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Abstract
Mitochondria consist of four compartments, outer membrane, intermembrane space, inner
membrane and matrix; each harboring specific functions and structures. In this study, we used
mass spectrometry (LC-MS/MS) to characterize the protein composition of Trypanosoma brucei
mitochondrial membranes, which were enriched by different biochemical fractionation techniques.
The analyses identified 202 proteins that contain one or more transmembrane domain(s) and/or
positive GRAVY scores. Of these, various criteria were used to assign 72 proteins to
mitochondrial membranes with high confidence, and 106 with moderate to low confidence. The
sub-cellular localization of a selected subset of 13 membrane assigned proteins was confirmed by
tagging and immunofluorescence analysis. While most proteins assigned to mitochondrial
membrane have putative roles in metabolic, energy generating, and transport processes, ~50%
have no known function. These studies result in a comprehensive profile of the composition and
sub-organellar location of proteins in the T. brucei mitochondrion thus, providing useful
information on mitochondrial functions.
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1. INTRODUCTION
Trypanosomatids (Order Kinetoplastida) are unicellular flagellates and the causative agents
of several devastating diseases in humans including Human African Trypanosomiasis
(HAT) or sleeping sickness (Trypanosoma brucei), Chagas disease (Trypanosoma cruzi),
and leishmaniasis (Leishmania spp.). They possess a single prominent mitochondrion, which
is composed of an outer membrane (OM), inner membrane (IM), intermembrane space
(IMS), and matrix. The matrix harbors the uniquely structured mitochondrial (mt) DNA,
termed kinetoplast DNA (kDNA) [1], which, as in other organisms, encodes a small number
of proteins [2]. Recent studies show that the T. brucei mitochondrion contains over 1000
proteins [3], the vast majority of which are encoded by nuclear genes, synthesized in
cytosol, and imported to their proper sub-mt destination [4]. Each of the four mt
compartments harbors specific proteins and processes. The protein translocase machinery
(TOM complex) is embedded in the mt OM [5], the respiratory chain complexes and the
multi subunit protein translocases complex (TIM) are present in the mt IM [6], cytochrome c
(cyt c) is in the IMS [7], and the multi-protein complexes that catalyze RNA editing are
located within the matrix [8].
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The availability of the genome sequences of T. brucei [9], T. cruzi [10] and L. major [11]
has paved the way for transcriptome and proteome analyses of Trypanosomatids [12–19]. A
previous mt proteome analysis of T. brucei procyclic form (PF) cells extrapolated to a total
of 1000 mt proteins, of these specific assignments were made with varying levels of
confidence for 880 proteins [3]. More complete information on mt and sub-mt protein
composition and location is required for a more comprehensive understanding of the various
sub-mt compartments, and the T. brucei mitochondrion as a whole. Such comprehensive
proteomic analyses of sub-mt compartments have been performed in other systems such as
the mt IM from mouse liver [20], and the mt OM from yeast [21] and N. crassa [22].
Membrane proteins in general are a key set of proteins as they are at a boundary between
functional compartments and perform many important functions such as transport, reception,
and trafficking. In addition, more than half of the known drug targets are membrane proteins
[23]; thus their characterization would aid in drug target discovery. However, membrane
proteins are some of the most challenging proteins to study due to their hydrophobic nature
and relatively low abundance.

Here, we report a comprehensive analysis of T. brucei PF cells mt membrane proteome. We
performed sub-cellular fractionation to enrich for mt membranes, and identified the proteins
in these fractions by LC-MS/MS analysis. The assignment to mt membrane was based on
selective enrichment in mitochondria versus whole cell lysate [3], at least one predicted
transmembrane domain (TMD) and/or positive GRAVY (grand average hydropathy) score,
association with known mt complexes, demonstrated or putative role in relevant biological
processes, and /or homology to yeast mt membrane proteins. The localization of a subset of
these proteins was validated by immunofluorescence analysis by expression of c-Myc
epitope tagged proteins in the parasite.

2. MATERIALS AND METHODS
2.1 Trypanosome Growth

T. brucei PF cells IsTaR 1.7a were grown to density of 1–2 × 107 cells/ml in vitro at 27 °C
in SDM-79 media containing hemin (7.5 mg/ml) (Sigma) and 10 % (v/v) FBS. PF T. brucei
strain 29.13 [24], which contains integrated genes for T7 polymerase and the tetracycline
repressor, was grown in the presence of G418 (15 µg/ml) and hygromycin (25 µg/ml)
(Sigma). The cells were harvested by centrifugation at 6,000 × g for 10 min at 4°C. The
transgenic PF cell lines expressing a TAP-tagged protein were supplemented with 2.5 µg/ml
phleomycin (Sigma). Exogenous protein expression was induced by adding 0.1 µg/ml
tetracycline (Sigma) and allowing the cultures to grow for 3 days prior to harvesting.

2.2 Sub-mt fractionation
Mt vesicles were isolated by hypotonic lysis and enriched using Percoll gradients as
described elsewhere [25]. The membrane and matrix fractions were generated by 2 different
methods (Figure 1A/B). In Method 1, sub-mt membranes were isolated following sonication
and step gradient purification according to [26,27]. Briefly, mt vesicles were resuspended at
10 mg/ml in breaking buffer (0.6 M Sorbitol, 20 mM Hepes/KOH, pH 7.4, 10 mM EDTA)
and incubated for 30 min on ice in 9 vol of 20 mM Hepes/KOH, pH 7.4, 0.5 mM EDTA and
1 mM PMSF. After adjustment to a final sucrose concentration of 0.45 M and incubation for
10 min on ice, the sample was sonicated for 2 × 90 s (duty cycle 40 %). After a clarifying
spin at 20,000 × g for 20 min at 4°C, the supernatant was centrifuged at 200,000 × g for 45
min at 4°C. Aliquots of the Total mt Membranes fraction (TMM) and supernatant (matrix)
enriched fractions were subjected to a sucrose step gradient consisting of 1.5 ml of 1.6 M,
5.5 ml of 1.35 M, 2.5 ml of 1.1 M and 1.5 ml of 0.85 M sucrose prepared in 5 mM Hepes/
KOH, pH 7.4, 10 mM KCL and 1 mM PMSF. Samples were centrifuged at 134,000 × g at
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4°C for 16 h in a L7-55 Ultracentrifuge (SW55 Ti swinging bucket rotor) from Beckman.
Fractions of 0.5 ml were collected from the top, and subjected to SDS-PAGE and Western
blot analyses.

In Method 2, mt vesicles (10 mg/ml) were treated with digitonin (Sigma) at a final
concentration of 80 µg/ml for 15 min at 4°C. Following centrifugation at 12,000 × g for 20
min at 4°C, the organellar pellet was incubated with 0.1 M sodium carbonate, pH 11.5 for 30
min on ice and centrifuged at 100,000 × g for 1h at 4°C. The pellet from this step was used
as the mt Inner Membrane (MIM) fraction and the supernatant as the matrix fraction.
Aliquots of the MIM and the matrix enriched fractions were layered on top of discontinuous
sucrose gradients as described above.

2.3 Western blot analysis
The proteins in each of the mt fractions from above were resolved by 10 % SDS-PAGE
(approximately 2–5µg was loaded in each lane) and transferred onto PVDF membranes. The
blots were blocked with 5% non-fat milk, probed with mAbs against the trypanosome
alternative oxidase (TAO) (1:100) [28], mAb53 (1:25) [29], and with rabbit polyclonal
antibodies against T. brucei apocytochrome c1 (apoc1) (1:500) [30], cytochrome c (1:500)
[31] and phosphoglycerate kinase (PGK) (1:5000) [32] followed by either goat anti-mouse
or goat anti-rabbit IgG HRP-conjugated secondary antibodies (1:2000) (BioRad). The ECL
enhanced chemiluminescence (Pierce) was used to visualize reactive bands. For quantitative
Western analysis, fluorescent detection was performed using IRDye680 goat anti-rabbit
antibody (LI-COR Biosciences, Lincoln, NE) at 1:2000 dilution. Bands were visualized and
quantified by Odyssey™ Infrared Imaging System (LI-COR Biosciences, Lincoln, NE)
using one-color fluorescence detection at 700. The corresponding SDS-PAGE gel was
stained with Sypro Ruby (Invitrogen, Molecular Probes™), scanned using Storm™ imaging
system (Molecular Dynamics, Inc.), and the fluorescence level of protein bands was
analyzed using ImageQuant™ software.

2.4 Protein identification by LC-MS/MS
Proteins were analyzed by mass spectrometry as described [3]. Briefly, the proteins in
enriched mt membrane and matrix fractions were separated on 10% SDS-PAGE gels and
protein bands were visualized by Sypro Ruby Staining (Molecular Probes). Each gel lane
was divided into 10 pieces, the proteins were digested in-gel with sequencing grade
modified trypsin (Promega); the resulting peptides were extracted with 50% ACN (VWR),
5% formic acid (Sigma Aldrich) and dried in Speed Vac [3]. The peptides were fractionated
by nano-flow liquid chromatography using a 7.5 cm long × 75 µm ID C18 capillary column
at a flow rate of 200 nl/min. The peptides were analyzed using a LTQ Linear Ion Trap Mass
Spectrometer. The CID spectra were compared with the T. brucei protein database
downloaded from GeneDB using TurboSEQUEST software, and protein matches
determined using PeptideProphet and ProteinProphet software [33,34].

2.5 Sequence analysis of identified proteins
The probable functions of the proteins were assigned based on GeneDB annotation and for
proteins with unknown function possible motifs and/or domains were searched in InterPro
(http://www.ebi.ac.uk/Tools/InterProScan/), Pfam (http://pfam.sanger.ac.uk/) and NCBI
CDD (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) databases. The average
GRAVY [35] scores for all proteins were obtained using ProtParam
(http://www.expasy.org.tools/protparam.html). The protein transmembrane topology
prediction was conducted using the TMHMM 2.0 program
(http://www.cbs.dtu.dk/services/TMHMM). MitoP2 yeast database
(http://www.mitop.de:8080/mitop2/) was used for homology searches.
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2.6 Plasmid constructs and transfections
To create constructs for the inducible expression of c-Myc epitope tagged proteins in T.
brucei, the ORFs of interest were PCR amplified from genomic DNA of T. brucei strain
Lister 427. The detailed list of primers used to amplify selected ORFs is in the supplemental
material. The PCR products were cloned into pGEM-T easy vector (Promega), digested with
Bam HI or Bgl II and Hind III enzymes (New England Biolabs), and ligated into the
pLEW79-MHT vector [36,37]. The plasmids were linearized with Not I enzyme, transfected
into PF T. brucei 29.13 cell line, phleomycin-resistant clones were selected, and checked for
tetracyline-regulated expression.

2.7 Immunofluorescence microscopy
The expressed tagged proteins were localized by immunofluorescence analysis (IFA) using
anti-c-Myc antibody (Sigma) as described [29]. Briefly, the cells were fixed with 4%
paraformaldehyde, permeabilized with 0.2% Triton X-100 (Fisher) and blocked with 5%
FBS. Incubation with primary and secondary antibodies in 3% BSA-PBS was done for 1 h
followed by 10 min incubation with 4,6-Diamidino-2-phenylindole dihydrochloride (DAPI)
(Sigma) stain to visualize both nuclear and kinetoplast DNA. Phase contrast images of the
cells and their fluorescence were captured with a Nikon fluorescence microscope equipped
with camera and the appropriate filters. The primary antibodies used were: rabbit anti-c-Myc
(Sigma) diluted 1:200; mouse supernatant anti-MRP1 diluted 1:2 [29]. The secondary
antibodies were: Texas® Red-X goat anti-mouse IgG (Invitrogen) diluted 1:400 and goat
anti-rabbit IgG-FITC (Sigma) diluted 1:500.

3. RESULTS AND DISCUSSION
3.1 Protein identification

LC-MS/MS analyses of the TMM, MIM, and matrix fractions in aggregate identified a total
of 3,559 unique peptides corresponding to 1,134 unique gene products, i.e. proteins
(Supplementary Table 1A). In these analyses, 643 proteins were matched by two or more
peptides while 491 were identified by a single peptide match, of which 371 (76%) had a
protein identification probability of ≥ 0.99, and the rest had probabilities between 0.9 and
0.98. All of the proteins identified with two or more peptide matches had protein
identification probability of ≥ 0.99. Of the total 1,134 proteins identified in this study, 146
had not been previously detected in an extensive proteomic analysis of the T. brucei
mitochondrion [3] (Supplementary Table 1B). Some of these newly and previously
identified proteins were localized to mt membranes, as described below.

Comparison of the total acquired MS/MS data with polypeptides predicted from six-frame
translation of nucleic acid (NA) database led to the identification of 15 new ORFs, with
coding sequence that had not been recognized in the GeneDB annotation (Supplementary
Table 2 and Supplementary Figure 1). This frequency of finding new potential protein
coding sequences is similar to that previously observed [3]. Of these 15 polypeptides, two
show homology to the retrotransposon hot spot (RHS) family and three to T. brucei proteins
annotated as hypothetical. No homology to T. brucei was found for the other ten, but these
show homology to peptides predicted from the T. cruzi and/or L. major genome sequences.
The first five probably represent T. brucei protein coding genes that had not been
recognized. These other ten ORFs may also represent such genes, or genes that diverged
from the sequenced strains, or it is also possible that the strain used may have slight
differences in genomic sequences.
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3.2 Enriched mitochondrial membranes
Mt membranes, which were prepared by method 1, namely sonication of mt vesicles,
collection by centrifugation, and fractionation in sucrose gradients were enriched for the
TAO and apoc1 IM proteins, and the IMS protein cyt c (Figure 1A). The protein recognized
by mAb53, which is specific to a protein of the MRB1 complex [29], was primarily detected
in the matrix fraction. The membrane proteins that peaked in fractions 7 and 13 were
designated as Total mt Membranes (TMM) fraction and selected for analysis by MS. LC-
MS/MS analyses identified a total of 455 proteins in these enriched membrane fractions, of
which 138 proteins possess at least one TMD, suggesting membrane localization (Tables
1A/B; Supplementary Table 3A/B and Supplementary Table 4).

The second method, namely sodium carbonate treatment of mt vesicles, which had been
treated with digitonin to remove the OM prior to fractionation by sedimentation in sucrose
gradients, resulted in much of the TAO and apoc1 mt IM proteins being enriched and
primarily sediment in fractions 3 through 5 with slight cross-contamination from matrix
fraction (mAb53) (Figure 1B). Some of these proteins were in the matrix fraction but
sedimented at the top of the gradient. Based on the Western signal, fractions 3 and 5 were
designated mt Inner Membrane (MIM) fraction and selected for LC-MS/MS analysis.
Cytochrome c was almost undetectable in the MIM fraction when compared to TMM
fraction (Figure 1A), suggesting TMM fraction contains some IMS proteins. Markers for
other soluble IMS proteins were not used since they were not available to us. Three T.
brucei IMS protein candidates, Tb927.3.1600, Tb11.02.3065 and Tb09.160.4440 were
identified by sequence analysis, the first two are homologs of yeast and human small Tim
chaperones [38] and the last one is a homolog of Erv1 protein [39]. All three proteins were
identified by MS analyses of whole organelles, but were not detected in the TMM and MIM
fractions, indicating that many IMS proteins are not present in these fractions and hence are
probably lost during preparation.

An approximate 17-fold enrichment of MIM using apoc1 antibody was found in mt fraction
using a quantitative Western analysis. The signal for apoc1 was 8.5-fold higher than with
whole cell lysate when half of the protein amount of Percoll purified mitochondria were
examined (Figure 2B, lanes 1 and 2). Protein quantification analysis was done by staining
parallel gels with Sypro Ruby and measuring the fluorescence levels in each lane. This
method is very accurate for determining the relative amounts of specific proteins and is
preferable to Bradford analysis for insoluble proteins. An additional 2.6-fold enrichment of
apoc1 in MIM fraction was estimated upon further fractionation into sub-mt compartments.
The result is based on 1.7-fold higher signal compared to the mt fraction using 0.6 times the
relative amount of protein (Figure 2A, lanes 2 and 4). In addition, very little signal for apoc1
was detected in matrix fraction (Figure 2A, lane 3). Thus, the procedure chosen for
purification is suitable for mt membrane enrichment although possibility of some loss of
MIM fraction proteins during the purification cannot be excluded.

MS analyses of MIM fractions (3 and 5) led to the identification of 458 proteins, of which
158 have at least one TMD, suggesting membrane localization; 277 of the proteins had also
been detected in the TMM fraction (Tables 1A/B; Supplementary Table 3A/B and
Supplementary Table 4). Thus a total of 637 different proteins, of which 202 have at least
one TMD, were found in the TMM and MIM fractions.

3.3 Sub-cellular assignment of proteins
Of the total of 637 different proteins identified in the TMM and MIM fractions, some are
likely localized in the organelle membranes, others in the mt matrix, and yet others are non-
mt as indicated by the Western analyses above. Of these proteins, 120, including 24 that
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have at least one TMD, are likely contaminants of the enriched mt vesicles since they are
assignable to non-mt locations, which include glycosomes, ER, the nucleus, Golgi and
flagellum based on their GeneDB annotation, key-word and literature searches
(Supplementary Table 4), although some genes may be misannotated. Glycosomal proteins
are typically found in purified mt vesicles [3] just as mt proteins are in glycosome
preparations [12,14]. However, the possibility of dual-localization cannot be eliminated in
the absence of direct experimental data since about one quarter of the yeast mt proteome has
a dual localization [40]. The remaining 178 proteins, which have predicted TMD and/or
positive GRAVY scores are potential mt membrane proteins (see Fig. 3 for representative
results). Of these, 35 were previously assigned to the mitochondrion [3], thus results from
this study assign them to mt membrane location. The other 143 had not been assigned to the
mitochondrion and 37 of those were assigned to the mitochondrion with high confidence
based on several criteria including IFA, enrichment in the mt fraction [3], functional
annotation, demonstrated or putative role in mt processes, and association with known mt
complexes [29,41–43] (Table 1A/B). The presence of one or more TMD and/or hydrophobic
domain (GRAVY) suggests that they are localized to mt membranes.

Of the 72 proteins assigned to mt membrane with high confidence, we were able to assign
24 proteins without a known function (“hypothetical” proteins in the T. brucei genome
database) to mt membrane with high confidence. The assignment employed criteria
including enrichment in mt fraction, presence of at least one TMD, homology to yeast mt
proteins, and association with known mt complexes (Table 1B). The assignment to
complexes took advantage of recent work that determined the composition of several mt
complexes using affinity tag and mAb affinity purification combined with MS analyses
[29,41–43]. Of these 24 proteins, LC-MS/MS analyses revealed the presence of 13
membrane-bound proteins, which are associated with complexes of the electron transport
chain as well as the ATP synthase complex, all located in the mt IM. Eight are associated
with complex IV [40], four with complex V [41], and one with a novel mt complex (A.
Zíková, unpublished results). .While these proteins are currently annotated as hypothetical,
conserved motifs/domains that are indicative of possible function(s) were identified in eight
of these proteins (Table 1B). None of the mt encoded subunits in Complex III, IV or V were
identified, possibly due to the characteristics of these proteins, which include non-migration
into SDS-PAGE gels, and few potential trypsin cleavage sites, making their peptide
identification by routine MS analysis difficult.

The remaining 48 proteins assigned to mt membrane with high confidence have known or
predicted functions (Table 1A). Twenty seven of these (56%) were identified in both the
TMM and MIM fractions, while 11 were only identified in TMM and ten were only in MIM,
suggesting the latter ten may localize to the mt IM and former 11 to the mt OM.
Identification of 3-hydroxy-3-methylglutaryl-CoA reductase and succinyl-CoA ligase in the
MIM fraction and presence of a TMD in each of these proteins implies a membrane
location. This differs from the matrix location as assigned in prior reports [44,45], although
it does not preclude that these proteins could have substantial domains on the matrix side of
the membrane.

In addition, 341 proteins, which have no TMD/GRAVY score, were detected in the TMM
and/or MIM fractions, of which 30 are embedded in one of the mt membrane complexes
(Supplementary Table 5). For the other proteins, some may not be localized in membrane
but may be associated with membrane proteins, and others may have no association with mt
membranes but be a mt protein contaminant of the membrane preparations.

The transport of a wide range of solutes as well as the import of critical proteins into the
mitochondrion is performed by proteins residing in the mt IM and OM. A proportion (23%)
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of the membrane proteins identified in the TMM and MIM fractions that have one to 12
TMDs were found to have predicted functions as membrane transporters for amino acids,
anions and cations, or other molecular mt carrier proteins (Table 1A). The GeneDB database
has 26 products annotated as mt carrier family (MCF) proteins, of which our analyses
identified ten, three of which map to the tandemly repeated genes Tb10.61.1810,
Tb10.61.1820, and Tb10.61.1830. Members of the MCF transport ATP/ADP, various
intermediates of the Krebs cycle as well as several other solutes through the mt IM thus
linking cytosolic biochemical pathways with those in the mt matrix. We recently identified
12 other MCF proteins in a previous study [3]. The remaining four predicted MCF proteins
may be located in another cellular compartment, since not all predicted MCF proteins are mt
[46], or they are not expressed in the PF stage of T. brucei, or they were present but not
detected.

Translocation of mt pre-proteins across the mt IM is facilitated by either of the two TIM
complexes known as TIM23 and TIM22. The TIM23 core complex, which contain Tim23,
Tim17 and Tim50, imports proteins that have N-terminal targeting sequences; the TIM22
complex inserts proteins that have multiple membrane spanning domains into IM [47]. The
present analysis only identified the Tim17 protein member of the Tim23 complex proteins in
T. brucei [5]. In yeast and humans, there are five small Tim chaperones, located in the IMS
compartment, which assist the delivery of substrate proteins to either the sorting and
assembly (SAM) complex or TIM22 complex [38]. In T. brucei, Tb927.7.2200 is a homolog
of Tim9, Tb927.3.1600, is a homolog of Tim10, and Tb11.02.3065 is a homolog of Tim8
and Tim13. All three proteins were found in our MS analyses as well as Tb927.3.4380,
which shows 26% identity with S. cerevisiae Sam50, the core component of SAM
(Supplementary Table 1A).

The supernatant from the digitonin treatment fraction was considered as OM and therefore
analyzed by MS. No suitable markers against T. brucei mt OM are available that can be used
in Western blot analysis. Seventeen proteins with TMDs, which are present only in this
fraction and not seen previously, were identified (Tb09.v1.0390; Tb09.211.4630;
Tb10.389.0730; Tb10.389.1550; Tb10.6k15.2750; Tb10.61.0950; Tb10.70.5220;
Tb11.01.0480; Tb11.01.4340; Tb11.01.7530; Tb11.02.0780; Tb11.02.5360; Tb927.3.1080;
Tb927.3.2420; Tb927.5.3710; Tb927.7.220; Tb927.7.6920). Of these, 5 proteins
(Tb10.389.0730, Tb11.02.0780, Tb927.3.1080, Tb927.5.3710 and Tb927.7.220) are
annotated to be involved in the synthesis of phosphatidylcholine, cardiolipid and sterol,
which compose the lipid bilayer of the mt OM, suggesting that at least some of these 17
proteins may be localized to this membrane. This is supported by the presence in this
fraction of Tb927.2.2510, the ortholog of the voltage-dependent anion channel (VDAC) in
T. brucei [48,49], which is the most abundant protein in the mt OM. We might have lost
some mt OM proteins since breakage of the long tubular mitochondrion during cell
disruption cannot be avoided and hence our beginning material is resealed vesicles. Thus,
further investigations are required for definitive assignment of this group of proteins.
Besides Tim17, the other components of the mt translocation machinery are yet to be
discovered in T. brucei, indicating that the mt protein import machinery is divergent in this
organism.

The proteolytic enzymes of mitochondrion belong to the superfamily of AAA+ proteins
(ATPases associated with a variety of cellular activities), which comprises many proteins
with chaperone activity [50]. The m-AAA proteolytic system is active at the matrix side of
the mt IM and comprising, in S. cerevisiae, multiple copies of homologous subunits Yta10
and Yta12. Our MS analyses revealed three Yta10/Yta12 homologs annotated as ATP-
dependent Zinc metallopeptidase in GeneDB. In addition, the m-AAA proteases activity in
yeast is modulated by another membrane-protein complex composed of prohibitins (Phb1p

Acestor et al. Page 7

Proteomics. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and Phb2p). Our MS analyses identified one related prohibitin homolog in T. brucei, which
shows 45% identity with Phb1, and is identical in sequence to Tb10.70.2920, another
prohibitin homolog annotated in GeneDB, indicating possible gene duplication.

3.4 Sub-cellular localization of thirteen membrane assigned proteins
Thirteen membrane assigned proteins of various amino acids (aa) sequence lengths (from
363 to 631 aa), and displaying one to 12 predicted TMDs were selected in order to validate
their sub-cellular localization by IFA (Supplementary Figure 2). These proteins were fused
to c-Myc epitope tag and their sub-cellular localization was assessed after induced
expression in PF T. brucei cells. Co-localization IFA analyses were performed with a mAb
against the mt RNA-binding protein 1 (MRP1) [29]. As shown in Figure 4, all fusion
proteins were evenly distributed throughout the reticulated mitochondrion, but do not
intensely label the kinetoplast area, and do not co-localize completely with MRP 1, probably
due to a different localization between MRP1 and the tagged protein inside the
mitochondrion. Furthermore, these data indicated that the tag as well as overexpression did
not alter the mt localization of the tagged proteins [51].

3.5 Other possible mt membrane proteins
In addition to the 72 mt membrane assigned proteins, 77 proteins, of these 40 with known
function and 37 hypothetical proteins, were assigned to mt membranes with moderate
confidence (Supplementary Table 3A/B), based on identification in membrane fractions,
presence of TMD and/or positive GRAVY score and enrichment in mt fraction [3]. These
have not been included in the above high confidence list, but it is likely that a substantial
proportion of them localize to mt membranes. Among the 40 proteins with a functional
annotation (Supplementary Table 3A), a P1 type nucleoside transporter was identified.
Besides their role in providing essential nutrients to the parasite, some nucleoside
transporters also mediate the uptake of widely employed anti-trypanosomal drugs such as
pentamidine and melarsoprol [52]. It has been reported that pentamidine accumulated within
the mitochondrion of susceptible compared to drug-resistant L. donovani parasites, implying
that mt membranes must contain appropriate transporters [53]. A number of putative mt
membrane proteins have also been identified in the plasma membrane proteome of T. brucei
bloodstream form (BF) [18], and based on our results the plasma membranes fractions often
are contaminated by membranes from the mitochondria. Therefore further investigations are
required for definitive assignment of this group of proteins.

The protein sequences of the 37 proteins with unknown function (Supplementary Table 3B)
and assigned to mt membrane with moderate confidence were subjected to motif searches
against Pfam, NCBI, and InterPro databases. Putative domain(s) were identified for nine
proteins, whereas the remainder had no recognizable motif (Supplementary Table 3B). Some
motifs have a clear functional implication, for example Tb11.1390 has an iron sulfur binding
domain, suggesting a possible function of this protein in iron–sulfur (Fe-S) clusters. Fe-S
proteins are important cofactors for proteins that are involved in mt electron transport as
well as in iron homeostasis. Tb09.211.1220 possesses a pentatricopeptide repeat (PPR). Mt
PPR-proteins are essential for oxidative phosphorylation, some of them are required for the
stabilization of mt rRNAs, and are associated with mt membranes [54]. Additionally, 29
hypothetical proteins can be assigned to mt membrane with low confidence (Supplementary
Table 3B), based on identification in membrane fractions, presence of TMD and/or positive
GRAVY score, and low confidence assignment to mitochondria in our earlier report [3].

A comprehensive analysis of the composition of T. brucei mt membranes was performed.
All evident protein components of T. brucei mt complex II, III, IV and V [41,42,55–57]
were compiled to assess the coverage of the protein detection, especially for the mt IM. The
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data suggest 46 proteins are present in these complexes. We identified 30 (~65%) of these
proteins in our membrane fraction analyses (Supplementary Table 5), suggesting while
coverage was high, some mt membrane proteins were lost during the purification
procedures, or they were present but not detected by MS perhaps due to their small size.

In comparison to mt IM from mouse liver [20], we identified 25 of 35 (71%) proteins that
have at least one TMD and/or positive GRAVY score and show homology to unique T.
brucei proteins. Of the remaining 10 proteins, 2 were not assigned to mitochondrion in our
previous study [3], and the other 8 were not detected by MS, suggesting that they may
localize to other cellular compartments in T. brucei. Compared to yeast mt OM proteins
[21], only 18 homologous proteins in T. brucei have at least one TMD and/or positive
GRAVY score. Of these, 7 (39%) were identified in our membrane preparation and assigned
to mt membranes, 5 were detected only in the whole cell fraction [3], and the other 6 were
not identified in our MS analyses. In T. brucei mt OM proteins are probably too diverged to
be recognized as homologs, which is supported by the fact that a TOM complex is yet to be
identified in Trypanosomatids, and that VDAC is currently the only mt OM protein
characterized in T. brucei [48,49]. Thus, OM assignment in T. brucei is most likely under-
represented.

In a previous proteomic study, a total of 2897 proteins have been identified and 880 specific
proteins were assigned to the mitochondrion with progressively diminishing stringent
criteria for 401, 196, and 283 proteins, respectively [3]. Here, we identified 146 additional
proteins, indicating that all together 3043 proteins represent the cellular proteome of T.
brucei PF. Taking into account our results, we assigned 945 specific proteins to the
mitochondrion; 434 proteins with high, 228 with moderate and 283 with low confidence. Of
the 945, 178 proteins with at least one TMD and/or positive GRAVY score were identified
in the TMM and MIM fractions and assigned to mt membranes; 69 with high confidence, 80
and 29 with moderate and low confidence, respectively that would require further follow up
for definitive assignment. The results showed that a large proportion of proteins assigned to
mt membranes at various level of confidence have unknown function, thus reflecting the
complexity, and structural and functional divergence of biological processes in trypanosome
mitochondria.

4. CONCLUDING REMARKS
Defining membrane proteomes is not only key to understanding the role of membrane
proteins in fundamental biological processes but also is of significant interest for drug
discovery. This first proteomic analysis of the mt membranes of T. brucei represents an
important step towards determining the complete set of proteins residing within membranes.
It is likely that the current set covers a substantial proportion of the mt membrane proteome,
and it will serve as a framework for future studies to better understand the mt membrane
physiology of trypanosomatids parasites.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

IM inner membrane

IMS intermembrane space

MIM fraction mitochondrial Inner Membrane fraction
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mt mitochondrial

OM outer membrane

PF procyclic form

TMD α-helical transmembrane domain

TMM fraction Total mitochondrial Membranes fraction
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Figure 1.
Schematics for the isolation of mt membranes and matrix fractions. (A) Method 1: mt
membrane fraction was isolated by disruption of vesicles followed by differential
centrifugation and enrichment on sucrose step gradients. (B) Method 2, MIM fraction was
isolated by digitonin treatment, followed by alkali extraction, differential centrifugation and
enrichment by gradient sedimentation. The gradient fractions were analyzed by SDS-PAGE
and Western blot using antibodies against markers of the mt IM (TAO, apoc1), the IMS (cyt
c), the matrix (mAb53) and the cytosol (PGK). The indicated fractions were analyzed by
MS.
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Figure 2.
SDS-PAGE and Western analysis showing enrichment of MIM using apoc1 as a marker for
mt IM. (A) Proteins from whole cell (lane 1), Percoll gradient purified mitochondria (lane
2), mt matrix (lane 3) and MIM fraction 3 (lane 4) were analyzed by quantitative Western
analysis using anti-apoc1 antibody. (B) Corresponding SDS-PAGE gel stained with SYPRO
Ruby.
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Figure 3.
Grouping of proteins identified from the MS/MS analyses. The number of proteins
designated to mitochondria, to another cellular compartment or to an unknown location is
indicated. The putative membrane assignment was done by presence of predicted TMD and/
or positive GRAVY score. The circled groups were assigned to mt membranes with high
confidence, whereas the dotted-circled groups with moderate to low confidence.
* [3]
** [29,41–43]
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Figure 4.
Representative figures showing sub-cellular localization of mt membrane assigned proteins.
Panel (A–E): Tb11.47.0022: (A) Phase contrast light microscopy showing PF T. brucei
cells, (B) anti-c-Myc antibody coupled with FITC conjugated secondary antibody showing
mt localization of target protein, (C) anti-MRP1 coupled with Texas® Red-X conjugated
secondary antibody, (D) DAPI staining of nucleus and kDNA, and (E) merge. Panels F-U
only the merge is shown; F: Tb10.70.3010, G: Tb927.8.7600, H: Tb10.6k15.1800, I: Tim17
(Tb11.01.4870), J: Tb11.01.4740, K: Tb11.02.5420, L: Tb927.5.1210, M: Tb10.70.1640, N:
Tb11.01.2650, O: Tb927.8.5660, P: Tb11.12.0014, Q: Tb927.2.4090.
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