
S

F
b

Z
a

b

c

a

A
R
R
1
A
A

K
T
t
P
M
K

1

t
s
l
s
(
d
a

c
r
f

3
T

C

0
d

Molecular & Biochemical Parasitology 176 (2011) 116–120

Contents lists available at ScienceDirect

Molecular & Biochemical Parasitology

hort communication

utile import of tRNAs and proteins into the mitochondrion of Trypanosoma
rucei evansi
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a b s t r a c t

Trypanosoma brucei brucei has two distinct developmental stages, the procyclic stage in the insect and
the bloodstream stage in the mammalian host. The significance of each developmental stage is punctu-
ated by specific changes in metabolism. In the insect, T. b. brucei is strictly dependent on mitochondrial
function and thus respiration to generate the bulk of its ATP, whereas in the mammalian host it relies
heavily on glycolysis. These observations have raised questions about the importance of mitochondrial
function in the bloodstream stage. Peculiarly, akinetoplastic strains of Trypanosoma brucei evansi that
lack mitochondrial DNA do exist in the wild and are developmentally locked in the glycolysis-dependent
bloodstream stage. Using RNAi we show that two mitochondrion-imported proteins, mitochondrial RNA
polymerase and guide RNA associated protein 1, are still imported into the nucleic acids-lacking organelle
RNA

rotein import
itochondrion

inetoplast

of T. b. evansi, making the need for these proteins futile. We also show that, like in the T. b. brucei procyclic
stage, the mitochondria of both bloodstream stage of T. b. brucei and T. b. evansi import various tRNAs,
including those that undergo thiolation. However, we were unable to detect mitochondrial thiolation in
the akinetoplastic organelle. Taken together, these data suggest a lack of connection between nuclear
and mitochondrial communication in strains of T. b. evansi that lost mitochondrial genome and that do

ctor f
not required an insect ve

. Introduction

Trypanosoma brucei brucei is an evolutionary ancestral parasite,
ransmitted from one mammalian host to another by the blood-
ucking tse-tse fly. While T. b. brucei is responsible for n’gana of
ivestock, African sleeping sickness of humans is caused by its sub-
pecies T. b. rhodesiense and T. b. gambiense. Two other subspecies
T. b. evansi and T. b. equiperdum) are causative agents of surra and
ourine, serious diseases afflicting mostly horses, water buffaloes
nd camels [1,2].
The single mitochondrion of T. b. brucei undergoes dramatic
hanges in the course of the life cycle. In the reticulated cristae-
ich organelle of the procyclic stage parasitizing the tse-tse vector,
unctional cytochrome c-containing respiratory complexes capable
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or survival.
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of energy transduction are present [3]. The mitochondrion also con-
tains alternative terminal oxidase (TAO), incomplete Krebs cycle
and acetate:succinate CoA transferase cycle and other metabolic
pathways. For energy production this active mitochondrion can
utilize glycolytic substrates as well as various amino acids [4].
However, the bloodstream stage responsible for the disease in
its vertebrate hosts harbors a mitochondrion, which is dramati-
cally different from its procyclic counterpart by being repressed in
numerous functions. The organelle is reduced in size, contains just
a few cristae and lacks both Krebs cycle and respiratory complexes
III and IV [5]. TAO is the only terminal oxidase [6] and membrane
potential is upheld by the reverse action of the ATPase complex [7].
Yet even this mitochondrion is far from dormant, as replication and
transcription of its kinetoplast (k) DNA, and extensive RNA editing
and RNA processing remain fully active and essential [1,8–10]. This
dual metabolism, in distinct life cycle stages, of a mitochondrion
that occurs in a single copy per cell, makes it a very interesting and
tractable model for exploring mechanisms that govern the switch

from an active to an inactive mode.

Another approach that is particularly suitable for examining
stage-specific differences of the mitochondrion involves compar-
isons of subspecies of T. b. brucei, which differ in terms of their
kDNA content. One of these strains, T. b. equiperdum, has lost sig-

dx.doi.org/10.1016/j.molbiopara.2010.12.010
http://www.sciencedirect.com/science/journal/01666851
mailto:jula@paru.cas.cz
dx.doi.org/10.1016/j.molbiopara.2010.12.010
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ificant portions of its mitochondrial genome, while the organelle
f some strains of T. b. evansi is totally devoid of kDNA [11–13].
hese trypanosomes are therefore incapable of transmission by tse-
se flies, and are locked into the bloodstream stage. Although their
preading among ungulate hosts relies solely on mechanical means
f transmission, the lost dependence on the insect vector paradox-
cally allowed spreading of these trypanosomes outside of Africa
11,12,14]. Without the kDNA-encoded subunits a switch to the

etabolically fully active procyclic organelle is impossible and T.
. evansi permanently depends on the glucose-rich environment
f the vertebrate blood [11]. One can therefore postulate that any
rocess found in its mitochondrion is genuinely associated with the
loodstream stage.

In a previous study, we have demonstrated that the akinetoplas-
ic mitochondrion keeps importing proteins that are involved in
DNA replication, mitochondrial RNA editing and RNA processing
13]. While this occurrence is indeed not surprising for the organelle
f the T. b. brucei bloodstream stage, it seems to be a counterintu-
tive phenomenon for T. b. evansi, as one would not predict efficient
mport of these proteins into a mitochondrion permanently devoid
f DNA and RNA. As we show in this work, proteins involved in
NA synthesis and processing are still imported into the akineto-
lastic mitochondrion of T. b. evansi, but in contrast to T. b. brucei,
re non-essential. We also show for the first time that tRNAs are
mported into and thiolated within the mitochondrion of T. b. bru-
ei bloodstream stage, and imported into but not thiolated within
he mitochondrion of T. b. evansi. This further supports the conclu-
ion that subunits of respiratory complexes are required for neither
RNA [15], nor protein import.

. Results and discussion

.1. Proteins required for the bloodstream stage of T. b. brucei are
on-essential for T. b. evansi

Despite its functional down-regulation and morphological
eduction, numerous proteins are still imported into the mito-
hondrion of the bloodstream stage of T. b. brucei. Indeed, the
NA editing machinery, composed of proteins imported from the
ytosol, is essential both at this and at the procyclic stage [8].
owever, at least one key protein component, RNA editing ligase 1,
f the editing machinery is dispensable in the mitochondrion of T.
. evansi [7]. It was of interest to test whether a ubiquitous protein,
uch as the mitochondrial RNA polymerase (mtRNAP) is also
on-essential in these cells. To test this, we used dyskinetoplastic
train of T. b. evansi genetically engineered for overexpression of
ouble-stranded RNA to facilitate RNA interference (RNAi) [7]. A
2T7-177 construct containing the same mtRNAP gene fragment
sed previously for RNAi in the T. b. brucei procyclic stage [16] was
lectroporated into both the T. b. brucei bloodstream stage and the
. b. evansi and transformants were selected using phleomycin. As
o antibody is available against mtRNAP, the efficiency of RNAi was
onfirmed by quantitative real time PCR as described previously
10,13], with cDNA reverse-transcribed from RNA isolated from
nockdown cell lines grown in medium that contained or lacked the
NAi-induction agent tetracycline (Fig. 1A, inset). Three days after
NAi induction similar downregulation of mtRNAP mRNA, namely
1 and 75% of the non-induced mRNA levels, was observed in T. b.
rucei and T. b. evansi RNAi-silenced cells, respectively. This level
f mtRNAP mRNA reduction was sufficient to inhibit growth of the

loodstream stage of T. b. brucei (Fig. 1A), which was expected as its
xpression was earlier shown to be essential in the procyclic stage
16]. However, ablation of the target mRNA in the dyskinetoplastic
ells did not have any impact on their growth (Fig. 1A). Therefore,
n contrast to T. b. brucei, mtRNAP is dispensable in T. b. evansi.
Parasitology 176 (2011) 116–120 117

This result led us to a similar question with the guide (g)
RNA associated protein 1 (GAP1), which is essential for both the
procyclic and the bloodstream stages of T. b. brucei [10]. After
electroporation with a linearized p2T7-177 vector containing a pre-
viously used fragment of the GAP1 gene [10], clonal cell lines were
selected and RNAi induced as described above. At two and four days
after RNAi induction, total cell lysates were collected and separated
by SDS-PAGE and transferred to PVDF membranes, which were
subsequently immunoprobed with anti-GAP1 antibodies, as well
as with antibodies against cytosol-specific enolase. Under these
conditions GAP1 expression is efficiently down-regulated when
compared to the non-induced control (Fig. 1B; inset). Despite this
down-regulation (Fig. 1B), no effect on cell growth was observed
in the GAP1-silenced T. b. evansi cells, even after 10 days following
RNAi induction. This result is in contrast to GAP1 down-regulation
in T. b. brucei bloodstream cells, which exhibit growth inhibition
after three days of RNAi induction [10]. We can therefore conclude
that the elimination of mtRNAP and GAP1, two essential proteins
in the T. b. brucei bloodstream stage, has no effect in the dyskine-
toplastic T. b. evansi.

To confirm that GAP1 is imported into the mitochondrion of
bloodstream T. b. brucei and T. b. evansi, as has been shown in
the procyclic stage of the former sub-species, digitonin fraction-
ation was performed [17,18] to separate the cell contents into their
mitochondrial and cytosolic constituents using protocols slightly
modified for a given stage. Proteins from total, cytosolic and mito-
chondrial fractions (10 �g/lane) were used for Western analysis as
described above. The purity of fractions was assayed using anti-
bodies against enolase and prohibitin [19], which are specific for
cytosol and mitochondrion, respectively (Fig. 1C). An immunopos-
itive signal was detected with the anti-GAP1 specific antibody in
mitochondrial and total cell fractions in both cell-types (Fig. 1C),
indicating its import into the organelle in the dyskinetoplastic try-
panosomes despite its apparent redundancy (Fig. 1B).

GAP1, like the RNA editing ligase, is a highly specialized and
rather unique mitochondrial protein [8,10,20]. However, mtRNAP
is a virtually ubiquitous component of the aerobic eukaryotic
mitoproteomes, with undisputed essentiality [16]. Therefore, its
apparent futile import into a mitochondrion devoid of a genome
in T. b. evansi has important consequences. Firstly, it is obvious that
these proteins do not have any moonlighting functions other than
in RNA metabolism. Second, the protein import machinery is totally
independent on the genomic status of the organelle, as it appar-
ently imports dozens or even hundreds of different proteins with no
function in this mitochondrion and thus produced and imported in
vain. It is puzzling that in an organism with an 8 h generation time,
which thrives in an environment where it is under constant selec-
tive pressure from the host immune response and from competition
for nutrients with other trypanosomes, no mechanism exists that
would prevent this obviously wasteful behavior. It is also plau-
sible that stringent regulation of protein-specific import may be
more energy demanding than futile import of the non-essential
proteins.

2.2. tRNAs are imported into the T. b. brucei bloodstream
mitochondrion

It is now widely accepted that in procyclic T. b. brucei, due to the
absence of tRNA genes in the kDNA network, all tRNAs have to be
imported from the cytosol into the mitochondrion for translation
to occur [21]. However, nothing is known about this process in the

bloodstream stage. It is expected that despite significant differences
in mitochondrial metabolism between both stages, protein transla-
tion and therefore tRNA import are still required. To date, indirect
evidence is available for mitochondrial translation of at least one
protein in this life cycle stage [7,22]. Furthermore, nothing is known
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Fig. 1. Mitochondrial RNA polymerase (mtRNAP) and guide RNA associated protein 1 (GAP1) are not essential for T. b. evansi. (A) A comparison of the growth effect of
RNAi-silencing of mitochondrial RNA polymerase in T. b. brucei bloodstream stage and T. b. evansi. The cumulative density of trypanosomes is depicted on the y-axis on a
log scale and the days after tetracycline (Tet) induction are shown on the x-axis. Growth of RNAi-induced cells is plotted with the black line and full triangles, while the
non-induced controls are shown as a grey line with open circles. Growth of T. b. brucei cells is in the left panel and T. b. evansi is in the right panel. Insets depict graphs showing
the relative abundance of mtRNAP mRNA from cells grown three days in the presence of the RNAi-induction agent tetracycline (tet+) as compared to cells grown for the
same time in medium lacking the drug (tet−). The abundance was determined by quantitative real-time (q) PCR using as a template cDNA generated by random hexamer
primers from total RNA isolated from both samples using the following primer pair (forward 5′-CAGCATGAA GATCTCGGTGA-3′ and reverse 5′-CGTACAATGGCTTCCCAGTT-3′).
The relative mRNA levels were normalized using qPCR data obtained with the previously described primers amplifying �-tubulin [10,13] from the same cDNA. All qPCR
reactions were done in triplicate and in parallel with a negative control to ensure that the signal was not due to genomic DNA contamination. Standard deviations for the
determined relative levels of mtRNAP mRNA in tet+ as compared to tet− samples are shown by error bars. (B) RNAi-silencing of GAP1 does not influence cell division. Graph
plotted and labeled as described for (A). Inset shows a Western blot of cells grown in the absence (0) and presence of tet for two (2) and four (4) days. The membrane was
immunodecorated with either anti-GAP1 (top) or anti-enolase antibodies (bottom), and visualized via peroxidase-conjugated secondary antibodies against rabbit IgGs. (C)
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AP1 is imported into the mitochondria of T. b. brucei (left) and T. b. evansi (right). D
ytosolic (Cyto) and mitochondrial (Mito) fractions were separated by SDS-PAGE a
ntibodies against GAP1 (top), enolase (middle), and prohibitin (bottom) as describ

bout the state of tRNA import into the akinetoplastic strains. Logi-
ally in these strains, the lack of mitochondrial genome obviates the
eed for organellar translation and conversely tRNA import. Before
ddressing tRNA import in T. b. evansi, we decided to first clarify
he situation in the bloodstream stage of T. b. brucei.

To this end, approximately 109 T. b. brucei cells were puri-
ed from the blood of an intraperitoneally infected rat using a
EAE column. Similar amounts of procyclic T. b. brucei were also
btained by cultivation in SDM-79 medium. Mitochondria were

hen isolated from the procyclic and bloodstream cells by digitonin
ractionation. The relative purity of the resulting mitochondrial and
ytosolic fractions was confirmed by the aforementioned Western
lot analysis using the compartment-specific antibodies against
in fractions were obtained as described in the text and 10 �g of protein from total,
nsferred onto PVDF membrane, which was immunodecorated and visualized with
(B).

GAP1 and prohibitin (mitochondrial markers) and enolase (cytoso-
lic markers) (Fig. 1C). Next, using guanidinium extraction, total and
mitochondrial RNAs were purified from cell lysates and digitonin-
extracted organelles, respectively. Northern blot analysis detected
individual RNA species by probing with specific labeled oligonu-
cleotides (Fig. 2). Mitochondrial-encoded 12S rRNA and the spliced
leader RNA, used as mitochondrion and cytosol specific controls,
respectively, verified the purity of the analyzed fractions. The
set of five probes specific for individual tRNAs (tRNAPhe, tRNAGle,

tRNAIle, tRNAGlu and tRNAGly) showed that all these species are
present in the organelle of either stage, at comparable amounts
(Fig. 2), demonstrating that tRNA import occurs in bloodstream
trypanosomes.
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Fig. 2. tRNAs are imported into the T. b. evansi mitochondrion. Total and/or mito-
chondrial RNA was purified using guanidinium extraction. Mitochondria were
isolated from 4 × 108 cells using fractionation with 0.05% final concentration of digi-
tonin in the SoTE buffer. Obtained vesicles were subsequently treated with 2 �g/ml
RNAse A in the SoTE buffer to remove contaminating cytosolic RNA. Samples of total
(10 �g) and mitochondrial RNA (2.5 �g) were separated on denaturing 8% polyacry-
lamide gel with 8 M urea and electrobloted to Zeta probe membranes, which were
subsequently probed with [32P]5′ end-labeled oligonucleotides specific for a given
RNA. After the run, total (T) and mitochondrial (M) RNAs from procyclic (PS) and
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evansi. As apparent from their comparison, thiolation of mitochon-
loodstream stages of T. b. brucei (BS) and T. b. evansi (TE), blotted and visualized
ith radioactively labeled oligonucleotides specific for tRNAPhe, tRNAGle, tRNAIle,

RNAGlu and tRNAGly. 12S rRNA and spliced leader (SL) RNA were used as controls
pecific for mitochondrial and cytosolic fractions, respectively.

.3. tRNAs are imported into the T. b. evansi mitochondrion

The only T. b. evansi strain engineered for inducible expression of
ransgenes is dyskinetoplastic, which means that it contains resid-
al kDNA minicircles [7], whereas the strain for which tRNA import
nd modification has been herein assayed is the akinetoplastic 805
train originally isolated from a water buffalo in China [13]. This
train completely lost its mitochondrial genome and consequently
oes not contain any RNA molecules derived from organellar tran-
cription. Since neither translation nor tRNAs are required in this
itochondrion, it was reasonable to assume that their import does

ot occur. To corroborate this, a rat was inoculated with the 805
train and parasites were purified at a terminal stage of infection.

otal as well as mitochondrial RNAs obtained by digitonin frac-
ionation were analyzed by Northern blot hybridization (Fig. 2).

spliced leader RNA-specific oligonucleotide probe showed that
he mitochondrial fractions were devoid of cytosolic contamina-
Parasitology 176 (2011) 116–120 119

tion, while the lack of any signal obtained with a 12S rRNA-specific
probe confirmed that kDNA is absent from the 805 strain (Fig. 2).
However, contrary to our expectations, signals were obtained by
subsequent hybridization with five probes specific for individual
aforementioned tRNAs, demonstrating that despite the lack of a
mitochondrial genome, tRNA import is unabated in the akineto-
plastic trypanosomes.

2.4. tRNAs are thiolated only in the T. b. brucei mitochondrion

It was shown recently that tRNAs are thiolated in the procyclic
T. b. brucei but this modification plays no role in tRNA import
[15,23]. These observations significantly differ from a previous
report obtained with Leishmania tarentolae, a flagellate related to
the genus Trypanosoma, where tRNA thiolation may serve as a neg-
ative determinant for mitochondrial tRNA import [24]. In light of
the current results, we tested whether tRNA thiolation also occurs
in the bloodstream stage of T. b. brucei and T. b. evansi.

Thiolation of different tRNAs was analyzed by APM gels as pre-
viously described [25]. These gels permit separation of thiolated
and non-thiolated tRNAs on the basis of differential mobility during
electrophoresis (Fig. 3). Northern blots of tRNAs obtained from total
and mitochondrial cell fractions of T. b. brucei (both the procyclic
and the bloodstream stage) and T. b. evansi, resolved in the presence
of APM, showed that cytosolic tRNAGln was thiolated to similar lev-
els in all fractions tested (Fig. 3A). This tRNA species is known to be
thiolated solely in the cytosol. We also analyzed the thiolation lev-
els of tRNATrp, the only tRNA known to be thiolated exclusively in
the mitochondrion following import [15,23,25]. Although this tRNA
is highly thiolated in the mitochondrion of procyclic T. b. brucei, its
thiolation is somewhat lower in the organelle of the bloodstream
stage. With the method used, which is able to detect down to ∼0.5%
of thiolated species, and even with double amount of mitochon-
drial RNA loaded (5 �g; data not shown), we were unable to detect
the band corresponding to the thiolated tRNATrp in T. b. evansi
(Fig. 3B).

The fact that thiolation occurs in the bloodstream stage testifies
indirectly to the presence of cysteine desulfurase, an enzyme that
is essential for Fe-S cluster assembly [18] and thiolation of both
cytosolic and mitochondrial tRNAs in procyclic T. b. brucei [25].
Moreover, this cysteine desulfurase also has a limited selenocys-
teine lyase activity in the insect stage trypanosomes [26], yet its
function(s) in the mammalian stage remain(s) to be established.
The thiolation status of mitochondrial tRNA is revealing in several
respects. As has been shown previously, the T. b. brucei bloodstream
stage lacks any respiratory complexes in its mitochondrion [3–5],
yet this has apparently no impact on tRNA import. Therefore, we
posit that the Rieske Fe-S protein, as well as other subunits of respi-
ratory complexes, do not play any role in the import of the tRNAs in
T. b. brucei regardless of developmental stage, a conclusion contra-
dicting results published for the Leishmania species [27]. In further
support of this notion, the absence of the Rieske Fe-S protein and
a subunit of respiratory complex IV has been confirmed in numer-
ous T. b. evansi strains [13]. Furthermore, our data strongly suggest
the absence of the interdependence between mitochondrial trans-
lation and tRNA import. The latter process apparently operates
by a default mechanism, regardless of the situation “within” the
organelle in terms of DNA content and translation requirements.
It is also worth noting that thiolation is the only process, with the
exception of the status of kDNA, which differs, at least to some
extent, between the T. b. brucei bloodstream stage and the T. b.
drial tRNAs, consistently weaker in the T. b. brucei bloodstream
stage as compared to the insect stages, was undetectable in the
akinetoplastic T. b. evansi (Fig. 3B). We propose that this is caused
by a progressive degeneration of the apparently dysfunctional T.
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Fig. 3. tRNAs are thiolated in cytosol but not in the mitochondrion of T. b. evansi.
Total (T) and mitochondrial (M) RNA from procyclic (PS) and bloodstream stages
of T. b. brucei (BS), and T. b. evansi (TE) was separated in APM-containing polyacry-
lamide gels. Northern blots were probed for tRNAGln (A) and tRNATrp (B). Bands
corresponding to thiolated (+S2U) and non-thiolated tRNAs (−S2U) are indicated.
H2O2 was used as a control to show complete oxidation of thiolation, eliminating
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[26] Poliak P, Van Hoewyk D, Oborník M, et al. Functions and cellular localization
he mobility shift. The tRNA (C) served as a loading control. Percent thiolation (%
2U) was calculated by dividing the signal from the shifted band by the total signal
f shifted (thiolated) and non-shifted and multiplied by 100.

. evansi mitochondrion, which imports tRNAs to no purpose. It
as been suggested elsewhere that T. b. evansi may not be mono-
hyletic, but rather an assembly of strains that for one reason
r another started loosing their capacity to faithfully replicate,
ranscribe or edit their organellar nucleic acids [11–13], with mito-
hondrial tRNA thiolation now added to the list of possible triggers
f dys/akinetoplastidy.

. Conclusions

Our results further strengthen the argument that T. b. evansi
epresents the bloodstream stage of T. b. brucei that lost (part of) its
inetoplast DNA. We propose that organelles of both trypanosomes,
ikely having a relationship reminiscent of that between the yeast

accharomyces cerevisiae and its petite mutants, are an ideal object
or study of interactions between the mitochondrion and the
ucleus. Our data further stress the impression that the organelle

s much more independent of the nucleus than appreciated so far.
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cei to gradual loss of kinetoplast DNA: T. equiperdum and T.evansi are petite
mutants of T. brucei. Proc Natl Acad Sci USA 2008;105:1999–2004.

14] Schnaufer A. Evolution of dyskinetoplastic trypanosomes: how, and how often?
Trends Parasitol 2010;26:557–8.
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