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Background: Trypanosoma brucei Tim17, the translocase of the mitochondrial inner membrane, is associated with
TbTim62.
Results: TbTim62 knockdown reduced stability and assembly of the TbTim17 translocase (TbTIM).
Conclusion: TbTim62 is an essential assembly and stabilization factor for TbTIM and protects TbTim17 from degradation.
Significance: These studies identified a novel component for mitochondrial protein import machinery in T. brucei.

Trypanosoma brucei, the causative agent of human African
trypanosomiasis, possesses non-canonical mitochondrial pro-
tein import machinery. Previously, we characterized the essen-
tial translocase of the mitochondrial inner membrane (TIM)
consisting of Tim17 in T. brucei. TbTim17 is associated with
TbTim62. Here we show that TbTim62, a novel protein, is local-
ized in the mitochondrial inner membrane, and its import into
mitochondria depends on TbTim17. Knockdown (KD) of
TbTim62 decreased the steady-state levels of TbTim17 post-
transcriptionally. Further analysis showed that import of
TbTim17 into mitochondria was not inhibited, but its half-life
was reduced >4-fold due to TbTim62 KD. Blue-native gel elec-
trophoresis revealed that TbTim62 is present primarily in
�150-kDa and also in �1100-kDa protein complexes, whereas
TbTim17 is present in multiple complexes within the range of
�300 to �1100 kDa. TbTim62 KD reduced the levels of both
TbTim62 as well as TbTim17 protein complexes. Interestingly,
TbTim17 was accumulated as lower molecular mass complexes
in TbTim62 KD mitochondria. Furthermore, depletion of
TbTim62 hampered the assembly of the ectopically expressed
TbTim17–2X-myc into TbTim17 protein complex. Co-immu-
noprecipitation analysis revealed that association of TbTim17
with mHSP70 was markedly reduced in TbTim62 KD mitochon-
dria. All together our results demonstrate that TbTim62, a
unique mitochondrial protein in T. brucei, is required for the
formation of a stable TbTim17 protein complex. TbTim62 KD
destabilizes this complex, and unassembled TbTim17 degrades.
Therefore, TbTim62 acts as a novel regulatory factor to main-
tain the levels of TIM in T. brucei mitochondria.

Trypanosomatids such as Trypanosoma brucei, Trypano-
soma cruzi, and Leishmania species cause deadly human dis-

eases such as African sleeping sickness, American trypanoso-
miasis or Chagas disease, and leishmaniasis, respectively (1–3).
These diseases are spread by insect vectors and affect millions
of people worldwide. Trypanosomatids are unicellular parasitic
protozoa that belong to the eukaryotic super group excavata (4,
5). These organisms are also classified as the early branching
eukaryotes, which possess a single mitochondrion with a large
concatenated structure of mitochondrial DNA, known as kin-
etoplast or kDNA (6 – 8). Despite its large structure, kDNA only
encodes �18 mitochondrial proteins (9). Thus, similar to other
eukaryotes, a majority of mitochondrial proteins in these para-
sites (�1000) are nuclear DNA-encoded and are imported into
the mitochondrion after their synthesis in the cytosol (10, 11).
Therefore, efficient protein import machinery is essential to
maintain mitochondrial functions as well as for the survival of
these parasites. However, the structure and function of this
important cellular apparatus are poorly understood in these
organisms.

Mitochondrial protein import machinery has been exten-
sively characterized in fungi and later in humans and plants
(12–15). The translocase of the mitochondrial outer membrane
(TOM)2 consists of 7–9 subunits and is the entry gate for most
of the mitochondrial proteins (16). Tom40, a �-barrel protein,
is the major component of the TOM complex, and it forms the
import channel for precursor proteins (17, 18). Once across the
mitochondrial outer membrane, mitochondrial inner mem-
brane (MIM) proteins are imported through either one of the
two translocases of MIM (TIM), TIM23 or TIM22 (19, 20).
Mitochondrial matrix proteins generally have an N-terminal
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targeting signal (or presequence), and these proteins are trans-
located via the TIM23 complex in a mitochondrial membrane
potential (��)-dependent manner (19, 21). Finally these pro-
teins are driven to the mitochondrial matrix by the TIM23-
associated and presequence-activated motor complex (PAM),
which uses the energy generated by ATP hydrolysis (22). Some
MIM proteins with an additional sorting signal are also
imported by the TIM23 complex and then laterally sorted to
their destination (23). Whereas a certain class of MIM proteins
such as mitochondrial metabolite carrier proteins (MCPs),
those having multiple internal targeting signals are imported
through the TIM22 complex (20, 24). The mitochondrial inter-
membrane space (IMS)-localized Tims, which are known as
small Tims or tiny Tims, chaperone these proteins within the
IMS and target them to the TIM22 complex (25, 26). Translo-
cation of proteins through the TIM22 complex also requires
�� but does not depend on ATP hydrolysis in the matrix
(24 –26).

Both TIM23 and TIM22 are multiprotein complexes in
which the protein import channels are formed by the major
subunits Tim23 and Tim22, respectively (27, 28). These two
proteins and Tim17, an essential structural component of the
TIM23 complex, belong to the presequence and amino acid
transporter (PRAT) family, which has four transmembrane
domains (TMs) in the center of the protein, leaving both the N
and C termini in the IMS (29). Tim50, an essential component
of the TIM23 complex, acts as the receptor for presequence-
containing mitochondrial proteins (30, 31). Homologs for
Tim23, Tim17, and Tim50 are conserved in higher eukaryotes
(14, 33). On the other hand, besides Tim22, the subunits of the
TIM22 complex, such as Tim54 and Tim18, are less conserved
in mammals and plants (34, 35).

Many trypanosomatid mitochondrial proteins possess
presequences with similar characteristics to those in other
eukaryotes and vary in length from 18 to 60 amino acid residues
(36, 37). Interestingly, a number of mitochondrial proteins in
these parasites possess presequences that can be as short as 8
amino acid residues (38, 39). Trypanosomatids also possess a
large repertoire of MCPs (40); those do not have N-terminal
mitochondrial targeting signals. Therefore, it can be antici-
pated that T. brucei possesses an elaborate TIM machinery for
import of the matrix and MIM proteins. However, apart from
the homologs of Tim17, Tim50, and few small Tims, the coun-
terparts of other Tim proteins are not found in trypanosome
genome or its mitochondrial proteome (41– 44). We have
shown that TbTim17 is essential in T. brucei, and knockdown
(KD) of TbTim50 also reduced cell growth significantly (41, 42).
Both of these proteins are required for import of presequence-
containing proteins into the T. brucei mitochondrion (41, 42,
45). It has been shown that TbTim50 is not involved in the
import of MCPs like MCP5 (42). However, the role of TbTim17
in translocation of such proteins has not been elucidated yet.
Because trypanosomatids possess a single PRAT-family pro-
tein, TbTim17 (46), it is speculated that this protein may pos-
sess a broader substrate specificity in comparison to Tim17
found in fungi and higher eukaryotes. We showed that
TbTim17 is present in larger molecular mass protein com-
plexes in the MIM. We also have identified several trypano-

some proteins by tandem affinity purification of the TbTim17-
containing protein complex (45). Among these, two
uncharacterized trypanosome proteins, TbTim62 and TbTim54,
are found highly significant for T. brucei cell growth and mito-
chondrial protein import (45). Co-immunoprecipitation analysis
confirmed that TbTim62 and TbTim54 interact with TbTim17 in
T. brucei (45).

Here, we further characterized the role of TbTim62 in mito-
chondrial protein import in T. brucei. TbTim62 is a novel
trypanosome-specific protein that is localized in the MIM.
Blue-native gel electrophoresis (BN-PAGE) revealed that
TbTim62 is present in a protein complex of �150 kDa. A minor
fraction of this protein was also detected in the 1100-kDa pro-
tein complex. On the other hand, TbTim17 is found in the
multiple complexes within the range of 300 –1100 kDa. Two-
dimensional BN-SDS-PAGE analysis showed that the ectopi-
cally expressed TbTim17-myc is also present in a �150-kDa
protein complex similar to TbTim62. Interestingly, we found
that TbTim62 KD hampered the stability of the TbTim17 pro-
tein complexes and reduced the levels of TbTim17 post-tran-
scriptionally. Further analysis revealed that TbTim62 is criti-
cal for the association of TbTim17 with mHsp70 and for the
assembly of the TbTim17 into the respective protein com-
plexes. From these results we conclude that TbTim62, a novel
trypanosome mitochondrial protein, is required for formation
of the TbTIM and also to maintain the integrity of this protein
complex. Therefore, TbTim62 is essential for mitochondrial
protein import in T. brucei.

Experimental Procedures

Strains and Media—The procyclic form of T. brucei 427 cells
were grown in SDM-79 medium containing 10% fetal bovine
serum. The T. brucei 427 procyclic double-resistant cell line
(Tb427 29-13) expressing the tetracycline repressor gene
(TetR) and T7RNA polymerase (T7RNAP) (47) was grown in
the same medium containing 50 �g/ml hygromycin and 15
�g/ml G418. Cells were harvested at logarithmic phase of
growth for different biochemical analyses. Cell numbers were
counted in a Neubauer hemocytometer.

T. brucei Transgenic Cell Line and RNA Analysis—TbTim17
and TbTim62 RNAi cell lines were developed as described (45).
T. brucei cell line expressing TbTim62 with a tandem affinity
purification (TAP) tag at the C terminus was developed previ-
ously (45). We also generated the TbTim62 RNAi (Puro) con-
struct by subcloning a portion of the TbTim62 coding region
(522–1021 bp) in the p2T7Ti-177 (puromycin) vector (a gener-
ous gift from Laurie Read) and used it to transfect the T. brucei
cell line containing the pLew100-TbTim17–2X-myc construct,
which was developed previously in our laboratory (46). After
transfection, cells were selected by puromycin (1 �g/ml). RNA
was isolated from the procyclic trypanosomes grown for 4 days
with or without doxycycline using TRIzol reagent (Invitrogen)
according to the manufacturer’s protocol; Northern analysis
was performed as described (42, 45). Specific probes were gen-
erated using a random primer-labeling protocol (Invitrogen)
from the cDNA fragments generated by PCR using the same
primer pairs used for preparation of RNAi constructs. Tubulin
was used as the loading control.
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Isolation and Post-isolation Treatment of Mitochondria—
Mitochondria were isolated from the parasite after lysis via
nitrogen cavitation in isotonic buffer (42, 45). The isolated
mitochondria were stored at a protein concentration of 10
mg/ml in SME buffer (250 mM sucrose, 20 mM MOPS/KOH, pH
7.4, 2 mM EDTA) containing 50% glycerol at �70 °C. Before
using, mitochondria were washed twice with nine volumes of
SME buffer to remove glycerol. Mitoplasts (i.e. mitochondrial
matrix with intact MIM) were isolated after treatment of mito-
chondria with 3 volumes of water for 15 min on ice to disrupt
mitochondrial outer membrane. Afterward the osmolarity was
restored with the addition of a 1⁄3 volume of 2.4 M sucrose. Mito-
plasts were recovered by centrifugation at 12,000 � g for 15
min. The supernatant and pellet fractions were analyzed for the
release of cytochrome c (Cyt c), an IMS protein, as described
(48). For limited proteinase K (PK) digestion, mitochondria in
SME buffer (1 mg/ml) were treated with various concentrations
of PK (0 –200 �g/ml) for 30 min on ice. After incubation, PK
was inhibited by phenylmethylsulfonyl fluoride (PMSF, 2 mM),
and mitochondria were re-isolated by centrifugation at
10,000 � g at 4 °C for 10 min. For alkali extraction, isolated
mitochondria (100 �g) from T. brucei were treated with 100
mM Na2CO3 (100 �l) at pH 11.5 for 30 min on ice. The super-
natant and pellet fractions were collected after centrifugation
and analyzed by SDS-PAGE and immunoblot.

Determination of Half-life of TbTim17—The wild type
T. brucei 427 and TbTim62 RNAi cells grown in the presence of
doxycycline were incubated in the presence of cycloheximide
(50 �g/ml). Equal numbers of cell were harvested at different
time points (0 –24 h), and total cellular proteins were analyzed
by immunoblot analysis using anti-TbTim17 antibody. Tubulin
was used as the loading control.

In Vitro Mitochondrial Protein Import Assay—Isolated mito-
chondria from T. brucei were used for in vitro assays of protein
import as described (42, 45). Mitochondria were pretreated
with carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (50
�M) for disruption of mitochondrial �� as described (42, 45,
49). We have titrated CCCP concentration previously and
found 50 –100 �M is optimum for dissipation of mitochondrial
�� (49). Other investigators also used similar concentrations
of CCCP for �� degeneration in trypanosomatid mitochondria
(50 –52). For production of radiolabeled precursor proteins, the
coding regions for TbTim17 and TbTim62 were PCR-amplified
using sequence-specific primers possessing BamHI and HindIII
restriction sites at their 5� ends, respectively, and the genomic
DNA of T. brucei as the template. The PCR products were puri-
fied, digested with the respective enzymes, and then subcloned
into the pGEM4Z vector between the BamHI and HindIII sites.
The cytochrome oxidase subunit 4 (COIV), and a fusion protein
of the trypanosome alternative oxidase with dihydrofolate
reductase (TAO-DHFR) were also cloned similarly as described
(42, 45). Radiolabeled precursor proteins were synthesized in
vitro using a coupled transcription/translation rabbit reticulo-
cyte lysate system (TNTR, Promega) according to the manufa-
cturer’s protocol using L-[35S]methionine.

Blue-native PAGE (BN-PAGE) and Two-dimensional Gel
Electrophoresis—Mitochondrial proteins (100 �g) were solubi-
lized in 50 �l of the ice-cold native buffer (50 mM Bis-Tris, pH

7.2, 50 mM NaCl, 10% w/v glycerol, 1 mM PMSF, 1 �g/ml leu-
peptin and 1% digitonin). The solubilized mitochondrial pro-
teins were clarified by centrifugation at 100,000 � g for 30 min
at 4 °C. The supernatants were mixed with 2.5 �l of native
PAGE G250 sample additive (Invitrogen) and electrophoresed
on a precast (4 –16%) Bis-Tris polyacrylamide gel (Invitrogen)
as described (46). Protein complexes were detected by immu-
noblot analysis. Molecular size marker proteins apoferritin
dimer (886 kDa) and apoferritin monomer (443 kDa), �-amy-
lase (200 kDa), alcohol dehydrogenase (150 kDa), and bovine
serum albumin (66 kDa) were electrophoresed on the same gel
and visualized by Coomassie staining. For two-dimensional
BN-SDS-PAGE analysis gel strips representing a single lane on
first dimension BN-PAGE gel were excised and sequentially
incubated in buffer containing SDS (1%) plus 2-mercaptoetha-
nol (5%) followed by SDS (1%) alone at room temperature for 30
min each to denature proteins in the gel. Next, gel strips were
placed on top of the stacking gel and electrophoresed on a sec-
ond dimension using Tricine SDS-PAGE (12%). After separa-
tion, proteins were transferred to a nitrocellulose membrane
for immunodecoration.

SDS-PAGE and Immunoblot Analysis—Polyclonal antibod-
ies against the TbTim62 were generated by Antagene Inc.
(Sunnyvale, CA) using a peptide consisting of amino acids
43–59 (NGIGPAATKKDGNTD) of the N-terminal region as
the antigen. The synthetic peptide was purified and conjugated
to keyhole limpet hemocyanin using cysteine. The keyhole lim-
pet hemocyanin-conjugated TbTim62 peptide was then used to
generate specific antibodies in rabbits. Antiserum against
TbTim62 was affinity-purified using the TbTim62 peptide as
the ligand. Proteins from whole cells or isolated mitochondria
were separated on a SDS-PAGE and immunoblotted with poly-
clonal antibodies for TbTim62 and TbTim17 (45), T. brucei
voltage-dependent anion channel protein (VDAC) (53), Cyt c
(48), cytochrome c1 (Cyt c1) (54), and mitochondrial heat
shock protein 70 (mHsp70) (55) or monoclonal antibodies for
TAO (56), c-myc epitope (Abcam), and T. brucei �-tubulin
(57). Blots were developed with appropriate secondary antibod-
ies and an enhanced chemiluminescence (ECL) kit (Pierce).
Intensity of the protein bands was quantitated using Quantity
One software (Bio-Rad).

Immunofluorescence Microscopy—T. brucei cells (4 � 106–
5 � 106)-expressed TbTim62-TAP was evenly spread over
poly-L-lysine (100 �g/ml in H2O)-coated slides as described
(42). Once the cells had settled, the slides were washed with
cold PBS to remove any unattached cells. The attached cells
were fixed with 3.7% paraformaldehyde and permeabilized with
0.1% Triton X-100. After blocking with 5% nonfat milk for 30
min slides were then washed with PBS containing 3% bovine
serum albumin. After that, a fluorescein isothiocyanate (FITC)-
conjugated anti-mouse IgG was applied as a secondary anti-
body for visualization under a fluorescent microscope. DNA
was stained with 1 �g/ml 4�,6-diamidino-2-phenylindole
(DAPI). Cells were imaged using a Nikon TE2000E widefield
microscope equipped with a 60 � 1.4 NA Plan Apo VC oil
immersion objective. Images were captured using a CoolSNAP
HQ2 cooled CCD camera and Nikon Elements Advanced
Research software.
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Results

TbTim62 Is a Novel Trypanosome-specific Protein—We pre-
viously reported that TbTim62 is associated with TbTim17 in
T. brucei (45). Analysis of the protein sequence of TbTim62
using the Basic Local Alignment Search Tools (BLAST) (58)
revealed that homologs of TbTim62 are only present in
trypanosomatids, like T. brucei brucei, Trypanosoma congo-
lense, Trypanosoma cruzi, Leishmania braziliensis, and some
species of Phytomonas and Angomonas (data not shown). There
are no homologs of Tim62 in fungi and higher eukaryotes.
TbTim62 possesses an ankyrin repeat region, which is located
near the N terminus of the protein (25–78 amino acids) (Fig.
1A). Ankyrin repeat is responsible for protein-protein interac-
tions and is found in various proteins in different subcellular
locations (59). This region of TbTim62 shows partial homology
with a protein from Meleagris gallopavo (turkey) (data not
shown); however, the function of this protein in turkey is not
well characterized. The amino acid region (366 – 419 amino
acids) of TbTim62 also shows weak similarity to the nucleotide
binding region of a bacterial nucleotidyltransferase (Fig. 1A).
TbTim62 consists of 587 amino acids with an N-terminal mito-
chondrial-targeting signal of 12 amino acids predicted by the
Mitoprot program (60) (Fig. 1A). TMPRED (61) analysis
showed that TbTim62 possesses four predicted transmem-
brane (TM1-TM4) domains in the center of the protein (Fig.
1A), which appear to be similar to the positions of 4 TMs in
TbTim17. In addition, TbTim62 (Tb927.8.1740) has been iden-
tified in mitochondrial proteomes (10), and Mitocarta analysis
also predicted its localization in T. brucei mitochondrion (11).
For further verification of the subcellular localization of
TbTim62, immunostaining of the T. brucei expressed a C-ter-
minally TAP-tagged TbTim62 was performed using FITC-con-

jugated anti-IgG antibody. Results showed a reticular staining
pattern that was merged with the Mitotracker-stained mito-
chondria in T. brucei (Fig. 1B). These results thus confirmed
that TbTim62 is localized in mitochondria.

TbTim62 Is an Integral MIM Protein—To investigate the
submitochondrial location of TbTim62, isolated mitochondria
from T. brucei were treated with various concentrations of pro-
teinase K (0 –200 �g/ml) (Fig. 2A). TbTim62 was protected
from protease treatment similar to MIM proteins like Tim17,
TAO, and the matrix-localized mHsp70, whereas VDAC, a
mitochondrial outer membrane protein (53), was partially
digested as expected by PK at 150 –200 �g/ml (Fig. 2, A and B),
suggesting that TbTim62 is not an outer membrane protein.
Furthermore, TbTim62 was also protected from a similar pro-
tease digestion of isolated mitoplast and only partially digested
at PK concentration, 200 �g/ml (Fig. 2, C and D), whereas
VDAC was completely digested by PK in mitoplast even at the
concentration of 12.5 �g/ml (Fig. 2, C and D). TbTim17, TAO,
and mHsp70 were also protected in the mitoplast after PK
digestion. These results indicated that TbTim62 is not
exposed in the IMS and most likely embedded in the inner
membrane similar to TbTim17. Alkali extraction of the iso-
lated mitochondria revealed that TbTim62 is present in the
alkali-resistant membrane pellet, similar to other mitochon-
drial membrane proteins, Tim17, TAO, and VDAC (Fig. 2, E
and F), whereas Cyt c, a soluble protein of the intermem-
brane space, is found in the supernatant fraction after alkali
treatment, as expected. Therefore, we conclude that
TbTim62 is an integral MIM protein.

Import of TbTim62 into Mitochondria Requires TbTim17—
TbTim62 possesses a predicted presequence of 12 amino acids.
We wanted to investigate if the import of TbTim62 into mito-

FIGURE 1. TbTim62 is a novel mitochondrial protein in T. brucei. A, schematics of TbTim62 protein. The N-terminal mitochondrial-targeting signal (MTS) is
shown in red. Positions of the predicted ankyrin repeat domain and nucleotide binding sites are in brown and orange boxes, respectively. Predicted transmem-
brane domains (TM1-TM4) are in the blue rectangle. Positions of these TMs are indicated by numbers of the amino acid (AA) residues. B, TbTim62 is localized in
mitochondria. T. brucei procyclic form cells expressed TbTim62 with a TAP tag at the C terminus. After induction of expression with doxycycline, cells were
stained with sheep IgG antibody followed by FITC-conjugated secondary antibody. Mitotracker and DAPI were used to visualize mitochondria and the nucleus
and kinetoplast, respectively. Overlay of the FITC, Mitotracker, and DAPI is shown. DIC, differential interference contrast.
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chondria depends on TbTim17. In vitro import analysis of the
radiolabeled TbTim62 into isolated T. brucei wild type mito-
chondria revealed that TbTim62 is imported into mitochondria
(Fig. 3A). Once imported, a matured TbTim62 was formed in
a time-dependent manner. The mature protein band was
�1-kDa smaller than the precursor protein, suggesting that
TbTim62 presequence is cleaved after its import into mito-
chondria (Fig. 3A). Furthermore, pretreatment of mitochon-
dria with CCCP to disrupt mitochondrial membrane potential
inhibited formation of the matured band, suggesting that this
band is formed due to import and processing of TbTim62.
Reduction of TbTim17 protein level significantly hampered
the import of TbTim62 (Fig. 3A). Import of TbTim62 was
inhibited �80% in TbTim17 KD mitochondria in compari-
son to wild type (Fig. 3, A and B). Import of a presequence-
containing fusion protein, TAO-DHFR, was also inhibited at
a similar level in TbTim17 KD mitochondria (Fig. 3, A and C)
as we reported previously. Therefore, similar to other prese-
quence-containing nucleus-encoded mitochondrial proteins
import of TbTim62 depends on TbTim17.

TbTim62 KD Decreased the Steady-state Levels of TbTim17
Post-transcriptionally—We reported previously that TbTim62
KD reduces cell growth and inhibits import of the N-terminal
signal-containing proteins into mitochondria (45). TbTim62
also associates with TbTim17 (45). To investigate if TbTim62
KD has any effect on the levels of TbTim17, immunoblot anal-
ysis of mitochondrial proteins isolated from the wild type and
TbTim62 RNAi cells at day 4 after induction was performed
using anti-TbTim17 and anti-TbTim62 antibodies as probes
(Fig. 4A). Results showed that TbTim62 KD reduced the levels
of TbTim62 �70% after induction of RNAi (Fig. 4, A and B).
Interestingly, the level of TbTim17 was also decreased �80%
due to knockdown of TbTim62 (Fig. 4, A and B). mHsp70
levels were minimally affected due to TbTim62 KD. VDAC
was used as the loading control. Analysis of the transcript
levels of TbTim17 and TbTim62 revealed that RNAi specif-
ically reduced the target transcript (Fig. 4, C and D). The
levels of TbTim17 transcript remain unaltered in TbTim62
KD cells and vice versa (Fig. 4, C–F). Therefore, these results

FIGURE 2. TbTim62 is localized in the mitochondrial inner membrane. A–D, limited protease digestion of isolated mitochondria (A) and mitoplast (C). Equal
amounts of mitochondria and mitoplast isolated from T. brucei procyclic form were treated with various concentrations of proteinase K (Prot K) as indicated.
After digestion, mitochondria and mitoplast were re-isolated by centrifugation, and proteins were analyzed by SDS-PAGE and immunoblot using TbTim62,
VDAC, TbTim17, TAO, and mHsp70 antibodies as probes. As indicated, some samples were also treated with Triton X-100 (1%) along with proteinase K. Intensity
of the respective protein bands for TbTim62, VDAC, Tim17, and TAO in mitochondria (B) and mitoplast (D) after treatment with different concentration of
proteinase K were quantitated, normalized with the corresponding mHsp70 intensity, and plotted as the percent of that in no-treatment control. S.E. from three
independent experiments are shown. *, p values 	0.001. E, sodium carbonate extraction of mitochondrial proteins from T. brucei procyclic form. Mitochondria
were treated (
) with Na2CO3 or left untreated (�). Mitochondria were re-isolated by centrifugation. Equal volumes of the supernatant (S) and the pellet (P)
fractions were analyzed using TbTim62, TbTim17, TAO, VDAC, and Cyt c antibodies as probes. F, intensity of each protein band in the supernatant and pellet
fractions after treatment with Na2CO3 was plotted as percent of that in untreated control pellet. S.E. are calculated from three independent experiments.

T. brucei Tim62

23230 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 38 • SEPTEMBER 18, 2015



indicated that TbTim62 KD reduced the level of TbTim17
post-transcriptionally.

TbTim62 Is Not Required for Import of TbTim17 into T. bru-
cei Mitochondria—As we found that depletion of TbTim62
reduced the steady-state levels of TbTim17, we wanted to
investigate if import of TbTim17 into mitochondria is ham-
pered due to a reduction in the levels of TbTim62. To test this
assumption, in vitro import analysis was performed using
radiolabeled TbTim17 as the substrate. TbTim17 does not have
any predicted presequence and thus did not produce any lower
molecular mass mature protein after its entry into mitochon-
dria. Therefore, mitochondria samples were treated with PK
after import to remove un-imported radiolabeled proteins, and
imported TbTim17 that is protected from PK digestion was
analyzed by autoradiography. In wild type mitochondria,
TbTim17 was imported in a time-dependent manner, and
import was mostly inhibited in the absence of mitochondrial
membrane potential (Fig. 5A). We did not observe any signifi-
cant changes in import of TbTim17 into TbTim62 KD mito-
chondria (Fig. 5, A and B), indicating that TbTim62 is not
required for import of TbTim17. We also tested the effect of
TbTim62 KD on import of COIV, an N-terminal signal-con-
taining MIM protein. As we reported previously, import of
COIV was inhibited �40 – 60% in TbTim62 KD mitochondria
in comparison with wild type control (Fig. 5, A and C). There-
fore, it suggests that like TbTim17, TbTim62 is also required
for import of proteins that have N-terminal mitochondrial-tar-
geting signal, but it is not likely involved in the import of inter-
nal signal-containing mitochondrial proteins, like TbTim17.

To verify our results that TbTim62 is not involved in the
import of TbTim17 into mitochondria, we performed an in vivo

mitochondrial protein import assay. For this assay, an ectopic
copy of TbTim17 with a 2X-myc epitope at the C terminus was
expressed in T. brucei, whereas RNAi reduced the levels of
TbTim62 simultaneously upon induction with doxycycline.
After induction, cells were harvested at different time points,
mitochondrial fractions were isolated, and the levels of
TbTim17–2X-myc in the mitochondrial fractions were
assessed by immunoblot analysis using anti-myc and anti-
TbTim17 antibodies (Fig. 5D). TbTim17–2X-myc was also
expressed in the wild type cells to use as the control. We found
that anti-myc antibody recognized the ectopically expressed
TbTim17–2X-myc (21 kDa), whereas anti-TbTim17 antibody
recognized both the endogenous (19 kDa) and the recombinant
TbTim17 (21 kDa). In the wild type T. brucei, TbTim17–2X-
myc was expressed and accumulated into mitochondria with
time (24 –96 h) of induction. TbTim17–2X-myc was also accu-
mulated into mitochondria in TbTim62 KD T. brucei, showing
that import of TbTim17 into mitochondria was not inhibited
due to TbTim62 KD. The levels of TbTim17–2X-myc in mito-
chondria isolated from TbTim62 KD T. brucei were relatively
lower in comparison with those in mitochondria isolated from
the wild type cells (Fig. 5, D and E), which could be due to a
reduced stability of TbTim17–2X-myc for TbTim62 KD.
Immunoblot analysis of these samples with anti-TbTim17 anti-
body further showed that the newly synthesized TbTim17–2X-
myc localized into mitochondria and present at similar levels
during 48 –96 h after induction of TbTim62 RNAi. As expected,
the levels of the endogenous TbTim17 were relatively lower in
these mitochondria in comparison to wild type control. Immu-
noblot analysis of these samples using anti-TbTim62 antibody
confirmed that TbTim62 RNAi significantly reduced the levels

FIGURE 3. In vitro import of TbTim62 into wild type control and TbTim17 KD T. brucei mitochondria. A, radiolabeled TbTim62 were incubated with
isolated mitochondria from the Wt and TbTim17 KD T. brucei procyclic form for different time periods (1–10 min). Import reactions for TAO-DHFR were also run
in parallel. Post-import, mitochondria were washed, and proteins were analyzed by SDS-PAGE and autoradiography. Input lanes represent 10% of radiolabeled
substrate proteins used for each reaction. The precursor (p) and the mature (m) proteins are shown. For some reactions mitochondrial membrane potential was
disrupted by pretreatment of mitochondria with CCCP. Intensity of the imported and matured Tim62 (B) and TAO-DHFR (C) in Wt and TbTim17 KD mitochon-
dria were quantitated using densitometry. The intensity of the matured protein imported into the Wt mitochondria at the longest time point was set as
maximum (100%), and the calculated percentage of the maximum import at other time points into mitochondria from the control and TbTim17 KD was plotted
versus time. S.E. are calculated from three independent experiments. p values: ***, 	0.001; **, 	0.05.
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of the target protein in mitochondria (Fig. 5, D and E). VDAC
was used as the loading control. Together these results demon-
strate that TbTim62 is not essential for import of TbTim17 into
mitochondria but is required for the stability of this protein into
the organelle.

TbTim62 KD Reduced the Half-life of TbTim17—To further
confirm that TbTim62 KD decreased the stability of TbTim17,
we determined the half-life of TbTim17 in the wild type control
and TbTim62 KD T. brucei (Fig. 6). For this experiment we
inhibited protein synthesis by the addition of cycloheximide (50
�g/ml) and then assessed the steady-state levels of TbTim17 by
immunoblot analysis (Fig. 6A). Results showed that in the wild
type control cells TbTim17 level was almost unaltered even
after inhibition of protein synthesis for 24 h, showing that the
half-life of TbTim17 is �24 h, whereas in TbTim62 KD cells the
level of TbTim17 was reduced to half within 6 h and was
decreased further with longer incubation in the presence of
cycloheximide (Fig. 6, A and B), indicating that the half-life of
TbTim17 is at least 4-fold less in TbTim62 KD cells in compar-
ison with the wild type control. Therefore, we conclude that a
decrease in the levels of TbTim17 in TbTim62 KD cells is due to
reduced half-life of this protein.

Analysis of Mitochondrial Membrane Protein Complexes
Consisting of TbTim62 and TbTim17—BN-PAGE analysis of
the mitochondrial protein complexes followed by immunoblot

analysis using anti-TbTim62 antibody revealed that TbTim62
is present in a protein complex of �150 kDa (Fig. 7A). A larger
complex (�1100 kDa), which is similar in size to the largest
complex recognized by the anti-TbTim17 antibody, was also
detected from the mitochondrial samples by this antibody (Fig.
7A). Levels of these complexes were significantly reduced in
TbTim62 KD mitochondria (Fig. 7, A and D), showing that
these protein complexes indeed contain TbTim62. TbTim17
KD also reduced the levels of these protein complexes in
mitochondria in comparison with those in wild type T. bru-
cei. Because TbTim17 is required for the import of TbTim62
into mitochondria, it is expected that depletion of TbTim17
would reduce the levels of the TbTim62 protein complexes.
Probing of the duplicate blot with anti-TbTim17 antibody
revealed that TbTim17 is present in multiple protein com-
plexes within the range of �300 to �1100 kDa (Fig. 7B).
Levels of these complexes were reduced in TbTim17 KD
mitochondria and, more interestingly, also in TbTim62 KD
mitochondria (Fig. 7, B and D), indicating that TbTim62 is
required for overall stability of the protein complexes con-
sisting of TbTim17. As expected, anti-Cyt c1 antibody rec-
ognized the cytochrome b-c1 complex at similar levels in all
samples (Fig. 7, C and D).

To further resolve the protein complexes detected with the
above antibodies, gel strips from the first dimension BN-PAGE

FIGURE 4. Effect of TbTim62 knockdown on the steady-state levels of TbTim17 protein and transcript. A, mitochondria were isolated from the T. brucei
procyclic form Wt and from TbTim62 RNAi cells grown for 4 days in the presence of doxycycline. Mitochondrial proteins (100, 50, and 25 �g) were analyzed by
immunoblot analysis using TbTim17, TbTim62, mHsp70, and VDAC antibodies as probes. B, the intensity of the respective protein bands were quantitated
using imaging densitometer as described under “Experimental Procedures” normalized with the corresponding VDAC protein bands and plotted as percent in
the WT control. S.E. are calculated from three independent experiments. C and D, TbTim17 RNAi and TbTim62 RNAi cells lines were cultured in the presence (
)
and absence (�) of doxycycline for 2 days. Total RNAs were isolated and analyzed by Northern blot analysis using cDNAs for TbTim62 and TbTim17 as probes
as indicated. Tubulin was used as the control for Northern blot. E and F, the intensity of the respective bands were quantitated using imaging densitometer as
described, normalized with the corresponding tubulin band, and plotted as percent in the respective un-induced controls. S.E. are calculated from four
independent experiments. *, p values 	0.05.
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for the mitochondrial proteins isolated from the wild type,
TbTim62 KD, and TbTim17 KD T. brucei were subjected to
Tricine SDS-PAGE, transferred to the nitrocellulose mem-
brane, and sequentially detected with anti-Tim17, anti-Tim62,
and anti-Cyt c1 antibodies. Results from the wild type mito-
chondrial sample further confirmed that TbTim62 is present in
the �150-kDa protein complex, and TbTim17 is present in a
�300-kDa and a couple of larger complexes as seen on the
one-dimensional PAGE (Fig. 7E). A faint band of TbTim62 was
detected above �886 kDa, suggesting that a fraction of
TbTim62 is also present in a higher molecular mass protein
complex, which is similar in size to that of TbTim17. As
reported previously, Cyt c1 is found in the cytochrome b-c1
reductase complex (�700 kDa) (Fig. 7E). In contrast to wild
type, two-dimensional-BN-SDS-PAGE analysis of the

TbTim62 KD mitochondrial sample showed that TbTim17
is primarily present in much smaller (�200 to 	66 kDa)
complexes, and very little was found in the range of 300 –
1100 kDa (Fig. 7F). These results clearly indicate that
TbTim17 complexes are destabilized in TbTim62 KD mito-
chondria. Interestingly, these smaller size TbTim17 bands
were more prominent in two-dimensional than one-dimen-
sional PAGE, which is most likely due to better recognition
of the denatured protein than its native form by the anti-
TbTim17 antibody. As expected, TbTim17 and TbTim62
proteins were minimally detected in respective KD samples
(Fig. 7, F and G). Cyt c1 was detected at similar positions in
all three mitochondria samples, although its levels were rel-
atively lower in TbTim17 KD and TbTim62 KD mitochon-
dria than wild type (WT). Together these results showed that

FIGURE 5. Import of TbTim17 in the wild type control and TbTim62-depleted mitochondria. A, radiolabeled TbTim17 were incubated with isolated
mitochondria from the Wt and TbTim62 KD T. brucei procyclic form for different time periods (1–10 min). Post-import, mitochondria were washed and
treated with proteinase K (20 �g/ml) for 30 min at 4 °C, and proteins were analyzed by SDS-PAGE and autoradiography. Import reactions for COIV were
also run in parallel. The precursor (p) and the mature (m) proteins are shown. Input lanes represent 10% of radiolabeled substrate proteins used for each
reaction. For some reactions mitochondrial membrane potential was disrupted by pretreatment of mitochondria with CCCP. Intensity of the Tim17 (B)
and matured COIV (C) imported into Wt and TbTim17 KD mitochondria were quantitated using densitometry. The intensity of the matured protein
imported into the Wt mitochondria at the longest time point was set as maximum (100%), and the calculated percentage of the maximum import at
other time points into mitochondria from the Wt and TbTim17 KD was plotted versus time. S.E. are calculated from three independent experiments. p
values: ***, 	0.001; **, 	0.05. D, expression and targeting of TbTim17-myc into mitochondria in T. brucei Wt and TbTim62 KD. TbTim17–2X-myc was
expressed in the wild type and in T. brucei where TbTim62 levels were reduced simultaneously by RNAi. At different time points (24 –96 h) after induction
mitochondrial fractions were isolated, and proteins were analyzed by immunoblot using anti-myc, anti-TbTim17, anti-TbTim62, and anti-VDAC anti-
bodies. The ectopically expressed TbTim17–2X-myc and the endogenous TbTim17 were both detected by anti-TbTim17 antibody. E, intensities of the
Tim17-myc and Tim62 protein bands were quantitated and normalized with that for the corresponding VDAC band, and values were plotted as relative
intensity (arbitrary unit) in Wt and TbTim62 KD mitochondria. The number of experiment was three. Tim62 levels were significantly reduced in
Tim17-myc/Tim62 KD relative to TbTim17-myc/Wt mitochondria. *, p values 	0.05.
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TbTim62 KD specifically hampered the stability of the
TbTim17 complex.

TbTim62 Is Required for the Assembly of TbTim17 Protein
Complex—Next we investigated if TbTim62 plays role in the
assembly of the newly synthesized TbTim17 into the matured
complexes. For this purpose we compared the assembly status
of the ectopically expressed TbTim17–2X-myc into TbTim17
complexes in the wild type and TbTim62 KD T. brucei. Mito-
chondria were isolated from TbTim62 KD and parental
T. brucei which expressed the recombinant TbTim17–2X-
myc (Fig. 8). Analysis of mitochondrial membrane protein
complexes at 48 and 96 h after induction by BN-PAGE fol-
lowed by immunoblot using anti-myc antibody revealed that
TbTim17–2X-myc assembled into the protein complexes
similar in size to the endogenous TbTim17 very efficiently in
wild type control mitochondria (Fig. 8A). However, in
TbTim62 KD T. brucei, TbTim17–2X-myc assembled into
the respective mitochondrial protein complexes very poorly
at 48 h and also at a significantly lower level at 96 h in com-
parison to those in the wild type cells (Fig. 8, A and E). Anti-
myc antibody did not recognize any complexes from the wild
type parasites, which do not express TbTim17–2X-myc.
Anti-TbTim17 antibody recognized the TbTim17 protein
complexes at comparable levels in mitochondria samples
collected at 48 h (Fig. 8B). Therefore, these results demon-
strated that TbTim62 is not only needed for the stability of
the TbTim17 complexes but also for the assembly of the

newly synthesized TbTim17–2X-myc into these complexes.
Probing this blot with anti-TbTim62 antibody showed that
the levels of the �150-kDa protein complex consisting of
TbTim62 were greatly reduced due to TbTim62 KD, as
expected (Fig. 8C). The levels of the larger complex of
TbTim62 (�1100 kDa) were also reduced in TbTim62 KD
T. brucei. Cytochrome b-c1 reductase complex was found at
similar levels in all samples (Fig. 8D).

To further confirm our results, we analyzed these mitochon-
dria samples on two-dimensional-BN-SDS-PAGE followed by
immunoblot analysis. TbTim17–2X-myc, as recognized by
both anti-myc and anti-TbTim17 antibodies, was found in
complexes that are in similar sizes of the complexes formed by
the endogenous TbTim17 in WT background (Fig. 8G). A cou-
ple of smaller complexes (�150 kDa and 	66 kDa) also formed
by TbTim17–2X-myc, which could be the assembly intermedi-
ates of TbTim17–2X-myc (Fig. 8G). Specifically the �150-kDa
TbTim17–2X-myc band is at a similar position with TbTim62,
suggesting that TbTim17 most likely associates with TbTim62
first before it assembled to the larger complex. However, we
also could not exclude the possibility that these lower molecu-
lar mass complexes of TbTim17–2X-myc are the aggregated
form of this protein produced due to overexpression. In con-
trast to the wild type, in TbTim62 KD mitochondria
TbTim17–2X-myc was mostly found in the 	66-kDa region
and was minimally detected in the size similar to the
matured complexes (Fig. 8H). Anti-TbTim17 antibody rec-
ognized the endogenous TbTim17 complexes similarly in
both the TbTim17–2X-myc and TbTim17–2X-myc/TbTim62
KD mitochondria (Fig. 8, G and H). As a control we also ana-
lyzed in parallel mitochondria samples from wild type T. brucei
cells, which do not express TbTim17–2X-myc (Fig. 8F). Rep-
robing these blots with anti-TbTim62 antibody showed that the
levels of TbTim62 protein complex (�150 kDa) were reduced
in TbTim62 KD mitochondria as expected (Fig. 8H). Cyt c1 was
detected at similar positions in all samples (Fig. 8, F–H).
Together these results confirmed that TbTim62 KD greatly
hampered the assembly of the TbTim17–2X-myc into
matured TbTim17 protein complexes in T. brucei.

TbTim62 KD Reduced the Association of TbTim17 with
mHsp70 —Next we investigated if TbTim62 KD has any effect
on association of TbTim17 with other proteins. For this pur-
pose we immunoprecipitated TbTim17–2X-myc using anti-
myc antibody-coupled agarose beads from the mitochondrial
extracts prepared from T. brucei, which expressed this recom-
binant protein in the presence and absence of TbTim62 RNAi.
Immunoblot analysis using anti-myc antibody showed that
TbTim17–2X-myc was immunoprecipitated from cells
expressing this protein (Fig. 9A). Anti-TbTim17 antibody
detected both the TbTim17–2X-myc (21 kDa) and TbTim17
(19 kDa) in the immunoprecipitate from the TbTim17–2X-
myc/Wt and TbTim17–2X-myc/TbTim62 KD samples (Fig.
9A), showing that the endogenous protein was associated
with the ectopically expressed TbTim17–2X-myc in both
types of mitochondria. Reprobing the blots with anti-Hsp70
antibody demonstrated that mitochondrial Hsp70 (30 – 40%
of input) co-precipitated with TbTim17–2X-myc from the
TbTim17–2X-myc/Wt mitochondrial extract but not from

FIGURE 6. TbTim17 protein decay in wild type control and TbTim62 KD
T. brucei. The Wt control and TbTim62 KD cells were grown in the presence of
doxycycline for 2 days. Cells were treated with cycloheximide (50 �g/ml)
under normal growth conditions. A, at different time points (0 –24 h) cells
were harvested, and total cellular proteins were analyzed by SDS-PAGE and
immunoblot analysis using anti-TbTim17 antibody. Tubulin was used as the
loading control. B, intensity of the TbTim17 protein band were quantitated by
imaging densitometer, normalized with the intensity of the corresponding
tubulin band, and plotted against time. The number of experiments was
three. ***, p values 	0.001.
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TbTim17–2X-myc/TbTim62 KD sample (Fig. 9, A and B),
indicating that TbTim62 KD hampered the association of
mHsp70 with TbTim17–2X-myc. As expected, TbTim62 co-
precipitated from the TbTim17–2X-myc/Wt samples, but
no protein was detected when RNAi reduced the levels of
TbTim62. Together, these results demonstrate that reduc-
tion of the levels of TbTim62 reduced the association of
mHsp70 with TbTim17 and hampered the stability of the
TbTim17 protein complexes.

Discussion

We discovered TbTim62, a novel component of the trypano-
somal TIM machinery that has no homologs in other eu-
karyotes. TbTim62 is an integral MIM protein and possesses
a cleavable N-terminal targeting signal. A fraction of
TbTim62 is found in an �1100-kDa MIM complex, which is
similar in size to the largest complex consisting of TbTim17.
However, TbTim62 is not present in �300 – 800-kDa pro-
tein complexes formed by TbTim17. Depletion of TbTim62
inhibited assembly of TbTim17 into these matured com-
plexes and reduced the association of TbTim17 with
mHsp70. The un-assembled TbTim17 was degraded in
TbTim62 KD mitochondria, and its steady-state levels were
reduced. Therefore, TbTim62 is critical for formation of the
stable TbTIM and essential for mitochondrial protein
import in T. brucei.

In fungi and animals, Tim17 and Tim23 form modular
type complexes (62, 63). BN-PAGE analysis of the fungal
mitochondrial protein complexes showed that Tim17 asso-
ciates with Tim23 and forms a 90-kDa core complex. These

two proteins are also found in �140- and �240 kDa com-
plexes, although at a lower level than the 90-kDa complex.
Tim50, a peripheral component of the TIM23 complex, is
present in the core as well as in the �240-kDa complex along
with Tim23 and Tim17. This larger complex also associates
with the PAM complex consisting of mHsp70, Pam16, and
Pam18 (62– 64). Furthermore, the Tim23-17 complex tran-
siently associates with the respiratory complexes during
translocation of the MIM proteins (32, 64). Tim23 is the
major subunit of this complex, which forms the import chan-
nel for the precursor protein.

In trypanosomes, TbTim17 is the only member of the PRAT
family protein and most likely the major component of the pre-
protein import complex (46). We found that TbTim17 also
forms modular type complexes, likely by association with dif-
ferent T. brucei proteins. However, sizes of these complexes are
different than the fungal Tim23-17 complexes as described
above. We showed that TbTim62, TbTim50, TbTim54,
mHsp70, and some other proteins are associated with TbTim17
(45). Therefore, these proteins could be the components of the
TbTim17 complex. Interestingly, we found that TbTim62,
which is an interacting partner of TbTim17, separates as a
�150-kDa, and TbTim17 is found in the �300- to �800-kDa
protein complexes on BN-PAGE. Therefore, it appears that these
two proteins could be present in separate complexes and tran-
siently associate with each other. However, we could not exclude
the possibility that the �150-kDa TbTim62 protein complex was
separated from the larger TbTim17 protein complex during solu-
bilization of the mitochondrial membrane proteins by digitonin or

FIGURE 7. Analysis of the mitochondrial protein complexes containing TbTim62 and TbTim17. Mitochondria were isolated from T. brucei wild type,
TbTim62 KD, and TbTim17 KD cells after 4 days induction of RNAi with doxycycline. Mitochondria (100 �g) samples were solubilized with digitonin (1.0%). The
solubilized supernatant were clarified by centrifugation at 100,000 � g and analyzed by BN-PAGE. Protein complexes (as indicated by the bracket at the right
side of the blot) were detected by immunoblot analysis using antibodies for TbTim62 (A), TbTim17 (B), and Cyt c1 (C). The Cyt c1 antibody recognized the
cytochrome b-c1 reductase complex. Molecular size marker proteins apoferritin dimer (886 kDa), apoferritin monomer (443 kDa), �-amylase (200 kDa), alcohol
dehydrogenase (150 kDa), and bovine serum albumin (66 kDa) were run on the gel and visualized by Coomassie Blue staining. D, intensity of the Tim62 (�150
and �1100 kDa), Tim17 (�300 to �1100 kDa), and cytochrome b-c1 (�700 kDa) protein complexes were quantitated by imaging densitometry. The intensity
of these complexes in TbTim62 KD and TbTim17 KD mitochondria were calculated as percent of that in Wt control and plotted. S.E. are calculated from three
independent experiments. E–G, gel strips representing individual lanes for Wt (E), TbTim62 KD (F), and TbTim17 KD (H) were excised from the first-dimensional
gel and subjected to 12% Tricine SDS-PAGE. Proteins were transferred to a nitrocellulose membrane, and blots were sequentially probed with anti-TbTim17,
anti-TbTim62, and anti-Cyt c1 antibodies.
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during electrophoresis on a native gel. Overall, we noticed that
TbTim17 protein complexes are distinct in sizes and composition
than its counterpart in other eukaryotes.

We showed that TbTim62 is essential for the stability of
TbTim17- and the TbTim17-containing protein complexes. In
the absence of TbTim62, TbTim17 protein complexes destabi-

FIGURE 8. Assembly of TbTim17 into the T. brucei mitochondrial membrane protein complexes. A–D, assembly of the ectopically expressed TbTim17–2X-myc in
the mitochondrial protein complexes in T. brucei. Mitochondria were isolated from T. brucei Wt, which expressed TbTim17–2X-myc, and from T. brucei, which
expressed this protein along with TbTim62 RNAi at days 2 and 4 after induction with doxycycline. Mitochondrial proteins were solubilized with 1% digitonin and
analyzed by BN-PAGE. Proteins were transferred to nitrocellulose membrane and probed with anti-myc (A), anti-TbTim17 (B), anti-TbTim62 (C), and anti-Cyt c1 (D)
antibodies. E, intensities of the Tim17-myc complex (�300 to�1100 kDa) in Tim17-myc and Tim17-myc/Tim62 KD cells at 48 and 96 h after induction with doxycycline
were quantitated and plotted as the percent of the maximum intensity of the complex found at 96 h in Wt background. S.E. are calculated from three independent
experiments. *, p values 	0.05. F–H, gel strips representing the individual lanes for Wt (F), TbTim17-myc (G), and TbTim17-myc/Tim62 KD (H) samples collected after
48 h of induction with doxycycline were excised from the first-dimension BN-PAGE gel and subjected to 12% Tricine SDS-PAGE. Proteins were transferred to a
nitrocellulose membrane, and blots were sequentially probed with anti-myc, anti-TbTim17, anti-TbTim62, and anti Cyt c1 antibodies.

FIGURE 9. Co-immunoprecipitation analysis. A, mitochondria isolated from T. brucei expressed TbTim17–2X-myc (TbTim17-myc/WT), as well as from T.
brucei, which expressed this protein along with TbTim62 RNAi (TbTim17-myc/TbTim62 KD), were lysed with 1% digitonin. The soluble proteins were immu-
noprecipitated (IP) with anti-myc-coupled agarose beads. Proteins from the input (In, 10%) and precipitated (Bound, 50%) fractions were analyzed by immu-
noblotting using anti-myc, anti-TbTim17, anti-TbTim62, anti-mHsp70, and anti-TAO antibodies. Molecular masses for the marker proteins are indicated by the
side of the blots. B, amount of bound Tim17-myc and mHsp70 were quantitated as percent of total input from the respective mitochondria samples. S.E. are
calculated from three independent experiments. *, p value for precipitated mHsp70 from two types of mitochondrial sample is 	0.05.
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lized and unassembled or partially assembled TbTim17 accu-
mulated and finally degraded proteolytically, thus the steady-
state levels of TbTim17 reduced. As we found that TbTim62
KD did not inhibit the import of TbTim17; therefore, TbTim17
most likely is degraded within mitochondria post-import.
TbTim62 possesses an ankyrin repeat motif at the N terminus.
This region could be responsible for its interaction with
TbTim17. Reduction of the levels of TbTim62 reduced associ-
ation between these two proteins that may target TbTim17 for
degradation by mitochondrial proteases. Therefore, associa-
tion with TbTim62 is required for the stability of TbTim17 and
the TbTim17 protein complexes.

After import, TbTim17 is required to be assembled with
other proteins to form the translocase complex. TbTim62
clearly plays a role in this process. We showed that the ectopi-
cally expressed TbTim17–2X-myc was assembled into the
endogenous TbTim17 complex at a significantly reduced rate
in TbTim62 RNAi cells in comparison to the wild type parasite.
Furthermore, TbTim17–2X-myc was mostly found in a �66
kDa complex in TbTim62 KD mitochondria, showing that its
assembly is inhibited. In addition, TbTim17–2X-myc was also
present in an �150-kDa complex that is similar in size to the
complex formed by TbTim62, suggesting that association of
TbTim62 could be prerequisite for TbTim17 to be assembled
into the matured complexes. Therefore, all together these
results showed that TbTim62 is critical for the assembly of
TbTim17 with other components, which is required for forma-
tion of stable TbTim17 complexes.

In fungi and higher eukaryotes, mHsp70 associates with
the preprotein translocase, Tim23-17 (12, 13). We also
found that TbTim17 stably associates with mHsp70 in wild
type T. brucei mitochondria. TbTim62 was also co-precipi-
tated with TbTim17–2X-myc and TbTim17, showing its asso-
ciation with the TbTim17 complex as reported previously (46).
In contrast to the wild type mitochondria, the association of
TbTim17 with mHSP70 was greatly reduced when the levels of
TbTim62 were decreased by RNAi, showing that TbTim62 is
required for association of TbTim17 with mHsp70. However,
the reduction of TbTim62 did not inhibit the homotypic
association of TbTim17, as we observed the endogenous
TbTim17 co-precipitated with TbTim17–2X-myc from the
mitochondrial extract obtained from both the wild type as well
as TbTim62 KD T. brucei. From these results it can be antici-
pated that TbTim62 is responsible for recruiting mHsp70 to the
TbTim17 complex, which facilitates its assembly into the
matured complexes consisting of TbTim17. Therefore,
TbTim62 is needed not only for the stability of the existing
TbTim17 complex but also for the formation of a stable
TbTim17 complex. Tandem affinity purification of TbTim62
protein complex revealed that TbTim62 indeed associates with
several chaperone proteins, such as Hsp70, Hsp60, Hsp94, and
a Clp-protease like chaperone (data not shown). However, fur-
ther investigation is required to clarify the role of TbTim62 in
the assembly of the TbTim17 protein complexes. Together, our
results showed that TbTim62 is a unique and important partner
of the TIM complex in T. brucei. In the absence of TbTim62,
the translocase complex is not formed or dissociates rapidly,
and TbTim17 is targeted for degradation. Therefore, TbTim62

levels could be an important parameter for regulation of mito-
chondrial activities in T. brucei.
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