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ABSTRACT

Trypanosoma brucei, the etiologic agent of sleeping sickness, encodes a single intron-containing tRNA, tRNA™", and splicing is
essential for its viability. In Archaea and Eukarya, tRNA splicing requires a series of enzymatic steps that begin with intron
cleavage by a tRNA-splicing endonuclease and culminates with joining the resulting tRNA exons by a splicing tRNA ligase.
Here we explored the function of ThTrl1, the T. brucei homolog of the yeast Trl1 tRNA ligase. We used a combination of RNA
interference and molecular biology approaches to show that down-regulation of TbTrl1 expression leads to accumulation of
intron-containing tRNA™" and a concomitant growth arrest at the G1 phase. These defects were efficiently rescued by
expression of an “intronless” version of tRNA"" in the same RNAi cell line. Taken together, these experiments highlight the
crucial importance of the TbTrl1 for tRNA™" maturation and viability, while revealing tRNA splicing as its only essential function.
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INTRODUCTION

Transfer RNAs (tRNAs) are essential for maintenance of cel-
lular homeostasis as central players for mRNA decoding dur-
ing protein synthesis in the ribosome. The biosynthesis of
mature, functional tRNAs requires several processing steps,
including editing and post-transcriptional modification
events, removal of 5" leader and 3’ trailer sequences, addition
of the 3’-terminus -CCA sequence; and when present, re-
moval of introns by a specialized tRNA splicing machinery.

Introns have been described in tRNAs in the three king-
doms of life. In eukaryotes, the number of intron-containing
tRNAs genes varies among different organisms, ranging from
17 tRNA isoacceptors in Danio rerio, three in Arabidopsis
thaliana, 10 in Saccharomyces cerevisiae, and 10 in humans;
each of these containing 813, 83, 61, and 34 intron-contain-
ing tRNA genes, respectively (Chan and Lowe 2009). In try-
panosomatids, which include medically important pathogens
of the genus Leishmania and Trypanosoma, tRNA™ is the
only intron-containing tRNA isoacceptor; a single-copy
gene in T. brucei but that may occur in multiple copies in oth-
er eukaryotes.
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In addition, trypanosomatid tRNA introns are among the
shortest known in biology, with sizes between 11-13 nucleo-
tides (nt), which approaches the proposed theoretical mini-
mum for splicing (Tocchini-Valentini et al. 1993). Despite
these differences in tRNA™" copy number, intron length,
and sequence content, the mature tRNA™" is still highly con-
served and has identical sequences in the different trypanoso-
matids (Padilla-Mejia et al. 2009). However, because in all
eukaryotes the trypanosomatid tRNA introns interrupt the
anticodon loop, splicing is still an essential step in maturation
and generation of a fully functional tRNA™",

Intron removal in tRNA occurs by two different mecha-
nisms: (i) In bacteria, tRNAs contain Group I introns
(Reinhold-Hurek and Shub 1992), which are self-splicing
and whereby intron removal occurs concomitantly with
tRNA exon ligation; (ii) in Archaea and Eukarya, tRNA in-
trons are removed by an all-protein tRNA endonuclease,
which generates two tRNA halves with different termini; a
2',3’'-phosphate at the 5'-exon and a 5-OH at the 3’-exon
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(Abelson et al. 1998). Ligation of the tRNA exons in Archaea
and most Eukarya is catalyzed in the 3'-5" direction (3'-5
pathway) by the RtcB enzyme, using the 3’-phosphate left
at the 5-exon and the 5-OH terminus of the 3'-exon
(Filipowicz and Shatkin 1983; Popow et al. 2011). RtcB was
first described in Escherichia coli as part of a two-gene operon
with RNA cyclase (RtcA), an enzyme responsible for the
conversion of RNA 3'-phosphate to 2,3'-cyclic phosphates
(Genschik et al. 1997, 1998). Although RtcB is not the en-
zyme responsible for tRNA splicing in bacteria, it was shown
that the E. coli RtcB is able to repair a ribotoxin induced
breakage in a tRNA-like stem—loop structure, as well as func-
tion in tRNA and HAC1 mRNA splicing in a Atrl] yeast strain
lacking the endogenous tRNA ligase Trll (Tanaka and
Shuman 2011; Tanaka et al. 2011a). Today we know that
RtcB executes the end-joining step of the RNA repair/splicing
systems, requiring GTP as an energy source and Mn>" as
a cofactor (Tanaka et al. 2011b; Chakravarty and Shuman
2012; Chakravarty et al. 2012). Homologs of RtcB are widely
spread among Eukarya, Bacteria, and Archaea, including try-
panosomatids (Genschik et al. 1998).

Although most Eukarya share a common tRNA ligation
pathway, a different pathway has been described for yeast
and plants (Greer et al. 1983; Phizicky et al. 1992; Englert
and Beier 2005). In these cases, tRNA ligation is performed
by the enzyme Trll in the 5'-3" direction (5-3" pathway)
using a 5'-phosphate from the 3’-exon and the 3’-OH at
the 5-exon. However, prior to ligation, the terminus of
each exon generated by cleavage has to be processed by
Trll; a multifunctional enzyme containing a central kinase
domain that phosphorylates the 5-OH of the 3'-exon, a
C-terminal domain that hydrolyzes the 2',3’-cyclic phos-
phate generating a 2’-phosphate/3’-OH terminus, and finally,
an N-terminal ligase domain that can join the two tRNA
exons (Greer et al. 1983; Sawaya et al. 2003; Remus and
Shuman 2013). As a last step in maturation, the dangling
2'-phosphate, derived from the 2’3’ cyclic phosphate inter-
mediate, is removed by a trans-acting phosphotransferase
(Tptl), generating a fully mature functional tRNA (Spinelli
et al. 1997).

Although based on sequence alignments, trypanosomatid
homologs of yeast Trll have been reported, and their role
in tRNA splicing has not been formally established. In
the present report, we show that down-regulation of
Trypanosoma brucei Trll (TbTrll) by RNAIi caused cell-cycle
arrest at G1 and eventual death, highlighting the essentiality
of this protein in these organisms. Unexpectedly, the absence
of TbTrl1 leads to accumulation of intron-containing tRNAs,
suggesting a level of coordination between cleavage and
ligation during splicing. Furthermore, the expression of a
mature version of tRNATY, lacking the intron, rescues the
growth defect caused by TbTrll down-regulation. Taken
together, these data support the idea that TbTrl1 is an essen-
tial enzyme in T. brucei with an indispensable role in tRNA™"
maturation.

RESULTS

T. brucei encodes a homolog of the yeast
splicing ligase Trl1

Potential homologs of yeast Trll from T. brucei, T. cruzi, and
L. major were previously reported (Wang and Shuman 2005).
Although overall these show sequence divergence when com-
pared to the yeast and Arabidopsis Trll, closer inspection
revealed the presence of key essential residues that constitute
the signature motif for 5'~3'-tRNA ligases (Fig. 1; Wang et al.
2002; Sawaya et al. 2003). A search for sequence motifs in the
putative TbTrll enzyme using the NCBI conserved domain
database shows the presence of a conserved tRNA splicing li-
gase domain. It also revealed a predicted P-loop sequence
harboring a conserved nucleotide phosphate-binding motif
found in many kinases (Marchler-Bauer et al. 2015). The
presence of the Trll N-terminal adenylyltransferase/ligase
domain is also evident, including five different conserved do-
mains described as I, Ia, III, IV, and V, showing the signature
sequences KLAG, TKH, AAVSCECI, EGYVYV, and LKAK,
respectively. These motifs include essential residues for activ-
ity such as the conserved lysines (K) in motifs I, Ia, and V;
glutamic acids (E) in III and IV; and glycine (G) in motif
IV (Sawaya et al. 2003). The central kinase domain harbors
the key motifs GxGKT and RxxxR at positions 400—404
and 524-528 of the predicted T. brucei protein sequence, re-
spectively. Finally, the C'-terminal cyclic phosphodiesterase
(CPD) domain contains the two conserved HVTV repeats
(HOT® motifs) at positions 739-742 and 802-805 (Fig. 1).

TbTrl1 is essential in T. brucei

To explore the potential function of TbTrl1, a tetracycline in-
ducible T. brucei RNAI strain was generated for TbTrll gene
silencing. Growth curves of RNAi-induced and uninduced
cells were performed, revealing that down-regulation of
TbTrll leads to slow growth after 3 d of induction (Fig.
2A). Down-regulation of TbTrll was confirmed by qPCR
showing a 75% reduction in TbTrll mRNA levels (Fig. 2B).
To determine whether the growth inhibition was attributable
to cell-cycle arrest and/or cell death, flow cytometric analysis
was performed. After 2 d of RNAI induction, there were no
differences in the cell-cycle profile of induced and uninduced
cells. However, upon 4 d of TbTrll down-regulation, 25% of
the cells get arrested at the G1 phase of the cell cycle (Fig. 3A).
G1 arrest was accompanied by a decrease in the number of
cells in S (compare 4% for silenced cells to 16% for non-
silenced) and G2 phases (13% for silenced and 26% for non-
silenced) (Fig. 3B). After 7 d of RNAI induction, the majority
of cells were in the sub GO phase, which precedes the G1 peak
and is suggestive of DNA degradation and thus, cell death.
These results show that TbTrll is essential for the T. brucei
viability and its reduced expression compromises the cell-
cycle progression of the parasites, leading to cell death.
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FIGURE 1. Schematic representation of Trll sequences. Trll sequences from Saccharomyces cerevisiae (827 aminoacids), Trypanosoma brucei (870
amino acids), and Arabidopsis thaliana (1104 amino acids) were analyzed. The gray area shows conserved regions and motifs between the sequences.
Motifs Lig, I, Ia, III, IIIa, IV, and V are present in the ligase domain. Motifs GxGKT, RxxxR, and Pnk are conserved in the kinase domain. Motif I1la
and Pnk are observed only in plants. The CPD domain is marked by the presence of two HOT® motifs. All the essential amino acid residues in yeast

Trll ligase are underlined.

TbTrl1 is essential for tRNAT" maturation in T. brucei

To evaluate TbTrll function in tRNA"™" maturation, total
RNA was collected from 2- and 4-d-induced and uninduced
cells and analyzed by Northern blots with oligonucleotide
probes specific for tRNA™" (Fig. 4A). Two days after RNAi
induction, we observed accumulation of intron-containing
tRNA™Y" (Fig. 4B), an unexpected result, given that down-
regulation of ligase function should lead to accumulation of
unligated exon halves. However, we note that 2 d represent
a time point early in the RNAi induction, even before the
appearance of the growth defect. After 4

d of down-regulation of TbTrll expres-

sion, a tRNAT" fragment was detected A

with wild-type T. brucei (Fig. 4C), consistent with a defect
in tRNA splicing caused by down-regulation of TbTrll. To
verify the possibility that the observed defects were splicing
specific, we also probed for the non-intron containing
tRNAGlu, which showed no difference in levels regardless
of the cell line (Fig. 4C). In all conditions tested we also ob-
served the presence of a larger product (Fig. 4B, asterisk).
Currently, we do not know the significance of this larger
product but assume that this is the 3'-extended pre-tRNA™"
previously described (Schneider et al. 1993). Regardless,
taken together these data strongly support that the lack of
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tional modifications on the 5'half of the
tRNA that hinder probe hybridization.
Regardless, after 4 d of RNAi induction,
there is also a commensurate reduction
in the levels of mature tRNA when com-
pared to the nonsilenced control and also
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FIGURE 2. Effects of TbTrll RNAi on the growth rate of procyclic form T. brucei cells. (A)
Cloned procyclic trypanosome cells harboring the TbTrl1 RNAI plasmid construct were incubat-
ed in culture medium without (—tet, black circles) or with (+tet, black squares) tetracycline. The
rate of cell growth was monitored daily, and the cell numbers were plotted in a logarithmic scale as
cumulative cell numbers. (B) tbtrll intracellular mRNA levels monitored by qPCR from the cor-
responding RNAi experiments after 2, 4, and 7 d of induction. The expression levels were normal-
ized using a-tubulin as an endogenous control, P < 0.05 (1 = 3).
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was expressed as a control under similar
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These data strongly support the idea that
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to ensure proper tRNA"" maturation,
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FIGURE 3. FACS analysis of the TbTrl1-deficient procyclic form T. brucei cells. Samples of pro-
cyclic form T. brucei cells harboring the TbTrll RNAIi plasmid construct were taken at various
times for FACS analysis following tetracycline induction. (A) Histograms from FACScan of in-
duced (+tet) and uninduced cells (—tet). (B) Percentages of induced (+tet) and uninduced cells
(—tet) in Gy, S, and G,/M phases as determined by the WinMDI software.

TbTrl1 specifically affects tRNA™" maturation. Importantly,
the accumulation of intron-containing tRNA™" suggests
connectivity between exon ligation and intron cleavage.

tRNA"" maturation is the only essential
function of TbTrl1

Since tRNA™" is the product of a single-copy gene, its proper
maturation is essential for protein synthesis. The fact that
intron-containing tRNA accumulates upon TbTrll RNAi in-
duction suggests that either the growth defect, and implicitly
the GI1 arrest, is the result of reduced levels of mature
tRNA™" (Fig. 4B) or alternatively it is the result of accumu-
lation of intron-containing tRNA somehow serving as a sig-
nal for arrest. Unspliced tRNA rapidly accumulates in the
nuclei of yeast S. cerevisiae after DNA damage. This provided
evidence for signal-mediated crosstalk among tRNA nucleo-
cytoplasmic trafficking, protein synthesis, and checkpoint

° &

& which in turn is essential for cell growth.

Cytoplasmic localization of tRNA
splicing components in T. brucei

In yeast, the tRNA splicing endonuclease
is found on the surface of the outer
mitochondrial membrane facing the cy-
toplasm; the tRNA ligase is also cytoplasmic (Yoshihisa
et al. 2003). However, the subcellular localization of tRNA
splicing components varies between different organisms. In
Xenopus oocytes, all the components of the tRNA endonucle-
ase complex, as well as the tRNA ligase, are localized to the
nucleus (De Robertis et al. 1981). In plants, the tRNA endo-
nuclease localizes both to the nucleus and the mitochondria
and the tRNA ligase was predominantly targeted to chloro-
plasts (Englert et al. 2007). To determine where tRNA splic-
ing localizes in T. brucei, we performed Northern blots with a
radioactively labeled oligonucleotide probe specific for the 3’
exon portion of the tRNA. Notably, this probe does not dis-
criminate between mature and unspliced tRNA; however,
these two species can be easily separated by electrophoresis.
We used nuclear and cytosolic fractions of the TbTrll
RNAI silenced parasites and compared these to similar frac-
tions from uninduced cells. We observed accumulation of in-
tron-containing tRNA™" in the cytoplasm, while equivalent
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FIGURE 4. Effects of TbTrll knockdown on tRNA™" maturation. (A) The cloverleaf structure of the tRNA™Y" of T. brucei. The 11-nt intron is shown
in gray letters. The anticodon sequence is boxed. Black arrows and open circles denote the positions where the 3'-exon Tyr probe and Intron probe
anneal, respectively (5" and 3’ nucleotides are marked). (B, C) Northern blot analysis of tRNA™ processing steps in wild-type (WT) and TbTrl1 RNAi
strain induced (+tet) and uninduced (—tet) with tetracycline after 2 d (B) or 4 d (C) of RNAI. The positions of the intron-containing, mature tRNATY"
and 3'-exon—intron species signals are indicated. The asterisk (*) in panel B indicates a probable 3'-extended pre-tRNA™" previously described

(Schneider et al. 1993). A tRNAS probe was used as control (B).

amounts of mature and unspliced tRNA were seen in the
nuclear fraction (Fig. 6A). In addition, smaller fragments
corresponding to tRNA™" 3’exon—intron intermediates, pre-
dictably generated by splicing endonuclease cleavage prior to
ligation, are present only in the cytoplasmic fraction (Fig.
6A). These results suggest that tRNA splicing occurs in the
cytoplasm of T. brucei. To rule out the possibility of cross-
compartment contamination, the same RNA fractions were
probed for a nucleolar marker (snoRNA 82). In this control
experiment, clear and substantial enrichment of the snoRNA
marker was observed in the nuclear fractions. Furthermore,
we also used protein samples derived from the same cell frac-
tionation experiment for Western analysis, to further test for
cross-contamination. We used antibodies to compartment
specific markers NOGI (nucleolar) and enolase (cytoplas-
mic). This experiment again revealed negligible cross-
contamination of our intracellular fractions. We also per-
formed localization experiments with cells expressing an epi-
tope-tagged version of the tRNA ligase and TbSen34, a
catalytic subunit of T. brucei tRNA endonuclease. For this
purpose, two different T. brucei strains harboring a plasmid
for tetracycline-inducible expression of the TbTrll protein
with a C-terminus His-tag or TbSen34 with an N-terminus

1194 RNA, Vol. 22, No. 8

protein C were generated. After induction of each TbTrll
and TbSen34 expression with tetracycline, the localization
of each protein was individually determined in each strain
by immunofluorescence using anti-His tag or anti-protein
C antibody, respectively. In both strains we observed fluores-
cent punctate signals scattered in the cytoplasm (Fig. 6B),
suggesting again that pre-tRNA™" splicing takes place in
the cytoplasm of T. brucei procyclic cells. Taken together,
these experiments strongly support the idea of cytoplasmic
localization of tRNA splicing in T. brucei.

DISCUSSION

Splicing is an essential step for tRNA maturation in all eu-
karyotes. Although the intron removal step is catalyzed by a
highly conserved endonuclease in Archaea and Eukarya, the
final ligation step occurs by two different mechanisms. The
3'-5’ ligation pathway involves the RtcB protein, which is
found in Bacteria, Archaea, and Eukarya (Genschik et al.
1998). The 5-3' ligation pathway is catalyzed by a tRNA
ligase with a very restricted phylogenetic distribution, which
is described in plants, yeast, and trypanosomatids. Inter-
estingly, trypanosomatids, together with Branschiostoma
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shows a log-scale of cumulative cell densities accounting for total dilutions and the x-axis shows

the progression of the growth curve in days.

floridae, are the only organisms known to encode both RtcB
and Trll homologs (Englert et al. 2010). Notwithstanding the
existence of RtcB in trypanosomes, our data strongly point to
TbTrll as the tRNA splicing ligase in T. brucei. This is sup-
ported by the observed accumulation of tRNA™" processing
intermediates when expression of TbTrl1 is down-regulated.
As for TbRtcB, its function is not currently clear in T. bruces;
however, eubacterial genomes harbor RtcB genes despite en-
coding self-splicing intron-containing tRNAs (Kuhsel et al.
1990; Reinhold and Shub 1992; Biniszkiewicz et al. 1994).
In these cases, RtcB is involved in RNA repair as previously
proposed for E. coli (Tanaka and Schuman 2011) and the
same may be true of the T. brucei homolog.

The reduced levels of mature tRNA™" and the accumula-
tion of the pre-tRNA species are in line with the observed
growth defects. In E. coli, reduced levels of functional
tRNAs interfere with the rate of protein synthesis with con-
comitant growth retardation and cell death (Mohanty and
Kushner 2013). In yeast, the accumulation of intron-contain-
ing tRNA results in G1 cell-cycle arrest by Gen4 activa-
tion and CIn2 accumulation (Ghavidel et al. 2007), which
is tantamount to the effect we observed in the parasite after
Trll silencing. However, the signal that leads to cell-cycle ar-
rest in T. brucei is not due to accumulation of un-
spliced tRNA™, as expression of mature tRNA™" was able
to rescue the growth defects, despite the presence of signifi-
cant levels of unspliced tRNA in the RNAi-induced TbTrl1
strain (Fig. 5). In addition, trypanosomatids lack obvious
homologs of yeast Gcn4, suggesting a different signaling
pathway for cell-cycle arrest in response to tRNA impair-
ment. Nonetheless, we cannot formally discard the possibility
that effects on mature tRNA levels will reflect onto changes
in protein synthesis rates, potentially driving the signaling
for cell-cycle arrest. In fact, the Kluyveromyces lactis zymocin,
which cleaves the anticodon loop of modified tRNA, leads

LR R

s Days

don nuclease PrrC (EcoPrrC) leads to
S. cerevisiae growth arrest; in this latter
case, growth can be resumed by ex-
pression of the toxin target, tRNADYS
(Meineke et al. 2011). As discussed
above, PaT targets a specific tRNA in a
mode of action that resembles that of
zymocin, but it arrests the cell cycle in
the S phase, not G1. This cell-cycle arrest
is presumably mediated by Rad53p
checkpoint phosphorylation. The mech-
anisms that lead to cell death or growth arrest after tRNA
cleavage are not well understood and seem to vary for the dif-
ferent ribotoxins. A recent study showed that PaT Orf2p (the
toxic subunit) cleaves DNA in addition to its specific tRNA
cleavage activity, and translation impairment caused by
tRNA cleavage was responsible for the Orf2p relocation to
the nucleus, leading to histone phosphorylation and cell-cy-
cle arrest (Shigematsu et al. 2013). In S. cerevisiae, diverse
cell-cycle phenotypes have been described after mutations
leading to loss of function in genes associated with the pro-
tein synthesis machinery (Polymenis and Aramayo 2015).
It is then possible that damage in protein synthesis leads to
nucleus relocalization of an unknown factor that is responsi-
ble for arrest of cell-cycle progression in T. brucei. In vitro
competition assays using yeast tRNA endonuclease, Trll,
T4 RNA ligase and kinase, show that excision and joining
of tRNA halves are concerted events and provide evidence
for the assembly of a functional tRNA splicing complex in
yeast (Greer 1986). In humans, the association of tRNA splic-
ing enzymes has already been demonstrated and defects in
Sen2, one of the endonuclease subunits, impairs pre-tRNA
maturation (Paushkin et al. 2004; Popow et al. 2011). Our
data are in agreement with the observations above, indicating
the tRNA endonuclease reaction cannot proceed efficiently
given the accumulation of pre-tRNA™" and the 3'-exon—in-
tron species in the absence of the tRNA ligase. More evidence
supporting the existence of a tRNA splicing complex in T.
brucei is the presence of both TbTrl1 and tRNA endonuclease
Sen34 subunit (this work) in cytoplasmic granules, although
colocalization of the two enzymes is still to be confirmed. The
subcellular distribution of the tRNA splicing machinery
components is extremely variable in different organisms.
The yeast endonuclease is attached to the outer membrane
of the mitochondria; ScTrll is distributed in the cytoplasm,
where the splicing event occurs (Yoshihisa et al. 2003).
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FIGURE 6. Subcellular localization of tRNA™", TbTrl1, and TbSen34. (A) RNA from total (T),
nuclear (N), and cytoplasmic (C) fraction of 4 d induced (+) and uninduced (—) TbTrll RNAi
cells was extracted and analyzed by Northern blot using a 3’ exon or intron probe. The intron-
containing, mature tRNA™" and the 3'-exon—intron species are indicated by arrows. SnoRNA
probe was used as control for nuclear fraction purity. The purity of the fractions was confirmed
by Western blotting using anti-NOG1 (specific for nucleus) and anti-enolase antibodies (specific
for cytoplasm). (B) Immunolocalization of His-tag TbTrl1 and Protein C-TbSen34. Anti-His-Tag
and Anti-Protein C were used as primary antibodies for His-Tag TbTrl1 and detection Protein C-
TbSen34, respectively. MitoTracker red was used as a mitochondrial marker, while DAPI was
used to mark the position of nuclear (N) and mitochondrial DNA (kinetoplast) (K). TbTrll
and TbSen34 are shown in green. A background was added to the TbSen34 images in order to

regulated and likely not the reason for in-
tron retention. Previous work showed
the presence of several noncanonical ed-
iting events in the tRNA™" intron and
absence of anticodon modifications in
the pre-tRNA. Editing is required for
proper intron processing by the tRNA
endonuclease (Rubio et al. 2013), adding
another level of complexity to the main-
tenance of a single intron. As suggested
by Rubio and coworkers, the intron
may ensure proper L-shape folding of
the tRNA, with the editing events pro-
viding order to the folding process
and avoiding the establishment of un-
desirable mature tRNA conformations.
Another possibility is that certain life
threatening conditions, such as amino
acid starvation and DNA damage, might
dictate the existence of a salvage pathway.
The balance of nuclear and cytoplasmic
mature tRNA pools, resulting from
proper/nonproper function of the tRNA
splicing pathway, can be responsible for
triggering a transitory signal for cell-cycle
arrest. In agreement with this hypothesis,
our results show that while mature tRNA
levels are decreased, we see accumula-
tion of intron-containing tRNA in the
cytoplasm and both species are present
in the nucleus.

MATERIALS AND METHODS

get a more harmonious figure.

Plant tRNA ligases show a different subcellular localization,
partitioning to chloroplasts (Englert et al. 2007).

The retention of a single intron-containing tRNA in
T. brucei is intriguing. In other organisms, the isomerization
of the U35 to pseudouridine in tRNA"" has been shown to
depend on the intron presence (Choffat et al. 1988; van Tol
and Beier 1988; Pienkowska et al. 2002). A yeast knockout
strain for the enzyme responsible for this modification,
Pseudouridine synthetase 7, presents higher sensitivity to
some drugs and heat shock, but the cells are still viable under
the growth conditions used (Sinha et al. 2008; Westmoreland
et al. 2009). In T. brucei, while we have not shown the pres-
ence or absence of the pseudouridine at position 35 of
tRNATY", clearly the mature tRNA expressed without the in-
tron is able to rescue the TbTrll RNAI strain; therefore, while
intron-dependent pseudouridine may still be important, it is
not at the root of the growth defect when TbTrll is down-
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Cell cultivation and cell quantitation

Procyclic forms of T. brucei strain 29-13 were

grown at 28°C in SDM-79 media containing
hygromycin (50 pg/mL) and G418 (15 pg/mL) and supplemented
with 10% heat-inactivated bovine fetal serum. TbTrll RNAi strain
and TbTrll RNAI expressing mature tRNA™" were grown in the
same media containing phleomycin (2,5 pg/mL) and phleomycin
(2.5 pug/mL) plus puromycin (1 pg/mL), respectively. The number
of cells was determined by counting using a Neubauer’s chamber.

Plasmids construction, transfection,
and RNAI induction

To create the TbTrll RNAI strain, a dual hairpin RNAi plasmid
with a tetracycline-inducible promoter containing a 600-bp frag-
ment of the TbTrll gene (from position 720 to position 1320)
(Tb10.6k15.2400) was constructed using the vectors pLEW100
and pJM325 as previously described (Shi et al. 2000; Wang et al.
2000). The TbTrll gene fragment was amplified from genomic
DNA by PCR using the oligonucleotides trl1F: 5-AAGCTTAC
GCGTGAGAGGCAGCATTGGGAAGGGAAAGATCC-3" e trllR:
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5'-TCTAGAATGGTGCTCCGCCACGCACTTCGCA-3 and the
High-Fidelity mix from Thermo Scientific. The final plasmid
was linearized with EcoRV before transfection in T. brucei for geno-
mic integration. Procyclic forms were transfected using AMAXA
Nucleofector II (Lonza Group AG) with Program X-001 and
Human T-cell Nucleofector solution. The T. brucei clones were ob-
tained by limiting dilution in phleomycin-contained media and the
TbTrll RNAi was induced with 1 pg/mL of tetracycline.

The mature tRNA"" expression plasmid was created from pEA-5
(gift from Dr. Andre Schneider, University of Bern, Switzerland). A
592-nt fragment, including the intronless-tRNA™" and its promot-
er, was synthesized by Genescript and it was cloned into pEA-5 using
Kpnl and Xhol restrictions sites as previously described in Aeby
et al. (2010).

To express TbTrll, the C'-terminal tagged TbTrll protein was
produced by PCR amplification of the full-size TbTrll gene and
cloned into the pLEW79-MHTAP plasmid containing His and
Myc epitope tags (Jensen et al. 2007).

Cell-cycle analysis

Time samples with 1 million cells of the RNAi plasmid transfected T.
brucei 29-13 strain were collected before and during tetracycline in-
duction of gene knockdown. Cells were initially washed with PBS
and then incubated in PBS containing 0.1% Triton X-100, 10 ug/
mL RNAse, and 10 pg/mL propidium iodide. Subsequently, they
were incubated at 25°C for 10 min and analyzed by flow cytometry.
One hundred thousand cells were examined using the FACScan sys-
tem flow cytometer (Becton, Dickinson and Company). Percentage
of cells in each phase of the cell cycle, Gy, S, and G,/M, was deter-
mined using the WinMDI software (Multiple Document Interface
Flow Cytometry Application software, V2.8 (http:/facs.scripps.
edu/software.html).

Northern blot analysis

Total RNA or nuclear RNA from induced and noninduced cells was
isolated using the guanidinium thiocyanate/phenol/chloroform
extraction method (Chomczynski and Sacchi 1987). Briefly, 15 ug
of total RNA was separated on denaturating 8% polyacrylamide
gel with 8 M urea and electroblotted to Zetaprobe (Bio-Rad)
membranes. The membrane was incubated in a prehybridization
solution (5% SSC; 20 mM sodium phosphate pH 7.2; 7% SDS; 1x
Denhardt’s solution) containing 10 pg/mL of ssDNA for 30 min.
The membranes were subsequently probed with [**P]-5'-end la-
beled oligonucleotides specific for the 3'-tRNA™" exon (5'-AACC
AGCGACCCTGTGAT-3'), tRNA™" intron (5-TGATACCTGCAAA
CTCTAC-3'), tRNASM . (5'-TTCCGGTACCGGGAATCGAAC-3'),
or snoRNA82 (5-CAACGTCCATCTGCGACGGCTTTA-3') for
18 h at 42°C and washed. Images were recorded with a Storm
Phosphor imager (Bio-Rad).

Nuclear preparation

T. brucei cells in exponential growth (5 x 10° cells/mL) were harvest-
ed by centrifugation (2000¢ for 20 min) and washed with phos-
phate-buffered saline. About 8 x 10® cells/mL were suspended in
lysis buffer (1 mM PIPES pH 7.4, 0.5 M hexylene glycol, and
1 mM CaCl,) and broken using a Stanstedt power fluid apparatus

at 20 y (Shapiro and Doxsey 1982). The cytosolic fraction was ob-
tained by centrifugation at 2500¢ for 20 min. The pellet was resus-
pended in lysis buffer and loaded in a 35% Percoll gradient for
nuclei isolation (Amersham Pharmacia Biotech). The gradient was
created by centrifugation at 60,000¢ for 35 min and the nuclei
were collected by a side puncture. After collection, the nuclei were
washed in 1 mM PIPES pH 7.4, 0.5 M hexylene glycol, 1| mM
CaCl,, and 0.75 M sucrose and isolated by centrifugation at 2000g
for 20 min. Following gradient purification, RNAs were extracted
by the guanidinium method (Chomczynski and Sacchi 1987).

Immunolocalization and Western analysis

The protein-coding region of TbTrll was cloned into the T. brucei
protein expression vector pLEW79-MHTAP, which places a His-
tag at the C-terminus of the protein. For TbSen34, the protein-cod-
ing region of the gene was fused to a protein C tagged at its N-ter-
minus and cloned into the pLEWS83 T. brucei expression plasmid.
The constructs were transfected into procyclic T. brucei 29-13 cells
and clonal cell lines were obtained by limiting dilution. TbTrll
and TbSen34 expression was induced in each strain by the addition
of tetracycline for 24 h and intact cells were fixed and then stained
with 200 nM MitoTracker Red dye (Life Technologies) for 20 min
at 27°C, followed by washing and fixing to slides with 4% para-
formaldehyde. Mitochondrial and genomic DNA were stained
with DAPI shortly before immunofluorescence microscopy. The
TbTrll localization was detected using an anti-His Tag antibody.
The TbSen34 localization was detected using an anti-protein C
antibody. Alexa Fluor 488-conjugated goat anti-mouse antibodies
(Life Technologies) were used as the secondary antibodies. Mito-
Tracker Red was added to the culture at 500 nM and shaken at
27°C for 30 min to allow uptake. Cells were harvested for micros-
copy at 2-5x10° cells/mL and washed twice in PBS before
suspending in 3.7% formaldehyde/PBS solution, and 100 pL of
suspension was fixed to glass slides for 10 min. Cells were washed
three times in PBS, permeabilized with 0.1% Triton X-100 and
washed an additional three times in PBS. Blocking was performed
for 60 min using 5.5% FBS supplemented with 0.05% Tween 20
in PBS. All incubation steps were performed in a humid chamber
and all antibodies were used at concentrations indicated in text.
Cells were air-dried and mounted using Vectashield before imaging
was performed using a Nikon Ti microscope. Image analysis was
performed using ImageJ (NIH) and Nikon Elements AR.

Western blots were also used to determine the purity of sub-cel-
lular fractions. For this, cell lysates from 5 x 10° cell equivalents of
each fraction (nuclear or cytoplasmic) were loaded per well of a
15% SDS—polyacrylamide gel, blotted, and probed. The polyclonal
rabbit antibodies against NOGI and enolase (kindly provided by
M. Parsons and P.A.M. Michels, respectively) were used at 1:100,
1:1.000, 1:1000, and 1:1.000 dilutions, respectively. Secondary
anti-rabbit IgG antibodies (1:6000) coupled to horseradish peroxi-
dase (GE Healthcare) were visualized according to the manufactur-
er’s protocol using the ECL kit (Pierce).
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