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ANNOTATION

This thesis primarily focuses on the F,F;-ATP synthase/ATPase complex in the parasitic
protist, Trypanosoma brucei. Instead of its normal aerobic function to synthesize ATP, it is
required to hydrolyze ATP to maintain the A, in the infective bloodstream stage of
T. brucei and the related parasite, 7. b. evansi. To better understand the composition,
structure and function of this druggable target, my work focused on deciphering the function
of three of the unique Euglenozoa specific subunits that comprise this complex molecular
machine. Furthermore, the ADP/ATP carrier, which provides substrates for the F,F;-ATP
synthase/ATPase, was functionally characterized and evaluated if it is physically associated
with the complexes of the oxidative phosphorylation pathway.
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CHAPTER 1

INTRODUCTION



1.1. Introduction and aims of the thesis

The eukaryotic F,F1-ATP synthase (also referred to as complex V) is a large
multisubunit complex composed of the proton pumping F, moiety and the catalytic F, part.
These two subcomplexes are connected via the central and peripheral stalks. In almost every
aerobic eukaryotic cell, the mitochondrial (mt) F,F;-ATP synthase utilizes the mt membrane
potential (Ay,,) to synthesize ATP from ADP and inorganic phosphate (Pi) (Devenish et al.
2008; Walker 2013). Interestingly, the complex can also work in reverse as an ATP hydrolase.
This activity is usually only observed under rare environmental conditions (e.g. low oxygen
levels, lack of respiratory chain substrates), that prevent the conventional respiratory chain
from sustaining the essential Ay.,. During this mitochondrial dysfunction, the F,F;-ATP
synthase/ATPase hydrolyzes ATP and pumps protons across the mt inner membrane to
maintain the Ay, (von Ballmoos et al. 2008; Campanella et al. 2009; Walker 2013). Activity
of the F,F1-ATP synthase/ATPase also depends on the availability of its substrates (ATP, ADP,
and Pi), which are transported across the mt inner membrane by the ATP/ADP carrier and
the phosphate carrier (Klingenberg 2008). In mammalian cells, these carriers are associated
with FoF1-ATP synthase, forming a supercomplex called the ATP synthasome (Ko et al. 2003;
Chen et al. 2004), which is suggested to increase the efficiency of the oxidative
phosphorylation pathway (Pedersen 2007).

In the parasitic protist, Trypanosoma brucei, the composition and structure of the F,F;-
ATP synthase complex is exceptional because it contains 14 novel subunits with no
homology outside Euglenozoa (Zikova et al. 2009; Perez et al. 2014). Moreover, the absence
of the traditional respiratory chain in the infective bloodstream stage of this parasite
requires this molecular machine to continuously operate in reverse to generate the essential
Ay, (Nolan & Voorheis 1992; Schnaufer et al. 2005; Brown et al. 2006).

The mechanism of maintaining the Ay, is even more unique in a closely related
flagellate, T. b. evansi. This parasite lacks the mtDNA that encodes the F, subunit a, an
essential component of the proton pore. Thus, this trypanosome maintains the A, using
the hydrolytic activity of the F;-ATPase coupled to the electrogenic exchange of ATP*/ADP*
by the ATP/ADP carrier (Schnaufer et al. 2005; Dean et al. 2013).

In order to gain insight into the composition, activity, and function of the T. brucei
FoF1-ATP synthase/ATPase, the following aims were investigated:

Aims:

i) Elucidate the specific function of several unique F,F1-ATPase subunits in the bloodstream
trypanosomes.

ii) Characterize a novel F1-ATPase subunit, p18, in both life stages of T. brucei.

iii) Investigate the functional and structural association of F,F;-ATP synthase with the
ATP/ADP carrier.
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CHAPTER 2

OVERVIEW



2.1. Trypanosoma brucei and related kinetoplastids

The order Kinetoplastida includes a number of unicellular flagellates that cause some
of the most serious parasitic diseases of vertebrates, resulting in devastating health and
economic effects (Stuart et al. 2008). In sub-Saharan Africa, infection from the extracellular
protozoan Trypanosoma brucei causes Human African trypanosomiasis (HAT), also refered to
as sleeping sickness, and nagana, an important veterinary disease of livestock. The genus
Leishmania is distributed worldwide and is the etiological agent of various leishmaniases
(visceral, cutaneous, mucocutaneous). Finally, the intracellular parasite Trypanosoma cruzi is
responsible for Chagas disease in South America (Stuart et al. 2008).

There are various subspecies of T. brucei that infect a wide range of mammals through
distinct modes of transmission. Trypanosoma brucei gambiense and Trypanosoma brucei
rhodiense have gained the most interest, as they are able to establish infections in humans
by evading the innate immune complexes — primate-specific trypanosome lytic factors (TLF)
(Vanhollebeke & Pays 2010; Delesus et al. 2013). T. b. gambiense is resistant to TLF due to
the reduced expression of a receptor mediating TLF transport (Kieft et al. 2010). This
parasite is endemic in West and Central Africa, and causes a chronic form of sleeping
sickness (Stuart et al. 2008). T. b. rhodesiense evolved the serum resistance-associated
protein (SRA) that binds and neutralizes TFL, thereby providing protection from the human
immune response (Xong et al. 1998). This subspecies causes an acute form of sleeping
sickness in the eastern and southern regions of Africa (Stuart et al. 2008). The third
Trypanosoma brucei subspecies, T. b. brucei stands alone from its two relatives as it is
sensitive to the TFL killing mechanism and is therefore not pathogenic to humans. However,
together with other animal trypanosomes, it infects livestock and therefore it threatens a
major economic resource in African rural areas (Steverding 2008).

These three T. brucei subspecies are all transmitted by the blood-feeding tsetse fly
(genus Glossina); however, rare instances of transmission can also occur via congenital
contact or blood transfusion (Hira & Husein 1979; Stuart et al. 2008; Lindner & Priotto 2010).
T. brucei parasites undergo a highly complex digenetic life cycle alternating between the
bloodstream form in the mammalian host and the procyclic stage in the tsetse fly midgut;
therefore their occurence is restricted to the sub-Saharan area called the African tsetse belt.
In contrast, related flagellates, T. b. evansi and T. b. equiperdum, became independent from
the insect vector by locking themselves in the bloodstream form of the parasite, enabling
them to spread into Asia, Europe and South America (Brun et al. 1998; Lai et al. 2008; Dean
et al. 2013).

Both subspecies strictly rely on physical modes of transmission between mammalian
hosts, resulting in no observable cyclical developmental stages. T. b. equiperdum is sexually
transmited between horses and causes a disease called dourine. In comparison, the
mechanical transmission of T. b. evansi is predominantly achieved by blood-sucking insects
such as the horsefly (Tabanus) and stablefly (Stomoxys), resulting in the economically
important disease named surra that affects various mammals (horses, mules, camels,



buffalo, cattle and deer). This mode of transmission requires a short time interval between
blood meals, as the parasites that remain on the surface or inside the insect’s rostrum or
proboscis are short lived. In South and Central America, T. b. evansi is also transmitted by
the vampire bat (Desmodus), which then plays the dual role of vector and reservoir host
(Brun et al. 1998; Desquesnes et al. 2013).

The taxonomical classification of T. b. evansi and T. b. equiperdum remains
controversial. The characterization of T. b. equiperdum is most complex, because it is
hypothesized that some reported T. b. equiperdum strains are actually T. b. evansi or
T. b. brucei (Claes et al. 2005; Carnes et al. 2015). Furthermore, T. b. equiperdum as well as
T. b. evansi have been classified as independent species (Brun et al. 1998). Most recent
reports suggest that both these trypanosomes are actually a subspecies of T. brucei (Lai et al.
2008; Carnes et al. 2015).

2.2. Human and animal trypanosomiases

As HAT mostly occures in rural and remote sub-Saharan communities, which are
constantly under-surveyed, it is almost impossible to evaluate the real prevalence of this
severe endemic disease. Nevertheless, the World Health Organization (WHO) estimates that
70 million people were at risk of the infection in 1995, and 20 000 individuals were infected
(Stuart et al. 2008; Sutherland et al. 2015). Over 95% of the diagnosed cases of sleeping
sickness are caused by T. brucei gambiense. This subspecies causes chronic trypanosomiasis,
which can last for months or years before any symptoms emerge, while T. b. rhodesiense
causes acute HAT with rapid disease progression (within weeks to months) (Stuart et al.
2008; WHO 2013; Sutherland et al. 2015). Both forms of sleeping sickness are almost always
fatal if left untreated (Jamonneau et al. 2012).

The acute form of the disease manifests during the early haemolymphatic stage, when
the parasites are replicating by binary fission to high densities in the blood and lymph
system. Initial symptoms include bouts of fever, headaches, joint pains and itching. More
severe and typical symptoms of HAT appear in the later stage of the disease as the
trypanosomes cross the blood-brain barrier and invade the central nervous system (CNS). In
the neurological phase, parasites reside in the cerebrospinal fluid and intercellular spaces.
An infected individual undergoes sensory disturbances, confusion, poor coordination, and a
disturbance of the circadian rhythm (Stuart et al. 2008; Steverding 2008; Jamonneau et al.
2012).

Animal trypanosomiasis (nagana disease) affects millions of domestic and wild animals
every year. In wild animals, trypanosomes cause relatively mild infections, while in domestic
animals they cause a severe, often fatal disease. Domestic cattle with nagana disease exhibit
symptoms such as fever, muscle wasting, anemia, edema and paralysis. As the illness
progresses, the animal weakens and eventually becomes too weak for farming, hence the
name "N'gana" - a Zulu word that means "powerless" (Steverding 2008). The major causative
agents of animal trypanosomiasis are T. b. brucei, T. congolense and T. vivax. It is estimated



that together they cause economic losses in cattle production that amount to 1.3 billion USD
annually; this accounts for livestock morbidity, mortality, diagnostic and treatment costs and
losses in milk and meat production (Courtin et al. 2008).

Despite being the object of intense research for many years, there are no vaccines
against human or animal trypanosomiases. Furthermore, the development of a vaccine is
highly unlikely due to the expression of the variant surface glycoprotein (VSG) coat in the
bloodstream form that can rapidly change to evade the host’s immune system. To combat
T. brucei infection, there are currently five drugs that can be administered depending on the
disease progression (Barrett et al. 2007; Simarro et al. 2012). The first stage of
T. b. rhodesiense and T. b. gambiense infections are treated with Suramin and Pentamidine,
respectively (Kennedy 2006). Melarsoprol is used to treat later stages of both infections.
However, all these drugs were developed in the early 20th century and have many
undesirable adverse effects, especially Melarsoprol, which can cause tachycardia,
convulsions, coma, heart failure and severe post-treatment encephalopathy. Melarsoprol
treatment results in death in up to 5% of patients (Kennedy 2006; Barrett et al. 2007). Only
Eflornithine, the most recent drug released (1981) for the late CNS stage of T. b. gambiense
infection, causes side effects that are usually reversible (Barrett et al. 2007; Rodgers 2009).
Besides toxicity concerns, all four licensed compounds require parenteral administration of
highly concentrated drugs, which is difficult to achieve in a rural environment. Moreover, it
has been shown that the parasite is becoming increasingly resistant to these compounds. To
combat these issues, several new trials of combination therapies have been performed that
resulted in some success (Barrett et al. 2007; Simarro et al. 2012). For example, the
treatment with Nifurtimox (originally medication for Chagas disease) in combination with
Eflornithine (the NECT combination) has become the standard treatment for late CNS stage
of T. b. gambiense infection since 2009 as it reduced both the previously required drug
dosage and treatment time. However, the rapid rise in the preferred NECT therapy has
increased the average cost to treat patients with the CNS stage disease as it has replaced
melarsoprol, which is considerably cheaper to produce (Simarro et al. 2012). Despite the
implementation of NECT, the current treatment of HAT is still insufficient and therefore a
cheaper and less toxic alternative is urgently needed (Barrett et al. 2007; Stuart et al. 2008;
Simarro et al. 2012).

2.3. T. brucei cell biology

The medical aspect is not the only reason why T. brucei is a fascinating research
subject. Kinetoplastida diverged early in evolution from other eukaryotic lineages, which
allowed them to develop a number of peculiarities. The best known examples are listed
below.

a) Antigenic variation via programmed DNA rearrangement. The surface of metacyclic and
bloodstream trypanosomes is covered by tightly packed VSGs that change periodically



b)

c)

and thus help protect the parasite from the host immune system. There are
approximately 2500 transcriptionally silent VSG genes and pseudogenes encoded by the
T. brucei genome. A single VSG gene is expressed only when it is moved into one of
subtelomeric expression sites by homologous recombination (McCulloch 2004; Giinzl et
al. 2015).

Transcription of nuclear genes as polycistronic RNA molecules, which are then processed
to mRNAs by trans-splicing. Most of protein coding genes is transcribed into long mRNA
precursors (polycistrons); the exception being VSGs, which are expressed
monocistronically. The pre-mRNAs are then processed into individual mature mRNAs via
trans-splicing and polyadenylation. In T. brucei, trans-splicing is a process through which
the 39 bp long sequence of the spliced leader RNA (SL-RNA) is transferred as a cap to
the 5' end of all mRNAs (Parsons et al. 1984; Giinzl 2010).

The unique compartmentalization of the glycolytic pathway into glycosomes. The
peroxisome-derived organelles contain the first seven glycolytic enzymes, which in other
eukaryotes, are localized in the cytosol. This sequestering helps to overcome the lack of
regulation of the first glycolytic steps and prevents the accumulation of toxic glycolytic
intermediates (Hannaert et al. 2003; Michels et al. 2006; Haanstra et al. 2014).
Moreover, glycosomes contain enzymes for other methabolic pathways such as the
pentose-phosphate pathway, B-oxidation of fatty acids, purine salvage pathway, and
biosynthetic pathways for pyrimidines, ether-lipids and squalenes. It is speculated that
rapid change of peroxisome enzymatic content enables trypanosomes to adapt rapidly
to new nutritional conditions during their complex life cycle (Hannaert et al. 2003;
Michels et al. 2006; Bauer et al. 2013; Colasante et al. 2013).

The presence of the kinetoplast, a special section of the single mitochondrion that
contains an atypical mitochondrial DNA structure. In kinetoplastids, the mitochondrial
DNA (mtDNA) is known as kinetoplast DNA (kDNA), and it is organized into a massive
network of thousands of topologically interlocked DNA circles. This unique, electron
dense structure was what led to the name of the order of Kinetoplastida. In contrast to
other eukaryotes, it is only replicated once per cell cycle and is synchronized with
nuclear replication and division. The kDNA is composed of two types of DNA molecules -
maxi and minicircles (Ryan et al. 1988; Shapiro & Englund 1995; Lukes et al. 2002; Liu et
al. 2005). The maxicircles are largely homologous to the mtDNA of other eukaryotes.
They encode both the 125 and 9S rRNAs; subunits of respiratory complexes |, lll, IV and
cV; ribosomal protein S12 and also several genes with unknown function. Interestigly,
maxicircles do not encode any tRNAs, which must be imported from the cytosol. The
minicircles encode guide RNAs (gRNAs), which are essential for the mt RNA editing
process (Stuart & Panigrahi 2002; Aphasizhev & Aphasizheva 2011; Aphasizheva et al.
2013).



e) An unusual, often highly complex form of extensive editing of the mitochondrial RNA.
Out of a total of 18 maxicircle transcipts, 12 pre-mRNAs are post-transcriptionally
modified by the insertion or deletion of uridine residues (U) to produce functional
MRNAs that serve as a template for translation.The mature mRNA sequence is specified
by gRNAs and the process is carried out by large multiprotein RNA Editing Core Complex
(RECC), also referred to as the 20S editosome (Stuart & Panigrahi 2002; Aphasizhev &
Aphasizheva 2011). The range of required editing varies from the incorporation of a few
uridylates (partially edited mRNAs) to a massive insertion/deletion of hundreds of
uridylates (pan-edited mRNAs) (Stuart & Panigrahi 2002; Aphasizhev & Aphasizheva
2011; Aphasizheva et al. 2013) The alternative editing of several subunits of oxidative
phosphorylation pathway that can increase transcript diversity was also reported
(Ochsenreiter et al. 2008).

2.4. Trypanosomes as a model organism

The animal parasite T. b. brucei has an advantage over most other kinetoplastids
because two of the life cycle stages (insect procyclic and bloodstream form) can be easily
and safely cultivated in vitro. Importantly, the genome was completely sequenced, and it is
freely accesible via TriTrypDB (Berriman et al. 2005; Aslett et al. 2005; Aslett et al. 2010).
This provides an essential tool for genetic manipulations of the protist, which is amenable to
methods of both forward and reverse genetics. The parasite also provides a good system for
studying many aspects of cell biology, including: cell structure and morphology, organelle
positioning, cell division, and protein trafficking. Therefore, it is employed not only as a
model organism for the order Kinetoplastida, but is often useful for addressing more
fundamental research topics in all eukaryotes (Matthews 2005). One example involves the
discovery of acidocalsisomes (Vercesi et al. 1994), single membrane organelles participating
in osmoregulation, intracellular pH homeostasis, calcium homeostasis and metabolism
modulation. Since their discovery in trypanosomes, acidocalsisomes have been found in a
wide range of organisms from bacteria to humans (Docampo & Moreno 2011).

The examples of forward genetic methods used in the field of trypanosomes are rare.
Genetic crosses are possible but technically difficult to achieve as they require mixing strains
through the insect vector, Glossina spp. (Hide 2008). Chemical mutagenesis brought a
significant contribution to the field, when trypanosomes lacking their kinetoplast DNA
(dyskinetoplastic) were generated using high concentrations of DNA intercalators, such as
ethidium bromide and acriflavine (Riou et al. 1980; Stuart 1971). In contrast, the reverse
genetic tools that are available for T. brucei are abundant. Widely used approaches include
the generation of knock-out cells via homologous recombination, constitutive or inducible
over-expression of variously tagged or mutated genes, and gene silencing via the RNA
interference (RNAI) pathway, which was lost in T. cruzi and Leishmania parasites (Balafia-
Fouce & Reguera 2007). The latter two methods have been facilitated by the generation of
transgenic trypanosome cell lines that constitutively express the tetracycline repressor



(TetR) and the T7 RNA polymerase (T7RNAP). Therefore, most genetic experiments are
perfomed in the Lister 427 single marker (SM) bloodstream cell line and the procyclic PF 29-
13 cell line (Wirtz et al. 1999). The transgenic dyskinetoplastic T. b. evansi is also available
(Schnaufer et al. 2005) and the T. b.evansi genome was recently sequenced (Carnes et al.
2015). With this powerful methodological toolkit, trypanosomes represent a suitable system
for the characterization of novel proteins with uknown function.

2.5. T. brucei life cycle

Digenetic trypanosomes have a complex life cycle during which the parasite’s
morphology, expression of major surface markers and its biochemistry undergo rapid and
substantial changes (Matthews et al. 2004; Matthews 2005; Stuart et al. 2008). These are
known to be triggered by external stimuli like temperature and pH changes, as well as by the
addition of the Krebs cycle intermediates, citrate or cis-aconitate (Czichos et al. 1986).

When a tsetse fly (Glossina spp.) takes a blood meal, it injects non-dividing metacyclic
trypomastigotes into the host's skin (Figure 1). The parasites then pass via the lymphatic
system into the mammalian bloodstream where they transform into proliferating
bloodstream trypomastigotes. The bloodstream forms of T. brucei are able to evade the
host's immune system very effectively through the elaborate variation of antigenically
distinct variable surface glycoproteins (VSGs). Slender bloodform trypanosomes multiply by
binary fission and settle into body fluids (for example blood, lymph, spinal fluid) (Matthews
et al. 2004; Stuart et al. 2008). When the parasitemia becomes elevated in the host, a sub-
population of slender bloodform stage cells differentiate into stumpy bloodforms that await
to be taken up in the blood meal of the next tsetse fly. Stumpy form cells are relatively
resistant to lysis by the proteolytic environment of the tsetse midgut and are uniformly
arrested in the G1 phase of the cell cycle, rendering them non-proliferative. This cell cycle
arrest limits the density of the bloodform parasites, which serves to both prolong host
survival (and hence the probability of disease transmission) and ensure that the
morphological changes occuring upon transmission to the tsetse fly can be coordinated with
the re-entry into the cell cycle (Matthews et al. 2004; Matthews 2005).

Only stumpy bloodforms are competent to progress to the next stage. Upon uptake by
the tsetse fly, they attach to the vector midgut and continue their life cycle as dividing
procyclic trypomastigotes. These procyclic cells express a surface coat composed of
procyclins (two forms - GP and GPEET) instead of the VSG coat of the bloodstream cells.
After proliferation in the insect alimentary tract, the parasites migrate to the salivary gland
and transform into the epimastigote forms, which are attached to the gland wall through
elaborations of the flagellar membrane. After further multiplication, the epimastigotes
undergo division arrest, reacquire the VSG coat and again become infective metacyclic
trypomastigotes that are able to enter a new mammalian host (Matthews et al. 2004;
Matthews 2005; Stuart et al. 2008; Batram et al. 2014).
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Figure 1: The life cycle of Trypanosoma brucei. Adapted from (Matthews 2005). Slender BF trypanosomes
multiply in the blood of a mammalian host, express a VSG coat, and their mitochondrial activity is reduced.
When the parasitemia levels reaches a threshold, differentiation into BF stumpy forms begins. BF stumpy cells
are division-arrested forms preadapted for uptake by Glossina spp. In a tsetse fly midgut, procyclic proliferative
forms are generated. PF cells express a surface coat composed of EP and GPEET procyclins and they have fully
active mitochondria. After their establishment in the Glossina midgut, PF forms are arrested in division and
migrate to the salivary glands, where epimastigotes attach. Later, some parasites detach and differenciate into
infective metacyclic trypomastigotes.
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2.6. Energy metabolism of Trypanosomes

The complex trypanosome energy metabolism has been studied for many years and
has constantly been redefined (Besteiro et al. 2005; van Hellemond, Opperdoes, et al. 2005;
Bringaud et al. 2006; Bringaud et al. 2012; van Weelden et al. 2005; Mazet et al. 2013). A
comprehensive database that includes generic and condition specific metabolic networks
was implemented in 2014 (Shameer et al. 2014). The most intensely studied cells are the
procyclic trypanosomes, which are versatile and quickly adapt to different carbon sources. In
a glucose-rich environment (culture medium, bloodmeal in tsetse fly midgut), PF
preferentially consume glucose and ATP is produced primarily by substrate level
phosphorylation. In a sugar-poor environment (tsetse fly fluids), PF cells are able to
catabolize amino acids and ATP is generated via the oxidative phosphorylation pathway
(Lamour et al. 2005; Coustou et al. 2008). Consequently, the procyclic mitochondrion is well
developed with abundant cristae, tricarboxylic acid (TCA) cycle enzymes, and cytochrome
containing respiratory complexes (Besteiro et al. 2005; Bringaud et al. 2012). An accurate
metabolic PF model is difficult to create due to a combination of factors that include growth
in glucose-rich conditions, differences between trypanosome strains, and methodologies.
Recent research has focused on the cultivation of procyclic cells in glucose-depleted
conditions, which is more representative of the rich amino-acid environment in the tsetse fly
midgut (Lamour et al. 2005; van Weelden et al. 2005; Bringaud et al. 2012).

The investigation of energy metabolism is less controversial in bloodstream T. brucei
because these cells reside in the glucose-rich environment of vertebrate host fluids, and
therefore their energy demand is covered sufficiently by glycolysis (Bringaud et al. 2006).
This mechanism of ATP production is also used by the dyskinetoplastic parasites, T. b. evansi
and T. b. equiperdum (Schnaufer et al. 2002; Dean et al. 2013). The simplification of the
carbohydrate metabolism in these parasites resulted in a structural and molecular reduction
of the single mitochodrion which lacks cristae, key TCA cycle enzymes, and a functional
repiratory chain (Schnaufer et al. 2005; Bringaud et al. 2006; Dean et al. 2013).

2.6.1. Glycolytic pathway

Glycolysis is a ubiquitously present metabolic pathway, through which glucose is
oxidised for ATP generation. The chemistry of this reaction sequence is completely
conserved across the entire tree of life and in most eukaryotic cells all 10 glycolytic steps are
localised in the cytosol (Nelson & Cox 2008). However, the glycolytic pathway of T. brucei
(Figures 2, 3) is organised in such a way that the first enzymes converting glucose into 3-
phosphoglycerate (3-PGA) or 1,3-bisphosphoglycerate (1,3-BPGA) are compartmentalized
within the glycosome, a unique peroxisome-like organelle found in Kinetoplastids. In the
glycosome, the NAD+/NADH equilibrium as well as the total consumption and production of
ATP are balanced. The net ATP production occurs in the cytosol, where the remainder of the
glycolytic enzymes reside.
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It is notable, that there are several important differences between the glycolytic
pathway contained within the glycosome of bloodform and procyclic trypanosomes
(Hannaert et al. 2003; Michels et al. 2006; Haanstra et al. 2014). In the BF T. brucei (Figure
2), phosphoglycerate kinase (step 7) has glycosomal localization, therefore 3-
phosphoglycerate (3-PGA) is produced in the glycosome and exported into the cytosol,
where ATP and pyruvate are generated. It was accepted that pyruvate was the excreted end
product of BF trypanosomes under aerobic conditions (Hannaert et al. 2003; Michels et al.
2006; Tielens & van Hellemond 2009); however, recent data demonstrate that a minor
fraction of pyruvate is further metabolized in a fatty acid biosynthetic pathway (Mazet et al.
2013). Furthermore, the NAD+/NADH balance of the BF T. brucei glycosome is maintained
via a glycerol-3-phosphate (Gly-3-P)/dihydroxyacetone-phosphate (DHAP) shuttle. The
shuttle is composed of the glycosomal NADH-dependent Gly-3-P dehydrogenase (step 8), a
putative glycosomal exchanger, which exchanges Gly-3-P for DHAP, and the mitochondrial
Gly-3-P oxidase (step 13), which regenerates DHAP from Gly-3-P. The Gly-3-P oxidase system
is comprised of FAD-dependent Gly-3-P dehydrogenase, ubiquinone and the Trypanosome
alternative oxidase (TAO); the latter passing electrons from Gly-3-P to molecular oxygen,
producing water (Hannaert et al. 2003; Michels et al. 2006; Chaudhuri et al. 2006; Haanstra
et al. 2014). In procyclic cells (Figure 3), the phosphoglycerate kinase (step 7) has a cytosolic
localization, and thus ATP and 3-phosphoglycerate (3-PGA) are not produced in the
glycosome, but in the cytosol (Figure 3). 1,3-biphosphoglycerate leaves the glycosome and it
is sequentially converted to phosphoenolpyruvate (PEP). The PEP is either converted into
pyruvate in the cytosol (step 12) or it re-enters the glycosome. The PEP re-entry leads to the
production of glycosomal pyruvate (step 18) and glycosomal succinate (steps 14-17), of
which the latter is the major excreted end product of this branch. The glycosomal and
cytosolic pools of pyruvate are further metabolized either in the mitochondria to produce
acetate or in the cytosol where lactate and alanine are the end products (Hannaert et al.
2003; Michels et al. 2006). The succinate producing branch is only active in procyclic cells,
where it acts to balance the glycosomal ATP (steps 14,18) and NAD+/NADH levels (Hannaert
et al. 2003; Michels et al. 2006; Haanstra et al. 2014). The glycosomal redox balance is
mantained by two NADH-dependent oxidoreductases, malate dehydrogenase (step 15) and
fumarate reductase (step 17), which  re-oxidize the NADH produced by Gly-3-P
dehydrogenase (step 6) (Hannaert et al. 2003; Michels et al. 2006; Haanstra et al. 2014;
Bringaud et al. 2015). The Gly-3-P/DHAP shuttle that is employed by bloodstream forms to
maintain the redox balance is most likely not used in procyclic cells unless the succinate
production is abolished (Ebikeme et al. 2010). Indeed, the mt TAO steady state and activity
in the PF form are significantly decreased compared to BF (Michels et al. 2006; Chaudhuri et
al. 2006).
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Figure 2: Glycolytic pathway of bloodstream stage. Adapted from (Hannaert et al. 2003). Enzymes: 1,
hexokinase; 2, glucose-6-phosphate isomerase; 3, phosphofructokinase; 4, aldolase; 5, triosephosphate
isomerase; 6, glyceraldehyde-3-phosphate dehydrogenase;7, phosphoglycerate kinase; 8, glycerol-3-phosphate
dehydrogenase; 9, glycerol kinase; 10, phosphoglycerate mutase; 11, enolase; 12, pyruvate kinase; 13, glycerol-
3-phosphate oxidase. Abbreviations: G-3-P, glyceraldehyde 3-phosphate;1,3-BPGA, 1,3-bisphosphoglycerate;
3/2-PGA, 3/2-phosphoglycerate; PEP, phosphoenolpyruvate; DHAP, dihydroxyacetone phosphate; Gly-3-P,
glycerol 3-phosphate. Substrates and secreted end-products are indicated in green and red, respectively.
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Figure 3: Glycolytic pathway of procyclic stage. Adapted from (Hannaert et al. 2003). Enzymes: 1, hexokinase;
2, glucose-6-phosphate isomerase; 3, phosphofructokinase; 4, aldolase; 5, triosephosphate isomerase; 6,
glyceraldehyde-3-phosphate  dehydrogenase;7, phosphoglycerate  kinase; 8, glycerol-3-phosphate
dehydrogenase; 9, glycerol kinase; 10, phosphoglycerate mutase; 11, enolase; 12, pyruvate kinase; 14,
phosphoenolpyruvate carboxykinase; 15, malate dehydrogenase; 16, fumarase; 17, fumarate reductase; 18,
pyruvate phosphate dikinase. Abbreviations: G-3-P, glyceraldehyde 3-phosphate; 1,3-BPGA, 1,3-
bisphosphoglycerate; DHAP, dihydroxyacetone phosphate; Gly-3-P, glycerol 3-phosphate; 3-PGA, 3-
phosphoglycerate; PEP, phosphoenolpyruvate; Oxac, oxaloacetate.

Substrates and secreted end-products are indicated in green and red, respectively. Enzymes involved in
reactions represented by dashed lines are present, but experiments indicated that no significant fluxes
occurred through these steps (Besteiro et al. 2002; van Weelden et al. 2003).
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2.6.2. Amino acid catabolism

In a glucose depleted environment, the procyclic form cells rely upon the catabolism of
amino acids and oxidative phosphorylation for energy production. Proline, an abundant
metabolite in the tsetse fly midgut, is actively transported by the parasite and metabolized
in the mitochondrion (Figure 4). During this catabolic process, ATP is produced by the
conversion of succinyl-CoA to succinate (steps 6 and 21), and also by oxidative
phosphorylation as the proline catabolism is directly linked to the respiratory chain via
complex Il (step 26) (Bringaud et al. 2012). The end products of proline catabolism are either
utilized in biosynthetic pathways or excreted. Glutamate, alanine, and CO, are the
predominant excreted end products, while acetate and succinate constitute minor products
(Lamour et al. 2005; Bringaud et al. 2012).

At first, proline is converted to glutamate (steps 13, 14), which can be subsequently
converted into alanine (step 16) and 2-oxoglutarate, but this step also requires the presence
of pyruvate. 2-oxoglutarate then enters the TCA cycle and is further metabolized to
succinate (steps 5,6), then to fumarate (step 26) by respiratory chain complex II, and finally
to malate (step 8). Malate is either exported from the mitochondrion and used for
gluconeogenesis or converted into pyruvate and CO;, by the mt malic enzyme (step 9).
Pyruvate is converted to acetyl-CoA (step 23) by pyruvate dehydrogenase and then
metabolized into acetate by acetate: succinate-CoA transferase (ASCT) (step 22) (Bringaud et
al. 2006; Coustou et al. 2008; Bringaud et al. 2012). Acetate was shown to be essential for
the biosynthesis of fatty acids, although the primary contribution to this pathway comes
from the degradation of threonine (steps 19-22) (Riviere et al. 2009; Millerioux et al. 2013).
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Figure 4: Mitochondrial energy metabolism in T. brucei. Adopted from (Verner et al. 2015). Black lines depict
pathways found in T. brucei; white lines depict pathways found in mammalian cells; purple lines depict
reactions present only in the bloodstream form stage (BSF) of T. brucei; pink lines depict transit of electrons in
the respiratory chain. Pathways with a green background represent those present in both procyclic form stage
(PCF) and BSF trypanosomes. Pathways with blue background are present in BSF only; orange represents
pathways up-regulated in BSF; yellow background and dotted lines indicate putative proteins whose activity
has not been experimentally verified, but their homologs are annotated in the T. brucei genome or have been
found by proteomic analyses.

Enzymes: 1) citrate synthase; 2) and 3) aconitase; 4) isocitrate dehydrogenase; 5) a-ketoglutarate
dehydrogenase (2-oxoglutarate); 6) succinyl-CoA synthetase; 7) succinate dehydrogenase/complex II; 8)
fumarase; 9) malic enzyme; 10) malate dehydrogenase; 11) fumarase; 12) fumarate reductase; 13) L-proline
dehydrogenase; 14) pyrroline-5-carboxylase; 15) L-glutamine deaminase; 16) glutamate dehydrogenase; 17)
asparagine synthetase; 18) aspartate aminotransferase; 19) L-threonine dehydrogenase; 20) AcCoA:glycine C-
acetyltransferase; 21) succinyl CoA synthetase; 22) acetate:succinate CoA transferase; 23) pyruvate
dehydrogenase; 24) alternative NADH dehydrogenase; 25) glycerol-3-phosphate dehydrogenase; 26) succinate
dehydrogenase; 27) branched-chain aminotransferase; 28) branched-chain keto acid dehydrogenase; 29)acyl-
CoA dehydrogenase; 30) enoyl CoA hydratase; 31) hydroxyisobutyryl CoA hydrolase; 32) 3-hydroxybutyrate
dehydrogenase; 33) 3-hydroxyacyl CoA dehydrogenase; 34) acetyl CoA acyltransferase; 35) 2-oxovalerate
dehydrogenase; 36) isovaleryl CoA dehydrogenase; 37) methylcrotonyl CoA carboxylase; 38) methylglutaconyl
CoA hydratase; 39) hydroxymethyl glutaryl CoA synthase; 40) hydroxymethyl glutaryl CoA lyase.

Abbreviations: AcCoA, acetyl Co enzyme A; AOX, alternative oxidase; C, cytochrome C; cl, cll, clll, clV and cV,
respiratory chain complexes; DHAP, dihydroxyacetone phosphate; G3P, glycerol 3-phosphate; Letm1, leucine
zipper EF-hand containing transmembrane protein 1; MCP, mitochondrial carrier protein; MCU, mitochondrial
calcium uniporter; Pi, inorganic phosphate; OM, mitochondrial outer membrane; SAM, s-adenosyl methionine;
Ub, ubiquinone; VDAC, voltage-dependent anion channel.
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2.6.3. Tricarboxylic acid cycle

The conventional tricarboxylic acid cycle, also called the citric acid cycle or the Krebs
cycle, is a hub in the energy metabolism of the cell. Under aerobic conditions, pyruvate is the
end product of glycolysis, and it is imported into the mitochondrion where it is converted to
acetyl-CoA by the pyruvate dehydrogenase complex. Acetyl-CoA enters the TCA cycle as it
condenses with oxaloacetate to form citrate. The TCA cycle enzymes then convert citrate to
oxaloacetate and releases two molecules of CO, through seven sequential reactions that
include three NAD- and one FAD-mediated dehydrogenations, two decarboxylations, and a
substrate phosphorylation. For every acetyl-CoA oxidized, the net energy yield is three
molecules of NADH, one FADH,, and one nucleoside triphosphate (ATP or GTP) (Nelson &
Cox 2008). In most eukaryotic cells, the TCA cycle is linked to the electron transport chain to
produce more ATP molecules as part of the oxidative phosphorylation (OxPhos) pathway.

The TCA cycle enzymes and the cytochrome-containing respiratory chain complexes
appear to be absent from the reduced mitochondrion of bloodstream stage T. brucei
(Hannaert et al. 2003; Tielens & van Hellemond 2009). In contrast to BF, procyclic cells
posses detectable activities of all the TCA cycle enzymes (Figure 4) (van Hellemond,
Opperdoes, et al. 2005; Urbaniak et al. 2012). However, their contribution towards energy
generation is disputable as experimental data suggest that the TCA cycle does not operate as
a true cycle in procyclic trypanosomes (van Weelden et al. 2005; Tielens & van Hellemond
2009). Several lines of evidence support this conclusion:

a) In vitro cultivated PF cells mainly excrete partially oxidized end products (acetate,
succinate,alanin) rather than CO, (van Weelden et al. 2003; Coustou et al. 2008).

b) Even in low-carbohydrate conditions, PF cells do not shift towards a complete
oxidation of TCA intermediates to form CO, (van Weelden et al. 2005).

c) Gene disruption of aconitase (the second TCA enzyme) does not affect the viability or
proliferation of PF cells grown in vitro (van Weelden et al. 2003). Moreover, the
aconitase knock-out produces the same metabolic end products as the wild type cell
line (van Weelden et al. 2003).

d) Acetyl-CoA is diverted from the TCA cycle towards acetate production (most likely
due to the kinetics of some enzymes) (van Hellemond, Opperdoes, et al. 2005).

e) Instead of acetyl-CoA, the TCA cycle is fed with 2-oxoglutarate and malate, thus only
parts of the cycle are required for their catabolism (Tielens & van Hellemond 2009;
Bringaud et al. 2010).

Initially, pyruvate is imported into PF mitochondrion and metabolized to acetyl-CoA by
pyruvate dehydrogenase (step 23). Interestingly, acetyl-CoA does not seem to enter the TCA
cycle but it is converted into acetate predominantly through a two-enzyme cycle: |) acetate:
succinate-CoA transferase (ASCT) (step 22) transfers the CoA to succinate, yielding acetate
and succinyl-CoA; II) succinyl CoA synthetase (SCS) (step 21), which is also a part of the TCA
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cycle (step 6), converts succinyl-CoA to succinate and produces ATP (Van Hellemond et al.
1998; Riviere et al. 2004; van Hellemond, Bakker, et al. 2005).

Instead of acetyl-CoA, the TCA cycle is mainly fed by 2-oxoglutarate derived from
mitochondrial proline and glutamine catabolism (steps 13-16). 2-oxoglutarate is then
metabolized to succinate by 2-oxoglutarate dehydrogenase (step 5) and succinyl-CoA
synthetase (step 6). Alternatively, the TCA cycle can be fed by glucose derived malate that is
also gradually converted to succinate by a fumarase (step 11) and soluble fumarate
reductase (step 12) (Coustou et al. 2008; Tielens & van Hellemond 2009; Bringaud et al.
2010). As both of these substrates are metabolized by only a part of the classical TCA cycle,
the question arises as to why all TCA enzymes are expressed in the procyclic stage. One
possible explanation is that these enzymes are used in alternative metabolic pathways. For
example:

a) SCS (steps 6, 21) is used to produce acetate, which is essential for the de novo
sythesis of fatty acids (Van Hellemond et al. 1998; Riviere et al. 2009).

b) It has been proposed that part of the TCA cycle is used for the conversion of acetyl-
CoA into citrate, which could then be exported from the mitochondrion and used for
fatty acid biosythesis (van Weelden et al. 2005).

c¢) Both the mt catabolism of proline and glutamine (steps 16-6) and the production of
succinate from malate (which concomitantly reoxidizes NADH) require TCA cycle
enzymes (steps 11,12) (van Hellemond, Bakker, et al. 2005; Tielens & van Hellemond
2009).

d) Part of the TCA cycle is also required for production of malate from succinate (steps 7
and 8). Malate can be exported from mitochondrion and used for gluconeogenesis
pathway inside glycosome. This is especially important when the parasite is cultured
in the absence of glucose (van Weelden et al. 2005; Tielens & van Hellemond 2009;
Bringaud et al. 2012).

e) Moreover, it can not be excluded that the flux through the TCA cycle is changing
during the complex development of T. brucei as it progresses through various
environments within the tsetse fly. Thus, all TCA cycle enzymes may be employed by
other T. brucei stages during another portion of the life cycle (Bringaud et al. 2010).

2.6.4. Oxidative phosphorylation pathway

During oxidative phosphorylation (Figure 4), electrons are transferred from an electron
donor (NADH or succinate) to an electron acceptor (O,) through a series of redox reactions,
that are linked to the phosphorylation of ADP. In eukaryotic cells, the redox reactions are
carried out by a series of mitochondrial cytochrome-containing respiratory complexes that
comprise the electron transport chain. This interconnected chain of the transmembrane
respiratory proteins is formed by complexes I-IV (cl-IV). Complex | (NADH:ubiquinone
oxidoreductase) and cll (succinate:ubiquinone oxidoreductase) catalyze the electron transfer
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from NADH or FADH, respectively, to the hydrophobic membrane carrier ubiquinone.
Complex Il (ubiquinol:cytochrome ¢ oxidoreductase, cytochrome bc; complex) then passes
the electrons from the ubiquinol to a soluble heme-containing protein, cytochrome c (cyt c).
Complex IV (cytochrome c:oxygen oxidoreductase, cytochrome c oxidase), completes the
chain by transferring electrons from cyt ¢ to O,. The electron flow is coupled with the
transfer of protons across the inner mitochondrial membrane (IM), which is impermeable to
H*. This results in differences in the chemical concentration (ApH) and charge distribution
(AQ) across the IM. The electrochemical energy is termed the proton-motive force (mt
membrane potential, A ,) and is utilized by complex V (F,F1-ATP synthase) to synthesize
ATP molecules from ADP and inorganic phosphate (Pi). These two substrates are transported
into the mt matrix by two carriers: the ADP/ATP carrier (AAC) and the phosphate carrier
(PiC) (Nelson & Cox 2008; Sun et al. 2013; Chaban et al. 2014).

Oxidative phosphorylation complexes in different eukaryotes form higher-order
assemblies or supercomplexes. Supercomplexes consisting of various proportions of cl, clll
and clV (i.e. I+llly, N+IV,, I+11,+IV,4) were termed respirasomes as they generate large
amounts of Ayy,. The functional role of these assemblies is debated; however, it is proposed
that respirasomes may be important for efficient oxidation of multiple substrates, and for
improvement of electron transfer between individual components, thereby reducing the
generation of reactive oxygen species (Winge 2012; Chaban et al. 2014). Another example of
higher-order assemblies affecting the morphology and function of the mitochondrion is
evident in the dimerization of F,F;-ATP synthases, which cause the mt membrane to bend
and form cristae (Chaban et al. 2014). Moreover, the rat, bovine, and L. mexicana F,F1-ATP
synthases were identified as a component of a supercomplex comprised of the AAC and PiC
carriers, forming the so called "ATP synthasome" (Ko et al. 2003; Chen et al. 2004; Wittig &
Schagger 2008; Detke & Elsabrouty 2008).

The components of the OxPhos pathway have a dual genetic origin. Most of mt
proteins are encoded by the nuclear genome, synthesized in the cytosol, and then imported
into mitochondrion. However, a small number of proteins are encoded by the mtDNA and
translated by mt ribosomes. In most eukaryotes, including T. brucei, mtDNA genes usually
encode highly hydrophobic core subunits of the OxPhos pathway and components of the mt
ribosomes (Gray et al. 1999; Ott & Herrmann 2010).

2.6.4.1. Respiratory chain of bloodstream and dyskinetoplastic trypanosomes

The respiratory chain of the bloodstream form T. brucei is reduced to the Gly-3-P/
DHAP shuttle coupled with the cytochrome-independent Trypanosome alternative oxidase.
This pathway reoxidizes glycolytic Gly-3-P (Figure 2, step 13) and thus maintains the
glycosomal redox balance (Bringaud et al. 2006; Chaudhuri et al. 2006; Shiba et al. 2013).
Alternative oxidases, also found in some higher plants, fungi and unicellular eukaryotes, are
diiron proteins that transfer four electrons from ubiquinol to molecular oxygen, producing
water. This cyanide-insensitive activity is not coupled to proton translocation and hence
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neither generates A, nor contributes to ATP production via OxPhos (Chaudhuri et al. 2006;
Shiba et al. 2013; Young et al. 2013).

In BF trypanosomes, the glycolysis alone is able to meet the energy demands of the
cell, however, the Ay, is essential for several mitochondrial processes (Schnaufer et al.
2005; Tielens & van Hellemond 2009). This indispensable Ay, in the bloodstream stage is
therefore sustained mainly by the hydrolytic activity of the F,F;-ATPase, which translocates
protons across the IM (Nolan & Voorheis 1992; Schnaufer et al. 2005; Brown et al. 2006).

As previously discussed (chapter 2.3), trypanosoma mt gene transcripts are encoded
by the uniquely structured kDNA and most require pre-mRNA editing to generate functional
MRNAs (Benne et al. 1986; Stuart & Panigrahi 2002; Aphasizhev & Aphasizheva 2011;
Aphasizheva et al. 2013). The replication and expression of kDNA is an elaborate process
requiring large multiprotein enzymatic complexes that are essential for PF as well as for BF T.
brucei (Schnaufer et al. 2001; Hashimi et al. 2008). This enormous expenditure of energy in
BF cells is fascinating because it appears that only one mt protein, the F,F;-ATP synthase
subunit a, is essential in this life stage. Interestingly, dyskinetoplastic trypanosomes
completely bypass the requirement for functional kDNA expression through compensatory
mutations in various F,F;-ATP synthase subunits (Schnaufer et al. 2005)(Dean et al. 2013;
Carnes et al. 2015). However, TAO, the Gly-3-P/ DHAP shuttle, and possibly other Ay,
dependent mt functions are expected to be essential in Dk trypanosomes (Carnes et al.
2015), but this will require additional experimental confirmation. It has been shown
indirectly that Dk cells lack a functional F, proton pumping activity, because they are not
sensitive to oligomycin, a specific inhibitor of the F,F; complex (Opperdoes et al. 1976;
Schnaufer et al. 2005). Thus, Dk trypanosomes rely on the electrogenic generation of the
Ay, , a process independent of proton translocation (Schnaufer et al. 2005; Dean et al.
2013).

2.6.4.2. Respiratory chain of procyclic trypanosomes

In T. brucei procyclic cells, the presence of classic respiratory complexes, similar to that
of other eukaryotes, is well established (Tielens & van Hellemond 2009; Acestor et al. 2011;
Bringaud et al. 2012). In addition, there are another three enzymes that are capable of
passing electrons to and from ubiquinone (Figure 4) (Tielens & van Hellemond 2009; Verner
et al. 2015). Mitochondrial glycerol-3-phosphate dehydrogenase (Gly-3-P DH) (step 25) and
an alternative rotenone-insensitive NADH dehydrogenase (NDH) (step 24) transfer electrons
from Gly-3-P and NADH to ubiquinone, respectively (Fang & Beattie 2003; Guerra et al.
2006). The reduced ubiquinol can then be reoxidized by TAO, which passes the electrons to
molecular oxygen. None of these three enzymes are directly contributing to the A{,;
however, Gly-3-P DH and NDH, can participate via an increase in the electron flow through
ubiquinol and complex lll (Tielens & van Hellemond 2009; Verner et al. 2015).

While the procyclic respiratory complexes I- IV perform the same functions as in higher
eukaryotes, their composition is substantially different. Complex | is the largest of these
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multiprotein complexes and it catalyzes the transfer of two electrons from NADH to
ubiquinone while simultaneously transferring four protons from the matrix to the
intermembrane space. In bacteria, this complex consists of 13-15 subunits, whereas the
eukaryotic mitochondrial enzyme has 45 subunits, seven of which are encoded by mtDNA.
Both complexes contain the same redox components: a flavine mononucleotide and 8-9
iron-sulphur (Fe-S) clusters (Janssen et al. 2006; Sazanov 2007; Efremov & Sazanov 2011) .
Trypanosoma cl appears to have no less than 46 subunits, eight are kDNA encoded.
However, at least 31 proteins have no homology outside Euglenozoa, suggesting that this
complex may perform other diverse functions, as it has been suggested in the metabolism of
fatty acids (Acestor et al. 2011; Duarte & Tomds 2014). The relevance of cl and its
contribution to the OxPhos pathway in T. brucei is confounding for following reasons:

a) Specific rotenone-sensitive NADH-dehydrogenase activity that was initially
contributed to cl was later questioned because of the very high concentrations of
inhibitor used in the experiments (Beattie et al. 1994; Hernandez & Turrens 1998).

b) It was shown that the NDH2 enzyme is fundamentally a single-protein counterpart of
cl, which may be able to offset most of cl activity (Fang & Beattie 2003; Verner et al.
2013).

¢) RNAiI depletion of cl subunits has no effect on cell viability (Verner et al. 2011; Surve
et al. 2012).

d) The loss of cl was observed upon prolonged in vitro cultivation of Crithidia
fasciculata, a related insect trypanosomatid (Speijer et al. 1997).

Complex | and NDH, both appear to also be expressed in BF mitochondrion, although
their functions are uknown (Surve et al. 2011; Urbaniak et al. 2012).

Complex Il is the smallest complex of the respiratory chain. As an integral part of the
TCA cycle, it oxidizes succinate to fumarate and transfers electrons to ubiquinone. However,
the energy accumulated from these passing electrons is not sufficient to translocate any
protons, hence this complex does not directly contribute to Ay,. The representative
prokaryotic and eukaryotic enzyme has only four nuclear encoded subunits, a flavin adenine
dinucleotide (FAD) cofactor, heme b and three different Fe-S clusters (Rutter et al. 2010;
Maklashina & Cecchini 2010). In contrast, T. brucei cll is composed of up to nine subunits
that were identified on the protein level (Acestor et al. 2011). Complex Il was shown to be
essential for PF only under glucose depleted conditions (Coustou et al. 2008).

Complex Ill re-oxidizes ubiquinone, which was reduced to ubiquinol by the complexes |
and Il. This oxidation event allows the transfer of electrons from ubiquinol to the soluble cyt
c. For every transferred electron there are two protons transclocated across the inner mt
membrane; a mechanism known as the Q-cycle. Bacterial complex Il has only three
subunits, while the mammalian mitochondrial enzyme is composed of eleven proteins. All
complexes have three subunits with redox cofactors: the iron-sulphur protein (Rieske), cyt c1
and cyt b, which is the only mtDNA encoded subunit (Cramer et al. 2011; Xia et al. 2013).
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T. brucei clll is comprised of a total of seven subunits, three of which have redox centers.
Rieske and cyt c¢; (apo c;) subunits are nuclear encoded, while the cytochrome b protein is
encoded by kDNA. Two subunits were also identified as homologues of the mt processing
peptidase (MPP) protein family (a- and B- MPP) (Acestor et al. 2011; Mach et al. 2013),
which recognizes and removes a mt targeting sequences of imported proteins (Iwata et al.
1998; Xia et al. 2013). Complex Il was shown to be important for PF T. brucei viability as
RNAi silencing of Rieske and apo c; inhibited cell growth (Horvath et al. 2005).

The final component of the respiratory chain, complex IV, transfers electrons from the
reduced cyt ¢ to molecular oxygen, the final electron acceptor. This reaction is also coupled
to the translocation of two protons to the mt inner membrane space. The bacterial
cytochrome c oxidase (cox) is composed of four subunits. Three subunits coxI-Ill bear four
redox cofactors: two hemes (heme a and a3) and two copper centres (Cup and Cug). The
mammalian complex contains homologous catalytic subunits cox I-1ll, which are mt-encoded,
as well as an additional ten nuclear encoded subunits (Richter & Ludwig 2009; Soto et al.
2012). In T. brucei, clV was shown to be divergent from other organisms as it contains at
least 19 subunits, only two of which are homologous to mammalian proteins. In addition, clV
associates with up to 18 other proteins, most of them with unidentified function. This
suggests that clV might have a secondary role, besides transferring electrons (Zikova et al.
2008).

For example, two clV proteins, together with clll and cV subunits, were found to
associate within a multiprotein complex that imports tRNAs into the mitochondrion of a
related protist, L. tropica (Chatterjee et al. 2006; Mukherjee et al. 2007). Moreover, the clV
associated mt protein X (MIX) has a role in mt segregation and cell division in T. brucei and
L. major, and its depletion leads to a loss of L. major virulence (Uboldi et al. 2006; Zikova et
al. 2008). The importance of clV for PF T. brucei was investigated by the RNAi silencing of
four kinetoplastid specific subunits. These proteins appear to have a different specific
function within clV; however, the RNAi knock-down of each of them decreased the A, and
inhibited cell growth, indicating that clV is essential for PF T. brucei viability (Horvath et al.
2005; Gnipova et al. 2012). The Ay, generated by respiratory complexes Il and IV is used by
the last component of the OxPhos pathway, the F,F;-ATP synthase. The unique function,
composition and possible involvement of this T. brucei complex within supercomplexes will
be further discussed.

The organization of respiratory complexes |, Ill and IV into respirasomes was also
investigated in PF cells. A possible hetero-multimeric supercomplex of clll and clV was
detected in vitro by histochemical in-gel staining. Moreover, the mass spectrometry analysis
of affinity purified clll revealed the presence of five clV proteins (Acestor et al. 2011).
However, silencing of clll subunits did not affect the structure of clV, and vice versa. In
addition, RNAi of neither clll nor clV subunits altered the already questionable cl activity
(Horvath et al. 2005). These results together with our published data (Gnipova et al. 2015)
suggest that supercomplexes appear to be absent in T. brucei.
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2.7. FoF,-ATP synthase (Complex V)

The FoF1-ATP synthase complex plays a central role in the synthesis of ATP in all living
organisms. This complex, also known as F-type ATPase belongs to a larger protein family,
comprised of F-, V- and A-type ATPases. These enzymes have similar structures and
mechanisms of operation; however, they differ in their biological function and taxonomic
origin. Generally, F-type ATPases synthesize ATP, although they can operate in reverse and
hydrolyze ATP under specific conditions. V-type ATPases (vacuolar) use the energy from ATP
hydrolysis to pump ions across intracellular or plasma membranes. A-ATPases/A-synthases
are structurally simple and versatile enzymes found in archaea (Jonckheere et al. 2012;
Walker 2013).

The F.F1-ATP synthase is found in the plasma membrane of bacteria, in the thylakoid
membrane of chloroplasts, and in the inner membrane of mitochondria. In each of these
locations, this enzyme synthesizes ATP in a manner that is coupled to the translocation of
protons (or Na+ ions) across the respective membranes (von Ballmoos et al. 2008; Nakamoto
et al. 2008; Walker 2013). This principal mechanism was postulated by Peter Mitchell in his
chemiosmotic theory (Mitchell 1961), which was rewarded the Nobel Prize in 1978. The
elucidation of the mechanism of F,F;-ATP synthase operation was also awarded a Nobel
Prize in Chemistry (1997), that is shared between Jens C. Skou, who discovered the Na*/K"
ATPase pump, Paul D. Boyer, and John E. Walker. While Paul Boyer and colleagues proposed
the catalytic mechanism for ATP synthesis, Walker’s group resolved the crystal structure of
the bovine enzyme, which experimentally supported Boyers theory (Boyer 1993) (Abrahams
et al. 1994; Boyer 2002). Direct visual evidence of the F.F;-ATP synthase operation was
provided by Yoshida’'s laboratory in 1997 (Noji et al. 1997). In recent decades, the F,F1-ATP
synthase has been extensively studied using genetic, biochemical, crystalographic and
microscopic techniques. Consequently, the general organisation, architecture and catalytic
mechanism of this complex is well established in model organisms.

2.7.1. FoF1-ATP synthase architecture

This ubiquitous multisubunit enzyme (Figure 5), with a molecular mass of nearly 600
kDa, is composed of numerous nuclear and a few mtDNA encoded subunits (summarized in
Table 1). Despite this complexity, the basic F,F;-ATP synthase structure is conserved
throughout the biological kingdom, and is comprised of two functionally distinct parts. The
hydrophilic F; moiety performs the enzymatic reaction, while the membrane bound
F, moiety mediates H* transport. These two subcomplexes are connected by the central and
peripheral stalks (von Ballmoos et al. 2008; Walker 2013).

The prokaryotic FoF1-ATP synthase, which represents the simplest form of the complex,
is @ monomeric enzyme. Prokaryotic F; subcomplex is composed of five subunits a B y, 6 and
€ with the stoichiometry: a3 B3 vi1, 61, €1. The three a and B subunits are alternately arranged
around subunit y, which protrudes below the asBs; hexamer and attaches this F; catalytic part
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to the F, moiety. This attachment is further strengthened by subunit €. The membrane-
bound F, moiety is comprised of a single subunit a that interacts with a ring formed by
oligomers of subunit c (in a stoichiometry of cg 15, dependent on the species); this interaction
between these two proteins forms the H* channel. Additionally, the bacterial peripheral stalk
contains two b subunits that are attached to subunit a, and a single subunit 6 (von Ballmoos
et al. 2008; Walker 2013).

The eukaryotic mt F,F1-ATP synthase has homologous components to the prokaryotic
form, but it also incorporates additional subunits involved in the structure, oligomerization,
and regulation of the complex. Detailed structural studies of the mitochondrial enzyme
established that dimeric and even higher-oligomeric organization of the complex exists in
different organisms ranging from unicellular eukaryotes to mammals. For example, in S.
cerevisiae, the FoF,-ATP synthase consists of at least 17 different subunits, some of which
are specific only for the 1200 kDa dimer. Dimeric FoF;-ATP synthase was also found in Bos
taurus, where the complex is constructed from at least 16 different subunits (Walker 2013;
Habersetzer et al. 2013).

The mammalian F; is composed of subunits as B3 yi, 61, €1. Although it is confusing,
the eukaryotic protein & is the functional counterpart of the prokaryotic subunit € and this
designation is used for historical reasons. The eukaryotic subunit € however, has no homolog
in the bacterial complex. The F, moiety also has a greater complexity in eukaryotes. Besides
the conserved proton channel consisting of subunits a; and cg_1s, it incorporates single copies
of subunits A6L,b, d, F6, e, f and g. None of these subunits have a prokaryotic homolog.
Another two Fo ATP synthase associated proteins were identified in mammals: DAPIT
(Diabetes associated protein in insulin-sensitive tissue) and a 6.8-kDa mitochondrial
proteolipid (MLQ protein). Their function and association with the complex has yet to be
determined (Jonckheere et al. 2012; Walker 2013). The yeast FoF;-ATP synthase is mostly
homologous to the mammalian complex with the exception of two yeast specific proteins,
the F, subunit i/j and the dimer specific subunit k (Jonckheere et al. 2012; Habersetzer et al.
2013).
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Figure 5: Organization of protein subunits in FoF,-ATP synthases. Adapted from (Walker 2013). The
prokaryotic (bacterial and chloroplast) FoF;-ATP synthase (A) and the eukaryotic mt FoF;-ATP synthase (B) are
shown. The upper part of each model contains the subunits in the F; catalytic domain. One of the three a-
subunits (red) has been removed to expose the elongated a-helical structure in the y -subunit (dark blue),
which lies approximately along the central axis of the spherical asB; domain. The y -subunit (and associated
subunits) is in contact with the F, membrane domain, which contains the c-ring (brown) and the associated a-
subunit (grey). The number of c-subunits in the c-ring differs between species. The rotor of the enzyme consists
of the ensemble of the c-ring and the y -subunit (and associated subunits). The pathway for protons through
the F, domain is in the vicinity of the interface between the c-ring and a-subunit. The peripheral stalk is on the
right of each model. In some bacterial enzymes, it consists of the &-subunit (light blue) and two identical b-
subunits (pink). In other bacterial enzymes, and in the chloroplast enzyme, the two b-subunits are replaced by
single copies of homologous, but non-identical, subunits b and b’. In the mt complex, the peripheral stalk
consists of single copies of subunits OSCP, b, d and F6. The membrane domains of the mt FoF;-ATP synthase
contain a number of membrane subunits that are not found in bacteria and chloroplasts. These supernumerary
subunits have no known roles in the generation of ATP; subunits e, f, g, A6L, DAPIT and the 6.8 kDa proteolipid.
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Table 1. Composition and subunit nomenclature of the F,F,-ATP synthase complex in different species.
Adapted from (Devenish et al. 2008; Jonckheere et al. 2012; Habersetzer et al. 2013). Dashes indicate no
equivalent subunit. Subunits marked with an asterisk are mtDNA encoded. Genes encoding individual yeast
proteins are in parentheses.

Sector E. coli S. cerevisiae B. taurus
Fy a a (ATP1p) a
F1 B B (ATP2p) B
Central stalk Y v (ATP3p) Y
Peripheral stalk 6 OSCP(ATP5p) OSCP
Central stalk 3 6 (Atpl6p) 6
Central stalk - € (Atp15p) €
Fo a a/6 (Atp6p)* a*
Peripheral stalk b b (Atp4p) b
Fo o c (Atp9p)* C
Fo - 8/aap1l (Atp8p)* A6L*
Peripheral stalk d (Atp7p) d
Peripheral stalk - h (Atp14p) F6
Fo - e (Tim1l1lp) e
Fo - f (Atp17p) f
Fo - g (Atp20p) g
Fo - i/j (Atp18p) -
Fo - k (Atp19p) -
Fo - DAPIT
Fo - 6.8 kDa proteolipid

2.7.2. Mechanism of ATP synthesis and ATP hydrolysis

The FoF1-ATP synthase complex can operate in either the ATP synthesis or ATP
hydrolysis (FoF;-ATPase) mode. In both scenarios, the F, and F; units operate as a
coordinated, reversible rotary motors by exchanging energy through the mechanical rotation
of a central stalk.

From a mechanistic point of view, the FoF1-ATP synthase can be divided into rotor
(c-ring, vy, 6, €) and stator ( asBs hexamer, a, b, d, F6, OSCP) components (bovine
nomenclature is used) (Devenish et al. 2008). During ATP synthesis, the rotor converts the
electrochemical gradient into torque, thus enabling the stator to act as an ATP generator.
The energy provided for this generator results from the movement of H' through the F,
channel, creating a clockwise rotation (as viewed from the membrane side) of the c-ring,
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which in turn causes the central stalk to rotate. This torque is counterbalanced by the
peripheral stalk, which fixes the o3B3 hexamer relative to the F, subunit a. The rotation of
the F; central stalk subunit y creates a conformational change in the F; catalytic asfs
hexamer, leading to the synthesis of ATP from bound ADP and inorganic phosphate (von
Ballmoos et al. 2008; Devenish et al. 2008; Walker 2013).

The model for ATP synthesis (Figure 6) is well described and is commonly referred to
as the binding change mechanism (Boyer 2002; von Ballmoos et al. 2008; Sielaff & Borsch
2013). The F; catalytic nucleotide-binding sites are located on each of the three B-subunits at
the interface with the a-subunits. While all three a-subunits adopt similar conformations,
the B-subunits are in three different nucleotide bound states:

i)  Subunit Bpp binds MgADP (the “tight” state of the binding change mechanism).
ii)  Subunit Brp binds MgATP (the “loose” state).
iii) Subunit Be has a very low affinity for either nucleotide (the “empty” or “open” state).

The asymmetric geometry of the internal y subunit forces a specific conformational
change in each of the B subunits as it rotates through the asBs headpiece. Thus, during one
y rotational cycle, each B subunit successively adopts a conformation of varying affinity for
binding nucleotides (open, loose and tight state) (von Ballmoos et al. 2008; Sielaff & Borsch
2013). In the open state, ADP and phosphate enter the binding pocket, causing a
conformational change in the catalytic site to bind the molecules loosely (the loose state). As
the catalytic site continues to rotate, it creates the intermediary state of the enzymatic
reaction by further undergoing a conformational change that brings the ADP and phosphate
molecules closer together, effectively lowering the activation energy necessary to create the
ATP molecules spontaneously (the tight state). Finally, the active site returns to the open
state, releasing the newly-produced ATP. In summary, each 360° rotation of the F, moiety
provides the energy to generate three molecules of ATP by F; (Weber & Senior 2000; Capaldi
& Aggeler 2002; von Ballmoos et al. 2008; Sielaff & Borsch 2013; Walker 2013).
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Figure 6: The binding change mechanism of the ATP synthesis/ hydrolysis. Adopted from (Nakamoto et al.
2008). The assymetrical subunit y (white) and three conformation states of subunit B (B¢ - blue, Bpp- red, Brp -
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In ATP hydrolysis mode, the F; motor converts the chemical energy of ATP into torque,
causing the F, moiety to act as a proton pump. Rotation of the central stalk subunits and the
F, c-ring is now driven by the F, -ATPase, and this rotation forces H* to pass through the
F, proton pore to the outer side of the inner mitochondrial membrane (Nakamoto et al.
2008; Walker 2013). One complete 360° rotation in the counterclockwise direction (as
viewed from the membrane side) takes subunit B through three different conformations,
hydrolyzing three ATP molecules in the process (Nakamoto et al. 2008; Nakanishi-Matsui et
al. 2010; Walker 2013).

The reverse FoFi-ATPase activity represents a powerful mechanism to generate or
restore the indispensable H* (or Na*) gradient. Some anaerobic bacteria that lack membrane
embedded respiratory complexes utilize this mechanism to generate an ion gradient to drive
vital bioenergetic processes such as chemotaxis and membrane transport (von Ballmoos et
al. 2008; Walker 2013). The bacterial FoF;-ATPase activity is also coupled with maintaining
intracellular pH or Na* homeostasis (von Ballmoos et al. 2008; Mesbah & Wiegel 2011). In
contrast, the hydrolytic activity of other bacterial, chloroplast and mitochondrial
FoF1-ATPases is not desirable and has to be strictly regulated in order to prevent ATP
depletion. Various mechanisms to inhibit ATP hydrolysis have evolved in different organisms
(von Ballmoos et al. 2008; Campanella et al. 2009; Walker 2013).

2.7.3. Regulation of mitochondrial FoF;-ATP synthase by IF1

In respiring mitochondria, the Ay, is high (approximately between 150 and 180 mV)
and ATP synthesis is favored over ATP hydrolysis. However, when mitochondrial respiration
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is compromised and the Ay, falls below a critical threshold, the F,F1-ATP synthase activity
reverses and the complex hydrolyzes ATP to pump H* across the IM (Campanella et al. 2009;
Walker 2013). This process is triggered by various mechanisms; for example, when a cell is
deprived of oxygen (during ischaemia or heart attack), or when the activities of the
respiratory complexes are defective (Campanella et al. 2009). The FoF;-ATPase represents a
powerful mechanism to restore the A,,; however, the rapid depletion of ATP precipitates
cell death and must be prevented (Campanella et al. 2009; Walker 2013).

For this reason, mitochondria employ a small (~10kDa) endogenous inhibitor protein.
The inhibitory factor 1 (IF1) is highly conserved among eukaryotes and inhibits
F1-ATPase in a pH-dependent manner (Campanella et al. 2008; Walker 2013). The inhibition
of mitochondrial respiration that induces the hydrolytic activity of F;-ATPase is accompanied
by the acidification of the mitochondrial matrix, as protons are no longer pumped into IMS.
It has been shown in B. taurus, that when the pH drops below ~6.7, the IF1 acts as an a-
helical homodimer with the N-terminal inhibitory sequences binding to two Fi-ATPases
(mostly interacting with subunit B), thereby blocking ATP hydrolysis. If the mitochondria re-
energize in the presence of oxygen, the pH of the matrix increases and causes the IF1
peptides to form tetramers and higher oligomers that prevent the inhibitory sequences from
interacting with F;-ATPase. This process restores FoF1-ATP synthase activity (Cabezon et al.
2003; Gledhill et al. 2007; Walker 2013). The natural IF1 has been widely studied in
mammals for its role in preventing cell death under hypoxic conditions. Moreover, the
F1-ATPase binding properties of species specific inhibitory factors have been used to purify
FoF1-ATP synthases from various organisms (Campanella et al. 2009; Walker 2013).

2.7.4. Supramolecular organisation of the mitochondrial F,F;-ATP synthase
2.7.4.1. Dimeric F,F1-ATP synthase

The F,F1-ATP synthase is commonly isolated as a functional monomer, although this
does not appear to be the physiological state in a wide range of eukaryotes (Wittig &
Schagger 2009; Habersetzer et al. 2013; Chaban et al. 2014). Biochemical and electron
microscopy studies have revealed the presence of a dimeric F,F;-ATP synthase in
phylogenetically distant organisms that include protozoans, algae, yeast, plants, and
mammals. In nearly all eukaryotes, two complex monomers associate through F, moieties,
with the peripheral stalks opposing one another. In most of the species studied to date, the
dimers display angles of 35-90° between the two F; headpieces; however, these differences
in reported angles might have arisen due to different concentrations of detergent used
during material preparation (Dudkina et al. 2010; Chaban et al. 2014). In the mitochondria,
the F,F1-ATP synthase dimers form long rows of oligomers along the ridges of cristae. It is
now widely accepted that these dimers and oligomers have an active role in shaping the
cristae (Habersetzer et al. 2013; Chaban et al. 2014). Indeed, S. cerevisiae mutants lacking
FoF1-ATP synthase dimer specific subunits e and g, exhibit an abnormal IM morphology
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(Giraud et al. 2002; Davies et al. 2012). It was proposed that the F,F;-ATP synthase
dimerization and cristae formation in eukaryotes expanded the mt membrane surface to
accomodate an increase in OxPhos components and improve the local H* concentration.
Moreover, the dimerization may be counterbalancing the torque produced from two
opposing monomeric F, c-rings (Chaban et al. 2014).

2.7.4.2. ATP synthasome

As mentioned previously, the FoF1-ATP synthase was reported to be part of an even
larger complex referred to as the ATP synthasome. In this mitochodrial supercomplex, the
FoF1-ATP synthase interacts with the phosphate and ADP/ATP carriers. The physiological
function of this arrangement appears plausible, as both the phosphate and ADP molecules
must be transported into the mitochondria to provide the substrates for ATP synthesis,
whereas the newly synthesized ATP must be transported into the cytosol to meet other
cellular energy demands. Therefore, this supercomplex may act as a substrate channel to
promote a faster supply of the F,F1-ATP synthase substrate molecules, thereby increasing
OxPhos efficiency (Pedersen 2007). ATP synthasome has been detected in rat and bovine
mitochondrion (Ko et al. 2003; Chen et al. 2004; Wittig & Schagger 2008). Moreover, this
supercomplex was also reported from the kinetoplastid parasite, L. mexicana, an early
branching eukaryote (Detke & Elsabrouty 2008). The presence of an ATP synthasome in the
closely related parasite, T. brucei, was investigated in this study (Gnipova et al. 2015).

2.7.4.3. The ADP/ATP carrier

The ADP/ATP carrier is the most abundant protein in the IM and one of the best-
studied members of the large mitochondrial carrier protein family (MCF) (Klingenberg 2008;
Trézéguet et al. 2008). These carriers have been extensively characterized in a wide range of
eukaryotic organisms, including T. brucei (Trézéguet et al. 2008; Palmieri et al. 2011; Pefia-
Diaz et al. 2012; Gnipova et al. 2015). The structures of yeast and bovine AAC were resolved
by X-ray crystallography (Kunji & Harding 2003; Pebay-Peyroula et al. 2003), which
demonstrated that the AAC structure is highly conserved with a six transmembrane a-helix
bundle and three short a-helices that are parallel to the membrane plane on the matrix side.
All ADP/ATP carriers contain a canonical hexapeptide motif (RRRMMM) that is essential for
ADP-binding and ADP/ATP exchange (Clémencon et al. 2011). Moreover, the AAC contains
three distinctly conserved sites involved in the selective binding and transport of substrates
(Kunji & Robinson 2006). The AAC is encoded by the nuclear genome and the number of
gene isoforms is known to vary between organisms. For example, S. cerevisiae possesses
three isoforms, although only one (AAC2) is essential for growth on nonfermentable carbon
sources. Four isoforms were also identified in H. sapiens and their expression levels are
tissue dependent (Dahout-Gonzalez et al. 2006). The T. brucei genome encodes two proteins
with high homology to other eukaryotic AACs. However, it was experimentally shown that
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only one, TbAAC (TbMCP5), functions as the main ADP/ATP carrier in the PF mitochondrion.
This protein is encoded by three identical, consecutively arranged genes and its biochemical
and kinetic properties are similar to the yeast AAC2. Moreover, RNAI studies demonstrated
that TbAAC is essential for the growth of PF cells (Pefa-Diaz et al. 2012; Gnipova et al. 2015).

The details of proposed mechanism of the ADP/ATP exchange activity have been
discussed for decades (Kramer & Klingenberg 1982; Klingenberg 2008; Ruprecht et al. 2014).
It is accepted that the carrier utilizes a single-binding centre-gated pore mechanism in which
the substrates bind sequentially to the same site in a "ping-pong"-type mode. Thus, during
oxidative phosphorylation, the AAC alternates between a cytoplasmic and matrix state,
where free forms of a single molecule of either cytosolic ADP* or matrix ATP* bind their
respective AAC state (Ruprecht et al. 2014). Because this electrogenic transport of a negative
charge across the membrane is not charge compensated, it is driven by the A, (Kréamer &
Klingenberg 1980; Dahout-Gonzalez et al. 2006; Chinopoulos 2011). In the absence of the
A, the AAC reverses and exchanges matrix ADP® for cytosolic ATP* molecules at a rate
that strictly depends on their respective concentration gradients. This electrogenic ADP*
JATP* exchange by AAC coupled with F;-ATPase hydrolytic activity is considered to be the
major contributor to the Ay, in cells that lack mtDNA encoded F, subunits and thus the
functional proton pore. Such a model of Ay, generation has been described in petite
mutants of yeasts (Dupont et al. 1985; Clark-Walker 2003), p°-mammalian cells (Buchet &
Godinot 1998; Appleby et al. 1999), and Dk T. brucei (Schnaufer et al. 2005).

Though it has been shown that the yeast AAC2 is fully functional as a monomer
(Bamber et al. 2007), this yeast carrier has also been identified as a homodimer (Nury et al.
2005) or as a component of a supercomplex composed of clll, clV and the TIM23 translocase
(Dienhart & Stuart 2008). Furthermore, the mammalian AAC was identified as a component
of the ATP synthasome (Ko et al. 2003; Chen et al. 2004; Wittig & Schagger 2008). It has
been found that cardiolipin, a unique lipid found in eukaryotes exclusively in IM, promotes
the interactions of these supercomplexes as well as AAC homodimers (Claypool et al. 2008;
Klingenberg 2009). Cardiolipin has also been reported to promote the activities of both AAC
and Tim23 (Heimpel et al. 2001; Claypool et al. 2008), further advocating for a close
association of these individual proteins within a supercomplex.

2.7.5. Composition of the mitochondrial FoF;-ATP synthase
2.7.5.1. F; moiety, central and peripheral stalks

As illustrated by the crystal structures of the bovine and yeast complexes, the
structure of the F;- moiety appears to be extremely conserved, at least in the eukaryotic
super-group Opisthokonta. Several high-resolution crystal structures have been solved
binding various inhibitors in the presence of MgADP, MgATP, or a non-hydrolyzable ATP
analogue, MgAMP-PNP, providing greater insight into the mechanism of this complex rotary
machine (Abrahams et al. 1994; van Raaij et al. 1996; Cabezon et al. 2003; Kabaleeswaran et
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al. 2006; Rees et al. 2009; Robinson et al. 2013). Furthermore, cross-linking experiments
combined with numerous NMR and cryo-EM studies have revealed secondary structures and
protein-protein interactions of individual subunits.

The globular hexamer of alternating subunits a and B is situated on a central stalk
consisting of subunit y and small subunits 6 and €. The a and B subunits are very similar;
each consisting of an N-terminal B-barrel domain, a central nucleotide-binding domain
formed by a-helices and B-strands, and a C-terminal domain containing several a-helices.
While the nucleotide binding sites in the B subunits undergo conformational changes
throughout the catalytic cycle, the same domains in the a subunits continuously bind a Mg
ion and the same nucleotide (AMP-PNP). Subunit y is largely a helical protein with N-terminal
a-helix, middle a/B domain, and the long C-terminal a-helix extending to the bottom of a3
hexamer (Devenish et al. 2008; Walker 2013).

The asBsy assembly represents the minimal catalytic core capable of ATP hydrolysis,
although it was shown that even the asBs; hexamer alone retains residual ATPase activity
(Devenish et al. 2008; La et al. 2013). Subunit 6 has a N- terminal B-sandwich and a
C-terminal a-helical hairpin, while subunit € is folded into a-helix -loop- a-helix structure
(Stock et al. 2000; Devenish et al. 2008). Subunits y, 6 and € interact together at the foot of
the central stalk, which is closely associated with the F, c-ring (Stock et al. 1999; Stock et al.
2000).

The peripheral stalk is composed of four subunits. Subunit OSCP (oligomycin sensitivity
conferring protein) is homologous to the prokaryotic protein §. A single subunit OSCP is
positioned in the "crown region" at the top of F;-ATP synthase, extending along the surface
of F; to interact with other subunits of the peripheral stalk. The N-terminal region of OSCP
forms an a-helical structure that binds the N-terminal region of the F; subunit a. In E. coli, it
has been suggested that the high affinity binding between subunit & and subunit a is
responsible for the proposed role of the peripheral stalk (resisting the rotational torque of
the rotor) (Walker & Dickson 2006; Dickson et al. 2006; Carbajo et al. 2007). Subunit b forms
a long, mostly a-helical structure that protrudes from mt inner membrane towards the
F, moiety and interacts with the rest of peripheral stalk subunits. Largely helical subunits d
and F6 (h in yeast nomenclature) support and augment most of the length of the a- helical
matrix part of the b subunit (Walker & Dickson 2006; Dickson et al. 2006).

2.7.5.2. F, moiety

As previously mentioned, the FoF:-ATP synthase proton pore is formed between a
cylindrical ring of ¢ subunits and a single subunit a. The highly hydrophobic subunit ¢ consists
of two transmembrane helical segments connected by a short loop. The C-terminal a-helix
contains a strictly conserved aspartate or glutamate residue, whose carboxyl group is
exposed on the external circumference of the c-ring (Collinson et al. 1994; Walker 2013). The
short loop contains a conserved trimethyl-lysine residue that has been proposed to bind
cardiolipin (Walpole et al. 2015). While there is no high resolution structure of the
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eukaryotic subunit a available, a model has been established for the prokaryotic homolog,
predicting the membrane topography. Bacterial subunit a is folded into five transmembrane
a-helices, forming an aqueous channel (or two half-channels) for H* translocation. This
subunit was shown to contain a conserved arginine residue that faces the essential carboxyl
group on the c-ring (Martin et al. 2015).

A model for the generation of a H*-driven rotation of the F, moiety has been proposed
(Fillingame et al. 2003; Walker 2013). This model involves the formation of a channel at the
interface of both subunits, and the sequential protonation and deprotonation of the
conserved residue on subunit c. Consequently, the number of H' required to generate a
single 360° rotation of the F, c-ring corresponds to the number of ¢ subunits present in the
c-ring, which differs between species. Thus, the bionergetic cost of generating one ATP
molecule can be calculated as the number of ¢ subunits divided by three (the number of ATP
molecules generated per one 360° rotation). The smallest cg-ring was observed in mammals,
resulting in a very efficient 2,7 H*/ATP ratio), while a ci5-ring with a 5 H*/ATP ratio was
described for chloroplast FoF;-ATP synthases (Watt et al. 2010; Walker 2013).

Besides the proton pore subunits, the F, moiety of the mitochondrial complex contains
several supernumerary subunits (e,f,g, i/j, k, A6L, DAPIT and 6.8 kDa proteolipid) that do not
directly participate in the translocation of H'. These subunits vary between species, have low
molecular weights (under 15 kDa), and contain transmembrane helices. The function of
these proteins might be to stabilize FoF1-ATP synthase dimers, to reinforce the peripheral
stalk stator, or to regulate cellular energy metabolism (Dickson et al. 2006; Wittig &
Schagger 2008; Jonckheere et al. 2012; Habersetzer et al. 2013).

2.7.5.3. Divergent F,F1-ATP synthases

FoF1-ATP synthase complexes with unusual composition were purified from
chlorophycean algea, Chlamydomonas reinhardtii and Polytomella sp. (Vdzquez-Acevedo et
al. 2006; van Lis et al. 2007; Cano-Estrada et al. 2010). It was shown that these complexes
contain the conserved subunits o,B, vy, 6, a, ¢, and OSCP; however, in contrast to other mt
FoF1-ATP synthases, the peripheral stalk subunits A6L, b, d, f, F6, and dimer specific subunits
e and g are absent. Instead, the algal complexes are comprised of nine subunits with
molecular masses ranging from ~8 to 60 kDa, that are known as ATP synthase associated
proteins (ASA1-ASA9) (Cano-Estrada et al. 2010). Homologues of the ASA proteins have been
detected in other members of Chlorophyceae (Lapaille et al. 2010). The ASA1-9 either form
an atypical bulky peripheral stalk, or are responsible for complex dimerization (Chaban et al.
2014).

Other examples of unique F,F1-ATP synthases can be found in the Alveolata clade,
specifically from the apicomplexan parasite Plasmodium and the free-living ciliate
Tetrahymena thermopila (Balabaskaran Nina et al. 2010; Balabaskaran Nina et al. 2011).
These organisms exhibit ATP synthase activity, despite the lack of subunits a, b, d, and F6.
However, there is a strong possibility that the missing subunits were replaced by highly
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divergent novel proteins that retain the same function. Indeed, proteomic analysis identified
at least 13 novel T. thermopila F.F1-ATP synthase subunits specific for ciliates. These include
the mt encoded hydrophobic protein Ymf66, which was proposed to be the functional
equivalent to subunit a (Balabaskaran Nina et al. 2010). Another peculiarity involves the
atypical structure of the dimeric F,F;-ATP synthase of Tetrahymena. Rather than the angled
configuration described in other organisms, the two T. thermopila monomers are arranged
in parallel. Moreover, the c-rings of each monomer are not in close proximity, but instead
they are connected via an additional protein densities in the lower part of the peripheral
stalks (Balabaskaran Nina et al. 2010; Chaban et al. 2014). Finally, other divergent F,F1-ATP
synthases were discovered in the phylum Euglenozoa (Zikova et al. 2009; Perez et al. 2014).
Bioinformatic and proteomic studies of the green alga Euglena gracilis and the parasitic
flagellate T. brucei established that many homologs of the typical eukaryotic F,F{-ATP
synthase subunits are missing from these organisms. Nevertheless, their complexes are
comprised of several unique proteins that may either represent counterparts of the absent
subunits or have other functions specific for Euglenozoa (Zikova et al. 2009; Perez et al.
2014).

2.8. Trypanosoma F,F;-ATP synthase

The FoF1-ATP synthase was purified from PF T. brucei (Williams & Frank 1990; Williams
et al. 1991; Zikova et al. 2009), and related trypanosomatids: T. cruzi (Cataldi de Flombaum
et al. 1980), L. donovani (Rassam & Robert 1988), L. tarentolae (Nelson et al. 2004), and
Crithidia fasiculata (Higa & Cazzulo 1981; Speijer et al. 1997). These studies employed
different biochemical methods and reported the isolation of incomplete complexes that
varied in their subunit composition. The most complete FoF;-ATP synthase complex was
purified from the T. brucei PF stage by tandem affinity purification (TAP) using four different
TAP-tagged subunits (B, p18, ATPaseTb1, ATPaseTb2). The purified tagged complexes were
analyzed by liquid chromatography tandem mass spectrometry (LC-MS/MS). Out of the 22
identified proteins (summarized in Table 2), five are homologous to F; and three to F,
subunits. The remaining 14 subunits appear to be unique as they share no apparent motifs
or similarities with any proteins outside of the class Kinetoplastida or phylum Euglenozoa
(zikova et al. 2009; Perez et al. 2014). The novel subunits were suggested to be involved in i)
complex assembly, ii) complex stability, iii) F,F;-ATP synthase/ase activity iv) FoFi-ATP
synthase/ase activity regulation (Zikova et al. 2009).

36



Table 2. Composition the T. brucei F,F,-ATP synthase complex. Adapted from (Zikova et al. 2009; Gulde et al.
2013; Gahura et al. manuscript in preparation; Gahura et al. unpublished study). Subunit a and subunit c are
encoded by two and three gene isoforms, respectively. Subunits depicted in italics were investigated in this
work.

Sector

Subunit

Gene ID

predicted Mw

[kDa]

F; a Th927.7.7420/7430 63.5

Fq B Tb927.3.1380 55.7
Central stalk Y Tb427.10.180 34.3
Central stalk 6 Tb927.6.4990 20.1
Central stalk € Tb427.10.5050 8.6
Peripheral stalk OSCP Tb427.10.8030 28.8
F; pl8 Tb927.5.1710 21.2

Fo a mt encoded (NCBI: AAA97428) 28.0

Fo c Tb927.7.1470,Tb927.10.1570,Tb927.11.5280 12.3

F, ATPaseTb1 Tb927.10.520 46.7

F, (Peripheral stalk) ATPaseTb2 Tb927.5.2930 43.3
Not assigned Tb927.11.6250 27.5
Not assigned Tb927.10.9830 17.1
Not assigned Tb927.3.1690 17.1
Not assigned Tb927.11.1270 20.2
Not assigned Tbh927.7.840 14.5
Not assigned Tbh927.11.600 12.0
Not assigned Tbh927.2.3610 16.0
Not assigned Tbh927.3.2880 12.6
Not assigned Tb927.3.2180 17.9
Not assigned Tb927.5.3090 11.6
Not assigned Th927.4.3450 13.7

Beside the unique proteins, T. brucei F,F1-ATP synthase possesses other atypical features:

i) It was reported that T. brucei expresses three isoforms of the F, subunit c, and that
the mature proteins differ in their N-terminal regions (Gulde et al. 2013). This is in
contrast to other organisms, where multiple gene copies of subunit ¢ are translated
into identical mature proteins (Andersson et al. 1997; De Grassi et al. 2006). All three
identified isoforms were expressed in PF and BF T. brucei and incorporated into the
PF FoF1-ATP synthase (Gulde et al. 2013).

ii) T. brucei F, subunit a is most likely encoded by the kDNA transcript MURF4, and it
was reported that the MURF4 pre-mRNA requires extensive RNA editing in order to
produce a mature protein (Bhat et al. 1990).The MURF4 assignment was based on an
in silico analysis of the predicted translated product, which produced a similar
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hydropathy profile and a low sequence similarity to subunit a orthologues from other
organisms (Bhat et al. 1990). Subunit a has not been detected in any of the isolations
of T. brucei F,F1-ATP synthase (Zikova et al. 2009). Nevertheless, the assembly of F,F;-
ATP synthase monomers and oligomers was disrupted after RNAI silencing of two
proteins involved in mt RNA metabolism, providing indirect evidence that the
product of the MURF4 gene is the genuine F, subunit (Hashimi et al. 2010). It it
assumed that subunit a is the only kDNA encoded subunit of T. brucei F,F;-ATP
synthase.

iii) The F; subunit a is cleaved in vivo into two fragments (Brown B et al. 2001; Zikova et
al. 2009; Dean et al. 2013). This proteolytic cleavage was described in other
Kinetoplastid species (Speijer et al. 1997; Nelson et al. 2004) and in E. gracilis (Perez
et al. 2014), however the biological function of this cleavage is unknown.

2.8.1. Function of F,F;-ATP synthase in bloodstream and dyskinetoplastic Trypanosomes

As previously mentioned, BF cells lack the cytochrome mediated electron transport
and therefore the Ay, is maintained by the hydrolytic activity of the F,F;-ATP synthase
complex (Nolan & Voorheis 1992; Schnaufer et al. 2005; Brown et al. 2006). The Ay, is
indispensable for the expression of kDNA genes and the import of nuclear-encoded proteins
that perform vital mt functions (Neupert 1997; Schnaufer et al. 2001). Such processes may
include maintaining the glycosomal redox balance through TAO (Bringaud et al. 2006;
Chaudhuri et al. 2006; Shiba et al. 2013), lipid metabolism (Guler et al. 2008), ion
homeostasis (Nolan & Voorheis 1992), calcium signalling (Vercesi et al. 1992; Huang et al.
2013), FeS cluster assembly (Kovdrova et al. 2014), acetate production for de novo lipid
biosynthesis (Mazet et al. 2013), and mitochondrial biogenesis (Neupert 1997; Schnaufer et
al. 2005).

The hydrolytic activity of the FoF1-ATP synthase is observed in mammalian cells only
under anoxic conditions and it needs to be tightly regulated or it will accelerate cell death
(Campanella et al. 2009; Walker 2013). In contrast, BF T. brucei depend on this activity
(Nolan & Voorheis 1992; Brown et al. 2006; Schnaufer et al. 2005), which suggests that the
T. brucei FoF;-ATPase might be a promising drug target. Specific FoF;-ATPase inhibitors,
developed to prevent human tissue damage caused by ischemic conditions, could potentially
be exploited to treat HAT because they should be unharmful to the mammalian host
(Schnaufer et al. 2005; Zikova et al. 2009). Another way to inhibit the BF F,F;-ATPase is to
utilize the naturally occurring inhibitory peptide, IF1 (Zikova et al. 2009). Indeed, the genome
of T. brucei encodes the inhibitory factor 1 (TbIF1), which is expressed about threefold less in
BF than in PF cells (Urbaniak et al. 2012). Even weak ectopic expression of TbIF1 in BF cells
leads to a significant decrease in the Ay, and a rapid inhibition of cell growth (Paniccuci et
al.; Gahura et al. unpublished studies).

Nevertheless, the detailed mechanism by which the TbIF1 inhibits BF F,F;-ATPase, and
how the PF FoF;-ATP synthase switches from ATP synthesis to ATP hydrolysis in the BF is not
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understood. It is possible that some of the novel 14 subunits unique to Kinetoplastida are
responsible for the regulation of the FoF;-ATPase/synthase. Currently, it is essential to
further characterize the composition and function of this druggable enzyme, determine how
the activity of this complex is regulated between the life stages of T. brucei, and specify
interactions between IF1 and the T. brucei F1-ATPase (Zikova et al. 2009).

As previously mentioned, the F,F;-ATPase also has a unique function in
dyskinetoplastic trypanosomes (Schnaufer et al. 2005; Dean et al. 2013), which are unable to
express the F, subunit a, as they lack the gene itself or gRNAs essential for RNA editing (Lai
et al. 2008). It was shown that Dk trypanosomes employ the TbAAC and the F;-ATPase
hydrolytic activity to generate their A, by the electrogenic exchange of ADP*/ATP*. This
mechanism is not dependent on F, proton pumping, and involves a key compensatory
mutation in the nuclearly encoded F; subunit y (Schnaufer et al. 2005; Dean et al. 2013). A
similar scenario occurs in yeast, where mitochondrial genome integrity (mgi) mutations in a,
B, and y subunits help the cells to survive the loss of mtDNA (Clark-Walker et al. 2000; Wang
et al. 2007; Arsenieva et al. 2010). Although the exact biochemical effect of mgi mutations is
still a matter of debate, they have been shown to uncouple the F, and F; moieties of the
complex (Wang et al. 2007; Arsenieva et al. 2010). Moreover, a reduced K,, value for ATP
was also reported, which allows the F;-ATPase to hydrolyze ATP at lower concentrations
(Clark-Walker 2003).

The laboratory induced Dk T. b. brucei (Stuart 1971) bears the L262P mutation in
subunit y (Schnaufer et al. 2005). The introduction of the y L262P mutation into T. b. brucei
resulted in FoF;-ATP synthase uncoupling, an increased dependency of the A, on TbAAC,
and allowed the cells to survive kDNA loss (Dean et al. 2013). Different mutations in the y, a,
and B subunits were also identified in naturally occuring Dk trypanosomes (Dean et al. 2013;
Carnes et al. 2015). Additional studies are needed to determine the biochemical effects of
these mutations and to investigate the kinetics of the F;—ATPase in Dk trypanosomes
(Schnaufer et al. 2005; Carnes et al. 2015).
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3.1.1. ATPaseTb2, a unique membrane-bound F,F;-ATPase component, is essential in
bloodstream and dyskinetoplastic trypanosomes
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Abstract

In the infectious stage of Trypanosoma brucei, an important parasite of humans and livestock,
the mitochondrial (mt) membrane potential (Ay,,,) is uniquely maintained by the ATP hydrolyt-
ic activity and subsequent proton pumping of the essential F,F{-ATPase. Intriguingly, this
multiprotein complex contains several trypanosome-specific subunits of unknown function.
Here, we demonstrate that one of the largest novel subunits, ATPaseTb2, is membrane-
bound and localizes with monomeric and multimeric assemblies of the FoF1-ATPase. More-
over, RNAi silencing of ATPaseTb2 quickly leads to a significant decrease of the Ay, that
manifests as a decreased growth phenotype, indicating that the F,F,-ATPase is impaired. To
further explore the function of this protein, we employed a trypanosoma strain that lacks
mtDNA (dyskinetoplastic, Dk) and thus subunit a, an essential component of the proton pore
in the membrane F,-moiety. These Dk cells generate the Ay, by combining the hydrolytic ac-
tivity of the matrix-facing F;-ATPase and the electrogenic exchange of ATP*- for ADP>- by
the ATP/ADP carrier (AAC). Surprisingly, in addition to the expected presence of F1-ATPase,
the monomeric and multimeric F,F;-ATPase complexes were identified. In fact, the immuno-
precipitation of a F1-ATPase subunit demonstrated that ATPaseTb2 was a component of
these complexes. Furthermore, RNAI studies established that the membrane-bound ATPa-
seTb2 subunit is essential for maintaining normal growth and the Ay, of Dk cells. Thus, even
in the absence of subunit a, a portion of the F,F;-ATPase is assembled in Dk cells.

Author Summary

The presence of the F,F;-ATP synthase in every aerobic organism suggests that evolution
has settled on a basic blueprint for the complex rotary motor capable of synthesizing life’s
universal energy currency—ATP. However, compared to yeast and mammalian models of
the F,F;-ATP synthase, several recent studies have reported unique structural and func-
tional features of this complex from organisms representing the clades of Chromalveolata,
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Archaeplastida and Excavata. One of the most striking cases is observed in trypanosomes,
important parasites of humans and animals. Notably, the F,F;-ATP synthase/ATPase
switches from synthesizing ATP in the insect vector life stage to hydrolyzing ATP in their
mammalian hosts to generate the essential mitochondrial membrane potential (Ay,y,).
Moreover, this indispensable F,F;-ATPase contains up to 14 trypanosome-specific sub-
units. Here we characterize one such novel subunit, ATPaseTb2. We demonstrate that this
subunit is crucial for the survival of the infectious stage of trypanosomes, part of the fully
assembled F,F,-complex and it is essential for maintaining the Ay,,,. Given the enzyme’s
irreplaceable function and extraordinary composition, we believe that the F,F,-ATPase is
an attractive drug target.

Introduction

Trypanosomes are unicellular flagellates from the order Kinetoplastida, which is comprised of
some of the most devastating human pathogens in the world. For example, in sub-Saharan Af-
rica, infection from Trypanosoma brucei gambiense and T. b. rhodesiense causes Human Afri-
can Trypanosomiasis, which is almost always fatal if left untreated [1]. The latest WHO reports
estimate that there are 10,000 new cases annually in endemic regions. Meanwhile, a third sub-
species, T. b. brucei, infects livestock and therefore negatively affects the human population
through malnutrition and economic hardships [2,3].

T. brucei parasites have a complex life cycle, alternating between the mammalian host and
the insect vector, a tse-tse fly. During this environmental switch, the protist undergoes rapid
and dramatic changes in cell morphology and metabolism [4-6]. In particular, the single mito-
chondrion undergoes extensive remodelling, which reflects the adaptability of the parasite to
consume different carbon sources based on their availability [4]. The procyclic (insect) form
(PF) of trypanosomes catabolizes amino acids and maintains a well-developed mitochondrion
with abundant cristae, Krebs cycle enzymes and a complete oxidative phosphorylation path-
way. This pathway includes enzymatic complexes that generate a mitochondrial (mt) mem-
brane potential (Ay,,) that is coupled to ATP synthesis by the F,F;-ATP synthase [5]. In
contrast, the bloodstream form (BF) of this parasite populates the glucose-rich fluids (e.g.
blood and spinal fluid) of its vertebrate host, allowing them to utilize just glycolysis for ATP
production. This results in a drastically reduced mitochondrion that lacks significant cristae,
key enzymes of the Krebs cycle and the cytochrome-containing respiratory complexes that
pump protons into the inner mt membrane space [6,7]. Despite this reduction, the BF mito-
chondrion is still an active organelle, holding vital processes e.g. lipid metabolism [8], ion ho-
meostasis [9], calcium signalling [10,11], FeS cluster assembly [12] and acetate production for
de novo lipid biosynthesis [13]. Importantly, in the absence of proton-pumping respiratory
complexes III and IV, the indispensable Ay, is sustained mainly by the hydrolytic activity of
the F,F;-ATPase. Thus, this complex possesses an essential, unique and irreplaceable function
in BF mitochondria [14].

In other eukaryotes, this reverse activity of the F,F;-ATP synthase is observed only rarely,
for very brief moments of time and under very specific conditions (i.e. during oxygen depriva-
tion or in response to damaged or mutated mt respiratory proteins). When the function of the
respiratory complexes is compromised, the Ay, falls below a physiological threshold and is re-
stored by the reverse proton pumping activity of the F,F,-ATPase, which is powered by ATP
hydrolysis. The hydrolytic activity of the catalytic F;-ATPase is also essential for exceptional
cells that lack mtDNA (p° cells). These cells do not express several core subunits of the
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membrane embedded F,-moiety (subunits 6, 8 and 9 in yeast, subunits a and A6L in bovine) of
the F,F;-ATPase, notably those that are components of the proton pore. Thus, the matrix pro-
truding F,-ATPase energizes the inner mt membrane by coupling ATP hydrolysis with the ex-
change of ADP* for ATP* by the ATP/ADP carrier (AAC) [15]. The same mechanism for
producing the Ay, is utilized by trypanosomes that lack a mt genome, which is called a kineto-
plast [16]. These naturally occuring dyskinetoplastic forms (Dk) of T. brucei (e.g. T. b. evansi
or T. b.equiperdum) cause economically significant diseases in horses, camels, and water buffa-
loes. Remarkably, these parasites are not able to switch to the insect stage and are transmitted
mechanically by bloodsucking insects or by coitus [17]. The mtDNA-lacking trypanosomes
can also be chemically induced in the laboratory (e.g. Dk T. brucei EATRO164) [18]. Interest-
ingly, each of the Dk cell lines characterized so far, bear one of several different compensatory
mutations in the nuclear encoded subunit y that enable the Ay,, to be generated independently
of the F,-moiety [14,16,19].

In general, the F F;-ATP synthase complex consists of two functionally distinct enzymatic
segments: the hydrophilic F; catalytic moiety and the membrane-bound F,, pore. Both of these
subcomplexes are linked together by the central and peripheral stalks. The central stalk rotates
with the c-ring when protons are allowed to pass through the F, pore, located between the c-
ring and subunit a. In contrast to the rotation of the central stalk, the stationary peripheral
stalk plays a crucial role in keeping the catalytic F; headpiece static, thus resisting the rotational
torque. The eubacterial F;-moiety consists of the catalytic domain and the central stalk, which
are comprised of five subunits in a stoichiometry of 03, B3, 71, 81, €1. The F,-moiety is composed
of the oligomeric cyo_;5 ring and a single subunit a joined together with two copies of subunit
b, which extend from the membrane and form the base of the peripheral stalk. The composi-
tion of the eukaryotic enzyme has been determined mainly from detailed studies of F,F;-ATP
synthase purified from the mitochondria of Bos taurus and Saccharomyces cerevisiae, members
of the clade Opisthokonta. These enzymes contain homologous prokaryotic-like core compo-
nents, but also incorporate additional eukaryotic specific subunits involved in the structure,
oligomerization and regulation of the complex [20]. These novel subunits have been assigned
to various regions of the F,F;-ATP synthase: i) subunit € and inhibitory factor 1 (IF;) bind to
the F;-moiety; ii) the small hydrophobic subunit 8 (subunit A6L in bovine) is located in the
membrane interacting with subunit a; iii) the soluble subunit h (subunit Fg in bovine), oligo-
mycin sensitivity-conferring protein (OSCP) and hydrophilic subunit d are assigned to the pe-
ripheral stalk; iv) subunits e, f, g, all containing one transmembrane helix, are regarded as
accessory peripheral stalk proteins that predominantly reside in the inner membrane where
they presumably stabilize the utmost hydrophobic subunit 6 (or subunit a in bovine), thereby
assisting the peripheral stalk with its stator function [21-23].

Recently, however, several studies have reported unique structural and functional features
of the F,F;-ATP synthase from medically relevant parasites and other organisms that represent
the clades of Chromalveolata [24], Archaeplastida [25] and Excavata [26]. In Plasmodium fal-
ciparum, a member of the phylum Apicomplexa, the genomic data indicates the likely presence
of all eukaryotic F; subunits and some of the F, and stator subunits [27]. Conspicuously absent
are the subunits a and b, which are crucial to the function of all known F,F;-ATP synthases.
These subunits are also missing in the ATP synthase of P. yoelii and Tetrahymena thermophila,
the latter a member of the sister phylum Ciliophora, both of which have been shown experi-
mentally to possess ATP synthase activity [28-30]. This suggest that ciliates and apicomplexan
species employ highly divergent or novel subunits to fulfil the functions of the classical subunits
aand b. Another example of an unusual FF,-ATP synthase complex comes from studies of
the chlorophycean algea Chlamydomonas reinhardtii and Polytomella sp. that determined the
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complex contains up to 9 unique subunits (Asal-Asa9) that either form an innovative periph-
eral stator or are responsible for complex dimerization [31].

Trypanosoma F,F;-ATP synthase consists of the well conserved F;-moiety comprised of
subunits o, B, v, 8 € and the trypanosome-specific subunit p18 [26,32], and the less character-
ized F,, pore and peripheral stalk where only subunits ¢, a and OSCP were identified at the gene
or protein level [26,33]. Additionally, the complex contains up to 14 Kinetoplastida-specific
subunits that lack homology to any of the previously described subunits. Therefore, their posi-
tion within the complex and their function is unknown. Interestingly, these recently identified
F,F;-ATP synthase subunits specific for T. brucei (ATPaseTb) may represent early evolution-
ary attempts to create the functional and structural components of the eukaryotic accessory
subunits for this early divergent species. Previously, two of these novel subunits, ATPaseTbl
(Tb10.70.7760) and ATPaseTb2 (Tb927.5.2930), were shown to be essential for the proper
function and structural integrity of F,F;-ATP synthase in the procyclic form of this parasite
[26].

Here, we have extended this study and functionally characterized ATPaseTb2 in the dis-
ease-relevant stage of T. brucei and Dk T. b evansi. Our results demonstrate that the mem-
brane-bound ATPaseTb2 protein is indispensable for the survival of BF and Dk trypanosomes
because it is crucial for maintaining the Ay, in these cells. Furthermore, the unexpected obser-
vation of assembled F,F;-ATPase complexes in two different strains of trypanosomes lacking
mt DNA suggests that the composition of the Dk F,F;-ATPase complex is more similar to the
BF F F;-ATPase complex than previously thought.

Results

Bioinformatics reveals that ATPaseTb2 contains a putative
transmembrane domain and a region homologous to the bovine
subunitd

ATPaseTb2 is annotated as a hypothetical protein in the TriTrypDB database (www.tritrypdb.
org) and its mt localization was predicted by the presence of an N-terminal mt targeting se-
quence assigned by Mitoprot II v1.101 [34] (probability 0.823). Strikingly, this subunit has no
detectable homologs outside Kinetoplastida based on a similarity sequence search (e.g.
BLAST). To uncover any homologous relationships for protein sequences that do not share
high enough sequence identity, but might have similar secondary structure, we employed the
HHpred toolkit (http://toolkit.tuebingen.mpg.de), which is based on an HMM-HMM compar-
ison that reveals homologous relationships even if the sequences share less than 20% sequence
identity [35]. All of the available Kinetoplastida ATPaseTb2 homologs obtained from the Tri-
TrypDB (S1A Fig.) were analyzed using HHpred software. Among the first five structural ho-
mologs detected was the bovine F,F;-ATP synthase subunit d, with a probability of 44.7 and a
P-value of 0.0021. Then a consensus sequence generated from an alignment of this 92 amino
acids (aa) region from all identified kinetoplastida homologs was resubmitted for HHpred
analysis. This search returned a significant hit to the bovine subunit d with a probability of 78.1
and a P-value of 0.0002 (S1B Fig.). This bovine F,F,-ATP synthase subunit is comprised of 160
aa and resides within the peripheral stalk where it interacts with all the other three components
of the peripheral stalk (b, Fs and OSCP). This subunit is predominantly hydrophilic, contains
several long alpha-helices and is essential for the enzymatic function [23,36,37]. The region of
similarity to subunit d falls in the middle of the ATPaseTb2 sequence and it is followed by a pu-
tative trans-membrane (TM) domain (aa 239-254) that was predicted by MEMSAT-SVM soft-
ware (http://bioinf.cs.ucl.ac.uk/psipred/) [38] with a -0.738 prediction score (Fig. 1). This
prediction is intriguing because a typical eukaryotic subunit d is not directly attached to the
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Fig 1. Bioinformatics reveal that ATPaseTb2 possesses a region of low homology to ATPase subunit d. A schematic representation depicting the
ATPaseTb2 protein (370 aminoacids (AA)) and the Bos taurus subunit d (Bs_sub d, 161 AA) was created using Adobe lllustrator CS5.1. The mitochondrial
targeting signals (MTS, green) were predicted by Mitoprot Il v1.101. The transmembrane domain (TM, orange) within the ATPaseTb2 sequence was

predicted by MEMSAT-SVM software. The homologous region (blue) to Bs_sub d was determined using HHpred toolkit. The regions of alpha-helices
(magenta) depicted on the amino acid sequence line were predicted by software from EMBOSS gamier.

doi:10.1371/journal.ppat.1004660.9001

membrane, but rather it interacts with the soluble region of the membrane-bound subunit b
via three coiled-coil interactions [23]. Thus, ATPaseTb2 may represent a novel subunit of the
membrane-bound peripheral stalk that possibly depicts an early divergent functional alterna-
tive of the stator by creating a chimera of subunits b and d.

ATPaseTb2 is a mt membrane-bound protein expressed in various
forms of T. brucei

The mitochondrial localization, as well as the structural and functional association of ATPa-
seTb2 with the F,F;-ATP synthase in PF T. brucei cells was previously described [26]. Because
the activity of this complex significantly differs between the insect and mammalian stage of the
parasite, we were interested if the ATPaseTb2 protein is also expressed in trypanosomes resid-
ing in the bloodstream of their host. Therefore, we cultured PF427 (insect stage), BF427 (blood-
stream forms) and the laboratory-induced dyskinetoplastic Dk164 T. brucei cells, in addition
to the naturally occurring Dk T.b.evansi. Whole cell lysates from PF427, BF427, Dk164 and T.
b.evansi cells were fractionated by SDS-PAGE and analyzed by western blot using a specific
polyclonal antibody against ATPaseTb2 (Fig. 2A). Interestingly, ATPaseTb2 is expressed in all
four cell types; however, its expression is significantly decreased in BF427 and even more re-
duced in Dk164 and T.b.evansi cells. A similar expression pattern for F;-ATPase subunit f and
mt chaperone Hsp70 was also observed between PF, BF and Dk cells (Fig. 2A). These results
are in agreement with the proposed reduction of the mitochondria size, function and activity
in the various bloodstream forms of T. brucei [39].

To experimentally investigate the subcellular localization of ATPaseTb2 within the blood-
stream T. brucei cell, the ATPaseTb2 gene product was C-terminally tagged with a v5-tag and
inducibly expressed using tetracycline (tet). Cytosolic and mitochondrial fractions were isolat-
ed from a hypotonic lysate of cells over-expressing the ATPaseTb2_v5 protein. The mitochon-
drial fractions were then treated with digitonin to create mitoplasts that were further incubated
with sodium carbonate (Na,COj3) to obtain mt membrane and mt matrix fractions. The subse-
quent western analyses established the purity of the extracted fractions as the cytosolic enolase,
the mt inner membrane carrier protein (AAC) and the matrix-localized guide RNA binding
protein (MRP1) were confined within their respective subcellular fractions. Notably, ATPa-
seTb2 was predominantly localized in the mt membrane fraction, while subunit f of the ma-
trix-soluble F,-ATPase was released into the matrix fraction (Fig. 2B), demonstrating that
ATPaseTb2 is firmly embedded in the inner mt membrane.
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doi:10.1371/journal.ppat.1004660.9002

ATPaseTb2 is a bona fide subunit of F,F{-ATPase monomers and
higher oligomers

To confirm that ATPaseTb2 is a genuine subunit of both the BF and Dk F,F,-ATPase, we em-
ployed the same strategy applied previously for PF cells [26]. Therefore, we first created BF cell
lines in which either the ATPaseTb2 or the F; subunit p18 were inducibly expressed with a C-
terminal tag. Complexes assembled with a tagged protein were then purified using a one-step
IgG affinity purification, followed by treatment with TEV protease to release bound complexes
from the IgG beads. The TEV eluates were further analyzed by western blot for the presence of
the tagged proteins, known F,F;-ATPase subunits, and AAC (Fig. 3A). Importantly, the pres-
ence of the tagged subunits ATPase Tb2 and p18 in the respective cell lines were confirmed
using a specific antibody against the c-myc epitope that comprises part of the tag. In addition,
the ATPaseTb2_TAP eluate contained F,F;-ATPase subunits §, p18 and ATPaseTb1. Vice
versa, the p18_TAP eluate contained subunits ATPaseTb2, ATPaseTb1 and subunit . While
AAC has been described to associate with mammalian F,F;-ATPase under certain conditions
[40], it is not a core component of the enzyme and the lack of its signal indicates the stringency
of this technique. The TAP tag purification from non-induced cells was used as a negative con-
trol to verify that the detected proteins do not bind non-specifically to the charged beads. To
analyze the composition of the Dk F,F,-ATPase, p18 tagged complexes were purified and sub-
jected to the same set of antibodies described for the BF complexes (Fig. 3B). These results also
depicted the same interactions seen in Fig. 3A. Therefore, the co-purification of ATPaseTb2
with known ATPase subunits p18 and B validates that it is an authentic constituent of the F F,-
ATPase complex in both BF and Dk cells.

The sedimentation profile of F,F;-ATP synthase in 10-30% glycerol gradients (GG) was
previously published and revealed two distinct regions representing the F;-moiety and the
F,F;-monomer and multimeric complexes [26]. In order to specify if ATPaseTb2 is a compo-
nent of the F;-moiety or the F,F;-complex, the glycerol gradient sedimentation profile was
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TAP tagged protein. The tagged protein complexes were eluated by TEV protease, fractionated on SDS-PAGE and examined by western blot analyzes. The
presence of the tagged ATPaseTb2 and p18 subunits was verified using a c-myc antibody (top panels: ATPaseTb2_TAP and p18_TAP). The known FF;-
ATPase subunits (sub 3, p18 and ATPase_Tb1) were detected using specific antibodies. The lack of signal for AAC serves as a control for specificity of the
used method. The applicable sizes of the protein marker are indicated on the left. B) p18_TAP tagged complexes were purified from dyskinetoplastic T. b.
evansi as described above for BF cells and subjected to the same set of antibodies. C) The sedimentation profile of F4- and F,F-ATPase complexes was
determined using glycerol gradient sedimentation. Hypotonically purified mitochondria from PF427, BF427, Dk164 and T. b. evansi cells were lysed with 1%
Triton X-100 and fractionated on a 10-30% glycerol gradient. The glycerol gradient fractions were collected, fractionated by SDS-PAGE and analyzed by
western blots. Western analyzes with an anti-$ antibody depicted the sedimentation profile of the F;-ATPase and monomeric/multimeric F,F;-ATP synthase
complexes, whereas the anti- ATPaseTb2 antibody only immunodecorates this protein within the monomeric/multimeric F,F4-ATPase complexes. The
subdivision of the various structural forms of the F,F-ATPase complexes are underlined as determined in [26]. The glycerol gradient fractions and the sizes
of the protein marker are indicated. Nonspecific bands visible in Dk164 and T. b. evansi gradients are indicated by asterisks. D) The native F4- and F,F1-
ATPase complexes were visualized using hrCNE. Purified mitochondria from PF427, BF427, Dk164 and T.b.evansi cells were lysed with digitonin (4 mg/mg),
fractionated on a 3%-12% hrCNE and blotted onto a nitrocellulose membrane. The F;-ATPase (F), the F;-ATPase bound with the c-ring (F1.c) and the
monomeric FoF+/multimeric (F,F1), complexes were all visualized using specific polyclonal antibodies against either subunit 8 or ATPaseTb2. The size of
ferritin from the equine spleen (440 kDa) is indicated on the left.

doi:10.1371/journal.ppat.1004660.9003

determined using mt lysates from all four cell types: PF427, BF427, Dk164 and T.b.evansi. In
correlation with the literature, a new specific antibody raised against the F;-subunit B depicted
both regions, which are defined as ~ 10S (fractions 6-10), and ~40S (fractions 14-22)

(Fig. 3C). A different sedimentation pattern was revealed when a specific antibody recognizing
ATPaseTb2 detected only the 40S region (fractions 14-22), representing the F,F;-monomer
and -multimers. These findings suggest that the novel subunit is not a component of the F;-
moiety, but rather a member of the fully assembled complex. Furthermore, compelling results
hinting at the function of this hypothetical protein were also obtained when the mt lysates of
Dk164 and T. b. evansi cells were fractionated on similar gradients. While the majority of the
signal for subunit § was predictably detected in fractions 6-10, representing the F;-ATPase
complex, there was also a weak signal detected in higher S values. These same ~40S complexes
were identified using the ATPaseTb2 antibody (Fig. 3C). This indicates that in the absence of
subunit a, the F;-moiety is still attached to the mt membrane via a central stalk, a ring of sub-
unit c and the peripheral stalk. Since the F, subunit a is missing in these cells, the attachment
of this complex to the membrane is presumably not as strong as in BF cells. Therefore, upon
treatment with detergent to lyse the mitochondria, a majority of F;-ATPase is released and de-
tected in lower S values while a small portion of the F,F;-complexes is preserved and sediments
at higher S value fractions. Consequently, our data suggests that previously undetected mem-
brane-bound F,F;-complexes are present in the mitochondria of the Dk trypanosomes.

To verify our intriguing results, the F,F;-ATP synthase/ATPase complex was examined by
an alternative method involving high resolution clear native electrophoresis (hrCNE) followed
by western blot analysis. Results obtained using the antibody against subunit f revealed four
predominant bands in both the PF427 and BF427 samples, representing various forms of the
F;-moiety and F,F;-complexes (Fig. 3D). The lowest band likely corresponds to the F;-ATPase
(subunits o, B, ,9,€), while the one above it seemingly represents F;-ATPase with a ring of sub-
unit ¢, as it has been described for the mammalian complex [41]. Noticeably, in each sample
the antibody against ATPaseTb2 immunodetected only two major bands corresponding to the
F,F;-monomer and -multimers. When the mt lysates of Dk164 and T. b. evansi cells were frac-
tionated on a hrCNE, subunit B was mainly detected in the lower bands representing the F;-
moiety and the F,F;-monomer, while only a weaker band was observed at the size depicting
F,F;-multimers. But western blot analysis with the ATPaseTb2 antibody clearly demonstrated
the existence of higher assemblies of the F,F;-ATPase complexes (Fig. 3D). Thus, ATPaseTb2
is a membrane-bound subunit of the monomeric and multimeric F,F;-ATP synthase/ATPase
complex in all four T. brucei cell types examined. Furthermore, no significant differences in
size were observed between the F,F;-monomeric and -multimeric complexes detected in
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PF427, BF427 and Dk cells, indicating that subunit a might be the only missing component of
the assembled F,F;-ATPase complex in dyskinetoplastic cells.

Silencing of ATPaseTb2 inhibits cell growth by decreasing the Ay, in
BF T. brucei

To assess the importance of ATPaseTb2 in the infective stage of T. brucei and to evaluate its
functional association with F,F;-ATPase, an ATPaseTb2 RNA interference (RNAi) cell line
was created. The expression of dsSRNA was triggered by the addition of tet to the culture medi-
um and the in vitro growth of the ATPaseTb2 knock-down (KD) cells was inspected for seven
days (Fig. 4A). Strikingly, a significant growth phenotype was already detected in RNAi in-
duced cells on just the second day of tet addition. Presumably, the powerful selection forces act-
ing on these cells missing a critical protein resulted in the emergence of a subpopulation that
was no longer responsive to RNAi induction after only 120 hours, leading to the growth recov-
ery of the culture (Fig. 4A). This phenomenon is often reported for RNAi experiments in BF T.
brucei [42].

The targeted KD of ATPaseTb2 was confirmed by western blot analysis of whole cell lysates
harvested from an equivalent number of cells for ATPaseTb2 RNAi non-induced and induced
cells throughout the RNAi time course (Fig. 4B). Western blot analysis using the antibody
against ATPaseTb2 exhibited a reduction of the targeted protein by 73% at day 2 of RNAi in-
duction. A non-specific band detected on the same membrane was used to determine equal
loading of the samples.

With the efficient knockdown of ATPaseTb2 verified, an in vivo assay was employed to
measure the Ay,, in the ATPaseTb2 KD cell population (Fig. 4C), since the Ay, is generated
by the F,F;-ATPase in BF T. brucei [9]. Flow cytometry analysis was used to determine the
changes observed in these cells stained with Mitotracker Red CMX-Ros, whose fluorescent in-
tensity is proportionally dependent on the strength of the Ay,,,. A substantial decrease of the
Ay, in the KD cell population was observed two days (IND2) after RNAi induction, coinciding
with the first time point to display a significant growth inhibition. Importantly, this result con-
firms the vital function of ATPaseTb2 within the F F,-ATPase.

Depleting ATPaseTb2 does not significantly alter ATP hydrolysis
capabilities

To assess if the decrease in the Ay, is the result of an impaired ATP hydrolytic activity of the
enzyme, the total ATPase activity was measured in mt lysates with or without azide, an in-
hibitor of the catalytic F;-ATPase [43]. Typically, the specific F;-ATPase activity represents

~ 35-45% of total mt ATPase activity. Our results indicate that neither the total ATPase nor
azide-sensitive activities were significantly altered between the non-induced and ATPaseTb2
RNAi-induced cells (Fig. 5A). ATPase activity can also be visualized by in-gel activity staining
when mitochondria from these cells are solubilized with dodecyl maltoside and separated on a
2-12% blue native PAGE (BNE) [41]. The specific ATPase staining revealed two major bands
in non-induced cells, the predominant lower one representing the activity produced from the
F;-moiety and the less significant higher band representing the hydrolytic activity of the mono-
meric F,F;-ATPase (Fig. 5B). It is important to note that solubilizing mitochondria with any
detergent can result in unintended structural consequences not found under normal physiolog-
ical conditions, especially for a large complex comprised of a matrix moiety and a membrane
embedded region. Although detergents tend to dissociate the F;-moiety from F,F;-ATPase
complexes, it is intriguing that there is still a portion of ATP hydrolysis being produced from
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Fig 4. RNAi silencing of ATPaseTb2 inhibits the growth and mt membrane potential of BF T. brucei.

A) Growth curves of the noninduced (NON) and RNAi induced (IND) ATPaseTb2 RNAI bloodstream T. brucei
cell lines were measured for 7 days. Cells were maintained in the exponential growth phase (between 10°
and 10° cells/ml) and the cumulative cell number was calculated from cell densities adjusted by the dilution
factor needed to seed the cultures at 10° cells/ml each day. The figure is representative of three independent
RNAi-inductions. B) The steady-state abundance of ATPaseTb2 in non-induced (NON) RNAi cells and in
cells induced with tet for 1, 2 and 3 days (IND1, IND2, IND3) was determined by western blot analysis using a
specific ATPaseTb2 antibody. The non-specific band (marked with an asterisk) detected on the same
membrane served as a loading control. The numbers beneath the blots represent the abundance of
immunodetected ATPaseTb2 expressed as a percentage of the non-induced samples after normalizing to
the loading control. The relevant sizes of the protein marker are indicated on the left. The figure is a
representative western blot from three independent RNAi-inductions. C) Using Mitotracker Red CMX-Ros,
the mt membrane potential was measured by flow cytometry in non-induced (NON) ATPaseTb2 RNAI cells
and cells induced for 2 or 3 days (IND2 and IND3). The median fluorescence for each sample is depicted on
the y-axis of the column graph. The results are means + s.d. (n = 3). *P< 0.05, Student’s t-test.

doi:10.1371/journal.ppat.1004660.9004

the complete F,F;-ATPase in the non-induced BF cells. Conspicuously, this activity is absent
when ATPaseTb2 RNAI is induced (Fig. 5B).

Loss of ATPaseTb2 disrupts the F,F{-ATPase complexes in BF T.
brucei

The absence of activity for the F,F;-monomeric complex might be explained by complex insta-
bility. Thus, the structural integrity of the coupled F,F;-complex was further analyzed using
hrCNE, which were loaded with digitonin-lysed mitochondria from non-induced and ATPa-
seTb2 RNAi induced cells. After transferring the separated native protein complexes to a nitro-
cellulose membrane, a specific antibody against the p18 subunit detected the F;-moiety as well
as both monomeric and oligomeric F,F;-complexes (Fig. 5C). Interestingly, we repeatedly ob-
served that the abundance of the monomeric and oligomeric complexes is decreased after
RNAIi induction and by day 3 these complexes are not detected at all. These results were com-
plemented by the sedimentation profile of F,F,-ATPase complexes on glycerol gradients. Mito-
chondria were isolated from non-induced RNAI cells and cells induced for two days (IND2).
These were then lysed by 1% Triton X-100 and an equal amount of mt protein from each sam-
ple was fractionated on a 10-30% GG. The resolved fractions were then analyzed by western
blot and the anti-f and anti-p18 antibodies demonstrated the effect of the ATPaseTb2 KD on
the F,F;-ATPase sedimentation profile. As indicated in Fig. 5D and the corresponding scan-
ning densitometry results listed in S2 Fig., two days of RNAi induction resulted in a diminished
amount of  and p18 signals from the higher S-values (IND2 panels), while the GG sedimenta-
tion pattern of RNAi non-induced cells was more similar to wild type BF427 (see Fig. 3C).
These results are in agreement with the PF RNAi ATPaseTb2 cell lines, in which the stability of
the monomeric and multimeric F,F;-ATP synthases was significantly affected upon RNAi

[26].

Using a variety of methods employing various detergent types, we have established that the
ATPaseTb2 subunit is an essential component of the F,F;-ATPase monomer and higher oligo-
mers in the bloodstream stage of T. brucei. Furthermore, the depletion of ATPaseTb2 dimin-
ishes the abundance of membrane-bound F,F;-ATPase complexes, which directly initiates a
substantial decrease in the Ay, that manifests as a strong growth phenotype.

ATPaseTb2 depletion affects cell growth, the Ay, and F,F{-ATPase
integrity in Dk T. b. evansi

To further dissect the primary role of the membrane-bound ATPaseTb2 subunit, we investigat-
ed the effect of targeted gene silencing in transgenic Dk T. b. evansi, which facilitate the tet
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Fig 5. ATPaseTb2 depletion does not appreciably affect F;-ATPase activity in BF T. brucei cells, but it does significantly diminish the stability of
FoF1-ATPase complexes. A) Employing the Sumner ATPase assay, the F1-ATPase hydrolytic activity was measured in ATPaseTb2 RNAi cells either not
induced (NON) or induced for 2 days (IND2). Crude mt vesicles were obtained by digitonin extraction and the ATPase activity was assayed by measuring the
release of free phosphates. The specific F1-ATPase inhibitor, azide (AZ, 2 mM), was added as indicated. The total amount of free-phosphate created from all
ATPase enzymes present in the sample was set at 100% (hatched column). The azide-sensitive activity representing the F;-ATPase is depicted in dark grey.
The results are means + s.d. (n = 4). B) In-gel ATP hydrolysis activity of F,F1-ATPase was visualized after ATPaseTb2 reduction. Mitochondria from RNAI
non-induced cells (NON) and cells induced for 2 (IND2) and 3 (IND3) days were lysed with 2% dodecyl maltoside. Equal amounts of lysed mitochondrial
proteins (100 pg) were fractionated on a 2%-12% BNE and the F,F;-ATPase activity was visualized by in-gel histochemical staining resulting in a white lead
phosphate precipitate. Positions of F4-ATPase and monomeric F,F{-ATPase are depicted. The size of equine spleen ferritin (440 kDa) is indicated. C) The
stability of F,F{-ATPase complexes upon ATPaseTb2 silencing was examined using hrCNE. Mitochondria from RNAi non-induced cells (NON) and cells
induced for 2 (IND2) and 3 (IND3) days were lysed by digitonin (4 mg/mg). Equal amounts of lysed mitochondrial proteins (20 pug) were fractionated on a 3%-
12% hrCNE, blotted onto a nitrocellulose membrane and probed with the anti-p18 antibody. Positions of F;-ATPase and monomeric and dimeric FoF4-
ATPases are depicted by arrows. The size of ferritin from equine spleen (440 kDa) is indicated. D) The sedimentation profile of F,F{-ATPase complexes was
examined using western blot analysis of glycerol gradient fractions. Mitochondria from RNAi non-induced cells (NON) and cells induced for 2 days (IND2)
were lysed with 1% Triton X-100. An equal amount of the cleared lysates (3,3 mg) were loaded on a manually poured 10—-30% glycerol gradient. Western
analyzes with anti-B and anti-p18 antibodies depicted the sedimentation profile of the F,F;-ATPase complexes. The manually fractionated glycerol gradient
fractions are labelled and sizes of the protein marker are indicated.

doi:10.1371/journal.ppat.1004660.9005

inducible expression of dsSRNA. These Dk cells were transfected with an ATPaseTb2 RNAi vec-
tor and several positive clones were screened for a growth phenotype. As shown in Fig. 6A, the
surprising inhibition of cell growth in RNAi induced cells appeared two days after tet induction
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Fig 6. Cell growth, Ay,,, maintenance and the stability of FOF1-ATPase complexes are all affected by the loss of ATPaseTb2 in dyskinetoplastic
T.b. evansi. A) Growth curves of the non-induced (NON) and induced (IND) ATPaseTb2 RNAi Dk T. b. evansi cell lines were measured for 10 days. Cells
were maintained in the exponential growth phase (between 10° and 108 cells/ml) and the cumulative cell number represents the cell density adjusted by the
daily dilution factor. The figure is representative of three independent RNAi-inductions. B) The steady-state abundance of ATPaseTb2 in non-induced (NON)
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cells and cells harvested 1, 2, 3 and 4 days post RNAi induction (IND1, IND2, IND3, IND4) was determined by western blot analysis using a specific
ATPaseTb2 antibody. Mt Hsp70 served as a loading control. The numbers underneath the ATPaseTb2 panel represent the abundance of immunodetected
protein expressed as a percentage of the non-induced samples after normalizing to the loading control. The pertinent sizes of the protein marker are
indicated on the left. The figure is a representative western blot from three independent RNAi-inductions. C) The Ay, was measured in non-induced (NON)
ATPaseTb2 RNAi cells and cells induced for 2 and 3 days (IND2 and IND3) by flow cytometry using Mitotracker Red CMX-Ros. The results are means * s.d.
(n=3). *P< 0.05, Student’s t-test. D) The F1-ATPase hydrolytic activity was measured for induced (IND3) or non-induced Dk ATPaseTb2 RNAi cells as
described in Fig. 5A. The results are means + s.d. (n = 4). E) The stability of F,F{-ATPase complexes upon ATPaseTb2 depletion was examined using
hrCNE. Mitochondria from wild type BF427, ATPaseTb2 RNAI T. b. evansi non-induced cells (NON) and cells induced for 3 days (IND3) were lysed by
digitonin (4 mg/mg). Equal amounts of lysed mitochondrial proteins (20 pg) were fractionated on a 3%-12% hrCNE, blotted onto a nitrocellulose membrane
and probed with an anti- antibody. Positions of F4-ATPase and monomeric and multimeric F,F{-ATPases are depicted by arrows. The size of the equine
spleen ferritin (440 kDa) is indicated on the left. F) The sedimentation profile of F,F{-ATPase complexes was examined using western blot analysis of
glycerol gradient fractions. Mitochondria from RNAi non-induced cells (NON) and cells induced for 3 and 4 days (IND3 and IND4) were lysed by 1% Triton X-
100 and an equal amount of the cleared samples (1.3 mg) were loaded on a 10—-30% glycerol gradient. Western analyzes with anti-f and anti-p18 antibodies
depicted the sedimentation profile of the F,F-ATPase complexes. The glycerol gradient fractions are labelled and the relevant sizes of the protein marker
are indicated. A nonspecific band only visible in Dk164 gradients is indicated by an asterisk.

doi:10.1371/journal.ppat.1004660.9006

and the doubling time remained reduced throughout the whole ten day experiment. Further-
more, western analysis of whole cell lysates harvested over the RNAi time course exhibited a
significant reduction of ATPaseTb2 in the RNAi induced cells beginning on day 1 (Fig. 6B),
while the analysis of a non-specific band served as the loading control. Interestingly, if the only
role of the subunit was to stabilize the proton pore, it presumably would not be essential in
cells that lack mtDNA and have adapted to the loss of a functioning proton pore. However,
these results suggest that ATPaseTb2 is important for F F;-ATPase complexes in these unique
cells and thus this cell line was further exploited to characterize the function of ATPaseTb2.

Since the Ay,, in Dk cells is generated using the hydrolytic activity of the F;-moiety coupled
with ATP/ADP translocation, the Ay,,, was examined in ATPaseTb2 non-induced and RNAi
induced cell populations. As shown in Fig. 6C, a reduction of the Ay,,, was detected in the
RNAi induced cell population after 2 (IND2) and 3 days (IND3). Since the reduction of the
Ay, already appears at day 2 of tet induction and the growth phenotype does not truly mani-
fest until day 3, we postulate that the observed decrease of the Ay, is a direct effect of ATPa-
seTb2 silencing and not a consequence of decreased cell viability. Furthermore, to assess if this
decreased Ay, is caused by an impairment of the F; ATPase hydrolytic activity, the total
ATPase activity was measured in mt lysates with or without azide. Similar to BF RNAi ATPa-
seTb2 cells (Fig. 5A), no changes in total or azide-sensitive activities were observed between the
non-induced and ATPaseTb2 RNAi-induced cells (Fig. 6D).

The structural integrity of Dk F,F,-ATPase complexes was then investigated using mild
non-denaturing hrCNE to fractionate mitochondrial proteins purified from BF427 cells and
Dk cells either induced for ATPaseTb2 RNAi or not. A western blot containing BF427 mito-
chondria as a reference sample was probed with an anti- antibody and used as marker to visu-
alize each state of the F;-moiety, either isolated by itself or being partnered with the
monomeric and multimeric F F;-complexes. Strikingly, while a majority of the B subunit signal
in Dk RNAi non-induced cells was observed in the region of isolated F;-ATPase, we also con-
sistently detected an irrefutable signal corresponding to the F,F;-monomeric complex, pre-
sumably assembled intact with the exception of subunit a (Fig. 6E). While there is evidence of
mammalian rho cells containing a similar complex [44-46], this is the first time it has been
demonstrated in the comparable Dk trypanosomatids. Furthermore, the induction of ATPa-
seTb2 RNAI in the Dk cells led to the disappearance of the monomeric complex, leaving only
the F;-ATPase to be detected on the western blot (Fig. 6E). Once again, the evidence indicates
that ATPaseTb2 is important for the structural integrity of the F,F,-ATPase and its depletion
in Dk T.b. evansi cells leads to the disruption of the unique membrane-bound F,F;-

ATPase complexes.
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To corroborate this observation, we purified mitochondria from Dk T. b. evansi non-in-
duced and ATPaseTb2 RNAi-induced cells and lysed them with Triton X-100. These gently
disrupted lysates were then fractionated on glycerol gradients, which revealed that a majority
of the signal from subunits  and p18 was located within fractions 6-10, representing the F;-
moiety (Fig. 6F). Nevertheless, weaker bands representing the F,F,-ATPase complexes (frac-
tions 14-22) were again detected in the non-induced samples (Fig. 6F NON panels). Notice-
ably, these same protein markers in the mt fractionation of ATPaseTb2 RNAi induced cells
displayed a significant reduction in fractions 14-22 (Fig. 6F IND4 panels), where the F,F;-
monomer/oligomer sediments. This observation is quite surprising since the main role of this
enzyme is to create the Ay,,, presumably using only the hydrolytic activity of the matrix facing
F;-moiety. In an attempt to determine if a portion of the F;-ATPase is membrane associated
and that the disruption of this attachment is the reason for the observed decrease in the Ay,
and the detected growth phenotype, we decided to visualize these complexes in situ using
immunogold labelling followed by electron microscopy.

Loss of ATPaseTb2 leads to the dissociation of F{-ATPase from the mt
membrane

Immunogold labeling with a primary anti- antibody was performed on ultrasections of Dk T.
b. evansi non-induced (NON) and ATPaseTb2 RNAi induced cells for 3 (IND3) and 5 (IND5)
days. Electron micrographs illustrate that Dk trypanosomes have a simple and reduced mito-
chondrion (S3A Fig.), lacking both cristae and a typical kinetoplast structure, as previously re-
ported for the dyskinetoplastic T. b. evansi [17]. Whenever these reduced double-membrane
organelles could be unequivocally identified, we tallied the number of immunogold beads ei-
ther in the close proximity of the mt membrane or in the matrix (S3A Fig.). Strikingly, 70% of
the gold particles identified were found associated with the mt membrane in the NON images
(S3B Fig.). From the 113 images captured from either NON, IND3 or IND5 samples, we per-
formed a Chi-squared analysis on the immunogold beads associated with the mt membrane

to determine if their distribution is random (S3C Fig.). With two degrees of freedom, the
calculated x> = 43.5 (p < 0.0001), which signifies that the difference between the observed

and expected particles was statistically significant. These values were then plotted to determine
the relative labelling index (RLI = Nyp,¢/ Neyp) for the mt membrane associated gold particles
(S3D Fig.). This analysis reveals that the observed number of gold particles found in close
proximity to the mt membrane for the NON electron micrographs is significantly greater than
if the particles were randomly distributed (RLI = 1), while the opposite is true for the IND5
samples. Since we understand the general subjectivity of this method, we performed this exper-
iment in a blinded study and only considered a gold bead to be associated with the mt mem-
brane if it was in the immediate proximity of the membrane. For the very few scored beads that
could potentially fall in a membrane-bound grey zone, it should be noted that the physical dis-
tance from the subunit § antigen to the gold particle can be up to 15-20 nm, not to mention
that subunit B itself is projected from the membrane by subunit y by as much as 13 nm [47,48].
Furthermore, very few immunogold beads were detected outside of defined mt structures and
each mt image only contained 1-8 immunogold beads (average of 2.4 beads/mt image), sug-
gesting that the labelling was very specific for our abundant mt antigen. It is important to note,
that utilizing an assay that does not require the use of any detergents, we demonstrated that a
majority of the F;-ATPase is located within close proximity of the mt membrane and this asso-
ciation is disrupted when ATPaseTb2 is depleted.
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Discussion

The T. brucei F,F;-ATPase has obtained unique properties in comparison to its eukaryotic
counterparts. The occurrence of novel subunits combined with the lack of typical eukaryotic
subunits that compose the F, membrane-bound moiety and the peripheral stalk is intriguing
from an evolutionary viewpoint. Because these atypical subunits lack significant homology to
known proteins, questions arise concerning their authenticity as genuine subunits of the com-
plex and what their function and localization within the complex might be. Here, we focused
on the functional characterization of one of the trypanosomatid specific subunits, ATPaseTb2
in the bloodstream stages of T. brucei. Notably, we determined that its function is essential for
maintaining the normal growth rate of the infectious stage of T. brucei and also for the impor-
tant veterinary dyskinetoplastic parasite, T. b. evansi. Additional analyses demonstrated that
the ATPaseTb2 is membrane embedded and a component of the F F,-ATPase that is present
in both BF and Dk cells. Furthermore, the depletion of this F,-moiety subunit results in a de-
creased Ay, and a loss of F F;-ATPase complexes. Combined with bioinformatic tools that
predict a transmembrane domain and identify a low homology to subunit d, we suggest that
ATPaseTb2 might be a component of the peripheral stalk of the F,F;-ATPase.

The peripheral stalk is indispensable for ATP synthesis as it serves to impede the movement
of the catalytic o35 headpiece while the proton motive force rotates the c-ring and the con-
nected asymmetrical central stalk in a way that imposes conformational changes in the catalytic
nucleotide binding sites of the  subunits. The peripheral stator is also essential when the com-
plex harnesses the energy provided from ATP hydrolysis to drive the rotation of the enzyme in
reverse, allowing protons to be pumped across the mt inner membrane to produce the Ay,
when physiological conditions dictate.

The bovine and yeast peripheral stalk is composed of four subunits, OSCP, b, d, and F¢/h
(bovine/yeast nomenclature). Subunit b ( ~20kDa protein) contains two trans-membrane seg-
ments at the N-terminus, while the rest of the protein is hydrophilic—protruding into the ma-
trix and interacting with OSCP and subunit d [23,49-51]. The interaction between subunit b
and OSCP is stabilized by subunit Fg [22]. The predominantly hydrophilic subunit d interacts
with all three mentioned subunits and it has been shown to be essential for the function of the
F,F;-complex. The yeast knock-out of subunit d was characterized by the de-attachment of the
catalytic F;-ATPase from the protonophoric sector, the loss of detectable oligomycin sensitive
ATPase activity and the absence of subunit a in the F,-moiety [36]. Notably, of these four sub-
units, the only homolog identified in the T. brucei genome is OSCP and its protein product was
identified as a bona fide subunit of the purified F,F,-ATP synthase [26]. Homologs for sub-
units b, d, and F4 are missing and most likely have been replaced by the novel proteins that as-
sociate with the T. brucei F,F;-ATP synthase. Here we demonstrated that the ATPaseTb2
subunit is a membrane-bound protein, containing one predicted transmembrane domain, with
a large hydrophilic region extending into the matrix that possesses a low homology to the bo-
vine subunit d. In accordance with other yeast or bovine subunits of the peripheral stalk, the
down-regulation of ATPaseTb2 affects the stability of the F,F;-complex and its oligomycin
sensitivity (this study, [26]).

Considering the relatively large molecular mass of ATPaseTb2 (43 kDa), it is plausible to
speculate that ATPaseTb2 functionally represents the membrane-bound subunit of the periph-
eral stalk fused with subunit d, offering an early attempt by eukaryotes to add layers of com-
plexity that will allow for greater adaptability. It is noteworthy to mention that a species-
specific architectural variant of the peripheral stalk was also proposed for colorless and green
algae, where the novel subunits Asa2, Asa4 and Asa7 fulfil a structural role in forming the pe-
ripheral stalk [52,53]. Other discrepancies from the typical eukaryotic enzyme model can be
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Fig 7. Schematic representation of the F,F,-ATP synthase/ATPase complex in trypanosome mitochondria. The F,F{-ATP synthase possesses the
conventional function in the procyclic form (PF) of the parasite, coupling transmembrane proton transfer with ATP synthesis. In contrast, this enzymatic
complex works in reverse in the bloodstream form (BF) of the parasite, hydrolyzing ATP to generate the Ay, in the absence of canonical cytochrome-
containing respiratory complexes. This hydrolytic activity is also utilized in the dyskinetoplastid (Dk) form, which lacks mitochondrial DNA and thus a proton
pore. Therefore, in Dk cells, enhanced ATP hydrolysis by a mutated F4-moiety (a necessary mutation in the y subunit is marked with the asterisk) provides
substrate for the ATP/ADP carrier (AAC) and the Ay, is produced by the electrogenic exchange of ADP® for ATP*". Furthermore, we present that a minor
fraction of F4-ATPase still appears to be associated with F, and that association may be functionally important for maintaining the Ay,,,. Orthologues of the
colored subunits (a, B, v, 9, €, OSCP, a and c) have been annotated in trypanosomes. In addition to OSCP, the peripheral stalk (dark grey) is usually
composed of subunits b, Fg and d, but these homologs have not been identified in the T. brucei genome. Also, conspicuously absent are subunits A6L, e, f
and g, which are all membrane-bound (light grey).

doi:10.1371/journal.ppat.1004660.9g007

found in the ciliate Tetrahymena thermophila, representing the superphylum of Alveolates,
where the homolog of the conserved subunit b has so far not been identified in the genome. In-
stead, three novel proteins detected in this ATP synthase complex have been proposed to sub-
stitute for subunit b [28]. Thus, it seems that the composition and overall structural
appearance of the F,F;-ATP synthase from organisms representing different lineages other
than Opisthokonts, might be more diverse than previously thought and deserve more attention
from basic researchers to elucidate alternate evolutionary solutions to a common thread of life.

T. brucei is a member of the Excavata clade and represents a desirable model to study the
function and regulation of the F,F;-ATP synthase/ase complex since it utilizes the proton mo-
tive force to produce ATP in the PF life stage, while in the BF stage it hydrolyzes ATP to pump
the protons necessary to create the Ay,,,. Moreover, dyskinetoplastic T. b. evansi employs the
hydrolytic activity of the F,-ATPase and the electrogenic exchange of ADP*" for ATP* by the
AAC as yet another strategy to generate the Ay,, (Fig. 7). Therefore, it was surprising that the
ATPaseTb2 protein was detected in all four examined cell types (PF, BF, Dk 164 and T. b.
evansi), albeit at a much lower abundance in BF and Dk cells, but that is in full agreement with
the reduced mitochondria previously defined for these two forms [39]. Furthermore, when PF
and BF mt lysates were resolved by GG and hrCNE, ATPaseTb2 was only detected when co-lo-
calized with the monomeric and oligomeric F,F,-ATP synthase/ase complexes. Interestingly,
similar results were obtained from the mt lysates of cells lacking mtDNA. Considering that
only the F;-ATPase was previously assumed to be important for maintaining the Ay, in the
Dk trypanosomes, the presence of these complexes is intriguing. Nevertheless, a proteomics
study performed with osteosarcoma 143B p° cells revealed that in addition to the F;-ATPase
subunits, subunit d of the peripheral stalk was also identified [54]. In a similar project involving
fibroblast MRCS5 p° cells, the oligomycin insensitive complex was purified and determined to
contain several F, (b and c) subunits along with a couple of peripheral stalk subunits (OSCP,
d). Notably, this complex was loosely associated with the mt membrane [45]. Furthermore,
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several additional studies have shown that the F;-ATPase in yeast or mammalian cells lacking
a mt genome (i.e. mammalian subunits a/ATP6, A6L; yeast subunits 6, 8 and 9) is membrane
associated, with the attachment most likely occurring via the central and/or peripheral stalk
[44,46,55,56]. Our data also suggest that since ATPaseTb2 membrane-bound complexes (mo-
nomeric and multimeric) do not display significant differences in their native size or sedimen-
tation values, then the mt encoded subunit a might be the only missing subunit from these
complexes. Such a uniquely structured complex can be explained by the current model for the
assembly of the F F;-ATPase, in which the F, subunit a is the last protein incorporated into the
enzyme to ensure that it is able to function properly before introducing a complete proton
pore. Furthermore, this integration is dependent on the presence of subunit b of the peripheral
stalk [57].

RNAi silencing of ATPaseTb2 in BF cells caused a strong growth phenotype concurring
with a decreased Ay,,. Importantly, ATPaseTb2 also proved to be essential for maintaining the
normal growth rate and the Ay, of Dk cells. Combined with the hrCNE and glycerol gradient
sedimentation assays that revealed a decrease of the high molecular weight complexes, but not
the F;-ATPase, our studies suggest that these membrane-bound enzymes might significantly
contribute to the membrane potential in Dk cells. The biological significance of this localization
of the F;-ATPase might be to efficiently coordinate the activity of this enzyme with its substrate
transporter, both of which are responsible for producing the Ay, in Dk. By restricting the F;-
ATPase to the mt membrane, it keeps it within the close vicinity of its biochemically functional
partner, the AAC. In this way, it helps ensure that the hydrolysis of ATP results in a relatively
concentrated region of substrate for the mt membrane embedded AAC, especially in a mito-
chondrion lacking defined cristae and the microenvironments they create. Indeed, there is pre-
cedence for such a close spatial collaboration to increase efficiency, as an actual physical
interaction between these two enzymes has been reported as the ATP synthasome in mammals
[40,58]. We are currently building a set of tools to perform additional functional assays and im-
aging techniques that we hope will further resolve the function of the F,F,-ATPase complexes
in these pathogenic trypanosomes.

Materials and Methods
Plasmid construction

The ATPaseTb2 (Tb927.5.2930) RNAI constructs targeted an 825 bp fragment of the gene that
was PCR amplified from T. brucei strain 427 genomic DNA with the following oligonucleo-
tides: FW—CACGGATCCATGCGCCGTGTATC, REV-CACCTCGAGTTCGGCCCGATC.
Utilizing the BamHI and Xhol restriction sites inherent in the primers (underlined), this
fragment was cloned into the p2T7-TA blue plasmid [59] (used to create a BF RNAI cell line)
and the p2T7-177 plasmid [60] (used to generate a Dk RNAI cell line). For the inducible ex-
pression of ATPaseTb2 fused with a C-terminal 3xv5 tag, the ATPaseTb2 coding sequence
was PCR amplified (Fw: ACAAAGCTTATGC GCCGTGTATC, Rev: ATAGGATCCGTG
ATGGGCCTTTTTC) and cloned into the pT7_v5 vector using HindIII and BamHI restriction
enzymes [61]. The pLEW79MHTAP vectors for the tet inducible expression of ATPaseTb2
and Tb927.5.1710 (F,F,-ATPase subunit p18) TAP-tagged proteins were previously described
in [26].

Trypanosoma culture conditions and generation of cell lines

Bloodstream form T. brucei brucei Lister 427 strain, stable acriflavin-induced dyskinetoplastic
T. b. brucei EATRO 164 [18] and dyskinetoplastic T. b. evansi Antat 3/3 [62] were all grown in
vitro at 37°C and 5% CO, in HMI-9 media containing 10% FBS. The BF427 single marker cell
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line [63] and a T. b. evansi cell line [14], both constitutively expressing the ectopic T7 RNA po-
lymerase and tet repressor (TetR were used for the tet inducible expression of dsSRNA and the
TAP- and v5-tagged proteins. Each plasmid was linearized with NotI enzyme and transfected
into the appropriate cell line as described previously [63]. Linearized p2T7-177 was targeted to
the minichromosome 177 basepair repeat region, while linear pTv5 and pLEW79MHTAP vec-
tors were integrated into the rDNA intergenic spacer region [60,61,63]. The induction of RNAi
and ectopically expressed tagged proteins was triggered by the addition of 1 pug/ml of tet into
the media. Cell densities were measured using the Z2 Cell Counter (Beckman Coulter Inc.).
Throughout the analyses, cells were maintained in the exponential mid-log growth phase (be-
tween 1x10° to 1x10° cells/ml).

Tandem affinity purification (TAP) of tagged complexes

The TAP protocol was generously provided by L. Jeacock and A. Schnaufer (personal commu-
nication) and optimized for BF cells. Briefly, 2x10® cells were harvested and lysed for 20 min
on ice with 1% Triton X-100 in an IPP150 buffer (150 mM NaCl, 0,1% NP40, 10mM Tris-HCl
pH 8.0) containing Complete protease inhibitors (Roche). The lysates were then cleared by
centrifugation (16,000 g, 15 min, 4°C). Meanwhile, IgG antibodies were covalently bound to
Dynabeads M-270 Epoxy (Invitrogen) using a protocol previously described [64]. Charged
beads were blocked with 1% BSA and then incubated with the cleared cell lysates (4°C for 2
hours, constantly rotating). The beads were then washed three times with IPP150 and once
with a TEVCB bulffer (150 mM NacCl, 0.1% NP40, 0.5 mM EDTA, 1 mM DTT, 10 mM Tris-
HCI, pH 8.0). Finally, the bound protein complexes were released by AcTEV protease (Invitro-
gen) cleavage and the eluate was analyzed by SDS-PAGE.

Isolation of mt vesicles

Crude mt vesicles were obtained by hypotonic lysis as described in detail earlier [65]. Briefly,
cell pellets from ~ 2x10” cells were washed with SBG (150 mM NaCl, 20 mM glucose, 20 mM
NaHPO,, pH 7.9), resuspended in DTE (1 mM Tris, 1 mM EDTA, pH 8.0) and homogenized
in a Dounce homogenizer. Alternatively, for a smaller scale hypotonic isolation, cell pellets
from ~ 1x10° cells were washed in NET buffer (150 mM NaCl, 100 mM EDTA, 10 mM Tris,
pH 8.0), resuspended in DTE and homogenized by passing through a 25G needle. To re-create
the physiological isotonic environment, 60% sucrose was immediately added to the lysed cells
to reach a final concentration of 250 mM. Samples were spun down at 15,000 g, 10 min, 4°C to
clear the soluble cytoplasmic material from the lysates. The resulting pellets were resuspended
in STM (250 mM sucrose, 20 mM Tris pH 8.0, 2 mM MgCl,), supplemented with a final con-
centration of 3 mM MgCl, and 0.3 mM CaCl, before incubating with 5 pg/ml DNase I for 1hr
on ice. Then an equal volume of STE buffer (250 mM sucrose, 20 mM Tris pH 8.0, 2 mM
EDTA pH 8.0) was added and the material was centrifuged at 15,000 g, 10 min, 4°C. Pellets en-
riched with the mt membrane vesicles were washed in STE and kept at -70°C.

SDS-PAGE and Western blot

Protein samples were separated on SDS-PAGE, blotted onto a PVDF membrane (PALL) and
probed with the appropriate monoclonal (mAb) or polyclonal (pAb) antibody. This was fol-
lowed by incubation with a secondary HRP-conjugated anti-rabbit or anti-mouse antibody
(1:2000, BioRad). Proteins were visualized using the Pierce ECL system (Genetica/Biorad) on a
ChemiDoc instrument (BioRad). When needed, membranes were stripped at 50°C for 30 min
in a stripping buffer (62.5 mM Tris pH 6.8, 100 mM mercapthoethanol, 2% SDS) and re-
probed. The PageRuler prestained protein standard (Fermentas) was used to determine the size
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of detected bands. Primary antibodies used in this study were: mAb anti-v5 epitope tag
(1:2000, Invitrogen), mAb anti-mtHsp70 (1:2000) [66], pAb anti-AAC (1:2000) [67], pAb anti-
MRP1 (1:1000) [68], pAb anti-APRT (1:1000) and pAb anti-enolase (1:1000) [69]. Antibodies
against ATPaseTb2 (1:1000), ATPaseTbl (1:1000), subunit  (1:2000) and subunit p18
(1:1000) were prepared for the purpose of this study. The open reading frames of the respective
genes without their predicted mt localization signal were cloned into the E. coli expression plas-
mid, pSKB3. The proteins were overexpressed in BL21 E. coli cells and purified under native
conditions (subunit ) or denatured conditions (ATPaseTb2, ATPaseTbl and p18) usinga 6 M
guanidinium lysis buffer and 8 M urea binding buffer. The denatured proteins were then re-
folded with a step-wise dialysis procedure that included 0.5 M arginine in the refolding buffer.
Native and refolded antigens were sent to Pineda (Antikorper-Service, Germany) or Davids
Biotechnologie (Regensburg, Germany) for polyclonal antibody production.

Mt membrane potential (Ay,,) measurement

The Ay, was determined utilizing the red-fluorescent stain Mitotracker Red CMX-Ros (Invi-
trogen). Cells in the exponential growth phase were stained with 100 nM of the dye for 30 min
at 37°C. Cells were pelleted (1,300 g, 10 min, RT), resuspended in 2 ml of PBS (pH 7.4) and im-
mediately analyzed by flow cytometry (BD FACS Canto II Instrument). For each sample,
10,000 events were collected. Treatment with the protonophore FCCP (20 uM) was used as a
control for mt membrane depolarization. Data were evaluated using BD FACSDiva (BD
Company) software.

Fi- ATPase assay

ATPase activity was measured with the Sumner assay, which is based on the release of free
phosphate when ATP is hydrolyzed by the enzyme as described earlier [14,70]. Briefly, crude
mt lysates were obtained from 2x10°cells by SoTe/digitonin extraction (0.015% digitonin,

0.6 M Sorbitol, 2 mM EDTA, 20 mM Tris-HCI pH 7.5). Mt pellets were resuspended in an
assay buffer (200 mM KCI, 2 mM MgCl,, Tris-HCI pH 8.0) and the 20 min reaction was initiat-
ed by the addition of ATP to a final concentration of 5 mM. Where indicated, samples were
pre-treated with the F;-ATPase specific inhibitor, sodium azide (2 mM) for 10 min at 37°C.
The 100 pl enzymatic reactions were deproteinated by the addition of 1.9 ul of 70% perchloric
acid. After a 30 min incubation on ice, the samples were spun down (16,000g, 10 min, 4°C) and
90 ul of the supernatant was incubated for 10 min with 0,5 ml of Sumner reagent (8.8% FeS-
0,.7H,0, 375 mM H,S0,, 6.6% (NH4)Mo0;0,4.4H,0)[62]. 200 ul was then transferred to a

96 well plate and the absorbance was measured at 610 nm using a Tecan Infinite plate reader
(Infinite M200Pro, Tecan). To calibrate the assay, a standard curve was calculated from the ab-
sorbance values of linear inorganic phosphate samples (0-2 mM).

In-gel histochemical staining of F1-ATPase activity

Blue native PAGE (BNE) of mt lysates, followed by in-gel activity staining was adapted from
published protocols [26,32]. Briefly, mt vesicles from ~ 2x10° cells were resuspended in a mt
lysis buffer (0,75 M amino-n-caproic acid—ACA, 50 mM Bis-Tris, 0,5 mM EDTA, pH 7.0),
lysed with 2% dodecylmaltoside (DDM) for 1hr on ice and then cleared by centrifugation
(16,000g for 30 min, 4°C). The protein concentration of each mt lysate was determined by a
Bradford assay (BioRad), so that 100 ug of total mt protein could be mixed with 1 M ACA and
5% Coomassie brilliant blue G-250 before being loaded on a 2-12% Bis-Tris BNE gel. Immedi-
ately after the run (3 hr, 100 V, 4°C), the gel was incubated overnight in an ATPase reaction
buffer (35 mM Tris pH 8.0, 270 mM glycine, 19mM MgSO4, 0.3% Pb(NO3),, 11 mM ATP).
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High resolution clear native PAGE (hrCNE)

The protocol for hrCNE was adapted from published studies [71,72]. In summary, crude

mt vesicles from ~ 5x10° cells were resuspended in a mt lysis buffer (2 mM ACA, 50 mM
Imidazole-HCI, 1 mM EDTA, 50 mM NaCl, pH 7) and lysed for one hour on ice with 4 mg
digitonin/1 mg protein. The samples were spun down at 16,000 g for 30 min and the cleared ly-
sate protein concentrations were determined by a Bradford assay. Samples were mixed with a
5x loading dye (0.1% Ponceau-S, 50% glycerol) and loaded onto a 3%-12% native gradient gel.
After electrophoresis (3 hr, 100 V, 4°C), the resolved mt lysates were transferred onto a nitro-
cellulose membrane (overnight, 20 V, 4°C) and probed with selected antibodies.

Na,CO5; submitochondrial fractionation

Na,COj extraction of mt membranes was adapted from a previously published protocol [73].
Mt vesicles from 1x10° cells were isolated by hypotonic lysis as described above. The resulting
supernatant from the 25G needle homogenization step was kept as a cytosolic fraction
(CYTO). The mt pellet was further treated with digitonin (80 pg/ml) for 15 min on ice to
disrupt the mt outer membrane. The material was then cleared by centrifugation (12,000 g,
20 min, 4°C) and the pelleted mitoplasts were resuspended in 0.1 M Na,CO; buffer (pH 11.5)
and incubated for 30 min on ice. A final ultracentrifugation step (100,000 g, 4°C for 1 hr) per-
formed in an SW50Ti rotor of a Beckman Instrument resulted in a supernatant comprised of
proteins from the mt matrix (MX), including stripped peripheral membrane proteins, and a
pellet containing integral proteins isolated from the mt membrane fraction (M).

Glycerol gradient (GG) sedimentation

Hypotonically purified mt vesicles from ~ 2.5x10° cells were resuspended in a GG lysis buffer
(10 mM Tris, pH 7.2, 10 mM MgCl,, 200 mM KCl, ImM DTT) and lysed with 1% Triton
X-100 (30 min, on ice). The lysates were cleared by a centrifugation step (2x 16,000 g, 30 min,
4°C) and the protein concentration was determined by a Bradford assay. Mt cleared lysates
were resolved by ultracentrifugation (Beckman Instrument, SW40 rotor) at 38,000 g for 5 hr
on 11ml 10-30% GG, which was poured manually or using the Gradient Station (Biocomp) ac-
cording to the manufacturer’s protocol. The glycerol gradients were then fractionated either
manually or with the Gradient station and 500yl fractions were stored at -70°C.

Immunogold staining of ultrathin sections and transmission electron
microscopy

Cells (~5x10”) were pelleted (1300 g, 10 min, RT), washed in PBS (pH 7.4) and immediately
fixed in a 4% formaldehyde/ 0.1 M phosphate buffer. Samples were then dehydrated at -10°C
through a series of seven steps that increased the concentration of ethanol from 30% to100%,
pausing at each step for 1 hour. Next, the samples were embedded in LR White Resin (Electron
Microscopy Sciences) and polymerized (UV light, 48 hours at -10°C). Ultrathin sections were
prepared by the Ultracut UCT ultramicrotome (Leica) and mounted on nickel grids. Prepared
sections were blocked in 5% BSA, labelled with primary anti-p antibody (1:10 dilution), washed
three times with PBS and incubated with protein A conjugated to 10 nm gold particles (1:100
dilution, Aurion). The immunogold labelled grids were contrasted, carbon coated and exam-
ined by the TEM (JEM-1010, Jeol). Grids, which were immunolabeled with only the protein A
conjugated to 10nM gold particles, were used as a negative control.
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Quantification and statistical analysis of immunogold labelling

The number of gold particles was statistically evaluated as described earlier [12,74]. Using
Image] software (NIH, USA), a grid consisting of squares (test points, P) with constant size
(16,105 um?) was superimposed randomly on the electron micrographs of identified mito-
chondria. All test squares and immunogold particles within the immediate proximity to the mt
membrane were counted separately for each micrograph. In order to statistically evaluate the
labelling, all observed gold particles (N,ps) and all test points (P) from 113 images captured
from NON, IND3 and IND5 samples were tallied. Expected numbers of gold particles (Ne;,)
for each sample were calculated as (total sum N, x P)/total sum P. To determine if the differ-
ence between the observed and expected particles was significant and not due to random fluc-
tuations, a Chi-squared analysis ¥ = (Nobs_Nexp)z/ Nexp was performed using GraphPad
QuickCalcs calculator (www.graphpad.com/quickcalcs). In addition, the relative labeling index
(RLI), where the predicted RLI = 1 for random labelling, was calculated as RLI = Nps/ Nexp.

Gene IDs for the genes and proteins mentioned in this study

ATPaseTb2 (Tb927.5.2930), ATPaseTb1 (Tb927.10.520), TbAAC (Tb927.10.14820/30/40),
p18 (Tb927.5.1710), mtHsp70 (1b927.6.3740), MRP1 (Tb927.11.1710), APRT (Tb927.7.1780),
enolase (Tb427.10.2890), subunit B (Tb927.3.1380).

Supporting Information

S1 Fig. Bioinformatics analysis of ATPaseTb2. A) The multiple sequence alignment of
ATPaseTb2 homologs from the order Kinetoplastida was performed by ClustalW on the
following species (accession number, name): Trypanosoma vivax Y486 (TvY486_0502300,
ATPaseTv2), T. cruzi Sylvio X10/1 (TCSYLVIO_010784, ATPaseTc2), T. congolense

IL3000 (TcIL3000_5_3200, ATPaseTco2), T. cruzi CL Brener Non-Esmeraldo-like
(TcCLB.506321.280, ATPaseTcB2), T. cruzi marinkellei strain B7 (Tc_MARK_9008, ATPa-
seTcm2), T. brucei TREU927 (Tb927.5.2930, ATPaseTb2), L. tarentolae Parrot-Tarll
(LtaP08.0840, ATPaseLt2), L. mexicana MHOM/GT/2001/U1103 (LmxM.08.1100, ATPa-
seLmx2), L.major strain Friedlin (LmjF.08.1100, ATPaseLm?2), L. infantum JPCM5
(LinJ.08.1010, ATPaseLin2), L. donovani BPK282A1 (LdBPK_081010.1, ATPaseLd2), L. brazi-
liensis MHOM/BR/75/M2904 (LbrM.08.0870, ATPaseLbr2), Bodo saltans (ATPaseBs2), Strigo-
monas culicis (STCU_02070, ATPaseSc2). Sequences were obtained from GeneDB database or
from Welcome Trust Sanger centrum (B. saltans sequence). Numbers at the top indicate the
amino acid positions in T. vivax ATPaseTv2. The mitochondrial targeting signal for ATPa-
seTb2 (MTS, green) was predicted by Mitoprot IT v1.101. The homologous region (red) to
Bs_sub d was determined using HHpred toolkit. B) The homology of ATPaseTb2 to subunit d
(B. taurus) was based on HHpred, which utilizes the homology detection & structure predic-
tion by HMM-HMM comparison. (http://toolkit.tuebingen.mpg.de) The alignments consist
of one or more blocks with the following lines: ss_pred: query secondary structure as pre-
dicted by PSIPRED (upper case letters: high probability, lower case letters: low probability).

Q query_name: query sequence Q Consensus: query alignment consensus sequence Quality of
colum-column match: very bad =; bad—; neutral.; good +; very good |T Consensus: template
alignment consensus sequence T templ_name: template sequence T ss_dssp: template second-
ary structure as determined by DSSP T ss_pred: template secondary structure as predicted by
PSIPRED (upper case letters: high probability, lower case letters: low probability) The consen-
sus sequence uses capital letters for amino acids that occur with > = 60% probability and lower
case letters for amino acids that have > = 40% probability. For unconserved columns a tilde is
used. The line in the middle shows the column score between the query and template amino
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acid distributions. It gives a valuable indication for the alignment quality. (A unit of column
score corresponds approximately to 0.6 bits.)

=: very bad match column score below-1.5

-: bad match column score between-1.5 and-0.5

.. neutral match column score between -0.5 and +0.5

+: good match column score between +0.5 and +1.5

|: very good match column score above +1.5

(PDF)

$2 Fig. Densitometric analysis of anti-sub_f} and anti-p18 immunoblots of the BF ATPa-
seTb2 RNAI glycerol gradients depicted in Fig. 5D. The glycerol gradient fractions analyzed
by western blot using anti- (A) and anti-p18 (B) antibodies (Fig. 5D) were also examined
using densitometry analysis. The chemiluminescent blots were imaged with the LAS3000 Im-
aging System (FUJI). The specific bands for subunit B and p18 were selected using the band
analysis tool from the ImageQuant TL software (Amersham Biosciences), which allowed their
background-subtracted densities to be determined. The background-corrected volumes of the
corresponding protein bands were normalized to the highest value of each blot, which was set
to 100.

(PDF)

S3 Fig. ATPaseTb2 depletion alters the distribution of the F;-ATPase subunit § in T.b.
evansi mitochondria. A) Ultrathin sections of RN Ai non-induced cells (NON) and cells in-
duced for 3 (IND3) and 5 (IND5) days were immunostained with a primary anti-f antibody,
followed by incubation with a 10 nM gold bead conjugated anti-protein A secondary antibody.
Images of the electron micrographs were captured and the immunogold particles visualized
within identified mitochondria. Particles located in the matrix are marked with dashed arrows,
while gold beads located within the immediate proximity of the mt membrane are designated
with a solid arrow. B) All immunogold beads identified from 113 images of NON, IND3 and
INDS5 electron micrographs were itemized according to their localization and plotted as either
mt inner membrane associated (grey) or matrix (white). C) Counts of observed mt membrane
associated gold particles (N,s) and all test points (P) from NON, IND3 and IND5 images were
recorded under their appropriate column. Expected numbers of gold particles (Ne,) were
calculated as (total sum N x P)/total sum P. D) The relative labeling index was calculated
(RLI = Ngps/ Neyp) for the mt membrane associated gold particles tabulated in S3B Fig. and is
depicted on the y-axis of the column graph.

(PDF)
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The ADP/ATP Carrier and Its Relationship to Oxidative
Phosphorylation in Ancestral Protist Trypanosoma brucei
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The highly conserved ADP/ATP carrier (AAC) is a key energetic link between the mitochondrial (mt) and cytosolic compart-
ments of all aerobic eukaryotic cells, as it exchanges the ATP generated inside the organelle for the cytosolic ADP. Trypanosoma
brucei, a parasitic protist of medical and veterinary importance, possesses a single functional AAC protein (TbAAC) that is re-
lated to the human and yeast ADP/ATP carriers. However, unlike previous studies performed with these model organisms, this
study showed that TbAAC is most likely not a stable component of either the respiratory supercomplex III+IV or the ATP syn-
thasome but rather functions as a physically separate entity in this highly diverged eukaryote. Therefore, TbAAC RNA interfer-
ence (RNAi) ablation in the insect stage of T. brucei does not impair the activity or arrangement of the respiratory chain com-
plexes. Nevertheless, RNAi silencing of TbAAC caused a severe growth defect that coincides with a significant reduction of mt
ATP synthesis by both substrate and oxidative phosphorylation. Furthermore, TbPAAC downregulation resulted in a decreased
level of cytosolic ATP, a higher mt membrane potential, an elevated amount of reactive oxygen species, and a reduced consump-
tion of oxygen in the mitochondria. Interestingly, while TbAAC has previously been demonstrated to serve as the sole ADP/ATP
carrier for ADP influx into the mitochondria, our data suggest that a second carrier for ATP influx may be present and active in

the T. brucei mitochondrion. Overall, this study provides more insight into the delicate balance of the functional relationship
between TbAAC and the oxidative phosphorylation (OXPHOS) pathway in an early diverged eukaryote.

he origination event of an ADP/ATP carrier (AAC) was crucial

in the evolution of the present-day mitochondrion that en-
abled it to become the powerhouse of the eukaryotic cell. Due to
the activity of AAC, the energy-producing mitochondria can sup-
ply the cytosol with ATP molecules, which fuel most cellular reac-
tions. AAC belongs to the well-defined family of mitochondrial
(mt) carrier proteins that are located in the inner mt membrane
and are involved in the transport of a wide range of metabolites
(1). Under physiological aerobic conditions, AAC is responsible
for the 1:1 counterexchange of mt ATP for cytosolic ADP (2).

mt ATP is produced mainly by the evolutionarily conserved
biochemical pathway of oxidative phosphorylation (OXPHOS),
which employs respiratory complexes I through IV to convert the
redox energy of various mt substrates into an electrochemical pro-
ton gradient (Aysm) across the mt inner membrane. Respiratory
complexes I (NADH-ubiquinone oxidoreductase) and II (succi-
nate-ubiquinone oxidoreductase) are responsible for the oxida-
tion of reduced NADH and FADH,, respectively. The electrons
derived from these biochemical processes continue along the elec-
tron transport chain as they are sequentially passed to coenzyme
Q, complex III (ubiquinol-cytochrome ¢ oxidoreductase), cyto-
chrome ¢, complex IV (cytochrome ¢-O, oxidoreductase), and
finally oxygen, the terminal electron acceptor. The electron move-
ment up the redox potential is coupled with proton translocation
into the intermembrane space, resulting in the Aysm. The protons
are then permitted to flow down their concentration gradient and
return to the mt matrix via F_F,-ATP synthase, which harnesses
this potential energy to rotate its macromolecular enzymatic ma-
chine to generate ATP from ADP and inorganic phosphate (P;).
These two substrates are transported into the mt matrix via their
carrier proteins, AAC and the phosphate carrier (P,C).

In some eukaryotes, OXPHOS complexes form higher-order
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assemblies or supercomplexes to promote faster diffusion of the
substrate molecules and increase respiration efficiency (3). Com-
plexes I, I1I, and IV have been found to form different types of
supercomplexes (i.e., [+III,, III,+1V,, and I+IIL,+IV,_,) in a
wide range of organisms (4). Moreover, F F,-ATP synthase forms
dimers that appear to be crucial for mt inner membrane folding
and consequently crista morphology (5, 6). Though the translo-
case activity of AAC s self-contained within a single protein (7), in
yeast, this transporter can be found also as a homodimer (8) or as
a component of supercomplexes composed of complexes III and
IV and the TIM23 translocase (9, 10). Moreover, in rat mitochon-
dria, a minor population of AAC was also detected in a supercom-
plex comprised of the F F,-ATP synthase and P;C, forming the
ATP synthasome (11, 12).

Organization of proton translocation OXPHOS components
into supercomplexes seems to be absent in the early-branching
protist Trypanosoma brucei, a member of the eukaryotic super-
group Excavata (13). T. brucei is a flagellated parasite of major
medical and veterinary importance, causing sleeping sickness in

Received 22 October 2014 Accepted 16 January 2015
Accepted manuscript posted online 23 January 2015

Citation Gnipové A, Subrtové K, Panicucci B, Horvéth A, Lukes J, Zkova A. 2015.
The ADP/ATP carrier and its relationship to oxidative phosphorylation in ancestral
protist Trypanosoma brucei. Eukaryot Cell 14:297-310. doi:10.1128/EC.00238-14.

Address correspondence to Alena Zikovd, azikova@paru.cas.cz.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/EC.00238-14.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.
doi:10.1128/EC.00238-14

ecasm.org 297

AdvHEIT TIH Y31S179avn Aq G102 ‘2 yoJe uo /610 wise0a//:djy woly papeojumoq


http://dx.doi.org/10.1128/EC.00238-14
http://dx.doi.org/10.1128/EC.00238-14
http://dx.doi.org/10.1128/EC.00238-14
http://dx.doi.org/10.1128/EC.00238-14
http://ec.asm.org
http://ec.asm.org/

Gnipova et al.

humans and nagana in cattle (14, 15). The morphology and bio-
chemical activity of its single mitochondrion differs dramatically
between life stages as the parasite alternates between the insect
vector and a mammalian host (16). Since amino acids (e.g., pro-
line and threonine) in the midgut of the insect vector constitute
the main energy source available to the procyclic form of trypano-
somes (PF), they maintain a well-developed mitochondrion with
abundant cristae, Krebs cycle enzymes, and a fully active cyto-
chrome-mediated respiratory chain that is coupled to ATP pro-
duction by F F,-ATP synthase (17, 18). In addition to OXPHOS,
significant amounts of ATP are also produced by mt substrate
phosphorylation (19). In this life stage, TbAAC works in its for-
ward mode, importing ADP into the organelle while concurrently
exporting ATP to the cytosol.

In contrast, the mammalian bloodstream stage (BS) relies solely
on the host’s abundant glucose, which is catabolized by the inefficient
glycolysis pathway to meet its energy demands (20). The conven-
tional respiratory pathway is absent, and the mt reducing equivalents
are reoxidized by another route composed of an alternative oxidase
and alternative dehydrogenase (21, 22). Importantly, this process is
not coupled to proton translocation; thus, the Aysm is maintained by
the reverse activity of F_F,-ATPase, while AAC presumably supplies
the enzyme with the requisite ATP substrate (23, 24).

The T. brucei genome encodes two different proteins, Tb927.
8.1310 and TbAAC, with the latter being represented by three iden-
tical and consecutively arranged genes (Tb927.10.14820, -30, and
-40) and showing significant amino acid sequence similarity to func-
tionally characterized AACs from other eukaryotes (25). Impor-
tantly, TbAAC exhibits biochemical properties and ADP/ATP ex-
change kinetics similar to the main yeast carrier, AAC2, while
Tb927.8.1310 lacks the canonical sequence features required for
ADP/ATP exchange activity (26). Furthermore, RNA interference
(RNAI) studies demonstrated that TbAAC is essential for the growth
of PF cells and therefore must function as the main ADP/ATP carrier
in PF mitochondria (26).

Since PF T. brucei represents an ancestral eukaryote possessing
typical mt functions (27), we explored the relationship between
TbAAC and the other OXPHOS components. Our analysis of the
structural and functional interactome of TbAAC reveals that it
exists as a physically separate entity that could not be detected as a
stable component of either respiratory complex III or IV or F_F,-
ATP synthase. Furthermore, the activities of the OXPHOS com-
plexes were not impaired upon TbAAC RNAi silencing. However,
TbAAC depletion induced a cellular ADP/ATP imbalance fol-
lowed by low levels of cytosolic ATP, higher Ay, elevated quan-
tities of reactive oxygen species (ROS), and reduced mt oxygen
consumption. In summary, the apparent lack of a tight physical
interaction between TbAAC and the OXPHOS pathway hints at
the unique functional relationships between these fundamental
components of the PF T. brucei mt bioenergetics.

MATERIALS AND METHODS

Plasmid construction. To create the TbAAC (Tb927.10.14820,
Tb927.10.14830, and Tb927.10.14840) RNAI construct, a 901-bp fragment
that is identical for each of the TbAAC genes was PCR amplified from T.
brucei strain 427 genomic DNA with the oligonucleotides CTC GAG CGG
ATA AAA AGC GG (FW) and GGA TCC TCC ACA TAA ATG GGT (REV),
utilizing the respective Xhol and BamHI restriction sites inherent in the prim-
ers (underlined). The digested amplicon was then cloned into the p2T7-177
plasmid (28). For the inducible expression of TbAAC fused with a C-terminal
v5 tag, the TbAAC coding sequence was PCR amplified with the primers CAC
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AAG CTT ATG ACG GAT AAA AAG and CAC GGA TCC ATT CGA TCT
GCG CCA C and then cloned into the pT7_v5 (29) vector using the HindIII
and BamHI restriction sites (underlined). The construction of the
pLEW79MHTAP vectors for the tetracycline (Tet)-inducible expression
of tandem affinity purification (TAP)-tagged F_F,-ATPase subunits p18
(Tb927.5.1710) and B (Tb927.3.1380) was described previously (18). For
the constitutive expression of firefly luciferase in the cytosol of PF T.
brucei, the luciferase reporter gene was PCR amplified from pLEW79 vector
using the primers GC AAG CTT ATG GAA GAC GCC AAA AAC (FW) and
GCTGGATCCTTACTT CTT GGCCTT TAT G (REV). The PCR amplicon
was subcloned to PGEM-T Easy vector (Promega) and cloned into
pHD1344tub plasmid (a kind gift from Achim Schnaufer) using HindIII and
BamHI restriction sites.

Cell growth, transfection, and RNAi induction. PF T. brucei strain
29-13 cells are transgenic for both the T7 RNA polymerase and the Tet
repressor (30). Grown in vitro at 27°C in SDM-79 medium containing
hemin (7.5 mg/ml), hygromycin (25 pg/ml), G-418 (10 pg/ml), and 10%
fetal bovine serum, these cells were used as the parental cell line for p2T7-
177 and pT7_v5 transfections. Both of these plasmids were linearized with
Notl and stably transfected into the minichromosome 177-bp repeat re-
gion and the rDNA spacer, respectively (28, 31). Cell lines containing
p2T7-177 were selected with phleomycin (2.5 wg/ml), while cells trans-
fected with the pT7_v5 plasmid were selected with puromycin (1 pg/ml).
The TbAAC RNAI cell line was used as a parental cell line for pHD1344tub
transfection and selected with puromycin. The inducible expression of
double-stranded RNA (dsRNA) or the TbAAC_v5-tagged protein was
triggered by the addition of 1 wg/ml Tet to the medium. Growth curves
were generated by measuring the cell density of Tet-treated and untreated
cultures using the Z2 cell counter (Beckman Coulter Inc.). Throughout
the experiments, cells were split daily to ensure that they continuously
maintained an exponential growth phase of 10° to 107 cells/ml.

Immunoprecipitation and affinity purification methods. Mitochon-
dria from TbAAC_v5, B_TAP, and p18_TAP cell lines were hypotonically
purified from 4 X 10 noninduced and Tet-induced cells (day 2) as de-
scribed earlier (32). mt pellets were resuspended in the appropriate buffer
(TbAAC_v5 mitochondria in IPP100 buffer consisting of 100 mM KCl, 10
mM MgCl,, and 10 mM Tris-HCI, pH 7.2; TAP mt pellets in another
IPP100 buffer comprised of 100 mM KCI, 0.1% NP-40 and 10 mM Tris-
HCI, pH 8.0), which was also supplemented with Complete protease in-
hibitors (Roche). Next, the samples were lysed with digitonin (at a deter-
gent/protein ratio of 1 mg/mg) for 1 h on ice and then spun down
(15,000 X g, 1 h, 4°C). The TbAAC_v5-tagged complexes were purified
using magnetic beads (Dynabeads M-280, sheep anti-mouse IgG) charged
with monoclonal anti-v5 antibody. The mt lysate was incubated with the
charged beads for 2 h (4°C). The beads were washed three times in PBS-T
(phosphate-buffered saline with 0.05% Tween 20) and twice with IP100
buffer before the bound protein complexes were released by the addition
of SDS-PAGE loading buffer and boiling (97°C, 10 min). The _TAP and
p18_TAP cleared lysates were incubated for 2 h with IgG Sepharose 6 Fast
Flow beads (GE Healthcare), which bind to protein A, a part of the TAP
tag. The beads were then washed three times with IPP100 and once with a
TEVCB buffer (100 mM KCl, 0.1% NP-40, 0.5 mM EDTA, 1 mM dithio-
threitol [DTT], 10 mM Tris-HCI [pH 8.0]). The bound protein complexes
were released by ACTEV protease (Invitrogen) cleavage (3 h, 16°C). All
eluates were fractionated by SDS-PAGE and analyzed by Western blot-
ting.

Glycerol gradient sedimentation. As described in an earlier publica-
tion (33), mt vesicles from 1 X 10° cells were isolated by hypotonic cell
lysis and then incubated in a glycerol gradient lysis buffer (10 mM Tris-
HCI [pH 7.2], 10 mM MgCl,, 200 mM KCIl, 1 mM DTT) containing
dodecyl maltoside at a ratio of 1 mg detergent to 1 mg protein. The lysates
were cleared by centrifugation (twice at 16,000 X g for 30 min at 4°C),
loaded onto an 11-ml 10-to-30% glycerol gradient, and sedimented by
ultracentrifugation (SW40 rotor; Beckman Instruments) at 38,000 X g for
12 h. Fractions (500 pl) were collected and stored at —70°C.
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Electrophoresis and Western blot analysis. Two-dimensional (2-D)
PAGE analysis was performed by fractionating 100 g of mt lysate ona 3
to 8% high-resolution clear native (hrCN) PAGE gel, which was then
further resolved on a 10% Tricine—SDS-PAGE gel (34). After electropho-
resis, the proteins were transferred onto a nitrocellulose membrane and
probed with specific antibodies.

Protein samples from whole-cell lysates, mt lysates, and glycerol gra-
dient fractions were separated on SDS-PAGE gels, blotted onto nitrocel-
lulose membrane, and probed with the appropriate monoclonal (MAD) or
polyclonal (PAb) antibody. This was followed by incubation with a sec-
ondary horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-
mouse antibody (1:2,000; Bio-Rad). Proteins were visualized using the
Clarity Western enhanced chemiluminescence (ECL) substrate (Bio-Rad)
on a ChemiDoc instrument (Bio-Rad). When needed, membranes were
stripped at 50°C for 30 min in a stripping buffer (62.5 mM Tris-HCI [pH
6.8], 100 mM mercaptoethanol, 2% SDS) and reprobed. The PageRuler
prestained protein standard (Fermentas) was used to determine the sizes
of detected bands. The following primary antibodies were used in this
study: a MAD against the paramyxovirus v5 tag (Invitrogen) (1:1,000), a
PAD against the human c-myc protein (Sigma) (1:1000), a MAD against
the North American firefly luciferase (Invitrogen) (1:1,000), and a PAb
against the Leishmania tarentolae cytochrome ¢ oxidase subunit IV
(trCOIV) (1:1,000) (35). Furthermore, specific antibodies raised against
T. brucei antigens were utilized: anti-enolase PAb (1:1,000) (36), anti-mt
Hsp70 MAD (1:2,000) (37), anti-apocytochrome ¢ PAb (1:1,000) (38),
anti-COVI PADb (1:1,000) (33), anti-ATPaseTb2 PAb (1:1,000) (39),
anti-3 PADb (1:2,000), and p18 PAb (1:1,000). Additional T. brucei anti-
bodies against TbVDAC (1:1000), putative TbP;C (Tb927.9.10310;
1:1,000) (25), TbAAC (1:1,000), and complex III subunit Rieske (1:1,000)
were prepared commercially (Davids Biotechnology) by administering
antigen-specific oligopeptides (TbVDAC, VDK SLK PGV LIT HS; TbP;C,
SHP ADM LVS ARG KAS NVG KS; ThbAAC, VDA LKP IYV EWR RSN;
and complex IIT subunit Rieske, LSA LKH PET DEA RFP DHR E) to
rabbits following a standard immunization protocol.

In vitro and in-gel activity measurements of respiratory complexes.
mt vesicles isolated from 5 X 10° trypanosomes were lysed with 2% do-
decyl maltoside, and the cytochrome ¢ oxidase activity was determined in
vitro by measuring the change in absorbance of cytochrome c as it became
oxidized after passing its electrons to cytochrome ¢ oxidase (40). Cyto-
chrome c reductase activity was determined in a similar way; this time, the
reduction of cytochrome ¢ was measured when reduced decylubiquinone
(Sigma) was added as an electron donor and cytochrome ¢ reductase
transferred those electrons to cytochrome ¢ (33). In parallel, the same
dodecyl maltoside lysed mitochondrion samples were resolved (100 g of
protein per lane) on either a 6% blue native (BN) PAGE gel ora 2 to 12%
BN PAGE gel to detect cytochrome ¢ oxidase and F_F,-ATPase activities
by following in-gel assays, as described in earlier work (41). The ATPase
activity was measured in digitonin-extracted mitochondria as described
elsewhere (18).

ATP production and ATPase assays. ATP production in digitonin-
extracted mitochondria was measured following a protocol described pre-
viously (42). Briefly, crude mt fractions from the RNAi knockdown cell
lines were obtained by digitonin extraction (43). ATP production in these
samples was induced by the addition of 67 uM ADP and a 5 mM concen-
tration of one of the following substrates: succinate, pyruvate, or a-keto-
glutarate. The mt preparations were preincubated for 10 min on ice with
the inhibitors malonate (6.7 mM) and atractyloside (33 pg/ml). The con-
centration of ATP was determined by a luminometer (Orion II; Berthold
Detection Systems) using the CLS II ATP bioluminescence assay kit
(Roche Applied Science). ATPase activity was measured with the Sumner
assay (44), which is based on the release of free phosphate when ATP is
hydrolyzed by the enzyme, as defined earlier (24).

Invivo ATP measurement. Cytosolic ATP was measured in vivo using
ATP-dependent luciferase bioluminescence. The method was adapted for
T. brucei cells from published protocols (45, 46). Briefly, equal numbers of
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PF luciferase (LUC)-expressing LUC-TbAAC noninduced and RNAi-in-
duced cells (5 X 10°) were harvested (1,300 X ¢, 10 min, room tempera-
ture), washed with PBS (pH 7.4), and resuspended in PBS-LUC buffer
(PBS [pH 7.7], 1 mM CaCl,, 20 mM MgCl,). The emission of light was
triggered by addition of p-luciferin (50 wM; Sigma) and immediately
measured on a microplate luminometer. The cells exhibited a maximum
luminescence signal 1 min after p-luciferin addition. Then the signal re-
mained stable for at least 20 min afterwards, and it decayed at very low
rate.

In vivo analysis of oxygen consumption, mt membrane potential,
and ROS. Oxygen consumption of logarithmically growing cells was de-
termined with a Clark-type polarographic electrode (1302 microcathode
oxygen electrode, model 782; Strathkelvin Instruments) as described pre-
viously (41). Tetramethylrhodamine ethyl ester (TMRE; 60 nM; Molecu-
lar Probes) uptake was used to measure the mt membrane potential,
whereas 2',7’-dichlorofluorescin diacetate (DCFH-DA; 10 wM; Sigma)
was implemented to monitor ROS production. Both methods were per-
formed as described earlier (41).

Nuclear and kinetoplast DNA staining. Logarithmically grown non-
induced and RNAi-induced cells were pelleted by centrifugation, washed,
fixed with 4% formaldehyde, and treated with DAPI (4',6-diamidino-2-
phenylindole; Sigma) to visualize nuclear and mt DNA. The images of the
stained cells and their fluorescence were captured on a Axioplan2 imaging
fluorescence microscope (Zeiss) equipped with a charge-coupled device
(CCD) camera and the appropriate filters.

RESULTS

2-D PAGE reveals that a minor proportion of TbAAC migrates
at higher molecular weights. To investigate potential TbAAC in-
teractions within the mt inner membrane, purified mt vesicles
were solubilized using digitonin and dodecyl maltoside at differ-
ent detergent/protein ratios and then resolved by 2-D electropho-
resis. These detergents are mild, nonionic surfactants that are
capable of releasing membrane embedded protein complexes
without disrupting internal protein-protein interactions. Further-
more, these surfactants are commonly applied in 2-D PAGE anal-
yses and were extensively used to determine the AAC interactome
in mammalian and yeast cells (9, 47-49). Therefore, detergent-
solubilized mt complexes were resolved in a two-step process: by
high-resolution clear native (hrCN) PAGE in the first dimension,
followed by a second dimension of denaturing Tricine-SDS-
PAGE. After proteins had been transferred to a nitrocellulose
membrane, the Western blot was probed with an anti-TbAAC
antibody (Fig. 1A). Interestingly, while a significant majority of
TbAAC was detected in the lower-molecular-weight region,
which likely depicts the monomeric protein, a portion of the sig-
nal also extended into a range of much higher molecular masses,
culminating in two distinct peaks (Fig. 1A, middle, arrowheads).
This signal is most intense when digitonin is used at a ratio of 1
mg/1 mg mt proteins, although comparable results were obtained
when the isolated mitochondria were solubilized with dodecyl
maltoside (data not shown).

While it is possible that these large TbAAC complexes are just
aggregates of AAC that have not been separated with these mild
detergents, we aimed to address whether these higher-molecular-
weight TbAAC complexes might colocalize with any of the previ-
ously identified OXPHOS components, specifically with the respi-
ratory complex IV and/or the F_F,-ATP synthasome (complex V
and P;C). A Western blot containing mt proteins resolved by the
same 2-D PAGE conditions (1 mg digitonin/1 mg mt proteins)
was immunodecorated with specific antibodies that recognize
subunit COVI of complex IV, subunit 8 of complex V, and TbP,C
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FIG 1 TbAAC colocalizes with higher-molecular-weight complexes. (A) The hypotonically purified mitochondria were solubilized using digitonin (0.5 mg, 1
mg, and 2 mg detergent/mg protein) and separated on a 3 to 8% hrCN PAGE. Isolated lanes from these native gels were further processed in the second dimension
by denaturing Tricine—SDS-PAGE, and the gel was blotted on a nitrocellulose membrane for immunodetection using a polyclonal anti-TbAAC antibody. “Front”
indicates the leading edge of the first-dimensional gel. The sizes of the native molecular mass markers are indicated on top of the first panel. The protein marker
for the second dimension is indicated on the left. (B) The nitrocellulose membrane containing mitochondria lysed with 1 mg digitonin/mg mt protein was
stripped and further probed individually with trypanosome-specific polyclonal antibodies against subunit COVI (complex IV), subunit 8 (F,F,-ATP synthase),
and P,C. The positions of monomeric and oligomeric F F,-ATP synthase and complex IV are denoted by arrows. The resulting compilation of Western images

was overlaid using Adobe Photoshop.

to identify the complexes listed above, respectively (Fig. 1B). No-
tably, the peak signals detected for complex IV and F_F,-ATP
synthase (Fig. 1B, dashed arrows) approximately colocalize with
the higher-molecular-weight TbAAC bands, offering indirect
proof that a minor fraction of TbAAC may interact with these
protein complexes. Upon closer inspection, the main peak of
complex IV and F, seems to lead the AAC peaks. While the trailing
edge of the smear for cytochrome c oxidase does overlap the larg-
est AAC peak, this portion of AAC better aligns with the distinct
peak of F_F,-ATP synthase. However, TbP;C, a key component of
the ATP synthasome, is clearly confined to the dye front of the
hrCN PAGE. This observation weakens the possibility of the exis-
tence of a canonical ATP synthasome composed of complex V,
AAC, and P,C in trypanosomes.

TbAACis not a stable component of respiratory complex III,
IV, or V. While the observed colocalization of TbAAC with cyto-
chrome ¢ oxidase and F_F,-ATP synthase in 2-D hrCN-Tricine—
SDS-PAGE is intriguing, we wanted to further verify a direct and
stable interaction between these components via immunoprecipi-
tation experiments. Therefore, the ectopic expression of a C-ter-
minally v5-tagged TbAAC protein was induced by Tet in the PF
29-13 cell line. The tagged TbAAC_v5 was immunoprecipitated
using magnetic beads charged with anti-mouse IgG and a specific
anti-v5 monoclonal antibody. Bound TbAAC_v5 proteins were
then eluted from the beads by SDS treatment, and the specificity of
the reaction was confirmed by TbAAC Western blot analysis of
immunoprecipitated material from noninduced and Tet-induced
cells. While no TbAAC signal was detected in the eluate from
noninduced cells, a band of the expected size was visible in the
sample from Tet-induced T. brucei cells (Fig. 2A). Therefore, the
obtained eluates were further examined using specific antibodies
to detect core subunits of complex III (Rieske), IV (trCOIV), and
F,F,-ATP synthase (). No signal for Rieske or trCOIV was de-
tected, indicating that there is no stable interaction between
TbAAC and complex III or IV (Fig. 2A) under these conditions.
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The initial analysis concerning a possible interaction with the
F F,-ATP synthase was quite optimistic, as subunit 3 was en-
riched in the eluate from Tet-induced TbAAC v5 cells, even
though a basal level was also detected in the noninduced sample.
Therefore, to determine if subunit B is just a spurious contami-
nant, we employed cell lines wherein either subunit 8 or p18 is
TAP tagged to perform a reciprocal analysis involving the affinity
purification of F F,-ATP synthase, as previously described (18)
(Fig. 2B). Western blot analysis using specific antibodies against
either the tag (anti-c-myc) or F F,-ATP synthase (F, moiety, sub-
unit 3 and p18; F, moiety, ATPaseTb2) (39) validated a successful
purification, while a specific antibody against TbAAC was imple-
mented to detect if there is an interaction between this protein and
F F,-ATP synthase. The absence of TbAAC in the eluates demon-
strates that this protein does not stably associate with F F,-ATP
synthase (Fig. 2B) when it is purified in this manner.

TbAAC is essential for the growth of PF T. brucei cells. Since
we were not able to detect any stable structural interactions for
TbAAC with T. brucei respiratory complexes IV and V, we next
explored the possibility of functional associations between this
protein and the same OXPHOS complexes. Therefore, we created
aTbAACRNAI cell line in PF 29-13 T. brucei cells that is capable of
inducible dsRNA expression when triggered by the addition of Tet
to the culture medium. A significant growth phenotype was de-
tected in the TbAAC-depleted cells by the fourth day of RNAi
induction (Fig. 3A). This result emphasizes the importance of
TbAAC as the major ADP/ATP carrier in T. brucei mitochondria
and its irreplaceable function in the PF stage of the parasite. The
efficiency of the RNAi was verified by Northern blotting using a
transcript-specific probe, demonstrating that the Th)AAC mRNA
was significantly reduced after only 2 days of RNAi induction (Fig.
3A, inset). The targeted knockdown of TbAAC was further con-
firmed by Western blotting of whole-cell lysates harvested from
noninduced and RNAi-induced cells (Fig. 3B, top). Equivalent
cell numbers were loaded for each sample, and then cells were
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FIG 2 TbAAC does not copurify with complex IV or F F,-ATP synthase. (A) TbAAC_v5-tagged complexes were purified using magnetic beads (Dynabeads
M-280, sheep anti-mouse IgG) charged with a monoclonal anti-v5 antibody. The tagged protein complexes were purified from noninduced (NON) cells and
2-day Tet-induced cells (IND2) containing the regulatable ectopic v5-tagged TbAAC protein. The tagged protein complexes were eluted with SDS-PAGE loading
buffer, fractionated by SDS-PAGE, and examined by Western blotting. The presence of the tagged TbAAC_v5 was verified using an anti-TbAAC antibody (top).
The association of TbAAC_v5 with core subunits of complex III (Rieske), IV (trCOIV), and F_F,-ATPase (3) was determined using specific antibodies. The
applicable sizes of the protein marker are indicated on the left. (B) F F,-ATP synthase complexes were purified using tandem affinity purification from
noninduced (NON) cells and cells induced for 2 days (IND2) to express the ectopically tagged subunits B_TAP (left) and p18_TAP (right). Tagged F F,-ATP
synthase complexes were purified by IgG affinity chromatography, eluted by TEV protease, resolved by SDS-PAGE, and examined by Western blotting. The
presence of cleaved bait proteins now containing just the calmodulin-binding protein (CBP) and c-myc epitope tag, 3_CBP and p18_CBP, was verified by an
anti-c-mycantibody. Blots probed with antibodies specific to subunits 3, p18, and ATPaseTb2 demonstrate that the TEV eluates contain components of both the
F, and F, moieties of the F F,-ATP synthase (endogenous and TAP tagged), while Western blots immunodecorated with an anti-TbAAC antibody demonstrate
that the ADP/ATP transporter is not detectable in - and p18-tagged complexes. Noninduced cells were used as a negative control for any nonspecific protein

binding during the IgG affinity purification. The relevant sizes of the protein marker are indicated on the left.

analyzed with an anti-mt Hsp70 monoclonal antibody to normal-
ize for equal loading. Finally, after being probed with an antibody
against TbAAC, the Western blot exhibited reductions of the tar-
geted protein by 40% and 71% at days 2 and 3 of RNAi induction,
respectively (Fig. 3B, top).

Knockdown of TbAAC does not impair the steady state,
structural integrity, and enzymatic activities of OXPHOS com-
plexes. With the established TbAAC RNAi cell line, we examined
if the steady-state abundance of specific core subunits of the
OXPHOS complexes are affected upon efficient ThDAAC deple-
tion. Trypanosomatid-specific antibodies raised against subunits
of complexes III (apoC and Rieske), IV (trCOIV and COVI), F_F,-
ATP synthase (), and TbP;C were utilized to monitor the stability
of these components over time in whole-cell lysates (Fig. 3B). No
major changes were observed for any of the examined proteins
except for TbP;C, which was detected as a double band running
around 35 kDa (Fig. 3B, bottom). Since the lower band disap-
peared and an interaction between the AAC and P;C proteins was
reported in the mammalian system (11), it was important to elu-
cidate which band is specific for TbP,C. Therefore, we created a
TbP;C RNAI cell line, in which the upper band is abated during
dsRNA induction, demonstrating that TbP,C (predicted mass,
34.3 kDa) migrates just above the 35-kDa protein marker (see Fig.
S1A in the supplemental material) and thus is not affected by the
knockdown of TbAAC (Fig. 3B, bottom). Hence, the TbP;C anti-
body cross-reacts with TbAAC, resulting in a doublet where the
upper band is TbP;C and the lower band is TBAAC (see Fig. S1B in
the supplemental material). This cross-reactivity was quite unex-
pected because the best match from a ClustalW alignment of the
TbP,C peptide antigen with TbAAC (see Fig. SIC in the supple-
mental material) shares less than 22% identity.
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While the steady-state abundance of a few individual subunits
of complexes II1, IV, and F_F,-ATP synthase was unchanged upon
the depletion of TbAAC, we wanted to verify that the integrity of
these complexes was maintained by analyzing their sedimentation
profiles on glycerol gradients. Mitochondria isolated from nonin-
duced cells and RNAI cells induced for 5 days (IND5) were lysed
by dodecyl maltoside (2 mg detergent/mg mt protein) and frac-
tionated on a 10-to-30% glycerol gradient (Fig. 3C). The resolved
fractions were then analyzed by Western blotting, utilizing the
anti-TbAAC antibody to confirm a successful knockdown and the
anti-apoC, anti-trCOIV, anti-subunit 3, and anti-TbP;C antibod-
ies to illustrate the sedimentation profile for complexes III and IV,
F_F,-ATP synthase, and the phosphate carrier. Notably, the sedi-
mentation profiles of the examined complexes and TbP;C were
unaltered between the noninduced and RNAi-induced samples
(Fig. 3C). Thus, silencing of TbAAC does not interfere with the
assembly and/or stability of the examined OXPHOS complexes.

The evolutionary benefit of the interaction between AAC and
various components of OXPHOS is that it increases the efficiency
of these machines. Indeed, when AAC was depleted in yeast cells,
it was shown to affect the activity of complexes III and IV, which
were decreased by 15% and 55%, respectively (9). Therefore, spe-
cific in vitro enzymatic activity assays were performed with mt
extracts obtained from noninduced and TbAAC RNAi-induced
cells and revealed no significant differences in the activities of
respiratory complexes III and FF,-ATP synthase, while the activ-
ity of complex IV was slightly increased (i.e., cytochrome ¢ reduc-
tase activity was 107% * 11%, cytochrome ¢ oxidase activity was
126% = 11%, and ATP hydrolase activity was 118% = 5% in
RNAi-induced cells relative to activities in noninduced cells). Fur-
thermore, the enzymatic activities of complexes IV and V were
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FIG 3 TbAAC is essential for in vitro growth but does not impair either the steady-state abundance or sedimentation profile of OXPHOS complexes or the in-gel
activities of complex IV and F_F,-ATPase. (A) Growth curves of the noninduced (NON) and Tet-induced (IND) TbAAC RNAi procyclic T. brucei cell lines. Cells
were maintained in the exponential growth phase (between 10° and 107 cells/ml), and cumulative cell numbers were calculated from daily counts that
incorporated each subsequent dilution factor. The inset depicts a Northern blot analysis of TbAAC mRNA levels in the parental 29-13 cells, noninduced cells
(NON), and cells induced for 2 days of RNAi (IND2). (B) The steady-state abundance of TbAAC, core subunits of complex III (apoC and Rieske), complex IV
(trCOIV and COVI), F_F,-ATP synthase (), and TbP;C in noninduced (NON) TbAAC RNAI cells and those induced for 1, 3, and 5 days (IND1, IND3, and
IND5) was determined by Western blotting using specific polyclonal antibodies. The numbers beneath the TbAAC blot represent the abundance of immuno-
detected TbAAC, expressed as a percentage of the noninduced samples after normalization to the loading control, mt Hsp70. The relevant sizes of the protein
marker are on the left. The TbP;C antiserum cross-reacts with TbAAC, and this band is indicated with an asterisk. (C) The sedimentation profiles of TbAAC,
TbP,C, complexes III and IV, and F_F,-ATP synthase were examined using Western blot analysis of glycerol gradient fractions. Mitochondria from non-RNAi-
induced cells (NON) and cells induced for 5 days (IND5) were lysed with dodecyl maltoside. An equal amount of the cleared lysate from 1 X 10° trypanosomes
was loaded on each 10-to-30% glycerol gradient. Western analyses with trypanosomatid-specific antibodies raised against AAC, P;C, apoC (complex IIT), trCOIV
(complex IV), and subunit 3 (F,F,-ATP synthase) depict the sedimentation profile of the examined OXPHOS complexes. The glycerol gradient fractions are
numbered, and the sizes of the protein marker are indicated. An asterisk designates the TbAAC band that cross-reacts with the TbP,C antiserum. (D) In-gel
complex IV and F_F,-ATP synthase activity staining after TbAAC repression. mt preparations from noninduced (NON) and RNAI cells Tet-induced for 5 days
(IND5) were solubilized using dodecyl maltoside and separated either by 6% BN PAGE for complex IV staining or by 3-to-12% BN PAGE for F_F,-ATPase
staining. The arrows denote bands visualized by the specific activity staining. The sizes of high-molecular-weight markers (ferritin and its dimer; Sigma) are on
the left (in kilodaltons).
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also examined using native 1-D BN PAGE followed by in-gel ac-
tivity staining (Fig. 3C). Complex IV was visualized as a single
band at ~700kDa (13, 41), while F_F,-ATP synthase was depicted
by both the free F, moiety and multimeric F F, complexes (18).
Though a slight increase of complex IV activity was detected, no
major changes in the size and activity of the FF,-ATP synthase
were revealed when TbAAC was abated (Fig. 3C).

In summary, an efficient knockdown of TbAAC did not trigger
any visible changes in the steady-state abundance of TbP;C and
selected subunits of OXPHOS complexes. Furthermore, no major
differences were found in the sedimentation profiles, and no re-
ductions in in vitro enzymatic activities of the examined com-
plexes were detected. Thus, it seems that TDAAC exists as a phys-
ically separate entity in the inner mt membrane with no effect on
the structural arrangement of OXPHOS components.

TbAAC is responsible for the import of ATP and ADP into
the mitochondrion. Under aerobic conditions, the most impor-
tant role of the ADP/ATP carrier is to sustain the cellular ATP
homeostasis by enabling the 1-to-1 exchange of cytosolic ADP for
mt ATP produced by an active OXPHOS pathway. However,
when the cell finds itself under anaerobic or microaerobic condi-
tions, the OXPHOS activity is usually downregulated and the
ADP/ATP carrier works in reverse, resulting in a 1:1 exchange of
mt ADP for cytosolic ATP (50).

To test if TDAAC is fully or only partially responsible for the
influx of ADP into the organelle, an mt ATP production assay was
performed. The isolated mitochondria from noninduced and
RNAi-induced cells were incubated with ADP, free phosphate,
and a suitable respiratory substrate, such as succinate, to trigger
oxidative phosphorylation, or either a-ketoglutarate or pyruvate/
succinate, to trigger one of two specific substrate phosphorylation
reactions. Upon the addition of all these substrates, the mitochon-
dria are energized and produce ATP, which can be subsequently
measured using a bioluminescent substrate. Comparison of the
detected ATP levels between noninduced cells and RNAi-induced
cells revealed a major reduction in mt ATP by ~75% and ~94% at
days 3 and 5 after RNAi induction, respectively (Fig. 4A). Addi-
tional controls were included to demonstrate that the production
of ATP by oxidative phosphorylation was sensitive to malonate,
an inhibitor of succinate dehydrogenase, and that all three ATP
production pathways were sensitive to atractyloside, a specific in-
hibitor of the ADP/ATP translocator. Samples with no ADP added
served as a control to detect ATP produced from any of the re-
maining endogenous ADP molecules (Fig. 4A). Our results indi-
cate that TDAAC is the only ADP/ATP carrier responsible for ADP
influx into the mitochondrion of PF T. brucei.

Under specific conditions, AAC can also work in reverse,
thereby importing ATP into the mitochondria. Therefore, we ex-
amined this ATP influx activity using digitonin-extracted mt ves-
icles that had been incubated with ATP. Through TbAAC activity,
ATP is imported into the mitochondria, where it is immediately
hydrolyzed to ADP and inorganic phosphate by ubiquitous
ATPase activities. The amount of inorganic phosphate that is cre-
ated is then assessed spectrophotometrically to determine its con-
centration, which can then be used to calculate the ATPase activity
in the sample due to the linear relationship between the two vari-
ables. Importantly, in TbDAAC RNAi samples induced for 3 or 5
days, the total ATPase activity was decreased by ~20% or ~50%,
respectively (Fig. 4B). Moreover, the total ATPase activity mea-
sured in cleared mt lysates (mt fractions with disrupted mem-
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branes) obtained from noninduced and RNAi-induced cells was
unchanged (Fig. 4C). This result confirms that the decreased
ATPase activity in the intact mt vesicles is not due to the general
impairment of ATP hydrolytic protein complexes but rather is
caused by the insufficient import of ATP into the mitochondria
due to TbAAC ablation. However, it should be noted that the 50%
reduction in ATP influx is not as high as one would expect, sug-
gesting the presence of another carrier responsible for ATP influx
into the mitochondria, possibly the ATP/P; carrier.

TbAAC is crucial for the export of mt ATP into the cytosol.
One of the most significant evolutionary events that allowed an
engulfed alphaproteobacterium to become the organellar power-
house of a eukaryotic cell depended on its ability to export ATP to
the rest of the cell. Therefore, to determine if TbAAC is the prin-
cipal exporter of ATP, we generated a TbDAAC RNAI cell line that
constitutively expresses firefly luciferase and allows us to measure
cytosolic ATP levels in vivo. The amount of luciferase expression
and its cytosolic localization in the LUC-TbAAC RNAI cell line
was verified by Western blotting of digitonin-treated fractions
(Fig. 5A). A commercial anti-luciferase antibody and antibodies
recognizing the cytosolic enolase and mt Hsp70 protein were used
to immunodecorate cytosolic and mt fractions, respectively. Once
these LUC-TbAAC RNAI cells, either noninduced or induced for
3 days, were exposed to luciferin, the in vivo cytosolic ATP levels
were measured by a luminometer. RNAi-mediated depletion of
TbAAC severely decreased the level of cytosolic ATP compared to
that in noninduced cells (Fig. 5B). Since the cytosolic ATP is sig-
nificantly reduced (by 67%) after just 3 days of RNAi induction,
when the growth phenotype is not yet fully manifested, we pro-
pose that the drop in the cytosolic ATP level is the primary reason
for the impending growth retardation.

An imbalance in the mt ADP/ATP pool leads to an increased
Aysm, an accumulation of ROS, and decreased respiration. The
lack of ATP efflux activity from the organelle to the cytosol causes
an aberrant mt ADP/ATP ratio, resulting from the limited avail-
ability of ADP and the accumulation of ATP in the mt matrix. This
nucleotide imbalance likely impedes F F-ATP synthase activity,
causing an mt inner membrane hyperpolarization that in turn alters
other mt processes, such as respiration and ROS production. There-
fore, these conventional organellar functions were examined as
TbAAC was depleted. As predicted, the Aysm was increased (up to
37% at day 5) in the RNAi-induced cells compared to noninduced
controls (Fig. 6A; Table 1). Our previous in vitro assays demonstrated
that the loss of TbAAC does not interfere with the ability of respira-
tory complexes III and IV to transmit electrons and presumably
pump protons when they are provided the appropriate substrate.
Therefore, this observed phenotype is likely due to the accumulation
of protons in the intermembrane space, as the electrochemical poten-
tial of the proton motive force is never harnessed by the stagnant
F_F,-ATP synthase that is lacking its ADP substrate.

In time, the increased Aysm becomes so significant that respi-
ration-coupled electron flow and proton pumping of complex III
and IV become stalled. Consequently, we observed that the
amount of ROS is dramatically elevated (210%) by day 5 of Tet-
induced RNAi compared to noninduced samples (Fig. 6B; Table
1). This high level of oxidative stress likely contributes to the se-
vere growth phenotype detected upon the knockdown of TbAAC.
Furthermore, we determined that the total oxygen consumption is
significantly decreased after 5 days of TbAAC depletion (Fig. 6C),
most likely due to the hyperpolarization caused by the hindered
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FIG 4 Both ADP and ATP influx into the mitochondrion are affected in cells silenced for TbAAC expression. (A) To determine levels of ADP influx into the
mitochondrion, the in vitro production of ATP was measured in digitonin-extracted mitochondria from noninduced (NON) cells or cells with activated ThAAC
RNAI for 3 (IND3) or 5 days (IND5). The phosphorylation pathways were triggered by the addition of ADP and one of the following substrates: succinate,
a-ketoglutarate, and pyruvate/succinate. Malonate (MAL), a specific inhibitor of succinate dehydrogenase, was used to inhibit ATP production by oxidative
phosphorylation, and atractyloside (ATR) was used to inhibit import of ADP into mitochondria. The level of ATP production in mitochondria isolated from
noninduced RNAI cells stimulated with substrate, but in the absence of any specific inhibitors, was established as the reference and set to 100%. All other values
for the same substrate are calculated arithmetic means expressed as percentages of this reference sample. The “No ADP” value serves as a control for the
background production of ATP from endogenous mt ADP. The data are averages from at least three independent experiments and standard deviations. (B) To
ascertain the extent of ATP import into active mitochondria, ATPase hydrolytic activities were measured in either noninduced (NON) TbAAC RNAi cells or cells
induced with Tet for 3 (IND3) and 5 days (IND5). Crude mt vesicles were obtained by digitonin extraction. The ATPase activity was triggered by ATP addition
(5 mM) and assayed by measuring the release of free phosphate. The total amount of free phosphate created from all ATPase enzymes present in the noninduced
sample was set at 100%. The displayed results represent the average activities obtained from extracts prepared from four independent RNAi inductions. (C) Total
ATPase activity measured in mitochondrial lysates from noninduced and RNAi cells induced for 5 days indicate that mt ATPases are still active when substrate
is available. The total amount of free phosphate created from all ATPase enzymes present in the noninduced sample was set at 100%. The results are the average
activities obtained from extracts prepared from four independent RNAi inductions.

activity of F F,-ATP synthase. Importantly, there are two terminal IV is not specifically inhibited by a high ADP/ATP ratio, as ob-

oxidases (complex IV and trypanosome alternative oxidase
[TAO]) in T. brucei, both of which can catalyze the final reduction
of an oxygen molecule and thus contribute to the total oxygen
consumption. While it is still unknown how electron flow is reg-
ulated between these two pathways, utilizing TAO allows the elec-
trons to bypass respiratory complexes III and IV, which should
help alleviate the damaging effects of ROS generated from an ele-
vated Aysm. Nevertheless, we observed that complex IV contrib-
uted a majority of the respiration even in the presence of the ex-
cessive ROS created by day 5 in these TDAAC RNAi-induced cells
(Fig. 6D). Strikingly, even the relative contribution of these two
terminal oxidases to the overall cellular respiration was not signif-
icantly modified over time, suggesting that the activity of complex
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served in mammalian mitochondria (51, 52).

Silencing of TbAAC leads to defects in cell division. In hu-
mans, the lack of AAC activity triggers mt DNA rearrangements
and deletions followed by a complete loss of mt DNA (53, 54). To
ascertain if a loss of mt DNA also occurs in T. brucei with down-
regulated TbAAC, the nuclear and mt DNA (termed kinetoplast
DNA in these protists) were stained with DAPI and visualized by
fluorescence microscopy (Fig. 7A). Trypanosomes in G, and S
phase possess one nucleus and one kinetoplast (IN1K), while in
the G,/M transition phase, these flagellates have one nucleus and
two kinetoplasts (1N2K), as the mitochondrion division precedes
mitosis. Finally, before undergoing cytokinesis, these cells have
two nuclei and two kinetoplasts (2N2K) (Fig. 7A, top). In the
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FIG 5 Cytosolic ATP levels are significantly decreased in TbAAC RNAi-in-
duced cells. (A) The subcellular localization of luciferase was determined
within TbAAC RNAI cells expressing luciferase (LUC-TbAAC RNAI). Parental
TbAAC RNAI cells were used as a negative control. T. brucei cells (5 X 10%)
were harvested by centrifugation (WCL) and further separated into cytosolic
(C) and mitochondrial (M) subcellular fractions upon digitonin extraction.
Purified fractions were analyzed by Western blotting with anti-luciferase,
anti-mt Hsp70 (mitochondria), and anti-enolase (cytosol) antibodies. The
relevant sizes of the protein markers are on the left. (B) Total cytosolic ATP
content was measured by aluminometer upon luciferin addition to living cells,
either noninduced (NON) LUC-TbAAC RNAI cells or cells induced for 3 days
(IND3). Values are in relative light units (RLU) and are averages from three
independent RNAI inductions.

ADP/ATP Carrier in Trypanosoma brucei

TABLE 1 Aysm and ROS measurements”

Fluorescence (%) of:

Day TMRE DCFH-DA
3 119 £ 6 88 £ 25

5 137 = 4 211 =20
7 125+ 3 202 =21

@ Am and ROS were measured 3, 5, and 7 days after RNAi induction, using FACS
analyses of the appropriate stain as described in Materials and Methods. Data were
obtained from at least three independent RNAi inductions. Fluorescence intensity in
the RNAi-induced cells is expressed as a percentage of that in noninduced cells. Values
are means and standard deviations.

noninduced control, 76% of the cells were found to have a single
nucleus of normal size and a single kinetoplast (IN1K), while the
rest (24%) were either IN2K or 2N2K (Fig. 7B), which is repre-
sentative of a healthy population of these parasites grown in cul-
ture. Importantly, even after 5 days of TbBAAC RNAi induction, we
did not observe a loss of mt DNA, in contrast to reports concern-
ing mammals (55), but rather, we detected a substantial accumu-
lation of cells with an aberrant number of nuclei and kinetoplasts.
Examples of these abnormalities include anuclear cells (1K), as

well as cells with two nuclei and one kinetoplast (2N1K) and larger
monster cells with multiple nuclei and kinetoplasts (xNxK) (Fig.
7A, bottom). These results, quantified in Fig. 7B, suggest a failure
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FIG 6 TbAAC silencing increases the Aysm, resulting in decreased oxygen consumption and elevated ROS production. (A) After staining with 60 nM TMRE, the
Ayim was measured by flow cytometry in both noninduced cells (NON) and TbAAC RNA! cells induced for 3 (IND3), 5 (IND5), and 7 (IND7) days. The median
fluorescent intensity values are presented as percentages of the value for the noninduced sample, which was set to 100%. Data were obtained from at least three
independent RNAI experiments, and the standard deviations are included. (B) The ROS detection reagent DCFH-DA was quantified by fluorescence-activated
cell sorting (FACS) analysis in noninduced (NON) cells and TbAAC RNAI cells induced for 3 (IND3), 5 (IND5), and 7 (IND7) days. Increased fluorescence
intensity corresponds to an accumulated ROS formation that was observed in three independent assays. (C) The oxygen consumption of noninduced (NON) and
RNAi-induced (IND5) cells incubated in SDM-79 medium at 27°C was monitored with a Clark-type oxygen electrode. The total oxygen consumption in
noninduced cells was set to 100%. Values are arithmetic means and standard deviations from three experiments. (D) The ratio of complex IV- and TAO-
mediated respiration was measured in noninduced (NON) and TbAAC RNAI cells induced for 5 days (IND5). The total oxygen consumption in both cell lines
was set to 100%. After the addition of salicylhydroxamic acid (SHAM) (0.03 mM), a potent TAO inhibitor, the remaining oxygen consumption represented
respiration occurring via complex IV. Values are means and standard deviations from six independent experiments.
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FIG 7 TbAAC depletion leads to defects in cell division. (A) DAPI staining was used to visualize various nucleus/kinetoplast (NK) phenotypes in noninduced
TbAAC RNAI cells and cells induced with Tet for 5 days. (Top) Normal cell types either in G,/S (IN1K) and G,/M (1N2K) phases or undergoing cytokinesis
(2N2K). (Bottom) Representative abnormal cell types (1K, 2N1K, and xNxK). N, nucleus; K, kinetoplast. (B) Quantification of the microscopy images based on
the number of nuclei and kinetoplasts in more than 200 cells per time point. NON, noninduced cells; IND5, RNAi cells induced for 5 days.

in the overall cell division machinery, an effect likely to be caused
by the shortage of cytosolic ATP.

DISCUSSION

In this study, we analyzed the functional and structural interac-
tome of the mt ADP/ATP carrier in the insect stage of T. brucei, a
highly diverged eukaryote. During this life stage, the parasite pos-
sesses an aerobically active mitochondrion that contains a fully
developed respiratory chain coupled to ATP production by the
F,F,-ATP synthase (17). Thus, in agreement with this mt func-
tion, silencing of ThbAAC caused a decreased level of cytosolic
ATP, a higher Aysm, an elevated amount of ROS, and a reduced
consumption of oxygen. We further established that TbAAC func-
tions as a physically separate entity and its downregulation does
not impair the activity or arrangement of the OXPHOS compo-
nents. Our results suggest that the energy demands during this
stage of the parasite do not necessitate the incorporation of AAC
into the respiratory supercomplexes.

The majority of the literature describing respiratory super-
complexes focuses on two main assemblies, either the dimeric
F,F,-ATP synthase or the union of proton translocating com-
plexes I, III, and IV. The latter complexes are usually found to
assemble into I+I1IL,, III,+1IV,_,, and I+II[,+IV,_, supramo-
lecular organizations, and their formation is well documented for
only a few representatives of the supergroups Opisthokonta (Sac-
charomyces cerevisiae, Yarrowia lipolytica, Bos taurus, and Homo
sapiens) and Archaeplastida (Solanum tuberosum and Spinacia ol-
eracea) (56-59). It is believed that this physical association of the
electron relay components creates patches within the mt inner
membrane where the appropriate substrates can be concentrated,
making the OXPHOS pathway more efficient to meet higher en-
ergy demands and decrease the potential for ROS formation.
However, recent work with bovine mitochondria elegantly sug-
gests that there is just one common pool of ubiquinone/ubiquinol
and cytochrome ¢, which is free to interact with any OXPHOS
components found in the protein-dense mt inner membrane (60).
Whereas the interactions between respiratory supercomplexes ap-
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pear to be quite delicate, the detection of the dimeric F F,-ATP
synthase has been more pervasive throughout the eukaryotic su-
pergroups studied so far, including the protists of the supergroups
Excavata and Alveolata (T. brucei, Euglena gracilis, Plasmodium
falciparum, and Tetrahymena thermophila) (13, 61-64). This
dimerization is proposed to be crucial for crista formation within
the mt inner membrane (65), and the commonality of this struc-
tural organization in a wide variety of eukaryotes suggests that it
was an early attempt to create microenvironments for compo-
nents of the OXPHOS pathway.

To a lesser extent, the AAC has also been identified in special
arrangements with some of these respiratory supercomplexes. In
yeast, a large majority of the main ADP/ATP carrier, AAC2, phys-
ically interacts with a supercomplex comprised of III+1V and the
TIM23 translocase, although this interaction is highly sensitive to
the detergent type and its concentration (9). The mt ADP; /
ATP, . exchange under aerobic conditions is energetically costly
because the efflux of ATP results in the expulsion of a net negative
charge that partially collapses the Aysm. Thus, positioning AAC in
amicroenvironment packed with supercomplexes that contribute
to a heightened local Adin may minimize this energetic cost, thus
establishing a site that is conducive to maximum AAC transport
activity. Furthermore, the OXPHOS pathway, specifically com-
plex IV activity, is significantly downregulated in the absence of
AAC2 (48), providing additional evidence for the energetic cost
benefits of this supramolecular collaboration in yeast.

In T. brucei mitochondria, the migration of TbAAC also over-
lapped complex IV under low-detergent conditions in 2-D PAGE.
However, this interaction was never detected in copurification
assays that utilized lysis conditions nearly identical to those in the
2-D analysis. Furthermore, upon efficient ThDAAC knockdown, we
did not observe a decrease in the activity of complex IV, as seen in
yeast (9). In fact, we consistently saw a slight increase in cyto-
chrome ¢ oxidase activity, as measured by in-gel staining or spec-
trophotometry assays, possibly due to a physiological response to
an altered ADP/ATP ratio in the matrix. Importantly, the assem-

March 2015 Volume 14 Number 3

AdvHEIT TIH Y31S179avn Aq G102 ‘2 yoJe uo /610 wise0a//:djy woly papeojumoq


http://ec.asm.org
http://ec.asm.org/

bly and integrity of the OXPHOS complexes and the steady-state
abundance of their constituent subunits remained unchanged.
These results significantly contrast those of studies performed in
yeast, where, in the absence of AAC, the steady state of selected
subunits of respiratory complex IV was diminished, and the as-
sembly of the respiratory supercomplex (III,+IV,) was dis-
rupted (9).

The association of AAC with the F F,-ATP synthase and P,C
has been observed in highly enriched crista-like vesicles purified
fromrats (11, 12). In addition, it has been demonstrated that AAC
and F_F,-ATP synthase in yeast cofractionate in CN or BN PAGE,
implying that they also congregate into an ATP synthasome (49).
Furthermore, cosedimentation and copurification studies of the
F,F,-ATP synthase subunit p18 and AAC discerned a similar sit-
uation in Leishmania mexicana, a close relative of T. brucei (66).
Contrary to these reports, our data do not support the existence of
an ATP synthasome in T. brucei, as TbAAC did not copurify with
tagged F_F,-ATP synthase subunit 3 or p18. Moreover, TbP;C did
not cosediment with the large molecular signals detected for
TbAAC and subunit 8 in hrCN PAGE or with subunit § in glyc-
erol gradients. While the authors of this study are quick to ac-
knowledge that the absence of an interaction does not prove that it
does not exist, we were careful to perform reciprocal copurifica-
tion assays using a less harsh detergent and the low salt concen-
trations used in the Leishmania study.

Perhaps this intriguing difference between these two closely
related parasites is the result of the environments they encounter
during their distinctive life cycles. While Leishmania possesses a
fully developed mitochondrion throughout its life cycle due to the
persistent requirement for the OXPHOS pathway (67), the mor-
phology of the T. brucei mitochondrion is more pleomorphic, as
the parasite transitions between the tsetse fly vector and the mam-
malian host’s bloodstream. It is during the infectious stage that the
mitochondrion becomes greatly reduced, containing many fewer
cristae, which is indicative of its independence of the OXPHOS
pathway for energy production in this high-glucose environment.
Therefore, a closer inspection of the energetic demands and mech-
anisms to cope with ROS in these two protists might help to un-
cover the evolutionary forces that necessitate the assembly of this
more efficient respiratory complex. In fact, purification of the
Leishmania F F,-ATP synthase might identify components absent
from the T. brucei complex that are important for the interaction
with P;C and AAC.

The T. brucei genome encodes a singly functional ADP/ATP
carrier, whose function has been confirmed by a complementa-
tion assay of an AAC2-deficient yeast strain. Furthermore, TbAAC
biochemical properties and ADP/ATP exchange kinetics are sim-
ilar to those of the yeast AAC2 carrier (26). Similar to the study
done by Pena-Diaz and coworkers (26), our in vitro data assaying
ADP influx into the mitochondrion for oxidative and substrate
phosphorylation support these data, as ADP import into the or-
ganelle ceases upon an efficient TbAAC knockdown. Interestingly,
when we measured the reverse function of this transporter, mainly
the ATP import into the mitochondrion, we observed only a 51%
decrease in the ATP-induced ATPase activity, suggesting the exis-
tence of another mt import route for ATP. An obvious candidate
for such an activity would be a homolog of the ATP-Mg/P; trans-
porter, a protein that is responsible for the electroneutral ex-
change between ATP-Mg>~ and HPO,>~, which can supplement
the mt ATP pool in cells using the hydrolytic activity of F F,-
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ATPase to maintain the Aysm (68). However, a putative T. brucei
homolog of the ATP-Mg/P; transporter (Tb927.4.1660, MCP6)
was shown to be inactive for ATP and ADP transport (25, 69).
Thus, besides TbAAC, any additional carrier(s) responsible for
ATP influx into the mitochondria of this excavate protist remains
to be elucidated.

The genome of S. cerevisiae contains three AAC genes: AACI,
AAC2,and AAC3 (70, 71). However, only the disruption of AAC2
triggers a growth phenotype when the yeast is grown on nonfer-
mentable carbon sources (72). Notably, in the absence of AAC2,
the downregulation of the ADP/ATP exchange across the mt inner
membrane is followed by a reduction in oxygen consumption and
a decrease in complex IV activity (9). A similar phenomenon has
been described for human mitochondria, which also contain three
isoforms of the adenine nucleotide translocase (ANT) (73). While
the loss of the main ANT1 isoform is not lethal, it does induce mt
myopathy, as the lack of ADP/ATP exchange activity depletes ma-
trix ADP, which causes F F,-ATP synthase stagnation (74, 75).
Consequently, the flow of protons back to the matrix is blocked
and the Aysm increases until it reaches a level that prohibits oxi-
dative phosphorylation, resulting in increased ROS production
and mt DNA damage (76). Furthermore, mutations in the human
ANT]1 gene cause autosomal dominant progressive external oph-
thalmoplegia (adPEO), an mt disorder characterized by reduced
respiration, lowered mt cytochrome content, and mt DNA dele-
tions (54, 77). Moreover, this loss of mt DNA can further exacer-
bate the adPEO disorder by compromising the synthesis of spe-
cific respiratory subunits (75).

Trypanosomes depleted of TbAACI also displayed an elevated
A, decreased oxygen consumption, and heightened levels of
ROS. However, in contrast to the yeast and human data, we did
not observe a reduction in the activity or integrity of cytochrome-
containing complexes III and IV. Therefore, the diminished res-
piration measured in TbAAC RNAI cells is not caused by the de-
stabilization of the OXPHOS complexes, suggesting that even
though high levels of ROS are detected, they do not seem to have
deleterious effects on the mt DNA. To verify this outcome, the
DNA content was examined by fluorescence microscopy in
TbAAC-depleted cells. Although mt DNA rearrangements, dele-
tions, and total loss were identified in humans with adPEO ANT1
mutations (55), we did not observe a complete loss of mt DNA.
Instead, we detected decreased populations of normal cells in the
G, or S phase with a concurrent accumulation of cells with an
aberrant number of nuclei and/or kinetoplasts or parasites appar-
ently arrested in a state of incomplete cytokinesis. In their totality,
these results indicate that the loss of TbAAC in T. brucei does not
result in the targeted loss of mt genes but rather leads to general
defects in cell cycle control or division due to an overall cellular
depletion of ATP.

While identifying the often delicate interaction of AAC with
components of the OXPHOS pathway is challenging, the totality
of this work suggests that TbAAC does not interact with F F,-ATP
synthase in T. brucei as it does in its close relative, L. mexicana. It
would be interesting to investigate if the association of ThbAAC,
TbP;C, and F F,-ATPase (F F,-ATP hydrolasome) exists in the
infectious bloodstream stage of T. brucei, where the Aysm depends
on ATP hydrolysis by the F F,-ATPase located in an environment
lacking significant cristae and the microenvironments they create.
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Fig. S1. A polyclonal antibody generated using a TbPiC peptide recognizes both TbPiC and

TbAAC.

A) A western blot containing whole cell lysates from TbPiC RNAI cells that were either non-induced
(NON) or induced for 1 (IND1), 3 (IND3) and 5 (INDS) days was probed with a TbPiC peptide
antibody generated in rabbits (upper panel). Upon RNAI induction, the upper signal of a doublet
band centered around 35 kDa disappears by day 3, indicating that the TbPiC antibody specifically
recognizes its antigen. A mtHSP70 monoclonal antibody serves as a loading control (bottom panel)
and the sizes of relevant molecular weight markers are depicted on the left.

B) Same as in A), except the western blot contains whole cell lysates from the TDAAC RNAI cell
line. Here, the same TbPiC polyclonal antibody also detects a doublet band, but now the lower
signal is abated upon TbAAC RNAI1 induction. Hence, the TbPiC antibody cross reacts with
TbAAC.

C) The TbPiC peptide (SHPADMLVSARGKASNVGKS, blue annotation) used to generate a rabbit
polyclonal antibody was aligned with the TbAAC preprocessed protein sequence using ClustalW.
The best pairwise sequence alignment resulted in less than 22% identity between the two peptides.
For reference, the TbDAAC peptide antigen (VDALKPIYVEWRRSN, red annotation) is depicted.



3.2. Unpublished results

3.2.1. The functionality of Trypanosoma brucei F1-ATPase requires
the additional subunit p18

Manuscript in preparation: Gahura O, Subrtova K, Vachova H, Panicucci B, Fearnley
IM, Harbour ME, Walker JE, Zikova A.

97



The functionality of Trypanosoma brucei F1-ATPase requires the additional

subunit p18

v e 1,2 ’ & .1 , .1 . . .1
Ondiej Gahura *, Karolina Subrtova', Hana Véachova', Brian Panicucci ', lan M.

Fearnleyz, Michael E. Harbourz, John E. Walkerz#, Alena Zikova'®

'Institute of Parasitology, Biology Centre CAS, Ceske Budejovice, Czech Republic
*The Medical Research Council Mitochondrial Biology Unit, Cambridge, United
Kingdom

*Joint corresponding authors
Running title: F;-ATPase in Trypanosoma brucei

To whom correspondence should be addressed: Alena Zikova, Institute of
Parasitology, Biology Centre CAS, Branisovska 31, 37005, Ceske Budejovice, Czech
Republic; Tel.: 0042038775482; Fax: 00420385310388; Email: azikova@paru.cas.cz

ABSTRACT

F,Fi-ATP synthases are sophisticated membrane-bound molecular machines
producing ATP in bacteria and eukaryotic organelles. The importance of ATP
generation by this complex is underlined by an extraordinary conservancy of the
catalytic Fj-ATPase moiety. We established a two-step chromatography procedure to
isolate a highly pure and active F;-ATPase from the procyclic form (PF) of the
parasitic protist, Trypanosoma brucei. The purified complex contained all usual
eukaryotic subunits (a, B, v, 0, and €) and their mitochondrial targeting sequences
were identified by N-terminal sequencing and mass spectrometry (MS). Furthermore,
T. brucei Fi-ATPase displays two unusual features. First, the subunit o is split into
two fragments by in vivo occurring proteolytic cleavage. Using MS approach this
cleavage site was mapped. Interestingly, the subunit a gets cleaved at two different
sites resulting in the release of eight non-conserved residues. Second, an additional
protein p18 co-purified with F;-ATPase. This interaction withstood the chloroform-
extraction conditions implying that pl8 is a novel F;-ATPase subunit. Moreover,

RNAIi mediated silencing of p18 affects the growth of both 7. brucei life stages, PF



and the bloodstream form. The levels of F; and F;F, monomeric/multimeric
complexes are considerably reduced upon pl8 down regulation, demonstrating its
importance for the stability of F;-ATPase. The presence of additional subunit p18 and
the subunit a cleavage are unique features of 7. brucei F;-ATPase, which not only
further increase the list of peculiarities of this pathogen, but also break the long-
standing conception of the strict conservancy of the F;-ATPase complex in

eukaryotes.

INTRODUCTION

The last protein complex of a five-component oxidative phosphorylation
pathway, the mitochondrial F,F;-ATP synthase or complex V, is a ubiquitous source
of ATP in eukaryotes and as such plays a pivotal role in cellular energy production. It
is a turbine-like assembly, which rotation is driven by the proton gradient across the
inner mitochondrial membrane generated by the respiratory chain. The torque of this
rotation is converted to high-energy covalent bonds of ATP.

The F,F;-ATP synthases consist of two sectors, F; and F, (for review see (1-3)).
The F; moiety protrudes from the inner mitochondrial membrane to the matrix and
bears the catalytic activity. Besides ATP synthesis, it also is capable to conduct the
reversed reaction, ATP hydrolysis, therefore is often called F,-ATPase. F;-ATPase is
formed by a globular hexamer of alternating subunits a and B sitting on a central stalk
consisting of largely helical subunit y, and small subunits 6 and €. The F, subcomplex
consists of a membrane segment (subunits a, ¢, A6L, and several accessory proteins),
which houses the proton pore, and of a peripheral stalk (subunits b, d, OSCP, and F6),
which serves as a stator immobilizing the o3B3 headpiece. The proton channel is
created on the interface of the subunit a and c. Multiple copies of subunit ¢ form a
rotary c-ring (4,5). Proton flow through the channel spins the c-ring together with the
linked central stalk of F; (6). Clockwise rotation (as viewed from the membrane) of
the asymmetric subunit y induces conformational changes within the stationary of
hexamer leading to ADP phosphorylation on three catalytic sites situated on each of
the subunits B. The resistance of aff hexamer to the torque of the central stalk is
secured by the peripheral stalk. The peripheral stalk is an elongated structure
positioned in parallel orientation to the F; moiety. It is anchored to the membrane via

its subunit b, contacting the proton channel subunit a and some supernumerary



membrane-bound subunits (7). The interaction with F,; is mediated mainly by OSCP,
a protein localized on the top of peripheral stalk (8).

The composition of mitochondrial F,F;-ATP synthases is believed to be highly
conserved among eukaryotes. Differences are restricted only to the supernumerary F,
subunits. For example, the mammalian enzyme contains supernumerary subunits
A6L, e, f, g, DAPIT, and PL6.8 (9), while in yeast Saccharomyces cerevisiae the last
two proteins are absent and additional two subunits i and k were identified (10,11).
However, characterized F,F;-ATPase composition is biased towards established
model species, which predominantly belong to the super-group Opisthokonts,
overlooking most of eukaryotic diversity (12).

Recently, unexpected features of mitochondrial F,F;-ATP synthases such as
missing and/or additional subunits or structural deviations were reported in
representatives of eukaryotic super-groups Sar, Excavates, and Archeoplastida. All of
them are phylogenetically distant from the traditional models (12). For example, in
the free-living ciliate Tetrahymena thermophila and in the related apicomplexan
parasite Plasmodium falciparum, comprehensive bioinformatic analyses failed to
identify homologs of the proton channel subunit a and the peripheral stalk subunits b
and F6 (13,14). At the same time, several novel components of Tetrahymena ATP
synthase were identified by proteomic analysis. Strikingly, the subunit a was proposed
to be replaced by a novel or extremely divergent mitochondrially encoded protein
Ymf66 (15). However, the divergence in composition does not affect the function, as
mitochondria from Tetrahymena (15) and Plasmodium (16) are capable to carry out
oxidative phosphorylation. Similarly, the peripheral stalk subunits b, d, and A6L were
not found in the green algae Euglena gracilis (Excavates; (17)) and in chlorophyceaen
algae Chlamydomonas and Polytomella (Archaeoplastida; (18,19)). Instead, several
taxon-specific proteins called Asal-9 (ATP synthase associated) associate with F,F-
ATPase in these organisms (20). Together, these studies documented variability of
ATP synthase composition across eukaryotes. Remarkably, none of the studies
documented any alteration in the composition of the catalytic F; moiety.

Parasitic flagellate Trypanosoma brucei is a causative agent of sleeping sickness
in humans and related diseases in domestic animals in Africa. Together with other
pathogenic (e.g. Leishmania sp.) or free-living protists (Bodo sp.), T. brucei belongs
to kinetoplastids, a highly divergent clade of Excavates (21). As an important

pathogen, T. brucei experienced relatively long history of intensive research. Because



it can be cultivated in vitro and it is amenable to forward and reverse genetics
approaches, it has become a universal model organism for kinetoplastids. Number of
unprecedented biological processes has been discovered in trypanosomes. Some of
them remained restricted only to closely related species (e. g. drastically reduced
transcriptional regulation of gene expression, presence of single mitochondrion with
unusual morphology), while others were later found also in phylogenetically distant
organisms (e.g. RNA editing, GPI anchoring). In addition, some common eukaryotic
machineries underwent divergent evolution and gained novel or modified functions in
trypanosomes (e.g. Krebs cycle, trans-splicing).

Another  striking example includes the mitochondrial F,F;-ATP
synthase/ATPase as the function of this enzyme is adapted to the environmental
changes during the digenetic life cycle of the parasite. T. brucei alternates between the
insect vector (tsetse fly) and a mammalian host. The insect procyclic form (PF) is
characterized by fully active mitochondrion containing a conventional respiratory
chain composed of complexes I, II, III and IV. In this stage the F,F;-ATP synthase
acts true to its name and synthesize ATP by oxidative phosphorylation (22). In
contrary, the bloodstream form (BF) relies on glycolysis for its ATP production and
the mitochondrion is reduced in its size, function and activity, and lacks the typical
cytochrome-mediated electron transport chain, which is coupled with proton
translocation. Thus in this form, the essential (mitochondrial) mt membrane potential
(Ayy,) 1s maintained by the reverse function of F,F;-ATP synthase as this complex
hydrolyses ATP and pumps protons from matrix across the mt inner membrane
(23,24).

Structurally, the F,F;-ATP synthase from 7. brucei differs from other
eukaryotes, missing all peripheral stalk and F, subunits except for OSCP, and subunit
a and c. Nevertheless, the protein complexity of the F,F;-ATP synthase complex is
similar to the F-ATPases from other eukaryotes because it contains 14 kinetoplastid-
specific proteins. These subunits are either novel or highly diverged F-ATPase
subunits (25).

Here, we employed a biochemical purification to characterize the F, catalytic
moiety from 7. brucei. We describe two unique features of this enzyme: (i) it contains

an additional stably associated protein pl8 and (ii) the subunit a is split into two



fragments. None of these attributes has a parallel in any organism outside of

Euglenozoa.

MATERIAL AND METHODS
Purification of F;-ATPase

T. brucei PF Lister strain 427 was grown in SDM-79 media (Invitrogen)
containing 10 % FBS to the late exponential phase (2-3x10’ cells/ml). Mitochondria
were isolated by hypotonic lysis and percoll gradient centrifugation (26) and
resuspended in buffer containing 50 mM Tris-HCl, pH 8.0, 250 mM sucrose, 5 mM
benzamidine, and 5 mM g-aminocaproic acid (e-ACA) to final protein concentration
of 16 mg/ml. Material was sonicated (6 x 15 s with one minute on ice between
impulses) and disintegrated membranes were sedimented by ultracentrifugation (rotor
Beckmann SW60Ti, 31,000 rpm, 5 hours, 4°C), and resuspended in the same buffer
containing 1 mM ADP and a cocktail of protease inhibitors (pepstatin A, leupeptin,
bestatin, diprotin A, and amastatin, 50 puM each). F;-ATPase was released by
vigorous shaking (20 s) with 0.5 volume of chloroform saturated with 2 M Tris-HCI
pH 8.5. The extracted sample was immediately spun (8,000 g, 5 min, 20°C). The top
aqueous phase was cleared by centrifugation (2x30 min, 16,000 g, 20°C) and loaded
on a HiTrap Q HP anion exchange chromatography column (GE Healthcare, United
Kingdom) equilibrated in 20 mM Tris-HCI, pH 8.0, 1 mM ADP, 4 mM EDTA, 5 mM
benzamidine, 5 mM &-ACA. Elution was performed by a linear gradient of NaCl from
0 to 1 M in the same buffer in total volume of 25 ml. The fractions containing F;-
ATPase were pooled, concentrated (Vivaspin centrifugal concentrator, MWCO 100
kDa, Sartorius, Germany) to 200 - 500 pl, and loaded on a gel-filtration column
Superdex 200 10/300 GL (GE Healthcare, United Kingdom) washed by 20 mM Tris-
HCI, pH 8.0, 200 mM NaCl, 1 mM ADP. The fractions containing F;-ATPase were

pooled and used for subsequent analyses.

ATPase activity measurements

The isolated F;-ATPase was concentrated to >2 mg/ml, precipitated by one
volume of saturated neutralized ammonium sulfate solution, and re-dissolved in 100
mM Tris-HCI pH 8.0, 4 mM EDTA, 50% glycerol. The activity of F;-ATPase was
measured by ATP regenerating assay (27). The hydrolysis of ATP is measured

indirectly as a decrease of absorbance at 340 nm caused by decay of NADH in a



coupled reaction. The assay mixture contained 25 mM Tris, 25 mM MOPS, 50 mM
KCIL, 2 mM MgSO., adjusted to desired pH, 0.2 mM NADH, 2 mM ATP, 1 mM
phosphoenolpyruvate (PEP), 10 pul/ml pyruvate kinase/lactic dehydrogenase from
rabbit muscle (Sigma-Aldrich). All measurements were performed in 1 ml
spectroscopic cuvettes with reaction mixture incubated at 37°C.

The inhibition of F;-ATPase activity by resveratrol and sodium azide was
assayed at pH 8.0. The inhibitors at different concentrations were added to the
reaction mixture prior 0.7 pg of F;-ATPase. The residual activities of the inhibited
complex in equilibrium were measured. ICsy values were calculated by fitting relative
residual activities plotted against log inhibitor concentration into a sigmoidal dose-
response curve with variable slope using GraphPad Prism 6 software.

ATPase activity in digitonin lysed mitochondria was measured with the Sumner
assay, based on the release of phosphate when ATP is hydrolyzed by the enzyme
(23,28). Briefly, crude mitochondria were extracted from 2x10% cells with 0.015%
digitonin, 0.6 M sorbitol, 2 mM EDTA, 20 mM Tris-HCI pH 7.5. Mitochondrial
pellets were resuspended in an assay buffer (200 mM KCI, 2 mM MgCl,, 10 mM
Tris-HCI pH 8.0) and the 20 min reaction was initiated by the addition of neutralized
ATP to a final concentration of 5 mM. Where indicated, samples were pre-treated
with 2 mM sodium azide for 10 min at 27°C for lysates from PF and at 37°C for
lysates from BF. The 100 pl reactions were stopped by the addition of 1.9 ul of 70%
perchloric acid. After a 30 min incubation on ice, the samples were spun down
(16,000 g, 10 min, 4°C) and 90 pl of the supernatant was incubated for 10 min with
0.5 ml of Sumner reagent (8.8% FeSO47H,0, 375 mM H,SO4, 6.6%
(NH4)Mo070,4.4H,0) at room temperature (RT). 200 pl was transferred to a 96 well
plate and the absorbance was measured at 610 nm using a plate reader (Infinite
M?200Pro, Tecan). To calibrate the assay, a standard curve was calculated from the

absorbance values of inorganic phosphate samples (0— 2 mM).

Plasmid construction and Trypanosoma RNAI cell lines generation

To generate p18 RNAI construct, the 464 bp of p18 gene (Tb927.5.1710) was
amplified by PCR from 7. brucei strain 427 genomic DNA with the following
oligonucleotides: FW-GCAGGATCCCTCGGCTACTGCATTCAACA, REV-
GACAAGCTTACAGCATTACTACACGCCCC. The amplified fragment was
digested with HindIll and BamHI and inserted into the p2T7-177 vector, which is



targeted to the minichromosome 177 basepair repeat region (29). PF T. brucei strain
29-13 and BF single marker (SM) cells, both constitutively expressing the ectopic T7
RNA polymerase and tetracycline repressor, were transfected with Notl linearized p18
RNAI construct. The PF cells were grown at 27°C in SDM-79 media containing 10%
FBS, 15 pg/ml of G418, 25 pg/ml hygromycin, and 2.5 pg/ml phleomycine, while the
BF cells were grown in HMI-9 media containing 10% FBS, 2.5 pg/ml of G418, 5
pg/ml hygromycin, and 2.5 pg/ml phleomycine. The PF RNAi o cell line was
described earlier (25).

The RNAi was induced by the addition of 1 pg/ml of tetracycline into the
media. Cell densities were measured using the Z2 Cell Counter (Beckman Coulter
Inc.). Throughout the analyses, cells were maintained in the exponential mid-log

growth phase.

SDS-PAGE and Western blot

Protein samples were resolved on SDS-PAGE and stained by Coomassie
Brilliant Blue dye or blotted onto a PVDF membrane. Membranes were probed with
the appropriate primary antibody followed by incubation with a secondary HRP-
conjugated goat anti-rabbit or anti-mouse antibody (1:2000, BioRad). Blots were
developed using the ECL system (Pierce) and visualized on a ChemiDoc instrument
(BioRad). When needed, membranes were stripped at 50°C for 30 min in a
stripping buffer (62.5 mM Tris pH 6.8, 100 mM mercapthoethanol, 2% SDS) and re-
probed. Primary antibodies used in this study were: mouse monoclonal antibody
against mitochondrial Hsp70 (1:2000; (30)), rabbit polyclonal antibodies against
ATPaseTb2 (1:1000), subunit B (1:2000), p18 (1:1000; all three in (31)), and o;.127
(1:1000; (32)).

Native protein gel electrophoresis

The protocol for high resolution clear native PAGE (hrCNE) was adapted from
published studies (33,34). Briefly, crude mitochondrial vesicles obtained from ~5x10®
cells were resuspended in a lysis buffer (2 mM &-ACA, 50 mM imidazole, 1 mM
EDTA, 50 mM NaCl, pH 7.0) and lysed with 4 mg digitonin/l mg protein for one
hour on ice. The samples were spun down at 16,000 g for 30 min and the cleared

lysates were mixed with a 5x loading dye (0.1% Ponceau-S, 50% glycerol) and



amount corresponding to 10 pg or 20 ug of protein for PF or BF, respectively, was
loaded onto a 3%-12% native gradient gel. The resolved mitochondrial lysates were
transferred onto a nitrocellulose membrane and probed with selected antibodies as
described above.

Blue native PAGE (BN-PAGE) was carried out with Novex® NativePAGE™
Bis-Tris gel system (Life Technologies) using 3-12 % gradient gel according to the

manufacturer’s instructions.

Mitochondrial membrane potential measurement

The mitochondrial membrane potential (Ay,,) was determined utilizing the red-
fluorescent stain Tetramethylrhodamine (TMRE). Cells in the exponential growth
phase were stained with 60 nM of the dye for 30 min at 37°C for BF and 27°C for PF.
Cells were pelleted (1,300 g, 10 min, RT), resuspended in 2 ml of PBS (pH 7.4) and
immediately analyzed by flow cytometry (BD FACS Canto II Instrument). For each
sample, 10,000 events were collected. Treatment with the uncoupler FCCP (20 uM)
was used as a control for mt membrane depolarization. Data were evaluated using BD

FACSDiva (BD Company) software.

Protein analyses by mass spectrometry (MS) and N-terminal sequencing

Protein bands from SDS-PAGE gel stained by Coomassie blue dye were
digested by trypsin or chymotrypsin and identified by peptide mass fingerprinting and
fragmentation in an ABI 4800 MALDI-TOF-TOF mass spectrometer (Applied
Bioscience, USA) and Thermo Orbitrap XL spectrometer (Thermo Scientific, USA).
The masses of peptides and their fragments were compared with the National Centre
for Biotechnology Information non-redundant (NCBInr) sequence database using
MASCOT software (Matrix Science, UK). Total masses of proteins were determined
by reverse phase liquid chromatography coupled MS (LC/MS) using positive ion
electrospray ionization and a QTrap 4000 mass spectrometer (ABSciex).

For N-terminal sequencing, SDS-PAGE separated proteins were transferred to
PVDF membrane and stained by Coomassie dye. The individual bands were excised
and N-terminal sequences were determined by Edman degradation at the Protein and
Nucleic Acid Chemistry Facility, Department of Biochemistry, University of
Cambridge, UK.



Bioinformatic tools and sequence analyses

Sequence homology search was carried out with BLAST algorithms (35).
Protein motifs were searched in Pfam (36), Prosite (37) and NCBI-CDD databases
using Motif Search interface (www.genome.jp/tools/motif/). Structure homology
search was performed with HHpred toolkit (38). Transmembrane domains were
predicted with MEMSAT3 (39), TMHMM (40), TMpred (41), and TopPred 2 (42).
Multiple sequence alignments were generated with MUSCLE iterative method (43) in

Geneious software (Biomatters, New Zealend).

RESULTS
Purification of 7. brucei F1-ATPase

To isolate highly pure F;-ATPase from PF cells of T. brucei we adopted and
modified procedures previously used for Fi-ATPase purification from B. taurus, S.
cerevisiae and other organisms (Fig. 1A) (44-46). Mitochondria purified from PF
cells grown until the late exponential phase were used as a starting material. Upon
mitochondria disintegration by sonication, F;-ATPase was stripped from membranes
by chloroform extraction. Contaminating proteins were removed by anion exchange
chromatography followed by gel filtration. F;-ATPase eluted as a single sharp peak,
suggesting homogeneous population of purified complexes (Fig. 1B). The integrity of
purified F;-ATPase was confirmed by BN electrophoresis, wherein the complex
migrates as a single band (Fig. 1C). The SDS-PAGE resolution of the band followed
by Silver staining proved the presence of all subunits (data not shown). Typically, we
obtained 2 mg of purified complex from ~ 1.5x10"" cells.

To prove that we purified an active complex we measured its ATPase activity.
Maximal rate of ATP hydrolysis of 56.0+4.9 pmol/min/mg (56.0 umol of hydrolyzed
ATP per minute per mg of protein) occurred at pH 8.0. This value is similar to the
activity of bovine F;-ATPase measured at the same conditions (64.8+4.3
umol/min/mg). The complex remained active between pH 6.5 and 8.0, which likely
represents physiologically relevant values. Out of this range the activity decreased
rapidly (Fig. 1E). The activity was completely inhibited by ImM sodium azide, a
potent universal F;-ATPase inhibitor, demonstrating the lack of any nonspecific ATP
hydrolysis. However, T. brucei Fi-ATPase azide sensitivity is somewhat lower (ICsg
values of 59.5 uM) than the sensitivity of the bovine F;-ATPase (ICso values of 15.9

puM). Similarly, resveratrol, a drug that efficiently inhibits bovine and yeast enzyme



affected trypanosome F;-ATPase activity only at high concentrations, with ICsy value
of 144.4 uM (Tab. 1). The resveratrol ICs, for bovine F;-ATPase is 6.4 uM (47,48).
Despite the specific activity is similar to the bovine enzyme, the different sensitivity
to azide and resveratrol treatments suggest a possibility for parasite-specific features

of Fi-ATPase.

Characterization of F{-ATPase subunits

The purified F;-ATPase was resolved on SDS-PAGE, the individual bands were
excised, digested by trypsin, and proteins were identified by MALDI-TOF MS (Fig.
1D). The purified complex contains all conventional eukaryotic subunits of Fj-
ATPase. The band intensities correspond to the expected stoichiometry osB3y;0:€;. In
contrast to any other known organism, the complex contains an additional subunit,
which is referred to as pl8, according to its molecular mass. Another extraordinary
feature is that the subunit a is split into two fragments of apparent molecular masses
of approximately 47 and 13 kDa (Fig.1D).

To characterize mature F;-ATPase components, total masses of all subunits
were measured by LC-MS and their N-termini were subjected to sequencing by
Edman degradation. Together with the peptide fingerprinting data, these analyses
enabled identification of mitochondrial targeting signals (MTS) and posttranslational
modifications (PTM). The results are summarized in Tab. 2. N-terminal MTS were
determined for all proteins with the exception of the subunit y, for which only the
removal of the first methionine was detected. This finding suggests that this subunit is
imported via an internal MTS. Mt localization signals, which are placed within the
protein sequence, are known from other organisms (49). Recently, such signal was
also reported in 7. brucei (50).

Expected masses of individual F;-ATPase subunits (calculated from the relevant
TriTrypDB entries; (51)) were compared with the measured total masses with the aim
to identify potential post-translational modification (PTM). No PTMs were observed
in the sequence of subunits o, € and p18. The measured mass of the subunit 6 suggests
that its N-terminal glutamine is cyclized to pyroglutamate (pE). This data were
supported by MALDI-TOF analysis, which provided a strong evidence for the N-
terminal pE-containing peptide. The glutamine cyclization is catalyzed by glutaminyl
cyclase (52), which homolog (Tb927.7.6940) is present in the 7. brucei genome.

Alternatively, pE can arise spontaneously at certain experimental conditions (53) and
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therefore might be considered as an artifact. Distinguish between these two
possibilities is difficult in our case, though spontaneous pE formation occurs with a
low frequency and the lack of species with unmodified N-terminal glutamine in the
purified complex supports the natural character of this PTM.

The subunit y lacks the N-terminal MTS, exhibits cleavage of the N-terminal
methionine and acetylation of the adjacent serine, a widespread PTM of eukaryotic
proteins (54). In addition, we documented an alanine to valine substitution at position
65 (as numbered from the start methionine). Sequencing of genomic DNA of the
strain used for the F;-ATPase purification revealed heterogenity in the codon of this
residue, suggesting either population polymorphism or heterozygocity in the
respective locus. In the case of subunit B, 14.5 Da difference was observed between
calculated and measured total masses. We ruled out any amino acid substitution(s) by
sequencing the corresponding genomic locus in the strain used for the F;-ATPase
preparation. Therefore, the observed discrepancy may reflect presence of an unknown
PTM, possibly methylation.

In addition, the MS and sequencing analyses were used to map the exact
position of the cleavage site in the subunit a and to precisely determine the identity of
both resulting fragments, from now on referred to as a;_j27 and 35560 (Fig. 2A). The
alignment of the subunit a amino acid sequences from species representing all main
groups of eukaryotes and bacteria shows that the cleavage site occurs in a divergent
part of the protein (Fig. 2B). The corresponding region of the bovine subunit a forms
a loop that is exposed on the surface of F;-ATPase (Fig. 2C). This loop is located
between the N-terminal crown domain and the nucleotide-binding domain (55). In 7.
brucei and related Leishmania and Euglena, this region contains additional residues
and thus the loop might be even further extended. Given its localization on the
periphery of the F; headpiece, it is plausible to expect, that its cleavage would not
affect the integrity and function of the complex, as the overall structural stability is
achieved through multiple non-covalent interactions. In addition, the exposure of the

cleavage site to the surface makes it a possible target for a putative specific protease.

Down-regulation of p18 results in loss of ATP synthase complexes.
To investigate the importance of p18 to F,F;-ATP synthase in 7. brucei, we
generated PF and BF cell lines, which enable tetracycline inducible down-regulation

of the subunit p18 expression by RNA interference (PF p18RNAi and BF p18RNAi). The
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growth of induced PF p18"™* cells was mildly affected after three days of RNAi
induction and cells kept proliferating with an increased doubling time (Fig. 3A, left
panel). The exact same growth response was observed after down-regulation of F;-
ATPase subunit o (PF o™ cell line, Fig. S1B) and the catalytic subunit p (56). The
relatively weak growth phenotype is in agreement with the fact, that F,F;-ATP
synthase is not the only source of ATP in the PF T. brucei. In this life stage,
mitochondrial ATP is also generated by two different mt substrate phosphorylation
reactions (57).

In contrast, the BF p18RNAi

cells exhibited growth arrest between day two and
three after RNA induction (Fig. 3A, right panel). The partial recovery of the growth
rate after day 4 is likely due to emergence of RNAIi revertants, which is a common
consequence of high selection pressure caused by silencing of essential genes in BF
trypanosomes (58).

The RNAI efficiency was confirmed by western blot analysis using specific p18
antibody. The abundance of pl18 declined dramatically two days after the RNAIi
induction in both PF and BF trypanosomes (Fig. 3B). The ablation of the subunit o
led to decreased levels of the subunit B in PF (Fig. S1) and BF trypanosomes (23),
suggesting that the core F; components are not stable without their binding partners.
If p18 is an inherent F; constituent, its down regulation should also negatively impact
total levels of other F;-ATPase subunits. Indeed, the silencing of p18 resulted in
decreased abundance of the subunit  in total lysates of both PF and BF cells (Fig.
3B), implying that F;-ATPase is not being assembled and/or stable when pl8
expression is attenuated. At the same time, the abundance of ATPaseTb2, a subunit of
the fully assembled F,F; complex, is also affected (Fig. 3B). This is in agreement
with the fact that the rotor and peripheral stalk are not fully assembled in the absence
of F; moiety and their components are susceptible to rapid degradation (or are down-
regulated on the translational level) (59). Indeed, hrCN electrophoresis of crude
mitochondrial lysates followed by immunostaining with anti-B and anti-ATPaseTb2
specific antibodies demonstrated, that the levels of F;-ATPase and F,F; complexes
are significantly decreased in PF and BF p18RNAi induced cells (Fig. 3C). We
conclude that p18 is essential for F;-ATPase structural integrity and stability in both

life stages of 7. brucei.
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Disruption of Fi-ATPase enzymatic activities upon p18 silencing results in the
Ay, perturbation.

To demonstrate that p18 is required for a proper function of F;-ATPase, the
total ATPase activity was measured in mt lysates from noninduced and RNAi induced
PF p18"A! cells. Typically, the specific F;-ATPase activity represents ~ 35-45% of
total mt ATPase activity. Treatment with sodium azide was used as a positive control.
Importantly, the total ATPase activity was significantly decreased after day 2 of
RNAI induction. This decrease is comparable with a reduction of ATPase activity in
noninduced cells upon sodium azide treatment (Fig. 4). Thus our results indicate that
the enzymatic activity of F;-ATPase is largely affected, likely due to the complex
instability, when p18 subunit is silenced.

To assess a biological relevance of this finding, we measured the Ay, in both
PF and BF RNAi"'"® cell lines. Given the extraordinary behavior of the F,F;-ATP
synthase/ATPase complex in two different life stages of the parasite, we expected to
observe increase of the Ay, in PF and decrease of the Ay, in BF cells. Indeed, failure
of F;-ATPase activity in PF cells led to hyperpolarization of inner membrane reaching
its maximum on day 3 and 4 (Fig. 5, left panel). The reason for this detected
phenotype is a fact that F,F;-ATP synthase is important for proton movement back to
the mt matrix. Once this complex is not present in the inner mt membrane, the proton
pore is absent and the protons accumulate in the inner membrane space. In contrary,
in BF cells a collapse of Ay, was observed on day 2 and 3 of p18 RNAI (Fig. 5, right
panel). This observation is fully in the agreement with the literature as F,F;-ATPase

complex generates the essential Ay, in this life stage (23,31).

DISCUSSION

In this work, we purified and characterized F;-ATPase from pathogenic
flagellate T. brucei. The purified F;-ATPase was fully active and its specific activity
was comparable with the activity of its bovine counterpart. However, in contrast to
the bovine complex, trypanosome F;-ATPase is less sensitive to typical F;-ATPase
inhibitors, azide and resveratrol (47,55). As the crystal structure of the bovine
enzyme inhibited with the latter inhibitor is available, it is known that the resveratrol
binding involves two a chains, one of three subunits 3, and the central stalk subunit y
(47). Most of the residues important for the resveratrol binding are conserved in 7.

256 260

brucei with the exception of the y subunit residues Ala™” and Lys™", which are
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replaced in trypanosome 7y protein sequence by a bulky phenylalanine and
hydrophobic alanine, respectively. It is plausible to speculate that these substitutions
may cause decreased sensitivity to this compound.

Interestingly, the purified F;-ATPase had a complex pattern of 7 different
protein bands on SDS-PAGE stained with Coomassie. MS analysis showed that
subunit o is cleaved into to fragments, o127 and a35.560. The cleavage of the subunit
a can be either an intrinsic property of the trypanosome F,F; complex or an unwanted
consequence of the purification procedure. The predicted peripheral localization of
the cleavage site on the surface of the F;-ATPase headpiece makes this region an easy
target for specific proteolysis as well as for unspecific degradation. Nevertheless,
several clues suggest that the cleavage is of natural rather than artificial character.
Most importantly, the F;-ATPase exhibits ATP hydrolase activity in the presence of
the cleaved subunit a. Furthermore, the cleavage was previously reported not only in
T. brucei (25,32,60), but also in several other Kinetoplastid species (Leishmania
tarentolae, (61); Crithidia fasciculata, (62)), and in Euglena gracilis (17). It is
unlikely that different experimental strategies used in different species would generate
the same artifact. The protein is cleaved at two positions after aminoacid Leu'?’ and

135
Leu

(Fig. 2A), suggesting involvement of a hypothetical leucyl endopeptidase.
Such enzymatic activity has been so far identified only in spinach (Spinacea oleracea,
(63)). Remarkably, comparison of o subunit protein sequences revealed that despite
the overall conservancy, the Kinetoplastid subunit a significantly differs from any
other main group of Eukaryotes. Moreover, the subunit o sequences of non-
kinetoplastid eukaryotes are closer to the bacterial homologs than to the homologs in
Kinetoplastids. This dissimilarity is obvious predominantly at the cleavage site and its
proximity, at the C-teminal end of the protein (last ~70 residues), and in the crown
domain (Fig. S2). The crown is situated at the top of F; moiety and is indispensable
for binding of the catalytic segment to the peripheral stalk. This interaction is
mediated by the contacts between the negatively charged N-terminal domain of OSCP
and the N-terminal o-helix in one of the three subunits a (8,64). Interestingly, even
though the helix is generally highly conserved in both prokaryotes and eukaryotes, the
corresponding sequence is completely divergent in 7. brucei and related species (see
Fig. S2). It suggests that the F-peripheral stalk interaction has undergone substantial

changes in the lineage leading to Kinetoplastids. These changes could have involved
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the split of the subunit a and also the employment of the novel subunit pl18 (see
below). In contrast to the subunit o, the subunit 3 is considerably less divergent in 7.
brucei. Its crown domain, which does not contact peripheral stalk, is much more
conserved (Fig. S3). Nevertheless, also the sequences of subunit  in 7. brucei and
Leishmania are the most divergent among eukaryotes (15), documenting fast
evolution of the F;-ATPase catalytic domain in Kinetoplastids.

The cleavage of subunit a explains the presence of one additional protein band
in T. brucei Fi-ATPase SDS-PAGE profile. The second unknown protein band was
identified as p18, previously reported to be associated with F,F;-ATP synthase in
trypanosomatids (25,61,62). Based on its limited homology to subunit b of the
peripheral stalk (62), this protein was used as a marker for the F, moiety. However,
because the similarity was very poor, the homology was reconsidered as tentative
only (25) and the direct relationship of p18 to F;-ATPase was speculated (65). The
product of pl8 gene is annotated as a ribonucleoprotein pl8 in the TriTrypDB
database (accession number Tb927.5.1710), as it was originally identified as a protein
co-migrating with mitochondrial ribonucleoprotein complexes in native gels (66).
Here we show that p18 co-purifies with F;-ATPase. Based on Coomassie (Fig 1C.)
and Silver staining (data not shown) of the complex separated on SDS-PAGE the p18
subunit appears to be present in more than one copy per complex. This proposition is
also supported by the observation that the F,F; complexes purified with TAP-tagged
p18 contained both tagged and non-tagged p18 species ((25) in this report p18 is
referred to as subunit b). The exact stoichiometry of this subunit remains to be
determined.

We propose that p18 is neither homolog nor functional analog of the subunit b
based on following arguments. First of all, it remains associated with F;-ATPase
throughout all the steps of isolation procedure. Especially, pl8 persists after
chloroform extraction that releases F; moiety from membrane proteins. Thus, it is
unlikely that p18 is membrane-bound protein (contrary to subunit b), as there has
been no example, wherein a membrane protein remained bound to F;-ATPase after its
release by chloroform extraction.

Furthermore, we searched for possible transmembrane domains in p18 sequence
employing five different prediction tools. Only one programme (MEMSAT) detected
a hypothetical transmembrane helix (TMH) with very low probability. Moreover, the
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detected TMH overlapped with a pentatricopeptide repeat (PPR) signature (see
below), which is not a membrane motif. In addition, unlike the subunit b, which has
its TMH at the very N-terminal end, the predicted TMH of p18 is localized in the C-
terminal half of the protein. Therefore, based on in silico analyses p18 contains no
TMH homologous to the subunit b and likely no transmembrane segments at all.

The observed decrease of F;-ATPase abundance after p18 silencing (Fig. 3C)
also supports the conclusion that pl8 does not correspond to the subunit b.
Inactivation of the subunit b (67) or other non-F; components (e.g. the subunit  in E.
coli, corresponding to eukaryotic OSCP; (68)) did not decrease levels of F; moiety.
This is in agreement with the fact that F; is assembled as an independent unit
independently from F, subunits. However, in the absence of F, components or their
assembly factors, Fi-ATPase does not attach properly to the membrane, but remains
intact and retains its ATPase activity (as demonstrated in Saccharomyces cerevisiae,
(69,70), in E. coli, (68), and in T. brucei, (25)).

As mentioned above, p18 contains two PPR motifs and thus belongs to the PPR
family (71). PPR proteins are abundant especially in plants, e.g. Arabidopsis
thaliana genome contains approximately 450 PPR encoding genes (72). T. brucei and
related species have over 30 PPR genes (71,73,74), that is more than any other non-
plant eukaryote (humans and yeast have only six and five PPR proteins, respectively).
Most described PPR proteins localize to mitochondria or chloroplasts and are implied
in organellar RNA metabolism (for review see (75)). In trypanosomes, PPR proteins
are components of mitochondrial ribosome (76,77), and involved in 3’end RNA
processing (78). Only a handful of known PPR proteins possess a function
independent of RNA binding and metabolism. Therefore, p18 is either a rare example
of PPR protein unrelated to RNA function, or more interestingly, it represents a link
between RNA processing and energy metabolism in 7. brucei. Besides the two PPR
motifs, no predicting tool we used, recognized any other motif in the p18 amino acid
sequence. Similarly, no non-PPR signatures were predicted in any other PPR protein
in T. brucei (74).

To identify pl18 orthologs, we carried out primary and secondary structure
similarity searches. BLAST tools found homologous proteins with high probability
only within Kinetoplastids. All other hits had considerably lower probability scores
and were usually related to plant PPR proteins. The HHpred toolkit that was designed

to identify proteins with structural rather than sequential homology identified only
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PPR, and TPR (tetratricopeptide) proteins. The TPR motif is very similar to PPR;
TPR containing proteins have various functions and are ubiquitous in both
prokaryotes and eukaryotes (79). Recently, pl8 was also identified in Euglena
gracilis (17), a member of Euglenids, which together with Kinetoplastids form
Euglenozoa, a clade of Excavates (12). The comprehensive bioinformatics search in
E. gracilis study using multiple approaches failed to identify p18 homologs in any

organism outside Euglenozoa group.
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FIGURE LEGENDS

Figure 1. Purification of F;-ATPase from procyclic form of 7. brucei.

A: Scheme of purification. Mt membrane fragments and submitochondrial particles
were prepared by sonication from purified mitochondria. Fi-ATPase was released by
chloroform extraction and purified by a two-step chromatography. For details see
Material and Methods.

B: Final step of F;-ATPase purification. The gel filtration elution profile was recorded
by UVyg radiation (lower panel). Fractions representing peaks 1 and 2 were resolved
on SDS-PAGE (upper panel). The peak 3 corresponds to the signal from the excess of
ADP. F;-ATPase elutes in the peak 1. The dominant band in the peak 2 was identified
as dihydrolipoyl dehydrogenase.

C: F;-ATPase was resolved on 3-12% BN PAGE. The native marker sizes are
depicted.
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D: F;-ATPase was resolved on SDS-PAGE, visualized with Coomassie staining and
the individual bands were identified by MALDI-TOF MS.

E: ATPase activity of purified F;-ATPase was measured by Pullmann assay in
indicated pH values and normalized to the value at pH 8.0. Error bars represent

standard deviations of three measurements.

Figure 2. The cleavage site of subunit a maps to the least conserved part of this
protein and is located at the beginning of nucleotide binding domains.

A: Schematic depiction of subunit a in 7. brucei. The black rectangle represents
central nucleotide-binding domain. The two arrowheads indicate the position of two
cleavage sites. The cleaved out sequence and the adjacent residues are shown.

B: Part of the alignment of subunit a sequences from different species covering all
major groups of Bacteria and Eukaryotes. For the full protein alignment, see Fig. S2.
The blue box highlights stretch of residues excised during the cleavage. The red box
labels the residues of bovine subunit a that are depicted in Fig. 2C by red line. Bt —
Bos taurus, Tb — T. brucei, Lm — Leishmania major, Eg — Euglena gracilis, Hs —
Homo sapiens, Dm — Drosophila melanogaster, Ce — Caenorhabditis elegans, Sc —
Saccharomyces cerevisiae, Pt — Plasmodium falciparum, Tt — Tetrahymena
thermophila, At mt — Arabidopsis thaliana, the subunit o in mitochondria, At chl.—
Arabidopsis thaliana — the subunit a in chloroplasts, Np — Nostoc punctiforme, Bs —
Bacillus subtilis, Sp — Streptococcus pneumoniae, Sg — Streptomyces griseus, Rm —
Rhizobium melioti, Ec — Escherichia coli, St — Salmonella enteritidis, Bf —
Bacteroides fragilis.

C. The cleavage sites in the subunit o in 7. brucei align to a loop (red line) extending
from the surface in the structure of bovine F;-ATPase. Subunits a, B, v, 6, and ¢ in the
ground structure of bovine F;-ATPase (80) are shown in yellow, green, blue, orange,
and magenta, respectively. Left panel — view from top (matrix side). Right panel —
view from side; only one of each a and B subunits (the pair in the empty

conformation) is shown.

Figure 3. Silencing of p18 results in a decrease of F1F,-ATP synthase abundance
in PF and BF trypanosomes.
A. Growth curve of induced and non-induced p18RNAi PF (left panel) and BF (right

panel) cells was measured for 8 days.
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B. The steady state levels of p18, B, and ATPaseTb2 were determined in whole-cell
lysates from non-induced and RNAIi induced cells by Western blot. Antibody against
Hsp70 was used as a loading control. This experiment was performed for both PF
plSRNAi (left panel) and BF p1 8RNA cells (right panel).

C. The stability of F,F;-ATP synthase/ATPase complexes upon pl8 silencing was
examined using hrCNE. Mitochondria from p18"NA PF (left panel) and p18"™* BF
(right panel) RNAi non-induced cells (NON) and cells induced for 1 (IND1), 2
(IND2) and 3 (IND3) days were lysed by digitonin (4 mg/mg). Equal amounts of
lysed mitochondrial proteins were fractionated on a 3%-12% hrCNE, blotted onto a
nitrocellulose membrane and probed with the anti-B and anti-ATPaseTb2 antibodies.
Positions of F;-ATPase and monomeric (m) and dimeric (d) complexes are depicted
by arrows. The sizes of a native marker (Invitrogen) are indicated. The same amount
of lysates were resolved on SDS-PAGE, blotted, and probed with anti-Hsp70

antibody as a control (bottom panel).

Figure 4. The total ATPase activity is decreased upon p18 RNAI.

Employing the Sumner ATPase assay, the F;-ATPase hydrolytic activity was
measured in PF plSRNAj cells either not induced (NON) or induced for 2 and 4 days
(IND2, IND4). Crude mt vesicles were obtained by digitonin extraction and the
ATPase activity was assayed by measuring the release of free phosphates. The
specific Fi-ATPase inhibitor, azide (AZ, 4 uM), was added as indicated. The total
amount of free phosphate created from all ATPase enzymes present in the sample was
set at 100%. The azide-sensitive activity representing the Fi-ATPase is depicted in

dark grey. The results are means + s.d. (n = 2).

Figure 5. The Ay, is affected in PF and BF p18®™* cells.

The Ay, was measured in non-induced (NON) p18 RNAI cells and cells induced for
1, 2, 3 (PF and BF) and 4 (PF) days (IND1, IND2, IND3 and IND4) by flow
cytometry using Mitotracker Red CMX-Ros. The results are means + s.d. (n = 3). *P<
0.05, Student’s t-test. The results from PF p18"™*' cell lines are presented in the left

RNAi

panel, while the results from BF p18 are in the right panel.

19



Figure S1. Silencing of the subunit a in PF cells results in mild growth phenotype
and decrease of the subunit § abundance.

RNAL cell line.

A. Growth curve of non-induced and induced a
B. Levels of ;.17 and B in whole-cell lysates prepared from non-induced cells and
from cells at indicated time points after o RNAi induction were monitored by Western

blot. Antibody against Hsp70 was used as a loading control.

Figure S2. The alignment of F;-ATPase subunit a sequences from different
species including representatives of all major groups of Bacteria and Eukaryotes.
Experimentally determined, predicted, or estimated mitochondrial targeting signals
were excluded. Bt — Bos taurus, Tb — T. brucei, Lm — Leishmania major, Eg —
Euglena gracilis, Hs — Homo sapiens, Dm — Drosophila melanogaster, Ce —
Caenorhabditis elegans, Sc — Saccharomyces cerevisiae, Pf — Plasmodium
falciparum, Tt — Tetrahymena thermophila, At mt — Arabidopsis thaliana, the subunit
a in mitochondria, At chl.— Arabidopsis thaliana — the subunit o in chloroplasts, Np —
Nostoc punctiforme, Bs — Bacillus subtilis, Sp — Streptococcus pneumoniae, Sg —
Streptomyces griseus, Rm — Rhizobium melioti, Ec — Escherichia coli, St —

Salmonella enteritidis, Bf — Bacteroides fragilis.
Figure S3. The alignment of F;-ATPase subunit p sequences from different
species including representatives of all major groups of Bacteria and Eukaryotes. The

names of species are abbreviated as in Fig. S1.

Table 1. ICsy values of inhibition of 7. brucei and B. taurus F;-ATPase by sodium

azide and resveratrol.

Table 2. Observed and calculated masses, N-terminal sequences, and

posttranslational modifications of intact mature F;-ATPase subunits.
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Tab. 1

T. brucei F -ATPase

Bovine F -ATPase

IC 95 % confidence

50

1C 95 % confidence

50

(M) interval (UM) (uM) interval (uM)
Azide 59.5 47.8-74.0 15.9 10.4-24.2
Resveratrol 144 135-154 6.4 -

*Gledhill et al., 2007



Tab. 2

Subunit Accession Mass (Da) Mass Modification  N-terminal Length
number” Observed  Calculated  difference (Da) sequenceb (residues)®

o127 Tb427.07.7420 12956 12956.9 <1 none AATAP 127
o 136.560 47108 47098.6 +9.4 none DSTLG 425
B Tb427.03.1380 53575 53560.5 +14.5 ASTAP 498
Y Tb427.10.180 34340 34428.3¢ -88.3 -Metl+aN-acetyl SGKLR 304
) Tb427.06.4990 18138 18154.5 -16.5 Glnl cyclized to pE QSAPH 165
€ Tb427.10.5050 7646 7646.5 <1 none SSSWR 66
pl8 Tb427.05.1710 19168 19168.7 <1 none AATSA 170

“TriTrypDB

br. . . .
First five residues in the mature protein

“Total length of the mature protein in amino acids
V65 in mature amino acid sequence
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3.2.2. Functional analysis of ATPaseTb1, a novel and essential subunit
of the F,F;-ATP synthase in T. brucei
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" current address: Plant molecular biology, Central European Institute of Technology, Masaryk University,
Kamenice 753/5, 625 00, Brno-Bohunice, Czech Republic

Rationale and background:

The composition of T. brucei F,F1-ATP synthase/ATPase was determined using a
combination of methods (tandem-affinity chromatography, glycerol gradient fractionation
and immunoprecipitation) followed by mass spectrometry or western blot analysis (Zikova et
al. 2009; Subrtova et al. 2015). It was shown, that this complex contains up to 14 novel
subunits of unknown function. The largest (47kDa) subunit, ATPaseTbl (Tb927.10.520),
appears to be specific for Euglenozoa, as a bioinformatics analysis using BLASTp did not
recognize any obvious homolog of this protein outside of this group, and a homolog of
ATPaseTb1l was detected in a proteomic analysis of Euglena gracilis FoF1-ATP synthase
complex (Zikova et al. 2009; Perez et al. 2014). Importantly, ATPaseTb1 silencing inhibited
growth of procyclic T. brucei, reduced mt ATP production by oxidative phosphorylation, and
affected the structural integrity of FoF;-monomers and oligomers (Zikova et al. 2009). In this
study, we aim to gain a greater understanding of the specific function of ATPaseTb1l in PF
and BF trypanosomes.

Results:

ATPaseTbl is expressed in PF427, BF427, Dk164 T. brucei and T. b. evansi cells
and it is a mt membrane-bound protein.

The activity of the F,F;-ATP synthase complex as well as the steady-state abundance of
its subunits differs between various trypanosome cell types (Chi et al. 1998; Schnaufer et al.
2005; Subrtova et al. 2015). Thus, we investigated the abundance of ATPaseTbl in four
different cell types using western blot analysis. Immunoblot with specific antibody against
ATPaseTb1 revealed differences in expression of this protein between PF, BF and Dk cells.
Compared to PF cells, the level of ATPaseTb1 was decreased in BF cells, and further reduced
in both, the laboratory induced Dk164 and naturally occuring Dk T. b. evansi, strains. The
lowest abundance of ATPaseTbl was observed in Dk164 sample, where the specific
corresponding band was barely detected. In summary, the steady-state levels of ATPaseTb1

1



between PF, BF, and Dk cells are consistent with the published studies showing reduction of
the mitochondria size, function and activity in different forms of trypanosomes (Schnaufer et
al. 2005; Vertommen et al. 2008; Urbaniak et al. 2012).

As ATPaseTb1 protein sequence included a predicted transmembrane domain (Supp.
Fig.2), we decided to explore its localization within the trypanosome cell. The subcellular
localization of ATPaseTb1l was determined using the BF ATPaseTb1_v5 cell line from which
mitochondria were purified by hypotonic lysis and subsequently treated with Na,COs. The
Western blot analyses using cytosolic marker enolase proved the purity of the extracted
mitochondrial fraction as the enolase signal was missing from the mt fraction. Western blot
with antibody against the matrix-localized guide RNA binding protein (MRP1) revealed that
the membrane fraction was contaminated with matrix proteins. Nevertheless, the mt inner
membrane carrier protein (TbAAC) was detected exclusively within its respective
compartment, demonstrating purity of the mt membrane fraction. ATPaseTb1 was detected
only in the mt membrane fraction, implying that this protein is embedded in the inner mt
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Fig. 1A. ATPaseTb1 expression was investigated in different cell types of Trypanosomes.

The steady-state abundance of ATPaseTb1 (two different exposure times) was determined by western blot
analysis of whole cell lysates from 1x10’ cells resolved on SDS-PAGE gels. Specific band corresponding to
ATPaseTb1l is indicated by arrow. The relevant sizes of the protein marker are indicated on the left.

Fig. 1B. Subcellular localization of ATPaseTb1 was determined using BF cells expressing V5-tagged
ATPaseTb1. The ATPaseTb1 coding sequence was PCR amplified from T. brucei 427 gDNA
(oligonucleotides:FW—ACAAAGCTTATGCAGGGCAGTTGG, REV-ACAGGATCCAGCTGTGTGTCGGCC). Using the
Hindlll and BamHI restriction sites inherent in the primers (underlined), the fragment was cloned into the
pT7_v5 vector, the construct was linearized and transfected into BF427 SM cell line as previously described
(Wirtz et al. 1999). The induction of ectopically expressed ATPaseTb1 fused with a C-terminal 3xv5 tag was
triggered by the addition of 1 pg/ml of tet into the media. Cytosolic (CYT) and mitochondrial (MT) fractions
were obtained from ATPaseTb1_v5 tagged expressing cells by hypotonic lysis. Mitochondrial pellets were
treated with Na,COzand centrifuged at a high-speed spin to obtain mt membrane (M) and matrix (MX)
fractions. The method was performed as described (Subrtova et al. 2015). Purified fractions were analyzed by
western blot with the following antibodies: anti-v5 (ATPaseTb1_v5), anti-enolase (cytosol), anti-TbAAC (mt
inner membrane), and anti-MRP1 (mt matrix). The relevant sizes of the protein marker are indicated on the
left.




ATPaseTbl is a part of the monomeric
and oligomeric F,F;-ATP synthase/ATPase complexes.

The hrCNE profile and GG sedimentation pattern of F,F;-ATP synthase complex were
previously reported (Zikova et al. 2009; Subrtova et al. 2015). In agreement with the
literature, the hrCNE followed by western blot analysis with the antibody against F; subunit
pl8 revealed four bands in both PF427 and BF427 samples. The lowest two bands
presumably represent the F;-ATPase (subunits a, B, y, §, €) and F;-ATPase with a c-ring
(Meyer et al. 2007). The higher bands likely correspond to F,F;- monomers and higher
oligomers. Importantly, antibody against ATPaseTb1 visualized only the two higher bands,
which correspond to the F,F;-monomers and -multimers.

The presence of ATPaseTbl only within the fully assembled F,F; complexes was
confirmed by sedimentation in glycerol gradient followed by western analyses of resolved
fractions. In agreement with the literature, anti-p18 antibody depicted two distinct regions
in the fractionated complex, which are defined as 10S (F;) (fractions 6-8), and 40S
((FoF1)n)(fractions 14-22). The specific antibody against ATPaseTb1l immunodecorated only
the 40S complexes, which represent F,F; —-monomeric and - multimeric complexes. In
summary, our results indicate that the ATPaseTb1 is a component of the fully assembled
FoF1-ATP synthase complex.
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Fig. 2A. The F,F,-ATP synthase/ATPase complex was examined by hrCNE followed by western blot analysis.
The technique was performed as reported (Subrtova et al. 2015). Briefly, purified mitochondria from PF427 and
BF427 cells were lysed with digitonin (4 mg/mg), fractionated on a 3%-12% hrCNE and blotted onto a
nitrocellulose membrane. The F;-ATPase (F,), the F;-ATPase bound with the c-ring (F;+c), and the monomeric
F,F1/multimeric (F,F,), complexes were visualized using specific polyclonal antibodies against either subunit
p18 or ATPaseTb1l. The size of ferritin from the equine spleen (440 kDa) is indicated on the left.

Fig. 2B. The sedimentation profile of F,- and F,F,-ATP synthase/ATPase complex was determined using
glycerol gradient (GG) sedimentation. Hypotonically purified mitochondria from PF427 and BF427 cells were
lysed with 1% Triton X-100 and fractionated on a 10-30% GG as described (Zikova et al. 2009; Subrtova et al.
2015). The GG fractions were collected, fractionated by SDS-PAGE and analyzed by western blots. Western
analyzes with an anti-p18 antibody depicted the sedimentation profile of the F;-ATPase and
monomeric/multimeric F,F1-ATP synthase/ ATPase complexes, whereas the anti-ATPaseTb1 antibody only
immunodecorated this subunit within the monomeric/multimeric F,F,-ATP synthase/ ATPase. The
sedimentation pattern of two structural forms of the F,F;-ATP synthase complexes (10S and 40S) were
determined according to published study (Zikova et al. 2009) and are underlined. The GG fractions and the sizes
of the protein marker are indicated.



Silencing of ATPaseTb1 inhibits growth of PF T. brucei
and disrupts the F,F;-ATP synthase complexes.

To investigate the specific function of ATPaseTb1, we employed PF ATPaseTb1l RNAI
cell line which was generated previously (Zikova et al. 2009). In agreement with the previous
study, the down-regulation of ATPaseTb1l inhibited cell growth. The growth phenotype was
first detected on day 4 of RNAI induction. The targeted KD of ATPaseTb1l was confirmed by
western blot analysis of whole cell lysates harvested from an equivalent number of cells for
induced and noninduced cells. Western blot analysis using the specific antibody against
ATPaseTb1 revealed a 75% reduction of the targeted protein on day 2 of RNAi induction. The
ATPaseTb1 protein was almost completely diminished (only 3-2% of the signal left) at day 4
and day 6 after RNAi induction.

Effect of ATPaseTbl depletion on structural integrity of F.Fi-ATP synthase was
examined by hrCNE and western blot analyses with anti-B (F;-ATPase subunit) and anti-
ATPaseTb2 (F, subunit) antibodies. This approach demonstrated that levels of the F.F;
complexes were substantially decreased in ATPaseTbl KD cells already at day 2 of RNAI
induction. Simultaneously, the levels of F;-ATPase were increased, suggesting that the F;
moiety is not incorporated into the fully assembled complex. This reduction of F,Fi-ATP
synthase complexes preceded the growth inhibition. In agreement with the published data
(Zikova et al. 2009), ATPaseTb1 subunit appears to be essential for the structural integrity of
the assembled PF F,F;-ATP synthase.
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Fig. 3A. The in vitro growth of the PF ATPaseTb1 knock-down cells was inspected for eight days. The pZJM
vector for the tet inducible RNAi of ATPaseTb1 and the generation of PF ATPaseTb1 RNAi cell line were
described in detail earlier (Zikova et al. 2009). The induction of RNAi was triggered by addition of 1 ug/ml of tet
into the media. Growth curves of the noninduced (NON) and induced (IND) ATPaseTb1 RNAi PF T. brucei cell
lines were measured for 8 days. Cells were maintained in the exponential growth phase (between 10° and 10’
cells/ml) and the cumulative cell number represents the cell density adjusted by the daily dilution factor. The
figure is representative of at least three independent RNAi-inductions.

Fig. 3B. The steady-state abundance of ATPaseTb1 was investigated in RNAi induced and noninduced PF
cells.The expression levels of ATPaseTb1 in noninduced (NON) RNAi cells and in cells induced with tet for 2, 4
and 6 days (IND2, IND4, IND6) was determined by western blot analysis using a specific ATPaseTb1 antibody,
and antibody against matrix protein mtHsp70. The bands immunodetected with anti-mtHsp70 served as a
loading control. The numbers beneath the blots represent the abundance of immunodetected ATPaseTb1
(expressed as a percentage of NON sample after normalizing to the loading control). The relevant sizes of the
protein marker are indicated on the left. The figure is a representative western blot from at least three
independent RNAi-inductions.

Fig. 3C. The stability of native F,F,-ATP synthase complexes upon ATPaseTb1 silencing was examined using
hrCNE. The equal amounts of digitonin lysed mitochondria from RNAi non-induced cells (NON) and cells
induced for 2 (IND2) and 4 (IND4) days were fractionated on a 3%- 12% hrCNE, blotted onto a nitrocellulose
membrane, and probed with the anti-beta and anti-ATPaseTb2 antibodies. Details of this method were
reported in (Subrtova et al. 2015). Positions of F;-ATPase and monomeric and dimeric F,F;- ATP synthases are
depicted by arrows. The size of ferritin from equine spleen (440 kDa) is indicated.



Loss of ATPaseTb1 does not affect the oligomycin sensitivity of PF T. brucei.

To explore the importance of the remaining F,F;-ATP synthase complexes detected in
Fig.3C, we measured the sensitivity of PF ATPaseTb1 KD cell line to oligomycin, an inhibitor
of the coupled F,F1-ATP synthase. Sensitivity to this inhibitor was examined by Alamar blue
assay and expressed as ECso values. Comparison of the ECsy value of each sample revealed
differences between two experiments (NON+IND3 and NON+IND4). This discrepancy may be
attributed to the different starting cell densities, or to an inherent variability of the Alamar
blue assay. These measurements will have to be repeated to obtain more accurate ECso
values *SE. Nevertheless, the ECsy values did not differ between NON and IND3/IND4
samples, suggesting that OM sensitivity of PF cells is not affected upon ATPaseTb1 silencing.
This result may appear surprising, as it was shown that at the same time the structural
integrity of the coupled F,F;-ATP synthase complexes was strongly affected (Fig. 3C).
Therefore, we expected an increase of ECsy values in RNAI induced samples as the cells are
producing much less ATP by oxidative phosphorylation. However, this result suggests that
the residual levels of F,F1-ATP synthase complexes after ATPaseTbl depletion may be
sufficient to contribute to ATP production.
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Fig. 4. The oligomycin (om) sensitivity of PF ATPaseTb1 RNAI cells was investigated using a Alamar blue dose-
response assay. The experiment was performed with non-induced (NON) cells and cells RNAi induced for 3
(IND3) and 4 (IND4) days. This fluorimetric/colorimetric assay was carried out according to published studies
(Raz et al. 1997; Dean et al. 2013) with minor modifications. Briefly, om stock solution was serially diluted in
100ul of SDM in a 96-well plate to reach final concentrations ranging from 200 to 0,1 ug/ml. An equal volume
of medium containing NON or IND PF cells was added to the wells to achieve a final number 1x10° (NON and
IND4) or 2x10° (NON and IND3) cells/well. The plate was incubated at 27 °C for 48 or 72 h, after which resazurin
sodium salt in PBS was added to each well (final concentration 12,5 pg/ml). The plate was incubated for
another 24 h. Fluorescence was measured in a microplate reader with excitation and emission filters of 560 and
590 nm, respectively. Data were analyzed by using GraphPad Prism software. Depicted graphs are showing
dose-response curves of NON and IND cells (each point represents a mean * standard error (SE) of a technical
triplicate), y- axis shows artificial fluorescence units (FU), x-axis indicates oligomycin concentration in
logarithmic scale. The 50% effective concentrations (ECso) were derived from a variable slope nonlinear
regression.



ATPaseTb1 depletion increases the A, in PF cells.

Because the F,F;-ATP synthase utilizes the proton motive force to synthesize ATP, we
investigated if the Ay, is affected upon ATPaseTbl silencing. FACS analysis revealed a
significant increase of the Ay, in the PF ATPaseTb1l KD cell population, starting on day 2
after RNAI induction. This change precedes the growth phenotype (Fig.3A) and therefore it
appears to be a specific effect of ATPaseTbl down-regulation, rather than a result of
decreased cell viability. Importantly, the Ay, was increased up to 60%, with the highest
values detected at day 4 post induction. This result indirectly confirms the disappearance of
FoF1 complexes, which contain the proton pore. Therefore, the protons accumulate in the mt
inner membrane space, and this accumulation is followed by hyperpolarization of the inner
mt membrane. It is plausible to speculate, that the increase of Ay, is followed by an
elevated production of reactive oxygen species (ROS), which might be the cause of the
observed growth phenotype.
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Fig. 5. The Ay, was measured in vivo by flow cytometry using Mitotracker Red. The technique was carried
out exactly as described (Subrtova et al. 2015). Cells were harvested from non-induced (NON) ATPaseTb1 RNAi
cultures and cell cultures induced for 2-4 and 7 days (IND2-4 and IND7). For each sample, 10,000 events were
collected. Treatment with the protonophore FCCP (20 uM) was used as a control for mt membrane
depolarization. Data were evaluated using BD FACSDiva (BD Company) and GraphPad Prism software. The
median fluorescence for each sample is depicted on the y-axis of the column graph. The results are means + SD
(standard deviation) from three independent RNAi inductions. *P<0.05, Student’s t-test.

Loss of ATPaseTb1 impairs the editing and/or stability of the F, subunit a transcript.
Our results indicated that the down-regulation of ATPaseTbl1 impairs the membrane-
bound F, moiety. The composition of the F, proton pore is extremely conserved amongst
eukaryotes, as it always comprises homologues of two highly hydrophobic subunits ¢ and a
(Walker 2013). The T. brucei F, proton pore consists of the nuclear encoded subunit c, and
the kDNA encoded pan-edited subunit a. As antibodies against neither of these subunits are
available in our laboratory, we attempted to validate our previous data by investigating the



effect of ATPaseTb1 KD on mRNA levels of subunit a using RT-qPCR. This analysis revealed a
decrease of edited sub a mRNA 2 days post-induction. Compared to non-induced samples,
the levels of edited mMRNA were decreased by ~30 to 45%. Quantification of pre-edited sub a
MRNAs revealed less consistent result as the relative mRNA levels in the induced cells
fluctuated between a ~10% decrease and ~20% increase, dependently on the housekeeping
standard. Nevertheless, the data indicate that the editing and/or stability of subunit a
transcript is affected shortly after ATPaseTbl silencing. It has to be noted that this
experiment was performed only once and more repeats are needed to obtain a larger data
set for statistical analysis.
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Fig. 6. Real time quantitative PCR (RT-qPCR) analysis was used to determine mRNA levels for pre-edited and
edited transcripts of subunit a (sub_a). RT-qPCR was performed as described (Carnes et al. 2005). Relative
amounts of RNA template in the samples were calculated using the AACt method according to (Ballester et al.
2004). RNA was isolated from non-induced and RNAi induced cells (2 days after tet-induction). RNAs were
quantified by qRT-PCR using primer sets specific for pre-edited and edited subunit a mRNAs (Aphasizheva et al.
2011). Relative RNA abundance depicted in column graph indicates RNA levels in RNAi induced cells compared
to those determined in non-induced cells. RNA levels were standardized to the houskeeping genes B-tubulin
and 18S RNAs (oligonucleotides: B -tubulin FW: GCAGAGTCCAACATGAACGA, B -tubulin RV:
CGTCCGCGTCTAGTATTGCT, 18S RNAs FW: GCGAAACGCCAAGCTAATAC, 18S RNAs RV:
AGCCGCGACATAGAAAAAGA).



ATPaseTb1 silencing in BF trypanosomes causes rapid growth inhibition.

In contrast to PF cells, the bloodstream stage is completely dependent on the F,F;-
ATPase activity, as it generates the indispensable Ay, (Nolan & Voorheis 1992; Schnaufer et
al. 2005; Brown et al. 2006). The BF ATPaseTb1l RNAi cell line was generated to gain more
insight into the specific function of this subunit in the infective stage of T. brucei. Analysis of
growth of BF ATPaseTb1 RNAI cell line revealed a severe growth phenotype emerging after 9
hours upon RNAi induction. A subpopulation of cells became irresponsive to RNAi induction
at day 2, resulting in a partial growth recovery. This development of RNAi revertants is well
documented (Chen et al. 2003). A specific decrease of ATPaseTb1l mRNA transcript levels
was verified by RT-gPCR analysis. The RNA was isolated from cells RNAi induced for 6 hours.
This time point was selected to verify the efficiency of the ATPaseTbl RNAi before the
observed growth inhibition. Our results showed that the mRNA abundance was decreased
by ~ 40% in RNAi induced cells. The targeted down-regulation of ATPaseTbl was also
confirmed by western blot analysis of whole cell lysates using the specific antibody against
ATPaseTb1. Quantification of volume intensities of the specific bands demonstrated a
reduction of the targeted protein by ~40 and ~30% in IND1 and IND3 samples, respectively.
In conclusion, our data suggests that ATPaseTb1l is essential for viability of BF cell grown in
vitro.
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Fig. 7A. Growth curves of the non-induced (NON) and RNAi induced (IND) ATPaseTb1 RNAi BF T. brucei cell
lines were measured for eight days. The ATPaseTb1 RNAi construct includes an 637 bp fragment that was PCR
amplified from T. brucei 427 gDNA with the following oligonucleotides: FW-CACAAGCTTGAAGCTCAGGACC,
REV- CACCTCGAGGCAGAAACGCATC. Utilizing the HindlIll and Xhol restriction sites inherent in the primers
(underlined), this fragment was cloned into the p2T7-TA blue plasmid (Alibu et al. 2005). The construct was
linearized with Notl and transfected into BF427 SM cell line as previously described (Wirtz et al. 1999). The
induction of dsRNA expression was triggered by the addition of 1 pg/ml of tet into the media. During the
growth curve analysis, cells were maintained in the exponential growth phase (between 10° and 10° cells/ml).
Cumulative cell number represents the normalization of cell density by multiplication with the dilution factor.
The figure is representative of three independent RNAi-inductions.

Fig. 7B. The growth of BF ATPase Th1 RNAi non-induced (NON) and induced (IND) cells was investigated
during the first 26 hours after RNAi induction. Cells were diluted to starting density 1x10° cells/ml, and
counted at 3,6,9,12 and 26 hours after tet-induction. The graph shows means + SD from three independent
RNAi inductions.

Fig. 7C. RT-qPCR analysis was used to determine the efficacy of ATPaseTb1 RNAi. The method was performed
as in Fig. 6B. RNA was isolated from non-induced and RNAi induced cells (6h after tet-induction). RNAs were
quantified by qRT-PCR using primer sets specific for ATPaseTb1 mRNAs (FW: CAACAGACGCAAGAGGCATA, RV:
CGCTCTGCTCAACGAAGTCT). RNA levels in RNAi induced cells were compared to those in non-induced cells.
RNA levels were standardized to B-tubulin and 18S RNAs.

Fig. 7D. The steady-state abundance of ATPaseTb1 in non-induced (NON) and cells 1 and 3 days post RNAi
induction (IND1 and IND3) was determined by western blot analysis using specific ATPaseTb1 antibody. The
non-specific band detected on the same membrane served as a loading control. The numbers beneath the
blots represent the abundance of ATPaseTb1 (expressed as a percentage of NON sample after normalizing to
the loading control). The relevant sizes of the protein marker are indicated on the left. The figure is a
representative western blot from at least three independent RNAi inductions.

11



ATPaseTb1 knock-down alters morphology of BF cells and mitochondria.

The rapid beginning of growth inhibition in ATPaseTb1 silenced cells prompted us to
investigate an overall appearance of the cell and its mitochondrion. The immunofluoresent
analysis (IFA) of non-induced and RNAi induced cells revealed that ATPaseTbl down-
regulation caused severe defects in both cellular and mitochondrial morphology. Staining
with a DNA-specific dye DAPI and anti-mtHsp70 antibody demonstrated that RNAi induced
cells exhibit an aberrant number of nuclei (N) and kinetoplasts (K), in addition to alterations
in mitochondrial shape. The predominantly observed aberrancies in N/K ratio included
anuclear cells (ONxK) and large "monster" cells with multiple nuclei and kinetoplasts (xNxK),
suggesting a severe disruption of the process of cell division. The ATPaseTb1 KD cells also
exhibited fragmented mitochondria, indicating that shape and structure of this organelle are
impaired. These alterations were observed already at day 1 of RNAi induction. Furthermore,
the number of abnormal cells appeared to be increased on day 2 post-induction; however
these changes remain to be quantified.

NON IND1 IND1

IND2 IND2 IND2 IND3

Fig. 8A. Mitochondrial morphology was investigated by indirect immunofluorescence in BF ATPaseTbh1 KD
cells. BF ATPaseTb1 RNAi non-induced (NON) cells and cells 1-3 days after RNAi induction (IND1 - IND3) were
fixed, permeabilized and visualized by fluorescence microscopy according to published protocols (Zikova et al.
2008; Gnipova et al. 2015). Nuclei and kinetoplasts were stained by DAPI (blue). Mitochondria were
immunolabeled using primary monoclonal antibody against mtHsp70 and secondary anti-mouse IgG antibody

Texas-Red conjugate (red). Displayed pictures represent merged microphotographs from both channels.
Representative images of normal (NON) and abberant cells (IND1 - IND3) are shown.
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Effect of ATPaseTb1 knock-down on the stability of F,F;-ATPase complexes
in BF T. brucei cells.

Functional characterization of PF ATPaseTb1l RNAi cells suggested that ATPaseTbl is
involved in the stability of the membrane bound F,F; complexes. Thus, we investigated if
ATPaseTb1 possesses the same function in BF cells, and the loss of F,F; complexes is the
reason for the observed early growth inhibition. The structural integrity of the F,F;-ATPase
was examined using hrCNE followed by western blot analyses. In agreement with the
published data (Subrtovd et al. 2015), western blot analysis of RNAi non-induced sample
using the anti-B and anti-p18 antibodies revealed three major bands (on the anti-B
immunoblot, the individual bands were not well resolved due to overloading and the blot
overexposure) representing the F;-ATPase and F,F; complexes. Importantly, the bands
corresponding to the F;-ATPase and F,F; complexes were not affected at day 1 after RNAI
induction. The expected impairment of F,F;-monomer and F,Fi-oligomer was detected at
day 2 after tet addition.

The structural integrity of the F,F1-ATP synthase complex was also inspected by the
sedimentation in glycerol gradient and western analyses of resolved fractions. The
sedimentation profile of the fractionated F,F;-ATPase from RNAi non-induced cells revealed
two distinct regions. Antibody against subunit B immunodetected both 10S (fractions 4—6)
and 40S ((FoF1)n) (fractions 10—22) regions, while the anti-ATPaseTb2 detected only the 40S
complexes. When the same western analyses were performed on fractions obtained from 1
day tet induced sample, no shifts of sedimentation values were observed. This result
correlates with hrCNE data, as no changes in F,F1-ATPase integrity were detected at day 1
after RNAI induction. In conclusion, the structural integrity of the BF F,F;-ATPase complex
remains intact until day 2 of ATPaseTb1l RNAI. Thus, the observed early onset of growth
inhibition is not caused by the complex instability.
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Fig. 9A. The stability of F,F,-ATPase complexes upon ATPaseTb1 ablation was examined using hrCNE.
Mitochondria from RNAi non-induced cells (NON) and cells induced for 1 (IND1) and 2 (IND2) days were lysed
by digitonin (4mg/mg). The equal amounts of lysed mitochondria were fractionated on a 3%-12% hrCNE,
blotted onto nitrocellulose membrane and probed with anti-p18 and anti-B antibodies. For details of this
method see (Subrtova et al. 2015). Positions of F;-ATPase and monomeric and dimeric F.F; - ATPases are
depicted by arrows. The size of ferritin from equine spleen (440 kDa) is indicated.

Fig. 9B. The sedimentation profile of F,F,-ATPase complexes was examined using western blot analysis of GG
fractions. Mitochondria from RNAi non-induced cells (NON) and cells induced for 1 day (IND1) were lysed with
1% Triton X-100 and equal amount of the cleared lysed samples was loaded on a 10-30% glycerol gradient
according to published protocols (Zikova et al. 2009; Subrtova et al. 2015). Western analyses with antibodies
against F,-ATPase subunits (B, p18) and F, subunit (ATPaseTbh2) depicted the sedimentation profile of the F,F;-
ATPase complexes. The numbers of glycerol gradient fractions (labelled from top to bottom) and sizes of the
protein marker are indicated.

Effect of ATPaseTb1 silencing on the F;-ATPase activity in BF ATPaseTb1 RNA.i cells.

As the structural integrity of the complex was unaffected shortly after RNAi induction,
the early growth phenotype may be explained by an impairment of the complex function.
The F;-ATPase hydrolytic activity was investigated by two different methods. The first
approach, Sumner assay, is based on the colorimetric detection of the release of free
phosphate. Mitochondrial lysates were isolated from non-induced cells and cells tet induced
for 1 day. Treatment with azide, an inhibitor of the F;-ATPase, demonstrated that the
specific F1-ATPase activity represented ~30% of the total mt ATPase activity. The comparison
of NON and IND1 samples indicated that neither the total ATPase nor the azide-sensitive
activities were significantly altered between these two samples. This result implies that the
total, as well as the specific F;-ATPase activities are not changed after 1 day of ATPaseTbl
down-regulation. Thus, the impairment of the hydrolytic Fi-ATPase activity cannot be the
reason for the early growth phenotype manifestation. Second method for qualitative
determination of the F;- and F,F;-ATPase activities is BN gel fractionation followed by in-gel
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histochemical staining. This technique revealed three major bands in RNAi non-induced cells,
representing the ATPase activities of F1-ATPase, F,F; - monomer and -oligomer. Importantly,
the higher two bands were reduced in samples from cells RNAi induced for 1 and 3 days.
Furthermore, the staining intensity of the band corresponding to the F;-ATPase was
increased. As the F1-ATPase activity is not affected in RNAi induced samples, it is unlikely
that the decreased intensity the of F,F; bands is due to F; activity impairment. Presumably, it
is rather due to the instability of these higher F,F; complexes. Generally, this results is in
agreement with the hrCNE analysis showing that ATPaseTb1 silencing causes instability of
FoF1 complexes. However, there is a discrepancy, as the in-gel histochemical staining
revealed this reduction at day 1, whereas the hrCNE analysis did not reveal any change until
day 2 of RNAiI induction. Therefore, these experiments will have to be repeated.
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Fig. 10A. The F,-ATPase hydrolytic activity was measured in RNAi non-induced (NON) and cells induced for 1
day (IND1) using Sumner reagent. The method was performed as described (Subrtova et al. 2015). Crude mt
vesicles were obtained by digitonin extraction and ATPase activity was assayed by measuring release of free
phosphate. F;-ATPase inhibitor, sodium azide (AZ, 2 mM), was added as indicated. Means +SD from three
independent assays (RNAi inductions) are shown.

Fig. 10B. The F,F;-ATPase hydrolytic activity upon ATPaseTb1 knock-down was investigated on Blue native
(BN) gel followed by activity staining. This technique was described in detail earlier (Subrtova et al. 2015).
Mitochondria from RNAi non-induced cells (NON) and cells induced for 1 (IND1) and 3 (IND3) days were lysed
with 2% DDM. The equal amounts of lysed mitochondria were fractionated on a 2%-12% BNE and the F,F;-
ATPase activity was visualized by in-gel histochemical staining. Positions of F;-ATPase and monomeric F,F; -
ATPase are depicted by arrows. The size of ferritin from equine spleen (440 kDa) is indicated.
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Silencing of ATPaseTb1 results in a decreased Ay, of BF T. brucei.

To test whether ATPaseTb1 is essential for Ay, generation, we monitored Ay, in BF
ATPaseTb1 KD cell line using two different methods. In vivo analysis using flow cytometry
with Mitrotracker Red revealed a decrease of A, in cells RNAi induced for 6, 9 and 12 hours
(IND6h, IND9Sh, and IND12h). The A, was reduced by ~20% at 6 hours post-induction, and
further decreased by ~40% in INDSh and IND12h samples. The A, was also measured in
situ in digitonin-permeabilized BF cells using Safranine O. This spectrofluorometric analysis
demonstrated a substantial decrease of Ay, at day 1 after RNAI induction. Addition of
oligomycin induced depolarization of Ay, in both NON and IND1 samples, indicating a
residual presence and activity of F,F; complexes in RNAi induced cells. Further addition of
FCCP, a proton uncoupler, collapsed the Ay, completely.

It has to be noted that presented experiments were performed only once and thus
they have to be repeated to obtain larger data set. However, it is plausible to speculate that
the decrease of the A, shortly after RNAi induction is due to an impairment of the proper
function of the proton pore and not because of instability of the whole complex.
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Fig. 11A. The Ay, was measured in vivo by flow cytometry. The technique was performed as described in Fig.
6A using Mitotracker Red. For more details see (Subrtova et al. 2015). Mitochondrial membrane potential was
investigated in non-induced (NON) and cells induced for 6, 9, 12 hours (IND6h, INDSh, IND12h). The median
fluorescence for each sample is depicted on the y-axis of the column graph. The results were obtained from
one RNAi induction.

Fig. 11B. Analysis of Ay, in situ using a fluorescent probe Safranin O. The Apm was investigated in non-
induced cells (NON) and cells 1 day post RNAi induction (IND1). The experiment was conducted exactly as
reported earlier (Huang et al. 2013). Briefly, BF cells were harvested, washed, resuspended in a reaction buffer
containing Safranine O (12,5 uM) and ATP (1mM) (detailed composition in (Huang et al. 2013)), and
permeabilized with digitonin (40uM). Fluorescence quenching of Safranin O was monitored in a microplate
spectrofluorometer (excitation 496 nm and emission 586 nm). Time- dependent mt membrane potential curves
of NON and IND1 cells are shown, each point represents a mean +SD of technical triplicate, y- axis shows
artificial fluorescence units (FU). The inhibitor oligomycin (om, 2,5 pug/ml) and protonophore FCCP (10uM) were
added as indicated. The experiment was performed with cells from one RNAi induction.
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Loss of ATPaseTb1 decreases cytosolic ATP levels in BF. T. brucei.

The level of cellular ATP is an important marker for cell viability. It is possible that the
strong growth phenotype and the morphological changes in BF ATPaseTb1l RNAi induced
cells were caused by ATP level imbalance. To explore this possibility, we generated BF
ATPaseTb1l cLUC cell line and measured levels of cytosolic ATP in vivo. The luciferase
expression and its cytosolic localization was determined by western blot analyses of cellular
samples processed by digitonine fractionation. Immunoblots with anti-enolase, anti-
mtHsp70, and anti-hexokinase antibodies established the purity of the extracted cytosolic
and organellar fractions as the respective markers were confined within their corresponding
subcellular compartments. The antibody against the firefly luciferase immunodected several
bands, however the major band was observed in the cytosolic fraction, indicating that this
protein is indeed targeted to the cytosol.

The in vivo cytosolic ATP level was monitored by luciferase bioluminiscence in RNAI
non-induced cells and cells induced for 1 and 2 days. The down-regulation of ATPaseTbl
decreased the level of cytosolic ATP by ~40% in IND1 and by ~30% in IND2. In conclusion, the
cytosolic ATP is reduced after ATPaseTb1 silencing.
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Fig. 12A. Cytosolic ATP was measured in vivo using ATP-dependent luciferase bioluminiscence. Level of
cytosolic ATP was determined in BF RNAi ATPaseTb1 cell line expressing cytosolic firefly luciferase reporter
(cLUC). The pHD1344tub vector for the constitutive expression of cLUC was described earlier (Gnipova et al.
2015). The construct was linearized and transfected into BF ATPaseTb1 RNAi cell line as reported (Wirtz et al.
1999). The bioluminiscence of cLUC was measured according to (Gnipova et al. 2015). Briefly, an equivalent
number of non-induced (NON) and cells 1 and 2 days post RNAi induction (IND1, IND2) was harvested, and
luciferase luminiscence was measured in vivo upon addition of D-luciferin. Column graph shows means of
luminiscence +SD obtained from three independent RNAi experiments. The y-axis represents the relative light
units (RLU).

Fig. 12B. The subcellular localization of expressed firefly luciferase was investigated using digitonin
fractionation. Equal quantities of cells from the parental BF RNAi ATPaseTb1 cell line and BF RNAi ATPaseTb1
expressing cLUC reporter were harvested and fractionated using SoTe/0,015% digitonin buffer according to
(Charriere et al. 2006; Paris et al. 2011). Obtained whole cell lysate (WCL), crude cytosolic (CYT) and organellar
(ORG) fractions were analyzed using western blot with following antibodies: anti-enolase (cytosol), anti-
mtHsp70 (mitochondrion), anti-hexokinase (glycosome) and antibody against firefly luciferase. The sizes of the
protein marker are indicated on the left.
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ATPaseTb1 depletion causes a mild mitochondrial swelling in PF T. brucei.

The images of electron micrographs from ultrathin sections of PF ATPaseTb1 KD cells
revealed a swollen mitochondria in RNAi induced cells. The organelles were identified by the
presence of double membrane, cristae and kinetoplast. Compared to NON samples, the
mitochondria of IND2 cells were only mildly affected, while IND7 mitochondria displayed
more profound swelling. Discoidal cristae, which are characteristic for PF T. brucei (Adl et al.
2012), remained present in the swollen organelle upon ATPaseTb1 knock-down.

NON IND2 IND7

Supplementary Fig. 1. The ultrastructure of mitochondria was inspected by transmission electron microscopy
(TEM). The samples and ultrathin sections for TEM were prepared and processed as described (Yurchenko et al.
2006) from RNAi non-induced (NON) cells, and cells harvested 2 (IND2) or 7 (IND7) days post RNAi induction.
Representative images of transmission electron micrographs are shown, scale bars are designated in yellow,
and mt cristae are indicated by arrows.
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ATPaseTb1 possesses a putative transmembrane domain
and a region homologous to the yeast protein Mdm38.

Bioinformatic analysis of ATPaseTb1 revealed a putative TM domain (AA 96-120) with
a prediction score 1,78. This predicted TM is in agreement with the experimental data which
demonstrated that ATPaseTbl is a membrane-bound protein. The in silico analysis of
ATPaseTbl AA sequence using the HHpred toolkit revealed a region (AA 198-295)
homologous to yeast protein Mdm38. A probability of this hit was 87,3 and a P-value was
5,1E%.
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Supplementary Fig.2. In silico analysis of ATPaseTbh1 amino acid (AA) sequence. A schematic representation of
the ATPaseTb1 protein is shown. A putative transmembrane (TM) domain (indicated in yellow) was predicted
by MEMSAT-SVM software (http://bioinf.cs.ucl.ac.uk/psipred/) (Nugent & Jones 2009). The search based on
HMM-HMM comparison was done using the HHpred toolkit (http://toolkit.tuebingen.mpg.de)(Biegert et al.
2006). A positive hit is depicted in green. The regions of alpha-helices were predicted by software from
EMBOSS garnier, indicated in magenta and depicted on the AA sequence line.

Discussion:

ATPaseTb1, the largest novel subunit of the T. brucei F,F1-ATP synthase complex, was
functionally characterized in PF and BF trypanosomes. Previously, it was demonstrated that
this protein is essential for maintaining the normal growth rate of the insect T. brucei stage
and for the integrity of membrane bound F,F; complexes (Zikova et al. 2009). To expand the
published data, we exploited the generated PF ATPaseTbl RNAi cell line to further
characterize ATPaseTb1 function. Using specific polyclonal antibodies against ATPaseTb1 we
were able to verify the RNAI efficiency in PF RNAi ATPaseTb1 cell line. The immunoblot
confirmed specific and efficient ATPaseTb1l silencing. In agreement with the published
results, ATPaseTb1 silencing caused inhibition of cell growth. Furthermore, the amounts of
FoF1- monomers and - oligomers were significantly decreased upon ATPaseTbl knock-down.
Notably, the severe decrease of ATPaseTbl protein level and the reduction of F,F{-ATP
synthase complexes were detected 2 days before the beginning of the growth phenotype.
Thus, it seems that the instability of F,F1-ATP synthase is not the primary reason for the
observed reduced growth. This observation raised an question, what other biological
consequences of the F,F1-ATP synthase impairment are responsible for the reduced growth.

In PF cells, the function of F,F1-ATP synthase complex is to synthesize ATP, although
ATP molecules are also produced by two substrate phosphorylation pathways during the
conversion of succinyl-CoA to succinate, and acetyl-CoA to acetate (Bochud-Allemann &
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Schneider 2002) (see Section 2, Figure 4, step 6 and 21). In contrast to other aerobic
eukaryotes, PF T. brucei cells do not fully depend on the ATP produced by oxidative
phosphorylation if they are grown in the presence of glucose (Lamour et al. 2005; Coustou et
al. 2008). This observation is further supported by our data showing that RNAi induced
ATPaseTb1 cells exhibit the same oligomycin sensitivity as non-induced cells. Therefore, the
residual levels of the F,F; complexes, detected at day 2 and 4 upon ATPaseTb1 silencing, are
sufficient for the ATP production by OxPhos pathway. It would be interesting to examine the
levels of FoF; complexes later in RNAi experiment, when the growth phenotype is fully
developed, to see if the F,F; complexes are completely diminished or still present at low
levels.

The ATP synthesis is coupled with the protons movement down their concentration
gradient through the membrane bound F, moiety. Structure of this proton pore is strictly
conserved amongst eukaryotes. A proposed model for H* translocation is generally accepted
and specific residues of subunits a and c, which participate in this process are well
characterized (Walker 2013). The apparent loss of the F,F; complexes in ATPaseTb1 KD cells
prompted us to investigate an effect of ATPaseTb1l silencing on Ay.,. The depletion of this
subunit caused an increase of Ay, first observed already 2 days after RNAi induction. This
hyperpolarization of the inner membrane might be explained by an impairment of the F,
pore followed by an accumulation of protons in inner membrane space. In other eukaryotes,
it was reported that an increase of A, leads to elevated levels of free oxygen radicals (ROS)
(Korshunov et al. 1997; Kucharczyk et al. 2009). In PF ATPaseTb1 KD cells, the highest levels
of Ay, were detected between days 4 and 7 of RNAi-induction, coinciding with the start and
progress of the growth inhibition. This observation may suggest that an elevated ROS
production may indeed be responsible for the observed growth phenotype. To elaborate this
working hypothesis, the mt ROS levels will be analysed in a near future.

Interestingly, it was also reported that raised levels of ROS induced mitochondria
swelling in rat cells (Galindo et al. 2003). As indicated in Supp.Fig.1, a mild mt swelling was
also detected in PF ATPaseTbl KD cells. Mitochondrion swelling is an often observed
phenotype when mt ion homeostasis is disrupted (Nowikovsky et al. 2009). In trypanosomes
one such example involves RNAi silencing of Letm1, a vital mt protein maintaining K'/H"
homeostasis (Hashimi et al. 2013). Letm1 KD resulted in K" accumulation in the mt matrix
followed by osmotic stress (Hashimi et al. 2013). However, in contrast to Letml KD,
ATPaseTb1 depletion caused milder swelling phenotype observed in later time points during
the RNAI induction. This result indicates that the mitochondrion swelling in PF ATPaseTb1
RNAI cell line is not caused by an osmotic imbalance, but most likely it is a secondary effect
of a mitochondria dysfunction ( for example elevated ROS production).

Obtained results prompted us to investigate the F, moiety impairment in more detail.
Because the organization of the F, pore is extremely conserved, it is unlikely that ATPaseTb1
would be directly involved in H' translocation. However, this protein might be involved in
the assembly of this pore and thus ensures its proper function. Biogenesis of F, moiety in
model organisms requires several proteins, which are involved in i) mRNA stability and/or
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translation of F, subunits, ii) post-translational processing of subunit a precursor, iii)
assembly of the c-ring, iv) assembly of the subunit a with the c-ring (Ackerman & Tzagoloff
2005; Rak et al. 2009). One such factor is mt inner membrane protein, Mdm38, which is
required for the incorporation of subunit a to the inner mt membrane of S. cerevisiae
(Frazier et al. 2006). Mdm38 deletion mutants (mdm38A4) have unaltered steady state levels
of the F,F;-ATP synthase complex and its subunits (Frazier et al. 2006; Bauerschmitt et al.
2010). However, a proportion of subunit a is not being assembled into the complex and is
accumulating as a free protein in mdm38A mitochondria (Frazier et al. 2006). Interestingly, a
bioinformatics search based on Hidden Markov models revealed a region within ATPaseTb1
protein sequence, which has a strong homology to Mdm38 (Supp. Fig.2). Therefore, it might
be speculated that T. brucei ATPaseTb1 functions similarly to Mdm38 and helps to assemble
subunit a into the F, moiety. The contradicting fact is that Mdm38 was not found to interact
with any mature FoF;-ATP synthase subunit (Frazier et al. 2006), whereas ATPaseTb1 is a
stable subunit of F, moiety (Zikova et al. 2009; Subrtova et al. 2015; this study).

As there were no available antibodies against trypanosome F, pore subunits, we
decided to explore the effect of ATPaseTb1l silencing on the F, pore stability/assembly by
guantifying the pre-edited and edited mRNA transcripts of subunit a by RT-qPCR. Preliminary
data from this analysis indicated that the loss of ATPaseTbl impaired the RNA editing
process and/or the stability of sub a mRNA, as the levels of edited mRNAs were reduced in
RNAi induced cells. Intriguingly, the similar trend was observed in BF cells with mutation in
subunit y (Dean et al. 2013), which uncouples the F,F;-ATPase complex (C. Dewar, personal
communication). These cells prevent the production of fully edited mature mRNA of subunit
a to avoid a proton leak through an uncoupled F,F;-ATPase complex, because the free
movement of protons across the IM would cause Ay, dissipation, which would be
detrimental for the cells.

As just mentioned, the proton translocation by F,F;-ATPase is crucial for BF cells
viability. To gain additional insight into the specific function of ATPaseTb1, the BF RNAi cell
line was created. The targeted down-regulation of ATPaseTb1 resulted in rapid and severe
growth inhibition observed already 9 hours post-induction. After 24 hours of RNAi induction
the cell density was decreased 3.5 times, even though the ATPaseTb1 steady-state level was
reduced only by 40%. To our knowledge, such a quick onset of a severe growth phenotype
triggered by a mild reduction of the targeted protein was not described for any other
studied subunit of the BF F,F;-ATPase (Schnaufer et al. 2005; Subrtova et al. 2015; Gahura et
al. manuscript in preparation).

Furthermore, the ATPaseTb1 silenced cells displayed an impaired mt morphology with
altered nucleus/kinetoplast (N/K) ratios. These changes might represent a secondary effect
of ATPaseTb1l silencing due to a reduction of Ay,,. When the Ay, decreases, import of
metabolites and proteins into the BF mitochondria would become inefficient (Nolan &
Voorheis 1992), and likely this would be followed by changes in mt morphology and
disruption of the cell division.
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Another interesting phenotype observed upon ATPaseTbl down-regulation is the
decreased level of cytosolic ATP. The cytosolic ATP was reduced by ~40 % at day 1 upon RNAI
induction. At this time point, the structural integrity of the F,F; complexes appears to be
unaffected. Thus, it is unlikely that this observed ATP reduction is caused by a wasteful
hydrolysis of unassembled free F;-ATPase. The decreased levels of cytosolic ATP might be
explained by the decrease of A, Notably, oligomycin treatment of BF cells reduces the
oxygen consumption, pyruvate production, and also cellular ATP levels (Miller & Klein 1980;
Nolan & Voorheis 1992). This indicates that the loss of A, affects the Gly-3-P/DHAP shuttle
including mt Gly-3-P oxidase, that passes electrons to ubiquinone and finally to TAO. Why
the BF respiration is sensitive to changes in the A, is unclear (Nolan & Voorheis 1992) and
the mechanism underlying this effect is under investigation. Moreover, the ATP levels and
pyruvate production were also reduced when respiration through TAO was compromised
either by RNAi of this enzyme or by SHAM inhibition (Opperdoes et al. 1976; Nolan &
Voorheis 1992; Helfert et al. 2001). Indeed, during glycolysis under anaerobic conditions, BF
trypanosomes produce equimolar amounts of pyruvate and glycerol (see Section 2, Figure 2,
step 9), and thus the net production of ATP is decreased by half (Hannaert et al. 2003). BF
cells grown in anaerobic conditions or in the presence of SHAM die within 24 hours (Helfert
et al. 2001). It might be speculated, that the decrease of Ay, detected early after RNA
induction is truly the primary effect of ATPaseTb1l silencing. The loss of Ay, would be
followed by a reduction of cytosolic ATP and death of the parasite. Similarly as in PF cells,
data imply that ATPaseTb1 is involved in a proper functioning of the F, pore. The instability
of FoF; complexes observed later in the RNAI could be explained by a secondary effect of the
proton pore impairment as the cells would attempt to avoid H' leak.

Compiling all the data from PF and BF ATPaseTb1l RNAI cell lines, we propose that
ATPaseTb1 may function as an assembly factor of the F, pore, or it might be responsible for
the stability of the highly hydrophobic subunit a. However, we acknowledge that typical FoF;
assembly factors are not stably interacting with the complex, and thus this hypothesis needs
to be supported by more experiments.
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4.1. Conclusions and future perspectives

Elucidating the structure and function of the F,F-ATP synthase in parasitic
trypanosomes represents intriguing research topics, for the following reasons:

i) The T. brucei F,F1-ATP synthase has diverged significantly from homologous
complexes of other eukaryotic lineages, as it contains up to 14 novel subunits with no
homology outside Kinetoplastida or the Euglenozoa group (Zikova et al. 2009; Perez
et al. 2014).

ii) The activity of T. brucei F,F;-ATP synthase differs between the bloodstream and
procyclic stages of the parasite, as it synthesizes ATP during the PF stage and then
reverses its function as it hydrolyzes ATP to maintain the Ay, in BF cells (Nolan &
Voorheis 1992; Schnaufer et al. 2005; Brown et al. 2006). The mechanism of this
regulation is unknown.

iii) The F,F;-ATPase has a unique function in dyskinetoplastic trypanosomes, which lack
the F, subunit a. Dk trypanosomes employ their F;-ATPase hydrolytic activity coupled
with AAC transport to generate their A, by the electrogenic ADP*/ ATP* exchange.
This mechanism is independent of proton pumping, and requires key compensatory
mutations in the F; subunit y (Schnaufer et al. 2005; Dean et al. 2013).

The work presented in this thesis mainly addressed the function of three unique
subunits of the T. brucei F,F1-ATP synthase complex: ATPaseTbl, ATPaseTb2, and p18.
Notably, the ATPaseTb2 studies provided new insight into the structure and function of the
FoF1-ATPase complex in Dk trypanosomes (Subrtova et al. 2015). The composition of the
T. brucei Fi-ATPase was also investigated (Gahura et al. manuscipt in preparation).
Furthermore, we explored the function of the ADP/ATP carrier and inspected its physical
association with the OxPhos complexes (Gnipova et al. 2015).

The major focus of my thesis concerned the function of the Kinetoplastida-specific
ATPaseTb2 (Subrtova et al. 2015), which proved to be very intriguing. Results demonstrated
that this F, subunit is essential for maintaining the A, and the normal growth rate of Dk
trypanosomes, despite the previous assumption that Dk cells generate their mt membrane
potential exclusively via activity of the F;-ATPase and TbAAC. Importantly, it was
demonstrated that the membrane bound F,F; complexes are present in Dk mitochondrion
and that ATPaseTb2 is part of these F.Fi;-ATPase complexes. Combining all of the
bioinformatic and experimental data lead us to hypothesize that ATPaseTb2 might be a
component of the peripheral stalk (Subrtova et al. 2015). Furthermore, we speculate that
the peripheral stalk subunits in Dk cells help to anchor the F;-ATPase to the mt inner
membrane, keeping it within the close vicinity of the TbAAC. This arrangement may increase
the efficiency of generating the Ay, in a mitochondrion with poorly defined cristae. To
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support this hypothesis, it would be beneficial to down-regulate another component of the
peripheral stalk in this cell type. However, due to the very low homology of the trypanosome
FoF1-ATPase subunits to their eukaryotic and prokaryotic counterparts, the only identified
subunit of the T. brucei peripheral stalk is OSCP (Zikova et al. 2009). Unfortunately, this
subunit is not an ideal candidate as the N-terminal region of the subunit a, which contains
the binding site for OSCP, is absent in T. b. evansi (Dean et al. 2013). Thus, it is conceivable
that OSCP has a divergent function in Dk cells. It is likely that the overall composition of the
peripheral stalk in trypanosomes will profoundly differ from the yeast and mammalian
stalks, as it may contain novel and unique subunits. It may resemble the atypical stalk
described from chlorophycean algeae (Cano-Estrada et al. 2010). Indeed, preliminary data
from RNAI studies in Dk T. b. evansi and BF T. brucei revealed that OSCP is essential neither
for cell viability nor for maintaining the Ay, (data not shown). However, as the achieved
levels of OSCP knock-down in these cell lines can always be argued to be insufficient for
phenotypical analysis, the function of OSCP and the peripheral stalk, is still under active
investigation. Results of the functional study concerning the euglenozoa-specific subunit
ATPaseTb1 (Results 3.2.2.) demonstrated that this protein is part of the F, moiety in both BF
and PF T. brucei. Moreover, the entirety of the data collected to this point suggests that
ATPaseTb1 might play a role in the assembly or stability of the proton pore in T. brucei,
however additional experiments are required to establish this conclusion.

Another Euglenozoa-specific subunit, p18, was detected previously in various F,F;-ATP
synthase preparations (Speijer et al. 1997; Nelson et al. 2004; Zikova et al. 2009; Perez et al.
2014). This protein was previously misidentified as the homolog of the peripheral stalk
subunit b, and therefore asssigned to the F, moiety (Speijer et al. 1997). Nevertheless, the
direct association of p18 with the F; moiety was considered (Hashimi et al. 2010) and finally
experimentaly proven in this work (Gahura et al. manuscipt in preparation). This result was
unexpected because the composition of F;-ATPases from other organisms is highly
conserved and involves only five subunits (a, B, y, §, €). Our functional analyses revealed that
p18 is essential for the stability and activity of F;-ATPase and thus its down-regulation
disrupts the Ay ,,. Ongoing investigations in the laboratory are addressing the stochiometry
of p18 within the F;-ATPase and identifying the F; subunits that interact with p18.

The major aim of the F;-ATPase study (Gahura et al. manuscipt in preparation) was to
characterize the composition and activity of the T. brucei F; moiety in detail. The catalytic
F,-ATPase was purified by ion exchange chromatography followed by gel filtration. The
specific ATPase activities of the F; -enzyme were measured and individual F; subunits were
identified by mass spectrometry (MS). The MS analyses revealed that this highly pure
complex contains homologs of eukaryotic subunits a, B, y, 6, and €; and Euglenozoa-specific
subunit p18. Mitochondrial targeting sequences of individual subunits, and precise cleavage
sites in the subunit a, were determined using MS approaches and N-terminal sequencing. As
previously mentioned, the in vivo proteolytic cleavage of subunit a appears to be specific for
the Euglenozoa group (Speijer et al. 1997; Nelson et al. 2004; Zikova et al. 2009; Perez et al.
2014), but the biological significance of this cleavage is unclear.
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The work presented so far is centered on the composition of the T. brucei F,F,-ATPase,
trying to determine the organization of the unique subunits and their role within this
essential complex. Aim of our current research is to resolve the structure of F;-ATPase by
X-ray crystallography, and thus gain better insight into the role of p18 and elucidate specific
interactions of individual subunits. In addition, the high resolution structure of the enzyme in
the complex with its natural inhibitor TbIF1 could be exploited in structure-based drug
design. Another approach has also been established to purify the fully assembled F,F,-ATP
synthase complex. This technique is based on the binding of F,;-ATPase to a tagged TbIF1 and
subsequent affinity chromatography purification of bound complexes. These highly purified
complexes will undergo structural studies using high-resolution cryo-EM to solve topography
of the F, moiety and the peripheral stalk.

In the meantime, a comprehensive yeast two-hybrid analysis is being performed, to
determine interaction partners for Euglenozoa-specific subunits, hopefully providing a
framework for the architecture of the F,F;-ATP synthase complex. Furthermore, powerful in
vivo imaging techniques can also be applied to further verify potential interaction partners
as well as the overall state of the complexes in trypanosoma cells. These methods include
using APEX (ascorbate peroxidase) an engineered enzyme that functions as an EM-tag
(Martell et al. 2012; Lam et al. 2014); or FRET (Forster resonance energy transfer) (Pollok
1999). All of these methods should provide greater insight into the molecular structure of
the F.F1-ATP synthase, and thus resolve key questions regarding the precise location of
subunit p18 and the structure of the peripheral stalk.

Another study presented in this thesis concerned ADP/ATP carrier of PF trypanosomes
(Gnipova et al. 2015). T. brucei possesses two AAC homologues, but only TbAAC (TbMCP5)
was postulated to be the principal ADP/ATP carrier in PF mitochondrion (Pefia-Diaz et al.
2012; Gnipova et al. 2015). Our TbAAC study confirmed that this carrier is indeed essential
for PF trypanosomes, although the data suggest that another carrier may be able to
contribute to the mitochondrial import of ATP. Obtained results further implied that TbAAC
is most likely not a stable component of any supramolecular assembly in PF trypanosomes
(Gnipova et al. 2015). It would be intriguing to assess the structure and functional
interactome of TbAAC within BF and Dk trypanosomes, where the poorly developed cristae
might promote a supramolecular association between TbAAC, PiC, and F,F;-ATPase (F,F;-ATP
hydrolasome) to create a more efficient microenvironment. While it is reasonable to expect
that TbAAC will be indispensable for both these cell types, as they need to provide substrate
for the F1-ATPase hydrolytic activity (Schnaufer et al. 2005; Dean et al. 2013), it is interesting
that BF cells are more tolerant to the AAC inhibitor bongkrekic acid than Dk cells (Dean et al.
2013).

Future research may also address the potential supramolecular organisation of
FoF1-ATP synthase oligomers in the mt inner membrane of T. brucei. Macromolecular
organization of this complex was explored in a phylogenetically distant organism using cryo-
electron tomography (cryo-ET). Three-dimensional reconstructions of cryo-ET images
revealed long rows of F,F1-ATP synthase dimers on tightly curved cristae tips (Strauss et al.
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2008; Davies et al. 2011; Daum et al. 2013). Another study investigating the mitochondria of
Podospora anserina revealed that the supramolecular organisation of the F,F;-ATP synthase
complex is remodelled throughout the fungal aging process. With increasing age, the
FoFi1-dimers were disassociating into Fo,F;-monomers, causing mt cristae to disappear (Daum
et al. 2013). It would be interesting to assess the arrangement of F,F;-ATP synthase/ATPase
complex in Dk trypanosomes as well as in different stages of T. brucei, as the mt structure
and folding of the inner membrane are profoundly different in these cell types (Priest &
Hajduk 1994; Brun et al. 1998).

In conclusion, further investigation of the F,F;-ATP synthase complex in trypanosomes
will contribute to the evidence from other non-model eukaryotes that the composition and
architecture of this functionally conserved complex, is significantly higher than previously
assumed.
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