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Abstract
Mitochondrial protein translocation machinery in the kinetoplastid parasites, like Trypanosoma
brucei, has been characterized poorly. In T. brucei genome data base, one homolog for a protein
translocator of mitochondrial inner membrane (Tim) has been found, which is closely related to
Tim17 from other species. The T. brucei Tim17 (TbTim17) has a molecular mass 16.2 kDa and it
possesses four characteristic transmembrane domains. The protein is localized in the mitochondrial
inner membrane. The level of TbTim17 protein is 6–7 fold higher in the procyclic form that has a
fully active mitochondrion, than in the mammalian bloodstream form of T. brucei, where many of
the mitochondrial activities are suppressed. Knockdown of TbTim17 expression by RNAi caused a
cessation of cell growth in the procyclic form and reduced growth rate in the bloodstream form.
Depletion of TbTim17 decreased mitochondrial membrane potential more in the procyclic than
bloodstream form. However, TbTim17 knockdown reduced the expression level of several nuclear
encoded mitochondrial proteins in both the forms. Furthermore, import of presequence containing
nuclear encoded mitochondrial proteins was significantly reduced in TbTim17 depleted mitochondria
of the procyclic as well as the bloodstream form, confirming that TbTim17 is critical for
mitochondrial protein import in both developmental forms. Together, these show that TbTim17 is
the translocator of nuclear encoded mitochondrial proteins and its expression is regulated according
to mitochondrial activities in T. brucei.
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1. Introduction
Mitochondrial biogenesis requires import of up to a thousand nuclear encoded proteins from
the cytosol to their proper sub-mitochondrial destination [1,2]. Multi subunit protein
translocases of the mitochondrial outer and inner membranes, the TOM and TIM complexes
respectively, have been characterized from different systems, including fungi, plants, and
animals [1–7]. The TOM complex is needed for the import of virtually all mitochondrial
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proteins [7]. Proteins destined for the matrix or the mitochondrial inner membrane, are further
transported by either one of the two TIM complexes, which are known as TIM23 and TIM22
[2,7–9]. The TIM22 complex mediates import of polytopic membrane proteins with internal
targeting signals. On the other hand, the TIM23 complex imports proteins, which contain an
N-terminal targeting sequence. These include proteins that are targeted to the matrix and a few
inner membrane proteins. The TIM23 core complex contains Tim23, Tim17, and Tim50 [2,
7,8,10]. During translocation of the matrix-targeted protein, this core complex associates with
the Presequence Activated Motor (PAM) complex consisting of Tim44, mitochondrial Hsp70,
Pam16, and Pam18. On the other hand, the core complex associates with Tim21 to form the
TIM23-sorting complex (TIM23sort) for translocation of the inner membrane proteins [11].
In fungi, Tim23 forms the import channel [12]. Once the presequence enters into the matrix
side, it is cleaved by a Matrix Processing Peptidase (MPP) [13].

Tim17, Tim22, and Tim23 are structurally similar proteins [14,15]. Each has four characteristic
transmembrane domains centrally located in the protein. Tim17 is the most conserved among
all Tom and Tim proteins [8]. Recent findings showed that Tim17 is critical for formation of
the twin-pore structure of the Tim23 translocase and acts as a voltage sensor for this protein
import channel [16,17]. Tim17 also plays role in sorting of inner membrane and matrix
localized proteins [18].

S. cerevisiae and N. crassa contain only one copy of each Tim17, Tim22, and Tim23 but
Arabidopsis thaliana contains three copies of Tim17 and three copies of Tim23 genes [19].
Humans also contain two copies of the Tim17 gene. The human Tim17 (hTim17a and
hTim17b) genes are expressed simultaneously and do not show any tissue specific distribution
[8]. In Arabidopsis thaliana, the AtTim17-2 gene is primarily expressed and the other two
copies are expressed marginally [19,20].

The haemoflagellated parasitic protozoan Trypanosoma brucei, the causative agent of African
trypanosomiasis, possesses a single tubular mitochondrion with many unique characteristics
[21]. The organism has a digenetic life cycle and must adapt to the dramatically different
environments of an insect’s alimentary gut and the mammalian bloodstream [22,23]. The
bloodstream form of this parasite depends on blood glucose as its sole source of energy, and
suppresses many of its mitochondrial activities. However, a small number of nuclear encoded
mitochondrial enzymes are essential for the survival of this form [24–26]. On the other hand,
the procyclic form, which lives in the insect gut, primarily utilizes amino acids as its source of
energy and possesses a fully developed mitochondrion [27]. As in other eukaryotes, the
majority of the mitochondrial proteins in T. brucei are nuclear encoded and need to be imported
into mitochondria. Thus, mitochondrial protein translocation is essential for both life forms of
this parasite. Many mitochondrial proteins have been cloned and characterized from T.
brucei, however, the mitochondrial protein import machinery has been poorly characterized
in these early eukaryotes. Except for a few Tim proteins [28], homologs for any Toms and
most of the Tim proteins could not be identified in the T. brucei genome database by homology
search, which indicates that the protein translocases are divergent in this organism.
Characterization of mitochondrial protein translocator is thus a prerequisite to understand the
protein import mechanism in these earliest eukaryotes. Here, we performed the functional
characterization of a homologue of Tim17 in T. brucei. The primary sequence of TbTim17 is
significantly divergent than Tim17 from other species. Its expression level is developmentally
regulated according to mitochondrial activities and it plays a crucial role in the import of nuclear
encoded mitochondrial proteins in both forms of the parasite.
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2. Materials and methods
2.1. Strains and media

The procyclic form of Trypanosoma brucei 427 double resistant cell line (29–13) expressing
the tetracycline repressor gene (TetR) and T7RNA polymerase (T7RNAP) were grown in
SDM-79 medium containing 10% fetal bovine serum and appropriate antibiotics (hygromycin;
50 μg/ml; G418; 15 μg/ml) [29]. Bloodstream form cells, single marker 427 (SM427) harboring
the TetR and T7RNAP were maintained in HMI-9 media supplemented with 10% heat-
inactivated fetal bovine serum (Atlanta Biologicals), 10% serum plus (JRH Biosciences) [30]
and G418 (2.5 μg/ml). For measurement of cell growth, the procyclic and the bloodstream
forms cells were inoculated at a cell density of 2–3 × 106/ml and 2–3 × 105/ml, respectively,
in fresh medium containing appropriate antibiotics in the presence and absence of doxycycline.
Cells were harvested at different time points of growth (0–5 days) and the number of cells was
counted in a Neubauer hemocytometer counter. The cumulative number of cells was plotted
versus time of incubation in culture. For large-scale cultivation of the bloodstream form cells,
rats (Sprague Dawley) were infected with the parasite (1 × 107 cells/100 g body weight). Rat
blood was collected by cardiac puncture when the parasitemia level reached 1 × 109 cells/ml
of blood. The bloodstream form cells were separated from blood using DEAE ion exchange
resin as described before [31].

2.2. DNA cloning and sequence analysis
The open reading frame (ORF) of the putative TbTim17 (Tb11.01.4870) was PCR amplified
from T. brucei genomic DNA using forward (5′ATCTGCAGATGACAACACTTCTCG3′)
and reverse (5′GTAAGCTTTTAGCGTTGAGCCAA3′) primers. The PCR product (470 bp)
was cloned in TOPO TA cloning vector (Invitrogen) and sequenced. 5′RACE was performed
to determine the 5′UTRs of TbTim17 mRNA. First strand synthesis of TbTim17 cDNA was
performed using Reverse Transcriptase and oligo dT primer. For 5′RACE the splice leader
(SL) primer (5′CTGAATTCGCTATTATTAGAACAGTTTCTG3′) was used as the forward
primer and the gene specific primers, Tim17F15 (5′GCCGACTTCTTCCGTTACAGTTTG3′)
or Tim17F16 (5′CCACAGACTCGGCTTCAGTTTTG3′) was used as a reverse primer. The
PCR product was cloned and sequenced to obtain the 5′UTR of TbTim17. Sequence
comparison was performed using ClustalW alignment program [32] in MacVector 7.0. The
hydrophobicity profile of predicted Tim17 protein sequences were analyzed by TMpred-
Prediction of Transmembrane Regions and Orientation software [33].

2.3. Generation of TbTim17 double stranded RNA expression constructs
To prepare the construct for TbTim17 double stranded RNA expression, the 459 bp fragment
of the coding region of TbTim17 was PCR amplified from the TbTim17 cDNA clone using
high fidelity Pfu polymerase (Stratagen). Sense and antisense primers containing the proper
restriction sites at 5′ ends were designed. The amplified product was cloned into the BamHI/
HindIII sites of a tetracycline inducible dual promoter plasmid vector p2T7Ti-177 [34]. From
this construct TbTim17 double stranded RNA is produced from two opposing tetracycline
regulated T7 promoter/primer and the phleomycin resistant gene is expressed constitutively
for selection purposes. The construct for TbTim17 RNAi was verified by sequencing. The
purified plasmid DNA was linearized by NotI. The linearized plasmid was used for transfection
into procyclic cells (Tb427 29–13) and SM427 bloodstream form cells expressing T7
polymerase and tetracycline repressor proteins according to standard protocols [29]. After
transfection, the plasmid was integrated into 177 repeat regions of the minichromosomes in
T. brucei.
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2.4. RNA isolation, Northern analysis, and Real-Time PCR
RNA was isolated from the bloodstream and procyclic trypanosomes harvested at different
time points of growth with or without induction of TbTim17 RNAi, using Trizol reagent
(Invitrogen) according to the manufacturer’s protocol and was further precipitated with 2M
LiCl. For Northern analysis, RNA was fractionated in formaldehyde-agarose gels (2.0%) and
transferred to nitrocellulose membranes [35]. TbTim17 and actin probes were generated using
random primer labeling protocol (Invitrogen) of the TbTim17 cDNA clone and the PCR
amplified genomic fragment of the T. brucei actin gene. Hybridization was carried out in Rapid-
Hyb buffer (Amersham) for 16 hr. The membranes were washed at 65 °C with 0.1 × SSC (150
mM NaCl, 15 mM Na-citrate, pH 7.4) containing 0.1% SDS and exposed to X-ray film [35].
The primers used for the PCR amplification of the T. brucei actin DNA were as follows:
forward primer, 5′CAACGTGCTACTGACTG-3′ and reverse primer; 5′-
GCACTGTTCGTCATCTC-3′. Quantitation of TbTim17 transcript level in the procyclic and
the bloodstream forms of T. brucei was performed by real-time RT-PCR on 50 ng of DNAse
treated RNA in a 20 μl reaction containing: primers 900nM each, TbTim17 forward: 5′
TGAAGGACAGCACCATTACCCC3′ and reverse: 5′
CCGAAAAGGAAACCAAAGTAGGC3′ or actin forward: 5′
TGGAAAAGGTTTGGCACCATAC3′ and reverse: 5′
CAGAAGAATACAGTGACAACACCGC3′; and iScript One-Step RT-PCR master mix with
SYBR Green (Bio-Rad Laboratories). Actin was used as the endogenous control for
normalization.

2.5. Generation of TbTim17 antibodies and immunoblot analysis
Polyclonal antibodies against TbTim17 protein were custom synthesized by Bethyl
Laboratories, Inc. Montgomery, TX using amino acids 1–17. The synthetic peptide was affinity
purified by HPLC and verified by mass-spectrometry. The Tim17 peptide was conjugated to
keyhole limpet hemocyanin (KLH) and used to generate specific antibodies in rabbits.
Antiserum against TbTim17 was affinity purified using TbTim17 peptide as the ligand. Pre-
immune serum collected from the same rabbits was used as control. Total cellular proteins and
proteins from isolated mitochondria were analyzed on SDS-PAGE (10 or 15%) as described
(36), and transferred to nitrocellulose membrane at 4 °C (100 V with 25 mM Tris-HCl and 192
mM glycine, 20% v/v methanol pH 8.3) [37]. Blots were treated with TbTim17 polyclonal
antiserum and antiserum against T. brucei cytochrome C1 (Cyt C1), iron-sulfur protein (ISP)
[38], a putative mitochondrial outer membrane protein carnitine palmitoyl transferase (CPT)
[39], a cytosolic protein serine/threonine protein phosphatase 5 (TbPP5) [40] and
mitochondrial Hsp70 [41] (all at 1 in 1000 dilution in blocking buffer). TAO [42] and KRel1
[43] were detected with the corresponding monoclonal hybridoma supernatants (1 in 50
dilution in 10 mM Tris-HCl, 150 mM NaCl, pH 8.0). Heterologous polyclonal antibodies
developed against Neurospora crassa Tom40 [44], were used at 1:1,000 dilution. Monoclonal
antibody against T. brucei β-tubulin [45] was used in 1:20,000 dilution in TBST. A peptide
antibody was also generated (Bethyl Laboratories, Inc, Montgomery, TX) against T. brucei
ATP/ADP carrier protein (AAC) (Tb10.61.1820, amino acid residues from 294 to 307)
identified in T. brucei gene database (www.geneDB.org). The antibody was affinity purified
using the same peptide as the ligand and verified using recombinant protein as the antigen and
the preimmune serum as a control antibody. The purified anti-AAC antibody was used in
1:20,000 dilution for immunoblot analysis of T. brucei mitochondrial proteins. Blots were
treated with appropriate secondary antibody and developed using enhanced chemiluminiscence
(ECL) detection system (Amersham).
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2.6. MitoTracker staining and confocal microscopy
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 for procyclic and 0.05
μM for bloodstream form cells. 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 fixed in 4% paraformaldehyde at 4 °C for 15 min
[46]. After another wash in PBS, cell suspension was spread on poly-lysine coated slides. The
slides were mounted in Fluoromount G and images were acquired with a Nikon TE2000-U C1
laser scanning confocal microscope outfitted with a 60× 1.4 N.A. Plan Apo oil immersion
objective lens. 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. The fluorescence intensity was quantitated using Nikon Elements
software program [47]. To nullify the background inhomogeneity, the intensity of the image
pixel within the Region of Interest (ROI) is measured by computer software. Here, we used
individual cell as ROI and compare the average intensity of ROI among two different samples.
The intensity of more than 300 cells from each sample was quantitated.

2.7. Isolation of mitochondria
Mitochondria were isolated from the parasite after lysis via nitrogen cavitation in isotonic
buffer as described [44]. Briefly, the cells were washed with a buffer containing 0.15 M NaCl,
20 mM glucose, and 20 mM NaH2PO4, pH 7.4 and resuspended at a density of 1 × 109 cells/
ml in SME buffer (0.25 M sucrose, 10 mM MOPS/KOH pH 7.2, 2 mM EDTA, 1 mM PMSF,
0.5 μg/ml leupeptin and 1 μg/ml pepstatin). The cells were equilibrated at 900 psi N2 for 15
min in a nitrogen cavitation bomb (minibomb cell disruption chamber; Kontes, Vineland, NJ).
Subsequent release from the bomb resulted in the disruption of more than 90% of cells. The
lysate was diluted with one volume of the same buffer and the mitochondrial fraction was
isolated by differential centrifugation, as described previously [44]. For isolation of
mitochondria from the bloodstream form, TbTim17 RNAi cells were grown in vivo in the rat
system as described [25]. To express TbTim17 double stranded RNA, the drinking water for
rats were supplemented with 5% sucrose and 250 μg/ml of doxycycline in order to maintain
doxycycline concentration in the rat blood. Parasites were separated from the rat blood at the
peak parasitemia level after sacrificing the rats and mitochondria were isolated as described in
the section 2.1. The isolated mitochondria were stored at a protein concentration of 2–5 mg/
ml in MOPS/KOH, buffer containing 50% glycerol at −70°C.

Before using, mitochondria were washed twice with 9 volumes of SME buffer to remove
glycerol. For alkali extraction, isolated mitochondria (100 μg) were treated with 100 μl of 100
mM Na2CO3 pH 11.0, for 30 min on ice [44]. The supernatant and pellet fractions were
collected after centrifugation and analyzed by SDS-PAGE and immunobloting. Protease
digestion of isolated mitochondria was performed by treating mitochondria (50 μg) with
various concentration of proteinase K (0–100 μg/ml) in 100 μl reaction volumes of SME for
30 min on ice. After the treatment, proteinase K was inhibited by PMSF (2 mM). Mitochondria
were re-isolated and the proteins were analyzed by immunoblot analysis.

2.8. In vitro transcription and translation
The TAO open reading frame (ORF) was PCR amplified using primers 5′
AGAAGCTTATGTTTCGTAAC3′ and 5′AAGAATTCTTACTCGTGTTTG3′ containing
appropriate restriction site (underlined) at the 5′ ends. TAO cDNA (pTAO25) [42] was used
as a template. Similarly, the ORFs for the cytochrome oxidase subunit 4 (COIV) [48] and
NADH dehydrogenase subunit k (Ndh K) (49) were also amplified from T. brucei genomic
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DNA using specific primers. The forward and reverse primers were as follows, COIVFor: 5′
AGAAGCTTATGTTTGCTCGCCGCT3′; COIVRev: 5′
AAGAATTCCTAAATCTTGTTTGA3′; NdhKFor; 5′
AGAAGCTTATGCTTCGTCGCACGT3′; NdhKRev: 5′
AAGAATTCTTAATCTCGAACAGAA3′. The PCR product was subcloned in pGEM 4Z
vector at the site of HindIII/EcoRI. Radiolabeled precursor protein was synthesized in vitro
using a coupled transcription/translation rabbit reticulocyte system (TNT, Promega) according
to the manufacturer’s protocol using 35S methionine (DuPont NEN) as the label.

2.9. In vitro import assay
Labeled precursor proteins were used for in vitro import into isolated mitochondria from T.
brucei as described [50,51] with a few modifications. Mitochondria (100 μg) were washed
with 9 volumes of SME buffer and resuspended in 90 μl of import buffer (0.25 M 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). The mitochondrial suspension was mixed with 10 μl of
rabbit reticulocyte translation mixture containing a radiolabeled precursor protein and
incubated at room temperature for up to 40 min. Additional ATP was provided at a final
concentration of 2 mM and 10 mM creatine phosphate and 0.1 mg/ml creatine phosphokinase
were added as an ATP regeneration system. 8 mM potassium ascorbate, 0.2 mM N, N, N′, N
′-tetramethylphenylenediamine, and 5 mM NADH were added to energize the mitochondria
and provide reducing equivalents. Following import, the mitochondria were treated with
proteinase K (50 μg/ml) in ice for 15 min to remove the labeled protein that is bound to the
membrane but not imported. PMSF (2.0 mM) was then added to inhibit proteinase K and the
mitochondrial fraction was re-isolated by centrifugation. Proteins were separated by SDS-
PAGE and transferred to nitrocellulose membrane as described. After transfer, the blot was
dried at 37 °C for 30 min and exposed to an X-ray film (Biomax Film, Kodak) for detection
of radioactive proteins.

3. Results
3.1. Cloning and characterization of TbTim17

The recently completed genome sequence of T. brucei revealed the presence of one homolog
(Tb11.01.4870) for the Tim17/Tim22/Tim23 family proteins. To characterize the encoded
protein in further detail, the complete open reading frame (ORF) of this gene was PCR
amplified from T. brucei genomic DNA. The PCR product was cloned in the TOPO TA cloning
vector (Invitrogen) and sequenced. The entire coding region is 459 bp long and encodes a
protein of molecular mass 16.2 kDa. To determine the 5′ end of the complete cDNA, 5′ RACE
analysis was performed. Cloning and sequencing of the 5′ RACE product revealed that the
cDNA possesses a 225 base pair 5′ UTR, and the start codon of the ORF is the first methionine,
which confirmed that the predicted reading frame was correct.

ClustalW alignment of the predicted protein sequence from this ORF with known Tim17
proteins from other species showed a significant amount of homology (Fig. 1A). The overall
identity of the putative TbTim17 was 25–26% with Tim17 in other species. We also performed
the pair-wise alignments of the T. brucei protein sequence with known Tim17, Tim22, and
Tim23 protein sequences from different species (Supplementary Table-1). The putative
TbTim17 showed a higher homology with Tim17 proteins than with Tim22 and Tim23. The
overall identity of the TbTim17 with Tim22, and Tim23 is about 22%, and 19–20%,
respectively suggesting that Tb11.01.4870 encoded protein is the homolog of Tim17. It has
been found that Tim17 from human and fungi possess 44% identity and 57% similarity. Thus,
T. brucei Tim17 is divergent within the Tim17 family of proteins. Homologues for Tim17 were
also identified in the genome databases of two related parasites like Leishmania major and
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Trypanosoma cruzi. Comparison of Tim17 protein sequences from these three kinetoplastid
parasites showed 80% identity among themselves.

Unlike Tim23 and Tim22, the N-terminal sequence of Tim17 proteins is conserved among
different species and contains a motif D/E XXR D/E PCP, in which two negatively charged
residues were found to be critical for the function of TIM23 translocase in fungi [16,17].
TbTim17 possesses a similar but not identical motif at the N-terminal region, which consists
of two aspartic acid residues but one of these is not at the conserved site (Fig. 1A, marked with
* and ◆, respectively).

Hydropathy analysis of the TbTim17 showed that it contains four transmembrane domains
(TM1-4) similar to other Tim17 proteins (Fig. 1A & B). The hydrophilic N-terminal region of
TbTim17 is about 20 amino acid longer in comparison to that in Human and N. crassa Tim17
(Fig. 1B). Tim17 possesses several other conserved charges in the loops between the membrane
spanning domains. In particular, the intermembrane space loop between transmembrane
domains TM2 and TM3 contains several positively charged residues, among which two (boxed
in red, Fig. 1A) are presumably involved in intragenic ionic interaction with two negative
charges in the N-terminal region in fungi Tim17 (17). These two charge residues are conserved
in all Tim17 including those of trypanosomatids.

3.2. Expression and Subcellular location of TbTim17
To verify the subcellular location of TbTim17, cell fractionation studies were performed.
Differential centrifugation of the cell lysate followed by immunoblot analysis using an affinity
purified polyclonal antibodies developed against the N-terminal 17 residues of TbTim17
showed that this protein is present in the crude mitochondrial fraction as are other mitochondrial
proteins like Cyt C1 and trypanosome alternative oxidase (TAO). On the other hand, the
cytosolic serine/threonine protein phosphatase 5 (TbPP5) [40] is present in the post-
mitochondrial supernatant fraction as expected (Fig. 2A). Limited proteolytic digestion of
isolated mitochondria with proteinase K (PK) revealed that the level of TbTim17 was not
affected even at 100 μg/ml of PK. Similar results were also observed for other mitochondrial
inner membrane proteins Cyt C1, and TAO. However, a putative outer membrane protein CPT
and an ectopically expressed heterologous mitochondrial outer membrane protein, Tom40 from
Neurospora crassa (NcTom40) were degraded at lower concentration of proteinase K (Fig.
2B). It has been previously demonstrated that NcTom40 is targeted to outer mitochondrial
membrane while expressed in T. brucei [44]. Alkali extraction of isolated mitochondria of T.
brucei followed by immunoblot analysis demonstrated that TbTim17 is present in the alkali-
resistant membrane pellet like TAO, whereas Hsp70, a matrix protein is present in the soluble
supernatant as expected (Fig. 2C). Thus, TbTim17 is an integral membrane protein and
localized in mitochondrial inner membrane.

In fungi, mitochondrial protein translocases are expressed constitutively. However, several
reports give evidence that depending upon environmental conditions, protein trafficking in
mammalian and plant mitochondria is regulated by altering the expression of the components
of translocase proteins [52,53]. The bloodstream form of T. brucei possesses a rudimentary
mitochondrion, which lacks many of the normal activities of typical mitochondria. Upon
differentiation to the procyclic form, mitochondrial activities are dramatically increased [21–
23,54]. To assess the expression level of Tim17 in these two developmental forms of T.
brucei, we performed western blot analysis using TbTim17 antibody. This antibody
specifically recognized a protein of an apparent molecular mass 19 kDa from T. brucei cell
extract. The steady state expression level of TbTim17 was 6–7 fold higher in the procyclic than
the bloodstream form (Fig. 2D). Analysis of TbTim17 transcript level by real time PCR as
described in the materials and methods revealed a two fold difference between the procyclic
and the bloodstream forms (not shown). Furthermore, about 3 fold difference in the TbTim17
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protein level was also found when purified mitochondria from the procyclic and the
bloodstream forms were analyzed (Fig. 2E). As expected, Cyt C1 was not detected and TAO
was more abundant in the bloodstream form mitochondria in comparison to that in the procyclic
form. The steady state level of AAC was about 3 fold less in the bloodstream form and mHsp70
is constitutively expressed. Thus, in T. brucei, expression level of TbTim17 is developmentally
regulated along with mitochondrial activities.

3.3. TbTim17 is essential for cell survival
To evaluate the function of TbTim17, RNA interference studies were performed in the T.
brucei procyclic and bloodstream forms. Expression of TbTim17 double stranded RNA
reduced the steady state level of the specific transcript and protein more than 50% within 2 and
4 days, respectively in the procyclic form (Fig. 3A & B). Measurement of cell numbers at
different time points after induction with doxycycline showed that depletion of TbTim17
ceased cell growth within 3 to 4 days in the procyclic form (Fig. 3C). A similar growth pattern
was observed for three independent clones of the procyclic TbTim17 RNAi. Thus, as in other
organisms, TbTim17 is an essential protein in the T. brucei procyclic form. At day 6 or after,
TbTim17 protein level was slightly increased.

In the bloodstream form, a significant reduction in the level of TbTim17 protein was observed
within 2 to 4 days of induction of TbTim17 double stranded RNA (Fig. 4A). However,
induction of RNAi reduced the growth of the bloodstream form less dramatically than the
procyclic form. The bloodstream form grew at much slower rate but the growth was not ceased
due to depletion of TbTim17. A similar growth pattern was observed for two independent
clones of the bloodstream form for TbTim17 RNAi. A 30–40% reduction of cumulative cell
number was observed at or after day 6 (Fig 4B). Similar to the procyclic form, TbTim17 protein
level increased in the bloodstream forms grown for longer time period in the presence of
doxycycline due to a failure of RNAi as has been shown for other proteins in T. brucei [55].
Thus, it appears that in comparison to the procyclic form, the requirement of TbTim17 for cell
growth is less in the bloodstream form.

3.4. Depletion of TbTim17 reduced mitochondrial membrane potential
To understand the effect of TbTim17 depletion on mitochondrial structure and membrane
potential, we compared MitoTracker stained procyclic and the bloodstream form cells with
and without induction of TbTim17 RNAi. Both the bloodstream and the procyclic forms of T.
brucei possess mitochondrial membrane potential as found in the confocal images (Fig. 5).
The MitoTracker dye was taken up specifically by mitochondria. As expected, in the control
procyclic form the mitochondrion is more elaborate and in the bloodstream form it is more
rudimentary. When TbTim17 was depleted by RNAi, the uptake of the dye was reduced in
both forms. The staining pattern was slightly diffused in TbTim17 depleted procyclic as well
as in the bloodstream form cells in comparison to the respective control. This is possibly
because the dye from the cytosol was not taken up by mitochondria as efficiently as in the
control cells. However, we did not see any changes in the overall structure of mitochondrion
in either form. These results showed that TbTim17 is involved to maintain mitochondrial
membrane potential. We have quantitated our results by measuring the intensity of 300–400
parasites in each group using computer software. The average drop in fluorescence intensity
in the procyclic and the bloodstream forms due to depletion of TbTim17 was 1.8 and 1.2 fold,
respectively. Statistical analysis showed that the P value is <0.001 in both cases, indicating
that the differences are significant. The average reduction in the fluorescence intensity due to
TbTim17 knock down was slightly more in the procyclic form in comparison to the
bloodstream form.
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3.5. Depletion of TbTim17 reduced the steady state level of several nuclear encoded
mitochondrial proteins

Tim17 is an essential component of the TIM23 complex. In fungi and higher eukaryotes, the
TIM23 complex mediates import of precursors for most of the matrix-loalized and some inner-
membrane proteins. We monitored the steady state expression level of several such proteins
in T. brucei to assess the effect of TbTim17 depletion. A semi-quantitative immunoblot analysis
of mitochondrial proteins from Tim17RNAi cells induced for 96 h with doxycycline and that
from uninduced cells clearly showed that depletion of TbTim17 was associated with a
significant reduction of several mitochondrial proteins destined to the matrix and inner
membrane in the procyclic as well as in the bloodstream forms of T. brucei (Fig. 6). In the
procyclic form, the level of TbTim17 was reduced about 6–7 fold in the mitochondria isolated
from the TbTim17 RNAi cells grown in the presence of doxycycline in comparison to the
uninduced control (Fig. 6A & C). Mitochondrial inner membrane localized electron transport
proteins such as Cyt C1 and TAO were reduced about 2 fold in the TbTim17 depleted
mitochondria in comparison to control. The matrix localized editosome protein KRel1 and
mitochondrial Hsp70 were decreased about 1.5 fold due to knock-down of TbTim17.
Interestingly, it was observed that T. brucei ATP/ADP carrier protein (AAC) is reduced about
2 fold in TbTim17 depleted mitochondria. Although, it is known in other system that import
of AAC occurs via Tim22–54 complex and does not depend on Tim17 [56,57]. Tubulin is not
a mitochondrial protein but it is an associated protein found in mitochondrial preparation. As
expected, the level of associated tubulin did not alter in TbTim17 depleted mitochondria. We
consider this as our loading control.

Similar to the mitochondria from the procyclic form, Tim17 protein level was reduced about
4 fold in the mitochondria of the bloodstream form due to expression of TbTim17 double
stranded RNA (Fig. 6B & D). TAO, an essential mitochondrial protein in the bloodstream
form, is reduced about 1.5 fold. A 2–3 fold reduction on the steady state level of ATPase
F1β was observed due to reduction of TbTim17 protein. Similar to the procyclic mitochondria
the level of mHsp70 is least affected due to depletion of TbTim17. This is possibly because
mHsp70 protein is more stable than other mitochondrial proteins. The steady state level of
AAC was also reduced about 2 fold in TbTim17 knock down bloodstream form mitochondria.
However, the associated protein tubulin was unaltered in comparison to control. Together, it
suggests that TbTim17 is involved in mitochondrial protein biogenesis in both the procyclic
and the bloodstream form of T. brucei.

3.5. TbTim17 plays a crucial role in the import of nuclear encoded mitochondrial proteins
To evaluate whether TbTim17 is involved in mitochondrial protein import, in vitro import
assays were performed. We have standardize the in vitro mitochondrial protein import assay
system for T. brucei [58] using isolated mitochondria and the radiolabeled precursor proteins
following the published protocols [50,51]. Using this system, we found that the precursor
proteins are imported and processed inside the isolated mitochondria and the import is inhibited
when the membrane potential was disrupted by inhibitors, such as CCCP and valinomycin
(58,Supplementary Fig. 1.). To study the effect of TbTim17 knock down on import, we selected
three nuclear encoded mitochondrial proteins in T. brucei such as TAO [42], COIV [48], and
Ndh K [49]. These proteins were selected because they have relatively longer presequences.
TAO and COIV possess the predicted presequence of 22 and 44 amino acids and their
expression is upregulated in the bloodstream and the procyclic forms [42,48,
www.genedb.org], respectively. On the other hand, Ndh K is constitutively expressed and has
a presequence of 20 amino acids [49]. Results showed that upon incubation with isolated
mitochondria from the parental T. brucei procyclic form, the radiolabeled precursor proteins
bound to mitochondria and processed to its mature form (Fig. 7A). The mature product was
protected from post-import proteinase K digestion but the bound precursor protein was
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degraded, suggesting that the processed protein is inside the mitochondria. Mature proteins
were accumulated in a time-dependent manner. For Ndh K, the import reached almost at the
maximum level within 2 mins, which is relatively earlier than the import of other two proteins
COIV and TAO (Fig. 7C). In contrast, when we performed the in vitro import reaction of the
same three precursor proteins into mitochondria isolated from the TbTim17 knock down
procyclic cells, we found that import of all these proteins were significantly reduced.
Mitochondria were isolated at day 4 after induction of RNAi. At this time point cell number
was reduced about 50% in comparison to untreated control. Depletion of TbTim17 in the
procyclic form resulted in a 2.9, 2.0, and 2.5 fold reduction in import of Ndh K, COIV, and
TAO, respectively within 8 min (Fig. 7A & C).

Similar to the procyclic form, we also compared the import of Ndh K, COIV and TAO in the
control and TbTim17 knock down bloodstream form mitochondria. These proteins are
imported in the bloodstream form mitochondria in vitro and processed to their matured form.
During import, the intensity of the mature protein bands at 2 min is closer to that at 8 min in
the bloodstream form than in the procyclic form mitochondria, indicating the import of
precursor proteins is quicker in the bloodstream in comparison to the procyclic form
mitochondria. A similar observation has also been reported previously for import of Ndh K
and TAO into the bloodstream and procyclic form mitochondria [50,58]. Import of Ndh K and
COIV into the mitochondria of the bloodstream form was drastically affected due to depletion
of TbTim17 (Fig. 7B & D). Within 8 min, the reduction in the cumulative import of Ndh K
and COIV was about 4 and 7 fold, respectively. TAO import was also inhibited in TbTim17
reduced bloodstream form mitochondria, particularly at the initial time point. However, very
little difference was observed at longer times such as at 5 and 8 min. The Ndh K precursor
protein binding was also significantly reduced in the TbTim17 knock down procyclic and
bloodstream forms mitochondria. However, the precursor protein binding was not affected
during import of COIV and TAO into TbTim17 depleted mitochondria. Overall, these results
showed that TbTim17 is crucial for import of nuclear encoded mitochondrial proteins in the
procyclic as well as in the bloodstream forms.

4. Discussion
In silico analysis revealed the presence of an ortholog of Tim17 in T. brucei. Tim17 is the most
conserved of all Tom and Tim proteins [8]. Here, we found that TbTim17 possesses many
characteristics in its primary and predicted secondary structure, which are similar to Tim17
from other species. However, the overall sequence identity of TbTim17 is relatively low.
TbTim17 is critical for import of the precursor proteins into mitochondria of both the
bloodstream and procyclic forms. While, its expression level is markedly reduced in the
bloodstream form in comparison to that in the procyclic form.

Mitochondrial pre-protein translocator Tim17, Tim22, and Tim23 all contain 4 transmembrane
regions with the N- and C-terminii on the intermembrane space side of the mitochondrial inner
membrane [7,8]. Although the structure of these proteins is very similar, their functions are
distinct. The Tim17 and Tim23 are two components of the TIM23 core complex that imports
a majority of the mitochondrial proteins (14–20). Tim22 forms a separate complex, which
imports the polytopic inner membrane proteins such as mitochondrial metabolite carrier
proteins [2–4,9]. Searches in the trypanosomatid genome data bases identified only one
homolog of Tim17/Tim22/Tim23 family protein that showed a closer homology to Tim17.
Besides Tim17, it showed in a recent report that the homologs for small Tim proteins of
mitochondrial intermembrane space are present in T. brucei [28]. These small Tim proteins
are needed for import of the polytopic inner membrane proteins through TIM22 complex and
also for import of the outer membrane beta-barrel proteins through sorting and assembly (SAM)
complex [59]. The presence of small Tims suggests that these two pathways for protein import
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are possibly present in T. brucei. However, homology searches could not identify any
components of the TIM22 complex in these groups of organisms. Therefore, it is not clear at
this moment if Tim17 is the only core Tim protein in the kinetoplastid parasites or the divergent
homologs of Tim22 and Tim23 are present.

Developmental regulation of mitochondrial activities is a unique phenomenon in T. brucei.
The bloodstream forms rely on blood glucose, and thus suppress their mitochondrial activities
[21–23]. This form does not have any cytochrome-containing respiratory complexes in
mitochondria. On the other hand, the procyclic form possesses a fully functional form of all
these complexes and also up-regulates many of the TCA cycle enzymes. All these changes
require an increased expression of many nuclear encoded mitochondrial proteins. Thus, the
mitochondrion in the procyclic form imports many more proteins in comparison to that in the
bloodstream form. For this reason, an increased level of TbTim17 in the procyclic from is
properly justifiable. From our analysis we found that the level of TbTim17 transcript and
protein both are reduced in the bloodstream form than the procyclic form and the difference
in the protein level is more than the level of its transcript. As transcriptional control is absent
or rare in trypanosomatids [60], TbTim17 expression is thus regulated at post-transcriptional
steps, such as protein and transcript stability and protein synthesis, during differentiation.

In fungi, it has long been known that Tim17 is an essential protein. We have also found that a
reduction in the expression level of TbTim17 by RNAi severely inhibit the cell growth in the
procyclic form. Thus, TbTim17 is an essential protein in this form. In the bloodstream form,
the TbTim17 RNAi reduced growth rate significantly, but did not ceased cell growth like in
the procyclic form. This is possible because the bloodstream forms are less dependent on
mitochondrial activities. A partial reduction of TbTim17 did not reduce the essential nuclear
encoded mitochondrial proteins below their critical level thus showed a reduced effect on cell
growth in comparison to the procyclic form. However, a 50% reduction in the cumulative cell
number was observed due to 50% reduction of TbTim17 protein level in the bloodstream form,
suggesting TbTim17 is an essential protein also in this form.

Recent findings showed that Tim17 is necessary to maintain the structure of the protein import
channel and also for gating and sorting of preproteins through this channel [16–18]. Depletion
of Tim17 keeps this complex in an open state conformation, which increases the ion
permeability across the mitochondrial inner membrane and reduces its membrane potential. A
significant reduction in mitochondrial membrane potential was observed in the procyclic form,
when TbTim17 was knocked down by RNAi. Thus, it is most likely that similar to fungi,
TbTim17 is involved in regulating ion permeability through mitochondrial inner membrane.
In fungi, the N-terminal region of Tim17 is found to be critical for this function [16,17]. A
marked difference was observed in the primary sequence of the N-terminal region of TbTim17
in comparison to that in other systems; however, two important positively charged residues are
present in this region of TbTim17. Thus, TbTim17 may perform similar function in T.
brucei. In the procyclic form, mitochondrial membrane potential is maintained by proton
pumping through respiratory complexes like in other systems and thus depends on multiple
nuclear encoded proteins. Import of these proteins is likely inhibited due to depletion of
TbTim17, which can also be the reason for a reduction of the membrane potential in this form.
The effect on membrane potential as a result of TbTim17 RNAi is relatively less in the
bloodstream than the procyclic form, which is possibly because TbTim17 protein level was
less reduced in the bloodstream than the procyclic form by RNAi.

Tim17 is a core component of the TIM23 complex and is essential for import of a majority of
nuclear encoded mitochondrial proteins. Here, we observed that TbTim17 knock down
decreased the levels of a number of mitochondrial proteins that are destined to the matrix and
inner membrane about 1.5 to 3 fold in both the procyclic and the bloodstream forms. On
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contrary, there was no effect of TbTim17 depletion on the level of a mitochondrial associated
protein such as tubulin, suggesting that TbTim17 is involved in mitochondrial protein
biogenesis. A simultaneous reduction of several important mitochondrial proteins could
account for a growth defect due to TbTim17 RNAi. The fold reduction on the steady state level
of different proteins varied, which may possibly be due to differences in the half-lives of these
proteins. Due to RNAi, the level of TbTim17 was reduced about 6–7 fold in the procyclic
mitochondria, but in the bloodstream form mitochondria reduction was about 4 to 5 fold.
However, the overall reduction of other mitochondrial proteins due to TbTim17 RNAi was
very similar in both forms. This is possibly because TbTim17 is expressed more than its
requirements in the procyclic form.

Interestingly, we have found that the inner membrane protein AAC, which in other systems,
is known to be imported via the TIM22 complex [56,57] is also reduced about 2 fold in the
bloodstream form due to ablation of TbTim17. It may be possible that this reduction is a
secondary effect. However, the magnitude of reduction is similar to several other mitochondrial
proteins in T. brucei. Thus, further studies are necessary to elucidate if TbTim17 is directly
involved for import of AAC.

Finally, we found that the uptake of TAO, COIV, and Ndh K precursor proteins was
significantly reduced due to depletion of TbTim17 in mitochondria isolated from both life
forms of T. brucei. Thus, TbTim17 is essential for mitochondrial protein import in both forms.
Depletion of TbTim17 reduced mitochondrial membrane potential less in the bloodstream
form, however, the degree of inhibition of mitochondrial protein import was more in this form
than the procyclic form. This indicates that TbTim17 is directly involved for import of
precursor proteins. Except for Ndh K, the precursor protein binding was minimally affected in
TbTim17 depleted mitochondria suggesting that isolated mitochondria from these cells
possesses similar levels of receptors for precursor proteins. Thus, TbTim17 depletion reduced
the import efficiency of the preproteins into mitochondria from both forms. TAO and COIV
are two stage specific proteins but they are imported under in vitro conditions in both the
procyclic and the bloodstream form mitochondria, suggesting that stage specific proteins are
capable to be imported into mitochondria in both forms. In contrast to COIV and Ndh K import,
TAO import was less affected due to depletion of TbTim17 in the bloodstream form, but not
in the procyclic form. Thus, the import of TAO is possibly less dependent on TbTim17 in this
form.

Overall, we found that TbTim17 is critical for mitochondrial protein import in both the
procyclic and bloodstream forms and essential for cell survival. This is the first characterization
of a mitochondrial protein translocator in trypanosomatids parasites. Further characterization
of other components of the translocase complex containing TbTim17 is critical to understand
the protein import process in T. brucei mitochondria. It may also lead us to identify
trypanosome specific essential mitochondrial protein(s).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Analysis of the primary and secondary structure of TbTim17. (A) ClustalW alignment of the
predicted protein sequence of TbTim17 with that from other species. Two conserved negatively
charged residues at the N-terminal region are shown by astericks (*). In TbTim17, the second
charged residue (marked as ◆) was not perfectly aligned to that in other sequences. Four
transmembrane regions (TM1-TM4) are underlined. Two conserved positively charged
residues in the loop between TM2 and TM3 are in a red box. The accession number of the
sequences are Tbrucei; Trypanosoma brucei (EAN 80274), Tcruzi; Trypanosoma cruzi
(EAN99897), Lmajor; Leishmania major (CAJ02901), Pchab; Plasmodium chabaudi
(CAH84724), Scere; Saccharomyces cerevisiae (CAA54823), Ncrassa; Neurospora crassa
(AA072334), Celeg; Caenorhabditis elegans (O44477), Atha a, b, and c; Arabidopsis
thaliana (At1g20350, At2g37410, At5g11690, respectively), and Human; Homo sapiens
(AAH16817). (B) Hydropathy plots of Tim17 from Human, Neurospora crassa, and
Trypanosoma brucei. Protein sequences were analyzed using TMpred software program.
TbTim17 possesses 4 transmembrane domains similar to that in other species.
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Fig. 2.
Expression and Subcellular location of TbTim17. (A) Immunoblot analysis of sub cellular
fractions using T. brucei Tim17 (TbTim17), Cyt C1 (Cyt C1), serine/threonine protein
phosphatase 5 (TbPP5), and trypanosome alternative oxidase (TAO) antibody as probes.
Different fractions were total lysate, cytosol, and mitochondria. Ten microgram proteins from
each fraction were loaded per lane. (B) Proteinase K digestion of intact mitochondria followed
by immunoblot analysis using TbTim17, TAO, Cyt C1, Hsp70, CPT, a putative outer
membrane protein, and Neurospora crassa Tom40 (NcTom40) antibodies as probes.
Concentration of proteinase K was indicated at the top. After digestion, Mitochondria were re-
isolated by centrifugation and electrophorsed as described. (C) Sodium carbonate extraction
followed by immunoblot analysis of mitochondrial proteins from T. brucei procyclic form.
After Na2CO3 treatment mitochondria were re-isolated by centrifugation. The supernatant
(Sup) and the pellet (Pellet) fraction were analyzed using TbTim17, TAO and Hsp70 antibodies
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as probes. (D) Immunoblot analysis of total cellular proteins from the bloodstream and
procyclic form of T. brucei using TbTim17 polyclonal antibody as the probe. Tubulin antibody
was used as the loading control. (E) Mitochondrial proteins isolated from the procyclic and
bloodstream forms were analyzed by immunobloting using TbTim17, TAO, Cyt C1, AAC,
and Hsp70 antibodies as probes. Amount of proteins loaded per lane was indicated on the top.

Singha et al. Page 18

Mol Biochem Parasitol. Author manuscript; available in PMC 2010 October 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
TbTim17 RNAi in the procyclic form. TbTim17 RNAi cell lines were allowed to grow in the
presence and absence of doxycycline (1.0 μg/ml). Cells were harvested at different time points
of induction with doxycycline for RNA and protein analysis by Northern (A) and immunoblot
(B) analysis, respectively. Actin was used as the control for Northern. TbPP5 antibody was
used to show equal loading of the sample for immunoblot analysis. Cell number was counted
for three different clones at different time points during induction and plotted versus time (C).
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Fig. 4.
TbTim17 RNAi in the bloodstream form. The bloodstream form TbTim17 RNAi cell line was
allowed to grow in the presence and absence of doxycycline (1.0 μg/ml). Cells were harvested
after 2, 4, and 6 days of induction with doxycycline for protein analysis by immunoblot (A)
analysis. TbPP5 antibody was used to show equal loading of the sample for immunoblot
analysis. Cell number was counted at different time points during induction and plotted versus
time (B).
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Fig. 5.
The effect of Tim17 RNAi on mitochondrial membrane potential in the procyclic form. The
procyclic and bloodstream forms TbTim17 RNAi cells were grown for 96 h in the presence
and absence of doxycycline. Cells were harvested and incubated with MitoTracker dye as
described. Cells were then washed with PBS and fixed with paraformaldehyde. Confocal
microscopic images were taken by LSM510 confocal microscope using 100× magnification.
The phase contrast (DIC) and MitoTracker stained control and TbTim17 knock-down
(Tim17KD) cells were shown. The fluorescence intensity of 300 to 400 parasites in each group
was quantitated as described in section 2.6 and the average intensity was plotted for Tim17KD
and control cells of both forms. The estimated P values are <0.001.
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Fig. 6.
The effect of TbTim17 RNAi on the expression level of various nuclear encoded mitochondrial
proteins in T. brucei procyclic and bloodstream forms. (A) The procyclic form of TbTim17
RNAi cells were grown for 96 h in the presence and absence of doxycycline and mitochondria
were isolated as described. Mitochondrial proteins (50, 25, 12.5 and 6.25 μg) were analyzed
by immunoblot analysis using various antibody probes as follows; T. brucei Tim17 (TbTim17),
cytochrome C1 (Cyt C1), Trypanosome alternative oxidase (TAO), Kinetoplast RNA editing
ligase (KREL1), heat shock protein 70 (Hsp70), ADP/ATP carrier protein (AAC), and β-
tubulin (Tubulin). (B) TbTim17 RNAi bloodstream form cells were grown in vivo in rat model
system. To maintain the doxycycline concentration in the rat blood, the drinking water of a
group of rat were supplemented with 5% sucrose and 250 μg/ml of doxycycline (Tim17 KD).
The control group was supplied with drinking water containing only sucrose (5%). The
parasites were harvested from the rat blood at the peak parasitemia level (3–4 days after
infection) and mitochondria were isolated as described in the materials and methods.
Mitochondrial proteins (25, 12.5 and 6.25 μg) were analyzed by immunoblot analysis using
various antibody probes such as T. brucei Tim17 (Tim17), Trypanosome alternative oxidase
(TAO), ATPase F1 subunit β (ATPaseF1β), heat shock protein 70 (Hsp70), ADP/ATP carrier
protein (AAC), and T. brucei β-tubulin. (C and D) The intensity of the respective protein bands
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were quantitated using imaging densitometer as described in materials and methods,
normalized with the corresponding β-tubulin protein bands and fold decrease in the intensity
in TbTim17 knock down cells in comparison to control was plotted for different proteins.
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Fig. 7.
In vitro import of nuclear encoded mitochondrial proteins in TbTim17 depleted and control
mitochondria of the procyclic and bloodstream forms. A) Mitochondria were isolated from
TbTim17RNAi procyclic cells grown in the presence and absence of doxycycline for 4 days.
In vitro import of radiolabelled proteins (Ndh K, COIV, and TAO) was performed as described
in the materials and methods. The precursor (p) and the matured (m) protein bands were
visualized by SDS-PAGE and autoradiography. Post-import proteinase k treatment (indicated
by +) showed that matured form of the protein was protected from protease digestion as
expected. (B) TbTim17 RNAi bloodstream form cells were grown in vivo in rat model system
as described in the previous figure for mitochondria isolation. In vitro import of radiolabelled
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proteins (Ndh K, COIV, and TAO) was performed as described for the procyclic form
mitochondria. The precursor (p) and the matured (m) protein bands were visualized by SDS-
PAGE and autoradiography. (C and D) The intensity of the matured protein bands was
quantitated from three independent experiments by densitometric scanning and plotted vs time
of import (2, 5, and 8 mins).
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