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Abstract
Mitochondrial outer membrane (MOM) proteins in parasitic protozoa like Trypanosoma brucei are
poorly characterized. In fungi and higher eukaryotes, Tob55 is responsible for the assembly of β-
barrel proteins in the MOM. Here we show that T. brucei Tob55 (TbTob55) has considerable
similarity in its primary and secondary structure to Tob55 from other species. TbTob55 is localized
in T. brucei MOM and is essential for procyclic cell survival. Induction of Tob55 RNAi decreased
the level of the voltage-dependent anion channel (VDAC) within 48 h. Although the primary effect
is on VDAC, induction of TbTob55 RNAi for a longer time period also decreased the levels of other
nucleus encoded mitochondrial proteins. In addition, the mitochondrial membrane potential was
reduced at this later time point possibly due to a reduction in the level of the proteins involved in
oxidative phosphorylation. However, mitochondrial structure was not altered due to depletion of
Tob55. In vitro protein import of VDAC into mitochondria with a 50-60% reduction of TbTob55
was reduced about 40% in comparison to uninduced control. In addition, the import of presequence-
containing proteins such as, cytochrome oxidase subunit 4 (COIV) and trypanosome alternative
oxidase (TAO) was affected by about 20 % under this condition. Depletion of VDAC levels by RNAi
did not affect the import of either COIV or TAO. Furthermore, TbTob55 over expression increased
the steady state level of VDAC as well as the level of the assembled protein complex of VDAC,
suggesting that similar to other eukaryotes TbTob55 is involved in assembly of MOM β-barrel
proteins and plays an indirect role in the biogenesis of mitochondrial preproteins destined for the
mitochondrial inner membrane.
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1. Introduction
Trypanosoma brucei, a haemoflagelated parasitic protozoan, causes a fatal disease in humans
and domestic animals known as African trypanosomiasis [1]. T. brucei belongs to a group of
earliest eukaryotes, which diverge very early during evolution [2]. The parasite possesses a
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single tubular mitochondrion with many unique characteristics [3]. In spite of various
complexities, the parasite’s mitochondrial genome encodes a handful of mitochondrial
proteins. Thus, similar to other eukaryotes, a vast majority of mitochondrial proteins are nuclear
encoded and are imported after their synthesis in cytosol [3,4]. However, the mitochondrial
protein import machinery in T. brucei has been poorly characterized. Recently a homolog of
Tim17, a component of the translocase of mitochondrial inner membrane (TIM) in other
eukaryotes, has been identified and characterized in T. brucei [5,6]. Searches in the T. brucei
genome database found homologs for a few small Tims of the intermembrane space (IMS)
[5]. However, none of the subunits of the translocase of mitochondrial outer membrane (TOM)
have been identified in T. brucei. Thus, how proteins cross the mitochondrial outer membrane
(MOM) in T. brucei remains enigmatic.

In other eukaryotes, MOM possesses several β-barrel proteins [7,8]. These includes Tom40
(9,10), VDAC (voltage dependent anion channel, also called porin) [11,12], Tob55
(topogenesis of β-barrel protein; also called Sam50) [13,14], and Mdm10 and Mmm2
(mitochondrial morphology proteins) [8,15]. Among these, Tom40 and Tob55 are crucial for
biogenesis of nuclear encoded mitochondrial proteins [13,14,16]. Tom40 is the major
component of the TOM complex and responsible for import of virtually all types of
mitochondrial proteins [16].

Tob55 is needed for biogenesis of mitochondrial β-barrel proteins such as VDAC and Tom40
[13,14]. The TOB complex in fungi possesses two more proteins Sam35/Tob38 and Sam37/
Mas37. The Tob55 and Tob38 are essential OM proteins in fungi. Tob55 is an integral β-barrel
protein with the helical N-terminal containing a polypeptide-transport-associated (POTRA)
domain [17]. Tob55 belongs to the family of bacterial Omp85 that is responsible for the
assembly of β-barrel proteins on bacterial OM [18]. The protein translocator of chloroplast
OM, Toc75, also belongs to this group [19]. Tob55 is structurally and functionally conserved
among all eukaryotes investigated so far.

Here, we identified and characterized the Tob55 homolog in T. brucei. TbTob55 is a MOM
β-barrel protein and is crucial for survival of the procyclic form. Similar to other eukaryotes,
TbTob55 is responsible for import and assembly of VDAC. In addition, TbTob55 is involved
indirectly in mitochondrial presequence-containing proteins or preproteins biogenesis. These
results indicate that a major protein translocator in the MOM exists in T. brucei.

2. Materials and methods
2.1. Strains, media, and growth

The procyclic form of Trypanosoma brucei 427 (29-13) cell line, resistant to hygromycin and
neomycin (G418), expressing the tetracycline repressor gene (TetR) and T7RNA polymerase
(T7RNAP), were grown in SDM-79 medium (JRH Biosciences) containing 10% heat
inactivated fetal bovine serum and appropriate antibiotics (hygromycin; 50 μg/ml; G418; 15
μg/ml) [20]. For measurement of cell growth, the procyclic cells were inoculated at a cell
density of 2-3 × 106/ml in fresh medium containing appropriate antibiotics in the presence and
absence of doxycycline. Cells were re-inoculated in fresh medium at each time the density
reached 1-1.5 × 107/ml. Cells were harvested at different time points of growth (0-264 h) and
the number of cells was counted in a Neubauer hemocytometer. To assess growth rates
cumulative cell number was plotted versus time of incubation in culture.

2.2. Sequence comparison and secondary structure analysis
Amino acid sequence of TbTob55 (Tb927.3.4380) from the GeneDB database was compared
for homology using BLAST analysis. Sequence comparison among Tob55s from T. brucei,
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Saccharomyces cerevisiae, Neurospora crassa and Homo sapiens was performed using
ClustalW alignment program [21] in MacVector 10.0. The Hidden Markov Models (HMM)
were built using HMMER 2.3.2 (http://hmmer.janelia.org). The prediction of secondary and
tertiary structures of TbTob55 was performed using PRED TMββ [22] and TMBPro prediction
tools [23], respectively. The phylogenetic analysis was carried out by maximum likelihood
alignments employing PhyML 3.0 [24]. WAG substitution matrix with eight rate categories
with the proportion of invariable sites was estimated from the data. Tree-Puzzle 5.2 [25] was
used to calculate distances between sequences and puzzleboot (shell script by A. Roger and
M. Holder, http:/www.tree-puzzle.de) was used to calculate bootstrap values using the same
conditions. Trees were inferred using weighbor 1.2 [26]. MrBayes 3.1.2 [27] was used for
performing Bayesian analysis and the Markov Chain Monte Carlo analysis was carried out for
100,000 cycles (sampling every 1000 cycles) after which the significance values were less than
0.05. The tree was drawn using Dendroscope 2.3 [28]

2.3. Generation of the inducible TbTob55RNAi and TbTob55 over-expressing cell lines
To prepare the construct for TbTob55 double stranded RNA expression, the 554 bp fragment
of the coding region of TbTob55 was PCR amplified from the T. brucei genomic DNA using
high fidelity Pfu polymerase (Stratagene). Sense and antisense primers containing restriction
sites at 5′ ends were as follows; TbTob55 For: 5′-
ATGGATCCACATTCATCCCCGTGTTATCAGTC-3′ and TbTob55 Rev: 5′-
GAAAGCTTAGGCAGATTCGTTCCTTCCCTC-3′. The amplified product was cloned into
the BamHI/HindIII sites of a tetracycline inducible dual promoter plasmid vector p2T7Ti-177
[29]. This construct generated TbTob55 double stranded RNA from two opposing tetracycline
regulated T7 promoter/primer and expressed the phleomycin resistant gene constitutively for
selection purposes. TbVDAC RNAi cell line was developed using the same vector as described
[30]. The TbTob55 over-expression construct was generated using the pLew-Myc vector
[31]. The entire open reading frame of TbTob55 was PCR amplified from T. brucei genomic
DNA using primers TbTob55-Myc For: 5′-
GATCAAGCTTATGACCTTTTCTAGCGAGAGTAGTG -3′ and TbTob55-Myc Rev: 5′-
CTAGTCTAGACATGGAAAAAGCGGATGACCATG -3′. The PCR product was cloned
between HindIII and Xba1 site. From this construct, the C-terminal Myc-tagged Tob55 was
expressed upon induction with doxycycline. The construct for TbTob55 RNAi and TbTob55-
Myc was verified by sequencing. The purified plasmid DNA was linearized by Not I. The
linearized plasmid was used for transfection into procyclic cells (Tb427 29-13 expressing T7
polymerase and tetracycline repressor proteins) according to standard protocols [20].

2.4. RNA and protein analysis
RNA was isolated from the procyclic trypanosomes grown for 4 days with or without
doxycycline, using Trizol reagent (Invitrogen) and Northern blot analysis was performed as
described [32]. Total cellular proteins and proteins from isolated mitochondria were analyzed
on SDS-PAGE (10 or 15%) as described (33), and transferred to nitrocellulose membranes at
4 °C (100 V with 25 mM Tris-HCl and 192 mM glycine, 20% v/v methanol pH 8.3) [34]. Blots
were treated with polyclonal antiserum against T. brucei Cyt c1 [35], COIV [36], Cyt c [37],
VDAC [30], Hsp70 [38], Tim17 [6], TbPP5 [39], and the Saccharomyces cerevisiae Tob55
[40] (all at 1:1000 dilution in blocking buffer). TAO [41] was detected with the corresponding
monoclonal hybridoma supernatants (1:50 dilution in 10 mM Tris-HCl, 150 mM NaCl, pH 8.0
(TBST)). Monoclonal antibody against T. brucei β-tubulin [42] was used in 1:20,000 dilution
in TBST. Blots were treated with appropriate secondary antibody and developed using
enhanced chemiluminiscence (ECL) detection system (Amersham).

Sharma et al. Page 3

Mol Biochem Parasitol. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://hmmer.janelia.org
http://http:/www.tree-puzzle.de


2.5. Isolation and post-isolation treatments of mitochondria
Mitochondria were isolated after lysis of cells via nitrogen cavitation in isotonic buffer as
described [43,44]. The isolated mitochondria were stored at a protein concentration of 10 mg/
ml in SME (250 mM sucrose, 20 mM MOPS/KOH, 2 mM EDTA, pH 7.4) buffer containing
50% glycerol at −70°C. Before using, mitochondria were washed twice with 9 volumes of SME
to remove glycerol. For alkali extraction, isolated mitochondria (100 μg) were treated with 100
μl of 100 mM Na2CO3 at pH 11.5 for 30 min on ice [43]. The supernatant and pellet fractions
were collected after centrifugation (13,000 rpm for 10 min at 4 °C) and analyzed by SDS-
PAGE and immunobloting. Protease digestion of isolated mitochondria was performed by
treating mitochondria (50 μg) with various concentrations of proteinase K (0-150 μg/ml) in
100 μl reaction volume of SME for 30 min on ice. After the treatment, proteinase K was
inhibited by PMSF (4 mM final concentration). Mitochondria were re-isolated and the proteins
were analyzed by immunoblot analysis.

2.6. In vitro protein import assay
The open reading frames (ORFs) for the COIV, TAO, and VDAC were amplified from T.
brucei genomic DNA using the following forward and reverse primer pairs, COIVFor: 5′
AGAAGCTTATGTTTGCTCGCCGCT3′; and COIVRev: 5′
AAGAATTCCTAAATCTTGTTTGA3′, TAOFor: 5′AGAAGCTTATGTTTCGTAAC3′;
TAORev: 5′AAGAATTCTTACTCGTGTTTG3′; and VDACFor: 5′
GATCAAGCTTATGTTTGCACGTGCAAAATCC3′, and VDACRev: 5′
GATCGGATCCCTACGAATGGGTAATAAGG3′, respectively. The PCR product was
subcloned in pGEM 4Z vector between HindIII and EcoRI sites for COIV. TAO and VDAC
was subcloned at HindIII and BamHI sites. Radiolabeled precursors COIV, TAO and VDAC
were synthesized in vitro using a coupled transcription/translation rabbit reticulocyte system
(TNTR, coupled reticulocyte lysate systems, Promega) according to the manufacturer’s
protocol using 35S methionine for COIV and TAO. 35S cysteine was used to label VDAC
(DuPont NEN). Radiolabeled precursor proteins were used for in vitro import into isolated
mitochondria from T. brucei as described [6,44]. Mitochondria (100 μg) were washed with 9
volumes of SME buffer and resuspended in 90 μl of import buffer (250 mM sucrose, 80 mM
KCl, 5 mM MgCl2, 5 mM dithiothreitol, 1.0 mg/ml fatty acid free bovine serum albumin and
10 mM MOPS/KOH at pH 7.2, 2 mM ATP, 10 mM creatine phosphate, 0.1 mg/ml creatine
kinase, 8 mM potassium ascorbate, 0.2 mM N,N,N’,N’-tetramethylphenylenediamine, and 5
mM NADH). The mitochondrial suspension was mixed with 5-10 μl of rabbit reticulocyte
translation mixture containing the radiolabeled precursor protein and incubated at room
temperature for up to 10 min. Import of VDAC was performed at 15 °C to obtain a linear
increase of imported protein with time. Proteins were separated by SDS-PAGE and transferred
onto nitrocellulose membrane as described [34]. After transfer, the blot was dried at 37 °C for
30 minutes and exposed to an X-ray film (Biomax Film, Kodak) for detection of radioactive
proteins.

2.7. Blue-Native PAGE
Mitochondrial proteins from the parental, TbTob55 KD, and TbTob55 over expressed cells
were solubilized in 72 μl of the ice cold buffer containing 20 mM Tris, pH 7.0, 0.1 mM EDTA,
50 mM NaCl, 10% glycerol, 1 mM PMSF, 1 μg/ml leupeptin and 1% digitonin. The solubilized
supernatants were clarified by centrifuging at 100,000 X g for 30 min at 4 °C. The supernatants
were supplemented with 7.5 μl of sample buffer (750 mM amino caproic acid, 5% Coomassie
blue) and were electrophoresed on a linear 6-16% polyacrylamide gradient gel [30,43]. Protein
complexes were detected by immunoblot analysis. Molecular size marker proteins apoferritin
(400 kDa), β-amylase (200 kDa), alcohol dehydrogenase (150 kDa), and bovine serum albumin
(66 kDa) were run on the same gel and visualized by Coomassie staining.
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2.8. Mitotracker staining
Cells were harvested and suspended in fresh culture medium at a density of 2 × 106 /ml.
Mitotracker Red CMXRos (Molecular probe) was dissolved in dimethyl sulfoxide at a
concentration of 1 mM and added to a final concentration of 0.5 μM. The mixture was incubated
at the normal growth temperature for 10 min. Cells were washed and incubated in fresh culture
medium for additional 30 min. Cells were then washed twice with PBS and cell suspension
was spread on a poly-lysine coated slides. Slides were washed with PBS to remove the unbound
cells. Cells attached on the slides were fixed with 3.7% paraformaldehyde for 10 min. After a
brief wash the slides were mounted in Fluoromount G and images were acquired with a Nikon
TE200-U C1 laser scanning confocal microscope outfitted with a 60X 1.4 N.A. Plan Apo oil
immersion objective lense. MitoTracker Red was excited with a 578 nm argon laser, and the
emitted light was collected at 599 nm. All images were collected with exactly the same detector
gain, laser strength, and number of scans in order for the data to be examined for differences
in fluorescence intensity.

2.9. Electron microscopy
Cells were fixed in 2% (vol/vol) glutaraldehyde, and 2% (wt/vol) paraformaldehyde in 0.1 M
sodium cacodylate buffer (SCB), pH 7.2. Cells were then washed with SCB, postfixed with
1% (wt/vol) osmium tetroxide in SCB, stained with 0.5% aqueous magnesium uranyl acetate,
dehydrated, and embedded in Spurr’s resin [45]. Blocks were sectioned at 50-70 nm thickness
and stained with 5% (wt/vol) uranyl acetate in 1% acetic acid, and 0.4% lead citrate in 0.1 N
NaOH. Section grids were inserted into FEI CM12 twin lens 420 transmission electron
microscope (FEI) to capture images.

3. Results
3.1. The Tob55 homolog is structurally conserved in T. brucei

A homolog of Tob55/Sam50 (Tb927.3.4380) was identified in T. brucei genome database Gene
DB (www.genedb.org). Tb927.3.4380 contains an open reading frame of 1440 bp that encodes
a protein of 53.5 kDa. A clustal W alignment of the predicted protein sequence with Tob55/
Sam50 from different species showed 17-22% identity and 30-38% similarity (Fig. 1a and
supplementary Table 1). Similar to Tob55 from other species TbTob55 shows more
conservation in the C-terminal region than the N-terminal region. Pairwise alignment with
human and fungal Tob55 proteins showed that TbTob55 possesses more similarity to the
human Sam50 than the fungal counterpart (supplementary Table 1). To further confirm that
the predicted protein sequence for Tb927.3.8340 is orthologous to other known Tob55 proteins,
HMM analysis was carried out using twenty two characterized proteins belonging to this group.
Subjecting this model to the T. brucei database recognized the same sequence. Orthologs of
Tb927.3.4380 are syntenic in Trypanosoma cruzi and different Leishmania species e.g., L.
major, L. infantum, and L. braziliensis. A phylogenetic analysis was also carried out using
Tob55, Tom40 and Toc75 proteins from different species by maximum likelihood alignments
(Fig. 1b). The Tob55, Tom40, and Toc75 are known to be involved in protein biogenesis in
mitochondria and chloroplast, respectively. Since Tom40 has not been discovered in any of
the kinetoplastids we wanted to determine the similarity of the putative TbTob55 with other
Tob55 versus Tom40 homologs. Results revealed that TbTob55 is grouped with Tob55 from
other species rather than Toc75s and Tom40s. All the known Tob55 and Toc75 proteins belong
to the bacterial surface antigen family of proteins. Omp85 is one of the ancient members in
this family [7]. TbTob55 is found closer to OMP85 in comparison to Tob55 from fungi and
human (Fig. 1b).

The secondary structure analysis using PRED-TMββ prediction tools revealed that TbTob55
possesses a β-barrel structure containing multiple β-strands. It also possesses the characteristic
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N-terminal α-helices, similar to Tob55 from fungi and human. Analysis of the predicted 3D-
structure using TMB-Pro software program showed the structure of Tob55 from T. brucei,
Saccharomyces cerevisiae and human to be similar (Supplementary Fig.1). Mitochondrial β-
barrel proteins possess a sorting signal at the extreme C-terminal known as the β-signal, which
consists of a conserved glycine and several hydrophobic residues [46]. During sorting of the
β-barrel proteins in OM, the β-signal is recognized by Tob38, an essential component of the
TOB complex. TbTob55 also possesses a similar signal in the last C-terminal β-strands (Fig.
1a), suggesting that a similar sorting mechanism exists in T. brucei.

3.2. TbTob55 is localized in the mitochondrial outer membrane
In order to verify the sub cellular location of TbTob55, cell fractionation followed by
immunoblot analysis was performed. T. brucei procyclic cells were lysed in isotonic buffer
and cytosolic and mitochondrial fractions were separated by differential centrifugation as
described [43]. Analysis of the equal amount of proteins from total lysate, cytosolic and
mitochondrial fractions by immunoblot using antibodies for S. cerevisiae Tob55 revealed that
TbTob55 is enriched in the mitochondrial fraction similar to other mitochondrial proteins e.g.,
VDAC, heat shock protein 70 (mHsp70) and cytochrome c1 (Cyt c1) (Fig. 2a). Whereas,
protein phosphatase 5 (TbPP5), a cytosolic protein is exclusively present in the cytosolic
fraction as expected. This showed that TbTob55 is localized in mitochondria. The extraction
of the mitochondrial protein with sodium carbonate at pH 11.5 followed by immunoblot
analysis demonstrated that TbTob55 is primarily present in the alkali-resistant membrane
pellet, similar to VDAC and trypanosome alternative oxidase (TAO). However, Hsp70, a
matrix protein is found in the soluble fraction (Fig. 2b), suggesting that TbTob55 is membrane
integrated. Proteinase K treatment of isolated T. brucei mitochondria followed by immunoblot
analysis of mitochondrial proteins showed that the TbTob55 level is gradually decreased with
an increasing concentration of Proteinase K (Fig. 2c). Antibodies against ScTob55 recognized
a pair of bands with apparent molecular sizes of 48 and 49 kDa. Both are reduced during
proteinase K treatment. These could be the isomeric forms of TbTob55. This antibody also
recognized a 35 kDa protein band, which may be a cross-reacting protein or the degradation
product of TbTob55 generated during the isolation process. A 30 kDa fragment of TbTob55
was detected when mitochondria were treated with the higher concentration of PK (50-150
μg/ml). The PK treatment of S. cerevisiae mitochondria also generates two fragments of Tob55,
25 kDa and 30 kDa (47). We did not notice the 25 kDa protein band after a similar treatment
of T. brucei mitochondria however this could be due to weak detection of this band by ScTob55
antibody. Therefore, above results suggesting that the membrane topology of TbTob55 is
similar to that in yeast. During PK treatment, the level of TbVDAC was reduced 50% and
70-80% at Proteinase K concentrations of 100 and 150 μg/ml, respectively. On the other hand,
the levels of Tim17, Cyt c1, and mitochondrial Hsp70 remain unchanged during proteinase K
digestion, clearly indicating that TbTob55 is localized in the MOM.

3.3. TbTob55 is essential for cell survival
To understand the function of TbTob55, RNA interference studies were performed. Induction
of the TbTob55 double stranded RNA in the procyclic form reduced its transcript level more
than 95 % within 48 h (Fig. 3a). Depletion of TbTob55 affected cell growth dramatically.
Induced cells grew at a reduced rate in comparison to uninduced control up to 96-144 h post
induction. The growth of the induced cells ceased at day 144 h and after that it rapidly declined,
whereas the uninduced control cells grew exponentially as expected (Fig. 3b). These results
revealed that TbTob55 is essential for cell survival in the T. brucei procyclic form.
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3.4. TbTob55 is crucial for mitochondrial protein biogenesis
To see the effect of TbTob55 depletion on the level of mitochondrial proteins a semi-
quantitative immunoblot analysis was performed using mitochondria isolated from TbTob55
RNAi cells grown for 48 and 96 h in the presence and absence of doxycycline. Our results
revealed that TbTob55 depletion decreased the level of VDAC more than 50% within 48 h
(Fig. 4a and c). In contrast to VDAC, the levels of several other nucleus encoded mitochondrial
proteins such as TAO, Tim17, Cyt c, and mHsp70 were reduced only 5-20% within 48 h, except
for the level of COIV, which was decreased more than 30% at this time point (Fig. 4a and c).
However, a continued induction of TbTob55 RNAi for 96 h showed 60-80% reduction of most
of these protein levels including VDAC (Fig. 4b and c). These results indicated that Tob55
depletion primarily affects the level of VDAC, an MOM β-barrel protein, however it also
reduced gradually many other nucleus encoded proteins destined for the inner membrane, inter
membrane space, and matrix in mitochondria. During this 96 h time period, the TbTob55 RNAi
induced cells were in the growth phase. Therefore it is unlikely that the reduction in the levels
of the above proteins was due to cell morbidity. In addition, we analyzed total cellular proteins
by immunoblot after growing TbTob55 RNAi cells at various concentrations of doxycycline
(0 to 1 μg/ml) for 96 h, we did not find a significant reduction in the levels of proteins that are
located either in mitochondria or in the cytosol (Supplementary Fig. 2), except for VDAC,
which was reduced about 30-40% at a doxycycline concentration of 1 μg/ml. Together, these
results suggest that TbTob55 depletion did not have an overall effect on cellular protein
biosynthesis.

To visualize if there is any effect of Tob55 RNAi on mitochondrial morphology, we stained
cells with MitoTracker, a specific dye, which accumulates in mitochondria depending on the
presence of a mitochondrial membrane potential. During 48h of induction of TbTob55 RNAi,
dye accumulation in mitochondria was reduced. However, the reticular structure of
mitochondria remained unaltered. Induction of RNAi for 96h showed a significant reduction
of MitoTracker staining. As seen in Fig.5a, the staining pattern appeared dotted rather than a
continuous thread-like structure. These results indicate that TbTob55 depletion causes a
reduction in the mitochondrial membrane potential possibly due to the reduction of several
respiratory proteins as seen in our previous experiment. As shown in the phase-contrast image,
the overall cell morphology was not altered at 96h of induction of TbTob55 RNAi (Fig. 5a).
To examine further mitochondrial structure, we performed electron microscopy. We found
double membrane-containing tubular mitochondrial structure with cristae in both induced and
uninduced cells. We did not notice any differences in the kDNA structures inside mitochondria
in induced versus uninduced cells (Fig. 5b), suggesting that TbTob55 RNAi induction for 96
h didn’t have any effect on mitochondrial structure. Therefore, a simultaneous reduction in the
levels of several nuclear encoded proteins in mitochondria at 96h of induction of TbTob55
RNAi is possibly due to the reduction of import of these proteins into mitochondria.

3.5. Effect of TbTob55 depletion on mitochondrial protein import
In vitro import assays were performed to understand the role of TbTob55 on mitochondrial
protein biogenesis. VDAC, the MOM β-barrel protein and the presequence-containing
proteins, such as COIV and TAO, were used as the substrate for in vitro import assays.
Mitochondria were isolated from cells uninduced and induced for 48 h for TbTob55 RNAi.
The induction period of 48 h was selected because at this time point other mitochondrial
proteins and mitochondrial membrane potential are minimally affected. Import and membrane
integration of VDAC was assessed by post-import alkali-extraction. We found that VDAC was
imported in a time-dependent manner in control mitochondria, however, almost no increase of
import was observed with time in TbTob55-depleted mitochondria (Fig. 6a). Quantitation of
our results revealed that import of VDAC was reduced about 40% within 5 min into
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mitochondria isolated from cells induced for Tob55 RNAi in comparison to mitochondria from
the uninduced control (Fig. 6b).

The T. brucei COIV possess a cleavable presequence at the N-terminus consisting of 44 amino
acids [49]. We found that COIV is imported into mitochondria and produced a mature protein
of expected size (Fig. 6 c-f). The intensity of the precursor protein bands indicates its binding
capacity to the mitochondria and the intensity of the processed matured protein indicates the
efficiency of the import. The lower molecular size proteins detected in the input lanes were
possibly generated from internal start sites during in vitro translation. In the control
mitochondria, formation of mature COIV was time-dependent and inhibited upon disruption
of mitochondrial membrane potential as expected. Similar to the uninduced control, in Tob55
knockdown (KD) mitochondria the precursor COIV bound and processed to the mature form,
an effect which increased with time (Fig. 6c). Quantitation of the imported COIV as a percent
of maximum import in the control mitochondria showed that the reduction was about 15-20%
(Fig. 6d). Longer incubation did not show any further reduction of the COIV import into
TbTob55 KD mitochondria in comparison to controls. To assess if TbVDAC plays any role in
the import of COIV, in vitro import analysis was also performed in parallel using mitochondria
isolated from cells, where VDAC protein level was depleted about 50% by RNAi (30). VDAC
depletion showed no effect on the level of TbTob55 (not shown). In vitro import analysis
revealed that the precursor protein binding and processing were not inhibited due to depletion
of VDAC (Fig. 6e and f).

In vitro import of TAO into Tob55 KD, VDAC KD, and the respective control mitochondria
was performed to assess the effect of depletion of Tob55 and VDAC on import of another
presequence-containing protein. TAO possesses a predicted N-terminal presequence of 24
amino acid residues. TAO precursor protein was imported and processed to its matured form
in a time-dependent manner (Fig. 6g-j). Quantitation of the imported protein bands revealed
that depletion of Tob55 reduced TAO import about 20% (Fig. 6g and h), whereas VDAC
knockdown did not show any effect on TAO import (Fig. 6i and j).The overall import rate of
TAO in VDAC KD and the respective control mitochondria was relatively less in comparison
to rates in Tob55 KD and the respective control mitochondria. This is possibly due to
differences in the quality of mitochondria or other factors. Together, these results indicated
that Tob55 is required for mitochondrial protein import.

3.6. TbTob55 is crucial for VDAC assembly
The VDAC is the only OM β-barrel protein identified so far in trypanosomes [30,48]. The T.
brucei VDAC is crucial for mitochondrial metabolite transport and thus essential for its energy
production. Since in other eukaryotes Tob55 is required for the assembly of the OM β-barrel
proteins we tested further the role of TbTob55 on biogenesis of VDAC complex. We found
that TbTob55 over expression increased the level of VDAC about 2 fold in comparison to that
in control mitochondria (Fig. 7a and b). However, the levels of TAO and mHsp70 were
unaltered due to an increased level of TbTob55. This further suggests that TbTob55 expression
is directly correlated with VDAC biogenesis. Next we analyzed the effect of TbTob55 KD and
over expression on VDAC protein complex by BN-PAGE. T. brucei VDAC was present in an
apparent 212 kDa complex as detected by BN-PAGE of wild type mitochondria. TbTob55 KD
depleted this complex almost 90% (Fig. 7c). However, over expression of TbTob55 increased
the level of this complex about 2 fold. In addition, higher molecular size complexes of VDAC
were also found in the mitochondria sample where TbTob55 was over expressed. Probing the
blot with ScTob55 antibody revealed that TbTob55 is present in a protein complex showing a
broad band around 250-300 kDa. In wild type mitochondria, this protein complex was
recognized weakly by ScTob55 antibody. The intensity of this band diminished in TbTob55
KD mitochondria and increased about 1.5 fold when TbTob55 is over expressed (Fig. 7c),
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verifying that this protein complex possesses TbTob55. Besides this major band there are few
minor bands of around 180 kDa and 800 kDa, which were seen particularly in the OE lane;
these may be the disintegration and aggregation products of this complex, produced during
preparation of the sample. Furthermore, the result also showed that ectopically expressed
TbTob55 is assembled in the endogenous TOB complex. The Cyt c1 antibody detected the
Complex III or the bc1 reductase complex at about 670 kDa, as expected [50]. In TbTob55 KD
mitochondria, the intensity of this complex slightly decreased (Fig. 7c) since a relatively lower
level of Cyt c1 is present in these mitochondria (not shown). TbTob55 over expression did not
show any significant effect on the level of complex III. All these results clearly indicate that
similar to other eukaryotes, TbTob55 is involved in the membrane integration and assembly
of VDAC in the MOM.

4. Discussion
We elucidated the role of TbTob55 on mitochondrial protein biogenesis in T. brucei. Similar
to other eukaryotes, TbTob55 is involved in mitochondrial OM β-barrel protein biogenesis and
is essential for cell growth. TbTob55 depletion causes reduction in the levels of several nuclear
encoded mitochondrial proteins and it is indirectly involved in the import of presequence
containing precursor proteins.

The homolog of Tob55 in T. brucei showed a significant similarity in its predicted primary,
secondary, and tertiary structure with that from other species. The phylogenetic analysis also
showed that TbTob55 belongs to the group of Tob55 from various organisms and not within
the group of Tom40 proteins. Tom40 and Tob55 are both β-barrel mitochondrial OM proteins.
However, Tom40 and Tob55 possess two distinct functions in mitochondrial protein import in
fungi and humans [51,52]. Various searches in trypanosome genome databases failed to
identify either the homolog of Tom40 or any other components of the TOM complex,
suggesting either these proteins are absent or highly divergent in trypanosomes.

Here we found that the TbTob55 is localized in the MOM. The antibody developed against
yeast Tob55 recognized the T. brucei Tob55 protein, which further supported its identity.
Protease digestion of isolated mitochondria followed by immunoblot revealed that TbTob55
possesses a similar membrane topology with Tob55 in yeast mitochondria. TbTob55 was found
to be essential for cell survival. Depletion of TbTob55 protein ceased cell growth within 144
h in culture and the cell number decreased upon further incubation of the RNAi cells in the
presence of doxycycline.

TbTob55 depletion and over expression concomitantly reduced and increased the level of
VDAC in mitochondria, respectively, suggesting that similar to other eukaryotes TbTob55 is
involved in β-barrel protein biogenesis. Although, the primary effect is on VDAC, induction
of TbTob55 RNAi for 96h reduced the levels of several other nuclear encoded proteins in
mitochondria. However, TbTob55 depletion did not show any effect on cytosolic proteins like
TbPP5 and tubulin which clearly indicates that TbTob55 is linked to the biogenesis of proteins
in mitochondria. In other eukaryotes, Tob55 depletion reduced the level of Tom40, the major
protein translocator of mitochondrial OM. Although the ortholog of Tom40 was not found in
trypanosome genome databases we couldn’t exclude the possibility that a divergent homolog
of Tom40 exists in T. brucei. Therefore, it is possible that TbTob55 depletion reduced the level
of the unidentified TbTom40 and thus reduced the import of mitochondrial proteins. The other
possibility is that TbTob55 acts as the protein translocator in T. brucei MOM.

In vitro import analysis of VDAC into mitochondria showed that import of VDAC is
significantly reduced due to depletion of TbTob55, which further indicates the involvement of
TbTob55 in VDAC biogenesis. We also found that the import of the two presequence
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containing proteins destined for the inner membrane is partially inhibited due to TbTob55
RNAi. Knockdown of VDAC did not show any inhibition of the import of these proteins into
mitochondria revealing that the effect of TbTob55 RNAi is specific. For in vitro import assays,
we isolated mitochondria from cells harvested at 48h post-induction to reduce the secondary
effects that may be caused by reduction of other mitochondrial proteins as well as reduction
of mitochondrial membrane potential as a consequence of TbTob55 RNAi. Therefore,
inhibition of import of COIV and TAO is most likely not due to these secondary effects.
However, even at this earlier time point, VDAC level was decreased about 50% while TbTob55
was reduced about 60-65%. Therefore it is likely that another unidentified MOM β-barrel
protein could be reduced, which may be acting as the major protein translocator. Furthermore,
the range of inhibition that we found for import of COIV and TAO is not sufficiently high to
conclude that TbTob55 is acting as the protein translocator in the MOM of T. brucei. Our
previously published results with Tim17 knockdown mitochondria showed about 70-80%
inhibition of import for these proteins in comparison to the respective control mitochondria
[6]. Therefore, it is highly likely that TbTob55 is indirectly involved for the import of
preproteins such as COIV and TAO.

Furthermore, TbTob55 depletion not only reduced the steady state level of VDAC but also
reduced the level of the matured complex of VDAC. In addition, upregulation of TbTob55
level by expression of an ectopic copy of TbTob55 increased the level and sizes of the VDAC
oligomeric complexes, which clearly indicates that TbTob55 plays a role in MOM β-barrel
protein assembly. On a BN-PAGE, TbTob55 is found in a protein complex with an apparent
molecular size of 250-300 kDa, which is similar to the size of TOB complex found in fungi
[13]. This protein complex possibly contains other proteins besides Tob55.

Together, these results indicate TbTob55 is crucial for mitochondrial protein biogenesis thus
essential for cell survival. Similar to other eukaryotes, TbTob55 is involved in the assembly
of the MOM β-barrel proteins. Since VDAC is not involved in mitochondrial protein
translocation and TbTob55 RNAi showed an auxiliary effect for this process, it suggest that
another β-barrel protein, most likely a divergent homolog of Tom40 is present in T. brucei,
which is possibly acting as the major protein importer of the MOM.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Analysis of the primary and secondary structures of Trypanosoma brucei Tob55. (a) ClustalW
alignment of the predicted protein sequence of TbTob55 with that from other species. The
accession number of the sequences are Trypanosoma brucei (Tb)Tob55; Tb927.3.4380,
Saccharomyces cerevisiae (Sc)Tob55; DAA05204, Neurospora crassa (Nc)Tob55;
AAS76651; and Homospienes (Hu)Tob55; NP056195. The conserved β-signal is boxed. (b)
Phylogenetic analysis of Tob55, Toc75, and Tom40 from different species. Numbers at nodes
are the maximum likelihood (left) and neighbor joining (right) values at bootstrap support of
more than 50%. The thickened nodes represent Bayesian posterior probabilities greater than
0.95. The species and the accession number of proteins considered for analysis are as follows;
AtTOCRel1, 3, 4 and 5: Arabidopsis thaliana, NP_174821, Q9STE8, Q5IZC8, Q9C5J8,
respectively; PsatTOC75: Pisum sativum, Q43715; VvinTOC75: Vitis vinifera, CAN81047;
OsatTOC75: Oryza sativa, Q84Q83; CreinTOC75: Chlamydomonas reinhardtii, EDP05963;
ProtoTOC75: Prototheca wickerhamii, ABC24940; OMP85: Neisseria meningitides,
NP_273240; BnatTOC75: Bigelowiella natans, ABA27321; PstipSAM50: Pichia stipitis,
XP_001386142; ScSAM37: Saccharomyces cerevisiae, P50110; RcomSAM50: Ricinus
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communis, XP_002528327; TbTob55: Trypanosoma brucei, AAZ10471; PhumSAM50:
Pediculus humanus corporis, XP_002432616; DmelSAM50: Drosophila melanogaster,
Q9V784; SsalSAM50: Salmo salar, ACI66168; HuTob55: Homo sapiens, NP_056195;
CeleSAM50: Caenorhabditis elegans, P46576; ScTob55: Saccharomyces cerevisiae,
NP_014372; CdubSAM50: Candida dubliensiis, XP_002419475; AflaSAM50: Aspergillus
flavus, XP_002385583; AfSAM50: Aspergillus fumigatus, EAL84610; PmarSam50:
Penicillium marneffei, XP_002148120; NcTob55: Neurospora crassa, AAS76651;
SchpoSAM50: Schizosaccharomyces pombe, NP_594600.1; ScTom40: Saccharomyces
cerevisiae, P23644; CalbTom40: Candida albicans, XP_720849; AfumTom40: Aspergillus
fumigatus, XP_747566; NcTom40: Neurospora crassa, P24391; SchTom40:
Schizosaccharomyces pombe, O13656; AtTom40: Arabidopsis thaliana, Q9LHE5;
ZmTom40: Zea mays, NP_001149485; TpyrTom40: Trimastix pyriformis, ABW76113;
CeleTom40: Caenorhabditis elegans, Q18090; Dromtom40: Drosophila melanogaster,
Q9U4L6; HuTom40: Homo sapiens, O96008; MusTom40: Mus musculus, Q9QYA2; and
RnTom40: Rattus norvegicus, Q75Q40.
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Fig. 2.
Sub-cellular localization of TbTob55. (a) Immunoblot analysis of sub cellular fractions using
ScTob55-, TbVDAC-, mitochondrial Hsp70 (mHsp70)-, Cyt c1-, and TbPP5-antibodies as
probes. Different fractions are denoted as total lysate: T, cytosol: C, and mitochondria: M. Ten
micrograms of protein from each fraction were loaded per lane. (b) Sodium carbonate
extraction followed by immunoblot analysis of mitochondrial proteins from T. brucei procyclic
form. After treatment with Na2CO3 at pH 11.5, mitochondria were re-isolated by
centrifugation. The supernatant: S and the pellet: P was analyzed using antibodies specific for
ScTob55, TbVDAC, and mHsp70. (c) Proteinase K digestion of isolated mitochondria.
Concentration of proteinase K is shown at the top. After digestion, mitochondria were re-
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isolated by centrifugation and proteins were analyzed by SDS-PAGE and immunoblot using
ScTob55-, T. brucei VDAC-, Cyt c1-, and mHsp70-antibodies as indicated. The 30 kDa
fragment of TbTob55 generated during proteinase K digestion was indicated by arrow.
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Fig. 3.
TbTob55 RNAi. The procyclic cell line that was transfected with the TbTob55 RNAi construct
and selected by phleomycin was allowed to grow in presence (+) and absence (−) of
doxycycline (1 μg/ml). (a) Cells were harvested at 48 h after induction with doxycycline for
RNA analysis by Northern blot. Actin was used as the control. (b) The procyclic cell number
was counted at different time points during induction and the log of cumulative cell number
was plotted versus time. The results are representative of three independent experiments.
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Fig. 4.
The effect of TbTob55 RNAi on the levels of nucleus encoded proteins in mitochondria. The
TbTob55 RNAi induced with 1.0 μg/ml of doxycycline and the uninduced control cells were
grown for 48 h (a) and 96 h (b) and mitochondria were isolated as described in the materials
and methods. Mitochondrial proteins were analyzed by immunoblot analysis using various
antibody probes as follows; the outer membrane (OM) proteins: Tob55 and VDAC; the inner
membrane (IM) proteins: TAO, COIV, and Tim17; intermembrane space (IMS) protein: Cyt
c; and the matrix localized mHsp70. Mitochondria-associated protein β-tubulin was used as
the control. (c) Estimation of the percent reduction of the levels of various mitochondrial
proteins in TbTob55 KD mitochondria in comparison to that in the uninduced control. The
intensity of the respective protein bands was quantitated using imaging densitometry as
described in Section 2 and normalized with the corresponding β-tubulin protein bands. Percent
reduction of the level of proteins in TbTob55 KD mitochondria in comparison to that in the
control mitochondria were calculated for each protein. The histogram shows the results of three
independent experiments.
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Fig. 5.
The effect of TbTob55 RNAi on mitochondrial structure and membrane potential. (a)
MitoTracker staining of the T. brucei procyclic TbTob55 RNAi cells uninduced (− Dox) and
induced (+ Dox) for 48 and 96 h. Cells were stained with MitoTracker Red, fixed with
paraformaldehyde and visualized by Confocal microscopy. A phase contrast image (DIC) of
the cells induced for 96 h were presented to show that no significant changes observed in cell
morphology. (b) Electron microscopic images of the TbTob55 RNAi cells uninduced (−Dox)
and induced (+Dox) for 96 h. Mitochondria (M) and the kDNA (K) were indicated by solid
lines. Magnification scales were indicated at the bottom right corner of the images.
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Fig. 6.
The effect of TbTob55 RNAi on mitochondrial protein import. (a) In vitro import of
radiolabelled VDAC in mitochondria isolated from TbTob55 RNAi induced (TbTob55 KD)
and uninduced (Control) cells. After import mitochondria were extracted with 0.1 M
Na2CO3 and analyzed by SDS-PAGE and autoradiography. Input lanes show the percentage
of radioactive protein loaded in each reaction. (b) The intensity of the imported proteins were
quantitated and presented as the percent of maximum import in control. In vitro import of
radiolabelled COIV (c-f) and TAO (g-j) into mitochondria isolated from Tob55 KD and control
cells (c and g) and mitochondria from VDAC KD and respective uninduced control cells (e
and i), respectively. Aliquots were collected at different time points (1-10 minutes).
Mitochondria were re-isolated by centrifugation at 4 °C, washed with ice cold buffer, and
analyzed by autoradiography. For disruption of mitochondrial membrane potential (Ψ),
mitochondria were preincubated with valinomycin (5 μM) and CCCP (50 μM) for 10 minutes
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at 25 °C before the addition of radiolabelled proteins. The precursor (p) and the matured (m)
protein bands were visualized by SDS-PAGE and autoradiography. The input lanes represent
the percentage of radiolabelled precursor proteins used for each reaction. The intensity of the
matured COIV (c and e) and TAO (g and i) protein bands was quantitated from three
independent experiments for each sets by densitometry. The intensity of the matured proteins
in the respective control mitochondria at 10 minutes was used as maximum (100%) and the
calculated percent of maximum import into the Tob55 KD (d and h), and VDAC KD (f and j)
mitochondria was plotted versus time.
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Fig. 7.
TbTob55 is required for VDAC assembly. An ectopic copy of TbTob55 was expressed from
an inducible expression vector in the procyclic form. Mitochondria were isolated from the
uninduced (Control) and induced (Tob55 OE) cells. (a) Mitochondrial proteins were analyzed
by immunoblot using antibodies for T. brucei VDAC, TAO, mHsp70, tubulin, and S.
cerevisiae Tob55. (b) The intensity of the respective protein bands was quantitated using
imaging densitometry as described in Section 2 and normalized with the corresponding β-
tubulin protein bands. Percent increase of the level of proteins in TbTob55 OE mitochondria
in comparison to that in the control mitochondria were calculated for each protein. The
histogram shows the results of three independent experiments. (c) Mitochondria (100 μg)
isolated from the wild type control (W), TbTob55 knock-down (KD), and TbTob55 over-
expressed (OE) cells were solubilized with digitonin (1.0%). The solubilized supernatants were
clarified by centrifugation at 100,000 X g. The samples were electrophoresed on a Blue-Native
PAGE and immunodecorated with antibodies specific for ScTob55, TbVDAC, and TbCyt c1.
Molecular size marker proteins apoferritin dimer (800 kDa), apoferritin monomer (400 kDa),
β-amylase (200 kDa), alcohol dehydogenase (150 kDa), and bovine serum albumin (66 kDa)
were run on the same gel and visualized by coomassie staining. The VDAC, TOB, and the
respiratory complex III were indicated by the side of the gel.
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