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A mitochondrial inner membrane protein, designated MIX, seems to be essential for cell viability. The
deletion of both alleles was not possible, and the deletion of a single allele led to a loss of virulence and aberrant
mitochondrial segregation and cell division in Leishmania major. However, the mechanism by which MIX exerts
its effect has not been determined. We show here that MIX is also expressed in the mitochondrion of
Trypanosoma brucei, and using RNA interference, we found that its loss leads to a phenotype that is similar to
that described for Leishmania. The loss of MIX also had a major effect on cytochrome c oxidase activity, on the
mitochondrial membrane potential, and on the production of mitochondrial ATP by oxidative phosphorylation.
Using a tandem affinity purification tag, we found that MIX is associated with a multiprotein complex that
contains subunits of the mitochondrial cytochrome c oxidase complex (respiratory complex IV), the composi-
tion of which was characterized in detail. The specific function of MIX is unknown, but it appears to be
important for the function of complex IV and for mitochondrial segregation and cell division in T. brucei.

Trypanosomatids are unicellular flagellates of major medical
and veterinary significance. They cause serious diseases in hu-
mans, such as sleeping sickness (Trypanosoma brucei), Chagas’
disease (Trypanosoma cruzi), and leishmaniasis (Leishmania
spp.). They undergo a complex life cycle as they alternate
between a mammalian host and blood-feeding insect vectors.
A striking feature of T. brucei is its ability to adapt to diverse
environments encountered throughout the stages of its life
cycle (18, 30). In the mammalian host, the bloodstream form
(BF) of the T. brucei mitochondrion lacks a complete respira-
tory chain, and energy production occurs via glycolysis (7). In
contrast, in the procyclic form (PF) vector stage of the parasite,
the mitochondrion has many cristae, a complete cytochrome-
mediated respiratory chain, and Krebs cycle enzymes (3). T.
cruzi and Leishmania species undergo different but less char-
acterized metabolic adaptations.

The mitochondrial (mt) respiratory pathway, carried out by
complexes I, II, III, IV, and V, generates ATP by oxidative
phosphorylation. Furthermore, a membrane potential is cre-
ated across the mt membrane by this process in PF cells and by
ATP hydrolysis in BF cells. This potential is absolutely re-
quired for protein import into the mitochondrion. The
trypanosomatid cytochrome c (cyt c) oxidase complex (com-
plex IV), like in other eukaryotes, is a multicomponent com-
plex composed of three large mitochondrially encoded sub-
units and up to 10 smaller nuclear-encoded subunits (11, 33).
However, it has several unique features: 8 of 10 nuclear-en-
coded subunits have no apparent homologues outside the Kin-
etoplastida (32); mRNAs of two of three mitochondrially

encoded subunits are posttranscriptionally edited by the inser-
tion and deletion of uridine residues via a process called RNA
editing (34). Two nuclear-encoded subunits (COXIV and
COXVI) are bifunctional, also being part of the Leishmania
tropica tRNA import complex (20), and the expression of T.
brucei nuclear-encoded subunits is developmentally regulated,
being absent in BF cells and induced upon the transformation
of these cells into the PF (19, 25).

Trypanosomatid cells contain only a single large mitochon-
drion per cell that contains uniquely structured mt DNA that
is called kinetoplast DNA (15). The division of the kinetoplast
is tightly coordinated with the division of the flagellar basal
body, the flagellum, the nucleus, and the cell itself (9). Re-
cently, a protein unique to the Kinetoplastida that has a role
that affects cell morphology, mt segregation, and virulence in
Leishmania major has been identified and designated as mt
protein X (MIX) (38).

In this study, we characterized the T. brucei MIX protein
using RNA interference (RNAi) and tandem affinity purifica-
tion (TAP) tag approaches. The repression of MIX expression
in T. brucei PF cells led to slowed cell growth, abnormalities in
the number and distribution of nuclei and kinetoplasts, and
reduced cyt c oxidase activity, ATP production by oxidative
phosphorylation, and mt membrane potential. Mass spectro-
metric analysis of the tandem-affinity-purified MIX complex
showed that it is associated with subunits of the cyt c oxidase
complex. The tandem-affinity-purified cyt c oxidase complex,
by tagging its subunits, confirmed the association with MIX
and was also used to determined its composition.

MATERIALS AND METHODS

Construction of plasmids. To create the vectors for the inducible expression of
C-terminally tagged proteins, the open reading frames were PCR amplified
from T. brucei strain 427 genomic DNA using oligonucleotides TAPMIX-Fw
(5�-TGATCAAGCTTGGATTGAATGCTACGT-3�), TAPMIX-Rev (5-ACT
CCGAGATCTGGTGTGCGTCG-3�), TAPCOXIV-Fw (CACAAGCTTAT
GTTTGCTCGCCGCTC), TAPCOXIV-Rev (CACGGATCCAATCTTGTT
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TGAGAG), TAPCOXV-Fw (CACAAGCTTATGAAGCGCTTTGTC),
TAPCOXV-Rev (CACAGATCTGTTACTGATTTTG), TAPTb2320-Fw (C
ACAAGCTTATGTTACGCAAATCTTC), TAPTb2320-Rev (CACAAGCT
TATGTTACGCAAATCTTC), TAPTb1900-Fw (CACAAGCTTATGAAAC
GAACAGCT), and TAPTb1900-Rev (CACAGATCTAATAAGTCGCTTT
GAC) (restriction sites are underlined).

The PCR products were cloned into the pGEM-T Easy vector (Promega),
digested with BamHI or BglII and HindIII enzymes, and ligated into vector
pLEW79-MHT (12, 23). The TAPMIX PCR product was inserted directly into
pLEW79-MHT via HindIII and BglII sites. The constructs were verified by
sequencing. Genes used in this study were TAPMIX-Tb927.5.3040 (hypo-
thetical protein [HP]), TAPCOXIV-Tb927.1.4100 (subunit trCOXIV),
TAPCOXV-Tb09.160.1820 (subunit COXV), TAPTb2320-Tb10.70.2320
(HP), and TAPTb1900-Tb09.211.1900 (HP).

To create the RNAi construct for MIX repression, the MIX gene was amplified
by PCR with the oligonucleotides 5�-AACGTGCTCGAGATGCTACGTCG-3�
(forward) and 5�-TGCACTAAGCTTTTAGGTGTGCGTCG-3� (reverse) and
cloned into plasmid pZJM (39) using XhoI and HindIII restriction sites (under-
lined).

Cell growth, transfection, and induction. T. brucei PF cells of strain 29.13,
transgenic for T7 RNA polymerase and the tetracycline (Tet) repressor, were
grown in vitro at 27°C in SDM-79 medium containing hemin (7.5 mg/ml) and
10% fetal bovine serum. The TAP plasmids and RNAi plasmid were linearized
with NotI enzyme and transfected into the cell line as described previously (40).
The synthesis of double-stranded RNAi was induced by the addition of Tet at a
1-�g/ml concentration. The cells were counted using the Z2 cell counter (Beck-
man Coulter Inc.), and growth curves were generated for clonal cell lines over a
period of 13 days. In TAP-tagged cell lines, the expression of tagged protein was
induced by 100 ng/ml of Tet.

Northern blot analysis. Total RNA was isolated from 1 � 108 exponentially
growing noninduced and RNAi-induced cells by extraction with Trizol reagent
(Invitrogen) according to instructions provided by the manufacturer. The whole
open reading frame of the MIX gene was labeled using a High Prime DNA
labeling kit (Roche) with [�-32P]dCTP and was used as a probe. Hybridization
was carried out using standard procedures (16). Signal was visualized using
Molecular Dynamics PhosphorImager screens, and autoradiograms were ana-
lyzed by densitometry.

Staining of parasite nuclei and kinetoplasts. Log-phase noninduced and
RNAi-induced cells were pelleted by centrifugation, washed, fixed with 4%
formaldehyde, and treated with DAPI (4�,6�-diamidino-2-phenylindole) to visu-
alize DNA. Phase-contrast images of the cells and their fluorescence were cap-
tured with a Nikon fluorescence microscope equipped with a camera and the
appropriate filters.

SDS-PAGE and Western blot analysis. The protein samples were fractionated
by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE)
and detected by Sypro Ruby (Molecular Probes) staining overnight. For Western
analysis, the proteins were blotted onto a polyvinylidene difluoride membrane
and probed with anti-His monoclonal antibody (MAb) (1:2,000; Invitrogen);
polyclonal rabbit antibodies against the L. major MIX protein (1:500), T. brucei
cyt c1 (1:500) (kindly provided by S. L. Hajduk), cyt c oxidase subunit 6 (COXVI)
(1:500), mt RNA binding protein 2 (MRP2) (1:1,000), Leishmania tarentolae cyt
c oxidase subunit IV (trCOXIV) (1:1,000) (kindly provided by J. Lukeš), and
phosphoglycerate kinase (1:5,000) (kindly provided by M. Parsons); and mono-
clonal mouse antibody 33 against the Hsp70 protein (1:5,000) (24) and the
trypanosome alternative oxidase (1:100) (kindly provided by M. Chaudhuri), and
proteins were visualized using the ECL system (Roche).

cyt c oxidase and cyt c reductase assays. The mt vesicles from 5 � 108 cells
were isolated by hypotonic lysis as described elsewhere previously (10) and lysed
with 1% dodecyl maltoside. cyt c reductase (complex III) activity was measured
as described previously (29). cyt c oxidase (complex IV) activity was measured as
described previously (42). In parallel, the activity of cyt c oxidase was detected by
an in-gel assay following the electrophoresis of mt lysates (100 �g of protein per
lane) on a 3 to 15% blue native (BN) PAGE gel as described previously (42).

ATP production assay. ATP production was measured as described previously
(1). Briefly, a crude mt preparation from the RNAi knockdown cell line was
obtained by digitonin extraction (36), ATP production was induced by 5 mM
indicated substrates (succinate, pyruvate, and �-ketoglutarate), and 67 �M ADP
was added. Inhibitors were preincubated with mitochondria on ice for 10 min and
used at the following concentrations: 6.7 mM malonate and 33 �g/ml atractylo-
side. The concentration of ATP was determined by a luminometer using the CLS
I ATP bioluminescence assay kit (Roche Applied Science).

Analysis of mt membrane potential by flow cytometry. A 1-ml portion of
mid-log-phase cells was incubated in the presence of 250 nM Rh123 (Molecular

Probes) for 30 min at 27°C, harvested (1,300 � g for 10 min), and washed with
1 ml CytoMix (25 mM HEPES [pH 7.6], 120 mM KCl, 0.15 mM CaCl2, 10 mM
K2HPO4-KH2PO4 [pH 7.6], 2 mM EDTA, 5 mM MgCl2, 6 mM glucose). Cells
were resuspended in 0.5 ml CytoMix and analyzed for green fluorescence in a
Beckman Counter Epics XL-MCL flow cytometer.

Digitonin fractionation. The crude mt fraction isolated by hypotonic lysis (10)
was treated with 320 �M digitonin followed by centrifugation at 3,450 � g for 3
min to produce the outer membrane/intermembrane space-enriched fraction and
mitoplasts. To separate the inner membrane fragments from soluble matrix
components, mitoplasts were sonicated, followed by centrifugation at 7,000 � g
for 5 min.

Immunocytochemistry. The subcellular localization of the expressed tagged
proteins within the cell was determined by immunofluorescence assay using
anti-myc MAb (Invitrogen) as described previously (43).

TAP of tagged complexes. The TAP protocol was adapted from methods
described previously (23, 26–28). We purified the tagged complexes from 110 to
410 cells by three complementary methods (see Fig. S1 in the supplemental
material). All three methods were applied for the purification of MIX and
TAPCOXV complexes. Methods 1 and 2 were used to purify TAPCOXIV,
TAPTb2320, and TAPTb1900 complexes. Briefly, in method 1, the harvested
cells were lysed by 1% Triton X-100, and the tagged complexes were isolated by
immunoglobulin G (IgG) affinity chromatography. The bound complexes were
eluted by tobacco etch virus protease cleavage and fractionated on a 10 to 30%
glycerol gradient by centrifugation for 5 h at 38,000 rpm at 4°C in a Sorvall
SW-40 rotor (28). The sedimentation profiles of the tagged complexes were
monitored by Western analyses using anti-His6 MAb. Peak reactive fractions
were pooled and further purified by calmodulin affinity chromatography. In
method 2, the tagged complexes were purified from cells lysed with 0.25% NP-40
and cleared by low-speed centrifugation, and the supernatant was further lysed
with 1.25% NP-40 and cleared by high-speed centrifugation (40,000 rpm at 4°C
in a Sorvall SW-55 rotor for 40 min). The tagged complexes were isolated by
sequential binding to IgG and calmodulin affinity columns. This method was
adapted from a protocol described previously (8). In method 3, a crude mt
fraction was isolated by hypotonic lysis as described elsewhere previously (10)
and lysed with 1% dodecyl maltoside for 30 min on ice. The tagged complexes
were isolated from cleared supernatant by sequential binding to IgG and cal-
modulin affinity columns.

Mass spectrometry analysis. We prepared and analyzed the samples by gel-
based and gel-free approaches. In the first method, 30 �l of the sample was
separated by SDS-PAGE, and protein bands were visualized by Sypro Ruby
staining (Molecular Probes). All visible protein bands were excised from the gel
and digested with trypsin in gel as described elsewhere previously (22). In
method 2, elution fraction 2 from the calmodulin affinity column was precipitated
with acetone, and the samples were further denatured with 8 M urea–1 mM
dithiothreitol and treated overnight with 100 ng of trypsin. The resulting peptides
were purified using RPC-18 magnetic beads (Dynabeads). Peptides were iden-
tified using a Thermo Electron LTQ linear ion trap mass spectrometer. The
collision-induced dissociation spectra were compared to the T. brucei protein
database downloaded from GeneDB using TurboSequest software, and protein
matches were determined using PeptideProphet and ProteinProphet software
(13, 21).

RESULTS

Inhibition of MIX gene expression leads to growth defects
and defects in kinetoplast position and cell division. The ex-
pression of the MIX gene was repressed by RNAi induction.
Northern analysis showed that in RNAi-induced cells, MIX
mRNA was virtually eliminated after 2 days of induction (Fig.
1A). The RNAi-induced cells grew slowly compared to nonin-
duced cells, and the reduced growth rate was apparent by day
4 (Fig. 1A). Based on the growth curves, RNAi-induced cells
were collected on days 3, 6, and 9 following induction for all
subsequent biochemical analyses.

The effect on cell division and kinetoplast segregation was
monitored by staining of the nuclear (N) and mt DNA (kine-
toplast [K]) with DAPI and visualization by fluorescent micros-
copy. The cells in G1 and S phases would have one nucleus and
one kinetoplast (1N1K). Since mt division precedes nuclear
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division, cells in G2/M phase have one nucleus and two kin-
etoplasts (1N2K), and cells undergoing cytokinesis have two
nuclei and two kinetoplasts (2N2K). In the control MIX cell
line (noninduced cells), 89% of the cells were found to have a
normal-sized single nucleus and a single kinetoplast (1N1K);
the rest of the cells (11%) were either 1N2K or 2N2K. How-
ever, in RNAi-induced cells, a reduction in the proportion of
cells in G1/S phase (1N1K) and a proportional increase in cells

with an aberrant nuclear and kinetoplast phenotype were ob-
served. Examples of these abnormalities are shown in Fig. 1B.
These include cells in which the position of the kinetoplast in
relation to the nucleus was inverted as well as cells that, in
addition to this inversion, also had more kinetoplasts or more
nuclei than normal (phenotypes 1K1N, KNK, and KNNK).
There were also cells lacking kinetoplast(s) (phenotypes N and
2N), cells lacking nuclei (phenotype K), and larger cells with
multiple nuclei and multiple kinetoplasts (phenotype xNxK).
The percentage of cells harboring these effects increased over
time, 6% at day 3, 42% at day 6, and 55% at day 9 (Fig. 1C).
Cells with inverted kinetoplasts and cells lacking the kineto-
plast were the most common phenotype, constituting about
17% and 15% of the total number of cells, respectively.

ATP production by oxidative phosphorylation but not by
substrate phosphorylation is reduced following MIX repres-
sion. The variable phenotype described above may not be
directly attributed to MIX alone but rather to the disruption of
more extensive cellular processes such as mt metabolism, since
MIX localizes to the inner mt membrane (38). A defect in the
membrane may affect functions of respiratory complexes,
which also localize to the inner membrane. Previous studies
have shown that the inactivation of trypanosome respiratory
complex II leads to the reduction of ATP produced by oxida-
tive phosphorylation (4). Thus, using an ATP production assay
(1), we investigated whether MIX affects the stability and ac-
tivity of the respiratory pathway.

The procyclic-stage mt ATP is produced via three different
pathways that can be assayed in the isolated intact mitochondria
(1). Succinate is the main substrate for one of the pathways,
oxidative phosphorylation. In the second pathway, �-ketogluta-
rate induces ATP production by substrate-level phosphorylation
occurring in the citric acid cycle. Finally, pyruvate and succinate
induce ATP production by substrate-level phosphorylation occur-
ring during the acetate-succinate coenzyme A (CoA) transferase/
succinyl-CoA synthetase cycle. All three forms of ATP produc-
tion are sensitive to atractyloside treatment, which prevents mt
import of the added ADP.

The results presented in Fig. 2 show that the repression of
the MIX protein selectively reduces ATP production by oxi-

FIG. 1. RNAi of MIX inhibits cell growth, and cells display abnor-
malities in the number and distribution of nuclei and kinetoplasts.
(A) Growth effect. The numbers of noninduced cells (filled squares)
and RNAi-induced cells (open squares) were plotted logarithmically as
the product of cell density and total dilution. The levels of MIX mRNA
were analyzed by blotting 10 �g of total RNA extracted from the 29-13
cell line, noninduced (�tet) cells, and induced (�tet) cells (days 2 and
4 after induction of RNAi). The positions of the targeted mRNA and
the double-stranded RNA (dsRNA) synthesized following induction
are indicated on the right. (B) DAPI staining was used to visualize
various nucleus/kinetoplast (NK) phenotypes. (Top) Normal cells in
G1/S and G2/M phases and undergoing cytokinesis. (Middle) Abnor-
mal position of kinetoplast in the cell and cells without kinetoplast
(dyskinetoplast cells). (Bottom) Example of a zoid (cell without nu-
cleus) and abnormal cells with more than two nuclei. (C) Quantifica-
tion of the results based on the number of nuclei and kinetoplasts in
more than 200 cells per each time point.

FIG. 2. ATP production by oxidative phosphorylation is severely
affected in mitochondria of MIX RNAi cells. ATP production was
measured in digitonin-extracted mitochondria. The three ATP-pro-
ducing pathways were triggered by the addition of ADP plus one of the
following substrates: succinate, �-ketoglutarate, and pyruvate-succi-
nate. ATP production in mitochondria isolated from noninduced cells
and tested without any additions (None) was set to 100%. All other
values in each panel are means expressed as percentages of this sam-
ple. Malonate (Mal.) was used to inhibit ATP production by oxidative
phosphorylation, and atractyloside (Atract.) was used to inhibit the
import of ADP into mitochondria.
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dative phosphorylation by succinate but does not interfere with
either of the two forms of ATP production by substrate phos-
phorylation. The ATP produced by oxidative phosphorylation
was decreased by �30% at day 3 and by �65% and �82% at
days 6 and 9, respectively. The residual ATP synthesis (around
5%) was insensitive to malonate, a competitive inhibitor of the
respiratory pathway (succinate dehydrogenase). ATP pro-
duced by the acetate-succinate CoA transferase/succinyl-CoA
synthetase cycle was slightly increased, by �20%. Thus, the
repression of the MIX protein has a specific effect on the mt
respiratory pathway.

Silencing of MIX affects the steady-state abundance of two
complex IV subunits and also specifically reduces cyt c oxidase
activity. Since ATP production by oxidative phosphorylation
depends on the intact function of the respiratory complexes,
we investigated the possibility that the activity and/or stability
of complexes III and IV is impaired in MIX RNAi-induced
cells. Western analysis with specific antibodies showed that the
MIX protein is depleted substantially in RNAi-induced cells
and correlated with a reduction in the amounts of trCOXIV
and COXVI subunits of the cyt c oxidase complex, whereas the
abundance of the complex III cytochrome c1 protein remained
unchanged (Fig. 3). The level of the alternative oxidase protein
was slightly increased by day 9. The upper band visible in the
Western blot is thought to be the improperly solubilized di-
meric form (6).

The specific activity of the cyt c oxidase complex was mea-
sured in noninduced and RNAi-induced cells. While the spe-
cific activities in different mt lysates of the noninduced cells
fluctuated between 1.9 mU/mg and 1.1 mU/mg, the levels ob-
tained for MIX RNAi-induced cells showed a substantial de-
crease in cyt c oxidase activity down to 0.25 mU/mg, which
represents an 85% reduction in cyt c oxidase activity (Table 1).
In order to determine if MIX RNAi affects the cyt c oxidase
activity specifically, we simultaneously measured the activity of
the cyt c reductase complex. The absence of the MIX protein
had no influence on the activity of this complex (Table 1).

The results were further confirmed by a parallel approach,
where we used a BN gel-based assay for the detection of
multisubunit complex IV (10, 42). The mt lysates from RNAi-
induced and noninduced cells were fractionated on a BN gel,
and complex IV activity was detected in gel by histochemical
staining (Fig. 4). In agreement with data from the spectro-
photometric assay, we consistently observed a very strong
decrease in complex IV activity in RNAi-induced MIX mt
lysates (Fig. 4).

MIX protein depletion causes a reduction in mt membrane
potential. mt membrane potential depends on the intact func-
tion of respiratory complexes and is indispensable for the im-
port of mt proteins. Membrane potential was measured every
24 h for 7 days after RNAi induction. Analysis of Rh123 stain-
ing revealed a continuous decrease in fluorescence intensity,
which is indicative of reduced mt membrane potential (Fig. 5).
At day 3 after MIX RNAi induction, before the growth phe-
notype became obvious, membrane potential was impaired
down to 65% of its level in noninduced parasites. At days 5 and
7, the membrane potential was decreased down to 76% and
63%, respectively.

MIX protein copurifies with several subunits of cyt c oxidase
complex. To determine if the association of the MIX protein
with the cyt c oxidase complex is not only functional but also
structural, we tagged, affinity purified, and analyzed the MIX-

FIG. 3. Effect of MIX RNAi on the steady-state abundance of
several mt proteins. The steady-state abundance of the examined pro-
teins was analyzed by Western blotting in mt extracts from the 29-13
cell line, noninduced (�tet) cells, and induced (�tet) cells. Each lane
was loaded with 7.5 �g of protein, and blots were analyzed using
polyclonal antibody against MIX, trCOXIV, COXVI, cyt c1, and al-
ternative oxidase (AOX).

TABLE 1. Functional assays for cyt c oxidase and cyt c
reductase activities

RNAi

Mean cyt
c oxidase

activity (mU
mg�1) � SDa

% cyt c
oxidase
activity

Mean cyt
c reductase

activity (mU
mg�1) � SDa

% cyt c
reductase

activity

MIX noninduced 1.56 � 0.42 100 1.05 � 0.39 100
MIX induced at 3 days 0.466 � 0.16 29.8 1.39 � 0.29 132
MIX induced at 6 days 0.24 � 0.14 15.3 0.996 � 0.5 94.8
MIX induced at 9 days 0.25 � 0.2 16 1.08 � 0.6 102.8

a All activities were measured in mt lysate prepared from at least three
independent RNAi induction experiments. One unit of activity catalyzes the
reduction or oxidation of 1�mol of cyt c per minute. Specific activity is
calculated as U per mg of mt proteins. Mean values and standard deviations
are shown.

FIG. 4. Effect of MIX RNAi on the in-gel activity of the cyt c
oxidase complex. Extracts of mt vesicles from trypanosomes (MIX
RNAi induced for 3, 6, and 9 days) were fractionated in a BN-PAGE
gel followed by staining specific for cyt c oxidase activity. Arrows point
to bands visualized by the specific activity of cyt c oxidase.
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containing protein complex by mass spectrometry. We verified
that MIX is localized to mitochondria by Western and immu-
nofluorescence analyses. Western analysis of subcellular frac-
tionations showed that the MIX protein was present in the

mitochondrion-rich fraction and primarily in the inner
membrane fraction, whereas no signal was observed in the
cytosol (Fig. 6A). Using anti-myc MAb in immunofluores-
cence experiments, we showed that the tagged MIX protein

FIG. 5. Depletion of MIX protein decreases mt membrane potential. mt membrane potential was measured in noninduced cells (�tet) and
RNAi-induced cells (�tet) every 24 h after induction for 7 days. The graphs are shown for days 3, 5, and 7 after RNAi induction. The fluorescence
distribution was plotted as a frequency histogram.

FIG. 6. Expression, localization, and purification of the TAP-tagged MIX complex. (A) Subcellular fractionation and Western blotting using
anti-MIX antibody indicates that MIX is localized to the mt inner membrane. The 25-kDa mt MRP2 protein and 56-kDa glycosomal phospho-
glycerate kinase (gPGK) and 45-kDa cytosolic phosphoglycerate kinase (cPGK) isozymes were used as marker proteins. WCL, whole-cell lysate;
Cyt, cytosolic fraction; Mt/gly, mt and glycosomal fraction; OM, outer membrane fraction; IM, inner membrane fraction. (B) Immunolocalization
of tagged MIX protein shows an even distribution in the reticulated mitochondrion of procyclic T. brucei. Phase-contrast light microscopy shows
procyclic T. brucei cells, DAPI staining is specific to DNA contents (n, nucleus; k, kinetoplast), and fluorescein isothiocyanate (FITC)-conjugated
secondary antibody shows mt localization of the target protein. (C) Sedimentation analysis of MIX and the trCOXIV subunit of the cyt c oxidase
complex. The cleared lysate of hypotonically purified mitochondria was loaded onto a 10 to 30% glycerol gradient and fractionated. The even
fractions were screened for the presence of MIX and trCOXIV proteins using specific polyclonal antibodies against these proteins. (D) The
TAP-tagged MIX complex was separated on a 10 to 14% polyacrylamide Tris-glycine gel and stained with Sypro Ruby. Positions of bait protein
(MIX-CBP) and trCOXIV were determined by immunoblot analysis. The sizes of the protein markers are indicated on the left. (E) MIX is
expressed throughout the Trypanosoma life cycle, with reduced expression in the BF. Western analysis using anti-MIX, anti-trCOXIV, and
anti-Hsp70 as a loading control was carried out on lysates from the PF and BF.
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was evenly distributed throughout the reticulated mitochon-
drion (Fig. 6B).

To test if the MIX protein is associated with a larger protein
mass, the sedimentation of the MIX protein on a glycerol
gradient on which mt lysate was fractionated was determined
by probing the even fraction using anti-MIX polyclonal anti-
body (38). We also probed these fractions with anti-trCOXIV
antibody, and the results showed that these proteins cosedi-
ment together in a glycerol gradient, peaking in fractions 6 and
8, and a strong signal was also observed in the last fraction.
This may be due to their association with pieces of membranes,
cell particles, or kinetoplast DNAs, which sediment at the
bottom of the tube following centrifugation (Fig. 6C). This
result indicates that MIX is associated with a multiprotein
complex, possibly with cyt c oxidase based on cosedimentation
and the results obtained from the functional studies described
above.

In order to identify associated proteins, the MIX-tagged
complex was purified by TAP, and the resulting purified com-
plex was fractionated by SDS-PAGE (Fig. 6D). Western anal-
ysis using anti-trCOXIV antibody showed that the affinity-
purified MIX complex contains the trCOXIV protein (Fig.
6D). In addition to trCOXIV, mass spectrometry analysis of
this protein sample showed the COXV, COXX, and Tb11.0400
proteins, which were previously recognized as the components
of the cyt c oxidase complex in trypanosomatids (11, 33). Seven
more proteins were also identified in this sample by at least two
tryptic peptides (Table 2). Thus, the MIX protein is associated
with a multiprotein complex that contains several cyt c oxidase
subunits. In summary, our results suggest that at least 11 pro-
teins are associated within the MIX complex, half of which are
currently annotated as being hypothetical (Table 2).

In the affinity-purified MIX complex, we also identified
other proteins, which we have operationally classified as con-
taminants based on their identification in unrelated tagged
complexes that we are analyzing in our laboratory or abundant
proteins such as tubulins and heat shock proteins, etc., and
were not included in the list (see Table S1 in the supplemental
material).

In the African trypanosome, the subunits of the cyt c oxidase
complex are stage regulated, being expressed in PF and re-
pressed in BF cells in which the mitochondrion does not par-
ticipate directly in ATP production and a typical mt respiratory
chain is absent (19). To examine if MIX is also developmen-
tally regulated, total cell lysates from PF and BF cells were
analyzed by Western analysis using specific antibodies against
the trCOXIV and MIX proteins. As expected, trCOXIV is
present in the PF but not detected in the BF (Fig. 6E). Probing
the same samples with MIX antibody revealed that MIX is
expressed in BF cells but that it is less abundant than the PF,
indicating that MIX may be stage regulated, as are the cyt c
oxidase subunits (Fig. 6E).

Composition of cyt c oxidase complex. To confirm the asso-
ciation of cyt c oxidase subunits with MIX, the cyt c oxidase
complex was purified by tagging four different subunits. The mt
localization of all tagged proteins was confirmed by immunoflu-
orescence assay, indicating that the tags did not interfere with mt
import (see Fig. S2 in the supplemental material). Initially, sub-
units trCOXIV (TAPCOXIV) and COXV (TAPCOXV) were
tagged and analyzed. Pilot liquid chromatography-tandem

mass spectrometry analysis of calmodulin elution fractions
identified 44 proteins that were present in both TAPCOXIV
and TAPCOXV complexes and identified by at least two tryp-
tic peptides. To further validate the association of newly iden-
tified proteins with cyt c oxidase subunits, we tagged and an-
alyzed two proteins of unknown function (TAPTb2320 and
TAPTb1900). A total of 33 proteins were identified in all four
tagged complexes, 17 proteins of which are common contam-
inants of TAP tag purifications and were excluded from our list
(see Table S2 in the supplemental material). The SDS-PAGE
protein profile of the cyt c oxidase complex purified by
TAPTb2320- and TAPTb1900-tagged proteins showed �14
protein bands, and we identified the respective proteins by gel
band analysis (Fig. 7). Three of these protein bands corre-
sponded to albumin (66 kDa) and alpha- and beta-tubulin
(�50-kDa bands). The other 11 proteins corresponded to
Tb09.211.4740, Tb927.1.4100 (TAPCOXIV), Tb09.211.1900
(TAPTb1900), Tb927.7.6990, Tb11.01.1900, Tb10.70.2320 (TAPTb
2320), Tb11.0400, Tb09.160.1820 (TAPCOXV), Tb11.01.4702,
Tb10.70.1890, and Tb11.46.0006 (Fig. 7). These 11 proteins were also
identified by liquid chromatography-tandem mass spectrometry
analysis of the whole mixture of calmodulin elution fractions from all
four tagged complexes and are considered to be part of the cyt c
complex (Table 2).

Additionally, six other proteins (Tb927.3.1940, Tb927.5.2580,
Tb09.v1.0420, Tb09.160.1140, Tb10.05.0050, and Tb10.70.5120) (Ta-
ble 24 that were identified in all four samples by the gel-free method
are most likely tightly associated with the cyt c oxidase
complex, although their relative concentrations (stoichiom-
etry) may be lower than those of the 11 proteins identified
by gel band analysis. Similarly, MIX and most of its associ-
ated proteins were identified by gel-free analysis only (Table
2). Some of the MIX complex components were not identi-
fied in the TAPTb1900-tagged complex, indicating that the
tag in this protein may have affected the association with the
MIX complex. Because of the apparent substoichiometry
nature of the MIX protein, we infer that it is not a core
subunit of the cyt c oxidase complex; however, our results
strongly support that it is structurally and functionally asso-
ciated with the cyt c oxidase complex.

In whole-mixture analyses, we also identified 17 other pro-
teins, which were variably seen in all four tagged complexes,
indicating that they may be associated transiently with the cyt
c oxidase complex even though our confidence level for the
assignment is low (see Table S3 in the supplemental material).
We were not successful in the identification of the mitochon-
drially encoded core subunits I, II, and III, most likely because
of their high hydrophobicity and few potential tryptic cleavage
sites.

Core subunits and associated proteins of the cyt c oxidase
complex. Using known protein sequences of cyt c oxidase core
subunits and assembly factors from Homo sapiens (23 pro-
teins), Saccharomyces cerevisiae (27 proteins), and Arabidopsis
thaliana (17 proteins), we searched the T. brucei genome da-
tabase and identified 13 homologue proteins with various de-
grees of homology (see Table S4 in the supplemental material).
We have not found any homology to core subunits of the cyt c
oxidase complex except for subunits COXVI and COXVIII.
Conversely, assembly factors seem to be well conserved, and
the T. brucei genome contains proteins homologous to Sur-
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feit1, SCO1, SCO2, COX10, COX11, COX15, COX16,
COX17, OXA1, COX19, and PET309 (see Table S4 in the
supplemental material). Five of these proteins were identified
in our pull-down complexes. The SCO1/SCO2 protein has

been identified in all four tagged complexes (Table 2), while
Surfeit1, COX11, COX15, and PET309 were identified in
three and fewer tagged complexes (see Table S3 in the sup-
plemental material). These proteins are not core components

TABLE 2. Proteins found in tagged MIX and cyt c oxidase complexesa

Group T. brucei gene

No. of
predicted

transmembrane
domainsb

Molecular
mass

(kDa)

No. of unique peptides detected withc:
Possible function and/or

similarity (E value)
TAPMIX TAPCOXIV TAPCOXV TAPTb2320 TAPTb1900

A Tb927.3.1890 NI 33.2 � � � � ND Hypothetical protein;
Trypj specific

Tb927.5.3040e 1 23.1 � 1 ND 1 ND Hypothetical protein;
Tryp specific

Tb09.211.1750 1 34.3 � � � � 1 mt carrier protein
(1e�100)

Tb09.211.4880 1 42.7 � � � � ND Cyclophilin
isomerase (6e�09)

Tb11.01.3860 NI 18.4 � � � � ND Hypothetical protein;
Tryp specific

Tb11.02.2460 1 50.4 � � � � ND Similarity to Homo
Sec63 (0.063)

Tb11.03.0110 1 41.7 � 1 1 ND ND DnaJ chaperon
(5e�14)

B Tb927.1.4100d,f NI 40.5 � � � � � cyt c oxidase subunit
IV; Tryp specific

Tb09.160.1820d,g NI 22.2 � � � � � cyt c oxidase subunit
V; Tryp specific

Tb11.0400d 1 27.7 � � � � � Hypothetical protein;
Tryp specific

Tb11.01.4702d NI 13.7 � � � � � cyt c oxidase subunit
X; Tryp specific

Tb10.70.2320d,h NI 26 1 � � � � Hypothetical protein;
Tryp specific

Tb09.211.1900i 1 29.6 ND � � � � Hypothetical protein;
Tryp specific

Tb09.211.4740 1 44.5 ND � � � � Saccharomyces Oms1
(4e�19)

Tb10.70.1890 NI 51.2 ND � � � � Hypothetical protein;
Tryp specific

Tb927.7.6990 1 32.7 ND � � � � Hypothetical protein;
Tryp specific

Tb11.01.1900 1 30.3 ND � � � � Hypothetical protein;
Tryp specific

Tb11.46.0006 2 50.3 ND � � � � Hypothetical protein;
Tryp specific

C Tb927.3.1940 1 49.4 ND � � � � Hypothetical protein;
conserved (3e�06)

Tb927.5.2580 NI 44.3 ND � � � � Hypothetical protein;
Tryp specific

Tb09.v1.0420 1 23 1 � � � � Hypothetical protein;
Tryp specific

Tb09.160.1140 1 37.5 1 � � � � SCO1/SCO2 (5e�45)
Tb10.05.0050 1 18.5 ND � � � � Hypothetical protein;

Tryp specific
Tb10.70.5120 NI 39.0 ND � � � � Putative malate

dehydrogenase
(8e�42)

a Only proteins identified in more than three experiments and by at least two unique peptides are shown. Proteins likely to be contaminants (including several
ribosomal proteins, translation factors, heat shock proteins, alpha- and beta-tubulin, and a number of mt proteins) are listed in Table S2 in the supplemental material.

b Number of predicted transmembrane domains calculated by TMHMM 2.0 software. NI, no transmembrane domain identified.
c � indicates that the number of unique peptides detected with each of the TAP-tagged constructs is higher than 2. ND, protein has not been detected.
d Proteins identified in L. tarentolae and C. fasciculata cyt c oxidase complexes (11, 33).
e Used as bait with TAPMIX.
f Used as bait with TAPCOXIV.
g Used as bait with TAPCOXV.
h Used as bait with TAPTb2320.
i Used as bait with TAPTb1900.
j Trypanosomatid-specific protein.
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of the cyt c oxidase complex, and their association with the core
complex is probably transient.

Most of the purified proteins in the cyt c oxidase complex
and the MIX-tagged complex have no homology to cyt c oxi-
dase subunits from other organisms and are currently anno-
tated as being HPs in the GeneDB database. To explore the
level of homology of these proteins, we performed PSI-BLAST
search against the “nr” database and CDD, PFAM, PROSITE,
and InterPro domain searches and found various degrees of
similarities to other proteins of known functions or motifs
for only seven proteins. We have identified the proteins as
being cyclophilin isomerase (Tb09.211.4880), mt phosphate
carrier protein (Tb09.211.1750), DnaJ chaperone protein
(Tb11.03.0110), putative malate dehydrogenase (Tb10.70.5120),
conserved bacterial HP with defined DUF477 domain (Tb927.3.
1940), and a protein similar to Homo Sec63 (Tb11.02.2460). Also,
the homologue of the yeast Oms1 protein (Tb09.211.4740), an
inner membrane protein carrying a methyltransferase-like do-
main and a suppressor of respiratory defects caused by OXA1
mutations (14), was identified. Sixteen of the 24 proteins identi-
fied in tagged complexes have no recognizable motifs and/or
domains and are unique to kinetoplastids (Table 2).

DISCUSSION

In this study, we showed that the T. brucei MIX protein is
both structurally and functionally associated with mt respira-
tory complex IV. Further compositional analysis showed that
the cyt c oxidase complex is unique and highly diverged in
trypanosomes. The inhibition of MIX expression in T. brucei
resulted in growth defects, indicating that this protein is essen-
tial for the viability of PF trypanosomes. The repression of
MIX by RNAi resulted in a severe decrease in mt membrane
potential and had a major negative effect on ATP production
via oxidative phosphorylation and on the activity of the cyt c
oxidase complex. This may have led to the observed defects in
mt organization and cell division.

Role of MIX. The MIX protein is unique to kinetoplastids
and was initially studied in L. major (38), where the deletion of
one allele led to defects in cell morphology and cell growth.
The phenotype observed in this study is consistent with that
observed for Leishmania. We found that the depletion of MIX
by RNAi caused a severe growth defect even though the
growth never stopped completely. This may be due to the fact
that RNAi did not eliminate transcripts completely, and the
residual amount of protein may be sufficient to support growth
but at a lower rate. As in Leishmania, we observed a strong
accumulation of abnormal configurations of nuclei and kineto-
plasts in RNAi-induced cells, reaching 42% and 55% of the
total population after 6 and 9 days of RNAi induction, respec-
tively. The most frequently found aberrant kinetoplast/nucleus
configurations are characterized by an inverted position of the
kinetoplast (whereby cells with a 1K1N configuration have the
kinetoplast anterior to the nucleus instead of the expected
posterior positioning), by a loss of nucleus (zoids), and by a loss
of the kinetoplast (dyskinetoplastids). In trypanosomatids, the
division of the kinetoplast is tightly coordinated with the divi-
sion of the flagellar basal body, the flagellum, and the cell itself
(9). Moreover, as the cell goes through its cycle, there is a
precisely orchestrated movement of the kinetoplast in relation
to the nucleus. The loss of nucleus or kinetoplast is probably
the result of ongoing cytokinesis in the cells with misplaced
kinetoplasts. The appearance of large cells with the configura-
tion xNxK also may imply that MIX is involved in cytokinesis
(9). However, no significant changes were observed in the
population of 2K2N cells after RNAi induction, which typically
accumulate when cytokinesis is impaired directly (37); thus, the
observed phenotype may be due to a secondary effect(s).

This may be supported by the observation in the Trypano-
Fan project (35) that about 47% of the genes that showed the
RNAi phenotype had abnormal DAPI staining. We infer that
the changes in kinetoplast/nucleus number and configurations
are often an observed general phenotype that may not be a
direct effect of a specific protein in most cases.

The phenotype observed in MIX RNAi cells could be a
consequence of the interruption of other cellular processes
such as mt metabolism or protein import. To investigate this
possibility, we examined several typical mt functions such as
ATP production, maintenance of mt membrane potential, and
the activity of respiratory complexes. The loss of MIX has a
major negative effect on ATP production via oxidative phos-
phorylation and on the activity of the cyt c oxidase complex,
with a remarkable decrease in cyt c oxidase activity occurring at
day 3 after induction of MIX RNAi. In addition, we found that
tagged MIX protein copurifies with at least four known sub-
units of the cyt c oxidase complex as well as seven proteins that
were shown in this study to be present within the same large
complex. Thus, MIX is both structurally and functionally as-
sociated with respiratory complex IV, and the repression of
MIX affects its function, which may be the primary reason for
the observed phenotypic defects.

cyt c oxidase composition. The cyt c oxidase complex has
been biochemically purified from L. tarentolae and from
Crithidia fasciculata using two-dimensional BN gel electro-
phoresis (11, 17, 33). In those studies, a total of 10 proteins
were identified and were assigned as core subunits (COXIV,
COXV, COXVI, COXVII, COXVIII, COXIX, and COXX

FIG. 7. Purification of the cyt c oxidase complex and identification
of its protein components. Shown are data for Sypro Ruby staining of
purified cyt c oxidase complexes using TAPTb2320 and TAPTb1900
purifications. Arrows on the right point to the proteins, which were
identified in individual bands by mass spectrometry. The sizes of the
protein markers are indicated on the right.
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and homologues of Tb11.0400, Tb10.70.2320, and Tb10.70.0625).
The subunit name assignment was done based on the migra-
tion sizes of proteins in the SDS-PAGE gel. Here, the cyt c
oxidase complex was purified from T. brucei using two-step
TAP and four different tagged subunits. By gel band analysis of
TAP-tagged complexes, we have identified 11 proteins that
appear to be core components of this complex. These include
five of the previously described subunits: trCOXIV, Tb10.70.2320,
Tb11.0400, COXV, and COXX. The other previously assigned sub-
units (COXVI, COXVII, COXVIII, and COXIX) were identified
by complex mixture analysis but not by gel band analysis, indicating
a weaker or transient association with the tagged complexes or a
differential composition of the cyt c oxidase complexes between
trypanosomatid species. It is also possible that the tag affects the
composition of the complex. None of the three mitochondrially en-
coded subunits were identified, possibly due to the characteristics of
these proteins, which include high hydrophobicity, membrane asso-
ciation, nonmigration into SDS-PAGE gels, and few potential tryp-
sin cleavage sites, making their peptide identification by routine mass
spectrometry analysis difficult. In summary, if we combine our results
with those obtained from studies of Crithidia and Leishmania, it
appears that the trypanosomatid cyt c complex has at least 15 core
nuclear-encoded subunits.

We carried out homology searches using the sequences of
core subunits of cyt c oxidase complexes from human and yeast
against the T. brucei protein database, and the results showed
that only two of the nuclear-encoded subunits are identifiable
in the T. brucei genome. These two subunits, COXVIII
(Tb927.4.4620) and COXVI (Tb10.100.0160), have some de-
gree of similarity to human cyt c complex subunits IV and VIb
(that correspond to COX5 and COX12 in yeast), respectively.
While there is a good conservation of protein sequences for a
large set of subunits in human, yeast, and plant (see Table S4
in the supplemental material), in T. brucei, all except two of the
designated subunits have no homology outside trypanosomes.
Thus, the cyt c oxidase complex appears to be highly diverged
in T. brucei.

The association of the cyt c oxidase complex with MIX adds
further complexities to the cyt c oxidase complex in trypano-
somes. It suggests the possibility that we are dealing with a
large complex within the inner mt membrane possessing more
than one function or that some of the protein components have
dual functions and may be found in different complexes. This
is not an unusual circumstance in trypanosomatids, as some of
the components of respiratory complexes III, IV, and V have
been recently identified as being a part of a complex respon-
sible for tRNA transfer into L. tropica mitochondria (5, 20).
Additionally, in the MIX-interacting complex, proteins such as
cyclophilin, mt carrier protein, a chaperone, and a protein
similar to the human Sec63 protein may be involved in the
assembly of the complex or in mt import. The yeast homologue
of Sec63 is an essential subunit of the Sec63 complex, which
forms a channel competent for protein targeting and import
into the endoplasmic reticulum (41). Interestingly, this protein
has been found in the mt proteome and is thought to be
involved in controlling mt morphology (2, 31).

Summary. We have found that a unique mt protein, MIX,
which is located in the inner mt membrane, is structurally and
functionally associated with the cyt c oxidase complex. In ad-
dition, we have affinity purified the cyt c oxidase complex and

identified its component and associated proteins. The cyt c
oxidase complex in trypanosomes is highly diverged compared
to those of other eukaryotes and appears to have at least 11
nuclear-encoded core subunits, all except 2 of which are
unique to trypanosomes. We have also identified a large group
of proteins that are associated with the complex, some of which
have characteristics of assembly factors. These results expand
our knowledge of the unique mt respiratory machinery in these
parasitic protozoa.
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nuclear-encoded subunit of the cytochrome c oxidase complex in trypano-
somatids. Mol. Biochem. Parasitol. 125:113–125.

18. Matthews, K. R. 2005. The developmental cell biology of Trypanosoma
brucei. J. Cell Sci. 118:283–290.

19. Mayho, M., K. Fenn, P. Craddy, S. Crosthwaite, and K. Matthews. 2006.
Post-transcriptional control of nuclear-encoded cytochrome oxidase subunits
in Trypanosoma brucei: evidence for genome-wide conservation of life-cycle
stage-specific regulatory elements. Nucleic Acids Res. 34:5312–5324.

20. Mukherjee, S., S. Basu, P. Home, G. Dhar, and S. Adhya. 2007. Necessary
and sufficient factors for the import of transfer RNA into the kinetoplast
mitochondrion. EMBO Rep. 8:589–595.

21. Nesvizhskii, A. I., A. Keller, E. Kolker, and R. Aebersold. 2003. A statistical
model for identifying proteins by tandem mass spectrometry. Anal. Chem.
75:4646–4658.

22. Panigrahi, A. K., A. Schnaufer, N. Carmean, R. P. Igo, Jr., S. P. Gygi, N. L.
Ernst, S. S. Palazzo, D. S. Weston, R. Aebersold, R. Salavati, and K. D.
Stuart. 2001. Four related proteins of the Trypanosoma brucei RNA editing
complex. Mol. Cell. Biol. 21:6833–6840.

23. Panigrahi, A. K., A. Schnaufer, N. L. Ernst, B. Wang, N. Carmean, R.
Salavati, and K. Stuart. 2003. Identification of novel components of
Trypanosoma brucei editosomes. RNA 9:484–492.
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