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Abstract

Background.—The translocase of the mitochondrial inner membrane (TIM) imports most of the 

nucleus-encoded proteins that are destined for the matrix, inner membrane (IM), and the 

intermembrane space (IMS). Trypanosoma brucei, the infectious agent for African 

trypanosomiasis, possesses a unique TIM complex consisting of several novel proteins in 

association with a relatively conserved protein TbTim17. Tandem affinity purification of the 

TbTim17 protein complex revealed TbTim54 as a potential component of this complex.

Results.—TbTim54, a trypanosome-specific IMS protein, is peripherally associated with the IM 

and is present in a protein complex slightly larger than the TbTim17 complex. TbTim54 

knockdown (KD) reduced the import of TbTim17 and compromised the integrity of the TbTim17 

complex. TbTim54 KD inhibited the in vitro mitochondrial import and assembly of the internal 

signal-containing mitochondrial carrier proteins MCP3, MCP5, and MCP11 to a greater extent 

than TbTim17 KD. Furthermore, TbTim54 KD, but not TbTim17 KD, significantly hampered the 

mitochondrial targeting of ectopically expressed MCP3 and MCP11. These observations along 

with our previous finding that the mitochondrial import of N-terminal signal-containing proteins 

like cytochrome oxidase subunit 4 and MRP2 was affected to a greater extent by TbTim17 KD 

than TbTim54 KD indicating a substrate-specificity of TbTim54 for internal-signal containing 

mitochondrial proteins. In other organisms, small Tim chaperones in the IMS are known to 

participate in the translocation of MCPs. We found that TbTim54 can directly interact with at least 

two of the six known small TbTim proteins, TbTim11 and TbTim13, as well as with the N-

terminal domain of TbTim17.

Conclusion.—TbTim54 transiently interacts with TbTim17. It also plays a crucial role in the 

mitochondrial import and complex assembly of internal signal-containing IM proteins in T. brucei.

Significance.—We are the first to characterize TbTim54, a novel TbTim that is involved 

primarily in the mitochondrial import of MCPs and TbTim17 in T. brucei.
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Introduction

Trypanosoma brucei belongs to a group of flagellated parasitic protozoa with a single 

mitochondrion in each cell. The mitochondrion contains a complex mitochondrial DNA 

structure known as the kinetoplast. For this reason, this group of microorganisms is known 

as kinetoplastida [Landfear and Zilberstein, 2019; Maslov et al., 2019]. Several species of 

kinetoplastids cause various vector-borne diseases that affect millions of people worldwide, 

such as African trypanosomiasis, Chagas disease, and leishmaniasis [Sternberg and 

Maclean, 2010; Echavarria at al., 2019; Ngere et al., 2020]. The kinetoplast in trypanosomes 

consists of hundreds of pieces of circular DNA concatenated to form a disc-like structure 

[Jensen and Englund, 2012]. Despite such complexity, this mitochondrial DNA encodes only 

a handful of mitochondrial proteins. Therefore, like other eukaryotes, trypanosomes need to 

import 99% of mitochondrial proteins from the cytosol [Lukes et al., 2005; Panigrahi et al., 

2009].

The mitochondrial protein import machinery and mechanisms have been extensively studied 

in fungi, humans, and plants [Schmidt et al., 2010; Bauer et al., 1999; Lister et al., 2005]. 

Nuclear-encoded mitochondrial proteins differ from other cytosolic proteins due to the 

presence of mitochondrial targeting signals (MTSs) in these proteins [Schmidt et al., 2010]. 

There are three major types of MTSs: 1) cleavable N-terminal MTS, 2) cleavable N-terminal 

MTS associated with some sorting signal, and 3) internal MTS. The mitochondrial import 

pathway of a nuclear-encoded protein depends on the type of targeting signal it has and its 

destination in the mitochondria [Schmidt et al., 2010; Bauer et al., 1999; Lister et al., 2005]. 

The translocase of the mitochondrial outer membrane (TOM) imports virtually all nuclear-

encoded mitochondrial proteins [Becker and Wagner, 2018]. Once the proteins cross the 

TOM complex, the N-terminal MTS-containing proteins targeted to the mitochondrial 

matrix are translocated via the translocase of the mitochondrial inner membrane 23 (TIM23) 

complex that also contains the presequence translocase-associated motor (PAM) components 

[Bomer et al., 1996; Neupert and Brunner, 2002]. Many inner membrane proteins those have 

a sorting signal along with an N-terminal MTS are also translocated via the TIM23 complex 

but do not require any PAM components [Herrmann and Neupert, 2003]. On the other hand, 

a large group of mitochondrial inner membrane proteins that have multiple transmembrane 

domains, like mitochondrial carrier proteins (MCPs), are recognized by their internal 

targeting signals and translocated by the TIM22 complex [Kolli et al., 2018; Koehler et al., 

1998].

The internal signal-containing mitochondrial inner membrane (IM) proteins enter the TOM 

complex as a loop structure and are assisted by small Tim chaperone Tim9-Tim10 complex 

in the intermembrane space (IMS) in their release from the TOM complex [Baker et al., 

2009]. The Tim9-Tim10 complex carrying the cargo protein then docks on Tim12 located in 

the TIM22 complex for further translocation [Gebert et al., 2008]. Tim54 and Tim18 are 
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required for the stability of the TIM22 complex [Kerscher et al., 1997; Kerscher et al., 

2000].

Although components of the TIM23 complex are relatively conserved, the components of 

the TIM22 complex vary between fungi and humans [Callegari et al., 2016]. There are no 

homologs of Tim54 and Tim18 in human. Instead, a novel protein, Tim29, is shown to be 

critical for the structure and function of the human TIM22 complex [Callegari et al., 2016; 

Kang et al., 2016]. Besides in fungi and mammals that belong to the eukaryotic super group 

opisthokont, the Tom and Tim components in other eukaryotic groups are also widely 

divergent in number, size, and homology [Pyrihova et al., 2018; Makki et al., 2019]. The 

most remarkable divergence has been found in excavata, a major supergroup of unicellular 

eukaryotes that includes Trypanosoma and Leishmania that diverge very early during 

evolution [Schneider et al., 2018; Eckers et al., 2012].

Interest in the T. brucei mitochondrial protein import machinery has recently emerged. T. 
brucei possesses an archaic TOM complex known as the ATOM [Harsman et al., 2012]. For 

the TIM complex, TbTim17 is the only member of the Tim17/Tim23/Tim22 protein family 

that was initially discovered by homology searches when the complete genomic sequence of 

T. brucei and information on its mitochondrial proteomes became available 

[www.genedb.org]. TbTim17 is essential to mitochondrial protein import at two major 

developmental stages of T. brucei [Singha et al., 2008]. TbTim17 exists in large protein 

complexes with molecular weights ranging from 300 to 1100 kDa [Singha et al., 2012]. 

Using tandem affinity purification (TAP) of the TbTim17 protein complex, we identified at 

least two novel components, TbTim62 and TbTim54 [Singha et al., 2012]. We showed that 

TbTim62 is an IM protein required for the stability of the TbTim17 protein complex [Singha 

et al., 2015]. We previously showed TbTim54 to be involved in mitochondrial protein import 

[Singha et al., 2012]. However, its role has not been characterized. Using reciprocal co-

immunoprecipitation and SILAC proteomics, Harsman et al. also identified several other 

components of the TbTim17 complex, such as TbTim42, two rhomboid-like proteins, and 

several small TbTims [Harsman et al., 2016]. Interestingly, these immunoprecipitation 

techniques consistently pulled down metabolic enzyme acyl-CoA dehydrogenase (ACAD) 

with the TbTim17 complex [Singha et al., 2012; Harsman et al., 2016]. Its role in 

mitochondrial protein import warrants further investigation. On the other hand, TbTim54 has 

only been identified by the TAP-tag approach [Singha et al., 2012]. Here, we further 

characterize the function of TbTim54. We show that TbTim54 is peripherally associated 

with the IM, interacts with the N-terminal region of TbTim17, and is specifically involved in 

the mitochondrial import of internal targeting signal-containing proteins in T. brucei.

Results

TbTim54 is a novel peripherally associated IM protein

We previously identified TbTim54 (Tb927.6.2470) as a TbTim17-associated protein in T. 
brucei [Singha et al., 2012]. Protein sequence analysis of TbTim54 using Basic Local 

Alignment Search Tools (BLAST) [Altschul et al., 1990] revealed that homologs of 

TbTim54 are only present in trypanosomatids and not in other eukaryotes. Fungal Tim54, 

which is a component of the TIM22 complex, does not show any homology with TbTim54, 
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indicating that the latter is a different protein. TbTim54 consists of 492 amino acids and 

possesses three predicted hydrophobic regions, but lacks a predicted N-terminal 

mitochondrial targeting signal (Fig. 1A). However, TbTim54 has been identified in the 

mitochondrial proteomes of kinetoplastids [Panigrahi et al., 2009]. Mitocarta analysis 

[Zhang et al., 2010] also predicted its localization in the T. brucei mitochondrion. Our 

BLAST analysis using different protein databases revealed TbTim54 possesses two 

structural motifs: 1) a lysine-rich motif (AAs 60–160) and 2) a Knr4-like repeat domain 

(AAs 198–351) (Fig 1A). The Knr4-like motif is an intrinsically disordered protein hub that 

interacts with many partners [Dagkessamanskaia et al., 2010]. None of these motifs have 

been found in any Tim proteins characterized so far, indicating that this trypanosome protein 

is unique.

To confirm the subcellular localization of TbTim54, we tagged it in situ with 12X-Myc. 

Immunoblot analysis showed that TbTim54-Myc was of the expected size and enriched in 

the mitochondrial fraction (Fig. 1B & C). Immunostaining and confocal microscopy showed 

co-localization of TbTim54-Myc with the Mitotracker-stained mitochondrion in the 

procyclic form of T. brucei (Fig. 1D). To investigate the sub-mitochondrial localization of 

TbTim54, we treated isolated T. brucei mitochondria with various concentrations of 

proteinase K (PK) (up to 200 μg/ml) (Fig. 1E). We found that similar to IM proteins like 

Tim17 and matrix-localized mHsp70, TbTim54 was also protected from PK treatment, 

suggesting that TbTim54 is not an outer membrane protein. To verify that TbTim54 is 

localized at the IM, we exposed swollen mitochondria, where MOM has been disrupted 

(mitoplast fraction) to PK (up to 200 μg/ml). We observed that TbTim54 was completely 

digested even at the lowest PK concentration (25 μg/ml). Outer mitochondrial membrane 

protein ATOM69 was partially digested by treatment of mitochondria with PK at 25–100 

μg/ml and was completely digested at PK concentrations above this range. In mitoplast, 

ATOM69 was digested at a much lower PK concentration, as expected (Fig. 1E). On the 

other hand, TbTim17 and mHsp70 were protected against PK digestion in the mitoplasts. 

These observations suggest that TbTim54 is exposed to the IMS. Furthermore, to check if 

TbTim54 is membrane-integrated, we perform an alkali extraction (pH 11.5) on the isolated 

mitochondria. Interestingly, we found that although TbTim54 has three predicted 

hydrophobic stretches, it was still enriched in the alkali-soluble supernatant, similar to T. 
brucei mitochondrial matrix protein RBP16 [Hayman and Read, 1999] (Fig. 1F). Other 

mitochondrial membrane proteins such as Tim17, TAO, and VDAC were present in the 

alkali-resistant pellets, as expected (Fig. 1F & 1G). Extraction of the mitochondrial fraction 

from TbTim54-Myc-expressing cells at pH 11.0 showed TbTim54-Myc to be distributed in 

the soluble and pellet fractions (Fig. 1G). Therefore, we conclude that TbTim54 is a 

peripherally associated IM protein that is exposed primarily to the IMS.

TbTim54 is required to preserve the integrity of the TbTim17 protein complex.

Next, we assessed the effect of TbTim54 depletion on the levels of TbTim17 and the 

TbTim17 protein complex. Comparison of TbTim54 protein levels in mitochondria isolated 

from wild type and TbTim54-knockdown (KD) cells revealed the TbTim54 KD to be about 

50%. This KD also reduced the levels of TbTim17 protein by about 40%. TbTim17 levels 

were reduced to a greater extent in mitochondria from TbTim62-KD cells (Fig. 2A and B), 
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as we have shown previously [Singha et al., 2012]. To investigate if TbTim54 exists in a 

protein complex similar to TbTim17, we performed Blue-native (BN)-PAGE analysis of 

mitochondrial protein complexes, followed by immunoblotting with TbTim54 and TbTim17 

antibodies. The TbTim17 antibody recognized TbTim17 protein complexes with molecular 

weights ranging from 300 to 1100 kDa in the parental cells, as expected [Weems et al., 

2015; Weems et al., 2017]. TbTim17 KD reduced the levels of these complexes by more 

than 60% (Fig. 2C first panel & 2D). Interestingly, TbTim54 KD reduced the levels of 

TbTim17 complexes about 20–30%. We also analyzed the mitochondria from TbTim62-KD 

cells in parallel. TbTim62 is a component of the TbTim17 complex. As shown earlier 

[Singha et al., 2015], TbTim62 KD reduced the levels of TbTim17 complexes (Fig. 2C first 

panel). TbTim54 antibody also recognized protein complexes of similar sizes in the 

mitochondria from the parental cells. The levels of these complexes were reduced about 80% 

in mitochondria from TbTim54-KD cells (Fig. 2C second panel & 2D). These observations 

suggest the presence of Tim54 in this protein complex. TbTim17 KD and TbTim62 KD also 

reduced the levels of the TbTim54 protein complex by about 20–30% (Fig. 2C and D). 

Levels of the cytochrome b-c1 complex were similar in all samples; hence, it served as the 

loading control for the BN-PAGE (Fig. 2C third panel).

To further analyze these protein complexes, we performed a two-dimensional BN-SDS-

PAGE. For this purpose, gel strips from the first dimension BN-PAGE were used to separate 

proteins on a second dimension SDS-PAGE and immunoblotted with specific antibodies to 

detect TbTim17, TbTim54 and TbTim62. As shown in Fig. 2E, the TbTim54 antibody 

recognized a single spot at ~54-kDa in the mitochondrial sample from wild type cells on the 

second-dimension gel. The location of this protein on the first dimension BN-PAGE was 

above 886 kDa, which is slightly higher than the broad band observed for TbTim17. A 

similar analysis of the mitochondria from TbTim54-KD cells with the same antibody 

showed a much-reduced intensity of this 54-kDa spot (Fig. 2E). Previous analysis with two-

dimensional BN-PAGE has shown protein complexes containing TbTim17 in wild type T. 
brucei mitochondria to be in a wide range of sizes (<886 to >150 kDa). The intensity of the 

TbTim17 in the second-dimension SDS-PAGE was also lower for the mitochondrial sample 

from TbTim54-KD cells. We also observed the presence of TbTim17 protein complexes 

with lower molecular weights in mitochondria from TbTim54-KD cells, suggesting that 

TbTim54 KD destabilized this complex or compromised the assembly of TbTim17 protein 

complexes with higher molecular weights. TbTim62 was primarily found in a ~120-kDa 

complex on BN-SDS-PAGE, as we reported earlier [Singha et al., 2015]. TbTim54 KD did 

not affect the levels of this complex. The levels of the bc1-reductase complex were similar in 

the mitochondria from wild type and TbTim54-KD cells, as expected. Taken together, these 

observations suggest that TbTim54 may exist in a protein complex slightly larger than the 

TbTim17 complex, and that TbTim54 depletion can disrupt the integrity of the TbTim17 

complex. These observations prompted us to investigate if TbTim54 is required for the 

mitochondrial import of TbTim17 and the assembly of its complex.
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TbTim54 is required for the mitochondrial import of TbTim17 and the assembly of its 
complex.

To determine the effect of TbTim54 KD on the mitochondrial import of TbTim17 and the 

assembly of its complex, we ectopically expressed TbTim17 with a C-terminal 2X-Myc tag 

in wild type, TbTim54-KD, and TbTim17-KD cells. We have shown previously that 

TbTim17-Myc can translocate to the mitochondria and be assembled into the TbTim17 

protein complex in T. brucei [Singha et al., 2015; Smith et al., 2018]. We treated the KD 

cells with doxycycline to simultaneously induce TbTim17-Myc expression as well as 

TbTim54 KD and TbTim17 KD, respectively. We harvested the cells at day 1 and 3 post 

induction and determined the levels of TbTim17-Myc in the mitochondria by 

immunoblotting. As expected, the TbTim17 antibody recognized both TbTim17-Myc and 

endogenous TbTim17 (Fig. 3A). TbTim17-Myc levels were similar on day 1 and 3 post 

induction in the mitochondria from TbTim7-Myc (17M) cells. TbTim17-Myc levels were 

reduced in the mitochondria from TbTim17-KD cells due to perturbation by RNAi. We 

observed a slight increase in TbTim17-Myc in TbTim17-KD cells (17M/17i) at day 3 post 

induction, which we attribute to compensation by TbTim17-Myc. This is because we found 

the endogenous TbTim17 levels to be reduced when TbTim17-Myc was overexpressed in 

the 17M cells (Fig. 3A and B). We previously reported a similar observation [Singha et al., 

2015]. In contrast, TbTim17-Myc levels were significantly reduced in mitochondria from 

TbTim54-KD cells (17M/54i) on both day 1 and 3 post-induction (Fig. 3A and B). TbTim54 

KD did not affect the levels of endogenous TbTim17 within this time period (Fig. 3A and 

C), since there was a pre-existing pool of endogenous TbTim17 protein in the mitochondria 

before TbTim54 RNAi induction. The anti-Myc antibody recognized only the ectopically 

expressed TbTim17-Myc and revealed a similar pattern for TbTim17-Myc protein levels as 

that detected by the TbTim17 antibody (Fig. 3A). Taken together, these results showed that 

TbTim54 is critical for the mitochondrial import of TbTim17.

Next, we determined if TbTim54 KD can interfere with the assembly of TbTim17-Myc 

protein complexes. BN-PAGE analysis of mitochondria obtained from 17M, 17M/17i, and 

17M/54i cells revealed that the assembly of TbTim17-Myc protein complexes was greatly 

hampered due to TbTim54 KD (Fig. 3D). The TbTim17 antibody that recognizes both 

TbTim17-Myc and endogenous TbTim17 detected similar levels of TbTim7 complexes in all 

samples except the wild type where TbTim17 was not overexpressed. However, 

immunoblotting with the anti-Myc antibody revealed a much lower level of TbTim17 

complexes (from 200 to over 600 kDa) only in the 17M/54i samples collected on day 1 and 

day 3 post induction. These results show that TbTim17-myc was not assembled in these 

complexes in mitochondria from 17M/54i cells. The anti-Myc antibody also revealed a band 

of ~886 kDa in all samples, including control cells that do not have express TbTim17-Myc; 

thus, differences in the intensities of this band were not due to effects of RNAi. VDAC was 

used as the loading control. We found similar levels of the specific ~120 kDa band 

recognized by VDAC antibody in all samples.

TbTim54 KD reduces the mitochondrial import of MCP3, MCP5, and MCP11.

Next, we investigated the effect of TbTim54 KD on the mitochondrial import of other 

internal targeting signal-containing proteins in T. brucei. To do this, we performed an in 
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vitro mitochondrial import assay using radiolabeled proteins and mitochondria isolated from 

induced and un-induced TbTim17-KD and TbTim54-KD T. brucei cells. We selected three 

mitochondrial carrier proteins—MCP3, MCP5, and MCP11—as substrates for this assay. 

Since these proteins do not have a cleavable N-terminal mitochondrial targeting signal, they 

resemble MCPs in other eukaryotes in that they likely depend on their internal targeting 

signals for translocation. To assess the extent of mitochondrial import, we treated the 

isolated mitochondria with PK after the import reaction and analyzed the radiolabeled 

proteins to determine if they were protected from PK digestion, as described in materials and 

methods. We found that TbTim54 KD reduced the mitochondrial import of MCP3, MCP5, 

and MCP11 by about 20%, 50%, and 40%, respectively (Fig. 4A, C, E, and G). Pretreatment 

of mitochondria with cyanide m-chloro-phenylhydrazone (CCCP) to disrupt mitochondrial 

membrane potential abolished the import, confirming the requirement of mitochondrial 

membrane potential for the import of these proteins. In contrast to TbTim54 KD, the effect 

of TbTim17 KD was less apparent on the import of MCP3 and MCP5, although both 

TbTim54 KD and TbTim17 KD affected the mitochondrial import of MCP11 to a similar 

extent (Fig. 4B, D, F, and H). Taken together, these results showed that inhibition of import 

of MCP3 and MCP5, two out of three MCPs tested, by TbTim54 KD is independent of 

TbTim17 function.

TbTim54 KD hampers the assembly of protein complexes containing MCP3 and MCP11 in 
the mitochondria of T. brucei.

Generally, MCPs have six trans-membrane domains. It has been shown in other eukaryotes 

that after entry through the TIM complex, MCPs assemble into dimeric or tetrameric 

complexes in the IMS. To investigate if TbMCP3 and TbMCP11 also form similar 

complexes, we performed an in vitro mitochondrial import assay using radiolabeled proteins 

and mitochondria from wild type cells. We then analyzed the mitochondrial membrane 

protein complexes by BN-PAGE and autoradiography. We observed that the imported MCPs 

assembled into a ~150-kDa complex in wild type cells and that its levels increased with time 

(Fig. 5A & 5B, first panel). Pretreatment of mitochondria with CCCP inhibited the 

formation of this complex due to the inhibition of the mitochondrial import of MCP3 and 

MCP11. Next, we assessed the effect of TbTim17 KD and TbTim54 KD on the assembly of 

this complex. We found that MCP inclusion in the ~150 kDa complex was reduced by 50% 

in the mitochondria from TbTim17-KD cells compared to the mitochondria from parental 

cells (Fig. 5A and C). The reduction of MCP3 inclusion was greater in the mitochondria 

from TbTim54-KD cells (~70%) compared to mitochondria from parental cells. In contrast 

to MCP3 inclusion, MCP11 inclusion was inhibited to a similar extent in mitochondria from 

TbTim17-KD and TbTim54-KD cells (Fig. 5B and D). These results echo our in vitro 
mitochondrial protein import data in Fig. 3.

TbTim54 is required for mitochondrial targeting of ectopically expressed MCP3 and MCP11 
in T. brucei.

We have shown so far that TbTim54 KD inhibits the mitochondrial import and assembly of 

multiple MCPs into protein complexes in vitro. To verify these results in cells, we performed 

an in vivo mitochondrial protein import assay. To do this, we used doxycycline-inducible 

cassettes to ectopically express C-terminally 2X-Myc-tagged MCP3 and MCP11 in T. brucei 
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wild type (MCP3- or MCP11–2X-Myc), TbTim54-KD, (MCP3- or MCP11–2X-Myc/

TbTim54-KD), and TbTim17-KD (MCP3- or MCP11–2X-Myc/TbTim17-KD) cells. We 

simultaneously induced MCP expression and RNAi with doxycycline. We harvested the 

induced cells at different time points, isolated their mitochondria, and examined the levels of 

MCP3- and MCP11–2X-Myc by immunoblotting using the anti-Myc antibody (Fig. 6). We 

found the levels of MCP3–2X-Myc (~29 kDa) to be consistent throughout the entire 

experiment (0–96 hr) in the parental wild type T. brucei mitochondria (Fig. 6A). TbTim17 

KD showed little effect on the mitochondrial targeting of MCP3–2X-Myc. However, 

TbTim54 KD drastically reduced the localization of MCP3–2X-Myc in mitochondria (Fig. 

6A and C). We also observed similar results for MCP11–2X-Myc (Fig. 6B and D). We did 

not detect any accumulation of MCP3- or MCP11–2X-myc in the cytosolic fractions (not 

shown), probably because the unimported proteins were degraded in the cytosol. These 

results strongly suggest that TbTim54 is critical for the mitochondrial localization of these 

MCPs, and that TbTim54 is required upstream of TbTim17 in the import pathway.

TbTim54 interacts directly with small TbTims and the N-terminal region of TbTim17.

We initially identified TbTim54 by TAP of TbTim17. We further confirmed the association 

of these two proteins by co-immunoprecipitation [Singha et al., 2012]. Here, we repeated the 

co-immunoprecipitation analysis using mitochondrial lysates from cells expressing TAP-

tagged TbTim54 (TbTim54-TAP) followed by immunoblotting using the anti-TbTim17 

antibody. Our analysis showed TbTim17 to be associated with TbTim54-TAP (Fig. 7A). It 

has been shown in fungi and mammals that Tim9, Tim10, and Tim12 play critical roles in 

the translocation of MCPs, particularly that of mitochondrial ADP/ATP carrier (AAC), 

through the TIM22 complex. In these organisms, Tim9 and Tim10 form a 70-kDa hetero-

hexameric complex in the IMS that are also associated with the larger TIM22 complex. T. 
brucei possesses five small TbTims with similar signature sequences—TbTim9, TbTim10, 

TbTim8/13, TbTim11, TbTim13—and one Tim-like protein, TbTim12. All these small 

TbTims are soluble IMS proteins that are stably associated with the TbTIM17 complex. 

However, the role of these proteins in the translocation of MCPs is unclear. Since TbTim54 

is also a peripheral membrane-associated IMS protein and appears to play a role in the 

mitochondrial import of MCPs, we examined if TbTim54 can interact with any small 

TbTims using yeast two-hybrid analysis as described in the materials and methods. Our 

analysis showed TbTim54 to interact strongly with TbTim11 and also with TbTim13 (Table 

1 & Fig. 7B). Yeast cells co-transformed with TbTim54-activation domain (AD)/TbTim11-

DNA-binding domain (BD) plasmids grew on synthetic-defined (SD) plates even at 5.0 mM 

3-amino-1,2,4-triazole (AT). Conversely, while yeast cells transformed with TbTim54-AD/

TbTim13-BD grew on SD plates with up to 3.5 mM AT, their growth was inhibited at AT 

concentrations above 3.5 mM (Table 1 & Fig. 7B). TbTim54-AD/TbTim10-BD, TbTim54-

AD/TbTim8/13-BD, and TbTim54-AD/TbTim12-BD grew on SD plates without AT. 

However, TbTim54-AD/TbTim9-BD did not grow on any histidine drop-out plates. 

Together, these results indicate that TbTim54 strongly interact with TbTim11 and weakly 

with TbTim13. TbTim54 showed weaker interaction pattern with TbTim10, TbTim8/13, and 

TbTim12, but it does not interact with TbTim9. Interestingly, we found the TbTim17 N-

terminal region (AAs 1–30) that is exposed to the IMS to interact with TbTim54 (Table 1 & 

Fig. 7C). Yeast cells transformed with TbTim54-AD/Tim17(N1–30)-BD grew on SD plates 
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with up to 2.0 mM AT. On the other hand, the rest of the protein (Δ30-TbTim17) failed to 

interact with TbTim54. These observations suggest that TbTim54 interacts with TbTim17 in 

the IMS. As expected, yeast cells co-transformed with empty pGADT7 and pGBKT7 

vectors did not grow on SD –leu/–trp/–his plates with or without AT. Yeast cells expressing 

p53 and SV40-T antigen served as positive controls because these proteins are known to 

interact very strongly [Drayman et al., 2016]. As anticipated, transformants with P53-BD/

SV40-T-AD grew even at 5.0 mM AT. Taken together, our findings indicate that TbTim54 

interacts directly with the N-terminal region of TbTim17 that is exposed to the IMS. 

TbTim54 also interacts strongly with TbTim11 and weakly with some of the other small 

TbTims, except TbTim9 (Table 1 & Fig. 7D).

Discussion

We are the first to characterize TbTim54, a novel Tim protein in T. brucei that is involved 

primarily in the mitochondrial import of internal signal-containing proteins like MCPs and 

TbTim17. TbTim54 is peripherally associated with the IM and located in the IMS. We 

showed TbTim54 to be in a protein complex slightly larger than the TbTim17 complex and 

required to maintain the integrity of the latter. We also observed that TbTim54 is critical for 

the import of substrates containing internal mitochondrial targeting signals such as MCPs 

and TbTim17. Furthermore, TbTim54 plays an important role in the mitochondrial import of 

these proteins in a manner that is independent of TbTim17.

We identified TbTim54 by TAP of TbTim17 from cell/mitochondrial extracts. Reversibly, 

we also pulled down TbTim17 with TbTim54-TAP. These findings indicate that these two 

proteins interact in T. brucei. We showed TbTim54 to be an IMS protein that is peripherally 

associated with the IM and present in a protein complex slightly larger than the TbTim17 

complex. Interestingly, we found the levels and integrity of the TbTim17 protein complex to 

be reduced in mitochondria from TbTim54-KD cells. Using mitochondrial import and 

assembly assays, we showed TbTim54 to be essential for the mitochondrial import of 

TbTim17 and assembly of the TbTim17 complex. In contrast, the reduction in TbTim17 

levels minimally affect the mitochondrial import of the newly synthesized TbTim17 and the 

assembly of its complex, suggesting that TbTim54 participates in a step that does not require 

TbTim17. Based on these results, we speculate that TbTim54 first recognizes the imported 

TbTim17 in the IMS before its complex assembly. To support this, we further showed that 

TbTim54 interacts directly with the N-terminal domain of TbTim17 that is exposed to the 

IMS. Therefore, it is likely that while TbTim54 may not exist in the same complex as 

TbTim17, it may transiently interact with TbTim17 to facilitate the mitochondrial import of 

the latter and the assembly of the TbTim17 complex.

Both in vitro and in vivo import assays revealed that TbTim54 is required for the import and 

complex assembly of at least some MCPs. T. brucei expresses several MCPs [Colasante et 

al., 2009], of which we selected MCP3, MCP5, and MCP11 for analysis. MCP5 has been 

characterized as a mitochondrial AAC [Pena-Diaz et al., 2012; Gnipova et al., 2015]. 

MCP11 has recently been characterized as a mitochondrial phosphate carrier [Gao et al., 

2020]. MCP3 has not been functionally characterized. Since TbTim54 KD affects the 

formation of the TbTim17 complex, we performed our import and import/assembly assays in 
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mitochondria from both TbTim17-KD and TbTim54-KD cells. We consistently observed in 

the in vitro assays that TbTim54 KD inhibited the mitochondrial import of MCPs to a 

greater extent than TbTim17-KD, indicating that TbTim54 plays a role in the translocation 

of these proteins in a way that is independent of TbTim17. We also observed that the 

requirement of TbTim17 and TbTim54 varied for the mitochondrial import of different 

MCPs, indicating that the MCP import process is complex. In addition, we also observed in 

TbTim54-KD cells that the mitochondrial localization of MCP3 and MCP11 were greatly 

hampered. In contrast, the changes on mitochondrial targeting/localization of these two 

MCPs was minimal in TbTim17-KD cells. These findings further support the notion that 

TbTim54 is required at the earlier translocation step of these substrate proteins into the IM, 

whereas TbTim17 is needed for IM integration and assembly.

Mitochondrial carrier translocase in fungi, also known as the Tim22–54 complex, possesses 

Tim54P [Kurz et al., 1999]. However, we did not detect any sequence homology between the 

fungal Tim54P and TbTim54. Tim54P in fungi is an essential and integral IM protein facing 

the IMS that is tightly associated with Tim22, the central component of the carrier 

translocase [Kurz et al., 1999]. It has been shown that S. cerevisiae Tim54P is crucial for 

maintaining the integrity of the TIM22–54 complex; however, its role in MCP translocation 

is unclear [Wagner et al.,2008]. The mitochondrial translocation of AACs has been studied 

extensively in yeast [Kunji et al., 2016; Ruprecht et al., 2014]. It has been shown that the 

Tim9-Tim10 IMS chaperone complex carries AACs from the TOM complex and docks them 

on Tim12 attached to the TIM22 complex for further translocation. Experimental evidence 

showed that AACs directly interact with small Tims Tim9, Tim10, and Tim12, as well as the 

core component, Tim22 [Kunji et al., 2016; Ruprecht et al., 2014]. However, Tim54P does 

not show any direct interaction with AACs, indicating an indirect role of Tim54P in AAC 

translocation [Wagner et al., 2008].

Interestingly, it has been reported that yeast Tim54P not only plays a role in maintaining the 

integrity of the TIM22 complex, but it is also important for the assembly of the i-AAA 

protease complex known as the YMEL1 complex in mitochondria [Hwang et al., 2007]. 

YMEL1 is an ATPase-dependent metalloprotease that forms a large protein complex in the 

IM facing the IMS. This complex plays an important role in maintaining mitochondrial 

proteostasis by degrading unassembled and defective proteins in the mitochondria [Dunn et 

al., 2008]. Although YMEL1 enters the mitochondria via the TIM23 complex and not the 

TIM22 complex, its complex assembly and functional competence are greatly hampered in 

the absence of Tim54P [Hwang et al., 2007]. T. brucei possesses a homologue of Yme1 

protease (Tb927.10.7620) that has not been fully characterized. Therefore, it would be 

interesting to examine whether TbTim54 also plays a role in the assembly of this protein 

complex in the IM.

Here, we show that TbTim54 is required for the mitochondrial import and complex assembly 

of several MCPs and TbTim17. T. brucei does not have any homologs of fungal Tim22 or 

Tim18; however, it possesses at least six small TbTims: TbTim9, TbTim10, TbTim8/13, 

TbTim11, TbTim12, and TbTim13 [Smith et al., 2018; Wenger et al., 2017]. Unlike small 

Tims in fungi and in other eukaryotes, all these small TbTims are associated with the 

TbTIM17 complex and are required for the stability of this complex [Smith et al., 2018; 
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Wenger et al., 2017]. We also show that TbTim54 can interact directly with TbTim11 and 

TbTim13 and weekly with other small TbTims, except TbTim9. Whether these small 

TbTims act as chaperones for MCP translocation require further investigation. We also show 

that TbTim54 can interact with the N-terminal region of TbTim17, which is exposed to the 

IMS. Taken together, our findings indicate that TbTim54, in association with some small 

TbTims, facilitates the mitochondrial translocation of MCPs via the TbTIM17 complex.

Experimental Procedures

Cell culture and growth analysis.

The procyclic form of the T. brucei 427 double-resistant cell line (Pro 29–13) expressing a 

tetracycline repressor gene and T7 RNA polymerase was grown in SDM-79 medium 

supplemented with 10% fetal bovine serum, G418 (15 μg/mL), and hygromycin (50 μg/mL) 

[Wirtz et al., 1999]. For growth measurements, cells were seeded at 2×106 cells/mL in fresh 

medium containing the appropriate antibiotics. Cells were harvested at different time points 

(up to 10 days) and counted using a Neubauer hemocytometer. The log of cumulative cell 

numbers was plotted against time (in days) of incubation. T. brucei 29–13 cells served as 

wild type controls.

Generation of plasmids and T. brucei transgenic cell lines.

T. brucei cell lines expressing TbTim54 double-stranded RNA (TbTim54-KD) and 

overexpressing TbTim54 with a C-terminal TAP tag (TbTim54-TAP), respectively, were 

developed previously [Singha et al., 2012]. In situ epitope tagging of one of the two loci of 

TbTim54 was performed using a construct derived from the pNAT-12MYC vector [Alsford 

and Horn, 2008]. Briefly, the C-terminal coding fragment of TbTim54 (excluding the stop 

codon) was amplified by using primers TbTim54_1024 F and TbTim54_1476 R (Table 2) 

and cloned into the pNAT-12MYC vector in between HindIII and XbaI sites. The resulting 

construct was digested with MfeI and used to transform 427 procyclic form cells. The 

transformed cells were then selected with hygromycin (50 μg/ml). T. brucei cells expressing 

TbTim17–2X-myc via doxycycline induction were developed previously [Singha et al., 

2015]. These transgenic cells were transfected with TbTim17RNAi and TbTim54RNAi 

constructs in the p2T7–177(Puro) vector and selected by puromycin (1 μg/ml). The coding 

regions for TbMCP3 (Tb927.9.11040), TbMCP5 (Tb927.9.10310), and TbMCP11 

(Tb927.10.14820) were amplified by PCR using the appropriate primers (Table 2). The PCR 

products were cloned in between HindIII and BamHI sites in the pGem4z vector for in vitro 
transcription/translation and in the pLew-Myc vector for expression in T. brucei. The 

resulting constructs in pLew-Myc were linearized with NotI, transfected to T. brucei 
procyclic form cells, and selected by phleomycin to generate stable cell lines. These stable 

cells lines were further transfected with TbTim54RNAi and TbTim17RNAi constructs in the 

p2T7–177(Puro) vector. All these double-transfected cell lines were used in in vivo import 

assays as described below.

Sub-cellular fractionation.

Fractionation of T. brucei procyclic form cells was performed as described [Smith et al., 

2018]. Briefly, 2×108 cells were pelleted and re-suspended in 500 μL of SMEP buffer (250 
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mM sucrose, 20 mM MOPS/KOH, pH 7.4, 2 mM EDTA, 1 mM PMSF) containing 0.03% 

digitonin and incubated on ice for 5 min. The cell suspension was then centrifuged for 5 min 

at 6,800 x g at 4°C. The resultant pellet was considered as the crude mitochondrial fraction, 

and the supernatant contained soluble cytosolic proteins.

Isolation and post-isolation treatment of mitochondria.

T. brucei cells were seeded at 2×106 cells/mL in a 2-L Erlenmeyer flask. The cells were 

constantly agitated at room temperature and allowed to grow for 2–4 days. Mitochondria 

were isolated from these parasites after lysis in an isotonic buffer using a nitrogen cavitation 

bomb followed by differential centrifugation, as previously described [Singha et al., 2008; 

Duncan et al., 2013]. The isolated mitochondria were stored at −70°C at a protein 

concentration of 10 mg/mL in SEMP buffer containing 50% glycerol. For sodium carbonate 

extraction, mitochondria (100 μg) were incubated with 100 μL of 100 mM sodium carbonate 

(pH 11.5 or pH 11.0) on ice for 30 minutes. The lysate was centrifuged at 14,000 x g and the 

supernatants and pellets were collected for further analysis. For limited PK digestion, 

mitochondria in SME buffer (1 mg/ml) were treated with various concentrations of PK (up 

to 200 μg/ml) for 30 min on ice. After incubation, PK was inhibited by phenyl-methyl-

sulphonyl-fluoride (PMSF, 2 mM) and mitochondria were re-isolated by centrifugation at 

10,000 x g at 4 °C for 10 min.

Two-dimensional BN/SDS-PAGE analysis.

Mitochondrial proteins (200 μg) were solubilized in 100 μL of ice-cold 1X native buffer 

(Life Technologies) containing 1% digitonin. The solubilized mitochondrial proteins were 

clarified by centrifugation at 100,000 x g for 30 min at 4°C. The supernatants were mixed 

with G250 sample additive (Invitrogen) and were electrophoresed on a precast 4–16% bis-

tris polyacrylamide gel (Invitrogen), according to the manufacturer’s protocol. Protein 

complexes were detected by immunoblot analysis. Molecular size marker proteins 

apoferritin dimer (886 kDa), apoferritin monomer (443 kDa), β-amylase (200 kDa), alcohol 

dehydrogenase (150 kDa), and bovine serum albumin (66 kDa) were electrophoresed on the 

same gel and visualized by Coomassie staining. Strips representing individual lanes on the 

first-dimension native gel were excised. These gel strips were first incubated in a buffer 

containing 1% SDS and 5% β-mercaptoethanol for 30 minutes to denature proteins. The 

denatured proteins were then electrophoresed on the second dimension using Tricine-SDS-

PAGE (12%). Finally, the proteins were transferred to a nitrocellulose membrane for western 

blot analysis.

SDS-PAGE and immunoblotting.

Proteins from whole cell lysates as well as cytosolic and mitochondrial extracts were 

separated on a 12% Tris-SDS polyacrylamide gel, transferred to nitrocellulose membranes, 

and probed with polyclonal antibodies for TbTim17 (Tb927.11.13920) [Singha et al., 2008], 

TbAAC (Tb927.10.14820), VDAC (Tb927.2.2510) [Singha et al., 2009], TbPP5 

(Tb927.10.13670) [Chaudhuri 2001], cytochrome b-c1 (CytC1) (Tb927.8.1890) [Priest et 

al., 1993], RBP16 (Tb927.11.7900) [Hayman and Read, 1999], and mtHsp70 

(Tb927.6.3740) [Effron et al., 1993]. Monoclonal antibodies for Myc (9E10 clone, ATCC), 

TAO (Tb927.10.7090), and T. brucei β-tubulin (Tb927.1.2350) were also used. The 

Singha et al. Page 12

Biol Cell. Author manuscript; available in PMC 2021 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



polyclonal antibodies for ATOM69 peptide (CTRGLQHFEQQEIQP) was custom 

synthesized by Bethyl laboraties. Blots were developed with the appropriate secondary 

antibodies and an enhanced chemiluminescence kit (Pierce).

In vitro import and assembly assay.

Radiolabeled (35S-L-methionine) TbMCP3, TbMCP5, and TbMCP11 were synthesized 

using a cell-free transcription-and-translation rabbit reticulocyte lysate (TNT®, Promega). 

Isolated T. brucei mitochondria (100 μg) were suspended in 90 μL of import buffer (250 mM 

sucrose, 80 mM potassium chloride, 5 mM magnesium chloride, 5 mM dithiothreitol, 1.0 

mg/mL fatty acid-free bovine serum albumin, 10 mM 3-(N-morpholino)propanesulfonic 

acid [MOPS/KOH] pH 7.2, 2 mM adenosine triphosphate [ATP], 10 mM creatine phosphate, 

0.1 mg/mL creatine kinase, 8 mM potassium ascorbate, 200 nM N,N,N’,N’-

tetramethylphenylenediamine, and 5 mM nicotinamide adenine dinucleotide [NADH]). The 

mitochondrial suspension was mixed with 10 μL of TNT lysate containing the radiolabeled 

precursor proteins and incubated at 27°C for up to 15 min. Some mitochondria were 

pretreated with 50 μM carbonyl cyanide n-chlorophenyl hydrazone (CCCP) for 15 min to 

deplete mitochondrial membrane potential before the addition of the radiolabeled precursor 

proteins. The samples were washed twice with SEM buffer to remove excess radiolabeled 

precursor proteins. The washed mitochondria were resuspended in SME buffer (1 μg/μL) 

and treated with PK (20 μg/mL) for 10 min on ice. Proteins in the post-import fractions were 

separated by SDS-PAGE and transferred to nitrocellulose membranes. The radiolabeled 

proteins were detected by autoradiography. For in vitro assembly assay, the import reaction 

was carried out for up to 60 min. At different time points, an equal amount of reaction 

mixture from each sample was treated with PK as described above. The proteins were 

solubilized in 1X native buffer containing 1% digitonin and the soluble supernatants were 

analyzed by BN-PAGE. Radiolabeled protein complexes were detected by western blot 

analysis followed by autoradiography.

In vivo mitochondrial protein import assay.

The stable cell lines expressing either MCP3-Myc or MCP11-Myc and TbTim17-myc along 

with TbTim17TNAi or TbTim54RNAi constructs were treated with doxycycline (1.0 

μg/mL) to simultaneously induce RNAi and the expression of the Myc-tagged proteins. Cells 

without the TbTim RNAi constructs served as controls. At different time points (up to 96 hr) 

after induction with doxycycline, cells were lysed, and the mitochondrial fractions were 

isolated. An equal amount of proteins from each mitochondrial fraction was analyzed by 

SDS-PAGE and immunoblotting to assess the level of MCP3-Myc or MCP11-Myc in the 

mitochondria. VDAC was used as a loading control.

MitoTracker staining and immunofluorescence microscopy.

Live T. brucei cells (5×106) expressing TbTim54–12X-myc (in situ-tagged) were used for 

MitoTracker staining as previously described [Singha et al., 2008]. Briefly, MitoTracker® 

Red CMXROS (Molecular Probe®) in DMSO (1 mM) was added to cells in culture medium 

to a final concentration of 0.5 μM. The mixture was incubated at 37 °C for 10 min. Cells 

were washed and incubated in fresh culture medium for an additional 30 min. Cells were 

then washed twice with PBS and spread evenly over poly-L-lysine (100 μg/ml in H2O)-
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coated slides. 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% non-fat milk for 30 min, the 

slides were washed with 1X PBS. Monoclonal anti-Myc antibody was used as the primary 

antibody and a fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG was used as a 

secondary antibody for visualization under a fluorescent microscope. DNA was stained with 

1μg/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 the Nikon Elements 

Advanced Research software.

Yeast-two-hybrid analysis.

The ORF of TbTim54 was subcloned into yeast expression vector pGADT7 to generate the 

bait plasmid. The ORFs of small TbTims TbTim9, TbTim10, TbTim8/13, TbTim11, 

TbTim13, and TbTim12 were subcloned into yeast expression vector pGBKT7 to generate 

the prey plasmids. Fragments of the TbTim17 ORF from nucleotide 1–90 (AAs 1–30) and 

91–459 (AAs 31–153 AAs) were also cloned into pGADT7 and pGBKT7 vectors. 

Approximately 2 μg each of bait and prey plasmids in different pairing combinations were 

used to transform S. cerevisiae Y2H Gold strain (Clontech, Cat. No. 630489) using the 

lithium acetate method. The transformed yeast cells were plated on SD medium lacking leu 

and trp, and the cells were allowed to grow for 3 days at 30 °C. Yeast clones that grew were 

then plated on SD medium lacking leucine, tryptophan, and histidine (–leu/–trp/–his) to 

select for protein-protein interactions between the bait and prey proteins. The SD –leu/–trp/–

his plates were also supplemented with 2.0–5.0 mM AT, which inhibits growth due to leaky 

expression of the HIS3 gene [Smith et al., 2018], to limit the occurrence of false positives. 

Inoculated plates were incubated at 30 °C for 3–5 days. To confirm positive readouts, this 

process was repeated at least three times with multiple clones.

Densitometry and statistical analysis.

Image J (NIH) was used to perform densitometry of the western blots. The band intensities 

of the loading controls were used for normalization and values were plotted using MS Excel. 

Standard errors were calculated from three independent experiments for each blot. Statistical 

analysis was performed using t-test in PRISM (GraphPad). P-values are indicated by 

asterisks on bars as follows: ** P < 0.01, *** P < 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1|. A schematic of TbTim54 protein and its sub-cellular localization.
(A) The blue boxes represent the predicted hydrophobic regions. Lysine-rich site (AAs 60–

160) and Knr4-like repeats (AAs 198–351) are shown. (B) T. brucei cell line where one 

TbTim54 locus was tagged in situ with 12X-Myc at the 3’ end of the coding region 

(TbTim54-Myc) and the parental control cell line (Pro29–13) were cultured. Equal number 

of cells were harvested from each cell line at the logarithmic phase. Total cellular proteins 

were analyzed by SDS-PAGE and immunoblotting using antibodies for Myc and T. brucei 
VDAC. (C) TbTim54-Myc cells were lysed and sub-cellular fractionation was performed as 

described in the materials and methods. Equal amounts of total (T), cytosolic (C), and 

mitochondrial (M) proteins from each sample were analyzed by SDS-PAGE and 

immunoblotting using antibodies for Myc, mitochondrial Hsp70, and VDAC. (D) In situ 
immunofluorescence analysis of the sub-cellular localization of TbTim54. The procyclic 

form of T. brucei cells expressing in situ-tagged TbTim54–12X-Myc were stained with anti-

Myc monoclonal antibody and FITC-conjugated anti-mouse IgG. Before immunostaining, 

live cells were stained with MitoTracker Red to mark the mitochondria. DAPI was used to 

stain the nuclear and mitochondrial DNA. The merged picture shows the co-localization of 

TbTim54–12X-Myc with the mitochondria. The far-right panel shows the enlarged merged 

photo of one cell indicated in a dotted box. The correlation coefficients for colocalization 

ranged from 0.788 to 0.826 as calculated from 20 merged images. (E) Limited PK digestion 
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of isolated mitochondria and mitoplasts to determine the sub-mitochondrial location of 

TbTim54. Concentrations of PK used are as shown. After digestion, mitochondria were re-

isolated by centrifugation and proteins were analyzed by immunoblotting. Triton x-100 (1%) 

was added in one sample to show that these proteins are not resistant to PK. (F & G) 

Mitochondria from the parental (F) and TbTim54–12X-Myc (G) cells were treated with 

Na2CO3 (0.1 M) at pH 11.5 and 11.0, respectively. Soluble (S) and membrane (P) proteins 

were separated and analyzed by immunoblot using the indicated antibodies.
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Figure 2|. Effect of TbTim54 KD on the levels of mitochondrial proteins and protein complexes.
(A) Immunoblot analysis of the serially diluted mitochondrial proteins (50, 25 and 12 μg) 

from the wild type (Wt), TbTim62-KD, and TbTim54-KD T. brucei using antibodies for 

TbTim54 and TbTim17. (B) Densitometric analysis of the TbTim54 and TbTim17 protein 

bands. Their corresponding tubulin bands were used for normalization. Values shown are 

mean ± SEM from triplicate samples. ** P < 0.01, t-test. (C) Analysis of mitochondrial 

protein complexes containing TbTim17 and TbTim54. Mitochondria were isolated from 

wild type, TbTim17-KD, TbTim62-KD, and TbTim54-KD T. brucei cells four days post 

induction of RNAi with doxycycline. Mitochondria samples (100 μg) were solubilized with 

digitonin (1.0%). The solubilized supernatant was clarified by centrifugation at 100,000 × g 

Singha et al. Page 21

Biol Cell. Author manuscript; available in PMC 2021 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and analyzed by BN-PAGE. Protein complexes were detected by immunoblotting using 

antibodies for TbTim17, TbTim54, and TbCyt c1. Molecular weight marker proteins 

apoferritin dimer (886 kDa), apoferritin monomer (443 kDa), β-amylase (200 kDa), alcohol 

dehydrogenase (150 kDa), and bovine serum albumin (66 kDa) were run on the gel and 

visualized by Coomassie Blue staining. Positions of the marker proteins are shown. (D) 

Intensities of the protein bands for TbTim17 and TbTim54 complexes were quantitated by 

densitometric analysis using Image J and normalized to the corresponding band intensities 

for the TbCyt c1 complex. Values shown are mean ± SEM from triplicate samples. ** P < 

0.01, * < 0.05, t-test. (E) Gel strips from the first dimension BN-PAGE were excised and run 

on a second dimension SDS-PAGE. Proteins were transferred to nitrocellulose membranes 

and probed with the indicated antibodies.
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Figure 3|. Effect of TbTim54 KD on the import of TbTim17-Myc into mitochondria.
T. brucei cell lines TbTim17-Myc (17M), TbTim17-Myc/TbTim17-KD (17M/17i), and 

TbTim17-Myc/TbTim54-KD (17M/54i) were treated with doxycycline to simultaneously 

induce TbTim17-Myc expression and KD of TbTim17 and TbTim54, respectively. (A) On 

day 1 (D1) and day 3 (D3) post induction, cells were harvested to isolate their mitochondria. 

The mitochondrial samples were analyzed by immunoblot using antibodies for TbTim17, 

Myc, and TbTim54. VDAC served the loading control. Relative band intensity for TbTim17-

Myc (B) and endogenous TbTim17 (C) were quantitated by densitometry and normalized to 

the intensities of the corresponding VDAC protein bands. Values shown are mean ± SEM 

from triplicate samples. ** P < 0.01, t-test in comparison to the 17M samples on day 1. (D) 

Analysis of mitochondrial protein complexes from wild type (con), 17M, 17M/17i, and 

17M/54i cells. Mitochondrial proteins (100 μg) isolated at D1 and D3 post-induction were 

solubilized with digitonin (1.0%). The solubilized supernatant was clarified by 

centrifugation at 100,000 × g and analyzed by BN-PAGE. Protein complexes were detected 

by immunoblotting using antibodies for TbTim17, Myc and VDAC antibodies. Molecular 

size markers are shown. Blots are representatives of three independent experiments.
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Figure 4|. Effect of TbTim54 KD on the mitochondrial import of MCPs.
(A & B) Radiolabeled MCP3, MCP5, and MCP11 served as substrates in an in vitro 
mitochondrial protein import assay using mitochondria isolated from TbTim54-KD and 

TbTim17-KD cells grown in the absence (Uninduced) and presence (Induced) of 

doxycycline for 96 h. Mitochondria were re-isolated at different time points during the assay. 

The proteins were analyzed by SDS-PAGE and autoradiography. Input lanes represent 10% 

of the radiolabeled substrates used for each reaction. One set of mitochondria was pretreated 

with CCCP to disrupt the mitochondrial membrane potential (ΔΨ). These pretreated 
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mitochondria were used to show that import of MCPs was ΔΨ-dependent. (C–H) Intensities 

of protein bands protected from PK digestion were quantitated by densitometry using Image 

J. Band intensities of the substrates (MCP3, MCP5, and MCP11) in the uninduced control 

cells at the 10-min time point were set as 100% (control), and the band intensities at other 

time points for the uninduced and induced samples were calculated as percentages of these 

control values. Each experiment was repeated at least three times and standard errors are 

shown. ** P < 0.01, * < 0.05, t-test.
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Figure 5|. Effect of TbTim54 KD on the in vitro mitochondrial import and complex assembly of 
MCP3, MCP5, and MCP11.
Radiolabeled MCP3 (A) and MCP11 (B) proteins were incubated with mitochondria isolated 

from parental Pro29–13, TbTim17-KD, and TbTim54-KD cells for different periods (5–60 

min). After the import reaction, the mitochondria were washed and treated with PK (20 

μg/ml) for 30 min at 4°C. The mitochondria were then solubilized with 1% digitonin, and 

the solubilized supernatants were analyzed by BN-PAGE and autoradiography. One set of 

mitochondria was pretreated with CCCP to disrupt mitochondrial membrane potential. (C & 

D) Band intensities of the protein complexes at ~150 kDa were quantitated by densitometry 

using Image J and normalized to the corresponding VDAC bands. The values obtained for 

the Pro29–13 mitochondria sample at 60 min were set to 100% (control) and the band 

intensities at other time points in both sets of samples were calculated as percentages of the 

control values. The experiments were repeated at least three times and standard errors are 

shown. ** P < 0.01, * < 0.05, t-test.
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Figure 6|. Effect of TbTim17 KD and TbTim54 KD on the mitochondrial localization of 
ectopically expressed MCP3 and MCP11 in T. brucei.
Double transfected TbMCP3-Myc/TbTim17-KD, TbMCP3-Myc/TbTim54-KD, TbMCP11-

Myc/TbTim17-KD, and TbMCP11-Myc/TbTim54 KD cells as well as singly transfected 

TbMCP3-Myc and TbMCP11-Myc cells were grown in the presence of doxycycline for the 

indicated time periods. Crude mitochondrial fractions were isolated at each time point. An 

equal amount of proteins from each sample was analyzed by SDS-PAGE and 

immunoblotting using anti-Myc antibodies. VDAC served as the loading control. (C & D) 

Band intensities for MCP3-Myc (C) and MCP11-Myc (D) were quantitated by densitometry 
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and normalized to the intensities of corresponding VDAC bands. The normalized values 

were plotted against time. Individual experiments were repeated three times and standard 

errors are shown. ** P < 0.01, * < 0.05, t-test.
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Figure 7|. Interaction of TbTim54 with other TbTims.
(A) Mitochondria were isolated from T. brucei cells expressing TbTim54-TAP and control 

parental cells. Mitochondrial extracts were subjected to immunoprecipitation using IgG-

Sepharose. Input (10%) and bound (50%) fractions were analyzed by immunoblotting using 

peroxidase-anti-peroxidase (PAP) reagent and the TbTim17 antibody. (B) Yeast two-hybrid 

analysis of interaction between TbTim54 and small TbTims. Representative plates showing 

the growth of yeast cells co-transformed with a small TbTim (TbTim9, TbTim10, 

TbTim8/13, TbTim11, TbTim12, or TbTim13) in pGADT7 (AD) and TbTim54 in pGBKT7 

(BD) plasmids on (a) SD medium lacking leucine and tryptophan (–leu/–trp), (b) SD 

medium lacking leucine, tryptophan, and histidine (–leu/–trp/–his), (c) –leu/–trp/–his SD 

medium containing 2.0 mM AT, (d) –leu/–trp/–his SD medium containing 3.5 mM AT, and 

(e) –leu/–trp/–his SD medium containing 5.0 mM AT. Yeast cells co-transformed with empty 

vectors pGADT7 and pGBKT7 served as negative (-ve) controls, and those co-transformed 

with SV40 T-antigen-AD and p53-BD served as positive (+ve) controls. (C) Interaction of 

the N-terminal fragment of TbTim17 (N1–30) and the rest of the protein (ΔN30) with 

TbTim54. Representative plates showing the growth of yeast cells co-transformed with 

TbTim54 in pGADT7 and one of the following TbTims: TbTim9, TbTim10, TbTim8/13, 

TbTim17(N1–30), TbTim17 ΔN30, TbTim54 in pGBKT7 on (a)–leu/–trp/–his SD medium, 

(b) –leu/–trp/–his SD medium containing 2.0 mM AT, (c) –leu/–trp/–his SD medium 

containing 3.5 mM AT, and (d) –leu/–trp/–his SD medium containing 5.0 mM AT. The plates 

shown here are from one of three independent experiments. (D) A schematic of interactions 

between TbTim54 with small TbTims and TbTim17 fragments. The thick solid line 

represents a strong interaction between TbTim54 and TbTim11, while the thinner solid lines 

indicate weaker interactions between TbTim54 with TbTim13, TbTim10, TbTim8/13, 
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TbTim12 and between TbTim54 and TbTim17(N1–30). Dotted lines represent no significant 

interactions.
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Table 1.

Yeast two-hybrid analysis of the interaction between TbTim54 and other TbTims.

Interacting Partner Growth at 0 mM AT Growth at 2.0 mM AT Growth at 3.5 mM AT Growth at 5.0 mM AT

TbTim54AD + TbTim9 BD − − − −

TbTim54AD + TbTim10 BD + − − −

TbTim54AD + TbTim8/13 BD ++ − − −

TbTim54AD + TbTim11 BD ++ ++ ++ ++

TbTim54AD + TbTim12 BD + − − −

TbTim54AD + TbTim13 BD ++ + + −

TbTim54AD + TbTim54 BD − − − −

TbTim54AD + TbTim17-N(1–30) ++ + − −

TbTim54AD + △30-TbTim17 − − − −

pGADT7 + pGBKT7 − − − −

SV40-T-AD + P53-BD ++ ++ ++ ++

Growth of yeast cells transformed with the respective pairs of AD and BD plasmids on SD medium lacking leucine, tryptophan, and histidine 
(−leu/−trp/−his) supplemented with various concentrations (up to 5 mM) of AT is indicated by ‘+’. ‘++’ indicates heavier growth and ‘−’ indicates 
no growth.
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Table-2.

List of primers used in this study

Name Sequence (5’---3’) Length (bp)

TbTim54_1024 F GATCAAGCTTGGGCGAGGACCTTCATGAGTGTG 32

TbTim54_1476 R GATCTCTAGAACACGCTGCTCGCATCCGAGAGTC 34

TbMCP3 F GATCAAGCTTATGGATGTAATATGCTCCGC 30

TbMCP3 R GATCTCTAGACGCCATATTACC 22

TbMCP11 F GATCAAGCTTATGAGCGCAAAGAACAAAACTTGGGAC 37

TbMCP11 R GATCTCTAGACTTCTTTCCGGAACCACC 28

TbMCP5 F AGAAGCTTGCTATGACGGATAAAAAGCGGG 30

TbMCP5 R AAGAATTCCTAATTCGATCTGGCGCC 26
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