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The Trypanosoma brucei cytochrome c oxidase (respiratory complex IV) is a very divergent complex con-
taining a surprisingly high number of trypanosomatid-specific subunits with unknown function. To gain
insight into the functional organization of this large protein complex, the expression of three novel sub-
units (TbCOX VII, ThCOX X and ThCOX 6080) were down-regulated by RNA interference. We demonstrate
that all three subunits are important for the proper function of complex IV and the growth of the pro-
cyclic stage of T. brucei. These phenotypes were manifested by the structural instability of the complex
when these indispensible subunits were repressed. Furthermore, the impairment of cytochrome c oxi-
dase resulted in other severe mitochondrial phenotypes, such as a decreased mitochondrial membrane
potential, reduced ATP production via oxidative phoshorylation and redirection of oxygen consumption
to the trypanosome-specific alternative oxidase, TAO. Interestingly, the inspected subunits revealed some
disparate phenotypes, particularly regarding the activity of cytochrome c reductase (respiratory complex
III). While the activity of complex IIl was down-regulated in RNAi induced cells for TbCOX X and TbhCOX
6080, the TbCOX VII silenced cell line actually exhibited higher levels of complex Il activity and elevated
levels of ROS formation. This result suggests that the examined subunits may have different functional
roles within complex IV of T. brucei, perhaps involving the ability to communicate between sequential
enzymes in the respiratory chain. In summary, by characterizing the function of three hypothetical com-
ponents of complex IV, we are able to assign these proteins as genuine and indispensable subunits of
the procyclic T. brucei cytochrome c oxidase, an essential component of the respiratory chain in these
evolutionary ancestral and medically important parasites.
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1. Introduction brucei belongs to the class Kinetoplastida, which is named after the

distinctive mitochondrial (mt) genomic structure located in its sin-

Trypanosoma brucei is a flagellated parasite of major medical
and veterinary significance, causing Human African Trypanoso-
miases and nagana in cattle [1]. It is a member of Excavata, a
group comprised of important human parasites, such as Giardia,
Trichomonas, Naegleria, T. cruzi and Leishmania ssp. [2]. T. brucei has
become a model organism for these devastating protozoa because
it is amenable to all reverse genetic approaches, which include
gene knock-out by homologous recombination, inducible expres-
sion systems and RNA interference (RNAi) [3]. Furthermore, T.
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gular mitochondria. Kinetoplastida organisms are often regarded
as primitive eukaryotes that have found fascinating ways to solve
various problems presented to eukaryotes [4]. Thus, the pathogen
T. brucei is now exploited for both the exploration of interesting
biological processes of eukaryotic cells as well as deciphering its
unique biology for future drug discovery.

The mitochondria of T. brucei houses several unique biolog-
ical phenomena that have been extensively studied, including
kinetoplast DNA structure and replication, RNA editing, and the
respiratory pathway [5-8]. While all of these processes are
essential, there is significant interest in the mechanism of res-
piration of the procyclic form (PF) of T. brucei, which resides in
the digestive tract of its insect vector, the tse-tse fly [9]. Dur-
ing this life stage, the parasite can utilize its fully functional
cytochrome-mediated respiratory pathway, which is comprised
of a ubiquinone/ubiquinol pool, cytochrome c and four protein
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complexes: complex [ (NADH:ubiquinone reductase), Il (SDH, suc-
cinate:ubiquinone reductase), IIl (bc1, ubiquinone:cytochrome c
reductase), and IV (cytochrome c oxidase). This electron trans-
port chain transfers electrons from the reduced NADH and FADH
molecules to the final electron acceptor, an oxygen molecule. Con-
currently, protons are pumped across the inner mt membrane by
complexes Il and IV to generate the essential mt membrane poten-
tial. This electrochemical gradient is then used by the FyF{-ATP
synthase to produce ATP by oxidative phosphorylation [10]. Inter-
estingly, in addition to the conventional cytochrome-mediated
respiratory pathway, the T. brucei mitochondrion utilizes a func-
tionally distinct pathway to regenerate oxidized forms of NAD*
molecules. This is achieved by the soluble alternative NADH dehy-
drogenase that passes electrons to ubiquinone [11]. These electrons
can be further transferred to the plant-like alternative terminal oxi-
dase (TAO) to reduce oxygen into water, though this process is not
coupled with proton translocation [12,13]. Recently, comprehen-
sive proteomic analyses have defined the composition of all the
respiratory complexes [8], revealing the unique attributes of these
macromolecular machines that consist of many protein subunits
that have no homologs outside of Kinetoplastida. The most striking
example of this divergence is respiratory complex IV, cytochrome
c oxidase [14].

The cytochrome c oxidase complex was biochemically puri-
fied from three related trypanosomatid species Crithidia fasciculata,
Leishmania tarentolae and T. brucei. To some extent, these purifi-
cations yielded overlapping sets of proteins, suggesting that in
the trypanosomatid flagellates, the cytochrome c oxidase com-
plex has at least 15 core nuclear-encoded subunits and three large
mt-encoded subunits, a complexity similar to higher eukaryotic
cytochrome c oxidases [14-16]. However, in contrast to these well
conserved cytochrome c oxidase complexes, the T. brucei complex
IV appears to be highly diverged, as only two of the nuclear-encoded
subunits, COX VI and COX VIII, possess recognizable homology
to the human subunits coxVIb and coxIV, respectively [14,17]. In
addition to its core subunits, the T. brucei complex IV is tran-
siently associated with an entourage of 18 proteins, most of them
with unknown function [14]. While this divergence from the com-
position of oxidative phosphorylation complexes found in more
publicized model species can be explained by the distant relation-
ship of this ancient organism with higher eukaryotes, it is important
to verify the true function of these hypothetical complex IV compa-
triots and begin to comprehend the alternative strategies employed
by these medically important parasites.

Thus, in this study we characterized three proteins that have
been shown to associate with trypanosomatid cytochrome c oxi-
dase to various degrees: (i) Tb11.01.4702 (annotated as COX X
in the geneDB database) was purified as a core subunit in each
of the complexes isolated from C. fasciculata, L. tarentolae and T.
brucei; (ii) Th927.3.1410 (annotated as COX VII) is considered a
core subunit in both the C. fasciculata and L. tarentolae complex,
but is only transiently associated with the T. brucei complex; (iii)
Tb927.8.6080-ThCOX 6080 (annotated as a hypothetical protein)
was not detected in C. fasciculata or L. tarentolae; however, it was
shown to transiently interact with the T. brucei complex [14,15,18].
The assignment of trypanosomatid cytochrome c oxidase subunits
was based on the SDS-PAGE migration pattern observed for the
purified subunits of the C. fasciculata cytochrome c oxidase com-
plex. Since TbCOX VII and TbCOX X subunits show significant
homology to C. fasciculata subunits VII and X, their nomenclature
was made to acknowledge this attribute. However, the homolo-
gous L. tarentolae and T. brucei cytochrome c oxidase complexes
do not display the same purification profiles as C. fasciculata. Since
TbCOX 6080 subunit is not homologous to any known cytochrome
c oxidase subunits, it was decided to use the geneDB identification
number (e.g. Th927.8.6080 = TbCOX 6080).

In order to explore the putative structural and functional asso-
ciations of these subunits with the cytochrome c oxidase complex
in T. brucei, we silenced all three genes by RNAI in the PF stage and
examined the ensuing phenotypes. All three subunits are important
for the structural integrity of the cytochrome c oxidase complex
and their knockdowns caused severe phenotypes related to mt
functions. Surprisingly, these subunits produced a disparate effect
regarding the activity of the neighboring complex IIl and ROS pro-
duction. These results suggest that all three subunits are genuine
subunits of T. brucei complex IV, though they may have differ-
ent functional roles, perhaps involving the ability to communicate
between sequential enzymes in the respiratory chain.

2. Materials and methods
2.1. Construction of plasmids

To create the constructs for RNAi of TbCOX VII (Tb927.3.1410),
TbCOX X (Tb11.01.4702) and ThCOX 6080 (Th927.8.6080) tran-
scripts, coding sequence (cds) fragments comprised of 486 base
pairs (bp), 326bp and 731 bp, respectively, were PCR amplified
using the oligonucleotides listed below. The resulting PCR frag-
ments were then cloned into the p2T7-177 plasmid [19] using
Xhol and BamHI restriction sites (underlined).

TbCOX VII Fw - 5’ CTCGAGCCCTTTGGTGTGTGG
Rev - 5" GGATCCGGCAGGAATATAGAA

TbCOX X Fw - 5" CTCGAGGTTGCGTGTGCTTGC
Rev - 5" GGATCCTACCAGCCGCGATGG

TbCOX 6080 Fw - 5’ CTCGAGCATCTAGTATGGCTG

Rev - 5" GGATCCATATGGGCATACCAT

2.2. Cell growth, transfection and RNAi induction

PF T. brucei strain 29.13 cells are transgenic for both the T7 RNA
polymerase and the tetracycline (tet) repressor. Grown in vitro at
27°C in SDM-79 medium containing hemin (7.5 mg/ml) and 10%
fetal bovine serum, these cells were used as the parental cell line
for the RNAI transfections. The RNAi plasmids containing oppos-
ing T7 promoters regulated by tet were linearized with Notl and
stably transfected into the minichromosome 177 bp repeat region.
The synthesis of double-stranded (ds) RNA in clonal cell lines was
induced by the addition of 1 pg/ml tet to the medium. Growth
curves were generated over a period of 7 days by measuring the
cell density of tet treated and untreated cell cultures using the Z2
cell counter (Beckman Coulter Inc.). Throughout the experiment,
cells were split daily to ensure that they remained within their
exponential growth phase of 106-107 cells/ml.

2.3. Northern blot analysis

A total of 108 uninduced and RNAi induced exponentially
growing cells were harvested at appropriate time points and the
total RNA was extracted with TriReagent (MRC), according to the
instructions provided by the manufacturer. The RNA samples were
resolved on a 1% agarose gel and transferred to a nitrocellulose
membrane. Prior to blotting, the rRNAs for each sample were
stained with ethidium bromide and visualized on the Alphalm-
ager HP gel documentation system (Cell Biosciences) as a loading
control. The same cds fragments used to generate each RNAi were
labeled with [a-32P] dATP using the DecaLabel DNA labeling kit
(Fermentas) and used as a probe. Hybridization of the probe to
gene specific transcripts was performed using standard procedures,
chiefly using a sodium phosphate buffer and hybridizing at 55°C.
Theradioactive signal from the blots was captured on GE Healthcare
storage phosphor screens and the autoradiograms were analyzed
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by densitometry using the Typhoon phosphorlmager and Image-
quant software.

2.4. SDS-PAGE, 2D BN/Tricine SDS PAGE and Western blot
analysis

Cleared whole cell or mt lysates fractionated on 12% SDS-PAGE
gels were blotted onto a PVDF membrane and probed with poly-
clonal rabbit antibodies against L. tarentolae cytochrome c oxidase
subunit IV (trCOIV)[20], T. brucei complex IV subunit VI (COVI) [21],
or mt RNA binding protein 1 (MRP1) [22]. All of these polyclonal
antibodies were used at a 1:500 dilution and the targeted proteins
were visualized using the ECL system (Roche). The abundance of the
immunodetected proteins was analyzed by densitometry (Image
Quant™ software, GE Healthcare) and normalized to the loading
control. The intensity of each band is represented as a percentage
of the uninduced sample, which was set as 100%.

Two dimensional (2D) PAGE analysis was performed by first
fractionating 100 g of mt lysate on a 6% BN PAGE gel, which
was then further resolved on a 10% Tricine-SDS-PAGE gel. After
electrophoresis, the gel was stained with Coomassie Brilliant Blue
(G-250) to visualize mt respiratory complexes or transferred onto a
nitrocellulose membrane and probed with an anti-trCOIV antibody.

2.5. Invitro and in gel activity measurements of respiratory
complexes

Mt vesicles from 5 x 108 cells were isolated by hypotonic cell
lysis, as described previously [21], and stored as pellets at —70°C.
These mitochondria were then lysed with 2% dodecyl maltoside
and the cytochrome c oxidase activity was determined in vitro by
measuring the change in absorbance of cytochrome c as it becomes
oxidized after passing its electrons to complex IV [21]. Cytochrome
c reductase activity was determined in a similar way, this time the
reduction of cytochrome ¢ was measured when reduced decylu-
biquinone (Sigma) was added as an electron donor and complex
Il transferred these electrons to cytochrome c. In parallel, the
same dodecyl maltoside lysed mitochondria samples were resolved
(100 g of protein per lane) on a 3-12% deep blue native (BN) PAGE
gel and the cytochrome c oxidase activity was detected by an in-
gel assay. The enzymatic activity of complex IV causes the native
complex to be stained a dark blue as the electron acceptor 3,3'-
diaminobenzidine is precipitated when it becomes reduced [23].
The enzymatic activities of complexes Il and V were detected as
described in [8,24].

2.6. FACS analysis of cells stained by TRME and DCFH-DA

To measure the changes in mt membrane potential, a 1ml
culture of mid-log phase cells was stained with 125 nM tetram-
ethylrhodamine ethyl ester (TMRE, Molecular Probes) for 30 min
at 27 °C. These cells were then harvested, washed with an isotonic
solution suitable for flow cytometry and then analyzed for red flu-
orescence by a flow cytometer (BD FACSCanto II). Twenty thousand
events were measured for each experiment. The data was analyzed
by FACSDiva Version 6.1.3 software and the values, representing
the median of red fluorescence intensity, were expressed as a per-
centage of the uninduced cells, which were set as 100%.

Reacting oxygen species were measured using 2/,7'-
dichlorofluorescin diacetate (DCFH-DA, Sigma). DCFH-DA is a
non-fluorescent dye that diffuses across the cell membrane and is
retained as it becomes hydrolyzed intracellularly to form DCFH. In
the presence of ROS, DCFH is rapidly oxidized to create the highly
fluorescent compound, dichlorofluorescein. The uninduced and
induced cells were incubated with 10 wM DCFH-DA for 30 min at
27°C as described in [25]. The cells were then washed once with

PBS-G and analyzed by FACS. Ten thousand events were measured
in each experiment and the resulting data were analyzed using
with Cyflogic™ software (CyFlo Ltd., Finland).

2.7. ATP production assay

ATP production was measured as described previously [26].
Briefly, a crude mt preparation from the untreated and tet treated
RNAI cells was obtained by digitonin extraction. ATP production
was then induced by the addition of 67 wuM ADP and 5mM of
one of the substrates for the oxidative phosphorylation pathway
(succinate) or for substrate phosphorylation (pyruvate and «-
ketoglutarate). Specific inhibitors against succinate dehydrogenase
(6.7 mM malonate) and the ADP/ATP carrier (33 pg/ml atractylo-
side) were preincubated with the enriched mitochondria samples
for 10 min on ice to suppress oxidative phosphorylation. The result-
ing concentrations of ATP were determined by using the ATP
Bioluminescence Assay Kit HS II (Roche) and a microplate lumi-
nometer (Orion II).

2.8. Measurement of oxygen consumption

Logarithmically growing cells were harvested, washed and
resuspended in 1ml of SDM-79 medium at a concentration of
2 x 107 cellsml~'. Oxygen consumption at 27 °C was determined
with a Clark-type polarographic electrode (1302 Microcath-
ode Oxygen Electrode, Strathkelvin Instruments). The specific
inhibitors, potassium cyanide (KCN) for cytochrome c oxidase and
salicylhydroxamic acid (SHAM) for trypanosomatid alternative oxi-
dase, were added in 2min intervals at final concentrations of
0.1mM and 0.03 mM, respectively. Background respiration was
determined after collectively adding KCN and SHAM. This value was
then subtracted from the initial rate of respiration for both unin-
duced and RNAi induced cells respiring without either inhibitor,
resulting in a value for total cellular oxygen consumption that
was set to 100%. Each sample was then treated with 0.1 mM KCN
to determine the percentage of oxygen consumed by TAO. The
amount of respiration produced from respiratory complex IV was
conversely calculated by subtracting the percentage of TAO oxygen
consumption from the initial respiration rate that was normalized
for background respiration.

3. Results

3.1. Inhibition of TbCOX VII, ThCOX X and ThCOX 6080 gene
expression generates significant PF T. brucei growth defects

To evaluate the functional associations of all three of the selected
putative subunits of cytochrome c oxidase, we constructed PF T.
brucei cell lines in which the expression of Th927.3.1410 (TbCOX
VII), Th11.01.4702 (TbCOX X) and Th927.8.6080 (TbCOX 6080)
can be inducibly silenced using RNAI. In all cases, RNAi was
administered by the p2T7-177 construct [19], which regulates the
expression of double stranded RNA in a tet-dependent manner,
resulting in the RNAi mediated degradation of the target mRNA.
After the addition of tet into the culture medium, the growth of
the TbCOX VII cell line was strongly inhibited by day 3 (Fig. 1A).
Meanwhile, the growth inhibition of the RNAi induced TbhCOX X
and TbCOX 6080 cells was less dramatic and slightly delayed as the
growth phenotype did not become apparent until after the fourth
day of tet induction (Fig. 1A). While the growth phenotype was
delayed slightly longer for TbCOX 6080, the doubling time of these
affected cells was significantly more inhibited than those of the
RNAi induced TbCOX X cells from the same time period. The effi-
ciency of the RNAi was confirmed by Northern blot analysis using
transcript specific probes, demonstrating that the mRNA for ThCOX
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Fig. 1. Subunits TbCOX VII, TbCOX X and TbCOX 6080 are important for the in vitro growth of procyclic T. brucei. (A) Growth curves of the uninduced (NON) and tet induced
(IND) TbCOX VII (left), TbCOX X (middle) and TbCOX 6080 (right) RNAi procyclic T. brucei cell lines. Cells were split everyday to maintain their exponential growth phase
(between 10¢ and 107 cells/ml), thus the cumulative cell number represents the normalization of the daily cell density measurements by factoring in their dilution factor.
Each graph is representative of the growth phenotype observed in three independent experiments. (B) Northern blot analysis of the corresponding mRNA (upper panel) for
TbCOX VII, TbCOX X and TbCOX 6080 in the parental 29-13 cells, non-induced cells (NON) and cells 2 days upon induction of RNAi (IND2). As a loading control, the rRNAs
(bottom panel) for each sample were stained with ethidium bromide and visualized with UV light.

VII, TbCOX X and TbCOX 6080 were all virtually eliminated after two
days of RNAI induction (Fig. 1B). Based on the growth curve data,
materials for all subsequent experiments involving TbCOX VII cells
were collected on days 3 or 5 following RNAi induction, while the
slightly delayed onset of the growth phenotype in the ThCOX X and
TbCOX 6080 knockdown cells dictated that they be harvested at
days 5 or 7 after the addition of tet.

3.2. Reduction of ThCOX VII, ThCOX X and ThCOX 6080 severely
affects the function of cytochrome c oxidase

The biological function of complex IV is to transfer electrons
from reduced cytochrome c to molecules of oxygen, while simul-
taneously contributing to the mt membrane potential by pumping
H* into the inner mt membrane space. To assess if the ability of
complex IV to pump protons is compromised when these puta-
tive subunits are knocked-down, we measured the mt membrane
potential of uninduced and RNAi induced cells using the fluorescent
probe TMRE, which accumulates in the matrix of the mitochondria
when there is an active membrane potential. The analysis of all
three induced RNAI cell lines revealed a decrease in fluorescence
intensity (Fig. 2), which is indicative of a reduced mt membrane
potential. As expected, the strongest phenotype was observed in
cells with downregulated TbCOX VII, where on day 3 after RNAi
induction the mt membrane potential was decreased by ~60% rel-
ative to values obtained with the uninduced cells. The five day
RNAIi induced TbCOX X and TbCOX 6080 cells also demonstrated
a decrease in their membrane potential. However, TbCOX X was
only mildly affected (~25% inhibition), whereas TbCOX 6080 was
inhibited almost as significantly as TbCOX VII (~50% inhibition)
(Fig. 2).

Since the capacity of complex IV to pump protons is decreased
in these knockdowns, we applied a BN gel-based assay to detect the

coordinated activity of the multi-subunit cytochrome c oxidase to
transfer electrons to the artificial acceptor diaminobenzidine [21].
The mt lysates from uninduced and RNAi induced cells were frac-
tionated on a BN gel and the cytochrome c oxidase activity was
detected by histochemical staining (Fig. 3). The resulting dark blue
activity band (~720kDa) is in stark contrast to the faint staining of
total protein seen in BN PAGE gels, as is evidenced by the intensity of
the ~550 kDa band below it. In all RNAi induced cells, we observed
avery strong decrease in the staining of this activity. To further cor-
roborate this qualitative analysis, an in vitro assay was performed to

—1 I

1

1004

NON
E2 IND

% of TMRE fluorescence

Fig. 2. Mitochondrial membrane potential is decreased following the reduction of
TbCOX VII, TbCOX X and ThCOX 6080. Mt membrane potential was measured in
both uninduced cells (NON, grey hatched bars) and tet induced RNAi cells (IND,
black checkered bars) by flow cytometry after staining with TMRE. The fluorescence
measurements for RNAi induced cells were obtained from day 3 for TbCOX VII and
day 5 for TbCOX X and TbCOX 6080. The measured median values of red fluorescent
intensity are represented as percentages of the uninduced sample, which was set to
100%. Data were obtained from at least three independent RNAi experiments and
standard deviations are indicated. A Student’s t-test analysis determined that the
results are significant, with P values less than 0.05 (*).
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Fig. 3. Activity of the cyt ¢ oxidase complex is affected upon depletion of TbCOX
VII, TbCOX X and TbCOX 6080. In-gel T. brucei cyt ¢ oxidase activity staining after
the individual repression of subunits TbCOX VII (3 days after RNAi, IND3), TbCOX
X and TbCOX 6080 (both 5 days after RNAi, IND5), compared to uninduced cells
(NON). Mt preparations were solubilized using dodecyl maltoside and separated
by 3-12% BN PAGE. The arrow points to bands visualized by the specific activity
staining of cytochrome c oxidase, representing a complex of ~720 kDa. The sizes of
high molecular weight markers (ferritin and its dimer, Sigma) are indicated on the
right. This gel is representative of five independent experiments.

quantitatively measure the ability of complex IV to pass electrons
to oxygen. As shown in Table 1, the specific cytochrome c oxidase
activity was decreased by 67,53 and 40% in TbCOX VII, TbCOX X and
TbCOX 6080 RNAI induced cells, respectively, as compared to the
uninduced cells. In summary, several independent assays demon-
strate that both functions of cytochrome c oxidase, electron transfer
and H* transport, are significantly diminished after each of the three
complex IV subunits are abated.

3.3. Cytochrome c oxidase loss of function is due to the impaired
structural integrity of the complex

To ascertain if the loss of cytochrome c oxidase activity is due to
the instability of the complex, we analyzed the composition of the
complex when each of the putative subunits was knocked-down.
This was achieved by separating dodecyl maltoside solubilized mt
lysates by 2D BN/Tricine SDS PAGE and identifying cytochrome ¢
oxidase subunits based on the migration patterns observed in pre-
vious work [20,21]. The position of the largest nuclear encoded
subunit, trCOIV, in the 2D BN/Tricine-SDS PAGE gel was further ver-
ified by Western blot analysis using mt lysates of uninduced and
induced TbCOX VII RNAi cells (Fig. 4A, right panel). While mito-
chondria from uninduced cells contain several of the observable

Table 1
Functional assay for cytochrome c reductase and cytochrome c oxidase activities.

Cell line Cytochrome ¢

reductase activities (%)

Cytochrome ¢
oxidase activities (%)

TbCOX VII IND 5 days 123 +£7 33+£5
TbCOX X IND 7 days 28+3 47 +£13
TbCOX 6080 IND 7 days 50 + 4 60 + 4

All activities were measured in mt lysates prepared from at least three independent
experiments as described in the Experimental procedures. Activities in the RNAi
induced cells are represented as a percentage of the uninduced cells, which are set
to 100%. Mean values and standard deviations are indicated.

complex IV subunits, these proteins were significantly depleted or
not detected at all in the same region of the gel containing the
lysates of the RNAi induced cells (Fig. 4A and B, depicted area).
These results suggest that the structural integrity of the cytochrome
c oxidase complex is diminished after RNAi silencing of any of the
examined subunits. Additional studies focusing on the individual
components of the complex utilized specific antibodies already
available against subunits trCOIV and COVI of the trypanosomatid
respiratory complex IV. The steady-state abundance of these two
core subunits in the total mt lysates of uninduced and RNAi induced
cells was determined. As a consequence of the incomplete assem-
bly of the cytochrome c oxidase complex, subunits trCOIV and COVI
were drastically decreased (by 69% and 75%, respectively) in the
induced TbCOX VII cells, significantly reduced (by 56% and 42%,
respectively) in the cells depleted for ThCOX X and moderately
depleted (by 36% and 29%, respectively) in the TbCOX 6080 induced
cells (Fig. 4C). Thus, it appears that when any of these three inves-
tigated complex IV subunits are knocked-down, the stability of the
complex is so severely affected that unincorporated trCOIV and
COVI subunits become partially degraded.

3.4. Silencing of ThCOX VII, ThCOX X and ThCOX 6080 creates a
disparate effect on the activity of cytochrome c reductase

Since the reduction of any of the three inspected complex IV
subunits leads to a significantly decreased capacity of the com-
plex to perform its normal functions, what are the implications for
the rest of the respiratory chain complexes? To detect the ensu-
ing effects of the loss of cytochrome c oxidase, the activities of
other respiratory complexes were measured in each of the RNAi cell
lines. The activities of respiratory complexes Il and V were detected
using BN and high resolution clear native gel electrophoresis, fol-
lowed by in-gel specific activity staining. No significant differences
in the activity and size of these complexes were observed (data
not shown). Since no gel-based activity staining is available for
the cytochrome c reductase complex, this activity was measured
directly from mt lysates in vitro. Unexpectedly, the activity of this
complex was slightly increased following the depletion of ThCOX
VII, while it was considerably decreased in cells lacking the other
two cytochrome c oxidase subunits, ThbCOX X and ThCOX 6080
(Table 1). Since complex III is one of the major sites for reactive
oxygen species (ROS) formation, its increased activity concurrent
with the severe impairment of complex IV to transfer electrons,
may result in higher intracellular ROS production. Therefore, it is
plausible to hypothesize that a higher amount of ROS molecules
will be formed in the induced ThCOX VII RNAi cell line. Indeed, on
the third day of RNAi induction we detected a significant elevation
of ROS molecules in this cell line (Fig. 5). However, it was not until
day 5 post-tet induction that we finally observed a subtle increase
in ROS production in the ThCOX 6080 cells, while no change was
observed in the TbCOX X cells at this time. This result suggests
that these subunits may have different complex IV functional roles
in the mitochondrion of T. brucei, perhaps involving the cross-talk
between sequential enzymes in the respiratory chain.

3.5. Diminished TbCOX VII, ThCOX X and ThCOX 6080 subunits
effectively uncouples F,F;-ATP synthase

In PF T. brucei, respiratory complexes IIl and IV pump protons
into the mt inner membrane space, resulting in a membrane poten-
tial that is then exploited by the coupled F,F;-ATP synthase to
generate ATP by oxidative phosphorylation. Since this pathway
depends on the proper function of all of the respiratory complexes,
we investigated whether the generation of ATP via oxidative phos-
phorylation s affected in the complex IV RNAi induced cells. Indeed,
we observed a significant decrease of ATP production by 85, 48
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and 30% in RNAi induced TbCOX VII, TbCOX X and ThCOX 6080
cells, respectively (Fig. 6). Furthermore, this ATP synthesis was
sensitive to malonate, an inhibitor of succinate dehydrogenase,
and atractyloside, an inhibitor of the ATP/ADP translocator that
provides the needed substrate for complex V. In addition to the
oxidative phosphorylation pathway, which is triggered in vitro by
succinate, there are two substrate phosphorylation pathways that
are part of the incomplete citric acid cycle and the acetate-succinate
CoA transferase/succinyl-CoA synthetase cycle [27]. While ATP
generated specifically by oxidative phosphorylation was decreased
in the inspected RNAI cells, neither of the substrate phosphoryla-
tion pathways were significantly affected in the RNAi interfered
cells. Only a slight increase of ATP production by either substrate
phosphorylation pathway was observed (data not shown). Taken
together, these results show that ThCOX VII, TbCOX X and ThCOX
6080 directly affect ATP synthesis only via the oxidative phospho-
rylation pathway.

3.6. Depletion of ThCOX VII, ThCOX X and TbCOX 6080 causes a
shift from cytochrome-mediated respiration to alternative oxidase

Interestingly, the mitochondrion of PF T. brucei cells is
equipped with two oxygen-dependent terminal oxidases, namely
the cytochrome c oxidase and TAO. Importantly, the electron flow
from the cytochrome-mediated chain can be redirected to TAO
when the former oxidase is disrupted. To verify this occurrence, the
cells can be treated with drugs that selectively inhibit only one of
these pathways, enabling one to distinguish between cytochrome
c oxidase- and TAO-mediated oxygen consumption. After the addi-
tion of KCN, which selectively inhibits the activity of cytochrome ¢

oxidase, oxygen uptake decreased by about 70% in the uninduced
cells, indicating that the majority of oxygen consumption occurs
through the cytochrome mediated pathway in normal PF cells. This
contrasts sharply with the RNAi induced cells, where there was
a less dramatic decrease of KCN-sensitive oxygen consumption
observed (Fig. 7). In particular, we measured only a 15% decrease in
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Fig. 7. Shift from cytochrome-mediated respiration to alternative oxidase respira-
tion follows the repression of TbCOX VII, ThCOX X and TbCOX 6080. The oxygen
consumption of uninduced and RNAi-induced cells incubated in SDM-79 medium
at 27 °C was monitored with a Clark-type oxygen electrode. The graph depicts the
percentage of total oxygen consumption by TAO. In this experiment, non-induced
cells (NON) were compared with the TbCOX VII cell line induced with tet for 5 days
(IND5) or the TbCOX X and TbCOX 6080 cell lines induced for 7 days (IND7). The
mean and standard deviation values of three to four experiments are depicted. A
Student’s t-test analysis demonstrates that the results are significant with P values
less than 0.05 (*) or less than 0.005 (**).
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oxygen consumption when KCN was added to cells abated of ThCOX
VII, which demonstrates that these cells have switched predomi-
nantly to TAO mediated respiration. A similar phenotype, although
not as strong, was observed in cells with decreased ThCOX X and
TbCOX 6080. These results are summarized in Fig. 7 by plotting the
relative contribution to the overall cellular respiration by both the
cytochrome c oxidase and TAO pathways. Importantly, the amount
of respiration accounted for by TAO is proportional to the level of
cytochrome c oxidase impairment produced by each of the RNAi
cell lines.

4. Discussion

In this study, we presented evidence that ThCOX VII, TbCOX
X and TbCOX 6080 are structurally and functionally important
components of respiratory complex IV in PF T. brucei. This is a
significant contribution to our understanding of the functional
composition of a large protein complex, whose purification has
revealed 15 core subunits and an additional 18 proteins not pre-
viously identified. This elaborate architecture implies that these
additional proteins either directly complement the core subunits to
comprise an unusual species-specific composition of cytochrome
c oxidase or that they have transient interactions with the core
complex and possess secondary functions. The increased complex-
ity of cytochrome c oxidase in eukaryotes is often attributed to
the increased need for regulation of this rate-limiting process in
the cytochrome-mediated respiratory chain, which is even more
important for this digenetic parasite whose complicated life cycle
directly affects the regulation of its oxidative phosphorylation
components [28,29]. However, an example of possible secondary
functions is the association of cytochrome c oxidase with the MIX
protein, which was shown to play a role in mt segregation and vir-
ulence in L. major [30]. This association adds further intricacy to
the identification of the key functions of complex IV associated
subunits and opens the possibility that cytochrome c oxidase is
part of a larger membrane-bound multifunctional complex. Fur-
thermore, recent studies of the individual complexes forming the
electron transport chain in various protists revealed a surprisingly
high number of lineage-specific subunits [24,31,32]. Therefore, the
acquisition of unique components by these complexes can repre-
sent constructive neutral evolution, which might be responsible
for the transformation of initially spurious associations into spe-
cialized essential functions of these subunits [33].

To gain insight into the function of the three novel complex
IV candidate subunits, we prepared RNAi knockdowns for each of
these subunits. While these knockdowns significantly decreased
the level of the cognate RNA and the activity of cytochrome c
oxidase, they generated phenotypes of various severity. This dis-
crepancy could be explained by the possible difference in the
turnover rate of subunits TbCOX VII, TbCOX X and TbCOX 6080;
a claim currently difficult to verify in the absence of specific anti-
bodies. Another alternative is that the built up complexity of the
composition of complex IV in this protist allows for the function of
TbCOX X and TbCOX 6080 to be complemented, to a limited extent,
by other subunits.

Interestingly, it appears that the overall effect on the mt mem-
brane potential most closely correlates with growth inhibition. For
example, RNAi induced TbCOX X cells had significantly reduced
cytochrome c oxidase activity in vitro (53%), but the mt membrane
potential was only mildly affected and these cells displayed the
weakest growth suppression. However, the TbCOX 6080 knock-
down cells demonstrated less complex IV inactivation (40%), yet
the mt membrane was more significantly decreased and the growth
inhibition was more severe than the TbCOX X RNAI induced cells.
This suggests that the overall viability of PF T. brucei grown in vitro is

more dependent on the mt membrane potential than on the ability
of cytochrome c oxidase to transfer electrons in the oxidative phos-
phorylation pathway. This observation also complies with the fact
that the infectious stage of this parasite sacrifices ATP produced
from glycolysis to maintain the mt membrane potential by FoF;
ATPase [34].

One plausible explanation why RNAI of TbCOX VII produces the
most debilitating growth phenotype incorporates the regulation of
the oxidative phosphorylation pathway. We observe that the activ-
ity of cytochrome c oxidase is decreased when any of the studied
subunits are repressed. Without complex IV, the electrons flow-
ing through complex III are not capable of completely reducing the
terminal acceptor molecule, oxygen, into water. Therefore, the flow
of electrons from the conventional cytochrome-mediated pathway
will be diverted to the alternative terminal oxidase, TAO, as we
witnessed. The branching point between these two pathways is
ubiquinone, so the diminished capability of complex IV in these
circumstances must be communicated back to cytochrome creduc-
tase in a manner that proportionately down-regulates its activity.
Indeed, when ThCOX X or TbCOX 6080 are depleted, there is a sig-
nificant decrease in the activity of both complexIll and IV. However,
with TbCOX VII ablation, complex IV activity is severely decreased
while the activity of complex IIl is actually increased 20%. This sug-
gests that TbCOX VII is responsible for the signaling mechanism
that allows these two sequential respiratory complexes to commu-
nicate. Therefore, this loss of function results in the uncoordinated
activity of complex III, resulting in an increased flow of electrons
necessary toreplenish the decreased mt membrane potential. How-
ever, this could decrease the overall fitness of the cell as complex
IIl is also responsible for superoxide production [35]. This is vali-
dated by the significant increase in ROS production detected in the
TbCOX VII RNAi cell line.

The mechanism of communication between complexes III and
IV may depend on physical interactions, as yeast supercomplexes
consisting of cytochrome ¢ reductase and cytochrome c oxidase
have been biochemically isolated [36]. This solid state model of the
respiratory complexes would enhance substrate availability and
allow electron flow to occur more efficiently [37]. The in-gel activity
staining of T. brucei complexes III and IV on BN gels both corre-
spond to a mobility of about 720 kDa, while their predicted sizes
are only 237 kDa and 360 kDa, respectively [8]. While it is possi-
ble that these activity bands simply represent multimers of each
individual complex, they could also represent an intact supercom-
plex of both complexes IIl and IV. This intriguing possibility needs
to be further explored as previous results indirectly suggested that
complexes IIl and IV do not assemble into supercomplexes [21].

While ThCOX 6080 is annotated as a hypothetical protein in
the geneDB database, it has significant homology to the glyc-
erophosphoryl diester phosphodiesterases (GDPD). In eukaryotes,
membrane proteins that contain the GDPD motif and activity form
alarge family of proteins involved in phospholipid metabolism. The
role of these enzymes is to hydrolyze deacylated phospholipids to
generate glycerol-3-phosphate and the corresponding alcohol, thus
participating in various biological functions involving pathogen-
esis and host immunity in bacteria, to scavenging phosphates in
plants and yeast, as well as altering levels of oxygen consumption
in mammalian cells [38]. While the available data cannot exclude or
confirm the possibility that TbCOX 6080 plays a role in phospholipid
catabolic processes, there is already a similar example of a respira-
tory complex anchoring a polypeptide of fatty acid metabolism.
The acyl carrier protein is an essential component of complex I
[39] and it affects the rate of cytochrome-mediated respiration in
T. brucei, independently of the function of complex I [40]. There-
fore, the future investigation of ThCOX 6080 could shed light on the
increasing correlation between mt membrane composition and the
regulation of oxidative phosphorylation.
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The mt encoded subunits I, Il and III form the functional core
of all mt cytochrome c oxidases [41], but little is known about
the function of the other associated proteins. It is predicted that
these nuclear-encoded supplementary complex IV components are
involved in the assembly of the complex, help maintain the struc-
tural integrity, or are involved in the regulation of the enzyme.
While we have been able to further validate that TbCOX VII, TbCOX
X and TbCOX 6080 are functional subunits of the PF T. brucei
cytochrome c oxidase complex, additional studies need to be com-
pleted to tease apart the specific functions of these proteins. It is
promising that this can be accomplished in the unique T. brucei
model organism, which displays disparate phenotypes for each of
the studied subunits.
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