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ABSTRACT
Retrograde transport of tRNAs from the cytoplasm to the nucleus was first described in Saccharomyces
cerevisiae and most recently in mammalian systems. Although the function of retrograde transport is not
completely clear, it plays a role in the cellular response to changes in nutrient availability. Under low
nutrient conditions tRNAs are sent from the cytoplasm to nucleus and presumably remain in storage there
until nutrient levels improve. However, in S. cerevisiae tRNA retrograde transport is constitutive and occurs
even when nutrient levels are adequate. Constitutive transport is important, at least, for the proper
maturation of tRNAPhe, which undergoes cytoplasmic splicing, but requires the action of a nuclear
modification enzyme that only acts on a spliced tRNA. A lingering question in retrograde tRNA transport is
whether it is relegated to S. cerevisiae and multicellular eukaryotes or alternatively, is a pathway with
deeper evolutionary roots. In the early branching eukaryote Trypanosoma brucei, tRNA splicing, like in
yeast, occurs in the cytoplasm. In the present report, we have used a combination of cell fractionation and
molecular approaches that show the presence of significant amounts of spliced tRNATyr in the nucleus of
T. brucei. Notably, the modification enzyme tRNA-guanine transglycosylase (TGT) localizes to the nucleus
and, as shown here, is not able to add queuosine (Q) to an intron-containing tRNA. We suggest that
retrograde transport is partly the result of the differential intracellular localization of the splicing
machinery (cytoplasmic) and a modification enzyme, TGT (nuclear). These findings expand the
evolutionary distribution of retrograde transport mechanisms to include early diverging eukaryotes, while
highlighting its importance for queuosine biosynthesis.
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Introduction

Following transcription, tRNAs undergo several maturation
steps before partaking in protein synthesis. These include trim-
ming of the 50 and 30 leader and trailer sequences,1,2 30-end
CCA addition,3 and the acquisition of a number of post-tran-
scriptional nucleotide modifications.4 Some tRNAs also contain
introns, which are removed by a specialized tRNA splicing
machinery.5 In Eukarya, many tRNA processing events are
localized to the nucleus, for example end trimming and some,
but not all, modifications; nuclear export may thus serve as an
important checkpoint that ensures that only properly processed
tRNAs make it to the cytoplasm and engage in translation.

Paradoxically, the intracellular localization of tRNA splicing
varies among different organisms, and although in many cases
it takes place in the nucleus, in S. cerevisiae all the factors
involved in tRNA splicing reside in the cytoplasm.6-8 Further-
more, the localization of maturation components is intricately
connected to dedicated mechanisms that export tRNAs from
the nucleus.9-11 In S. cerevisiae tRNAs are also imported back
to the nucleus from the cytoplasm12-15 by retrograde nuclear

transport; a pathway that is generally constitutive. Retrograde
nuclear transport is necessary for 1-methylguanosine (m1G)
formation at position 37 of tRNAPhe; a required first step in the
synthesis of the hypermodified nucleotide wybutosine (yW) in
S. cerevisiae.16 Beyond its role in tRNA modification, retrograde
transport has also been implicated in cellular responses to
nutrient deprivation. Low levels of certain nutrients (e.g., glu-
cose or amino acids) lead to nuclear tRNA accumulation,
potentially serving as a protective mechanism against tRNA
degradation.12,13,17,18 Upon removal of stress, cells can then
reverse tRNA nuclear retention, releasing the withheld tRNA
to the cytoplasm presumably contributing to a rapid transla-
tional response. Although this process has been observed in
S. cerevisiae, rat hepatoma, Chinese hamster ovary cells, and
humans, little is known about its occurrence in early divergent
eukaryotes and/or its evolutionary conservation.19-21

Reminiscent of S. cerevisiae, cytoplasmic localization of
tRNA splicing has been recently described in the single-cell
protist Trypanosoma brucei,22 an organism that encodes a sin-
gle intron-containing tRNA (tRNA tyrosine, tRNATyr

GUA).
23
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While studying modifications that target this tRNA, we
observed that the native intron-containing tRNA is devoid of
modifications, yet the mature tRNA contains the modified
nucleotide queuosine (Q) at the first position of the anticodon
(Q34).

24 This suggested that this modification only occurs after
tRNA splicing. Q modification in Eukarya is catalyzed by the
enzyme tRNA-guanine transglycosylase (Fig. 1. eTGT),25,26

which in Xenopus has a strict preference for spliced over
intron-containing tRNA.27 In this manuscript, we focus on
TbTGT, a paralog of the canonical eukaryotic TGT and show
that, unlike other eukaryotic counterparts, it localizes to the
nucleus of T. brucei. In line with this observation, we also show
substantial amounts of spliced Q-containing tRNA in nuclear
fractions, but importantly, like in other eukaryotes, intron-con-
taining tRNATyr is not a substrate for TGT. Taken together
these findings lead to a model for a dynamic interplay between
localization, splicing and tRNA modification and provides the
first example of tRNA nuclear retrograde transport in an early
branching eukaryote; a process that may be more evolutionarily
widespread than currently thought.

Results

T.brucei encodes a TGT homolog

Queuosine formation in Eukarya is catalyzed by tRNA-guanine
transglycosylase (TGT), which exchanges guanine for queuine
at position 34 of a sub-set of tRNAs encoded with a G at posi-
tion 34 (tRNAHis, tRNAAsp, tRNAAsn and tRNATyr) (Fig. 1),28,29

while related modifications (pre-Q0 and pre-Q1) are catalyze by
similar enzymes in Archaea and Bacteria respectively.30,31 In
general, the sequence U33G34U35 is essential for TGT

recognition,32 where the almost universal U33, which forms the
U-turn in the anticodon loop in most tRNAs, is part of the rec-
ognition motif. It is thought that for activity, TGT requires an
unpaired G34 target.26,27 However, eukaryal tRNATyr univer-
sally contains an intron, which forms a base pair critical for
splicing with G34 in the exon, suggesting that Q formation
occurs after splicing. Prior to this work we showed that in T.
brucei the tRNA splicing endonuclease and ligase localize to
the cytoplasm;22 expectedly if Q formation follows splicing,
TGT may also be a cytoplasmic enzyme.

To assess the intracellular distribution of Q, we first deter-
mined its presence in total T. brucei RNA. In Eukarya and bac-
teria Q is found at the first position of the anticodon.28,29 We
took advantage of an affinity chromatography system, which
exploits the ability of amino-phenyl boronic acid (APB) to bind
cis-diols, such as those present in queuosine.33 In these gels, an
electrophoretic-mobility shift is observed when RNAs contain
Q. This shift is in addition to that caused by the cis-diols natu-
rally occurring at the ends of RNAs (i.e., due to the 30 and 20
terminal hydroxyls). We separated total RNA from T. brucei by
APB-gel electrophoresis, followed by Northern analysis with
radioactive oligonucleotide probes specific for tRNATyr, tRNAAsp,
tRNAAsn and tRNAHis. As expected, tRNATyr, ¡Asp, ¡Asn and -His

displayed a slower migrating band during electrophoresis,
indicative of Q (Fig. 1B). As a negative control, separate
samples were treated with the oxidizing agent sodium
m-periodate prior to electrophoresis. This treatment converts
cis-diols into cis-dialdehydes; the latter have no affinity for
boronate.33 As an additional control, we also probed for
tRNAGlu, which lacks G34 and is not a known substrate for
TGT (Fig. 1B). In this case a small shift was observed that is
ascribed to that expected from the terminal hydroxyls natu-
rally occurring at the 30 end of most RNAs, also noticeable
when comparing the oxidized control to queuosine-contain-
ing tRNAs.

We then used the sequences of the various eukaryotic TGT
subunits to search the TriTryp database, revealing the presence
of a potential TGT homolog in the T. brucei genome, TbTGT
(Tb927.5.3520). To establish the role of TbTGT on Q biosyn-
thesis, a portion of the coding sequence of this protein was
cloned into the RNAi vector p2T7-177, transfected into T.
brucei 29-13 cells and clonal lines established as described.34 In
these cells, RNAi can be induced by addition of tetracycline to
the growth media. A growth curve comparing uninduced and
RNAi-induced cells did not show a major alteration to growth
when TbTGT was knocked down (Fig. 2A). Five days post
induction, total RNA was collected from both RNAi-induced
and uninduced cells and analyzed by APB-gel electrophoresis fol-
lowed by Northern hybridization utilizing the same oligonucleo-
tide probes as in Fig. 1B (Fig. 2B). A substantial reduction in Q
levels was observed when comparing the RNAi-induced samples
to either the uninduced or the wild type (Fig. 2B).

To validate the APB gel and Northern results, total RNA iso-
lated from wild type, uninduced and TbTGT RNAi-induced
cells was also analyzed by LC-MS/MS.35 A peak eluting at
25 min with a 410 m/z was observed, consistent with the pres-
ence of Q in tRNA from wild type or uninduced cells.36 This
peak was further analyzed by collision-induced dissociation
yielding a fragmentation pattern characteristic of Q, including

Figure 1. Queuosine-containing tRNAs in T. brucei. A. Model for the proposed
queuosine (Q) insertion pathway in eukaryotes. Queuine is taken from an extracel-
lular source (i.e., food or gut microbiome) and inserted into tRNA by the eukaryotic
tRNA-guanine transglycosylase (eTGT). B. Total RNA extracted from T. brucei was
analyzed for the presence of Q by APB-gel electrophoresis followed by Northern
hybridization. Probes corresponding to the four known Q-containing tRNAs in
other eukaryotes (tRNAAsp, -Asn,-His and-Tyr) were used to determine the presence
(CQ) or absence (-Q) of queuosine in T. brucei. A portion of RNA was oxidized by
sodium periodate treatment serving as a negative control (OX); WT refers to the
wild type non-oxidized sample. The non-Q-containing tRNAGlu was used as a load-
ing control.
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the neutral loss of the C-N bond yielding a m/z of 295 and the
glycosidic bond breakage yields the ion 163, confirming the
presence of queuosine in total tRNA from T. brucei (Fig. 2C-E).
A similar peak was absent in RNA isolated from the TbTGT
RNAi cells indicating that this enzyme is essential for Q forma-
tion in T. brucei (Fig. 2C).

TbTGT localizes to the nucleus

Given our previous report that tRNA splicing occurs in the
cytoplasm22 and that intron-containing tRNA, prior to splicing,
is devoid of modifications,24 we determined the intracellular
localization of TbTGT. This was done with the goal of estab-
lishing the order of events that lead to tRNATyr maturation. In
eukaryotes, some TGTs localize to the cytoplasm while others
are found in the outer mitochondrial membrane.26 TbTGT was
tagged with a V5 epitope, expressed in T. brucei and analyzed
by immunofluorescence with anti-V5 antibodies.37 These cells
were also stained with MitoTracker Red and DAPI, to mark the
position of the mitochondrial and nuclear compartments. We
found that TbTGT was strictly found in the nucleus (Fig. 3) as
judged by its co-localization with the nuclear DAPI signal.
Importantly, no significant levels of TbTGT were observed in

either the cytoplasm or the mitochondrial membrane leading
to the conclusion that TbTGT is a nuclear enzyme (Fig. 3).

Intron-containing tRNATyr does not contain queuosine

The intracellular distribution of TbTGT and the tRNA splicing
machinery to two separate compartments then raises the possi-
bility of a dynamic intracellular distribution of tRNATyr in the
process of maturation. Either Q formation takes places in the
nucleus prior to cytoplasmic export or it occurs after cyto-
plasmic splicing. The former implies that intron-containing
tRNA is a substrate for Q formation, contrary to the known
specificity of TGT for an unpaired G34; the latter suggests that
once splicing takes place in the cytoplasm, the tRNA undergoes
retrograde transport to the nucleus to be modified.

To test these possibilities, we exploited the earlier observa-
tion that RNAi of TbTrl1 leads to accumulation of intron-con-
taining tRNA in T. brucei. Total RNA from the TbTrl1 RNAi-
induced cells was separated by APB-gel electrophoresis and
analyzed by Northern hybridization with a probe specific for
the 30 exon of tRNATyr and compared to RNA collected from
an RNAi uninduced control. This probe does not discriminate

Figure 2. TbTGT is necessary for queuosine formation. A. A growth curve of T. brucei cells where TbTGT expression has been knockdown by RNAi (TETC) compared to
wild-type cells or an uninduced control (TET-). The inset shows the reduction in TbTGT levels as determined by reverse transcription PCR (RT-PCR), where RT- refers to a
control for DNA contamination where reverse transcriptase was left out of the reaction and RTC refers to reaction to which reverse transcriptase was added prior to PCR.
“Genomic” refers to a DNA positive control for PCR. B. APB-gel Northern hybridization showing the effect of RNAi knockdown of TbTGT on the queuosine content of
tRNATyr. Oxidixed RNA was used as a negative control (OX). C. Extracted ion chromatogram for Q 410 m/z comparing samples from TbTGT RNAi induced (TETC) and unin-
duced (TET-) conditions to total wild type RNA (WT). A peak corresponding to m/z of 410 is not detectable in the RNAi-induced sample. D. Collision induced dissociation
of the ion in C (410 m/z) reveals a characteristic fragmentation pattern of Queuosine. E. The neutral loss of C-N bond gives an m/z of 295; glycosidic bond breakage then
yields the ion 163.
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between intron-containing and spliced tRNATyr, but can differ-
entiate between the two based on their size; as such it can detect
both species simultaneously. These experiments revealed the
presence of two bands in the uninduced sample; a slow migrat-
ing band corresponding to Q34-containing spliced tRNATyr and
a faster migrating band corresponding to G34-containing
spliced tRNATyr (Fig. 4A). In the TbTrl1 RNAi-induced sam-
ple, a faint band corresponding to spliced Q-containing tRNA
is present but in addition a strong band corresponding to
intron-containing tRNA is also observed (Fig. 4A). Impor-
tantly, the migration of the intron-containing tRNA band does
not shift to a position indicative of the presence of Q when
compared to the oxidized control when the same membrane is
probed with an intron-specific probe (Fig. 4B). This observa-
tion supports the view that intron-containing tRNA is not a
substrate for TGT and Q formation occurs following splicing.
This conclusion is also in line with our previous observation
that native intron-containing tRNATyr was devoid of detectable
modifications.24

To rule out the possibility that the lack of Q in intron-con-
taining tRNATyr is due to some general or secondary effect
from the TbTrl1 RNAi knockdown, we tested the levels of Q in
the non-intron containing tRNAs that are also targets of TGT.
Interestingly, the Q content of these tRNAs appeared to
increase after down regulation of TbTrl1 following RNAi

(Fig. 4C), while the levels of the non-Q containing tRNAGlu

remained unaffected (Fig. 4D). Although we do not fully under-
stand these results, the observed Q increase in other TbTGT
tRNA substrates after TbTrl1 knockdown may be due to one
less tRNA competing for TbTGT or alternatively it may be due
to the fact that Q is in limiting concentrations in the cells and
the absence of one substrate inherently leads to increased Q
availability for others. However, at the moment we cannot dis-
criminate between either possibility. Taken together, these
observations support the view that intron-containing tRNATyr

is not a substrate for TbTGT and the lack of Q is not due to a
more general defect in Q formation related to the down regula-
tion of an important protein.

Retrograde nuclear import is necessary
for queuosine formation in tRNATyr

We then explored the second possibility that because tRNA
splicing occurs in the cytoplasm and TbTGT is nuclear, then
tRNATyr may require retrograde transport to the nucleus to get
modified. We purified total RNA from wild type T. brucei sub-
cellular fractions as previously described.22 The resulting RNA
was again analyzed by APB-gel electrophoresis followed by
Northern hybridization using the same 30 exon-specific probe,
as before. Surprisingly, we found significant amounts of mature

Figure 3. TbTGT is a nuclear enzyme. Immunofluorescence localization performed with cells expressing a V5-epitope tagged TbTGT. Anti-V5 antibodies were used to
detect TbTGT. Mitotracker was used to stain the mitochondria (red) while DAPI stained the nuclear (N) and mitochondrial DNA (K) (blue). DIC refers to a phase-contrast
image. The figure is representative of at least five different experiments.

Figure 4. Intron-containing tRNA lacks Queuosine. A. APB-gel/Northern hybridization was performed on total RNA collected from TbTrl1 RNAi inlduced (C) and unin-
duced (-) cells. The arrows indicate spliced tRNA and intron-containing tRNA generated by the RNAi knockdown of TbTrl1. Shifted Q-containing (CQ) bands and non-Q-
containing-bands (-Q) are as indicated. Samples were treated with sodium periodate to serve as a negative Q control (OX). The experiment was performed with a probe
specific for the 30 exon of tRNATyr. B. The same membrane as in (A) was probed with an intron-specific probe to assess whether intron-containing tRNA contained Q. The
higher band located above the intron-containing tRNATyr band is not likely related to Q, as it is also found in the oxidized control lanes. C. Detection of Q in other potential
Q-containing tRNAs (tRNAAsp,-Asn and-His) using the samples as in (A). As before, the Q-containing band (CQ) appears as a shifted band as indicated. D. The membrane was
further hybridized with a probe specific for tRNAGlu serving as a loading and non-Q containing tRNA control.
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tRNATyr in the nuclear fraction (Fig. 5A). Given the reported
cytoplasmic localization of splicing, this observation is consis-
tent with export of the intron-containing tRNA to the cyto-
plasm after transcription, followed by cytoplasmic splicing and
the subsequent re-import of the spliced tRNA to the nucleus to
get modified. Thus, we also analyzed the different fractions for
the presence of Q. We found that both non-Q and Q-contain-
ing tRNA were present in the nuclear fraction (Fig. 5A). Similar
results were obtained when the same membrane was probed for
tRNAGlu, which is not a TGT substrate, indicating that differen-
ces in tRNA levels cannot be ascribed to a general instability of
tRNAs during fractionation (Fig. 5B). To ensure the purity of
the fractions and rule out the possibility of compartment cross-
contamination, the fractions were also probed for compart-
ment-specific markers. Northern hybridization with a probe
specific for SnoRNA, a nucleolar marker, revealed negligible
levels of this RNA in the cytoplasmic fraction with the majority
found in the nuclear fraction (Fig. 5C). Similarly, Western blot
experiments with protein samples from the same fractionation,
using antibodies for the compartment-specific protein markers:
anti-Nog1 (nuclear/nucleolar marker) and enolase (cytoplasmic
marker), confirmed the purity of the fractions and ruled out the
possibility that the observed presence of spliced Q-containing
tRNATyr in the nuclear fractions was due to fraction cross-con-
tamination during cell breakage and purification (Fig. 5D).

We also examined the role Q might play in nuclear retro-
grade transport. Specifically, we determined if lack of Q was a
signal for nuclear import of spliced tRNATyr to obtain Q. We
purified RNA from subcellular fractions of the TbTGT RNAi
knockdown; if lack of Q were a signal for retrograde transport,
we would expect spliced tRNATyr to accumulate in the nucleus
with reduced levels in the cytoplasm. Northern hybridization
analysis probing for tRNATyr exon revealed no major differen-
ces in the band intensities between TbTGT RNAi induced and
uninduced cells (Fig. 6A) suggesting that lack of Q was not a
signal to send tRNA to the nucleus. If Q was not directly

affecting retrograde transport, it may indirectly contribute to it
by altering the aminoacylation state of the tRNA. To test this,
we purified total RNA from wild type, TbTGT RNAi induced,
and uninduced cells under acidic conditions and performed
acid-gel electrophoresis followed by Northern hybridization to
determine if the lack of Q alters the aminoacylation state of the
tRNA. By this method, tRNA that retain their amino acid
appear as a shifted band compared to deacylated tRNA allow-
ing for visualization of aminoacylation levels. The acid gel
Northern hybridization probed for tRNATyr did not reveal
major differences in aminoacylation among these samples
(Fig. 6B). These results, taken together, suggest that the absence
of Q is not a signal for retrograde import itself, nor is Q a
requirement for aminoacylation.

Discussion

One of the defining features of eukaryotic cells is their extensive
intracellular compartmentalization, whereby membrane bound-
aries provide a higher order of organization, but make it a
requisite to also have specialized transport systems. The latter
ensure the purposeful movement of all sorts of molecules across
selectively permeable membranes, driven by the need to provide
a given function in a specific compartment. Intracellular
transport dynamics may also dictate where and when many
macromolecules become fully mature.38 In the case of tRNA,
maturation involves the addition of, sometimes, numerous post-
transcriptional modifications. These may take place at any step
of the maturation pathway: In the nucleus during or immediately
following transcription, in the cytoplasm following nuclear
export, or even in the genome-containing organelles (plastids or
mitochondria). Although for many years tRNA modification was
thought to temporally occur in a linear fashion pinpointed by
transcription and subsequent nuclear export to the cytoplasm,
the discovery that tRNAs could be retrogradely transported back
to the nucleus raised the possibility that addition of

Figure 5. The nucleus contains significant amounts of spliced tRNATyr. A. Total RNA from unfractionated “T,” nuclear “N,” and cytoplasmic “C” subcellular fractions ana-
lyzed by APB-gel followed by Northern hybridization. Arrows indicate the spliced Q-containing (CQ) and non-Q-containing (-Q) tRNA bands. A portion of the RNA was
treated with sodium periodate and used as a negative control for Q (OX). TbTGT RNAiC refers to total RNA collected from TbTGT RNAi induced cells as shown. B. The
same membrane was probed for tRNAGlu, a non-Q-containing tRNA, which is used as a loading control. C. The membrane was probed for SnoRNA (nuclear/nucleolus
marker) to assess fraction purity. D. Western blot with antibodies against enolase (cytoplasmic marker) and Nog1 (nuclear/nucleolar marker) and the same subcellular frac-
tions as above used as an additional control for fraction purity.
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modifications could be more dynamic. For example, in S. cerevi-
siae methylation at position 37 of tRNAPhe to form 1-methylgua-
nosine (m1G) occurs in the nucleus, the place where the Trm5
enzyme resides. However, since Trm5 cannot act on an intron-
containing tRNA and splicing is cytoplasmic, once the intron is
removed the tRNA travels back to the nucleus to be modified.16

Our findings on Q formation in T. brucei are in line with
published work showing that TGT is not able to modify an
intron-containing tRNA.27 Confocal localization studies

conducted in monkey kidney cells (Cos7) showed that endoge-
nous TGT is associated with the outer mitochondrial mem-
brane.26 These studies were supported by the observed
efficiency in the rates of Q incorporation when tRNAs were
microinjected into the cytoplasm of Xenopus laevis.29,39 We
now show that in T. brucei a nucleus-localized TGT paralog is
involved in Q formation in the nucleus and at least in the case
of tRNATyr, Q formation requires the tRNA to travel from and
to the nucleus to get spliced and modified. Interestingly, three

Figure 6. Neither lack of queuosine nor aminoacylation are signals for retrograde transport. A. Nuclear (N) and cytoplasmic (C) subcellular fractions of total RNA isolated
from TbTGT RNAi induced cells (RNAiC) were compared to similar samples isolated from wild type cells and analyzed by Northern hybridization with probes specific for
either the tRNATyr 30 exon, SnoRNA or tRNAGlu as indicated. B. The aminoacylation levels of tRNATyr after TbTGT RNAi (RNAiC), an uninduced control (RNAi-) or wild-type
cells were determined by acid-gel electrophoresis and Northern hybridization using a 30exon-specific tRNATyr probe. A portion of RNA was deacylated by in a basic pH
buffer and served as a negative control. Shifted bands correspond to the aminoacylated tRNA.

Figure 7. Nuclear retrograde transport is necessary for queuosine formation in tRNATyr. The figure shows a model for the maturation of tRNATyr in T. brucei. The tRNA is
transcribed in the nucleus containing an 11-nucleotide long intron. In the nucleus, two or three nucleotides within the intron undergo non-canonical editing before
export to the cytoplasm; editing is required for intron cleavage. Once in the cytoplasm, the edited intron-containing tRNATyr is spliced and then re-imported back into the
nucleus where the nucleus-localized TGT replaces G34 for Q34. Finally, Q-containing tRNA

Tyr is re-exported to the cytoplasm.
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additional tRNAs are also TGT substrates but do not contain
an intron; these may not require retrograde nuclear transport
to be modified. It is then feasible that the differential localiza-
tion of TGT and the splicing machinery, coupled to the neces-
sity to form Q in tRNATyr, has partly provided the selective
pressure to maintain a retrograde transport mechanism in this
organism. The pathway described here is analogous to that
seen in yeast for the biosynthesis of wybutosine providing
another example of a modification requiring retrograde
transport.16

Retrograde transport is thought to play a particularly impor-
tant function during times of nutritional stress. In S. cerevisiae,
a decrease in the levels of amino acids, inorganic phosphate,
and/or glucose causes tRNA accumulation in the nucleus.12,13,18

Because retrograde transport is constitutive, such nuclear accu-
mulation has been attributed to a reduction in the rate of re-
export when nutrients are low.15 Presumably, by withholding
tRNAs in the nucleus, cells can avoid tRNA degradation and
re-synthesis.40 Upon removal of stress, however, these tRNAs
are rapidly released back to the cytoplasm without the need for
re-synthesis.12,13,17,18 Our findings presented here only show
the connection between retrograde transport and formation of
queuosine in one tRNA. We cannot rule out the possibility that
in T. brucei retrograde transport also serves other purposes, for
example to better deal with nutritional imbalances. These
organisms have two different well-marked developmental
stages: one in the insect vector, the other in the mammal host.
Each stage demands specific metabolic adaptations from the
parasites.41 For instance, in the insect T. brucei respires and pri-
mary gets all its ATP by oxidative phosphorylation, while in the
host, glycolysis and substrate-level phosphorylation take over
and mitochondrial functions are down regulated.42,43 It is pro-
vocative to think that retrograde transport of tRNAs may play
a role in such environmental adaptations.

Materials and methods

Cell culture and growth media

Wild type, procyclic T. brucei 29-13 cells were grown in SDM-79
supplementedwith 10% fetal bovine-serum. Cell growthwasmoni-
tored by counting with a hemocytometer every 24 hours. RNAi
constructs were generated by cloning of 851bp region of the of the
coding sequence of TbTGT into the plasmid vector p2T7-177 using
the oligonucleotides: TbTGT-F: CCCAAGCTTTACCGTACC-
TAACACCCGAAC and TbTGT-R: CGCGGATCCCAAAATA-
CAACTGTTCATCTCCTGG. Cloning sites HindIII and BamHI
are underlined in the sequence. RNAi was induced by the addition
of 1 mg/ml of tetracycline to the media, generating dsRNA from
head-to-head orientated T7 promoters.34,44 The Trl1 RNAi cell line
was generated as previously described.22

Nuclei fractionation

Cells were collected after reaching mid to late log (6 £ 106 to
1 £ 107 cells/mL), pelleted by centrifugation and washed twice
in phosphate buffer saline (PBS). Pellets were resuspended in a
solution containing 1mM PIPES pH 7.4, 1 mM CaCl2, 500 mM
Hexylene glycol, 125 mM sucrose. The suspension was passed

through a Standsted homogenizer machine at 20 PSI. The
resulting lysate was pelleted by centrifugation at 2000 xg for
20 minutes and suspended in 5 mL of supernatant. This was
layered on top of a 35% Percoll gradient containing 1mM
PIPES pH 7.4, 5 mM CaCl2, 500 mM Hexylene glycol and
700 mM sucrose, followed by centrifugation at 60,000 £ g for
35 minutes. The nuclei band (the bottom most band) was
obtained by side puncture. This was in turn washed in gradient
buffer and suspended in either TE for RNA analysis, or
SDS-loading buffer for protein analysis.

Northern hybridization and APB-gel analysis

Total RNA was isolated as previously described,45 separated
on a denaturing 8M urea 8% polyacrylamide gel, and electro-
blotted to Zeta-probe membranes. The membrane was then
UV cross-linked for 1 min followed by oven baking 80�C for
30min. For APB-gel analysis, samples were deacylated prior
to electrophoresis by incubation in 100mM Tris pH 9.0 for
30 min. Oxidation control RNA was deacylated and added to
a solution containing 50mM Tris pH 5.0 and 2 mM NaIO4

for 2 hours at 37�C in the dark. The oxidation reaction was
quenched with 2.5 mM glucose before use. 50 mg of 3-ami-
nophenylboronic acid (Sigma) was added to 10 mL of 8M-
urea polyacrylamide mix before gel pouring. Electrophoresis
on APB Gels was carried out for approximately 5 hours at
75 V at 4�C. Northern hybridization was performed accord-
ing to the manufacturer (Bio-Rad) using with 32P-labeled
oligonucleotides. Following hybridization, membranes
were exposed overnight on a phosphoimager screen. Blots
were analyzed using a Typhoon FLA 9000 scanner and the
ImageQuant TL software (GE Healthcare). Probes used for
Northern hybridization were as follows: tRNATyr-30 exon
GTGGTCCTTCCGGCCGGAATCGAA; tRNAHis GGG
AAGACCGGGAATCGAAC; tRNAAsp CGGGTCACCCGC
GTGACAGG; tRNAAsn AACCAACGACCTGTAGGTTAA
CAGC; tRNAGlu TTCCGGTACCGGGAATCGAAC;

SnoRNA CAACGTCCATCTGCGACGGCTTTA.

Western blot analysis

Protein fractions were separated on a 10% SDS-polyacrylamide
gel. Polyclonal rabbit antibodies to Enolase and Nog1 were
diluted 1:5,000 and 1:10,000 respectively. Secondary anti-rabbit
IgG antibodies were used at a dilution of 1:5,000 (GE Health-
care) and visualized with ECL (Pierce).

Immunofluorescence

TbTGT was cloned into pT7-V5c vector using the oligos F:
GCTAAGCTTATGCACGGAGTGTATCCTATT and R:
GCTGGATCCCAACTGTGCAGCACCCA. Expressing cells
were stained with 500 nM MitoTracker Red dye (Life Technol-
ogies) for 30 min with shaking at 27�C. Cells were then har-
vested at 2-5 £ 106 cells/mL and washed twice in PBS. This
was followed by permeabilization by addition of 0.1% Triton
X-100 and three more PBS washes. Blocking by 5.5% FBS and
0.05% Tween 20 in PBS was done for 1 hr in a humid chamber.
A 1:4000 dilution was used for primary mouse anti-V5
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antibody and for secondary goat anti-mouse antibody Alexa-
Fluor488. Cells were then air dried briefly and mounted with
Vectashield containing DAPI. Images were taken with a Nikon
Ti microscope and analyzed via ImageJ (NIH) and Nikon Ele-
ments AR.

Acid gel for monitoring tRNA aminoacylation

Cells were harvested at mid-log phase (6 £ 106 cells/mL) and
pelleted. Pellets were washed twice with PBS before finally
being suspended in 0.3 mL of 0.1 M sodium acetate pH 4.5 con-
taining 0.1 M EDTA, followed by extraction twice with phenol
equilibrated in the same buffer. RNA was then ethanol precipi-
tated and resuspended in 0.1 M sodium acetate pH 4.5, 8 M
urea loading dye. A portion of the RNA was further deacylated
prior to loading by incubation for 30 min at 37�C in 0.1 M
Tris-HCl pH 9.0, this sample served as a negative control for
aminoacylation. RNA samples were separated by electrophore-
sis for 48 hours at 50V on an 8 M urea, 12% polyacrylamide gel
containing 0.1 M sodium acetate.

LC-MS/MS analysis

One liter of cells at 1 £ 107 cells/mL was harvested and total
RNA isolated as described previously.37 Purified total tRNA
was degraded to nucleosides by digestion by digestion with
nuclease P1, followed by treatment with CIAP. The total nucle-
oside digest was analyzed in an ESI-LC/MS system Thermo-
LTQ XL ion-trap mass spectrometer, interphased with a
Hitachi D-7000 HPLC equipped with a diode array detector set
at 260 nm. Chromatographic separation was performed on
Hypersil Gold C18 (Thermo Fischer), 1.9 mm, 150 £ 2.1 mm
at 300 mL/min flow rate. The mobile phase used were as fol-
lows: (mobile phase A) 5.3 mM ammonium acetate (pH 5.3)
and (mobile phase B) 40% acetonitrile. The column eluent was
split post column, 1/3 to the electrospray ion source and 2/3 to
the DAD detector. Each replicate of the injection contained
10 mg of the digest, resuspended in 10 mL of mobile phase A.
Mass spectra was recorded in positive mode, capillary tempera-
ture of 275�C, spray voltage 3.7-4.0 kV, sheath gas, auxiliary
gas and sweep gas of 45, 25 and 10 arbitrary units respectively.
Data dependent MS/MS of the two most abundant ions were
recorded throughout the run.
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