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ABSTRACT

Transfer RNAs (tRNAs) are key players in protein syn-
thesis. To be fully active, tRNAs undergo extensive
post-transcriptional modifications, including queuo-
sine (Q), a hypermodified 7-deaza-guanosine present
in the anticodon of several tRNAs in bacteria and eu-
karya. Here, molecular and biochemical approaches
revealed that in the protozoan parasite Trypanosoma
brucei, Q-containing tRNAs have a preference for
the U-ending codons for asparagine, aspartate, ty-
rosine and histidine, analogous to what has been
described in other systems. However, since a lack of
tRNA genes in T. brucei mitochondria makes it essen-
tial to import a complete set from the cytoplasm, we
surprisingly found that Q-modified tRNAs are pref-
erentially imported over their unmodified counter-
parts. In turn, their absence from mitochondria has
a pronounced effect on organellar translation and af-
fects function. Although Q modification in T. brucei
is globally important for codon selection, it is more
so for mitochondrial protein synthesis. These results
provide a unique example of the combined regula-
tory effect of codon usage and wobble modifications
on protein synthesis; all driven by tRNA intracellular
transport dynamics.

INTRODUCTION

Transfer RNAs (tRNAs) bear the most extensive diver-
sity of post-transcriptional modifications among all nucleic
acids in cells (1). Several complex modifications exist in the
anticodon stem-loop region of tRNAs, which may act to
ensure accuracy and fidelity during translation (2). Queuo-

sine (Q), a hypermodified 7-deaza-guanosine, is one of the
most chemically intricate modifications described to date.
Q is found at the wobble position 34 of tRNAs that contain
a 5′-GUN-3′ anticodon sequence, where N represents any
of the canonical nucleotides, which includes tRNAHisGUG,
tRNAAspGUC, tRNAAsnGUU, tRNATyrGUA (3). Q is
found in both bacteria and eukarya, and catalyzed by tRNA
guanine transglycosylase (TGT) (4). In bacteria, Q is syn-
thesized de novo, wherein guanosine is modified by five se-
quential enzymatic reactions to form preQ1, which is then
incorporated into tRNAs by the bacterial TGT homodimer
(bTGT). PreQ1 is further modified to Q by two enzymatic
steps on the tRNA itself (4). A related 7-deaza-guanosine
derivative called archaeosine (G+) is present at position 15
on the D-loop of several tRNAs in archaea. Archaeal TGT
is a homolog of bacterial TGT and catalyzes the exchange of
guanine with preQ0, a precursor common to the biosynthe-
sis of both G+ and Q (5,6). Eukaryotes lack the enzymes re-
quired for de novo synthesis of queuosine and hence rely on
nutrient sources and additionally, in the case of mammals,
their gut microbiome. Queuine (q, free base of queuosine)
is recognized by eukaryotic TGT (eTGT), and exchanged
with guanine on the tRNA (7). In mice and humans, TGT
exists as a heterodimer of queuine tRNA ribosyltransferase
1 (QTRT1), and queuine tRNA ribosyltransferase domain
containing 1 (QTRTD1) (8).

Because of its position at the wobble base in the anti-
codon, Q may play a role in codon recognition. Morris
and co-workers proposed a model where the Q modification
may influence cellular growth and differentiation by codon-
biased regulation of protein synthesis (9). They carried out
an in silico analysis which showed that the NAU/NAC ra-
tio of usage of cognate codons of Q-containing tRNAs, is
much higher in housekeeping genes (>0.81) than in onco-
developmental gene transcripts (<0.35) (9), which could
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lead to differential protein synthesis in healthy v/s cancer
cells. In Xenopus oocytes, Q-containing tRNAs eliminate
the proposed codon preference by efficiently recognizing ei-
ther NAU or NAC codons, whereas the unmodified tRNAs
preferably recognize NAC (10). In drosophilid lineage, Q
mediates a shift in codon preference within a genome, dur-
ing various developmental stages (11,12). Recently, Tuorto
et al. showed that Q-containing tRNA levels control trans-
lational speed at their cognate and near-cognate codons in
humans (13). They also reported that the loss of Q resulted
in the induction of the unfolded protein response, in hu-
mans and mice (13). Thus, there is evidence supporting the
role of queuosine tRNA modification in regulating codon-
biased translation, although its impact appears to vary be-
tween organisms.

The role of tRNA modifications is particularly relevant
in medically and economically important trypanosomatid
parasites. Trypanosoma brucei is a unicellular dixenous par-
asite, belonging to the order Kinetoplastida. Its nuclear
genome is organized in a unique way, with several unre-
lated genes clustered together and transcribed as a poly-
cistronic unit (14,15). As a result, these parasites lack most
of the transcriptional control found in other organisms,
with the bulk of gene expression regulation occurring post-
transcriptionally. Additionally, they undergo extensive mor-
phological and metabolic remodeling, during their life cy-
cle, which includes switching from glycolysis in the mam-
malian host to oxidative phosphorylation inside the in-
sect vector, continually changing their surface glycoprotein
composition to evade the immune system, etc. (16). These
events demand rapid changes in translation of developmen-
tally regulated proteins. In such situations, changes in post-
transcriptional modifications of tRNAs may be essential for
the survival or virulence of the parasite, which in the case of
Q implies two different environments to supply queuine: the
gut of the insect and the bloodstream of mammals.

Complicating things further is the fact that the mitochon-
drial genome of T. brucei does not encode any tRNAs. Con-
sequently, they must import the whole set of tRNAs from
the cytoplasm to be utilized for organellar translation (17).
tRNA modifications present a possible way to regulate im-
port into the mitochondria or to adapt to the mitochon-
drial translation machinery, which due to its ancestry may
be more bacterial in nature. However, there need not be a
universal function of tRNA modifications in mitochondrial
import and these may likely be case specific, depending on
the type of tRNA, modification or the organism. For ex-
ample, cytosol-specific 2-thiolation of tRNAGlu is thought
to act as a negative determinant of import in Leishmania
tarentolae, representing the only known example of a mod-
ification affecting tRNA import (18). However, in T. bru-
cei, tRNAGlu is imported independent of thiolation (19).
Likewise, thiolation is not an import determinant in the
apicomplexan parasite Toxoplasma gondii (20). Thus, once
again, the extent to which a modification may impact tRNA
mitochondria-import also seems to differ between different
protozoans.

In the current study, we have explored the function of
queuosine tRNA modification in T. brucei. Using bioinfor-
matics and molecular biology approaches, we have identi-
fied two subunits of the TbTGT complex, and established

their function, localization and physical interaction. Fur-
ther, we aimed to study the mechanism by which this modifi-
cation differentially influences translation. We analyzed the
combined effects of differential codon usage, and Q-tRNA
levels, on cytosolic translation. Furthermore, as the mito-
chondrion is one of the organelles, which undergoes ma-
jor transformation during the life cycle of Trypanosoma, we
studied the role of Q in mitochondrial translation. As ex-
pected, queuosine functions in codon-biased translation in
the cytoplasm, but surprisingly Q-tRNAs are preferentially
imported into the mitochondria to play a role in translation
of U-rich mitochondrial mRNAs. The combined effects of
its role in transport and organellar protein synthesis is crit-
ical for mitochondrial function as shown here.

MATERIALS AND METHODS

Cell culture, generation of cell lines and q depletion experi-
ments

Wild type (WT), procyclic T. brucei 29–13 cells (21)
were grown in SDM-79 medium (22) supplemented with
10% fetal bovine serum. RNAi construct was gen-
erated by cloning region of the coding sequence of
TbTGT1 into the plasmid vector p2T7-177 using following
oligonucleotides: TbTGT1-F: CCCAAGCTTCTAAGA
CCAGGGGAAGATATACTTAAT; TbTGT1-R: CGCG
GATCCCGATAGGAGTGTAGCCCCAA. Cloning sites
for HindIII and BamHI are underlined in the sequence.
RNAi was induced by the addition of 1 �g/ml of tetracy-
cline to the media, generating dsRNA from head-to-head
orientated T7 promoters (21).

For tagging of the endogenous TbTGT proteins:
TbTGT1 was tagged at the c-terminus, with myc tag
using pMOTag 4M vector (with phleoR), as described
(23). TbTGT2 was tagged at the c-terminus, with V5
tag, using a modified pPOTv4 vector (with puroR) (24).
Primers used for PCR were as following: TGT1myc-F:
GAATACGTACAGAAGTTTTTTTTAGGATATTACC
CGGCACGGGATTACCCAAAGTGGATTGTTGAT
GCACTTGCTTCTGTCAGTGTTGAGCTCCCCCG
CCCGCTCGAGATGGAGCAGAAG, TGT1myc-R:
GAGAATACCAAAAGAACACTAAAAAAGACACC
GATTCGTGTTATTGAAACCTTATTCCTTATTCAG
CCCGATGCGTTACCTTTCCCCTAATATGGCGGCC
GCTCTAGAACTAGTGGAT; TGT2V5-F: TTCATAAT
TTAGCCTTCCTGGTGCAGCTAATAGGGCTTTA
CAGAAGGTCAACTGCGGAGGCTCGAGAAGTCT
GCTAACTTGGGTGCTGGCACAGTTGCCGCTCG
AGATGTACCCTTACG, TGT2V5-R: AGACAGAGCA
GGAGTTTCCATAGAAAGGAGAACGTGAAAGAA
AAAAAATTATGCGATCATCATTATCATATTCGTT
CATTAAGTTGAATGTTCTGGCGGCCGCTCTAG
AACTAGTGGAT.

Resultant linear PCR products containing the tag and a
resistance marker, flanked by the gene CDS and 3′UTR on
either side, were transfected into procyclic stage of T. brucei
by electroporation. Positive clones were selected by appro-
priate antibiotic and confirmed by genomic DNA PCR and
western blotting.

For queuine depletion experiments, procyclic form 29-
13 cells were washed with phosphate-buffered saline (PBS,
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137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8
mM KH2PO4, pH 7.4) and resuspended in fresh SDM79
medium supplemented with 10% dialyzed fetal bovine
serum (DFBS, 10,000 mw cut-off) to remove queuine. The
cells were either subsequently supplemented with 20 nM
synthetic queuine (+ q) or vehicle control dimethyl sulfoxide
(− q). For E. coli RNA add-back experiments, cells depleted
for queuine for 48 hrs were supplemented with total RNA
isolated from either WT or TGT−/− E. coli K12 strains.
(100 �g total RNA/ml of T. brucei culture)

Northern blot analysis

Total RNA was isolated as previously described (25). For
APB-affinity electrophoresis, samples were deacylated
by incubation in 100 mM Tris pH 9.0 for 30 min. For
oxidation control, RNA was deacylated and added to a
solution containing 50 mM Tris pH 5.0 and 2 mM NaIO4
for 2 h at 37◦C in the dark. The oxidation reaction was
quenched with 2.5 mM glucose before use. 25 mg of 3-
aminophenylboronic acid (APB) (Sigma) was added to 10
ml of 8M-urea 8% polyacrylamide mix before solidifying
(26). Electrophoresis of APB gels was carried out for
approximately 5 hrs at 75 V, at 4◦C and electroblotted to
Zeta-probe membranes. The membrane was then UV cross-
linked for 1 min. Northern hybridization was performed
according to the manufacturer (Bio-Rad) using � -ATP
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: GTGGTCCTTCCGGCCGGAATCGAA; tRN
AGlu: TTCCGGTACCGGGA
ATCGAAC; tRNAHis: CCA
CTCAACTATCTTCCC; tRNAAsp: CGGGTCACCCGC
GTGACAGG; tRNAAsn: CTCCTCCCGTTGGATTCG;
7SL: GCTGCTACTGGGAGCTTCTCATAC; 12S rRNA:
AGGAGAGTAGGACTTGCCCT; E. coli tRNAAsp: AA
CGGACGGGACTCGAACCCGCGAC; E. coli tRNAIle:
CCTGAGTGGACTTGAACCACCGACC.

Immunofluorescence

Procyclic T. brucei 29–13 cells co-expressing TbTGT1-myc
and TbTGT2-V5 were stained with 200 nM Mitotracker
red for 30 min, at 27◦C. 1 × 107 cells were centrifuged
and washed once with PBS. Pellet was resuspended in 4%
paraformaldehyde and the cells were fixed on Superfrost
Plus slides (Thermo Scientific) for 20 min. Cells were per-
meabilized in ice-cold methanol for 20 min and washed with
PBS. All subsequent steps were carried out in humid cham-
ber. Cells were blocked with 5% milk in PBS-Tween, and in-
cubated for 2 hrs, with polyclonal rabbit antibodies specific
to c-myc (Sigma) or V5 epitope tag (Sigma), diluted 1:200
in 5% milk in PBS-T. The cells were washed thrice with
PBS and incubated with goat anti-rabbit IgG secondary
antibodies labeled with Alexa488™. Finally, the slides were
washed thrice with PBS and counter stained with DAPI (In-
vitrogen) to stain DNA and visualized on Zeiss fluorescent
microscope.

Co-immunoprecipitations

For co-immunoprecipitation (co-IP) analysis, cleared lysate
was prepared by lysis of 2 × 108 cells in 1 ml of IPP150 (10
mM Tris–HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40)
with 1% Triton X-100 for 30 min, followed by centrifuga-
tion at 10 000 g at 4◦C. For each immunoprecipitation, 0.5
ml of cleared lysate (1 × 108cells) was incubated overnight
with 1 �l of rabbit antibody specific for either myc or V5 epi-
tope tags. 100 mg of Protein A Sepharose™ Cl-4B beads (GE
Healthcare) were swollen in 0.1 M PBS for 1 h and washed
twice with 1 ml of PBS with 0.1% BSA and once with 1 ml of
IPP150. Beads were then incubated for 4 h with rotation at
4◦C with cleared lysate/antibody. After incubation, the su-
pernatant was removed, and beads were washed four times
with 1 ml of IPP150. Complexes bound to beads were eluted
with 100 �l of 2× SDS sample buffer and heated for 5 min
at 95◦C. co-IPs were analyzed by SDS-PAGE and western
blotting. To rule out non-specific precipitations, IPs were
carried out in cell lines where only one of the subunits was
tagged. An IP with V5 antibody was carried out in TGT1-
myc cell line, lacking V5 tag for TGT2 and IP with myc tag
was carried out in TGT2-V5 cell line where TGT1 was un-
tagged.

qRT-PCR

cDNA was prepared from 1 �g of total RNA, as per man-
ufacturer’s instruction (QuantiTect™ Reverse Transcription
kit, Qiagen), using oligo dT primer. Quantitative reverse-
transcription (qRT-PCR) was carried out using Power
SYBR™ green master mix according to manufacturer’s in-
structions (Applied Biosystems™) with following primers:
TbTGT1-F: AACTTGGCGTACCTCATCAA, TbTGT1-
R: GGGAGCTCAACACTGACAGA.

Dual luciferase reporter construct design and assay

Renilla luciferase sequence was kept unaltered, while the
cognate codons of Q-tRNAs in the firefly luciferase were ei-
ther changed to all C-ending (NAC) or all U-ending (NAU)
codons. These two recoded constructs were synthesized by
Eurofins Genomics. All three constructs were then cloned
(separately) into pT7V5 plasmid (with puroR), linearized
with NotI and electroporated into procyclic 29–13 cells.
Positive clones were selected with puromycin, luciferase ex-
pression was confirmed by western blotting. The cells were
grown in presence or absence of queuine as described ear-
lier. The reporter assay was performed using Promega Dual
Luciferase kit, as per manufacturer’s protocol. Briefly, cells
induced O/N with tetracycline, were washed once with
PBS and resuspended in PLB buffer in 96 well transparent
flat bottom plates. The plate was incubated at room tem-
perature for 15 min with constant shaking. The substrate
for Firefly luciferase LARII was added and luminescence
(FLuc) was measured in Tecan Spark Luminometer. Sub-
sequently, the Stop & Glo reagent (containing quencher for
Firefly luminescence as well as substrate for Renilla) was
added and Renilla luminescence (RLuc) was measured. The
ratio of FLuc/RLuc was calculated and the values were fur-
ther normalized to the WT construct.
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Organellar fractionation

4 × 108 procyclic T. brucei 29–13 cells were harvested by
centrifugation, washed in PBS, resuspended in 500 �l SoTE
(0.6 M Sorbitol, 2 mM EDTA, 20 mM Tris–HCl pH 7.5)
and lysed with 500 �l SoTE containing 0.1% digitonin.
The cells were mixed thoroughly and incubated on ice for 5
min before centrifugation (4◦C, 8000 g, 5 min). The super-
natant was treated as the cytosolic fraction. The pellet was
resuspended in 500 �l SoTE supplemented with 2 �g/ml
RNaseA, 1�l DNase I (2 units, New England Biolabs), 3
mM MgCl2 and incubated on ice for 15 min. The resul-
tant pellet after centrifugation (4◦C, 8000 g, 5 min), was
treated as the organellar fraction. RNA was isolated from
these enriched fractions along with total RNA from whole
cells and resolved by APB-affinity PAGE and northern
blotting.

Mitochondrial codon usage analysis

Codon usage analysis for mitochondrial genes was per-
formed using codon usage calculator at the sequence ma-
nipulation site available online (27). Frequencies for each
codon were calculated as the number of NAC or NAU
codons divided by the total number of (NAC + NAU) in
a transcript. Codon frequencies per thousand were calcu-
lated by dividing the number of occurrences of each type of
codon by the total number of codons analyzed and normal-
ized to 1000. Data about nuclear codon usage was extracted
from Codon and Codon Pair Usage Tables (CoCoPUTs)
(28), HIVE codon usage tables (CUTs) database (29), for
NCBI:txid5702 (Trypanosoma brucei brucei).

In vitro mitochondrial import assay for tRNAs

Mitochondria were isolated from procyclic T. brucei 29–13
cells by hypotonic lysis following protocols previously de-
scribed (30). For import assays, 1 mg of purified mitochon-
dria were incubated with 50–100 000 cpm of radioactively
labeled tRNA, 0.25 M sucrose, 20 mM Tris–HCl (pH 8.0), 1
mM ATP, 2 mM DTT, 10 mM MgCl2 and 2 mM EDTA; for
10, 20, 30, 40 or 60 min, 27◦C. After each time point, 100
U of micrococcal nuclease and 5 mM CaCl2 were added,
and the reaction was incubated an additional 30 min to di-
gest the tRNAs that were not imported into the mitochon-
dria. Reactions were then stopped by the addition of 10 mM
EGTA (pH 8.0). To purify the protected tRNAs, the mito-
chondria were washed with 0.25 M sucrose/20 mM Tris–
HCl (pH 8.0), pelleted, suspended in 90 �l of 10 mM Tris–
HCl (pH 8.0), 1 mM EDTA, and phenol extracted, followed
by ethanol precipitation. The radioactively labeled tRNAs
were separated by electrophoresis through 7 M urea/ 6%
polyacrylamide gels. Gels were dried and exposed to a phos-
phoimager screen and analyzed using a Typhoon FLA 9000
scanner and the ImageQuant TL software (GE Health-
care). Whenever native substrates were used, they were hy-
bridized with an antisense biotinylated oligonucleotide spe-
cific for each species and purified by affinity chromatog-
raphy through streptavidin beads as described previously
(31). Native tRNAs were 5′-end-labeled with � -32P ATP. An
aliquot of RNA isolated from each time-point of the assay

was radiolabeled with � -32P ATP and resolved on 7 M urea/
6% polyacrylamide gels. The gels were dried and exposed
to the phosphoimager screen for autoradiography. A paral-
lel assay was performed using the same materials (technical
replicate) and the isolated RNA was used for northern blot-
ting. These northerns were probed with radiolabeled probe
against tRNAGlu.

In vivo mitochondrial translation assay and two-dimensional
gel electrophoresis

In vivo translation and 2D gel electrophoresis was carried
out as described previously (32). Briefly, 1 × 107 cells were
harvested, washed twice with sterile SoTE (0.6 M sorbitol,
20 mM Tris–HCl, pH 7.5, 2 mM EDTA). Pelleted cells were
resuspended in 90 �l SoTE, with 1 �l of 100 mM DTT
and the cytosolic translation was inhibited with 1 �l of 100
mg/ml cycloheximide for 10 min at 27◦C. 10 �l of EasyTag™
EXPRE35S protein labeling mix was added to the cells and
incubated for 1 hr, at 27◦C. Cells were recovered by a 5 min
centrifugation at 2000 g. The pellet was resuspended in 200
�l of SoTE and stored at –80◦C until further use. Before
loading on the electrophoretic gel, 50 �l of the labeled cell
lysate was centrifuged and the pellet was resuspended in 100
�l of loading buffer containing 250 mM Tris–HCl, pH 6.8,
2% SDS, 2% �-mercaptoethanol, 30% glycerol and 0.01%
bromophenol blue, and incubated at 37 ◦C for 30 min. Sam-
ples were cleared by centrifugation at 14,000 g for 15 min
and separated on 1 mm-thick 9.5% Tris-Glycine SDS gel
(stacking gel: ∼3 cm; resolving gel: ∼15 cm) at a constant
current not exceeding 20 mA. The gel slice (∼5 mm wide)
was incubated for 30 min at 37◦C in 125 mM Tris–HCl, pH
6.8, 1% �-mercaptoethanol, 1% SDS and transferred onto
1.5 mm-thick 14% gel (same dimensions as 9.5% gel), cast
with a single broad-well comb. The second dimension gel
was run overnight, at a constant current of 6 mA. Gels were
fixed for 40 min in 10% Acetic Acid, 50% MeOH, stained
in Coomassie blue R250, de-stained in 10% acetic acid, 10%
methanol, and scanned. For autoradiography, gels were fur-
ther washed three times in water for 20 min, incubated in
1M salicylate for 60 min, dried and exposed to a phospho-
imager screen and analyzed using a Typhoon FLA 9000
scanner and the ImageQuant TL software (GE Healthcare)
(32).

Cytochrome c oxidase activity assay

Mitochondrial vesicles were isolated from 2.5 × 108 cells by
hypotonic lysis as described previously (33) and stored at
-80◦C. For preparation of mitochondrial lysate, the pellets
were resuspended in 40 �l 1M aminocaproic acid (ACA)
and lysed with 10 �l 10% dodecyl maltoside. The samples
were incubated on ice for 1 h and centrifuged at 15 000
g for 30 min. The supernatant was used as mitochondrial
lysate. Protein concentrations were determined by BCA kit,
according to manufacturer’s instructions (Pierce, Thermo
Fischer).

Cytochrome c oxidase (complex IV) activity was mea-
sured as described previously (33). Briefly, in a 1 ml cu-
vette containing COX buffer (40 mM sodium phosphate
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buffer, pH 7.4; 0.5 mM EDTA; 20 �M horse heart cy-
tochrome c; 30 �M sodium ascorbate; 0.005% dodecyl
maltoside) 20 �l of mitochondrial lysate was added. An-
timycin A (Sigma) at final concentration 300 ng/ml was
used to inhibit the interfering reductase activity selectively.
The change in absorbance at 550 nm was measured every 20
s for 10 min. A unit of activity was defined as the amount
of enzyme that catalyzes the oxidation of 1 mmol of cy-
tochrome c per minute, assuming an extinction coefficient
of 21.1 mM–1 cm–1 (33).

Digestion of LC–MS/MS analysis

Total RNA from procyclic T. brucei 29–13 cells was iso-
lated as described previously (25). Digestionof RNA was
performed as previously described (34). Separation was ac-
complished by reverse-phaseliquid chromatography using
an Acquity UPLC HSS T3, 1.8 �m, 1 mm X 100 mm col-
umn, (Waters, Milford, MA) on a Ultimate 3000 UHPLC
system (Thermo Fisher Scientific, San Jose, CA). Mobile
phase A consisted of 5.3 mM ammonium acetate in LC-MS
grade water, pH 5.3. Mobile phase B consisted of a 60:40
mixture of 5.3 mM ammonium acetate and acetonitrile with
a gradient of 0% B (from 0 to 1.8 min), 2% B at 3 to 3.5 min,
3% B at 4.1 min, 5% B at 7 min, 25% B at 9 min, 35% B at 15
min, 99% B at 15.5 min (hold for 4.5 min), 99% B at 20 min
then returning to 0% B at 25.5 min at a flow rate of 100 �L
min-1. The column temperature was set at 30 ◦C. Data was
acquired on an AB Sciex TripleTOF 5600+ mass spectrom-
eter having a DuoSpray Ion Source utilizing Analyst 1.7.
The method consisted of two experiments, a Positive TOF
MS scan (accumulation time 250 ms) followed by a Positive
Product Ion scan set at 410.00 Da: unit resolution (accu-
mulation time 100 ms). Intensity threshold was set to 1 cps.
Source settings were GS1, GS2 and CUR gases at 20, 10,
and 10, respectively. Source temperature was set at 350.00
with an Ion spray voltage (Floating) of 5000.00. Mass range
for Positive TOF MS scan 200 to 900 Da and 100 to 600
for the Positive Product Scan. Data was processed using AB
Sciex Peak View 2.2.

RESULTS

T. brucei genome encodes two paralogs of TGT

Previously, we have reported the presence of queuosine
modification in all four tRNAs (Tyr, His, Asp, Asn) with
GUN anticodons in T. brucei (25). To identify tRNA gua-
nine transglycosylase (TGT) paralogs in T. brucei, we per-
formed a database search using human TGT proteins (35)
(QTRT1 and QTRTD1) as a BLAST query for the kine-
toplastid genome database (TriTrypDB (36)). We identi-
fied two putative paralogs TbTGT1 (Tb927.6.3130) and
TbTGT2 (Tb927.5.3520) with a calculated molecular mass
of 44.74 and 33.17 kDa, respectively. TbTGT1 is homolo-
gous to human QTRT1 subunit (54% similarity, E value:
1e–126, NCBI Blast) and contains all the conserved cat-
alytic Asp residues required for the transglycosylase activity
(37,38) (Supplementary Figure S1). Meanwhile, TbTGT2
is more divergent (29% similarity with QTRTD1, E value:
4e–17, NCBI Blast) with no active Asp residues. The three
cysteine and one histidine residues (CCCH) responsible for

Zn2+ binding, are present in both (Supplementary Figure
S1), suggesting a similar subunit composition to the hu-
man TGT (8). We have already described one of the TbTGT
proteins (Tb927.5.3520), referred to, hereafter as TbTGT2
and showed that while the down-regulation of TbTGT2
does not affect cell viability, it is necessary for the forma-
tion of Q-modified tRNAs (25). To evaluate the physiolog-
ical role of TbTGT1, we downregulated its expression by
RNAi, in the procyclic (insect) stage of the parasite. Briefly,
a portion of the open reading frame of TbTGT1 was cloned
into tetracycline-inducible p2T7-177 RNAi vector, the con-
struct was linearized, used to transform T. brucei cells and
establish clonal cell lines as described in the methods sec-
tion. TbTGT1 RNAi cell lines were grown in the presence
(RNAi induced, +TET) or absence of (RNAi uninduced,
–TET) tetracycline. Down-regulation of the mRNA levels
was confirmed by qRT-PCR (Figure 1A, inset). The knock-
down of TbTGT1 resulted in a slight growth defect (Figure
1A). Next, we investigated the involvement of TbTGT1, in
Q modification of tRNAs. Total RNA from TbTGT1 RNAi
cells was analyzed using aminoacryloylphenyl boronic acid
(APB)-affinity electrophoresis, followed by northern blot-
ting (26). RNA isolated following three days of RNAi in-
duction showed 87% reduction in the intensity of the slower
migrating band corresponding to Q modified tRNATyr (Fig-
ure 1C). The knock-down of TbTGT1 had no effect on the
levels of tRNAGlu, which is not a substrate for TGT. The
decrease mentioned above in queuosine modification lev-
els was also verified by mass spectrometry of total RNA
isolated from RNAi induced cells and compared to RNA
isolated from either wild-type or uninduced cells (Figure
1B). Combined with our previous analysis of TbTGT2 (25),
these results suggest that both TbTGT1 and TbTGT2 are
necessary for queuosine modification in tRNAs in T. brucei
(Figure 1D).

TbTGT1 and TbTGT2 localize to the nucleus and form a het-
eromeric complex

We previously reported that Q formation is a nuclear event
(25). To further corroborate this, we determined the local-
ization of both TGT proteins using endogenously tagged
TbTGT1-myc and TbTGT2-V5. In addition, Mitotracker
red was used to stain the mitochondria while DAPI was
used to mark the DNA. The cells were visualized by fluores-
cence microscopy. Both TbTGT1 and TbTGT2 localized to
the nucleus in T. brucei (Figure 2A and B); contrary to the
report in humans and mice, where these proteins localize
to the outer surface of the mitochondria (35). We did not
observe any significant localization to the mitochondria or
the cytosol. In a previous study, we demonstrated the exis-
tence of a retrograde nuclear import pathway in T. brucei
(25). The localization of the endogenously tagged TbTGTs,
further supports the finding that the cytosolically spliced
tRNATyr is imported back to the nucleus in order to obtain
the queuosine modification. Unlike its bacterial counter-
part where a single TGT enzyme forms a functional homod-
imer, eukaryotic TGTs may exist as a heterodimer. So far,
this has been experimentally supported in metazoans: rabbit
erythrocytes (39); bovine liver (40); mice (35) and humans
(8). In order to investigate the interactions between the
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Figure 1. TbTGT1 is necessary for Q formation in the tRNAs. (A) Growth curve of T. brucei procyclic form (PF) cells where TbTGT1 expression has been
silenced by RNAi (+TET) compared to WT cells or an uninduced control (−TET). The data represents mean ± SD from three independent experiments.
RNAi knock-downs were confirmed by qRT PCR (inset) and presented as % relative TGT1 mRNA expression, normalized to WT; (B) Extracted ion
chromatogram for Q 410 m/z comparing samples from WT, TbTGT1 RNAi induced (+TET) and uninduced (−TET). Peak corresponding to m/z of
410 is 7 times reduced in +TET sample than –TET control. (C) APB gel - Northern hybridization showing the effect of RNAi knock-down of TbTGT1
in T. brucei on the levels of queuosine of tRNATyr (Numbers under the blot indicate %Q levels, calculated by dividing the intensity of the Q band by
the sum of the Q and G bands, and multiplied by 100). tRNAGlu was used as a loading control; Oxidized RNA was used as a negative control (OX).
3-Aminophenylboronic acid (APB) has affinity for the cis-diol groups present in queuosine. As a result, Q-tRNAs migrate slower on the gel, leading to
separation of modified (Q) and unmodified (G) tRNAs. In oxidized control (OX), the tRNAs are treated with periodate, to oxidize all cis-diol groups
(queuosine as well as terminal 3′ ribose). (D) Schematic representation of enzymatic substitution of guanine (g) with queuine (q) by TbTGT heteromer.

two TGT proteins of T. brucei, a cell line co-expressing en-
dogenously tagged TbTGT1 and TbTGT2 was used for co-
immunoprecipitation (co-IP) analysis. Briefly, the cleared
lysate was incubated with antibodies specific for either of
the epitope tags, bound to protein A sepharose beads and
eluted in SDS buffer. When TbTGT1 was used as bait for
IP, TbTGT2 was detected in the eluate (Figure 2C). A re-
verse IP was performed using TbTGT2 as bait, to confirm
this result, and as expected, TbTGT1 was detected in the
eluate (Figure 2D). To rule out non-specific interactions,
we performed IPs in cell lines where only one of the sub-

units was tagged. An IP with V5 antibody was performed in
TGT1-myc tagged cell line, where it failed to pull down the
myc-tagged subunit, and vice-versa (Supplementary Figure
S2). These findings confirm specific interactions between
two TGT subunits of T. brucei, in vivo.

T. brucei obtain queuine from their environment

As eukaryotes cannot synthesize queuine, the free base of
queuosine, they either rely on their diet/environment to ob-
tain free queuine (7). For T. brucei grown in culture, fetal

Figure 2. TbTGT1 and TbTGT2 form a complex and localize to the nucleus. Immunofluorescence assay performed with cells expressing endogenously
epitope-tagged (A) TbTGT1 (myc) and (B) TbTGT2 (V5) (in green in both cases). Mitotracker was used to stain the mitochondria (red) while DAPI stained
the nuclear (white arrow, N) and kinetoplast (mitochondrial) (white arrow, K) DNA (blue). DIC refers to a phase-contrast image. (C) Immunoprecipitation
of TbTGT1-myc with anti-myc tag antibody. The lysates were analyzed by western blots against anti-myc and anti-V5 antibodies. (D) Immunoprecipitation
of TbTGT2-V5 with anti-V5 tag antibody. (I: input, FT: flow-through, W: wash, E: eluate) The lysates were analyzed by western blots against anti-myc
and anti-V5 antibodies; results are representative of three independent experiments.
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bovine serum (FBS) is the only source of queuine. Thus,
when these cells are grown using dialyzed FBS (dialyzed
for small molecules including queuine), their tRNAs lack
the queuosine modification. We carried out time course
experiments to determine the dynamics of disappearance
of Q from tRNAs and noticed a reduction of Q levels in
tRNATyr, beginning from 18–24 hrs of growth in q-deficient
medium (Figure 3A). This experiment confirmed that T.
brucei is not able to synthesize queuine. Further, we checked
the ability of T. brucei cells to incorporate queuosine into
tRNA using two different sources of queuine. First, we pro-
vided it in the form of total RNA isolated from bacteria or
their degradation products and observed that the cells were
able to use it to modify their own tRNAs, indicating that T.
brucei is able to salvage queuine from bacterial RNA. As a
control, we used a TGT deletion mutant (TGT −/−) E. coli,
which does not contain the queuosine modification (Figure
3B, Supplementary Figure S3), which expectedly failed to
complement Q formation in T. brucei tRNA. Secondly, we
obtained similar results using synthetic queuine, where sig-
nificant levels of queuosine modification were seen as early
as 6 hrs after queuine addition (Figure 3C). Densitometric
analysis showed that the levels of Q modification saturate by
48 h (Figure 3D). These experiments confirmed, that similar
to other eukaryotes, in T. brucei, levels of Q-tRNA modifi-
cation are influenced by the availability of queuine in their
micro-environment. To determine if absence of q in this ex-
perimental setup leads to any growth defect, the cells were
grown in SDM-79 using dialyzed FBS, supplemented with
either synthetic queuine (+q) or vehicle control (−q). We
did not observe any pronounced growth defect over 10 days
(Supplementary Figure S6F).

Queuosine is important for codon-biased translation

To investigate the role of Q in cytosolic codon-biased trans-
lation, we employed the dual luciferase reporter system,
where the Renilla fly luciferase (RLuc) is fused to Fire-
fly luciferase (FLuc) with a linker (41). Since these en-
zymes use different substrates, it is possible to quantify
differential expression of these enzymes simultaneously,
with luminescence assays. We constructed two codon re-
engineered constructs, where the RLuc sequence was kept
unaltered, but in the FLuc sequence, the cognate codons
for all 4 Q-containing tRNAs (tRNAHis

GUG, tRNAAsp
GUC,

tRNAAsn
GUU, tRNATyr

GUA) were changed either to all
NAC or all NAU codons, as opposed to the WT FLuc,
which contained approximately equal number of NAC and
NAU codons. The total number of NAC and NAU codons
are enumerated in (Figure 4B). We hypothesized based on
available literature, that Q might be more efficient than G,
in decoding U-ending codons (10,13). Thus, in the absence
of Q we might observe a decreased translation of NAU lu-
ciferase, and subsequently, a decrease in the luminescence
(Figure 4A). We transfected these three constructs into T.
brucei 29–13 cells. Transcription of the dual luciferase con-
structs was induced with tetracycline, and the cell lines were
grown in presence or absence of queuine. When we mea-
sured the luminescence of FLuc and normalized it to RLuc,
we observed that the signal of FLuc was marginally up-
regulated for NAC construct, with or without queuine, as

compared to WT (Figure 4C). However, the NAU construct
showed significant decrease (∼30%) in the levels of FLuc lu-
minescence in the absence of queuine (Figure 4C), suggest-
ing that U-rich codons might be translated less efficiently in
the absence of queuine.

The connection between Q modification, codon usage and mi-
tochondrial import

As tRNA modifications have been implicated in regulating
mitochondrial functions (42) (possibly through translation
regulation) and in several cases their absence in tRNAs is as-
sociated with disease (42), we explored the role of queuosine
in the mitochondrion of T. brucei. We obtained organellar
fractions, using digitonin permeabilization, and then per-
formed northern blots to assess the levels of Q-containing
tRNAs while comparing cytosolic and mitochondrial frac-
tions. We observed, that 85% of the mitochondrial fraction
of tRNATyr, is modified with Q, while only 55% of the cy-
tosolic fraction was modified (Figure 5A and C). A similar
result was observed for tRNAHis, tRNAAsp and tRNAAsn

(Figure 5A and C). The purity of these fractions was ver-
ified using 7SL RNA and 12S rRNA as cytosolic and mi-
tochondrial markers respectively (Figure 5B). This obser-
vation opens several questions, regarding the import of tR-
NAs into the mitochondria. It is important to emphasize
here, that in T. brucei, the mitochondrial genome does not
encode any tRNAs, and the whole set is imported from the
cytosol (43). The mitochondrial genome of T. brucei en-
codes 18 protein coding ORFs, two ribosomal RNAs, and
hundreds of guide RNAs required for RNA editing (44).
The protein-coding genes mostly include subunits of res-
piratory chain complexes I, III, IV and V, as well as two
ribosomal proteins (45). As stated before, Q-containing tR-
NAs can decode their cognate codons, (NAC or NAU) with
different efficiency (10). When we carried out codon us-
age analysis of several mitochondrially encoded mRNAs,
we found that almost all the mRNAs analyzed favored U-
ending codons (Figure 5D and E, Supplementary Figure
S4). In the nuclear genome on the other hand, the overall
frequency of NAC and NAU codons is approximately equal
(Figure 5D and E). This reversal of codon usage is typical of
most eukaryotes and combined with the fact that the levels
of Q modification are significantly different in the two com-
partments, raises the question whether mitochondria pref-
erentially import Q-modified tRNAs.

To determine the effect of Q on the import of tRNAs
into the mitochondria we employed in vitro import assay
(30). Briefly, we purified mitochondria from T. brucei cells
by hypotonic lysis followed by percol gradient centrifuga-
tion. In parallel, total tRNA was isolated from cells grown
with or without queuine, native tRNATyr was isolated from
these samples by biotin-streptavidin oligonucleotide affin-
ity purification (31) and radiolabeled with � -ATP 32P. The
amount of radiolabeled tRNA protected from micrococcal
nuclease inside the mitochondria over different time inter-
vals was evaluated as a measure of tRNA import as previ-
ously described (30). We observed that Q-modified tRNATyr

was imported into isolated mitochondria, 3–4-fold more ef-
ficiently as compared to unmodified tRNATyr (Figure 6A–
C). In addition, an aliquot of RNA isolated from each time-
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Figure 3. T. brucei cells obtain queuine from their environment. (A) APB gel––northern hybridization of total RNA isolated at indicated time points, from
T. brucei cells depleted for queuine. (B) Northern blot of cells depleted for queuine (−q) and then fed with total RNA isolated from either WT or TGT−/−
E. coli. +q lane indicates Q levels in cells prior to queuine depletion. (C) Time-course analysis of cells depleted for queuine and then fed with 20 nM
synthetic queuine. All membranes were probed with a 32P radiolabeled probe against tRNATyr. tRNAGlu was used as a negative control (numbers under
the blots indicate % Q levels). For panels A–C, oxidized RNA was used as a negative control (OX). (D) Densitometric analysis of percent of tRNATyr

modified over time after addition of queuine, over three independent experiments.

point of the assay was radioactively labeled and separated
in a denaturing acrylamide gel. We observed comparable
recovery of tRNAs as well as guide RNAs from the mito-
chondria following the assay in both the –Q (Supplemen-
tary Figure S5A) and +Q (Supplementary Figure S5B) re-
actions. Additionally, RNA isolated from a technical repli-
cate of the above-mentioned experiment was used for north-
ern blots using a radioactive oligonucleotide prove specific
for tRNAGlu; an unrelated non-Q containing tRNA. Again
no differences in the levels of mitochondrial tRNAGlu were
observed; similar amounts of this tRNA were recovered af-
ter the assay in all time points, in both –Q (Supplementary
Figure S5A, lower panel) and +Q reactions (Supplementary
Figure S5B, lower panel). In a parallel experiment, the to-
tal RNA used to purify native tRNATyr was also analyzed
by northern hybridization with a radiolabeled probe specific
for tRNATyr to confirm the presence or absence of Q, even
in this assay no significant differences in the total amount of
this tRNA were observed (Figure 6C). Taken together, these
experiments show that mitochondria preferentially import
Q-modified tRNAs from the cytoplasm and the differences
between the partitioning of the Q-modified and unmodified
tRNAs observed in vitro faithfully represent the in vivo par-
titioning. Furthermore, neither the results from our in vitro
assay nor those from the in vivo experiments can be ascribed
to either technical difficulty with tRNA recovery or dif-
ferential stability between the Q-modified and unmodified
tRNAs.

Lack of Q in the tRNAs leads to reduction in mitochondrial
protein synthesis and affects mitochondrial function

In order to quantify mitochondrial translation in the pres-
ence and absence of queuosine modification, we inhibited
cytosolic translation with cycloheximide in the TbTGT1
RNAi cell line, and pulse-labeled the cells with 35S me-
thionine and cysteine. This technique allowed us to mon-
itor de novo protein synthesis in the mitochondria. When
we resolved the proteins by 2-dimensional gel electrophore-
sis, we observed that, while the signal for WT and unin-
duced (−TET) samples was comparable (Figure 7A and
B), a significant reduction in mitochondrial protein syn-
thesis was observed in the RNAi induced (+TET) cell line
(Figure 7C). These gels were also stained with Coomassie
brilliant blue as loading control (insets, Figure 7A–C). The
three most abundant mitochondrial translation products
ATP synthase subunit 6 (A6), Apocytochrome b (Cyb) and
Cytochrome C oxidase subunit I (COXI), can be easily
identified using this approach (32,46,47). Semi quantitative
densitometric analysis over three independent experiments,
showed a 3-fold decrease in the synthesis of COXI, in the
absence of queuosine (Figure 7D). To determine if this re-
duction in protein synthesis impacts the function of res-
piratory complexes, we measured the activity of complex
IV (cIV) in isolated mitochondria, by spectrophotometric
assay. We observed ∼47% reduction in cIV activity after
TbTGT1 knock-down (Figure 7E). Comparing the codon
usage of various subunits of cIV, we noticed that the mi-
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Figure 4. Queuosine is important for cytosolic codon-biased translation. (A) Schematic representation of dual luciferase construct in which Renilla fly
luciferase (RLuc) is expressed in-frame with a codon-reengineered Firefly luciferase (FLuc), where the original sequence was left intact (WT), or all the
Asn, Asp, Tyr and His codons were changed to NAC or NAU as indicated schematically in panel A. If Q has a role in translation of U-rich mRNAs, in
absence of Q-tRNAs, NAU luciferase would be translated inefficiently, as depicted by the shortened grey arrow, leading to reduction in the levels of Firefly
luciferase. Renilla luciferase levels, however, should remain comparable across different cell lines, as they are not subject to codon changes. (B) Number
of cognate codons for Q-tRNAs in the three constructs. (C) Ratio of luminescence of FLuc to RLuc, further normalized to the WT construct. For this
experiment, the cells were depleted for queuine for 48 h, and subsequently supplemented with 20 nM synthetic queuine (+ q) or vehicle control (− q) for
24 h. The graphs are representative of three independent experiments (* P <0.01, ns: not significant).

tochondrially encoded subunits (COXI-III), predominantly
use the NAU codons while no such bias was observed in the
nuclearly encoded subunits (Figure 7F, Supplementary Ta-
ble S3). Indeed, this phenomenon is not restricted to cIV,
but a similar codon bias was observed in mitochondrially
v/s nuclearly encoded subunits of respiratory complexes I,
III and V (Supplementary Figure S4, Supplementary Tables
S1–S2 and S4).

A similar analysis of mitochondrial protein synthesis was
carried out in cells depleted for or supplemented with syn-
thetic queuine. As expected, we observed a significant re-
duction in protein synthesis in absence of queuine (Supple-
mentary Figure S6A and B). Semi quantitative densitomet-
ric analysis over three independent experiments, showed a
2–3-fold decrease in the synthesis of A6, Cyb and COXI,
in the absence of queuine (Supplementary Figure S6C). To-
tal RNA from this experiment was also separated on APB-
affinity gel, followed by northern blotting, to confirm the
presence and absence of Q-tRNAs (Supplementary Fig-
ure S6D). Mitochondria isolated from queuine depleted
cells showed a 45% decrease in the activity of cIV, as mea-
sured spectrophotometrically (Supplementary Figure S6E).
To determine if absence of q in this experimental setup leads
to any growth defect, the cells were grown in SDM-79 using
dialyzed FBS, supplemented with either synthetic queuine
(+q) or vehicle control (−q). We did not observe any pro-
nounced growth defect over 10 days (Supplementary Figure
S6F).

DISCUSSION

In this study, we describe the presence of two paralogs
(TbTGT1 and TbTGT2) of the TGT enzyme responsible
for queuosine modification in Trypanosoma brucei. It was
already reported in metazoans by in vitro reconstitution ex-
periments, that the two TGT subunits form a heterodimer
(8,35). In T. brucei, we found that TGT1 and TGT2 belong
to the same complex in vivo, although whether they inter-
act directly or are part of a larger complex through indirect
interaction is yet to be determined. However, the TbTGT
complex differs significantly from that of other organisms
studied so far in being exclusively localized to the nucleus,
while other eukaryotic TGTs associate with the outer mem-
brane of the mitochondria. Nuclear localization of TbTGT
is in line with our recent discovery of a retrograde nuclear
import pathway (25), whereby the only intron-containing
tRNA of T. brucei, tRNATyr, is spliced in the cytoplasm and
then imported back to the nucleus to be modified with queu-
osine (25). This type of transport dynamics led us to explore
the function of queuosine in T. brucei.

We show here, that like other eukaryotes studied so far,
T. brucei cannot synthesize queuine, but obtain it from their
environment. They are able to import queuine from envi-
ronment, as well as salvage it from recycled nucleotides. The
observation that T. brucei are able to obtain queuine from
total RNA of E. coli, leads us to speculate the existence of
a queuine salvage pathway analogous to that described by
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Figure 5. Levels of queuosine tRNA modification and codon usage in the mitochondria of T. brucei. (A) Northern blot analysis of total RNA isolated
from whole cells (T), cytosolic (C), and mitochondrial (M) fractions. Membranes were probed with radioactively labeled probe specific for the tRNA as
indicated to the right of each blot (numbers under the blots indicate % Q levels). Oxidized RNA was used as a negative control (OX). (B) Control Northern
blots to assess the purity of organellar fractions, probed for 7SL (cytosolic control) and 12S rRNA (mitochondrial control). The blots in panels A and
B are representative of three independent experiments. (C) Densitometric analysis of Queuosine levels in the cytosolic (Cyto) and mitochondrial (Mito)
fractions of tRNATyr, tRNAHis, tRNAAsp and tRNAAsn across three independent experiments. (D) Fraction of NAU and NAC synonymous codons in
8769 nuclearly encoded mRNAs and 13 mitochondrially encoded mRNAs. (E) codon frequencies per thousand for NAU and NAC codons in nuclear
v/s mitochondrial genomes of T. brucei. Codon usage data for nuclearly encoded transcripts was extracted from Codon and Codon Pair Usage Tables
(CoCoPUTs) (28), HIVE CUTs database (29), for NCBI:txid5702 (Trypanosoma brucei brucei). Mitochondrial codon usage was calculated as described
in the methods section.

Figure 6. Q-modified tRNATyr is preferentially imported into the mitochondria. (A) Autoradiographs showing the in vitro import of native 32P labeled
tRNATyr purified from T. brucei cells grown with or without queuine. ‘No ATP’ refers to the control where ATP was not added to the reaction. ‘No
mito’ refers to the negative control where nitochondria were not added. (B) Densitometric analysis of in vitro tRNA import assays from four independent
experiments (P value: 0.007, Student’s t test for 60 min timepoint). (C) Total RNA used to purify the native tRNAs used in the in vitro import assays,
probed for tRNATyr and tRNAGlu (numbers under the blot indicate %Q levels).
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Figure 7. Lack of Q in the tRNAs leads to reduction in mitochondrial protein synthesis. Autoradiographs of 2D gel electrophoresis of total mitochondrial
35S methionine–cysteine labeled proteins used to assess de novo mitochondrial translation. For this experiment, WT (A), TbTGT1 RNAi uninduced (−TET)
(B) and induced (+TET) (C) cells were labeled with 35S for mitochondrial translation and resolved on 2D gels (insets: Coomassie staining for loading
control). (D) Semi-quantitative densitometric analysis of de novo synthesis of COXI from three independent experiments. Values were normalized to WT
signals. (* P <0.05). (E) Spectrophotometric assay for cIV for WT, TbTGT1 RNAi uninduced (−TET) and induced (+TET) cells. Activity was measured
in mitochondrial lysates prepared from three independent experiments. One unit (U) of activity catalyzes the oxidation of 1 mmol of cytochrome c per min.
Specific activity is calculated as U per mg of mitochondrial protein. Mean ± SD values are shown. (F) Codon usage analysis for NAU and NAC codons
in mitochondrially v/s nuclearly encoded subunits of respiratory complex IV. COX: Cytochrome c oxidase (The roman numeral after COX indicates the
number of subunit).

Zallot et al. with yeast complementation experiments show-
ing that members of the DUF2419 protein family from sev-
eral eukaryotic species are able to rescue queuosine modifi-
cation by queuine salvage (7).

The codons, for all four amino acids, decoded by Q-
containing tRNAs belong to two-fold degenerate codon
boxes, with only one tRNA isoacceptor per box. Q is there-
fore proposed to affect codon recognition, as suggested by
various earlier studies in other systems. Q-containing tR-
NAs may be involved in equilibrating codon bias between
their cognate codons, while unmodified tRNAs preferably
recognize NAC over NAU codons (10–13). Using a dual
luciferase reporter system, we analyzed the correlation of
codon usage and the queuosine modification. In the absence
of Q, cells were able to synthesize significantly less amount
of firefly luciferase, when its mRNA had U as opposed to
C in third position of codons for tyrosine, histidine, aspar-
tic acid and asparagine. Dedon and Begley coined the term
modification tunable transcripts (MoTTs), to describe tran-
scripts, which exhibit codon bias differentially translated by
wobble tRNA modifications (48). On similar lines, we ob-
serve that Q-modified tRNAs might differentially translate
the luciferase mRNA based on its codon usage. This sug-

gest that more global changes in the relative availability of
queuine, in different hosts, may affect the levels of Q-tRNA;
such changes may in turn modulate the levels of a subset of
proteins throughout the life cycle of T. brucei, adding an-
other layer to the developmental-stage specific translation
regulation. Testing this hypothesis will require further ex-
perimentation.

Q depletion experiments have been carried in various sys-
tems. In C. elegans (49) and C. reinhardtii (50), there were
no obvious effects of Q depletion, whereas D. melanogaster
(51) and D. discoidium (52) found difficulties in respond-
ing to certain stress stimuli, although no effect was seen in
stress-free conditions. Therefore, it is safe to assume, that
Q might be more relevant during processes that require
rapid changes in translation rates. During the life cycle of
T. brucei, the parasite has to adjust to several different en-
vironments (53) and undergo extensive metabolic remod-
eling. In the bloodstream of the mammalian host, due to
an abundance of glucose, the parasites rely on glycolysis
and substrate-level phosphorylation to generate ATP (54).
However, in the relatively glucose-poor environment of the
insect midgut, they have to utilize the amino acid proline as
a substrate. Proline is metabolized in the mitochondrion by



8258 Nucleic Acids Research, 2021, Vol. 49, No. 14

a subset of enzymes of the tricarboxylic acid cycle (where
it is converted to 2-ketoglutarate and subsequently to suc-
cinate), coupled with oxidative phosphorylation (55). Con-
sequently, the mitochondrion is one of the most develop-
mentally affected organelles during this transition. In turn,
the procyclic (insect midgut) form parasites have a highly
branched and metabolically active mitochondrion, whereas
in the bloodstream (mammalian) form, the mitochondrion
is significantly reduced and inactive in terms of oxidative
phosphorylation (56).

We found the mitochondrial mRNAs of T. brucei to be
abundant in U-rich cognate codons of Q-tRNAs. This find-
ing in itself is not surprising, given that most mitochon-
drial genomes display AT bias at the third position of the
codons. Added to this is the unique RNA editing mecha-
nism present in the mitochondria of kinetoplastids, which
involves extensive U insertions or deletions, resulting mostly
in U-rich mRNAs (57,58). Perhaps the more intriguing con-
sequence of these observations is the need to efficiently and
rapidly decode the U-rich codons to meet the translational
demands. However, the situation in T. brucei is even more
complicated, the mitochondrial genome of T. brucei does
not encode any tRNAs, hence they must import the whole
set from the cytoplasm (43). We observed that the mito-
chondrial fraction of GUN-tRNAs is almost completely
modified with queuosine. There could be various underly-
ing mechanisms causing this. We found that in vitro, the mi-
tochondria import Q-modified tRNAs more readily, than
the unmodified ones. These results suggest that the mito-
chondria have a mechanism to either preferentially import
Q-modified tRNAs and/or exclude the unmodified ones.
Significantly, the steady-state levels of Q-modified and un-
modified tRNAs in the cytoplasm is nearly equal (∼55%
modified and 45% unmodified, see Figure 5A and C), thus
the preferential import of Q-modified tRNA is not merely
a reflection of the relative concentrations of the modified
tRNA in the cytoplasm. Alternatively, it has been reported
that the elongation factor 1a (EF-1a) is a necessary cofac-
tor for the import, selectively binding aminoacylated tR-
NAs and delivering them to the mitochondrial outer mem-
brane ready to be imported (59). However, our results with
the in vitro import assay suggest that preferential import of
Q-containing tRNAs is independent of any cytosolic fac-
tors. EF-1a independent import of unspliced tRNATyr has
also been reported in Leishmania tarentolae (60). It is also
possible that the determinant for the selective import is not
queuosine itself, but another modification dependent on Q.
It is now becoming increasingly clear that not only the pres-
ence of a set of certain modifications on the tRNA is im-
portant, but their sequence of appearance is also most crit-
ical. For example, the presence of Q in tRNAAsp increases
the methylation of C38 (m5C) adjacent to the anticodon se-
quence in Schizosaccharomyces pombe (61). Although this
methylation is absent in T. brucei (62), one cannot rule out
any other modification being subject to change depending
on queuosinylation. Alternatively, or simultaneously, the Q
modified tRNAs could have differential turn over in the mi-
tochondria, leading to their accumulation. A recent study
has shown that presence of Q in the anticodon of tRNAs
protects them against the anticodon nuclease angiogenin in

human cells (63). It would require extensive further experi-
mentation to verify either theory.

We see significant impairment of mitochondrial protein
synthesis in absence of Q. Respiratory complex IV (cIV) in
trypanosomatids, is composed of three large mitochondri-
ally encoded subunits (COX I-III) and 11–15 smaller nucle-
arly encoded subunits (64). Thus, impairment of mitochon-
drial translation would adversely affect the assembly of the
complex, and result in fewer functionally active complexes.
Indeed, we observe a significant decrease in the activity of
cIV, in cells lacking Q modification. These effects might be-
come critical in stress conditions, inside the challenging en-
vironment of the hosts of T. brucei.

The combined effect of codon usage and modification
levels on mitochondrial protein synthesis, further strength-
ens our hypothesis that Q plays a critical role in decod-
ing U-rich codons. Although mechanisms of cytosolic and
mitochondrial translation differ, parallels could be drawn
to certain extent. In the absence of Q, translation might
be stalled at NAU codons, leading to premature termina-
tions and the induction of unfolded protein response. Fur-
ther studies inside the mammalian host of T. brucei would
illuminate the physiological relevance of queuosine modi-
fication in the face of unique translational demands. Given
its parasitic lifestyle, between different hosts that could lead
to differential availability of queuine, a complex picture of
translation regulation by environmental as well as intrinsic
factors begins to form.

In conclusion, we show here that the unique nuclear lo-
calization of the TbTGT enzyme may provide for more effi-
cient crosstalk between tRNA trafficking and modification
status, while ensuring that fully processed and modified tR-
NAs are supplied to the mitochondria. Moreover, the mito-
chondria of T. brucei preferentially import Q-modified tR-
NAs, and also use them most advantageously, to translate
the U-rich mRNAs. Taken together, our results provide a
unique example of the interdependency of codon usage and
wobble modifications, and their combined regulatory effect
on translation in T. brucei; all dictated by tRNA intracellu-
lar transport dynamics.
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