for
tRNA splicing, must also be present in the cytoplasm
even when splicing of tRNAs occurs efficiently in the
nucleus. To assess the possibility that nuclear splicing is
inhibited by the presence of the catalytically inactive
sen2H297A, thereby leading to growth defects, we per-
formed Northern analysis and demonstrated that the
presence of sen2 H297A does not inhibit nuclear splicing
carried out by the nuclear endonuclease subunits and
ligase after a shift to the np temperature (Fig. 7B, N+H).
Taken together, the results show that the catalytic core of
the SEN is required for an essential cytoplasmic function
unrelated to tRNA splicing.

A previous study reported that pre-rRNA processing
is delayed upon Sen34 depletion for 8–16 h (Volta et al.
2005). To confirm the results and extend them to another

Figure 6. All four SEN subunits are required in the cytoplasm
for viability. (A) Assessment of whether depletion of the endog-
enous mitochondrial tRNA SEN can be complemented with
nuclear tRNA splicing. Yeast expressing tet-regulated tRNA
SEN subunits (tet sen) were transformed with sets of plasmids
encoding either the Nuc SEN complex and nuc-cyt ligase or the
mito SEN complex and cyt ligase. Growth after 5 d was assessed
on Gal-containing medium in which cells were depleted (+DOX)
or not depleted (�DOX) of the endogenous tet-regulated tRNA
SEN subunit. Where colonies are absent, no colonies appeared
after >7-d incubation. (B) Assessment of whether the nuclear
tRNA splicing defect of tet sen34 can be complemented by
nuclear tRNA splicing. The yeast tet sen34 strain containing
either vectors (V) or the set of plasmids encoding the nuc SEN
complex and nuc-cyt ligase (N) were assessed for nuclear tRNA
splicing by northern analysis in the presence (+) or absence (�) of
either Gal or DOX. Subunits were depleted by addition of DOX
for 9 h. (P) Initial pre-tRNA transcript; (i) end-matured intron-
containing pre-tRNA; (m) mature tRNA; (5S) loading control.
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SEN subunit, we investigated pre-rRNA processing by
Northern analysis in sen2-42 cells transformed with the
set of plasmids encoding the nuc SEN complex and nuc-
cyt ligase (Fig. 8, N). For controls, we assessed rRNA
processing in sen2-42 mutants expressing the mito SEN
complex and cyt ligase (Fig. 8, M) and mutants expressing
the set of vectors (Fig. 8, V). sen2-42 cells with the set of
vectors displayed normal pre-rRNA processing at 23°C.
After a 2-h shift to 37°C, the cells have increased steady-
state levels of 20S and 27SA2 pre-rRNAs; there is a com-
pensatory decrease in the level of 27S, the next intermediate
in the 25S rRNA processing pathway (Fig. 8). The defects
are specific to sen2-42, rather than mere slow growth of
sen2-42 cells, since another mutant, cdc6-1, inhibited for
growth at high temperature, does not accumulate pre-
rRNA precursors at the np temperature (Supplemental
Fig. S5, cdc6-1). The pre-rRNA accumulation in sen2-42
cells at 37°C is complemented by expression of the mito
SEN complex and cyt ligase (Fig. 8, M), but not expression
of the nuc SEN complex and nuc-cyt ligase (Fig. 8, N). We
also performed experiments with the catalytically inactive
sen2 H297A at the endogenous mitochondrial location and
showed that it does not complement pre-rRNA accumula-
tion (data not shown). The data indicate that pre-rRNA
processing requires functional mitochondrial tRNA SEN
and show that the nuclear tRNA splicing machinery cannot
complement the rRNA processing defect of sen2-42 cells.

Discussion

Historically, pre-tRNA splicing was thought to occur in
the nucleus in all eukaryotes. However, the surprising
discovery that yeast pre-tRNA splicing occurs on the

cytoplasmic surface of mitochondria (Yoshihisa et al.
2003, 2007) raised the question of why the cellular
location of pre-tRNA splicing is not conserved. To ad-
dress this question, we re-engineered yeast to express the
nuclear tRNA SEN complex, essentially mimicking the
vertebrate cellular organization of pre-tRNA splicing. Re-
distribution of the yeast tRNA SEN complex to the nucleus
results in efficient pre-tRNA splicing, as each splicing
step—endonucleolytic cleavage, ligation of tRNA halves,
and 29 phosphate removal from the splice junction—occurs
efficiently in the re-engineered yeast cells; moreover, pre-
tRNAs cleaved in the nucleus are efficiently exported to
the cytoplasm and efficiently aminoacylated. In our ex-
periments, yeast cells have both nuclear and cytoplasmic
pools of tRNA ligase and 29-phosphotransferase, and thus
the results do not address the cellular locations of ligation
and 29-phosphate removal. However, it seems likely that
these steps also occur in the nucleus, because Los1 binds
to the tertiary tRNA backbone (Cook et al. 2009) and it is
unlikely that Los1 would export tRNA halves prior to
ligation unless the halves remain together after intron
cleavage. Since there are functional nuclear pools of the
ligase and 29-phosphotransferase in the re-engineered
cells, the most likely model is that pre-tRNA introns are
cleaved, ligated, and dephosphorylated prior to nuclear
export.

Expression of tRNA SEN subunits in the nucleus of
wild-type cells has no detectable deleterious affect on
yeast growth, arguing against the possibility that yeast
evolved mitochondrial splicing to avoid off-target harm-
ful cleavages by nuclear tRNA SEN. Given the efficient
splicing, aminoacylation, and nuclear export of tRNAs in
cells with the nuc SEN complex, we were surprised that
the ts growth phenotype of the sen-42 mutant is not
complemented in the re-engineered cells. Furthermore,
all four endogenous mito SEN complex subunits, includ-
ing the catalytic activity of Sen2, are required even when
efficient pre-tRNA splicing occurs in the nucleus.

It appears that all four SEN subunits of the heterotet-
ramer are required for an essential function in the

Figure 7. The catalytic core of Sen2 for tRNA splicing is required
for the novel function of the tRNA SEN complex at cytoplasm and
does not affect nuclear tRNA splicing by the nuc SEN complex.
sen2-42 cells were transformed with the set of plasmids encoding
either the mito SEN complex (M), vectors (V), or the Nuc SEN
complex (N) in addition to the presence (+) or absence (�) of
catalytically inactive sen2 (H297A). (A) Transformants were
assessed for growth in a spot assay in selective medium
containing Gal at the permissive temperature (23°C) or np
temperature (37°C). (B) Transformants were assessed for tRNA
splicing defects. (p) Precursor tRNA; (i) end-processed intron-
containing precursor tRNA; (m) mature tRNA; (H) catalyti-
cally inactive sen2 H297A.

Figure 8. Northern analyses of pre-rRNA processing in sen2-42
mutants expressing nuclear tRNA splicing machinery. sen2-42

cells were transformed with either the set of plasmids encoding
the mito SEN complex and cyt ligase (M), the vectors (V), or the
set of plasmids encoding the nuc SEN complex and nuc-cyt
ligase (N). RNAs from cells induced with Gal for 2 h and
incubated at 23°C or for 2 h at 37°C were resolved on an
agarose–formaldehyde gel and transferred to a membrane, and
the membrane was probed for 27SA2, 27S, and 20S pre-rRNAs
and 25S and 18S rRNAs.
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cytoplasm that is unrelated to tRNA processing, making
it a bifunctional enzyme. Interestingly, tRNA ligase also
has an extra function in the unessential UPR process
(Nikawa et al. 1996; Sidrauski et al. 1996). Likewise, since
29-phoshotransferase exists in cells that do not encode
tRNA introns or cells that ligate tRNA without generat-
ing a 29-phosphate at the splice junction (Spinelli et al.
1998; Harding et al. 2008), 29-phosphotransferase likely
serves an additional function. Therefore, each of the three
pre-tRNA splicing enzymes serves at least one function
beyond tRNA splicing.

Why are cells not viable when complete tRNA splicing
occurs in the nucleus? One possibility we considered is
that ectopic splicing in the nucleus results in tRNAs
lacking essential modifications. However, this is unlikely
for the following reasons: (1) There are no known essen-
tial intron-dependent tRNA modifications (Jiang et al.
1997; Phizicky and Hopper 2010), and there are no reports
of negative synthetic interactions among the known
intron-dependent modification enzymes, Pus1 and Trm4
(SGD). (2) Two of the four essential tRNA modification
enzymes, Tad2, and Tad3 (Gerber and Keller 1999), are
located in both the nucleus and cytoplasm (Huh et al.
2003) and thus likely accesses tRNAs whether spliced in
the nucleus or the cytoplasm. (3) The other two essential
tRNA modification enzymes, the Trm6/Trm61 complex,
and Thg1, are only necessary for modifying the intronless
tRNAMet

i and tRNAHis tRNAs, respectively (Anderson
et al. 1998; Gu et al. 2003).

Another possibility for growth defects is that introns,
once cleaved from pre-tRNA, may play an essential role
in the cytoplasm, possibly in rRNA processing. If so, upon
nuclear pre-tRNA splicing, perhaps the resulting introns
are prevented from accessing their cytoplasmic sub-
strates. However, a recent study demonstrated that the
absence of introns from one of the families of tRNAs
encoded by intron-containing genes, tRNATrp, does not
exhibit an adverse phenotype in yeast (Mori et al. 2011),
thus partially arguing against this possibility.

In an attempt to identify functions for the tRNA SEN
independent of tRNA splicing, we learned that mitochon-
drial-located Sen2 is required for efficient pre-rRNA
processing, consistent with a previous report for Sen34
(Volta et al. 2005). Despite accumulation of the pre-
rRNAs, we did not detect reduced 25S and 18S mature
RNA levels, perhaps due to the short incubation at the np
temperature. The data demonstrate that the mito SEN
complex is likely involved in pre-rRNA processing and
cannot be replaced by the nuc SEN complex. As process-
ing of 20S to mature 18S rRNA occurs in the cytoplasm
(for review, see Fatica and Tollervey 2002), the mito SEN
complex may be directly involved in this endonucleolytic
step, perhaps in parallel to Nob1 (Lamanna and Karbstein
2009; Pertschy et al. 2009). However, direct endonucleo-
lytic activity cannot account for the other intermediates,
as they are processed in the nucleolus (Fatica and Tollervey
2002). Although 20S pre-rRNA accumulation in the cyto-
plasm might signal for slowed pre-rRNA processing in the
nucleus, this is unlikely given that there are mutants
with 20S-to-18S processing defects that do not affect 25S

processing (Vanrobays et al. 2001). Another possibility is
that the mito SEN complex is involved in the biogenesis
of gene products required for pre-rRNA processing, thus
indirectly affecting rRNA processing. For example, the
mito SEN complex may function to process the RNase
MRP RNA NME1 (Schmitt and Clayton 1992) or other
snoRNAs involved in pre-rRNA processing, even though
the nuclear–cytoplasmic shuttling of snoRNAs is contro-
versial (Hopper 2006; Watkins et al. 2007). Our preliminary
experiments provide no evidence for defective NME1 bio-
genesis (data not shown), and in the future, we will explore
this hypothesis further by assessing the large number of
yeast snoRNAs.

In this study, we provide evidence that tRNA splicing
can occur in the nucleus of yeast if the tRNA SEN complex
is located there. However, we also show that the mito SEN
complex possesses a function independent of pre-tRNA
intron cleavage that requires all four subunits of the
mitochondrial tRNA SEN complex, including the require-
ment of the Sen2 catalytic core. We hypothesize that in
yeast, the selection for the tRNA SEN at the mitochon-
drial surface is not a result of its canonical activity in
tRNA splicing, but rather a result of this noncanonical, yet
essential, activity. One possible function that may or may
not be essential for the tRNA SEN is in pre-rRNA pro-
cessing, either directly or indirectly. Our studies of the
yeast tRNA splicing machinery may be applicable to
vertebrate pre-tRNA splicing, since in mammalian cells,
an alternative tRNA SEN complex with a Sen2 splice
variant has been postulated to function in the catalysis of
unknown RNA substrates (Paushkin et al. 2004).

Materials and methods

Probes and primers

All probes and primers used are listed in the Supplemental
Material.

Yeast strains

All yeast strains were constructed in the W303 background
(MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15).
sen2-42 was modified from Yoshihisa et al. (2007) by replacing
sen2D::LEU2 with sen2D::LEU2::NATR(W303 with sen2D::LEU2::
NATR/pTYSC017[CEN6-ARSH4 URA3 sen2-42]); los1Dis W303
with los1D::NATR.

Tet-regulatable SEN subunit strains The tet-regulatable pro-
moter region, carrying a kanR-tet07-TATA (Tet-operon), for each
SEN gene was cloned from the Tet-Promoter Strain Collection
(OpenBio Systems) by using primers (Supplemental Material)
ND0058 and ND0059 (SEN2), ND0054 and ND0055 (SEN15),
ND0052 and ND0053 (SEN34), and ND0056 and ND0057
(SEN54). The resulting fragments containing 59 and 39 flanking
sequences of the SEN gene 59 region (carrying the Tet-operon
cassette) were integrated, replacing the endogenous 59 region as
described in Mnaimneh et al. (2004). The tet activator Tet-
A, required for tet-inducible SEN expression, was expressed
from a plasmid (OpenBio Systems) prior to creating tet-regu-
latable tRNA SEN strains. Each strain—tet sen2 (W303 with
PtetO7�SEN2), tet sen15 (W303 with PtetO7–SEN15), tet sen34
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(W303 with PtetO7–SE34), and tet sen54 (W303 with PtetO7–
SEN54)—was transformed with the set of plasmids described
below.

Construction of plasmids encoding mito SEN

complex subunits

The coding sequence for each gene—SEN2, SEN15, SEN34,
SEN54, TRL1, and TPT1—was cloned by PCR from the start to
the termination codon using primers (Supplemental Material)
that included restriction sites BamHI or EcoRI. PCR products
were ligated into pGEM-T (Promega). DNA sequences were con-
firmed, and the coding sequences were digested with BamHI and
EcoRI and ligated into pGP54a plasmid (XhoI, PGAL, BamHI,
EcoRI, GFP, terminator, and EagI) (Murthi and Hopper 2005),
generating six plasmids encoding each Gal-inducible and GFP-
tagged mito SEN subunit and cytoplasmic ligase. XhoI–EagI
fragments containing Gal-inducible GFP-tagged proteins were
ligated into vectors to allow expression of SEN genes from mul-
tiple plasmids in a single yeast strain. PGAL-Sen2-GFP and PGAL-
Sen15-GFP were cloned into pRS412 and pRS422 (to generate
pND00219 and pND00220, respectively), and two other frag-
ments, PGAL-Sen34-GFP and PGAL-Sen54-GFP, were cloned into
pRS415 and pRS425 (to generate pND00221 and pND00222,
respectively). XhoI–EagI fragments containing PGAL-Trl1-GFP
and PGAL-Tpt1-GFP were cloned into pRS416 to generate
pND00223. To reduce the numbers of plasmids required to
express all five genes encoding mitochondrial/cytoplasmic tRNA
splicing machinery, plasmids were opened with HindIII and
ligated together pairwise. pND00219 and pND00220 were
digested with HindIII, and the resulting two fragments were ligated
to form the plasmid pND00225, expressing both PGAL-Sen2-GFP
and PGAL-Sen15-GFP. pND00221 and pND00222 were digested
with HindIII, and the resulting two fragments were ligated to
form plasmid pND00226, expressing both PGAL-Sen34-GFP and
PGAL-Sen54-GFP. Cells transformed with the set of plasmids
(pND00225, pND00226, and pND00223) result in yeast express-
ing plasmids encoding all of the recombinant tRNA SEN subunits
and tRNA ligase (the mito SEN complex and cytoplasmic ligase).

Construction of plasmids encoding nuc SEN

complex subunits

The coding sequence for each gene—SEN2, SEN15, SEN34,
SEN54, TRL1, and TPT1—was cloned as described above and
ligated into pGEM-T (Promega). Sequences of the genes were
confirmed, and coding sequences were digested with BamHI and
EcoRI and ligated into pIGOutA plasmid (XhoI, PGAL, N-terminal
NLS, BamHI, EcoRI, 2-GFPs, terminator, and EagI) (Butterfield-
Gerson et al. 2006), generating six plasmids encoding each Gal-
inducible, NLS-tagged, and GFP-tagged nuc SEN subunit and
nuc-cyt ligase. XhoI–EagI fragments containing Gal-inducible
GFP-tagged proteins were ligated into vectors to allow expres-
sion of SEN genes from multiple plasmids in a single yeast strain.
PGAL-NLS-Sen2-2GFP and PGAL-NLS-Sen15-2GFP were cloned
into pRS412 and pRS422 (to generate pND00227 and pND00228,
respectively), and two other fragments, PGAL-NLS-Sen34-2GFP
and PGAL-NLS-Sen54-2GFP, were cloned into pRS415 and pRS425
(to generate pND00229 and pND00230, respectively). XhoI–EagI
fragments containing PGAL-Trl1-GFP were cloned into pRS416 (to
generate pND00233). To reduce the numbers of plasmids required
to express all five genes encoding nuclear tRNA splicing machin-
ery, plasmids were opened with HindIII and ligated together
pairwise. pND00227 and pND00228 were digested with HindIII,
and the resulting two fragments were ligated to form the plasmid
pND00231, expressing both PGAL-NLS-Sen2-2GFP and PGAL-

NLS-Sen15-2GFP. pND00229 and pND00230 were digested with
HindIII, and the resulting two fragments were ligated to form
plasmid pND00232, expressing both PGAL-NLS-Sen34-2GFP and
PGAL-NLS-Sen54-2GFP. Cells transformed with the set of plas-
mids (pND00231, pND00232, and pND00233) result in yeast
expressing plasmids encoding all of the recombinant nuclear
tRNA SEN subunits and nuclear–cytoplasmic tRNA ligase (the
nuc SEN complex and nuc-cyt ligase). For b-galactosidase activity
assays, XhoI–EagI fragments containing PGAL-Trl1-GFP were
cloned into pRS413 (Trp marker) instead of into pRS416 (to
generate pND00234) such that cells could be transformed with
plasmid p130 (Hinnebush 1985), the Gcn4 reporter plasmid
containing the URA3 gene for selection.

Construction of the catalytically inactive sen2
H297A plasmid

A plasmid encoding wild-type Sen2 (Yoshihisa et al. 2007) was
used as a template for site-directed mutagenesis of His297 to Ala
using the QuickChange Mutagenesis kit (Stratagene). Briefly,
primers ND0070 and ND0071 (Supplemental Material), harbor-
ing mutations for His297Ala, were used in conjunction with
high-fidelity Pfu polymerase to amplify the entire plasmid, digested
with DpnI to purify plasmids containing the His297Ala mutation,
and transformed into Escherichia coli to collect plasmids now able
to express sen2 H297A.

Northern analysis

tRNA Northerns Small RNAs were extracted from yeast cul-
tures grown at the permissive temperature (23°C) to 0.6 OD600nm

as in Whitney et al. (2007). ts cultures of sen2-42 cells were either
Gal-induced for 2 h or not Gal-induced prior to transfer to the np
temperature (37°C) for 2 h before RNA extraction. Five micro-
grams of RNA was electrophoretically separated and transferred
onto Hybond N+ membranes as described (Whitney et al. 2007).
Aminoacylated tRNAs were extracted from log phase yeast cells
under acidic conditions (0.3 M NaOAc at pH 4.5, 10 mM EDTA)
via glass bead lysis (Sarkar et al. 1999). RNAs were separated by
electrophoresis on a 10% polyacrylamide (pH 4.5), 8 M urea gel.
tRNAs were detected employing appropriate complementary
g-32P-terminally labeled probes (Supplemental Material) as de-
scribed (Whitney et al. 2007) and were exposed to phosphor
screens (Amersham Pharmacia). Phosphor screens were scanned
and quantified with a Typhoon System using ImageQuant software.

Tet sen34 Northerns Small RNAs were extracted from yeast
cultures grown at 23°C to 0.6 OD600nm that were transferred to
selective medium containing or lacking 8 mg/mL DOX for 9 h
and induced or not induced with 2% Gal for 2 h. Subsequent
electrophoresis and transfer were done as described above.

rRNA Northerns rRNAs were extracted using the Qiagen
RNeasy Mini kit (Qiagen) using the supplier’s protocol. RNA
(2.5 mg) was loaded and resolved on 1.2% agarose–formaldehyde
gels as described (Kressler et al. 1997). RNAs were transferred
and probed (Supplemental Material) as above, except hybridiza-
tion was at 42°C.

Microscopic analyses

Microscopy All fluorescence imaging employed a Nikon Eclipse
E1000 microscope. Images were captured by using a SenSys
charge-coupled device camera (Photometrics) using Nikon Ele-
ments software (Nikon). Images were arranged with Photoshop
CS3 (Adobe Systems).
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Live-cell imaging Strains harboring plasmids encoding the Gal-
inducible GFP-tagged SEN subunit Trl1 or Tpt1 were grown
overnight in medium lacking Gal and then induced in the
presence of 2% Gal for 2 h. Strains were also transformed with
plasmids encoding either mCherry-tagged Tom20 to visualize
mitochondria or mCherry-tagged Nup49 to visualize the nuclear
membrane (Lai et al. 2009).

FISH studies A published (Sarkar and Hopper 1998) probe
(SRIM15) and procedures were used to monitor the cellular
location of tRNATyr.

b-Galactosidase activity assay

Cells expressing GFP-tagged nuc SEN complex subunits or
empty vectors were transformed with plasmid p180 (Hinnebusch
1985) encoding b-galactosidase (lacZ) regulated by the GCN4
promoter and translation regulatory sequences to assess starva-
tion signaling in cells. Quantitative determination of b-galac-
tosidase activity of cells in the presence or absence of amino
acids was performed as described in the Yeast b-Galactosidase
Assay kit using the microcentrifuge protocol (Thermo Scien-
tific). b-Galactosidase activity was assessed as absorbance at
A420/volume X concentration of cells.

Tpt1 activity assay

To assay Tpt1 activity, we employed a procedure based on Schutz
et al. (2010), who demonstrated that 29-phosphates inhibit re-
verse transcriptase activity. Small RNAs were extracted, and
RT–PCR was used for first strand cDNA synthesis of tRNAIle

UAU

using primer IVY2. Subsequent PCR reactions (10 cycles) were
carried out using primer IVY1 to amplify the small RNAs.
Reactions were run on 2% agarose gel and assessed for amplifi-
cation of tRNAIle cDNA. RT–PCR reactions employing small
RNAs from yeast tpt1D strains complemented with Gal-induc-
ible TPT1 plasmid (Spinelli et al. 1997) after either Gal induction
or Glu repression for 4 h served as a positive control.

Growth assays

Aliquots (5 mL) from serial dilutions of the indicated yeast
cultures were spotted onto selective solid medium. Plates were
incubated for 2–5 d at the indicated temperatures.

Tet-off studies tet sen2, tet sen15, tet sen34, and tet sen54

expressing the set of plasmids encoding either the nuc SEN
complex or the mito SEN complex were grown overnight at 23°C
in selective liquid medium lacking doxycycline (�DOX) and Gal.
Cultures were diluted, grown overnight on selective �DOX
liquid medium containing 2% Gal, plated to selective +Gal
�DOX plates, and incubated for 3 d. Plates were replica-plated
to selective +Gal plates containing 8 mg/mL DOX or selective
+Gal �DOX plates.

Heterokaryon analyses

Heterokaryon analysis was performed as described in Shaheen
and Hopper (2005), except after allowing mating, heterokaryons
were fixed in 1/10 volume formaldehyde and stained with DAPI
before microscopic analysis. The nuclear karyogamy-deficient
kar1-1 mutant (Shaheen and Hopper 2005) was mated with yeast
cells expressing GFP-tagged nuc SEN complex subunits. H2B-
GFP (Feng and Hopper 2002) was employed as a nonshuttling
control, and Cca1-GFP (Peng and Hopper 2000) was employed as
a shuttling control. kar1-1 cells were mated with Gal-induced

(2 h with 2% Gal) W303 strains with KAR1 harboring plasmids
encoding either of the Gal-inducible nuclear-localized tRNA SEN
subunits tagged with GFP (pND00227, pND00228, pND00229, or
pND00230) or with W303 strains with KAR1 harboring plasmids
encoding NLS-H2B-GFP or NLS-CCA1-GFP (Feng and Hopper
2002).
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