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A summary of my research to date

| was introduced to the world of trypanosomatid parasites by Prof. Julius Luke§ when I was a
master's student. As a young student, | was fascinated by the biology of parasites and intrigued by
the new possibilities of molecular biology. RNAI interference had just been introduced in
Trypanosoma brucei, making it feasible to decipher the functions of individual genes. Suddenly it
was possible to find out what makes trypanosomes such successful parasites. My scientific path
was sealed. After a fruitful postdoctoral stay in the USA, where | was involved in mapping the
mitochondrial proteome of T. brucei, | decided to accept the offer to become a group leader and
develop my independent research projects.

The early days of my independent carrier proved to be very challenging in terms of equipping
the laboratory, hiring students, and obtaining grants. Nevertheless, in the first five years, | managed
to procure several exceptional grants that enabled me to build a coherent and competent research
team equipped with the necessary equipment. Gradually, the laboratory grew and gained
recognition in the field of parasitology and mitochondrial bioenergetics, which helped to create a
network of established scientists in the Czech Republic and abroad.

My lab utilizes Trypanosoma brucei, a powerful model organism that naturally progresses
through distinct life cycle forms as it adapts to the various nutritional availabilities and temperature
differences encountered in the bloodstream of their mammalian hosts and their insect vector, a
tsetse fly. Importantly, it possesses just a single mitochondrion that undergoes striking changes in
both its energy metabolism and mitochondrial ultrastructure throughout the parasite life cycle.

One of the main topics in the lab is to elucidate how the metabolic rewiring of T. brucei
generates mitochondrial signals that are propagated throughout the cell to drive parasite
differentiation. This retrograde signaling consists of bioenergetic and metabolic by-products (e.g.
reactive oxygen species, tricarboxylic acid cycle intermediates) that are able to post-translationally
modify proteins affecting their activity, localization, and stability. Our initial studies involving T.
brucei rely on our implementation of the RBP6-based in vitro differentiation system, which
demonstrated that levels of radical oxygen species (e.g. H20.) rise during life cycle progression
and impede differentiation when scavenged. The ability to manipulate the levels of ROS or TCA
cycle intermediates within this system can be scrutinized by multi-omics analyses to explain how
these signals drive differentiation. These studies can also be expanded to include T. congolense
parasites, which are able to undergo in vitro differentiation spontaneously or upon a stress signal.
This model system will be more suitable for Cas9-based subgenomic screens that can reveal
molecular entities involved in mitochondrial signaling. These compelling tools will allow us to
elucidate fundamental features of an intricate communication relay between mitochondria and the
rest of the cell.
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Another focus of the lab centers on the relationship between mitochondrial ultrastructure and
the bioenergetics of the FoF1-ATP synthase dimers. Here again, T. brucei represents an excellent
model to answer some long-standing seminal questions concerning the evolutionary advantage of
mitochondrial F-ATP synthase dimers. The T. brucei mitochondrion is a highly branched organelle
containing cristae during the insect stage but undergoes drastic remodeling as it transforms into a
simpler tubular structure without clearly detectable cristae in the bloodstream form. It is now
generally accepted that the shapes of dimeric F-ATP synthases and the lengths at which they form
rows along the cristae ridges are instrumental in determining the various types of cristae structures
found throughout the tree of life. We have solved the structure of the T. brucei F-ATP synthase
dimer through cryo-EM studies and functionally determined that the loss of a single subunit
destabilizes dimers but not the intact functional monomers. This ability to uncouple monomers
from dimers is unique in T. brucei and it will allow us to address if the primary function of the
dimers is to simply increase the enzymatic efficiency of the nanomotor. In addition, generating
both bloodstream and insect forms of the parasite without this subunit will provide an alluring new
tool to explore the role of F-ATP synthase dimers in discoidal cristae biogenesis.

In addition to my research, in 2012, my colleague Dr. Alena Krej¢i and | created a new course
on Molecular Biology that is mandatory for all BSc students. We developed these lectures from
scratch using textbooks such as Molecular Biology of the Gene and Molecular Biology of the Cell.
This course explains the central principles of DNA structure, replication and repair mechanisms,
transcription, regulation of gene expression, translation and the determination of protein structures.
To better reach the younger generation of students, we implemented new technologies such as
online quizzes during class to keep the students engaged. These have become very popular as they
allow us and the students to assess in real-time if the topic was clearly presented and understood.
At the end of each weekly lecture, pre-selected teams of students present a seminar on Nobel prize
winners related to the relevant topic of that lecture. This leads them to a better understanding of
the classic molecular biology mechanisms while also encouraging them to understand how basic
research unearthed these great discoveries.

I am also invited to give various university lectures and seminars around the Czech Republic,
to participate in summer school programs for PhD students and present simplified presentations
for high school teachers and their students. It is rewarding to spread my passion for molecular
biology and parasitology and hopefully influence future generations of biologists while also
enhancing the scientific literacy of the general public.



RNDr. Alena Panicucci Zikova, Ph.D.

Abstract

The unicellular parasite Trypanosoma brucei has a digenetic life cycle that alternates between a
mammalian host and an insect vector. During programmed development, this extracellular parasite
encounters strikingly different environments that determine its energy metabolism. Functioning as
a bioenergetic, biosynthetic, and signaling center, the single mitochondrion of T. brucei is
drastically remodeled to support the dynamic cellular demands of the parasite. This thesis provides
an up-to-date overview of how the distinct T. brucei developmental stages differ in their
mitochondrial metabolic and bioenergetic pathways, with a focus on the electron transport chain,
proline oxidation, TCA cycle, acetate production, and ATP generation. Although mitochondrial
metabolic rewiring has always been simply viewed as a consequence of the differentiation process,
the possibility that certain mitochondrial activities reinforce parasite differentiation will be

explored.

This work was also submitted as an invited review to the Journal of Eukaryotic Microbiology for

peer review. The manuscript was accepted for publication on March 18, 2022.

1. Introduction

African trypanosomes are extracellular parasites with a digenetic life cycle requiring the tsetse fly
vector and a mammalian host. These single-cell parasites are causative agents of sleeping sickness
in humans (Trypanosoma brucei gambiense, T. b. rhodesiense) and nagana in cattle (T. b. brucei,
T. congolense, T. vivax). Both are debilitating diseases with devastating socio-economic
consequences for Sub-Saharan Africa (Assefa and Shibeshi 2018). Over the last six decades of
extensive investigations, T. brucei brucei (hereafter simply referred to as T. brucei) has become
the model organism of African trypanosomes (Horn 2022). As such, it will be the focus of this
review.

The complex life cycle of T. brucei is demarcated by several distinct developmental stages. Each
of these occurs in a specific environmental niche and is characterized by a unique morphology and
gene expression profile that underlies differences in cellular metabolism, surface protein coats and
mitochondrial physiology and ultrastructure. Parasite differentiation is triggered by extracellular
signals that induce signal transduction pathways that allow the parasite to colonize various tissues
of its fly vector and a mammalian host (Walsh and Hill 2021). In response to differentiation cues
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and/or new environments, the parasite’s single mitochondrion undergoes remarkable metabolic
rewiring and ultrastructure remodeling to rapidly meet the ever-changing cellular needs.

A typical aerobic mitochondrion is most often associated with the chemiosmotic mechanism of
energy conversion to ATP implemented by an electron transport chain working in conjunction
with oxidative phosphorylation. While the organelle is a bioenergetic hub, it is also involved in a
variety of biosynthetic and signaling pathways that include the following: i) biosynthesis of
tricarboxylic acid (TCA) cycle intermediates; ii) ATP production by substrate-level
phosphorylation; iii) biosynthesis of cardiolipin; iv) control of the mitochondrial NADH/NAD"*
ratio; and v) generation of reactive oxygen species (ROS) as signaling molecules.

Here, | will provide a comprehensive overview of the multifaceted mitochondrial contributions to
T. brucei programmed development. In the past, mitochondrial metabolic remodeling was always
considered a mere consequence of the differentiation process to meet energy requirements.
However, | will also summarize recent data suggesting that certain mitochondrial activities are
required to reinforce parasite differentiation.

With regards to the “house-keeping” functions of this semi-autonomous organelle (i.e.
mitochondrial genome replication, mitochondrial gene expression, RNA editing, mitochondrial
protein import, iron-sulfur cluster assembly, and translation), | refer the reader to comprehensive
reviews on these topics (Schneider and Ochsenreiter 2018, Schneider 2020, Verner et al. 2015,
Lukes and Basu 2015, Aphasizheva et al. 2020).

1.1. T. brucei journey through two different hosts

Before describing how T. brucei mitochondrial functions are linked with parasite differentiation,
it is essential to understand the life cycle of the parasite and its distinct developmental stages. First,
a tsetse fly bites an infected mammal (human, cow, wild animal) and ingests a bloodmeal
containing the bloodstream form short stumpy parasites. Once these growth-arrested parasites
enter the insect midgut, they are triggered primarily by environmental stimuli (drop in temperature,
novel chemical cues, increase in pH) to differentiate into early-procyclic forms (Roditi et al. 2016,
Shaw et al. 2022). This transition is accompanied by global changes in gene expression that
generate the following phenotypes: i) remodeled surface proteome; ii) altered parasite
morphology; iii) cell cycle re-entry; and iv) rewired metabolism (Szoor et al. 2020). In
approximately one week, the early procyclic forms differentiate into the late-procyclic form (Imhof
et al. 2014). After an additional week, the fully differentiated late-procyclic cells begin to migrate
through the anterior of the midgut to the proventriculus, where they initiate their transition into
long dividing epimastigotes. Subsequently, an asymmetric division produces short non-dividing
epimastigotes that continue to migrate to the salivary glands. Here, they attach to the epithelium
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and divide. In response to an unknown stimulus, the attached epimastigotes initiate a
metacyclogenesis process. This involves another asymmetric division that results in non-dividing,
quiescent metacyclic trypanosomes that are released into the saliva (Dyer et al. 2013, Rotureau
and Van Den Abbeele 2013). The life cycle continues when the tsetse fly takes another bloodmeal
and injects the infective metacyclics into a new mammalian host. Once in the bloodstream of the
host, the parasites quickly differentiate into actively dividing long slender bloodstream forms that
evade the host immune system by periodically switching the monoallelic expression of a variable
surface glycoprotein (Mugnier et al. 2016). When parasites reach high densities and the stumpy
induction factor accumulates in the bloodstream, these long slender forms differentiate into
growth-arrested, short stumpy forms (Rojas and Matthews 2019). A signaling cascade that leads
to the maturation of these transmission-competent parasites is triggered by oligopeptides that
interact with a T. brucei G protein coupled receptor-like protein (Rojas et al. 2019).

1.2. The nutrients present in the host environments dictate mitochondrial metabolism

T. brucei parasites are able to rapidly alter their metabolism in response to environmental changes
and differentiation cues. Many of these adaptations are related to mitochondrial metabolic
pathways involved in amino acid and carbohydrate metabolism that are linked to ATP production.
This flexibility is utilized during programmed developmental progression as the parasite
encounters microenvironments within the two hosts that vary widely in nutrient composition
(Smith et al. 2017). This is the case when trypanosomes are transmitted from the glucose-rich
bloodstream of their mammalian host to the glucose-poor and amino acid-rich tissues of the tsetse
fly. Consequently, the bloodstream parasites generate the majority of their cellular ATP by aerobic
glycolysis, while the insect-dwelling parasites use mitochondrial oxidative phosphorylation to
produce ATP. Detailed comparative studies of the two most commonly cultured life cycle stages,
the procyclic and bloodstream forms, define how the core metabolic pathways differ between these
two developmental stages (Michels et al. 2021). However, the molecular mechanisms controlling
the functional remodeling of the organelle are still largely unknown. Fortunately, proteomic,
transcriptomic and metabolomic approaches recently applied to the majority of all T. brucei
developmental stages obtained in vitro or in vivo allow us to propose distinct metabolic adaptations
for the long slender bloodstream forms, short stumpy forms, early and late procyclic forms,
epimastigotes, and metacyclic parasites (Christiano et al. 2017, Savage et al. 2016, Kolev et al.
2012, Naguleswaran et al. 2021, Dolezelova et al. 2020). Therefore, the compilation of these
datasets provides a rough blueprint for the progression of mitochondrial remodeling during T.
brucei programmed development (Figure 1).
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Figure 1. Schematic representation of the mitochondrial metabolic pathways remodeled
during the T. brucei life cycle.

The flux of various metabolic pathways is depicted with arrows of various thicknesses depending
on the activity of the respective metabolic pathway (i.e. thicker lines indicated higher rates of
activity). Dashed lines indicate predicted enzymatic steps and metabolites for which direct
evidence is lacking. a-KG, a-ketoglutarate; AWYm, mitochondrial membrane potential; cl, complex
I; cll, complex II; clll, complex IlI; clV, complex 1V; FoF1, FoF1-ATP synthase; mal, malate;
NDH2, alternative dehydrogenase; ROS, reactive oxygen species; suc, succinate, thr, threnonine;
TAO, Trypanosoma alternative oxidase. Created with BioRender.com

2. Unique features of the T. brucei electron transport chain
T. brucei possesses a uniquely equipped electron transport chain that allows for significant

flexibility when encountering various nutrient supplies throughout its life cycle. In addition to the
canonical electron transport chain complexes I, 11, Il and IV (Acestor et al. 2011), these parasites

9
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encode for alternative enzymes that also contribute to the electron entry and exit from the electron
transport chain (type Il alternative dehydrogenase (NDHZ2) and Trypanosoma alternative oxidase,
(TAO)) (Fang and Beattie 2003, Chaudhuri et al. 1998). NDH2 and TAO are functionally similar
to complexes | and IV in that they respectively accept electrons from NADH and pass them to the
terminal electron acceptor oxygen. However, these enzymes are not able to pump protons across
the inner mitochondrial membrane (Chaudhuri et al. 2006, Fang and Beattie 2002). In this respect,
respiration can be uncoupled from the generation of a proton motive force across the mitochondrial
inner membrane.

In T. brucei cultured procyclic forms, the mitochondrial membrane potential is largely generated
from the proton-pumping activities of the electron transport chain complexes 111 and IV (Horvath
et al. 2005, Verner et al. 2011). Through oxidative phosphorylation, this proton motive force is
coupled with the activity of the FoF1-ATP synthase to generate chemical energy in the form of
ATP (Zikova et al. 2009). The expansive mitochondrion observed in procyclic forms is a
reticulated organelle rich in mitochondrial inner membrane protrusions called cristae (Verner et
al. 2015, Bily et al. 2021). It is within these pockets of typical aerobic mitochondrion that a
favorable microenvironment is created to support the efficient production of ATP via oxidative
phosphorylation (Mannella 2020).

However, it has long been known that trypanosomes undergo a striking remodeling of their
electron transport chain during parasite development. In 1965, Keith Vickerman made the
surprising discovery that the bloodstream mitochondrion lacks cytochrome pigments. Since the
activity of complexes Il1 and IV depends on these cofactors to generate a proton motive force, the
essential mitochondrial membrane potential is maintained by the reverse activity of the FoF1-ATP
synthase (Nolan and Voorheis 1992, Schnaufer et al. 2005). This is a very rare feature among
aerobic eukaryotes since it requires a constant source of ATP to maintain this prolonged activity
(Chinopoulos and Adam-Vizi 2010).

Soon after, it became apparent that the bloodstream forms respire at very high rates via a cyanide-
insensitive alternative oxidase linked to the mitochondrial FAD-dependent glycerol-3-phosphate
dehydrogenase (Opperdoes et al. 1977, Grant and Sargent 1960, Clarkson et al. 1989). Since the
specific identity of these enzymes was unknown at the time, they were collectively referred to as
a glycerol-3-phosphate oxidase in the original work of the 1960s and 1970s. Finally, in 2002, the
last of the T. brucei electron transport chain peculiarities was identified with the discovery of an
FMN-containing alternative dehydrogenase NDH2 (Fang and Beattie 2002). With all of these
modifications, it is not surprising that the bloodstream mitochondrion has a greatly reduced
morphology with few distinct cristae (Bily et al. 2021).

10
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2.1. Molecular entities feeding the electron transport chain

In totality, the T. brucei electron transport chain contains five enzymes that communicate with the
ubiquinone pool in the inner mitochondrial membrane: Complex | (NADH:ubiquinone
dehydrogenase), alternative type Il dehydrogenase (NDH2), FAD-dependent glycerol-3-
phosphate dehydrogenase, complex Il (succinate dehydrogenase) (Acestor et al. 2011) and proline
dehydrogenase (discussed further in Section 4).

2.1.1. NADH:ubiquinone dehydrogenase (complex I)

T. brucei complex 1 is the largest of the electron transport chain complexes, containing at least 46
subunits encoded by both the nuclear and mitochondrial genomes (Acestor et al. 2011). In a typical
eukaryotic cell, this complex has three physiological functions: i) the transfer of electrons from the
reduced cofactor NADH to ubiquinone; ii) translocating protons to the intermembrane space to
contribute to the mitochondrial membrane potential; iii) and under certain conditions, the
production of superoxide, a type of ROS. While potentially harmful, superoxide is quickly
converted to hydrogen peroxide by a mitochondrial superoxide dismutase. When produced in low
amounts, the membrane permeable hydrogen peroxide is involved in cellular signal transduction
pathways (Sies 2017).

In trypanosomes, the biological significance of complex 1 is still unclear despite considerable
efforts (Duarte and Tomas 2014). In procyclic cells, complex | does not appear to contribute
significantly to electron transfer from NADH or to proton translocation. For example, RNAI
silencing of some complex | subunits resulted in only a slight decrease in the specific
NADH:ubiquinone oxidoreductase activity and no decrease in the mitochondrial membrane
potential (Verner et al. 2011). In a similar fashion, the knock-out of complex | subunits in the
bloodstream form did not alter NADH:ubiquinone activity, calling into question the role of
complex I in these life cycle forms (Surve et al. 2012).

Intriguingly, it is conceivable that complex | activities are required in other understudied T. brucei
developmental life stages. In particular, it was demonstrated that short stumpy bloodstream cells
had increased NAD diaphorase activity staining and a mitochondrial membrane potential sensitive
to high concentrations of the complex | inhibitor rotenone (Vickerman 1985, Bienen et al. 1991).
However, the treatment of this life cycle stage with azide recently demonstrated that the
mitochondrial membrane potential is not generated by NADH oxidation but by the hydrolysis of
ATP by the FoF1-ATP synthase (Dewar et al. 2018).

Finally, the programmed development of insect parasites into epimastigotes and metacyclics could
reveal the necessity of complex I. Recently, it was documented that there is an increase in NADH-
producing metabolic pathways and an increased mitochondrial membrane potential in

11
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epimastigotes produced in vitro (Dolezelova et al. 2020). If these phenotypes are indeed due to
complex I activity, this contribution to the mitochondrial membrane potential might be required to
compensate for the decrease in complexes 111 and 1V activity (discussed further in Section 2.2.1).
Alternatively, the essential function of complex | could be the production of ROS signaling
molecules during the differentiation of insect life cycle forms, as elevated levels of mitochondrial
superoxide were also detected in the epimastigotes (Dolezelova et al. 2020). The insect forms
differentiation in vitro or in vivo of knockout cell lines lacking key functional complex | subunits
will be essential to prove if this hypothesis is correct. The unresolved question of why considerable
energy is spent for the biogenesis of this large electron transport chain enzyme remains one of the
most interesting topics in the field.

2.1.2. Alternative dehydrogenase, NDH2

In addition to complex I, T. brucei encodes the alternative type Il NADH dehydrogenase, NDH2.
This enzyme consists of a single rotenone-insensitive polypeptide that catalyzes the transfer of two
electrons from NADH to ubiquinone. Therefore, it provides an alternative route in the electron
transport chain compared to complex I. However, NDH2 activity is not coupled with proton-
pumping (Fang and Beattie 2002). Furthermore, unlike complex I, NDH2 is important for
procyclic cell growth because its activity contributes to the proton motive force, albeit indirectly
via the ubiquinone/ubiquinol pool linked to complexes 111 and IV (Verner et al. 2013). Meanwhile,
the inducible NDH2 knockdown in bloodstream parasites revealed a strong reduction in growth
only when complex | was absent (Surve et al. 2016). This suggests that the two activities function
in the mitochondrial matrix and that they can compensate for each other. Consequently, NDH2
was proposed to be involved in maintaining the mitochondrial NAD*/NADH balance. This is
important for several metabolic processes, including the vital production of mitochondrial acetate
(Surve et al. 2016) (Section 7). However, one must keep in mind that the membrane topology of
NDH2 remains unresolved, as another study reported that NDH2 faces the intermembrane space
and affects the cellular NAD*/NADH balance (Verner et al. 2013). Given its central role in
mitochondrial metabolism, NDH2 remains largely unexplored. Therefore, deciphering the NDH2
physiological functions during parasite differentiation is an exciting avenue to pursue.

2.1.3. FAD-dependent glycerol-3-phosphate dehydrogenase

A striking feature of the T. brucei electron transport chain is the presence of an FAD-dependent
glycerol-3-phosphate dehydrogenase, an inner mitochondrial membrane enzyme with an active
site accessible to substrates entering the mitochondrial intermembrane space from the cytosol
(Opperdoes et al. 1977). This enzyme is involved in the glycerol-3-phosphate:dihydroxyacetone
phosphate shuttle that connects the mitochondrion with glycosomes, peroxisome-derived
organelles that contain the majority of enzymes required for glycolysis (Haanstra et al. 2016).

12
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Mitochondrial — glycerol-3-phosphate  dehydrogenase  oxidizes glycerol-3-phosphate  to
dihydroxyacetone phosphate and then donates the resulting electrons to ubiquinone. In this way,
it maintains the glycosomal NAD*/NADH redox balance and allows for a high glycolytic flux, a
typical feature of the bloodstream trypanosomes (Albert et al. 2005). Consequently, this enzyme
is crucial for bloodstream cells that are completely dependent on glucose oxidation (Skodova et
al. 2013).

Interestingly, trypanosomes can also utilize glycerol as a carbon source (Ryley 1956). Recently, it
was demonstrated that cultured procyclic and bloodstream trypanosomes grown in elevated
glycerol with low levels of glucose can proliferate by using glycerol for gluconeogenesis
(Kovarova et al. 2018, Allmann et al. 2021, Pineda et al. 2018, Wargnies et al. 2018, Bringaud et
al. 2021). Glycerol oxidation is entirely dependent on the activity of the mitochondrial glycerol-3-
phosphate dehydrogenase (Pineda et al. 2018). Glycerol metabolism might by physiologically
relevant for the bloodstream form parasites to colonize the host adipose tissue, a major
extravascular parasite niche (Trindade et al. 2016), but this premise requires further studies.
Moreover, it remains unclear why insect forms would need to metabolize glycerol, although this
metabolite prevents differentiation from early to late procyclic forms (Vassella et al. 2000).
Therefore, glycerol-3-phosphate dehydrogenase may be important for the development of early
procyclic form and its activity could help to maintain the early procyclic population in the tsetse
midgut when glucose and possibly glycerol are still available as nutrients (Naguleswaran et al.
2021).

2.1.4. Succinate dehydrogenase (complex II)

Last but not least, canonical complex Il (succinate dehydrogenase) is the only electron transport
chain enzyme directly involved in the tricarboxylic acid (TCA) cycle reaction. By oxidizing
succinate to fumarate, it supplies electrons to the ubiquinone pool. As we will discuss later, this
complex plays a prominent role in the insect forms as it is directly involved in the oxidative
metabolism of proline to its major end product, alanine (Coustou et al. 2008). Since its abundance
and activity increase markedly during the development of insect forms, it can be surmised that
complex 11 activity is also important for these stages including metacyclic parasites (Dolezelova
et al. 2020, Christiano et al. 2017). In contrast, this complex does not appear to be essential for the
bloodstream form parasites (Alkhaldi et al. 2016), even though its presence would retain
mitochondrial plasticity as the parasite colonizes extravascular host niches comprised of various
nutrients.

13
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2.2. From ubiquinol to oxygen

Trypanosomes are able to oxidize ubiquinol by two independent pathways: i) via the cytochrome-
mediated pathway consisting of complexes Il (ubiquinol:cytochrome ¢ oxidoreductase,
cytochrome bcl complex) and IV (cytochrome ¢ oxidase) and ii) via Trypanosoma alternative
oxidase, TAO. Possessing these two pathways gives trypanosomes an amazing flexibility to
regulate the route in which electrons flow to oxygen and thereby uncouple respiration from
oxidative phosphorylation and divert electrons from the ROS-producing complex II.

2.2.1. Ubiquinol:cytochrome c oxidoreductase and cytochrome ¢ oxidase (complexes
11 and IV)

In a typical eukaryotic cell complex Ill catalyzes the transfer of electrons from ubiquinol to
cytochrome c. Complex 1V then accepts electrons from the reduced cytochrome ¢ and donates
them to the molecular oxygen. This energetic "downhill” transfer of electrons from ubiquinol to
oxygen is used to generate the proton motive force across the mitochondrial inner membrane.

In cultured procyclic form parasites, complexes Il and IV are major producers of the
mitochondrial membrane potential (Horvath et al., 2005). However, there is a strong reduction in
the abundance of complexes Il and IV as metacyclics develop (Dolezelova et al. 2020,
Naguleswaran et al. 2021). This leads to a decrease in the mitochondrial membrane potential and
possibly to lower ATP production by oxidative phosphorylation. Interestingly, in eukaryotes low
levels of ATP (and high AMP levels) lead to the activation of AMP-activated kinase, a major
energy sensor that down-regulates ATP-consuming metabolic pathways such as protein
biosynthesis required for cell proliferation (Herzig and Shaw 2018). This most likely occurs during
the differentiation of epimastigotes into the quiescent metacyclic cells, as T. brucei AMP-activated
kinase has been identified as a positive regulator during insect forms differentiation (Toh et al.
2021).

The activities of complexes 11 and IV are completely absent in both the long slender and the short
stumpy bloodstream forms of the parasite. The expression of individual complex Il and 1V
subunits is evidently triggered early in the differentiation to procyclics, perhaps even when the
stumpy forms first encounter the environment of the fly's midgut after a bloodmeal (Naguleswaran
etal. 2021).

2.2.2. Trypanosoma alternative oxidase (TAO)

TAO is a di-iron enzyme with ubiquinol oxidase activity associated with the matrix leaflet of the
inner mitochondrial enzyme. It catalyzes the reduction of oxygen to water without contributing to
energy conservation since this complex is not capable of proton pumping (Chaudhuri et al. 2006).
While it is expressed throughout the life cycle of the parasite, TAO expression levels are
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developmentally regulated, with the highest levels observed in the long slender bloodstream form
(Dejung et al. 2016).

In cultured procyclic forms, TAO contributes about 20% of total respiration (Gnipova et al. 2012).
However, the expression of TAO is sensitive to changes in mitochondrial bioenergetics. This is
evident with the upregulation of TAO expression when there is a partial inhibition of oxidative
phosphorylation that results in a transient membrane hyperpolarization. This response indicates a
flexibility to redirect electrons from the ROS-generating complex Il1, potentially mitigating the
deleterious effects of high ROS concentrations (Hierro-Yap et al. 2021). A similar attribute is
observed during the differentiation of insect forms. Here the alternative oxidase is strongly
upregulated in the salivary gland epimastigotes, which corresponds to the steady reduction of
complexes 111 and IV mentioned above (Naguleswaran et al. 2021). Upon the development of
metacyclics, TAO is now responsible for 80% of total cellular respiration (Dolezelova et al. 2020).
The upregulation of TAO seems to be one of the hallmarks of programmed T. brucei development
in the tsetse fly. Therefore, identifying the molecular mechanism employed to regulate TAO
expression would reveal a major determinant that drives mitochondrial remodeling during the
differentiation of insect forms.

Meanwhile, the bloodstream form depends entirely on the activity of TAO because it is linked
with the activity of mitochondrial glycerol-3-phosphate dehydrogenase and therefore with
glycolysis. The presence of TAO in this system results in the production of two net ATP from each
glucose molecule consumed. The significance of TAO is highlighted when its activity becomes
impaired and the oxidation of glucose leads to the formation of equimolar amounts of glycerol and
pyruvate with only one ATP produced. This reduced ATP yield severely affects the growth of the
parasite and eventually results in cell death (Helfert et al. 2001). This direct link between TAO
activity and glycolytic flux provides mitochondria with the ability to regulate cell metabolism. For
example, high intramitochondrial ATP content inhibits the activity of TAO and decreases cellular
respiration and ATP levels (Luevano-Martinez et al. 2020, Hierro-Yap et al. 2021). Therefore, an
imbalance of ATP within the mitochondrion of the parasite may affect glycolysis and cellular ATP
production.

3. FoF1-ATP synthase — to produce or to consume ATP?
Mitochondrial FoF1-ATP synthases are rotary machines that allow protons from the mitochondrial

intermembrane space to move down their concentration gradient and return to the mitochondrial
matrix. The energy released during this process is harnessed by this enzyme to generate ATP
(Walker 2013). Biochemically, however, this enzyme is capable of both the synthesis and
hydrolysis of ATP. When the mitochondrial physiology is altered in response to changing
environments, it can dictate a reversal of the ATP synthase rotation. This results in the hydrolysis
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of ATP, which is coupled to proton translocation into the intermembrane space. In this capacity,
the enzyme contributes to the mitochondrial membrane potential. However, under aerobic
conditions, the enzyme almost always functions in the direction of ATP synthesis (Campanella et
al. 2009).

The Trypanosoma FoFi-ATP synthase exhibits several peculiarities that include its diverged
subunit composition, the unique structure of the F1 moiety and the regulation of its activity, which
differs markedly between the insect and mammalian forms (Gahura et al. 2021a, Montgomery et
al. 2018, Panicucci et al. 2017). In procyclic trypanosomes, FoF1-ATP synthase acts true to its
name and generates ATP by oxidative phosphorylation (Zikova et al. 2009). This activity is
required for T. brucei development in the fly vector since parasites with a completely disrupted
FoF1-ATP synthase are unable to fully colonize the midgut of the tsetse fly (Dewar et al. 2022).
During the development of epimastigotes and metacyclics, the complex remains stable in its
abundance (Dolezelova et al. 2020), but its contribution to the total ATP pool is unknown. As the
parasite progresses through the insect vector, the changes in the mitochondrial physiology may
even dictate that the FoF1-ATP synthase reverses its function and begins consuming ATP.

The T. brucei differentiation from metacyclic parasites into long slender bloodstream cells is
underlined by a striking regression in the morphology of the mitochondrion, which includes a
reduction in the size and number of cristae (Kolev et al. 2012, Bily et al. 2021). In aerobic
eukaryotes, the mitochondrial FoF1-ATP synthase dimers play a key role in cristae biogenesis as
they associate into rows of different lengths and generate the inner-membrane curvature essential
for the efficient energy conversion of the oxidative phosphorylation pathway (Kuhlbrandt 2019).
This relationship between FoF1-ATP synthase and the mitochondrial ultrastructure remodeling
during differentiation of the parasite is intriguing. Indeed, the disruption of cultured procyclic T.
brucei FoF1-ATP synthase dimers into monomers results in aberrant cristae morphology and less
efficient ATP production by oxidative phosphorylation (Gahura et al. 2021b).

The bloodstream form of T. brucei is an excellent example of the obligatory dependence on the
reverse mode of the FoF1-ATP synthase in eukaryotes (Schnaufer et al. 2005, Subrtova et al. 2015).
Normally, ATP hydrolysis by the FoFi-ATP synthase is a rare phenomenon, typically only
observed under harsh conditions such as sudden hypoxia or anoxia. This allows the generation of
a modest mitochondrial membrane potential at the expense of ATP, which promotes short-term
survival (Chinopoulos 2011). However, even under these conditions, the hydrolytic activity of the
complex is regulated by a conserved inhibitory factor 1 (Pullman and Monroy 1963). This peptide
acts as a safety mechanism to prevent the futile depletion of cellular ATP (Garcia-Bermudez and
Cuezva 2016). Interestingly, the bloodstream form effectively down-regulates expression of this
peptide in order to fully exploit the reverse activity of the FoF1-ATP synthase to maintain the vital
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mitochondrial membrane potential (Panicucci et al. 2017, Subrtova et al. 2015). Similar to the long
slender bloodstream form, short stumpy cells also maintain the mitochondrial membrane potential
using FoF1-ATP synthase (Dewar et al. 2018). With the recent advancements detailing the T. brucei
FoF1-ATP synthase structure and function (Gahura et al. 2021a), it is now possible to gain a better
understanding of the regulation of the enzyme activity and the role of the complex in shaping the
inner mitochondrial membrane during parasite differentiation.

4. Electron transport chain requires cardiolipin, a mitochondrion-specific
phospholipid

In eukaryotes, optimal function of the electron transport chain and oxidative phosphorylation
depends on the presence of cardiolipin, a phospholipid synthesized in the mitochondria and located
exclusively in the mitochondrial inner membrane (Maguire et al. 2017, Ren et al. 2014).
Cardiolipin is a phospholipid consisting of two phosphatidic acid units linked by a glycerol
backbone (Houtkooper and Vaz 2008). At a physiological pH, this phospholipid carries two
negative charges due to its ionized phosphate groups. This property allows it to serve as a proton
trap that contributes to the proton motive force driving oxidative phosphorylation (Haiens and
Dencher 2002). It also promotes the assembly of electron transport chain complexes into higher
order assemblies and stabilizes the dimeric structure of the FoF1-ATP synthase (Zhang et al. 2005,
Pfeiffer et al. 2003) . All these characteristics contribute to its role in mitochondrial biogenesis and
dynamics, including proper cristae formation (Paradies et al. 2019).

In the cultured procyclic form, disruption of cardiolipin synthesis resulted in the destabilization of
the electron transport chain complexes Il and 1V, abnormal mitochondrial morphology and cell
death (Serricchio and Butikofer 2012, Schadeli et al. 2019). In the bloodstream form, cardiolipin
deficiency primarily results in decreased ATP levels, a lower rate of respiration and the
accumulation of glycerol and glycerol-3-phosphate (Serricchio et al. 2021). These observed
phenotypes most likely reflect the impairment of the mitochondrial glycerol-3-phosphate
dehydrogenase, which functions in a cardiolipin-dependent manner in other organisms (Beleznai
and Jancsik 1989). All this leads to a decrease in the mitochondrial membrane potential, resulting
in the death of the parasite (Serricchio et al. 2021). Notably, the Trypanosoma cardiolipin is
synthesized exclusively by a bacterial-type cardiolipin synthase that is absent in the mammalian
host (Serricchio and Butikofer 2012, Gottier et al. 2017). Given the importance of cardiolipin
synthesis and its role in several fundamental cellular processes, the T. brucei cardiolipin synthesis
pathway could be exploited as a potential drug target in these parasites.
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5. Proline oxidation fuels oxidative phosphorylation in the insect forms
Proline appears to be the main energy source for all insect forms of T. brucei parasites, since it is

a plentiful amino acid in the tsetse fly. In fact, the fly uses proline as the preferred energy reserve
for driving flight muscles and for lactation during intrauterine larvigenesis. The insect forms of
the parasite utilize the abundance of proline in the surroundings by actively importing it through
amino acid transporters localized in the plasma membrane (Haindrich et al. 2021). Proline is
oxidized within the mitochondrion via the intermediate glutamate into three different end
metabolites: alanine, succinate and acetate (Coustou et al. 2008). Oxidation of proline to glutamate
is catalyzed by two mitochondrial enzymes, FAD-dependent proline dehydrogenase and pyrroline-
5-carboxylate dehydrogenase (Figure 2, metabolic pathways in dark purple). Mitochondrial
proline dehydrogenases are membrane bound enzymes that donate electrons directly to ubiquinone
(Paes et al. 2013). In trypanosomes, oxidation of proline to glutamate is required for the successful
colonization of the tsetse midgut, as procyclic cells with suppressed pyrroline-5-carboxylate
dehydrogenase expression were unable to establish a midgut infection (Mantilla et al. 2017). One
of the most important contributions of this pathway is the donation of electrons to the electron
transport chain, which supports ATP production by oxidative phosphorylation. Electrons are
supplied either directly to ubiquinone by the membrane-bound proline dehydrogenase or indirectly
via reduced NADH molecules generated by pyrroline-5-carboxylate dehydrogenase. In the latter
scenario, the NADH is subsequently oxidized by complex | and/or NDH2 (Marchese et al. 2020,
Bringaud et al. 2012).

Proline-induced ATP production by oxidative phosphorylation appears to be required primarily
for parasite migration and the infection of subsequent tsetse tissues, but not for the initial midgut
infection per se (Dewar et al. 2022). Trypanosomes with a reduced capacity for oxidative
phosphorylation were able to differentiate from stumpy forms to early procyclics and initiate a
midgut infection, although a motility defect impaired the ability of the parasite to fully colonize
the midgut (Dewar et al. 2022). The observed viability of these early procyclics is perhaps due to
the utilization of glucose to provide the sufficient cellular ATP levels required to initiate the
infection (Naguleswaran et al. 2021). In addition, glycolysis in the early procyclic form is
associated with a phenomenon called social motility, which involves the induction of pH taxis
toward a more alkaline pH. This process is likely biologically relevant during the fly transmission
because of the greater differences between the pH of the midgut and proventriculus (Shaw et al.
2022, Imhof et al. 2014).

There are several lines of evidence that indicate a higher cellular demand for proline oxidation
during the transition from procyclic cells to epimastigotes: i) elevated expression of proline
dehydrogenase and pyrroline-5-carboxylate dehydrogenase; ii) increased expression of proline-
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alanine transporters (Naguleswaran et al. 2021); iii) significantly enhanced cellular respiration in
the presence of proline (Dolezelova et al. 2020). The reason for this metabolic remodeling can
include an increased need for ATP production by both oxidative and substrate-level
phosphorylation or the increased production of various intermediate metabolites. Both of these
metabolic pathways rely on mitochondrial dehydrogenases, whose activity depends on Ca®* ions
(Huang and Docampo 2018, Huang et al. 2013). These ions are imported into the mitochondrion
via the mitochondrial calcium uniporter, one of most upregulated mitochondrial protein complexes
during insect form differentiation (Dolezelova et al. 2020).

The elevated mitochondrial activity in the epimastigotes might be related to enhanced levels of
ROS (e.g. mitochondrial superoxide and H20.), signaling molecules that positively influence the
differentiation of epimastigotes to metacyclics (Dolezelova et al. 2020). Importantly,
overexpression of proline dehydrogenase in the insect form of Trypanosoma cruzi, a related
trypanosomatid parasite, also leads to increased mitochondrial functions producing increased
oxygen consumption and H2O> levels. These attributes correlated with a more efficient
differentiation of the parasite to metacyclic trypomastigotes in vitro and within the insect vector.
These outcomes provide a link between mitochondrial metabolism and efficient progression
through trypanosoma development (Mantilla et al. 2021).

Since T. brucei is auxotrophic for proline, this amino acid is taken up by a high affinity transporter
and utilized in proteosynthesis (Johnston et al. 2019) in the bloodstream forms. However, they do
not catabolize proline, which is reflected by the substantial decrease in the abundance of the
enzymes involved in proline oxidation (Lamour et al. 2005). While the short stumpy form
preadapts to life in the tsetse vector by increasing the mRNA levels of various mitochondrial
enzymes, the expression of the proline transporters appears to be induced only after the stumpy
cells enter the midgut of the fly (Naguleswaran et al. 2018, Dejung et al. 2016).
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Figure 2. Schematic representation of the T. brucei mitochondrial metabolic pathways
discussed in this review. 1, proline dehydrogenase; 2, pyrroline-5-carboxylate dehydrogenase; 3,
alanine transaminase; 4, glutamate dehydrogenase; 5, a-ketoglutarate dehydrogenase; 6, succinyl-
CoA synthetase; 7, fumarate reductase; 8, fumarase; 9, malic enzyme; 10, malate dehydrogenase;
11, citrate synthase; 12, aconitase; 13, isocitrate dehydrogenase; 14, pyruvate dehydrogenase; 15,
acetate:succinate coenzyme A transferase; 16, acetyl-coenzyme A thioesterase; 17, threonine
dehydrogenase; 18, 2-amino-3-ketobutyrate Coenzyme A lyase; 19, NADH:ubiquinone
dehydrogenase (complex 1); 20, succinate dehydrogenase (complex I1); 21, glycerol-3-phosphate
dehydrogenase; 22, ubiquinol:cytochrome c¢ oxidoreductase (complex IlI); 23, cytochrome c
oxidase (complex 1V); 24, alternative oxidase (TAQ); 25, alternative dehydrogenase (NDH2); 26,
FoF1-ATP synthase; 5PC, pyrroline-5-carboxylate; 2-HG, 2-hydroxyglutarate; ySAG, y-glutamyl
semialdehyde; NAD(P), nicotinamide adenine dinucleotide (phosphate); UQ, ubiquinone. Dotted
lines indicate predicted enzymatic steps and metabolites for which there is no direct experimental
evidence. Dashed lines indicate metabolic pathways consisting of multiple enzymatic steps.
Created with BioRender.com
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6. Glutamate-derived a-ketoglutarate enters the TCA cycle for metabolite

biosynthesis and energy conversion
In the insect forms, the oxidation of proline leads to glutamate, which can be further converted to

a-ketoglutarate by two independent reactions: i) the oxidative deamination of glutamate by
glutamate dehydrogenase or ii) a transamination process catalyzed by alanine transaminase that
transfers an amino group from glutamate to pyruvate and generates alanine and a-ketoglutarate
(Spitznagel et al. 2009). a-ketoglutarate functions as the main gateway into the TCA cycle. This
connects proline catabolism with the additional generation of reducing agents (NADH and
FADH?) that contribute to energy conversion. Entering the TCA cycle in the oxidative direction,
a-ketoglutarate is further metabolized to succinate via a reaction that produces ATP by succinyl-
CoA synthetase (Bochud-Allemann and Schneider 2002). This substrate-level phosphorylation
may contribute significantly to the cellular ATP pool due to the very high consumption rate of a-
ketoglutarate in the insect forms (15 pmol/h/mg of protein, approximately 15 times higher than
glucose in these cells) (Villafraz et al. 2021). The ability to generate high levels of ATP through
substrate-level phosphorylation may allow the parasite to tolerate reduced levels of oxidative
phosphorylation when encountering sudden hypoxic conditions or a highly oxidative environment.

The succinate produced by succinyl-CoA synthetase can then either be excreted as an end
metabolite or further oxidized by the electron transport chain complex Il (succinate
dehydrogenase). By continuing around the TCA cycle, succinate is further oxidized to fumarate
and then malate (Figure 2, metabolic pathways in blue). At this junction, malate faces three
different options: i) it can continue in the TCA cycle (Section 6); ii) it can be converted to pyruvate
by the action of mitochondrial NADP-dependent malic enzyme (Section 7); iii) it can be exported
to the cytosol. The cytosolic malate can be converted to pyruvate by the cytosolic malic enzyme.
Both, cytosolic malate and pyruvate serve as precursors for gluconeogenesis through two
phosphoenolpyruvate-producing enzymes: glycosomal phosphoenolpyruvate carboxykinase and
pyruvate phosphate dikinase. This process is essential for the development of insect life cycle
forms in vitro and in vivo (Wargnies et al. 2018) as it generates glucose-6-phosphate, an essential
precursor for the pentose phosphate pathway and nucleotide sugar biosynthesis (Kovarova and
Barrett 2016).

Recently, insect form trypanosomes were shown to consume and metabolize not only proline, but
also other metabolic intermediates such as succinate, alanine, pyruvate, malate and a-ketoglutarate
(Villafraz et al. 2021). This may be physiologically relevant during early procyclic differentiation
when glucose becomes scarce and the parasites have not yet completed the switch to proline
oxidation. The ability to recycle glucose-derived pyruvate, succinate and alanine for additional
energy reserves could prove critical during the rewiring from glycolysis to proline oxidation.
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Intriguingly, these metabolic intermediates might also be released by a symbiotic and commensal
bacteria inhabiting the tsetse midgut. In vitro experiments in the presence of a physiological
relevant amount of proline (1-2 mM) demonstrated that the TCA cycle intermediates (succinate,
malate and a-ketoglutarate) stimulated the growth rate of the cultured procyclic form. Moreover,
a-ketoglutarate was specifically shown to be required for epimastigote replication (Villafraz et al.
2021). These observations further support the need of epimastigotes to increase their consumption
rate of various carbon sources during development to meet increased energy demands. Perhaps
this is to offset the consequences of rewiring the electron transport chain to TAO, an enzyme that
does not contribute to the mitochondrial membrane potential and therefore energy conversion.
Although metacyclic cells are cell-cycle arrested with both attenuated translation and low ATP
levels, they retain high levels of the enzymes involved in the oxidation of glutamate to succinate,
malate and pyruvate. Presumably, these catabolic pathways remain active to maintain some
baseline level of metabolism required for metacyclic viability (Dolezelova et al. 2020, Christiano
et al. 2017).

Bloodstream parasites were thought to exclusively metabolize glucose to meet their energy and
metabolic needs, until direct evidence was obtained that bloodstream forms also take up and
metabolize threonine (Section 7) and glutamine (Mazet et al. 2013, Johnston et al. 2019, Creek et
al. 2015). Glutamine, serving as a key amino donor, is actually consumed in large quantities by
the long slender bloodstream form. Evidence for glutamine catabolism came from the detection of
glutamine-derived succinate (Johnston et al. 2019). This pathway first converts glutamine into o-
ketoglutarate, which is further metabolized to succinate by a-ketoglutarate dehydrogenase and
succinyl-CoA synthetase. Although the expression of these two enzymes is lower in the
bloodstream cells compared to the cultured procyclic form (Dejung et al. 2016), mitochondrial
substrate-level phosphorylation through this portion of the TCA cycle could provide a source of
intramitochondrial ATP. Possibly, this ATP could complement the glycolytically generated ATP
that is required to power the reverse operation of the FoF1-ATP synthase.

As the insect-transmissible stage, short stumpy forms are pre-adapted to survive in the low glucose
conditions of the tsetse fly midgut. Therefore, compared to the long slender bloodstream forms,
there is increased expression of a few mitochondrial proteins involved in substrate-level
phosphorylation, such as a-ketoglutarate dehydrogenase, succinyl-CoA synthetase and the
putative a-ketoglutarate transporter MCP12 (Colasante et al. 2018) (Dejung et al. 2016).
Consequently, the short stumpy forms, but not long slender bloodstream cells, respire and maintain
their motility in vitro with a-ketoglutarate as the sole carbon source (Vickerman 1965, Bienen et
al. 1993). This suggests that ATP is generated intramitochondrially by substrate-level
phosphorylation.
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In summary, the enzymatic steps of the TCA cycle that generate succinate from a-ketoglutarate
seem to be active throughout T. brucei development, but their abundance and importance vary
between the distinct life cycle forms.

7. The conundrum of the TCA cycle
In T. brucei, it appears that the TCA cycle does not normally complete a full turn that results in

the oxidation of acetyl-CoA to CO,, even though all the enzymes of the TCA cycle are encoded
by the genome (van Weelden et al. 2003, van Hellemond et al. 2005). A case in point, virtually all
acetyl-CoA produced in the mitochondrion is converted to acetate instead of entering the TCA
cycle (Van Hellemond et al. 1998, Millerioux et al. 2012). Perhaps to necessitate this divergent
use of acetyl-CoA, citrate synthase, aconitase and isocitrate dehydrogenase have low specific
activities compared with the other TCA cycle enzymes (Durieux et al. 1991). This implies that the
flux through this section of the TCA cycle may be very low. However, a recent metabolomic study
using 3C-enriched carbon sources has shown that procyclic cells grown in the presence of proline
(2mM) and high concentrations of malate (10 mM) are able to metabolize malate and produce a-
ketoglutarate via the oxidative branch of the TCA cycle. This observation clearly indicates that
procyclic cells can utilize the entire TCA cycle when specific metabolites reach sufficient
concentrations (Villafraz et al. 2021).

If this portion of the TCA cycle is available to the parasite, it is alluring to speculate when this
pathway becomes an integral part of the mitochondrial physiology. The reactions from malate to
a-ketoglutarate do not seem to be important for ATP production in the procyclic forms (Figure 2,
metabolic pathways highlighted in green). Instead, these enzymatic reactions might serve to
generate metabolites that can be consumed in other metabolic pathways. For example, during the
conversion of isocitrate to a-ketoglutarate, the T. brucei mitochondrial isocitrate dehydrogenase 2
generates reduced NADPH (Leroux et al. 2011). NADPH serves as a primary source of electrons
for NADPH-dependent trypanothione-based redox metabolism that controls redox signaling
(Ebersoll et al. 2020). Interestingly, the TCA enzymes citrate synthase, aconitase and isocitrate
dehydrogenase are strongly up-regulated during early differentiation in the tsetse fly
(Naguleswaran et al. 2021, Naguleswaran et al. 2018). Furthermore, these enzymes are also some
of the most upregulated mitochondrial enzymes during the in vitro differentiation of procyclic
forms to epimastigotes. Intriguingly, the mitochondrial citrate transporter is also upregulated
(Dolezelova et al. 2020). However, unlike most eukaryotes, the exported cytosolic citrate does not
serve as a precursor of lipogenic acetyl-CoA for de novo fatty acid biosynthesis in T. brucei
(Riviere et al. 2009). Therefore, the dually localized aconitase residing in the cytosol could convert
this citrate to isocitrate. If this isocitrate is then transported into the glycosomes, it can act as a
substrate for the glycosomal isocitrate dehydrogenase 2, which has dual coenzyme specificity for
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NADH and NADPH. Utilizing isocitrate in the glycosomes might support an expanded number of
possible metabolic pathways (gluconeogenesis, redox reactions) (Wang et al. 2017).

Altogether, these recent advances suggest that this branch of the TCA cycle may be required for
the proper development of insect forms. Since the differentiation is underlined by enhanced levels
of mitochondrial and cellular ROS (Dolezelova et al. 2020), it is possible that the raison d"étre of
this branch of the oxidative TCA cycle is the generation of NADPH cofactors by the activity of
mitochondrial and glycosomal NAD(P)H-dependent isocitrate dehydrogenases. The production of
these cofactors could support the trypanothione-based detoxification of hydroperoxides and help
cope with the altered redox conditions (Krauth-Siegel and Comini 2008).

Meanwhile, there is no evidence that the long slender bloodstream form requires these enzymes.
In fact, they are strongly downregulated in this developmental stage. However, in the short stumpy
forms, these enzymes are upregulated at the RNA level, probably as a pre-adaptation for
transmission to the fly (Naguleswaran et al. 2021). Interestingly, it has been known for quite some
time that the development from short stumpy forms to the procyclic stage was found to be initiated
by a combination of a temperature drop and the addition of the TCA cycle intermediates: citrate
and/or cis-aconitate (Engstler and Boshart 2004). While it may be tempting to suggest that the
mechanism of triggered differentiation is related to the activity of the TCA cycle, it is known that
the citrate and/or cis-aconitate signal is transmitted via the binding to PIP39, a protein phosphatase.
This consequentially triggers a phosphorylation cascade (Szoor et al. 2020) and induces metabolic
reprogramming during the differentiation of short stumpy parasites into procyclic cells.

8. Mitochondrial acetate as a key metabolite for the cytosolic fatty acid

synthesis
In typical aerobic mitochondria, acetyl-CoA would be completely oxidized in the TCA cycle to

CO2. However, in T. brucei, this metabolite is converted to acetate by the acetate:succinate
coenzyme A transferase/succinyl-CoA synthetase (ASCT/SCS) cycle that generates ATP (Riviere
et al. 2004). Interestingly, this fermentative reaction coupled to substrate-level phosphorylation
typically provides a source of ATP to organisms that live predominantly under microaerophilic (or
anaerobic) conditions (Bringaud et al. 2010). The presence of this pathway in a fully aerobic
organism such as T. brucei is exceptional. Importantly, it provides additional flexibility for ATP
production in the mitochondrion. However, trypanosomes can also uncouple acetate production
from ATP generation by employing acetyl-coenzyme A thioesterase, an enzyme capable of
producing acetate from acetyl-CoA (Millerioux et al. 2012) (Figure 2, metabolic pathways in red).
The interplay between these two parallel acetate synthesis pathways in the mitochondrion remains
to be determined.
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In the procyclic form, most of the produced acetate is excreted from the mitochondrion as a
metabolic end product. In the cytosol, some of this acetate is converted to acetyl-CoA by the
cytosolic enzyme acetyl-CoA synthetase. Unlike all other aerobic eukaryotes studied to date,
trypanosomes do not use the citrate/malate shuttle to export mitochondrial acetyl group equivalents
to the cytosol for lipid biosynthesis. Instead, these parasites utilize acetate to produce cytosolic
acetyl-CoA, which serves as a substrate for de novo fatty acid synthesis (Millerioux et al. 2013,
Riviere et al. 2009).

Acetate production is essential for both the insect and mammalian life cycle stages (Riviere et al.
2009, Mazet et al. 2013). In the bloodstream form stage, threonine and glucose-derived pyruvate
are interchangeable substrates for acetate production. In vitro functional studies demonstrated that
pyruvate dehydrogenase is only essential in the absence of threonine in the medium. Furthermore,
only a double mutant of both the pyruvate and threonine dehydrogenase caused a strong reduction
in the parasite growth rate (Mazet et al. 2013). However, under in vivo conditions, the pyruvate-
derived acetate metabolic pathway seems to be more physiologically relevant, since the
mitochondrial pyruvate transporter is essential for the virulency of bloodstream cells in a mouse
model (Stafkova et al. 2016). This argues for a vital role of pyruvate-derived acetate for the
parasite.

Although the production of acetate is undoubtedly important, the ATP produced by the ASCT/SCS
cycle is intriguing because the bloodstream form mitochondrion has long been considered to be
strictly an ATP consuming organelle. However, the high glycolytic flux (9 pmol/hour/mg,
approximately 10-fold higher than in procyclics) of the bloodstream form results in substantial
amounts of pyruvate. Approximately 5% of this metabolite is imported into the mitochondrion and
converted to acetate. Altogether, this suggests that the ASCT/SCS cycle could contribute
significantly to intramitochondrial ATP production. However, the silencing of the ASCT hardly
affected the growth of these cells (Mochizuki et al. 2020). Ongoing research is attempting to
determine all the possible sources for intramitochondrial ATP production, whether it is imported
from the cytosol via the ATP/ADP carrier or generated in the organelle by substrate-level
phosphorylation resulting from the oxidation of pyruvate or a-ketoglutarate. An intramitochondrial
ATP source could provide the parasite with the flexibility to maintain the essential mitochondrial
membrane potential when colonizing nutritionally different extravascular niches (e.g. nervous
system, skin and adipose tissue).

9. Maintenance of the mitochondrial NADH/NAD+: an unresolved issue
Mitochondrial membranes are not permeable to NADH, so the NADH/NAD" balance must be

maintained within the organelle. NAD™ is an important cofactor for numerous mitochondrial
dehydrogenases, for example the pyruvate and threonine dehydrogenases that are involved in the
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essential production of acetate. Without the possibility of efficient reoxidation, the mitochondrial
metabolism would come to a standstill. In addition to the electron transport chain
NADH:ubiquinone dehydrogenases (i.e. complex | and NDH2 - Sections 2.1.1. and 2.1.2.),
trypanosomes implement several substrate level reactions capable of reoxidizing NADH. For
example, NADH is consumed when a-ketoglutarate is reduced to either glutamate by glutamate
dehydrogenase or to 2-hydroxyglutarate. It has been suggested that the latter reaction is catalyzed
by the promiscuous action of an NADH-dependent malate dehydrogenase, but this needs to be
further characterized (Villafraz et al. 2021). In vitro labeling studies indicate that these two NADH
oxidization reactions allow for a very high rate of a-ketoglutarate consumption in procyclic forms
since equal amounts of a-ketoglutarate were either oxidized to create succinyl-CoA or reduced to
form either glutamate or 2-hydroxyglutarate (Villafraz et al. 2021). Another way to maintain the
mitochondrial NAD*/NADH balance is through the NAD* regenerating activity of the reductive
branch of the TCA cycle, which consists of fumarase and fumarate reductase. These subsequent
reactions have been shown to be highly active in the procyclic form when glucose or malate is
present (Coustou et al. 2005, Villafraz et al. 2021). However, the rates at which all these NADH-
consuming reactions occur, their contribution to mitochondrial NADH oxidation activity and their
importance to parasite differentiation in vivo remain to be determined.

10.The T. brucei mitochondrion and its role in cellular signaling
An important by-product of the metabolic and bioenergetic functions of a typical aerobic

mitochondrion are the molecular signals emanating from the organelle that can be decoded by the
nucleus. It is now generally accepted that mitochondria communicate their biosynthetic and
bioenergetic fitness to the rest of the cell and that this retrograde signaling can influence cell fate
(Chandel 2014). Recent studies with mammalian cells have revealed two primary signal
transduction pathways: the generation of ROS (e.g superoxide and hydrogen peroxide) and the
excretion of TCA cycle intermediate metabolites (e.g., citrate, succinate, and a-ketoglutarate).
These mitochondria-generated molecules influence a wide range of cellular biological processes
that include epigenetics, metabolic reprogramming, immune responses, proliferation, adaptation,
and differentiation (Martinez-Reyes and Chandel 2020, Sies and Jones 2020). However, the
molecular details of these processes remain poorly understood.

It is quite plausible that the striking changes in mitochondrial activities during Trypanosoma
differentiation are not mere consequences of environmental changes, but that these changes may
also reinforce life cycle stage transitions. For example, the in vivo development of the bloodstream
form to the quiescent stumpy form was accompanied by higher levels of cellular ROS levels
(Saldivia et al. 2016). Similarly, the differentiation of insect forms is also accompanied by
increased signaling molecules in the form of mitochondrial superoxide and cellular hydrogen
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peroxide. Notably, the efficiency of parasite differentiation to quiescent metacyclics was severely
impaired when the increased ROS concentrations were reduced through the heterologous
expression of a Crithidia fasciculata catalase, a ROS scavenger.

ROS are usually associated with their harmful properties because they damage DNA, lipids, and
proteins when they are produced in large quantities (Brand 2020). However, when produced in
small amounts, they can act as signals by inducing the reversible oxidation of cysteines contained
within redox-sensitive proteins. These post-translational modifications affect the activity,
localization, and protein-protein interactions of these target proteins. For example, AMP-activated
kinase, a master metabolic regulator, is activated by H>O. oxidation (Zmijewski et al. 2010).
Additionally, the activation of this kinase is also sensitive to changes in the AMP/ATP ratio as
already discussed in section 2.2.1. Silencing of the AMP-activated kinase complex had a strong
effect on metacyclogenesis in vitro, indicating an essential role in parasite differentiation (Toh et
al. 2021). Moreover, the activation of AMP-activated kinase is also required during the transition
from proliferative bloodstream forms to quiescent short stumpy cells (Saldivia et al. 2016).

The striking mitochondrial repurposing during programmed T. brucei development coincides with
elevated levels of ROS and the increased abundance of TCA intermediates. Therefore, this model
provides a unique opportunity to investigate the role of mitochondria and mitochondrial signaling
in cellular differentiation.

11.Asphyxiating trypanosomes: the electron transport chain as a drug target
It is becoming apparent that the bloodstream form mitochondrion is more complex and active than

previously thought. Actually, the differences between the procyclic and bloodstream organelles
are more quantitative than qualitative (Zikova et al. 2017). The unexplored mitochondrial
pathways may represent promising targets for chemotherapeutics (Pedra-Rezende et al. 2022).

The T. brucei mitochondrion was long considered not to be an attractive drug target due to its
reputation of being a relatively dormant organelle in the bloodstream stages. The lone exception
has been the mitochondrial trypanosomal alternative oxidase, TAO. As discussed earlier (Section
2.2.2), TAO is critical for maintaining the glycosomal NAD*/NADH balance and thus high
glycolytic flux. Despite initial doubts that the inhibition of TAO would be sufficient to kill the
parasite in vivo due to the continued anaerobic production of one ATP per molecule of glucose,
cultured trypanosomes exposed to TAO inhibitors are unable to survive longer than 24 hours
(Helfert et al. 2001). In addition, these inhibitors effectively cleared a T. brucei mouse infection
(Helfert et al. 2001, Yabu et al. 2003). Importantly, TAO meets most of the requirements for a
druggable target: 1) its activity is essential for the parasite, 2) it is absent in the mammalian host,
3) its activity can be inhibited by small compounds and 4) there is no redundancy in this metabolic
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pathway. While several potent inhibitors of this enzyme have been identified, unfortunately, none
of them are close to clinical trials (Menzies et al. 2018). One of the most promising seems to be
ascofuranone, a biologically active natural product that shows high efficacy against T. vivax, one
of the etiological agents of animal trypanosomiases (Yabu et al. 2006). Now that the crystal
structure of this enzyme is finally available, there is renewed optimism that more effective
inhibitors can be identified (Shiba et al. 2013).

Proof that the T. brucei mitochondrion and its activities are druggable is supported by the evidence
that certain potent chemotherapeutics accumulate inside the parasite mitochondrion (Alkhaldi et
al. 2016, Lanteri et al. 2008). These include several drugs commonly used for the treatment of
Animal African Trypanosomiases, such as diminazine aceturate, isometamidium, phenantridine,
and ethidium bromide. While the exact modes of action are unknown for these therapeutics, the
import of these positively-charged molecules depends on the mitochondrial membrane potential.
This point is further underscored in the observations that drug resistant parasites identified in the
laboratory and in nature have often found ways to reduce their mitochondrial membrane potential
(Eze et al. 2016, Gould and Schnaufer 2014, Carruthers et al. 2021). This has the effect to limit
the mitochondrial import of these compounds and thus prevent them from interacting with their
mitochondrial targets.

12.Concluding remarks and future perspectives
In this review, | have discussed the metabolic functions of mitochondria as bioenergetic

powerhouses, biosynthetic centers, and signaling organelles. | have also addressed the importance
of these functions in the five major stages of the T. brucei life cycle (Figure 1). However, much
remains to be elucidated about the multifaceted contribution of mitochondria to the differentiation
of the parasite and its ability to successfully colonize different environments in the tsetse fly and
the mammalian host.

Key topics of interest include:

1. Mitochondria as signaling organelles driving cellular differentiation. It is now generally
accepted that changes in mitochondrial bioenergetic and biosynthetic fitness are communicated
to the rest of the cell via signals released from mitochondria in the form of ROS and TCA cycle
intermediates (citrate, succinate, fumarate, a-ketoglutarate). ROS act directly on various redox-
sensitive proteins and induce reversible oxidations of cysteine thiols. For example, ROS-
induced reversible oxidation of ribosomal proteins triggers attenuation of cytosolic translation
in yeast (Topf et al. 2018). Interestingly, attenuation of cytosolic translation is a hallmark of
cells entering the quiescent state (e.g. metacylics). In mammalian cells, TCA cycle

28



RNDr. Alena Panicucci Zikova, Ph.D.

intermediates directly affect the activity of Fe(ii) and a-ketoglutarate dioxygenases, including
hydroxylases, DNA demethylases, and histone demethylases. Acetyl-CoA is required for
epigenetic modification such as histone acetylation (Martinez-Reyes and Chandel 2020). T.
brucei provides a unique opportunity to study these phenomena because of the major metabolic
reprogramming of their single mitochondrion during programmed development.

. Role of AMP-activated kinase in the differentiation of quiescent life cycle forms. Recent
studies have shown that the AMP-activated kinase, the master regulator of cellular energy
homeostasis may be involved in differentiation from replicative stages (e.g., epimastigotes,
bloodstream form) to quiescent forms (metacyclics, stumpy form) (Saldivia et al. 2016, Toh et
al. 2021). Future studies may reveal a direct link between the activation of this kinase and the
observed metabolic changes. Furthermore, the identification of downstream targets of the T.
brucei AMP-activated kinase would provide insight into the components that may control the
programmed development of transmission-competent quiescent parasites.

. Mapping of essential mitochondrial metabolic pathways of the bloodstream form
parasites in the mammalian host. The mitochondrion of the mammalian form is hardly a
dormant organelle. However, its physiological contributions, which are critical for the infection
of various mammalian tissues (e.g., bloodstream, skin, adipose tissue, nervous system), remain
to be determined. Research on this topic will reveal new strategies for disease intervention,
provide insights into the mechanism of drug resistance and have implications for host-parasite
interactions.

. Mitochondrial metabolism and metabolic reprogramming of T. congolense life cycle
forms. While decades of research on T. brucei have made this parasite a model organism for
trypanosomatids, knowledge of the biology of T. congolense, the causative agent of African
Animal Trypanosomiasis, is inadequate because of the limited ability to make genetic
modifications. This has now been overcome, allowing important questions about the biology of
the parasite to be addressed, including the fact that the mitochondrial metabolism of the
bloodstream form of T. congolense appears to be more complex and developed than that of T.
brucei (Awuah-Mensah et al. 2021, Steketee et al. 2021). Furthermore, T. congolense is capable
of undergoing the insect form differentiation process in culture without requiring any genetic
manipulation, unlike T. brucei (Coustou et al. 2010, Gibson et al. 2017, Kolev et al. 2012). This
provides a clear opportunity to incorporate more advanced applications such as genome-wide
functional screens to address some of the fundamental questions of parasite biology. These
newly introduced tools will greatly aid our efforts to combat animal diseases caused by this
parasite.

. Unresolved peculiarities of the T. brucei electron transport chain. Despite many years of
research and considerable effort to understand the bioenergetic properties of the T. brucei
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mitochondrion, the most fundamental questions regarding the presence and activity of complex
I, localization of NDH2, regulation of TAO and maintenance of mitochondrial redox balance
remain unanswered. The advent of powerful genetic, physiological and structural approaches
to the study of mitochondrial functions is likely to lead to important discoveries in the coming
years.

6. The role of FoF1-ATP synthase dimers in cristae remodeling during the transition from
insect to mammalian form. The FoF1-ATP synthase dimer rows are a common feature of
mitochondrial cristae, which exhibit extremely high variability in ultrastructure between
species. T. brucei provides a unique opportunity to study the role of these arrays in cristae
structure and mitochondrial bioenergetics because of the striking transition from the highly
branched, cristae-containing and ATP-producing mitochondrion of the insect form to a
streamlined, tubular, cristae-reduced and ATP-consuming organelle of the bloodstream form.
These studies should be possible now that the high-resolution structure of the dimeric ATP
synthase of T. brucei is available (Gahura et al. 2021b).
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14. Summary of articles in the thesis
This habilitation thesis comprises a portion of my scientific accomplishments focused on the

multifaceted roles of the T. brucei mitochondrion and its involvement in the bioenergetics of the
parasite during development in both hosts. These include 13 primary research papers, 1 review
paper, and 1 preprint. They are all included as appendices to the thesis. Two reviews are mentioned
in the thesis but are not included due to their length (Verner et al., 2015) or limited current
relevance to the topic presented (Aphasizheva et al., 2020).

The research papers are arranged in alphabetical order by the first author.
* corresponding author

e  Acestor N, Zikova A, Dalley RA, Anupama A, Panigrahi AK, Stuart KD (2011).
Trypanosoma brucei mitochondrial respiratome: composition and organization in procyclic form.
Mol Cell Proteomics 10(9):M110.006908. Shared first co-authorship. A seminal paper from my
postdoctoral stay describing the novel composition of mitochondrial electron transport chain
complexes involved in respiration (=respiratome) of T. brucei.

e  Alkhaldi AA, Martinek J, Panicucci B, Dardonville C, Zikova A*, de Koning HP* (2016).
Trypanocidal action of bisphosphonium salts through a mitochondrial target in bloodstream form
Trypanosoma brucei. International Journal for Parasitology: Drugs and Drug Resistance 6:
23 -34. This fruitful collaboration with the De Koning laboratory led to a proposed mode of action
for promising drug candidates that concentrate in the mitochondria and act on ATPase activity.
Here | am a co-corresponding author, as most of the key figures demonstrating the mode of action
were generated by the J. Martinek, a MSc student in our lab.

° Dolezelova E, Kunzova M, Dejung M, Levin M, Panicucci B, Regnault C, Janzen C,
Barrett M, Butter F, Zikova A*. (2020). Cell-based and multi-omics profiling reveals dynamic
metabolic repurposing of mitochondria to drive developmental progression of Trypanosoma
brucei. PLoS Biol. 10;18(6):e3000741. Using a genetically modified T. brucei cell line that can
undergo cellular differentiation in vitro, we unraveled a surprising mitochondrial metabolic
repurposing that occurs throughout the differentiation of the previously enigmatic tsetse life cycle
forms. Most of the data presented was performed by our experienced post-doc Eva Dolezelova and
our PhD student Michaela Kunzova, while the -omics data were acquired with our expert
collaborators.

e  Gahura O, Hierro Yap C, Zikova A* (2021). Redesigned and reversed: architectural and
functional oddities of the trypanosomal ATP synthase. Parasitology. 8:1-41. An invited review to
comprehensively summarize our achievements regarding the unique attributes of T. brucei FoF1
ATP synthase, its structure, function and regulation.
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e  Gahura O, Muhleip A, Hierro-Yap C, Panicucci B, Jain M, Slapnickova M, Zikova A*,
Amunts A* (2022). An ancestral interaction module promotes oligomerization in divergent
mitochondrion ATP synthases. bioRxiv 2021.10.10.463820. Groundbreaking work resulting
from amazing collaboration with Alexey Amunt's lab. Here we resolved the cryo-structure EM of
the entire ATP synthase dimer from the insect form of Trypanosoma brucei. This it allowed us to
propose the ancestral arrangement of mitochondrial ATP synthase oligomers that lay the
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e  Gnipova A, Panicucci B, Paris Z, Verner V, Horvath A, Luke$ J, Zikova A* (2012).
Disparate phenotypic effects from the knockdown of various Trypanosoma brucei cytochrome c
oxidase subunits. Mol Biochem Parasitol. 184: 90 — 98. One of the first papers from my laboratory
describing the role of three hypothetical components of the complex 1V in the mitochondrial
bioenergetics of procyclic T. brucei cells. We are able to assign these proteins as genuine and
indispensable subunits for the assembly and activity of cytochrome ¢ oxidase, an essential
component of the respiratory chain in these parasites.

° Hierro-Yap C, Subrtova K, Gahura O, Panicucci B, Dewar C, Chinopoulos C, Schnaufer
A, Zikova A* (2021). Bioenergetic consequences of FoF1-ATP synthase/ATPase deficiency in
two life cycle stages of Trypanosoma brucei. J Biol Chem. 1:100357. A first-author publication
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significant detail the diametrically opposed bioenergetic consequences of FoF1 ATP synthase loss
in two T. brucei life cycle stages that differ strikingly in their mitochondrial metabolism.

e Montgomery MG*, Gahura O, Leslie AGW, Zikova A, Walker JE* (2018). ATP synthase
from Trypanosoma brucei has an elaborated canonical F(1)-domain and conventional catalytic
sites. Proc Natl Acad Sci U S A. 27;115(9):2102-2107. This was the culmination of our 5-year
long collaboration with the Walker lab. While the structure of the F1 headpiece at the atomic level
demonstrates that the mechanism for ATP synthesis is largely conserved, there are several unique
features (addition of w novel subunit p18, cleavage of subunit alpha) that are being further
explored in our lab. Our post-doc Ondrej Gahura spent more than a year growing trypanosoma
cultures and purifying the F1 complex before spending months in Cambridge setting up the
crystallization trials. He was also involved in the model building. #-shared first co-authorship

o Panicucci B, Gahura O, Zikova A* (2017). Trypanosoma brucei TbIF1 inhibits the
essential F1-ATPase in the infectious form of the parasite. Plos Negl Trop Dis. 11(4):e0005552.
In addition to the structure and function of the FoF1-ATP synthase, we also explored if the unique
ATPase activity of this enzyme during the infectious life cycle of the parasite could be a drug
target. Therefore, we examined the characteristics of the endogenous T. brucei ATPase inhibitory
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peptide, IF1. This paper was performed solely by our lab. It required an extensive genome search
to identify the putative IF1, whose protein expression was demonstrated to be tightly regulated
between life cycles. Even though ectopic expression of IF1 in the infectious stage of the parasite
was severely limited, its induction proved lethal, thus validating FoF1 ATPase as a drug target.

e  Serricchio M, Hierro-Yap C, Schadeli D, Ben Hamidane H, Hemphill A, Graumann J,
Zikova A*, Butikofer P* (2020). Depletion of cardiolipin induces major changes in energy
metabolism in Trypanosoma brucei bloodstream forms. FASEB J. 35:e21176. A fruitful
collaboration with Peter Butikofer lab that resulted in a functional study of cardiolipin role in the
mitochondrion of the T. brucei bloodstream form. This is the first study showing the effects of
cardiolipin loss in mitochondria lacking the canonical electron transport chain. My PhD student
was directly involved in this project.

o Subrtova K, Panicucci B, Zikova A* (2015). ATPaseTb2, a unique membrane-bound
FoF1-ATPase component, is essential in bloodstream and dyskinetoplastic trypanosomes. PL0S
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the first evidence that a novel T. brucei ATP synthase subunit functioned within the peripheral
stalk. This has now been further confirmed by our cryoEM structure of the complete enzyme. In
addition, this work demonstrated that membrane attachment of the FoF1-ATP synthase is crucial
for cells lacking a mitochondrial genome.

e  Zikova A*, Verner Z, Nenarokova A, Michels PAM, Lukes J (2017). A paradigm shift:
The mitoproteomes of procyclic and bloodstream Trypanosoma brucei are comparably complex.
PLoS Pathog. 2017 13(12):e1006679. Mitochondrial pathways were previously left unexplored
for drug discovery because of the long-standing dogma of a dormant mitochondrion within the
infectious life stage of the parasite. I challenged this view by comparing the mitoproteomes
between the insect and mammalian life stages and demonstrating that the mitochondria are similar
regarding their protein complexity. This hypothesis is being expanded in my lab by functional
studies indicating that bloodstream form T. brucei mitochondria can be ATP producing
organelles, supplying the FoF1 ATPase with substrate to maintain the mitochondrial membrane
potential.

o Zikova A, Schnaufer A, Dalley RA, Panigrahi AK, Stuart KD (2009). The FoF1 synthase
complex contains novel subunits and is essential for procyclic Trypanosoma brucei. PLOS
Pathogens 5:210000436. My first author paper from my postdoctoral stay in which | purified
mitochondrial FOF1 ATP synthase and analyzed its composition. This work formed the basis for
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my future studies on this essential complex, which has a unique composition and role for T. brucei
parasites.

15. Attached publications

The following is an attachment of print publications.

48



Research

© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

Trypanosoma brucei Mitochondrial
Respiratome: Composition and Organization

in Procyclic Form*s

Nathalie Acestort**, Alena Zikovat§**, Rachel A. Dalleyt, Atashi Anupamat,
Aswini K. Panigrahit{], and Kenneth D. Stuart{||

The mitochondrial respiratory chain is comprised of four
different protein complexes (I-1V), which are responsible
for electron transport and generation of proton gradient in
the mitochondrial intermembrane space. This proton gra-
dient is then used by F_F,-ATP synthase (complex V) to
produce ATP by oxidative phosphorylation. In this study,
the respiratory complexes I, Il, and lll were affinity purified
from Trypanosoma brucei procyclic form cells and their
composition was determined by mass spectrometry. The
results along with those that we previously reported for
complexes IV and V showed that the respiratome of Tryp-
anosoma is divergent because many of its proteins are
unique to this group of organisms. The studies also iden-
tified two mitochondrial subunit proteins of respiratory
complex IV that are encoded by edited RNAs. Proteomics
data from analyses of complexes purified using numerous
tagged component proteins in each of the five complexes
were used to generate the first predicted protein-protein
interaction network of the Trypanosoma brucei respira-
tory chain. These results provide the first comprehensive
insight into the unique composition of the respiratory
complexes in Trypanosoma brucei, an early diverged eu-
karyotic pathogen. Molecular & Cellular Proteomics 10:
10.1074/mcp.M110.006908, 1-14, 2011.

Mitochondria are dynamic organelles essential for cellular
life, death, and differentiation of virtually every eukaryotic cell.
They house systems for energy production through oxidative
phosphorylation, synthesis of key metabolites, and iron-sulfur
cluster assembly. The oxidative phoshorylation system of eu-
karyotic mitochondria comprises five major complexes lo-
cated in the mitochondrial (mt)! inner membrane, and often
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" The abbreviations used are: mt, mitochondrial; BNE, Blue Native
Electrophoresis; hrCNE, high resolution Clear Native Electrophoresis;
mAb, monoclonal antibody; LC-MS/MS, liquid chromatography tan-

abbreviated as mt complexes |-V. The redox energy of the
substrates NADH and succinate is first converted into an
electrochemical proton potential across the inner mt mem-
brane by respiratory complexes | (NADH:ubiquinone reduc-
tase), Il (SDH, succinate:ubiquinone reductase), Il (bc,,
ubiquinone:cytochrome ¢ reductase), and IV (cytochrome ¢
oxidase). The electrochemical proton potential is then used by
complex V (F,F,-ATP synthase) to synthesize ATP from ADP
and inorganic phosphate, a mechanism that has essentially
remained unchanged from bacteria to human (1). However,
parasitic organisms have exploited unique energy metabolic
pathways by adapting to their natural host habitats (2). In-
deed, the respiratory systems of parasites typically show
greater diversity in electron transfer pathways than those of
their host, and Trypanosoma brucei is no exception to this
rule (3).

T. brucei, the causative agent of human African trypanoso-
miasis (HAT), or sleeping sickness, is a blood-borne patho-
genic parasite transmitted by tsetse flies. It has a complex life
cycle that alternates between the bloodstream forms (BF) in
the mammalian host and several stages in the insect vector
starting with the procyclic form (PF) in the midgut. During T.
brucei differentiation between the distinct life-cycle stages,
the mitochondrion undergoes morphological and functional
changes, and the parasite switches its energy metabolism
from amino acid to glucose oxidation (4). BF cells, which live
in sugar-rich environment, use energy metabolism predomi-
nantly through the glycolytic pathway (5). They contain no
cytochrome-mediated respiratory chain and they possess a
unique electron transport chain in the mitochondria, the glyc-
erol-3-phosphate dehydrogenase and the salicyl hydroxamic
acid (SHAM)-sensitive alternative oxidase, which is known as
the trypanosome alternative oxidase (TAO) (6). Despite the
absence of complete cytochrome-containing complexes lll
and IV in BF trypanosomes, a mt membrane potential is
maintained and involves the hydrolytic activity of the F_F;-
ATP synthase complex (7). Conversely, PF cells are depen-
dent on the cytochrome-containing respiratory chain and ATP

dem mass spectrometry; OGDC, 2-oxoglutarate dehydrogenase
complex; PF, procyclic form; TAP, tandem affinity purification; T.
brucei, Trypanosoma brucei.

Molecular & Cellular Proteomics 10.9

10.1074/mcp.M110.006908 -1

Want to cite this article? Please look on the last page for the proper citation format.

6T0Z ‘6 Joquieidas uo 1sanb Aq /Bioauljuodow mmmy/:dny woly papeojumoq


http://www.mcponline.org/

Respiratory Complexes

generated by conventional function of the F_F,-ATP synthase
complex for their energy production (8, 9). The branched
electron-transport chain contains four complexes that donate
electrons to the ubiquinone pool, two NADH:ubiquinone oxi-
doreductases (complex | and a rotenone-insensitive enzyme),
complex Il, and glycerol-3-phosphate dehydrogenase. Re-
duced ubiquinol can be reoxidized by the transfer of electron
to either the TAO, which does not translocate protons, or to
the cytochrome-containing complexes Il and IV that produce
a proton motive force by translocation of protons and thus
create essential membrane potential (10).

Although the T. brucei genome has been sequenced (11),
little information is available on the subunit composition of mt
complexes |-V based on similarity searches. However, some
respiratory complexes have been partially characterized in
other trypanosomatids such as Crithidia fasciculata, T. cruzi,
and Leishmania tarentolae (12-15). In recent studies, we have
determined the protein composition of complexes IV and V,
and part of complex | purified from mitochondria of T. brucei
PF cells (8, 16, 17, 25). These analyses revealed the unique-
ness of respiratory complexes in trypanosomes, where large
numbers of component proteins have no homologs outside of
the Kinetoplastida.

In this study, we focus on the comprehensive characteriza-
tion of all respiratory complexes in T. brucei, collectively
termed the respiratome. We report the composition of com-
plexes Il and Il from PF cells, and extend the characterization
of complex | by identifying additional protein constituents.
This included the identification of two subunits of the respi-
ratory complex IV, both encoded by mt edited RNAs. We also
present a predicted protein-protein interaction network of the
respiratome, which was generated using proteomics data
collected from numerous tagged proteins in each of the com-
plexes I-V. Our results provide a comprehensive insight into
the unique composition of the respiratory complexes in one of
the life-cycle stages of T. brucei.

EXPERIMENTAL PROCEDURES

Cell Growth—T. brucei PF cells IsTat 1.7a were grown in vitro at
27 °C in SDM-79 media containing hemin (7.5 mg/ml) and 10% (v/v)
fetal bovine serum to a density of 1-2 X 107 cells/ml. PF T. brucei
strain 29.13 (18), which contains integrated genes for T7 polymerase
and the tetracycline repressor, was grown in the presence of G418 (15
ng/ml) and hygromycin (25 ng/ml). The cells were harvested by
centrifugation at 6000 X g for 10 min at 4 °C.

Tandem Affinity Purification (TAP)-tagged Cell Lines—To create
constructs for the inducible expression of TAP tagged proteins
in T. brucei, the open reading framess of interest were
PCR amplified from the genomic DNA of T. brucei strain Lister 427.
A detailed list of all tagged proteins and primers used to amplify
the selected open reading frames is provided in the supple-
mental material. The PCR products were cloned into pGEM-T easy
vector, digested with BamHI or Bglll and Hindlll enzymes, and
ligated into the pLEW79-MHT vector (19, 20). The plasmids were
linearized with Notl enzyme, transfected into PF T. brucei 29.13 cell
line, phleomycin-resistant clones were selected, and checked for
tetracycline-regulated expression. The transgenic PF cell lines ex-

pressing a TAP-tagged protein were supplemented with 2.5 ug/ml
phleomycin.

Sample Preparation for Native Electrophoresis—Mt vesicles were
isolated from IsTat 1.7a cells by hypotonic lysis followed by density
gradient flotation in 20-35% linear Percoll gradients (21). The en-
riched vesicles were solubilized by adding n-dodecyl-B-b-maltoside
corresponding to n-dodecyl-B-D-maltoside/protein ratio of 2 (g/g)
and incubated on ice for 30 min. Insoluble material was removed by
centrifugation at full speed in a microcentrifuge for 30 min at 4 °C.

Blue Native Electrophoresis (BNE) and High-resolution Clear Native
Electrophoresis (hrCNE)—For BNE, 100 ug of mt lysate was supple-
mented with a 5% (w/v) stock solution of Coomassie Blue G-250 in
500 mm 6-aminohexanoic acid and analyzed on a 3-12% acrylamide
gradient gel (8) using 50 mm Tricine, 15 mm Bis-Tris, pH 7.0, 0.02%
Coomassie Blue G-250 as cathode buffer, and 50 mm Bis-Tris, pH 7.0
as anode buffer. For hrCNE (22), 100 ng of mt lysate was supple-
mented with 50% glycerol, 0.1% Ponceau S, and analyzed on a
4-13% acrylamide gradient gel using 50 mm Tricine, 7.5 mm imidaz-
ole, pH 7.0, 0.05% deoxycholate as cathode buffer, and 25 mm
imidazole, pH 7.0 as anode buffer. All the native gels were run at 4°C
at 100 V until the dye marker approached the gel front.

In-gel Catalytic Activity Assays—Following electrophoresis, com-
plex |-V bands were visualized by activity staining as previously
described (22). Briefly, to visualize complex | activity, the gel was
incubated in 100 mm Tris-HCI, 0.1 mg/ml NADH, and 2.5 mg/ml
nitrotetrazolium blue, pH 7.4. To visualize complex Il activity, the gel
was incubated in 50 mm phosphate buffer, 20 mm sodium succinate,
0.2 mm phenazine methasulfate, 2.5 mg/ml nitrotetrazolium blue, pH
7.4. For complex lll, the gel was incubated in 50 mm phosphate buffer,
pH 7.2 and 0.05% 3,3’-diaminobenzidine tetrahydrochloride; and the
specificity of the reaction was demonstrated using 2 mm antimycin A.
For complex IV, the gel was incubated in 50 mm phosphate buffer, pH
7.2, 0.05% 3,3’-diaminobenzidine tetrahydrochloride and 50 um
horse heart cytochrome c. Reactions were carried out at room tem-
perature by slow agitation overnight and stopped by fixing the gels in
45% methanol and 10% acetic acid. Complex V was visualized as
previously reported (8).

Native Western Blot Analysis for Complex | and Il|—Following elec-
trophoresis, the native gels were transferred onto an Immobilon mem-
brane overnight at 20 V at 4°C. The membranes were then blocked
with Odyssey® Blocking Buffer, probed with mAb52 (1:10), which
recognize a native epitope of subcomplex la (16) or with rabbit
polyclonal antibodies against T. brucei apocytochrome c, (apoc,)
(1:1000) (23) to detect complex lll. IRDye680 conjugated goat anti-
rabbit (LiCor 926-32221) and IRDye800 conjugated goat anti-mouse
(Rockland 610-132-121) were used as secondary antibodies at
1:15,000. Protein signal was detected by Odyssey™ Infrared Imaging
System (LI-COR Biosciences, Lincoln, NE) using one-color fluores-
cence detection at 700 or 800 nm and analyzed with Odyssey version
3.0 software.

Tandem Affinity Purification of Tagged Complexes—TAP-tagged
proteins were expressed by induction with tetracycline (100 ng/ml of
culture) for 48 h and 500 ml of cells were harvested by centrifugation
at a density of ~2 X 107 cells/ml. Tagged complexes were purified
from cell lysates by two methods as previously described (8, 16).
Briefly, in method 1 (M1) the harvested cells were lysed by 1%
Triton-X 100 and the tagged complexes were isolated by IgG affinity
chromatography. The bound complexes were eluted by TEV protease
cleavage and fractionated on 10-30% glycerol gradients by centrifu-
gation for 5 h at 38,000 rpm at 4 °C in Beckman Ultracentrifuge
(SW40 Ti swinging bucket rotor). The sedimentation profiles of the
tagged complexes were monitored by Western blot analyses using
anti-Hiss mAb. Peak reactive fractions were pooled and further puri-
fied by calmodulin affinity chromatography. In method 2, the tagged
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complexes were purified from cells lysed with 0.25% Nonidet P-40,
cleared by low speed centrifugation and the supernatant was further
treated with 1.25% Nonidet P-40 and cleared by high speed centri-
fugation. The tagged complexes were isolated by sequential IgG and
calmodulin affinity columns.

Immunofluorescence Assay—Subcellular localizations of the ex-
pressed tagged proteins within the cell were determined by immun-
ofluorescent assay using anti c-myc antibody (Sigma) as described
(16). Colocalization analysis was performed using mAb 78 against mt
heat shock protein 70 (16) coupled with Texas® Red-X conjugated
secondary antibody (Invitrogen).

Protein Identification—We prepared and analyzed the samples by
gel-based and gel-free approaches as described previously by us (16,
24, 25). Briefly, proteins in gel pieces were reduced with 10 mm
dithiotreitol at 56 °C for 30 min, and alkylated with 55 mm iodoacet-
amide at room temperature for 45 min, and digested with sequencing-
grade modified trypsin (Promega, Madison, WI) at 37 °C overnight;
and the resulting peptides were extracted. The TAP tag-purified protein
samples were precipitated with 6 volumes of acetone, and the proteins
were denatured with 8 M urea, 1 mwm dithiotreitol; diluted 1:4, and
digested in-solution with trypsin. The resulting peptides were purified
using C,g beads (Magnetic Dynabeads RPC18, Invitrogen). The pep-
tides from gel pieces or complex mixtures were fractionated by nano-
flow liquid chromatography using a 10-cm-long X 75-um-inner diam-
eter C, 5 capillary column and analyzed on line by electrospray ionization
tandem mass spectrometry using a linear trap quadrupole mass spec-
trometer (Thermo Electron). The bound peptides were eluted from the
C,g column at a flow rate of 200 nl/min with a 45-min linear gradient of
5-40% acetonitrile in 0.4% acetic acid followed by a 5-min linear
gradient of 40-80% acetonitrile in 0.4% acetic acid.

Xcalibur 1.4 SR1 version software was used to collect MS data,
and the mass range for the MS scan was m/z 400-1400. The tandem
MS (MS/MS) data of the five most intense ions were collected se-
quentially following each MS scan using the dynamic exclusion pa-
rameter, where a specific ion was sequenced only twice and was
excluded from the list for 45 s. The MS data were analyzed against T.
brucei v4.0 predicted protein sequence database (11), which contains
9211 protein entries and additionally 18 predicted protein sequence
from mt encoded edited and unedited RNAs, and bovine serum
albumin, immunoglobulin heavy and light chains and keratin se-
quences. The peak list generation and search against database were
carried out using SEQUEST module of Bioworks 3.1, cluster version
SR1 (parameters: molecular weight range, 400-3500; mass toler-
ance, 1.0 Da; group scan, 25; minimum ion count, 15; no enzyme was
specified during the search; no fixed modification was set for any of
the amino acids, but differential modification for “M” and “C” were set
at 15.994 and 57.000 Da, respectively). The output from SEQUEST
search was filtered and compiled using PeptideProphet and Pro-
teinProphet programs (26, 27). Our error rate of protein assignment is
less than 1% as determined by comparing the proteomic data with
six-frame translated T. brucei genomic sequence database that in-
cluded 271,892 polypeptide entries STOP codon to-STOP codon
(25). The data set presented here includes only the doubly tryptic
peptides that have a minimum peptide identification probability of 0.9
and have a minimum SEQUEST X correlation value of 1.5 for +1 ions,
1.8 for +2 ions, and 2.5 for +3 ions. We excluded any peptide
containing more than one missed trypsin cleavage site in the se-
quence. Proteins containing these peptides and with minimum iden-
tification probability of 0.9 were considered positive. All except one
protein presented here was identified with two or more peptide
matches and with a protein identification probability of =0.95. They all
are unique proteins. For the protein identified with only one peptide
match the MS/MS spectra and relevant scores are provided in
supplemental Table S2 and supplemental Fig. S1.

Sequence Analysis—The probable functions of the proteins were
assigned based on GeneDB annotation and for proteins with un-
known function possible motifs and/or domains were searched in
InterPro  (http://www.ebi.ac.uk/Tools/InterProScan/), Pfam (http://
pfam.sanger.ac.uk/) and NCBI CDD (http://www.ncbi.nim.nih.gov/
Structure/cdd/wrpsb.cgi) databases. The protein transmembrane
topology was predicted using the TMHMM 2.0 program
(http://www.cbs.dtu.dk/services/TMHMM).

Prediction of Protein-Protein Interactions—The composition of
each complex was assessed by tagging multiple proteins individually
as described above and by performing multiple MS analyses of each
sample. The .out files (SEQUEST output) were compiled and filtered
using the DTASelect program (28) to identify proteins in each analysis.
Proteins identified with at least two tryptic peptides and with mini-
mum peptide and protein identification probability of =0.9 were in-
cluded in the list except for known non-mt proteins and highly abun-
dant mt protein that are often seen in various TAP-tag experiments
(17). The .raw files were converted to mzXML format and the Census
program (29) was used to determine the spectral count of each of the
peptides. For each individual protein, the number of spectra per
peptide was calculated (sum of spectral count of all peptides respec-
tive to the protein/number of unique peptides). The relative ratio of
spectra per peptide to bait protein (tagged protein) was calculated by
dividing spectra per peptide value of each individual protein identified
in the TAP-tag experiment by the spectra per peptide value of tagged
protein. We used the Cytoscape software (http://www.cytoscape.org)
to predict protein-protein interaction networks where a target protein
was linked to bait protein if it had relative ratio of =1.0. A value of
=1.25 was considered as high-confidence interactions.

RESULTS

In-gel Activity Staining of T. brucei mt Respiratory Complex-
es—Native electrophoresis and subsequent in-gel cata-
lytic activity assays were used for visualization of respiratory
chain complexes |-V (Figs. 1A-C). MS analyses were carried
out on gel slices to assess the presence of the component
protein(s) of complexes in the respective stained gel bands.
Numerous proteins were identified in each gel slice (sup-
plemental Table S1), some of which included known compo-
nents of respiratory complexes. The large majority of the
proteins that were detected are not part of the respective
respiratory complexes, which likely reflects the complexity of
the mt lysate samples and comigration of large complexes in
native gels. However, some of these proteins, especially
those with unknown functions, may be associated with their
respective respiratory complexes.

NADH dehydrogenase activity revealed two stained bands
(Fig. 1A). One band was in the well of the gel, suggesting that
some material was not solubilized, very high molecular weight
complexes and/or highly hydrophobic membrane-bound pro-
tein complexes that did not enter the gradient separation gel.
The other band was observed at an apparent molecular
weight of 1 MDa. MS analyses of the gel slice containing the
~1 MDa NADH dehydrogenase activity band predominantly
identified Tb11.01.1740, Tb11.47.0004, Tb11.01.3550, and
Tb11.01.8470 (supplemental Table S1), four proteins de-
scribed as components of the 2-oxoglutarate dehydrogenase
complex (OGDC) (16). Although the theoretical molecular
mass of the bovine complex | was reported as 980 kDa (30),
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Fic. 1. In-gel activity staining of T. brucei mt respiratory complexes separated by hrCNE and BNE. Mt lysate was fractionated by hrCNE
and BNE PAGE, and stained for (A) NADH dehydrogenase activity. The hrCNE gel was subsequently blotted and probed with mAb52, which
recognizes a native epitope of the oxidoreductase complex (16). (B) Activity of complexes Il, IV and V, and (C) activity of complex lll in the
absence and presence of antimycin A (Ant A). The hrCNE gel was also blotted and probed with polyclonal antibodies specific to the apoc,
subunit of complex Ill. Arrows mark the major stained band in each case. The sizes of high molecular weight standards are indicated on the

left.

only ten proteins out of the 30 nuclear-encoded subunits that
were either predicted (31) or identified as part of the oxi-
doreductase complex (16, 25) were identified in this gel slice
(supplemental Table S1, band 2). However, it was previously
reported that T. brucei complex | has a mass of ~600 kDa (9,
32), thus we analyzed the entire lane of the native gel by MS
including the well (supplemental Table S1, bands 1-10). MS
analyses of the ~ 1 MDa to ~ 700 kDa region identified a total
of 20 proteins out of the 30 subunits assigned to complex |
(supplemental Table S1, bands 3 and 4). Western analysis
using mADb52, which recognizes a native epitope in the oxi-
doreductase complex that corresponds to subcomplex la
((16) and this work) recognized the same region of the gel
(Fig. 1A). These results suggest that NADH dehydrogenase
activity staining reported earlier as complex | activity (9, 32)
may not only be specific for complex | in PF cells, but it is also
likely because of OGDC.

The complex Il in-gel activity assay resembled the NADH
dehydrogenase activity assay except that succinate rather
than NADH was used as electron donor (Fig. 1B). MS analyses
of the ~500 kDa reactive gel band identified Tb09.160.4380,
Tb927.8.6580, and Tb927.8.3380, the three known core com-
ponents of T. brucei SDH complex (supplemental Table S1),
indicating that the stained band corresponds to T. brucei
complex Il. Specific in-gel complex IV staining revealed a
band of an apparent molecular mass of ~ 700 kDa (Fig. 1B),
and MS analyses identified 15 known subunits of complex IV
(supplemental Table S1 and (17)). Complex V was stained by
an ATP hydrolysis assay that can identify holo-F_F, complex
and catalytically active F; moiety as previously described in
our study of T. brucei ATP synthase complex (Fig. 1B and (8)).

For the in-gel staining of complex lll, we applied the method
described previously for bovine heart complex lll, in which
3,3'-diaminobenzidine tetrahydrochloride is used to stain
complex Il heme specifically (22). MS analyses of the gel slice

containing the ~720 kDa activity band (Fig. 1C) identified
two known subunits of complex Ill; Tb927.8.1890 and
Tb09.211.4700 (supplemental Table S1). The specificity of the
catalytic activity was further demonstrated by incubating the
mt lysates with 2 mm antimycin A, a specific inhibitor of
complex Il before hrCNE electrophoresis (Fig. 1C). Upon
inhibition with antimycin A, the ~720 kDa activity band was no
longer visible, and only residual activities remained visible in
the well, thus supporting that the stained band corresponds to
complex lll. Furthermore, native Western analysis with anti-
bodies against apoc, (33), a core component of complex llI,
confirmed the size of the native complex Il (Fig. 1C).

In summary, we visualized under native conditions the T.
brucei mt respiratory complexes |-V by activity staining using
the characteristic enzyme activities associated with each
complex. The primary observed NADH dehydrogenase activ-
ity is most likely because of OGDC, however, T. brucei com-
plex | was detected using a specific monoclonal antibody.

Identification of Mitochondrial-encoded Subunits of Respi-
ratory Chain Complexes—The mt genome of T. brucei, like
that of most other organisms, encodes subunits of the respi-
ratory complexes, such as apocytochrome b (complex lll),
cytochrome c oxidase subunits | (COI), Il (COIl), and Il (COIII),
and subunit A6 of ATP synthase (34). To date, apocyto-
chrome b and COI from Leishmania tarentolae are the only
proteins identified that are translated from edited mRNAs
(35-37), which are the processed RNA products of kineto-
plastid mt DNA (kDNA). Liquid chromatography (LC)-
MS/MS analyses of the ~1 MDa to ~700 kDa region (Fig.
1A) identified three unique peptides that match to the COIl
subunit of complex IV (Fig. 2 and supplemental Table S1)
and COlIll, another subunit of complex IV was identified by
a single tryptic peptide in the gel slice containing the ~720
kDa activity band (Fig. 1C) (Fig. 2, supplemental Table S2
and supplemental Fig. S1). Fig. 2 shows the amino acid
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Respiratory Complexes

5’-504 nt -GGUAUAAAAGUAGAUUGUAUACCUGGUAGGUGUAAU-642 nt-3’

..GGTATAAAAGTAGA G A ACCTGGTAGGTGTAAT..

K v D C I P G R

Fic. 2. ldentification of the mito- A
chondrial encoded subunits COIl and DNA:
COIIl. A portion of the gene (DNA), ed- RNA:
ited mRNA (RNA) and amino acid se-
quence of the peptides identified by MS
that match an edited region of (A) COIl B
and of (B) COIIl from T. brucei. The uri- DNA-
dylate residues inserted by RNA editing RNA -
are shown in lowercase. nt, nucleotide.

: 57-672 nt-AuGCGUUUGUUUAAUUUUUUGUGUAUGGAUACACGUUUUGUU-800 nt- 3’

A GCG G AA G G A GGA ACACG G...

R L FNFLCMDTR

sequence of a tryptic peptide that matches the edited re-
gion of COIl (Fig. 2A), and another peptide sequence that
matches an edited region of COIIl (Fig. 2B). Hence, peptides
from two mt encoded-protein subunits of complex IV and
their edited mRNAs were detected.

Tagged Respiratory Complexes—The data obtained by MS
analyses from the gel slices as described above did not allow
us to specifically determine the composition of complexes
[-Ill. Therefore, we purified these complexes from T. brucei PF
cells by tandem affinity purification (TAP) using two previously
published methods (M1 and M2) (8, 16), and analyzed the
protein composition by LC-MS/MS. The mt localization of
almost all tagged proteins was confirmed by immunofluores-
cence analysis using anti-myc Ab (anti-tag), indicating that the
tags as well as over-expression did not alter the mt localiza-
tion (supplemental Fig. S2).

NADH Dehydrogenase Complex and Subunit Composi-
tion—Complex | is the largest and least understood complex
of the respiratory chain. Mammalian complex | consists of
~46 different subunits that are assembled into a ~1 MDa
structure. The subunit composition and general topology of
complex | has been defined through its dissection into three
subcomplexes (la + A, I8, and ly) (38). The T. brucei genome
database contains seven mt encoded and 12 nuclear encoded
genes with homology to eukaryotic subunits (Table I). To
purify complex | from T. brucei, Tb10.61.1790 (NDUFAG®),
Tb11.01.0640 (NDUFA13), Tb10.05.0070 (NDUFAY),
Tb11.47.0017 (NDUFS7), Tb09.244.4620 (NDUFA9), and
Tb10.70.3150 (NDUFAD5) subunits of the subcomplex la + vy
as well as Tb11.01.7460 (NDUFB9), a subunit of the subcom-
plex IB were tagged resulting in generation of TAP100,
TAP205, TAP204, TAP206, TAP081, TAP203, and TAP157
cell lines, respectively (Table ). Unfortunately, we were not
able to tag any subunits of subcomplex |y because it contains
mt encoded subunits and methodology for expression of
these subunits is not yet available. Purification of intact com-
plex | was not observed potentially because of its instability
during lysis and purification. MS analyses of the TAP100,
TAP081, TAP203, and TAP157 purified complexes yielded
two separate sets of proteins, of which many were annotated
as hypothetical (supplemental Table S3). TAP204, TAP205,
and TAP206 were not incorporated into the complex | be-
cause only the tagged proteins were identified by MS analy-
ses (supplemental Table S3). Given that these proteins are

predicted to be subunits of complex | (25, 31), most likely the
tag interfered with the folding of the tagged protein or with its
integration into the complex. To assess the validity of the
association of the hypothetical [novel] proteins identified by
MS analyses, three additional proteins associated with sub-
complexes la + A Tb927.2.4380 (TAP096), Tb09.160.5260
(TAPO55 (16)), Tb927.7.7330 (TAP054), and one protein asso-
ciated with subcomplex I8 Tb11.01.7090 (TAP151) were also
TAP-tagged. The SDS-PAGE of the subcomplexes la and 18
(Figs. 3A and B) showed similar protein profiles for their re-
spective subcomplexes, which differed mainly with respect to
the abundance and position of the tagged bait as detected by
Western blot analysis (data not shown). All of the most prom-
inent gel bands in subcomplex la+A were individually ana-
lyzed by MS and the respective proteins were identified (Fig.
3A and supplemental Table S3). Twenty four proteins were
identified in this subcomplex. The most prominent bands in
TAP151 purifications were also analyzed by MS and twelve
proteins were identified in this subcomplex (Fig. 3B). These
twelve proteins were also identified in TAP157 purification
with the exception of NDUFAB1 and Tb09.160.0390
(supplemental Table S3). In addition, five other proteins were
identified in at least two samples of the subcomplex la+A
(Tb11.01.8630, Tb10.70.3150, Tb09.244.2620, Tb927.1.730,
Tb927.6.1410) and three more proteins (Tb11.01.7460,
Tb11.02.2070, Tb927.8.5560) in subcomplex B when the
SDS-PAGE step was omitted and samples were directly
submitted to trypsin cleavage and LC-MS/MS analysis
(supplemental Table S3).These proteins are most likely asso-
ciated with the la+A and B sub-complexes although their
affinity of association and relative concentration (stoichiome-
try) may be lower compared with the proteins identified by
gel-band analysis. These results suggest that subcomplexes
la + vy and IB were purified, each subcomplex contains at
least 32 and 15 subunits, respectively and they had no over-
lapping composition except for NDUFAB1 (Tb927.3.860) sub-
unit, which was identified in both subcomplexes. All twelve
nuclear-encoded proteins that have similarity to the eukary-
otic complex | subunits as predicted by genome and pro-
teome analysis (25, 31) have been identified in our TAP-tag
complex purifications. However, we were not able to identify
the seven mt encoded subunits ND1, ND3, ND4, ND5, ND7,
ND8, and ND9 most likely because of their high hydrophobic-
ity and properties such as few tryptic cleavage sites and
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Respiratory Complexes

TABLE |

Trypanosoma brucei complex | subunits

1/ indicates that only proteins identified in at least two experiments and by at least two unique tryptic peptides are shown. ND, protein has
not been detected by MS. ™PProteins used as baits.

Protein_Id?

Genome'/Proteome
analysis?

Complex |
Subcomplex la”

Complex |
Subcomplex I’

Domains/Motifs®

Homology with human/bovine
proteins

Nuclear encoded

Tb10.05.0070TAP204
Tb10.389.1140
Tb10.61.1790TAP100
Tb11.01.0640TAP205
Tb11.01.7460™AP157
Tb11.01.8630
Tb11.47.0017TAP208

Tb927.3.860
Tb927.5.450

Tb927.7.6350

Tb09.160.0760
2Tb09.160.5260TAP0%5
aTb927.7.7410
Tb09.211.0330
Tb09.244.2620TAP08!

Tb09.244.2670
Tb10.6k15.3040

Tb10.70.3150"AP203
Tb10.70.5510

Tb11.01.5480
Tb11.01.7480

bTH927.5.3350
Tb11.02.4810

Tb927.1.730
Tb927.2.4380TAP0%
Tb927.3.3660
Tb927.6.1410
°Tb927.6.2010
°Tb11.02.2070
Tb927.7.73307AP054
Tb927.8.4250
Tb11.02.1020
Tb09.160.03909
Tb09.160.4910
Tb09.211.1280
Tb09.211.2780
Tb09.244.2840
Tb10.70.6930
Tb11.01.1690
Tb11.01.70907AP51
Tb927.2.1680

Tb927.4.4300
Tb927.4.440
Tb927.7.3910

Tb927.8.2530
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ND
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ND
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ND
ND

ND
ND

ND
ND
ND
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< <

NADH-ubiguinone oxidoreductase
complex | subunit

NADH-ubiquinone oxidoreductase,
75kDa 2Fe-2S ferredoxin-like

NADH-ubiquinone oxidoreductase,
subunit B14

NADH-ubiguinone oxidoreductase,
subunit B16.6

NADH-ubiguinone oxidoreductase,
subunit NI2M

NADH-ubiquinone oxidoreductase,
subunit B8

NADH-ubiguinone oxidoreductase,
subunit NdhK

Acyl carrier protein

NADH-ubiguinone oxidoreductase,
51 kDa

NADH-ubiguinone oxidoreductase,
24 kDa

Alpha/beta-Hydrolases
2-enoyl thioester reductase
2-enoyl thioester reductase
Heat shock protein DnaJ

NADB_Rossman super family,
NDUFA9_like_SDR_a

Vacuolar H+-ATPase V1 sector,
subunit C

NADH-ubiguinone oxidoreductase,
13 kDa-B subunit

Adrenodoxin reductase, putative;
ferredoxin

Manganese and iron superoxide
dismutase

Manganese and iron superoxide
dismutase

Phosphoenolpyruvate
carboxykinase

NB-ARC domain

Acyl-CoA synthetase-like
Acyl-CoA synthetase-like

Tetratricopeptide repeat

Flavoprotein monooxygenase
Flavoprotein monooxygenase

Complex1 LYR

Cyclophilin-type peptidyl-prolyl cis-
trans isomerase

SET domain

P-loop containing nucleoside
triphosphate hydrolases

Cytochrome C oxidase copper
chaperone

NDUFA9/39-kDa
NDUFS1/75-kDa
NDUFA6/B14
NDUFA13/B16.6
NDUFB9/B22
NDUFA2/B8
NDUFS7/PSST

NDUFAB1/SDAP
NDUFV1/51-kDa

NDUFV2/24-kDa

Trans-2-enoyl-CoA reductase
Trans-2-enoyl-CoA reductase
DnaJ homolog

NDUFA5/B13

Adrenodoxin oxidoreductase;
ferredoxin

Superoxide dismutase

Superoxide dismutase

Acyl-CoA synthetase
Acyl-CoA synthetase

Tetratricopeptide repeat

Kynurenine 3-monooxygenase
Kynurenine 3-monooxygenase

LYR motif

Peptidyl-prolyl cis-trans
isomerase
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TABLE |—continued

P— Genome'/Proteome Complex | Complex | f e Homology with
Protein_ld analysis? Subcomplex I’ Subcomplex I8’ Domains/Motifs human/bovine proteins
Tb927.8.5560 \V ND vV S-adenosyl-L-methionine- Methyltransferase
dependent methyltransferases
Mitochondrial encoded
M94286 ND ND ND 36 kDa subunit 1 ND1/Chain1
AAA20887 ND ND ND 18 kDa CR5/G5 cryptogene ND3/Chain3
AAB59224 ND ND ND 52 kDa subunit 4 ND4/Chain4
P04540 ND ND ND 71 kDa subunit 5 ND5/Chain5
P21301 ND ND ND 45 kDa 4Fe-FS protein ND7/49kDa
gi 5562291 gb AAA91499.1 ND ND ND 17 kDa subunit 8 ND8/TYKY
gi 162166 gb AAA03749.1 ND ND ND 14 kDa subunit 9 ND9/30kDa
Plant origin
Tb11.02.5070 Vi ND ND 33 kDa plant 2
Tb927.4.4980 ND ND ND 18 kDa plant 6

a b, and ¢ Protein pairs with sequence homology.

9 GeneDB accession number (http://www.genedb.org) or GeneBank (http://www.ncbi.nlm.nih.gov/GenBank/index.html) for the mitochon-

drially encoded polypeptides.
¢ All proteins have orthologs in T. cruzi and L. major.
"[31].
9[25] and native gel analysis (this study).

" Proteins identified in pull-downs with mAb 52, 63, 69 [16] and/or TAP054, TAP055 [16],TAP081,TAP096, TAP100, TAP203, TAP204,

TAP205 and TAP206 affinity purification.
"Proteins identified in TAP151 and TAP157 affinity purification.

A B
TAP band TAP band
kDa 100 096 055 054 1|7010.6k15.3040 kDa ; Tb09.160.4910

2| NDUFAGBTAP100 Tb927.4.4300
Tb10.70.5510 97 — 3| Tb09.160.0390

3| Tb11.02.4810 . %3?7011132;8
Tb09.244.2670 66 — NDUIEBéTAFWS?

4| Tb927.7.7330TAP054
Tb927.6.2010 5| Tb09.211.2780
Tbh927.8.4250 45 — 6| Tb11.01.7090TAP151

5| Th927.2.4380TAP0% 7| Tb09.244.2840
Tb09.211.1280 8| Tb10.70.6930

6| NDUFV1 9| NDUFAB1
Tb09.160.5260TAP055 | 31 — 10| Tb927.4.440
Tb09.160.0760 11| Tb927.8.2530
Tb09.211.0330

7| Tb927.7.7410 _

8| Tb11.01.5480 21
NDUFAB1

9| NDUFV2 14 -
Tb927.3.3660
Tb11.01.7480
NDUFS1

10| Tb927.5.3350

11| Tb927.2.1680
Tb11.02.1020

* | degradation product
of Th927.2.43807TAP0%

Fic. 3. TAP tag purified T. brucei NADH:ubiquinone dehydrogenase complex. A, TAP100, TAP096, TAP055 and TAP054 complexes were
purified and separated on a 10-14.5% polyacrylamide Tris-glycine gel and stained with Sypro Ruby. The listed proteins were identified in the
bands shown with corresponding numbers. The sizes of the protein marker are indicated. The position of tagged proteins is indicated by
arrowheads. B, TAP151 and TAP157 complexes were purified and separated on a 10-14.5% and labeled as in A.

resulting cysteine rich peptides or not present in PFs (see
discussion). Analysis of peptide sequences generated in silico
indicated only six peptides has high probability of being de-
tected by the MS approach taken in this study (data not
shown). Also we were not able to identify in our purifications
the two proteins that share identity with subunits of plant

complex | ((31) and Table I), suggesting that these proteins
may not be part of T. brucei complex |. Of all 46 proteins
identified in purified complex | (subcomplexes la+A and I8
combined), 24 are currently annotated as hypothetical in the
GeneDB database. Several of the latter possess domains/
motifs that are indicative of possible function(s) in oxidoreduc-
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TABLE Il
Trypanosoma brucei complex Il subunits. Only proteins identified in at least two experiments and by at least two unique tryptic peptides are
shown. ™PProteins used as baits

Protein_ID? Homolog/Domain® Shotgun approach® TAP Tag Ortholog in T. cruzi?
Tb927.8.6580TAF106 SDHA1 \V V4 SDHA1
Tb09.160.43807AP105 SDH2. SDH2,
Tb927.8.3380TAP120 SDH2, vV vV SDH2,
Tb927.2.4700 \ \ SDH8
Tb927.8.5640 vV \V SDH6
Tb10.70.4500 V4 vV SDH9
Tb927.6.4130 \ \ SDH3
Tb927.7.3590 vV vV
Tb927.8.1490 DUF1674 (domain of unknown \ \

function)

@ GeneDB accession number (http://www.genedb.org).
b All proteins have orthologs in L. major.

¢[25] and native gel analysis (this study).

9[15].

TAP band
106 105
o T

kDa 120
Cral

SDH1TAP106
SDH1
Tb927.8.5640
SDH2, TAP120
SDH2.TAP105
SDH2y
SDH2¢
Tb927.2.4700
L3 Tb927.6.4130
—4 Tb927.8.1490

—5 a- and B- tubulin
6

O oO~NO O WN-=-

*

— —7

21- —38
— —9

14| oumii et

Fic. 4. TAP tag purified T. brucei SDH Complex. Sypro Ruby-
stained SDS-PAGE protein profile of complexes, which were purified
using TAP120, TAP106 and TAP105. The proteins identified by MS
analysis of the corresponding band are shown and the position of
tagged proteins is indicated by arrowheads. The asterisk indicates a-
and - tubulin.

tase processes (Table I). All together, we found that the T.
brucei complex | is purified as two subcomplexes, and com-
posed of at least 46 subunits (Table I).

SDH Complex and Subunit Composition—The large flavo-
protein subunit Th927.8.6580 (SDH1) and the smaller iron-
sulfur subunit that is heterodimeric in Trypanosomatids (39)
Tb927.8.3380, SDH2,; Tb09.160.4380, SDH2. were tagged
resulting in generation of TAP106, TAP120, and TAP105 cell
lines (Table Il). All visible gel bands (Fig. 4) were individually
analyzed by MS and the respective proteins SDH1, SDH2,,
SDH2., and four hypothetical proteins Tb927.8.5640,
Tb927.2.4700, Tb927.6.4130, and Tb927.8.1490, were iden-
tified in all three tagged complexes with at least two peptides
(Fig. 4 and supplemental Table S4). In addition, two other
proteins (Tb927.7.3590 and Tb10.70.4500) were identified in

all three purifications when the SDS-PAGE step was omitted
(supplemental Table S4).

In mammalian and bacterial mitochondria, SDH1 and SDH2
are anchored to the inner mt membrane by two small hydro-
phobic subunits, SDH3 and SDH4, which are required for
electron transfer and ubiquinone reduction. These two sub-
units were not identified in the genome of the T. brucei by
BLAST search suggesting that they may be highly diverged in
sequence. However, two hypothetical proteins (Tb927.2.4700
and Tb927.7.3590) out of the nine proteins that were found
associated with complex Il possess predicted transmem-
brane domains and are similar in size to SDH3 and SDH4
(supplemental Table S4). This implies that they may play a role
in electron transfer and perhaps function similar to SDH3 and
SDH4 subunits, however direct comparison with these pro-
teins did not reveal any predicted structural or motif similarity.
In summary, we assigned nine proteins with high confidence
to T. brucei SDH complex (Table ll). This suggests that the
complexity of the T. brucei complex is similar to that in T.
cruzi, which is comprised of six hydrophobic and six hydro-
philic subunits (15).

bc, Complex and Subunit Composition—In trypanosoma-
tids, as in other eukaryotes, the bc, complex contains three
subunits with active redox centers: the mt encoded cyto-
chrome b, and the two nuclear encoded proteins,
Tb927.8.1890 (cytochrome c,) and the Rieske iron-sulfur pro-
tein (Tb09.211.4700, ISP). The latter two were tagged result-
ing in generation of TAP059 and TAP021 cell lines (Table llI).
Because the members of the mt processing peptidase family
have been shown to be core subunits of complex lll, as in
yeast and mammals (40), Tb11.02.1480 the T. brucei homolog
of the a-MMP was also tagged (TAP066). All visible gel bands
(Fig. 5 and supplemental Table S5) were individually analyzed
by MS and the respective proteins cytochrome c,, ISP,
a-MMP and Tb927.5.1060 (3-MMP) were identified in both
purifications. Surprisingly, cytochrome ¢, was not detected
by MS analysis in the purified TAP021 samples although,
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Respiratory Complexes

TaBLE Il
Trypanosoma brucei complex Il subunits. Only proteins identified in at least two experiments and by at least two unique tryptic peptides are
shown. ™PProteins used as baits

Protein_ID? Homolog/Domain® Shotgun approach® TAP Tag

Nuclear encoded

Tb09.211.4700AP021 ISP V4 V4

Tb927.8.1890TAP050 Cytochrome c;, vV V4

Tb11.02.14807AP066 a-MMP v v

Tb927.5.1060 B-MMP iV vV

Tb10.70.2970¢ Cytochrome bd ubiquinol oxidase, A4 VvV

14kDa subunit

Tb11.01.7900 iV vV
Mitochondrial encoded

AAA32115 apocytochrome b ND ND

@ GeneDB accession number (http://www.genedb.org) or GeneBank (http://www.ncbi.nim.nih.gov/GenBank/index.html) for the mitochon-

drially encoded polypeptide.
b All proteins have orthologs in L. major and in T. cruzi.
¢ [25] and native gel analysis (this study).
9 Only identified in TAP066.

7AP band | TAP  band

SPDK kDa_ 021 » | PPDK

HSP70 ! *#[HSP70

a-MMP 97— * 1 | a-MMP
B-MMP 66— 2 | B-MMP
Gyt o4 TAPOS 3 | ISPTAPO21
ISP 45 4 | ISP

5 | Tb11.01.7900

314
—5
217

L —

Fic. 5. TAP tag purified T. brucei cytochrome bc, complex.
SYPRO Ruby-stained SDS-PAGE gels of TAP059 and TAP021 puri-
fications. The proteins identified by MS analysis of the corresponding
bands are indicated. The position of tagged proteins is indicated by
arrowheads. PPDK, pyruvate phosphate dikinase; HSP70, heat shock
70 kDa protein.

detected when tagged itself (TAP059). Perhaps the TAP-tag
interferes with the binding of cytochrome c, with ISP protein.
The additional ISP band in TAP021 (Fig. 5) is probably a
product of proteolysis of the tagged protein because two
bands were also detected by Western blot analysis (data not
shown). Tb11.01.7900 has been identified in gel band analysis
in TAP021 and TAPQ66 purifications as well as in TAP059
purification when the SDS-PAGE step was omitted (Fig. 5 and
supplemental Table S5). In addition, two other annotated
hypothetical proteins (Tb11.01.8225 and Tb10.70.2970) were
identified only in TAP066 purification (data not shown and
supplemental Table S5). Although Tb10.70.2970 has been
identified only in one TAP purification, we assigned it to com-
plex Ill based on its ubiquinol-cytochrome ¢ reductase do-
main and its 28% sequence identity to the Saccharomyces
cerevisiae Qcr7p subunit, which has a role in the assembly of

bc, complex (41). All together we were able to assign six
proteins to the T. brucei complex Il with high confidence
(Table 111).

Besides the respiratory complexes described above, T.
brucei mitochondrion contains a branched electron trans-
port chain that is composed of the mt FAD-linked glycerol-
3-phosphate dehydrogenase (Tb927.1.1130) and alternative
oxidase TAO (Tb10.6k15.3640) (Fig. 6A). Moreover, an
alternative rotenone-insensitive NADH dehydrogenase
(Tb10.6k15.0960), which also occurs in plants and fungi, was
characterized in T. brucei cells (42). All three enzymes are
predicted to work as single proteins; however, these predic-
tions have not been experimentally verified. Thus, all three
proteins were tagged resulting in TAP208, TAP207, and
TAP210 cell lines respectively, and TAP-purified samples
were then subjected to SDS-PAGE fractionation and to LC-
MS/MS analyses (Fig. 6B). SyproRuby-stained gel and MS
data showed that alternative dehydrogenase and glycerol-3-
phosphate dehydrogenase were purified as single protein
since except typical contamination arising from «a- and B-tu-
bulin, only the bait protein was identified by MS. In TAP207
two protein bands were apparent on SDS-PAGE gel (Fig.
6B), the higher one corresponding to the tagged version of
the TAO and the second one representing the endogenous
protein, suggesting that this enzyme exists as a dimer or
multimer.

Protein-Protein Interaction Map—The acquired MS data
from TAP-tag purified multiprotein complexes was used to
predict a protein-protein interaction network of the respi-
ratome (Fig. 7). The bold lines in Fig. 7 indicate high confi-
dence predicted direct-interactions between the indicated
proteins, and dotted lines indicate additional proteins pulled-
down by the bait (tagged protein). As described above, com-
plex | exists as multiple subunits, and results from the inter-
action map suggest Tb927.3.860 (NDUFAB1) interacts with
Tb11.01.7090 and connects subcomplex la and 18. Six addi-
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A
GeneDB ID Annotation TAP
Tb10.6k15.3640 Alternative oxidase (TAQO) 207
Tb10.6k15.0960 Alternative dehydrogenase 210
Tb927.1.1130 Glycerol-3-phosphate dehydrogenase 208

B

—__TAP
KkDa 210 208 207

:;.1
97+ 3
66-]
%
e

Tb10.6k15.0960TAP210
Tb927.1.11307AP208
} a-and B- tubulin
L, Tb10.6k15.3640TAP207
s — Tb10.6k15.3640
* « I ** degradation product
| of Th927.1.1130TAP208

45+

317

21+
14

;—A

Fic. 6. TAP tag purified T. brucei glycerol-3-phosphate dehy-
drogenase, alternative dehydrogenase and alternative oxidase.
A, Annotated and tagged enzymes. B, Sypro Ruby staining of TAP-
tag purified proteins. The arrowheads indicate the tagged proteins
that were identified by MS analysis. The sizes of the protein marker
are indicated on /eft.

tional proteins (Tb10.70.1520, Tb11.02.0290, Tb10.v4.0045,
Tb09.211.1600, Tb927.8.6960, and Tb927.5.3300) with un-
known function were identified in complex | map that did not
match our criteria of being identified in two separate TAP-tag
experiments (Fig. 7), thus they are not included as bona-fide
components of complex | in Table I. However, these are
possible components of complex | or other complex(es) that
may associate with complex I. Similarly, a number of proteins
that did not match our criteria were identified in complex I,
IV, and V map (Fig. 7). We also identified two components of
complex Il (Tb09.211.4700 and Tb11.01.7900) in purified
subcomplex la. Similarly, four components of complex V
(Thb927.7.7420/7430, «; Tb927.3.1380, B; Tb10.100.0070, v;
and Tb11.02.4120) were identified in complex IV preparation,
and a potential new component of complex V Tb927.2.5930
was identified by this analysis as we included additional TAP-
tag data than published earlier (8). We also found “MIX”
protein (Tb927.5.3040) associated with components of com-
plex IV, which we previously reported (17). These results
identify the possible linking partners between the five respi-
ratory complexes. However, the interactions have not yet
been identified from genuine reciprocal interactions between
the different subunits, thus further experimental evidence is
required for validating these predictions especially as spuri-
ous association of proteins or highly abundant mt proteins
may result in erroneous prediction. Overall, aggregate data
may be useful for identifying component compositions of

multi-protein complexes, where data from multiple TAP-tags
and multiple MS runs are available.

DISCUSSION

The composition of the respiratory complexes was ex-
plored using native gel electrophoresis combined with in-gel
activity staining, Western blot analysis and TAP-tag complex
purification coupled with MS analysis. Respiratory complexes
I, I, and Il were purified using multiple tagged subunits and
protein assignments were made based on the results from
several purifications. In addition, the aggregate spectral
counts of identified peptides from the TAP-tag studies were
used to generate a preliminary protein-protein interaction map
of the respiratory complexes. The interactions are consistent
with the known structure of the respiratory complexes, e.g.
complex | organized in subcomplexes, association of “MIX”
protein with complex IV (17).The interaction map is consistent
with our finding that RNAi knockdown of Tb10.70.7760 in
complex V, resulted in the loss of the F_F, complex interac-
tions that contains the interactor, but the F, moiety was
retained (8). Also, we report the first evidence of MS identifi-
cation of mt proteins encoded by edited RNAs in T. brucei.
Two tryptic peptides match edited region of COIl and COIll,
indicating that translated products from fully edited mRNA
were detected. The results suggest that electrophoresis under
native conditions might avoid the loss of these highly hydro-
phobic subunits, which have a tendency to aggregate and
precipitate when in SDS (13, 33).

Successful activity staining of the respiratory complex I
and Il helped to estimate the native size of these complexes
which range from ~450 to ~720 kDa. Complex Il is an integral
membrane protein complex involved in both the Krebs cycle
and the respiratory electron transport chain. The total molec-
ular mass of SDH complex is calculated to be ~220 kDa if it
contained equimolar amounts of subunits. However, the ac-
tivity band detected in hrCNE gel runs at ~450 kDa which
may suggest that complex Il exists as a homodimer. It is also
possible that the complex is a monomer but migrates at a
higher size in native gel because of the effect of salt, detergent
etc. Nevertheless dimeric complex Il has been reported for T.
cruzi (15). Among the 12 subunits that compose T. cruzi
complex I, our TAP tag analyses did not identify the ortholog
of SDH4, SDH5 and SDH11, whereas we identified two other
subunits of T. brucei complex Il that are not present in the T.
cruzi complex (Table Il). Moreover, we identified the ortholog
of SDH7 and SDH10 but they did not match our criteria of
being identified in two separate TAP-tag experiments and/or
by more than one peptide (supplemental Table S4). The ho-
mologs of the membrane bound subunits SDH3 and SDH4
are difficult to identify with conventional BLAST programs due
to their highly diverged sequence. However, their putative
homologs were identified in T. cruzi purified complex Il based
on the presence of quinone/heme binding motifs (15). The
ortholog of T. cruzi SDH3 was identified in our preparation,
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direct-interaction between the indicated proteins, and dotted line indicates additional proteins that were pulled-down by the bait.

but it appears that this protein (Tb927.6.4130) does not lethal only in the absence of glucose (45, 46). Our functional
have a predicted transmembrane domain in T. brucei analysis of the core subunits by RNAi showed that the
(supplemental Table S4). The supramolecular organization of complex Il is not essential for the growth of T. brucei cells
T. brucei complex Il resembles the T. cruzi complex, but is even in the absence of glucose (supplemental Fig. S3 and
divergent from the S. cerevisiae and mammalian SDH com- data not shown). These results suggest that Trypanosoma
plex structure, indicating that trypanosomatid SDH complex complex Il is not the main entrance for electrons into the
contains additional non-catalytic subunits as it was previously  respiratory chain in PF cells.
suggested for plant complex Il (43). bc, complex (complex lll) is typically a structurally dimeric
In S. cerevisiae, mutation in any one of the four genes leads  protein complex. In yeast and in bovine mitochondria, it exists
to the loss of complex Il function and the inability of S. in association with one and two copies of complex IV (47, 48).
cerevisiae to grow by respiration (reviewed in (44)). In con- The total mass of the six proteins identified in this study is 237
trast, T. brucei RNAi knockdown of the core subunits of kDa (supplemental Table S5), but it migrates at ~720 kDa
complex Il resulted in a complete loss of oxidative phos- indicating that T. brucei complex Il could similarly form a
phorylation in response to succinate, but were conditionally multimer. The same size band (~720kDa) is observed for
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cytochrome ¢ oxidase activity, which has a predicted mono-
mer size of ~360 kDa (17). Hence, the stained band may
correspond to the bc ,-cytochrome ¢ oxidase heteromulti-
meric-supercomplex as described in yeast (48). A bc,-cy-
tochrome c oxidase supercomplex is also suggested by MS
analyses of the ~720 kDa activity band that revealed five
core components of complex IV (supplemental Table 1).
Nevertheless, this possible association does not appear to
be essential for the structural integrity of either complex
because repression of components of either complex that
result in the loss of one complex do not result in the loss of
the other complex (9).

Purified complexes Il from Crithidia fasciculate (13, 33) and
L. tarentolae (14) consist of ten and eleven subunits, respec-
tively. Whereas only six subunits were found in the complex
purified from T. brucei. This suggests a differential composi-
tion of complex Ill among trypanosomatids, or nonspecific
association of other proteins with Leishmania and Crithidia
complexes. It is also possible that the protein components
identified in TAP purified complex Il in this analysis are the
more stably associated proteins. Other proteins that corre-
spond to those seen in the other species may not be stably
associated with the complex, but may have similar functions
in vivo.

Although hrCNE combined with NADH:NTB reductase was
successfully applied for the detection of bovine complex |
(22), we found that the T. brucei NADH dehydrogenase activ-
ity stained band corresponded primarily to OGDC. In T. bru-
cei, dihydrolipoyl dehydrogenase, one of the four subunits of
OGDC is shared between OGDC and the pyruvate dehydro-
genase complex (16). Its activity was detected using the same
approach in mammalian mitochondria, implying that this as-
say is not specific for complex | activity (49). Furthermore,
using a nongradient BNE method, both complex | and dihy-
drolipoyl dehydrogenase protein were detected simultane-
ously on the same gel (50), suggesting that the gel-based
method used to separate mt respiratory complexes could be
critical. Moreover, Trypanosoma subcomplex la and OGDC
cosediment in glycerol gradients (16), implying that the native
size of both complexes might be very similar and their
respective activities may overlap in native gel. However, MS
analysis revealed the presence of OGDC rather than T.
brucei complex | in the NADH activity band, suggesting that
the activity of complex | cannot be readily detected in this
system. These results may imply that complex | has a lim-
ited activity and role in NADH reoxidation in culture-grown
PF cells. This assumption is further supported by a novel
finding that complex | is not essential for the growth of PF
cells (51). Thus it is plausible to hypothesize that most of the
mitochondrially generated NADH is regenerated in PFs by
an alternative dehydrogenase which is also localized in the
inner membrane (52). In addition, it has been reported that
deletions in the ND4, ND5, and ND7 genes that encode for
complex | mt subunits occurring in natural mutants of T.

cruzi have no consequence to the mt redox state, indicating
that complex | can have limited function in NADH oxidation
in this species (53).

In general, complex | is composed of 14 subunits in pro-
karyotes and up to 46 subunits in eukaryotes. Yet, only 19
subunits of Trypanosoma complex | were found to have some
degree of homology to these subunits based on homology
search (25, 31). Out of these 19 subunits, all 12 nuclear-
encoded ones were identified in our purified complexes, how-
ever none of the seven mt encoded subunits were detected
by MS possibly due to the characteristics of these proteins,
making their peptide identification by routine mass spectrom-
etry analysis difficult. Moreover, some of these subunits may
be present at very low abundance/absent in PF as they are
preferentially edited in BF cells (54).

Previous purification of the hydrophilic subcomplex la+A
of complex | suggested that T. brucei complex | is a unique
multifunctional complex in trypanosomes that is involved
not only in respiration but also in fatty acid synthesis (16).
Our high confidence interaction map (Fig. 7) shows
Tb11.02.2070, a long-chain-fatty acid-CoA ligase protein to
be associated with subcomplex IB. In addition, the acyl
carrier protein (NDUFAB1) that links subcomplex la with 18
has homology to two acyl carrier proteins (ACPM1 and
ACPM2) of Yarrowia lipolytica, which play roles in mitochon-
drial fatty acid metabolism as well as complex | assembly
(55). Two flavoprotein monooxygenases were also identified
as subunits of complex I. The members of the flavoprotein
monooxygenases are usually involved in the microbial deg-
radation of aromatic compounds, in biosynthesis of ubiqui-
none, and in detoxification of drugs and other xenobiotics
(56). Thus, presence of such proteins reinforce that the
complex | in trypanosomes is multifunctional.

Overall, this study characterized the composition of respi-
ratory complexes I, Il and Ill, identified not only the predicted
subunits but also novel complex-associated proteins. These
results expand our knowledge of the unique mt respiratory
machinery in these early diverged parasitic protozoa. We also
created a protein-protein interaction network of the respi-
ratome. Although, we have not validated our prediction net-
work, it provides a framework and candidates for downstream
analyses.
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Lipophilic bisphosphonium salts are among the most promising antiprotozoal leads currently under
investigation. As part of their preclinical evaluation we here report on their mode of action against Af-
rican trypanosomes, the etiological agents of sleeping sickness. The bisphosphonium compounds CD38
and AHI-9 exhibited rapid inhibition of Trypanosoma brucei growth, apparently the result of cell cycle
arrest that blocked the replication of mitochondrial DNA, contained in the kinetoplast, thereby pre-
venting the initiation of S-phase. Incubation with either compound led to a rapid reduction in mito-
chondrial membrane potential, and ATP levels decreased by approximately 50% within 1 h. Between 4
and 8 h, cellular calcium levels increased, consistent with release from the depolarized mitochondria.
Within the mitochondria, the Succinate Dehydrogenase complex (SDH) was investigated as a target for
bisphosphonium salts, but while its subunit 1 (SDH1) was present at low levels in the bloodstream form
trypanosomes, the assembled complex was hardly detectable. RNAi knockdown of the SDH1 subunit
produced no growth phenotype, either in bloodstream or in the procyclic (insect) forms and we conclude
that in trypanosomes SDH is not the target for bisphosphonium salts. Instead, the compounds inhibited
ATP production in intact mitochondria, as well as the purified F; ATPase, to a level that was similar to
1 mM azide. Co-incubation with azide and bisphosphonium compounds did not inhibit ATPase activity
more than either product alone. The results show that, in T. brucei, bisphosphonium compounds do not
principally act on succinate dehydrogenase but on the mitochondrial F,F; ATPase.

© 2015 The Authors. Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

sleeping sickness) in Western and Central Africa, whereas T. b.
rhodesiense causes a much more acute illness in Eastern and

African trypanosomes are responsible for a spectrum of impor-
tant human and veterinary diseases south of the Sahara, trans-
mitted by various tsetse fly species. Trypanosoma brucei gambiense
causes a chronic but fatal human African trypanosomiasis (HAT, or
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Southern Africa (Brun et al., 2010); both forms of the disease are
considered almost invariably fatal if left untreated. Whereas
transmission of T. b. gambiense appears to be almost exclusively
anthroponotic, T. b. rhodesiense is a zoonotic parasite, with many
wild and domestic animals, particularly cattle, acting as reservoirs
(Welburn et al., 2001). In addition, Trypanosoma congolense, T. b.
brucei, Trypanosoma evansi and Trypanosoma vivax cause animal
African trypanosomiasis (AAT), inflicting a terrible burden on
agriculture in the tsetse belt and, for the latter two species, also in
areas far beyond the testse habitat including the Indian subconti-
nent and South America (Desquesnes et al., 2013; Osorio et al.,
2008; Swallow, 1999).

While vector control in conjunction with extensive surveillance
can have highly significant local impact on the disease burden,
there is no realistic prospect of a vaccine (La Greca and Magez,

2211-3207/© 2015 The Authors. Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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2011) and chemotherapy is practically the only option in most areas
(Delespaux and de Koning, 2007; Jannin and Cattand, 2004).
However, few drugs currently exist for either HAT or AAT, and these
are old, suffer from severe side-effects and/or resistance, and are
usually only effective against certain (sub) species or stages of the
disease (Brun et al., 2010; Delespaux and de Koning, 2007). New
therapeutic agents are therefore urgently necessary, preferably
active against all African trypanosome species, and against both
stages of the human disease. One promising lead is the class of
benzyltriphenylphosphonium compounds that displays highly
potent activity against rodent models of T. b. rhodesiense
(Kinnamon et al., 1979), Trypanosoma cruzi (Kinnamon et al., 1977)
and Leishmania donovani (Hanson et al., 1977) infections. Moreover,
a large series of bisphosphonium salts were shown to possess
strong anti-leishmanial (Luque-Ortega et al., 2010) and trypanoci-
dal (Dardonville et al., 2015; Taladriz et al., 2012) activity in vitro.
Many of these compounds showed high selectivity against the
kinetoplastid parasites relative to human cell lines and, impor-
tantly, displayed no cross-resistance with existing trypanocides
such as diamidines and melaminophenyl arsenicals (Taladriz et al.,
2012).

The triphenylphosphonium (TPP) moiety has been used exten-
sively as a vehicle to deliver drugs to mitochondrial targets (Cairns
et al., 2015; Cortes et al., 2015; Smith et al., 2011). Among many
applications, TPP has been used to deliver functional probes (Cairns
et al.,, 2015), antioxidants (Kelso et al., 2001; Teixeira et al., 2012),
anti-cancer drugs (Jara et al., 2014), and even liposomes (Benein
et al, 2015) to mitochondria. TPP-linked natural compounds
botulin and betulinic acid showed in vitro and in vivo activity
against Schistosoma mansoni (Spivak et al., 2014). Crucially, TPP-
mediated mitochondrial targeting appears to be generally safe, as
a double-blind, placebo controlled study with human volunteers
found no evidence of side-effects of the TPP-coupled antioxidant
MitoQ over a 12-month period (Snow et al., 2010).

The mitochondrial accumulation of TPP-coupled drugs is driven
by the strong inside-negative potential across the inner membrane
of the mitochondrion. TPP, being a lipophilic cation with a highly
dispersed charge is believed to diffuse freely across the inner
membrane and be highly concentrated in the mitochondrial matrix,
to an extent determined by the mitochondrial membrane potential
Wm and the plasma membrane potential Vy,, as described by the
Nernst equation (Cairns et al., 2015). Consistent with the extensive
TPP literature, Luque-Ortega et al. showed that the anti-leishmanial
TPP analogues targeted the parasite's mitochondrion, and proposed
their principal action to be the inhibition of the succinate dehy-
drogenase complex (complex II) (Luque-Ortega et al., 2010). How-
ever, similar compounds also had strong activity against
bloodstream form (BF) T. brucei (Dardonville et al., 2015; Taladriz
et al., 2012), which has a much less elaborate mitochondrial
metabolism, lacking for instance much of the Krebs cycle, and the
cytochrome-dependent respiratory chain (Tielens and van
Hellemond, 2009). Transfer of electrons to oxygen is instead
mediated by a plant-like alternative oxidase (Chaudhuri et al., 1998)
and the mitochondrial membrane potential is maintained by the
FoF1 ATPase pumping protons from the mitochondrial matrix
(Nolan and Voorheis, 1992; Schnaufer et al., 2005). We thus
investigated whether the succinate dehydrogenase complex is
expressed in BF T. brucei, and whether this might be the primary
target for the trypanocidal activity of triphenylphosphonium salts
and their analogues. We selected two compounds with strong
trypanocidal activity (Taladriz et al., 2012) to represent the main
two classes of aliphatic and aromatic bisphosphonium salts (Fig. 1).

”CSH11 ”CsH11
nC5H11\P O O i P/”CsH11
”05H11 ”C5H11

CD38

AHI-9

Fig. 1. Benzophenone-derived bisphosphonium salts used in this study.

2. Materials and methods
2.1. Effect of bisphosphonium compounds on growth of BF T. brucei

The effects of AHI-9 and CD38 on growth of BF Trypanosoma
brucei brucei strain Lister 427 were investigated by incubating
cultures under standard conditions (HMI-9/10% FBS; 37 °C, 5% CO,)
in the presence or absence of 0.1 uM, 0.3 uM or 1 uM test compound
for up to 72 h. Samples were taken in triplicate at the following
times (h) after initiation of the experiment: 0, 4, 8, 12, 24, 28, 32, 36,
48,52, 56, 60, 72. Cell density in the samples was determined using
a haemocytometer. Compounds CD38 and AHI-9 were synthesized
as reported previously (Luque-Ortega et al., 2010; Taladriz et al.,
2012).

2.2. Determination of trypanocidal action using the Alamar blue
assay

Fifty percent effective concentrations (ECsg) were determined
using the fluorescence viability indicator dye Alamar Blue (resa-
zurin sodium salt, Sigma), exactly as described (Gould et al., 2013,
2008). Serial doubling dilutions of test compounds were prepared
over two rows of a 96-well plate, leaving the last well without
added drug as a control, before the addition of an equal volume of
cell suspension to each well. Final cell density in each well was 10°
BF T. brucei per mL. The plates were incubated for 48 h (37 °C, 5%
CO5) before the addition of 20 L resazurin solution (125 pg/mL in
PBS pH7.4) per well and incubation for a further 24 h. Fluorescence
was determined using a FLUOstar Optima (BMG Labtech, Durham,
NC, USA) with excitation wavelength set at 544 nm and emission at
620 nm. Data were plotted to a sigmoid curve with variable slope
using Prism 5.0 (GraphPad, San Diego, CA).

2.3. Assessing cell cycle progression in T. brucei

2.3.1. DAPI staining

Nuclei and kinetoplasts were visualized using the fluorescent
dye 4,6-diamidino-2-phenylindole (DAPI) on BF trypanosomes af-
ter fixation. 50 pL of cells at ~5 x 10° cells/mL were spread onto a
glass microscope slide, left to air dry and fixed in methanol over-
night at —20 °C. The slides were rehydrated with 1 mL of PBS for
10 min, which was allowed to evaporate (but not to completely
dry). 50 pL of PBS containing 1 pg/mL DAPI and 1% of 1,4-
diazabicyclo [2.2.2] octane (DAPCO) was added to the slides and
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spread by coverslip. Slides were observed under UV light on a Zeiss
Axioplan microscope using a Hamamatso digital camera and
Openlab software. 500 cells were recorded for each sample, and
scored for DNA configuration into the following groups: 1N1K,
1N2K, 2N2K (Early) and 2N2K (Late) (N, nucleus; K, kinetoplast;
‘Early’ no ingression furrow; ‘Late’, cell division started with clear
ingression furrow). The effect of test compounds on DNA configu-
ration was determined at 0, 8, 12, 16 and 24 h; untreated cultures
served as control.

2.3.2. Flow cytometry

DNA content of BF trypanosomes was measured by flow
cytometry using the fluorescent dye propidium iodide (PI), as
described (Hammarton et al.,, 2003; Ibrahim et al., 2011). Briefly,
1 mL of cell suspension at 10° cells/mL was transferred at each time
point into microfuge tubes and centrifuged at 2500 rpm for
10 min at 4 °C, then resuspended and fixed in 1 mL of 70% methanol
and 30% PBS and left at 4 °C overnight. The samples were washed
twice with 1 mL of PBS and subsequently resuspended in 1 mL PBS
containing propidium iodide and RNase A (both at 10 ug/mL), and
incubated at 37 °C for 45 min while protected from light. Samples
were analysed by Becton Dickinson FACSCalibur using the FL2-Area
detector and CellQuest software. ModFit LT software was used to
quantify the flow cytometry results.

2.4. Measuring intracellular calcium in BF T. brucei

Intracellular calcium levels were measured using the Screen
Quest™ Fluo-8 Calcium Kit (ABD Bioquest, Sunnyvale, CA). T. b.
brucei of strain Lister 427 were grown in HMI-9/FCS in vented flasks
incubated (37 °C/5% CO, for 48 h) and harvested by centrifugation
(2500 x g, 10 min at 4 °C), resuspended to a final density of
4 x 108 cells/mL and divided into aliquots for determination at 0, 4,
8,12 h of exposure to test compounds (in HMI-9/FCS, 37 °C/5% CO3).
At an appropriate interval before the start of the measurement,
aliquots of this culture were transferred to centrifuge tubes,
centrifuged (10 min, 2500 g) and resuspended in the Fluo-8 dye-
loading solution at exactly 4 x 10 cells/mL and further incubated at
37 °C for 30 min. The cells were then washed twice with assay
buffer to remove any extracellular dye-loading solution. 90 pL of
cell suspension was added to each well of a black-bottomed 96-well
plate, and subsequently 10 uL of test compound at
10 x concentration was added (except for the 0 min recording);
10 pM calcium ionophore A23187 (Sigma) was used as a positive
control and 10 pL buffer was added to a well that served as drug-
free control. The plate was then incubated in a FLUOstar OPTIMA
fluorimeter at 37 °C, and the fluorescence was observed for 10 min
using cycles of 4 s.

2.5. Mitochondrial membrane potential of BF T. brucei

2.5.1. Analysis of drug-treated cells

The mitochondrial membrane potential of treated and un-
treated cells was assessed by using Tetramethylrhodamine ethyl
ester (TMRE) (Denninger et al., 2007; Figarella et al., 2006). The cell
density was adjusted to 10° cells/mL with and without test com-
pounds for the start of the experiment. 1 mL of sample was trans-
ferred at each time point into a microfuge tube and centrifuged at
2500 rpm for 10 min at 4 °C, and was then resuspended in 1 mL PBS
containing 25 nM of TMRE, and cells were incubated at 37 °C for
30 min. Valinomycin (100 nM) and troglitazone (10 uM) were used
as controls, as they are known to induce mitochondrial membrane
depolarization and hyperpolarization, respectively (Denninger
et al., 2007). All samples were analysed by flow cytometry using
a FL2-heigth detector and CellQuest software. Mitochondrial

membrane potential was expressed as the percentage of cells dis-
playing fluorescence higher than 100 artificial units, which was
calibrated at exactly 50% for the no-drug control sample of the zero
incubation time point, as described (Ibrahim et al., 2011).

2.5.2. Analysis of RNAi cell lines

Cells in the exponential growth phase were stained with 60 nM
of TMRE for 30 min at 37 °C. Cells were pelleted (1300 x g, 10 min,
RT), resuspended in 2 mL of PBS (pH 7.4) and immediately analysed
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 mitochondrial membrane
depolarization. Data were evaluated using BD FACSDiva (BD Com-
pany) software.

2.6. Plasmid construction, transfection, cell growth and RNAi
induction

To create the SDH1 (Tb927.8.6580) RNAi construct, a 485 bp
fragment was PCR amplified from T. brucei strain 427 genomic DNA
with the following oligonucleotides: FW: GAT GGA TCC CTC TGG
GCT TCG TGC CGC AA, REV: GGA AAG CTT TGC CAC GAC AAC AGC
CGT CC utilizing the respective BamHI and HindIlIl restriction sites
inherent in the primers (underlined). The digested amplicon was
then cloned into the p2T7-177 plasmid (Wickstead et al., 2002).
This plasmid was used for transfection of PF T. brucei Lister 427
29.13 and BF Lister 427 single marker (SM) T. brucei cells that are
transgenic for the T7 RNA polymerase and the tetracyclin (tet)
repressor (Wirtz et al., 1999). PF 29.13 cells were grown in vitro at
27 °C in SDM79 medium containing hemin (7.5 mg/mL), hygrom-
ycin (25 pg/mL), G-418 (10 pg/mL) and 10% foetal bovine serum. BF
SM cells were grown in vitro at 37 °C in HMI-9 medium containing
G-418 (2.5 pg/mL) and 10% foetal bovine serum. After the trans-
fection, both cell lines were selected using phleomycin (2.5 pg/mL).
The inducible expression of double-stranded RNA was triggered by
the addition of 1 pg/mL tetracycline 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 experiment, PF and BF cultures were split daily to
ensure they continuously maintained an exponential growth phase
of 10° - 107 cells/mL and 10°—10° cells/mL, respectively.

2.7. Electrophoresis and western blot analysis

Crude mitochondrial fraction was isolated as described previ-
ously (Koreny et al., 2012; Subrtova et al., 2015) and the mito-
chondria were lysed using digitonin at detergent:protein ratio of
4 mg:1 mg. High resolution clear native (hrCN) PAGE analysis was
performed by fractionating 50 pg of mitochondrial lysate on a
3—12% clear native (CN) PAGE gel followed by a protein transfer
onto a nitrocellulose membrane. Protein samples from mitochon-
drial lysates were also separated on SDS PAGE gels and blotted onto
a PVDF membrane. Both membranes were incubated with a specific
SDH1 peptide antibody (1:1000) (Koreny et al., 2012), followed by
an incubation with a secondary HRP-conjugated anti-rabbit anti-
body (1:2000, BioRad). The specific reaction was visualized using
the Clarity™ Western ECI Substrate (Biorad) on a ChemiDoc in-
strument (BioRad).

2.8. Succinate:ubiquinone reductase (SQR) activity assay

The specific SQR activity was measured in a crude mitochondrial
preparation (15ug) in 1 mL of SDH buffer (25 mM K2HPO4, pH 7.2,
5 mM MgCI2, 20 mM sodium succinate) containing specific in-
hibitors of respiratory complexes IIl and IV (0.0002% antimycin,
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2 mM KCN) and 50uM DCIP (2,6-dichlorophenolindophenol
(Sigma)), which acts as the electron acceptor. The reaction was
started by adding 65 pM coenzyme Q2. The unit of succina-
te—dehydrogenase activity (U) is defined as an amount of enzyme
in 1 mg of kinetoplastid proteins, which causes the conversion of
1 nmol of DCIP in 1 min, as monitored at 600 nm (Birch-Machin and
Turnbull, 2001).

2.9. F1-ATPase purification

Mitochondrial vesicles were purified as described previously
(Acestor et al., 2011). Afterwards they were resuspended in buffer A
(0.25 M sucrose, 50 mM Tris—HCl pH 8, 1 mM DTT) and the sus-
pension was sonicated on power 8.5 for 3 x 40 s, with an incubation
on ice of 1 min between sonications to prevent heating the sample.
The samples were further sonicated for 10 15-s bursts, again left on
ice for 1 min between the sonications (Sonicator 3000, Misonix,
19 mm probe, 250 W). The submitochondrial particles were then
pelleted overnight in a SW60Ti rotor at 52,000 g at 4 °C.

The SMP pellet was resuspended in buffer B (0.25 M sucrose,
50 mM Tris HCl pH 8.0, 1 mM DTT, 4 mM EDTA, 2 mM ADP).
Chloroform, saturated with 2 M Tris—HCI pH 8.5, was added to the
pellet and then vigorously shaken for 20 s followed by immediate
centrifugation for 5 min at 8500 rpm at room temperature. The top
(light brown) layer was taken, leaving the middle (dark brown) and
the bottom (chloroform containing) layers behind. The F; depleted
SMPs and residual chloroform were removed by centrifugation in a
SW28 rotor at 27,000 rpm for 30 min at room temperature, using
chloroform resistant polyallomer tubes. The Fi-ATPase containing
supernatant was carefully removed to avoid any chloroform
contamination, blown with nitrogen for 15 min to remove all traces
of chloroform. The Fi-ATPase was filtered, concentrated down to
750 ul and loaded on a Superdex 200 10/300 GL. The F;-ATPase was
purified on a FPLC using a specific F;-column buffer (20 mM Tris pH
8.5, 200 mM NacCl, 1 mM DTT, 4 mM EDTA, 1 mM ADP, 0.002%
PMSF).

2.10. ATPase activity measurements

The amount of ATP hydrolysis in a crude mitochondrial prepa-
ration or by affinity purified F; ATPase was measured by ATP
regenerating assay (Pullman et al., 1960) that couples the hydrolysis
of ATP with the oxidation of NADH. Crude mitochondrial lysates
(15 pg) or purified F; ATPase (0.7 pg) were incubated with different
concentrations (5—200 uM) of CD38 and AHI-9 for 5 min after
which the mix was transferred to a 1-mL UV cuvette containing an
ATPase buffer (50 mM Tris, pH 8, 50 mM KCl, 2 mM MgSOQg4, 200 uM
NADH, 1 mM phosphoenol pyruvate, 5 uL of lactate dehydrogenase
(Sigma) and 9 pL of pyruvate kinase (Sigma)). The reaction was then
initiated by adding 2 mM MgATP (from 100x solution of 400 mM
Tris, 200 mM MgSQO4, 200 mM ATP) and the change of absorbance at
340 nm was measured for 5 min. Azide (1 mM) was used as a
known inhibitor of F; ATPase activity (Bowler et al., 2006). Specific
ATPase activity of mitochondrial lysate or of purified F; ATPase was
calculated from the amount of NADH oxidized in 1 min, and nor-
malised to the amount of the protein in the sample.

2.11. ATP production

ATP production in digitonin-extracted mitochondria was
measured following a protocol described previously (Allemann and
Schneider, 2000). Briefly, crude mitochondrial fractions from the
RNAi knockdown cell lines were obtained by digitonin extraction
(Tan et al., 2002). ATP production in these samples was induced by
the addition of 67 pM ADP and 5 mM of succinate. The

mitochondrial preparations were preincubated for 10 min on ice
with the inhibitors malonate (6.7 mM) and atractyloside (33 pg/
mL). The concentration of ATP was determined by a luminometer
(Orion II, Berthold detection systems) using the CLS I ATP biolu-
minescence assay kit (Roche Applied Science).

2.12. Surface plasmon resonance (SPR)

SPR experiments were performed at 25 °C with a Biacore X100
apparatus (GE Healthcare, Biacore AB, Uppsala, Sweden) in MES
buffer (10 mM 2-(N-morpholino)ethanesulfonic acid, 1 mM EDTA,
100 mM NaCl, 0.005% surfactant P20, pH 6.25). The 5'-biotin
labelled DNA hairpins 5'-CGAATTCGTCTCCGAATTCG-3’ and 5'-
CGCGCGCGTTTTCGCGCGCG-3' (the loop is underlined) were pur-
chased from Sigma—Aldrich with HPLC purification. The SPR
measurements were carried out as described (Rios Martinez et al.,
2014).

3. Results

3.1. Actions of bisphosphonium compounds on T. brucei growth and
cell cycle

We investigated the actions of two bisphosphonium compounds
on bloodstream form (BF) T. b. brucei. The compounds CD38 and
AHI-9 were selected as (i) displaying sub-micromolar activity
against the parasite, (ii) possessing >300-fold in vitro selectivity
with a human cell line and (iii) representing the two main classes of
phosphonium trypanocides, possessing either linear saturated
aliphatic substituents (n-pentyl; CD38) or aromatic substituents
(phenyl and 3-methylphenyl; AHI-9) on the phosphonium moiety
(Taladriz et al., 2012).

Both compounds were confirmed to be active against T. brucei,
with sub-micromolar activity against BF cells and about an order of
magnitude less activity against the procyclic forms (PF) (Table 1). At
concentrations up to the ECsg values the compounds caused
delayed growth rather than cell death and even at concentrations
several fold above ECsg (1 uM) the initial effect appeared to be
immediate (CD38) or slightly delayed (AHI9) growth arrest, fol-
lowed by cell death 16—24 h later (Fig. 2). We thus investigated
whether the compounds induced cell cycle arrest in a specific phase
of the cycle, using flow cytometry to measure the DNA content in
single cells of the population. As expected, we found that untreated
control cells were less prone to enter S-phase when the culture
entered the late log-phase of growth, leading to a small increase in
G1-phase cells after 16 h; the proportion of G1-phase cells had
initially decreased as the culture progressed from stationary to
early log phase; the proportion of cells in S-phase steadily declined
during late log phase (Fig. 3A). Similar effects, but much more
pronounced and at much lower cell densities, were observed in the
cultures treated with CD38 or AHI-9: both displayed a steep decline
in S-phase cells after 8 h, accompanied by a significant increase in
G1-phase cells (Fig. 3A, B), although the cultures were in virtual
growth arrest and at comparatively low density (Fig. 3C). We thus

Table 1
ECs0 values for CD38 and AHI-9 compounds against BF427 and PF427 T. brucei cells.
ECso CD38 [uM] ECso AHI-9 [uM]
T. brucei BF427 0.52 + 0.038 0.14 + 0.016
T. brucei PF427 3.54 + 0.14 1.19 + 0.08
P value 0.00003 0.00004

The values represent the average and SEM of three independent determinations.
The P value given is of an unpaired Student's t-test comparing the ECsq values for BF
and PF trypanosomes.
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conclude that bisphosphonium compounds prevent trypanosomes
from entering the cell cycle and initiating DNA synthesis.

CD38 also caused a highly significant decrease in cells in the first
stages of trypanosomal cell division, i.e. with 1 nucleus and 2 ki-
netoplasts (1N2K), or with 2 of each (2N2K) but no cleavage furrow
initiated (2N2K-Early), after 8 h of treatment; the percentage of
cells in all stages of division (IN2K, 2N2K) continued to decline
sharply with the exposure time (Fig. 3D), as no new cells entered
the cell division cycle. This experiment showed that
bisphosphonium-treated cells were unable to replicate kinetoplast
DNA and/or initiate kinetoplast division. It was not possible to
reliably distinguish between the two possibilities, although we did
not observe increased DAPI fluorescence associated with the
kinetoplast (i.e. KDNA content) after CD38 treatment (not shown);
however, it is uncertain whether this would have been sufficiently
unambiguous. However, it has previously been reported that CD38
does not bind directly to a poly(dA.dT); DNA polymer (Dardonville
et al., 2006), and we here follow that up with SPR measurements of
CD38 and AHI-9 binding to two other DNA. Neither compound
showed measurable binding to the CGAATTCG oligonucleotide, and
only CD38 interacted, weakly, with the CGCGCGCG sequence, with
a Kp of 7.0 x 1078 M (Supplementary Fig. S1). This seems incon-
sistent with a direct action on kinetoplast replication by kDNA
binding.

3.2. The mitochondrion as a target for the trypanocidal activity of
bisphosphonium salts

It has been reported that CD38 elicits anti-leishmanial activity
by inhibiting the succinate dehydrogenase complex (also known as
complex II) in the L. donovani mitochondrion (Luque-Ortega et al.,
2010), and a mitochondrial target would be consistent with the
observed phenotype of being unable to initiate kinetoplast division
(above).

Incubation of BF T. brucei with CD38 or AHI-9 for 4 h, at con-
centrations close to their respective ECsg values, caused a dose-
dependent reduction of the mitochondrial membrane potential
Wm (Fig. 4A). At 0.7 uM bisphosphonium compound, small effects
were observed after just 30 min (P < 0.05 for CD38) and much more
dramatic reductions were seen after 4 h of exposure (P < 0.001 for
both compounds) until the mitochondrial membranes appeared to
be almost fully depolarized (Fig. 4B). This was accompanied by a

similar drop in cellular ATP levels, which was highly significantly
different from control (P < 0.01) and was statistically identical to
treatment with the F1F, ATPase inhibitor oligomycin after 1 h. This
level of cellular ATP remained essentially constant for at least 12 h
of treatment with either of the test compounds (Fig. 4C). The
decrease of cellular ATP is in agreement with the observed redi-
rection of glycolysis to 1 molecule of glycerol and 1 molecule of
pyruvate due to ¥m dissipation (see the discussion). Another
cellular effect was that after four hours of incubation with CD38 or
AHI-9 the level of free intracellular Ca®* started to increase
(Fig. 4D), which was consistent with the depolarized mitochondria
being unable to maintain their capacity as calcium reservoir (Huang
et al,, 2013).

3.3. Assessment of succinate dehydrogenase as a potential target for
bisphosphonium compounds in T. brucei

Because the target of bisphosphonium salts in L. donovani cells
was suggested to be the succinate dehydrogenase (SDH) complex
(Luque-Ortega et al., 2010), we explored, in both PF and BF T. brucei,
its steady state protein level, the assembly of the complex, and
whether its depletion elicits a reduced growth rate. First, we
determined the steady state levels of a specific subunit of the SDH
complex, SDH1, which contains the cofactor FAD and is responsible
for the electron entry into the complex. When mitochondrial lysate
was fractionated on a TGX stain-free precast gel followed by
western blot analysis using anti-SDH1 antibody, the correct size
band for SDH1 (66 kDa) was detected. The highest level of
expression is seen in PF cells and much lower amounts of SDH1
subunit are detected in BF cells (Fig. 5A, upper panel). Equal loading
of protein samples was verified by UV detection of proteins (Fig. 5A,
lower panel). Independently-generated mitochondrial samples
were analysed repeatedly with similar results, confirming the
relatively low intensity of the SDH1 signal in BF cells compared to
PF, and clearly show a much lower steady-state SDH1 protein level
in the former life cycle stage.

To gain better insight about the significance of the function of
the SDH complex in PF and BF cells, the level of assembled SDH
complex was analysed by high resolution clear native (hrCNE)
PAGE. The expected band of ~500 kDa (Acestor et al., 2011) is
prominent in the PF sample, but only a very faint band is detected in
BF mitochondrial lysate (Fig. 5B), which correlates well with the
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Fig. 3. Cell cycle analysis of BF T. b. brucei. (A) Control culture grown under standard conditions (blue closed symbols) or in the presence of 0.7 uM CD38 analysed for DNA content
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relative steady state levels of SDH1 in the respective life stages of
T. brucei. Interestingly, two bands were detected in the PF sample,
suggesting that the complex may form higher molecular weight
aggregates, or associate with another macromolecular structure, as
suggested by Kovarova et al. for the mammalian complex II
(Kovarova et al., 2013).

The activity of the SDH complex can be followed spectropho-
tometrically as a change in the absorbance of DCIP, with electrons
flowing from succinate to DCIP via ubiquinone Q. Each cell line was
also incubated with the specific SDH inhibitor malonate to verify
that only this specific activity was detected. The succinate-
ubiquinone reductase (SQR) activity measured in BF cells corre-
sponded to only 7% of the activity of SQR measured in PF cells
(Table 2). These data closely correspond with the relative steady
state protein levels of SDH complex (see above), and confirm that
the SDH complex is much more abundant and is thus likely to play a
more important role in the mitochondria of PF than BF cells.

It has been shown that the SDH complex possesses an essential
function in PF T. brucei (strain EATRO1125) when grown in the
absence of glucose, while its function was unimportant for cells

grown in the presence of glucose (Coustou et al., 2008). Never-
theless, both tested compounds exert a cytotoxic effect for PF 427
Lister strain T. brucei grown in the presence of glucose (Table 1). To
address whether the SDH complex is essential for the viability of
this specific strain of T. brucei, and under the specific conditions
used in our study, a cell line expressing RNAi targeting the SDH1
subunit was generated. When PF SDH1 RNAi cells were grown in
glucose-rich media, no significant difference in growth of non-
induced and tetracycline-induced RNA cells was observed.
(Fig. 5C) confirming that the SDH complex is not essential for PF
cells under glucose-rich growth conditions. To test whether the
SDH complex is important for the viability of BF T. brucei cells, the
BF SDH RNAI cell line was examined upon induction with tetracy-
cline. Importantly, there was no growth phenotype at all (Fig. 5D).
To verify successful depletion of SDH1 protein in the PF and BF RNAi
induced cell lines, a western blot analysis was performed with the
specific SDH1 antibody. In PF RNAi tetracycline-induced cells a
band of the appropriate size had disappeared after 1 day, but a band
of somewhat lower apparent weight remained unchanged (Fig. 5E).
In order to confirm that the upper band was specific for SDH1, the
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Fig. 4. Effects of bisphosphonium compounds on mitochondrial functionality in live BF trypanosomes. (A) Dose-dependency of effect of CD38 and AHI-9 on mitochondrial
membrane potential ¥m after four hours of exposure, measured by flow cytometry using the indicator fluorophore TMRE. Data are the triplicate and SEM of three independent
experiments. Statistical significance was determined using an unpaired Student's t-test: **, P < 0.01; ***, P < 0.001. (B) Effects of 0.7 uM CD38 and AHI-9 on ¥m over a period of 8 h,
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experiments. Statistically significant differences were observed for CD38 (P < 0.05, 30 min; P < 0.01, 4 h; P < 0.001, 8 and 12 h) and for AHI-9 (P < 0.001 for 4, 8 and 12 h). (C) The
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SEM of three independent experiments.

tetracycline was washed out from the media (Fig. 5E, -tet samples)
which led to the reappearance of the upper band within 48 h. In BF
SDH1 RNAI cells, a single distinct band of the expected size was
observed in non-induced cells (N), but this band was undetectable
after just 24 h of RNAi induction (Fig. 5F). Furthermore, the specific
SQR activity of SDH complex in PF RNAi SDH1 cell line was
decreased by 62% after 1 day of RNAi induction, and almost
completely absent by day 3 (Table 3).

The mitochondrial membrane potential in BF cells is maintained
exclusively by the hydrolytic activity of the F,F; ATPase complex
(Schnaufer et al., 2005; Subrtova et al., 2015), while in PF cells the
proton motive force is generated by the respiratory chain com-
plexes (Gnipova et al., 2012; Horvath et al.,, 2005). In order to
determine whether the depletion of SDH complex has any effect on
the mitochondrial membrane potential in PF cells, the electro-
chemical gradient was measured using a flow cytometry analysis
with the dye TMRE that accumulates only in charged mitochondria.
The membrane potential remained unchanged after even 5 days of
RNAI induction (Fig. 5G) indicating that the SDH complex does not
significantly contribute to ¥m in PF T. brucei cells.

3.4. The effects of bisphosphonium compounds on mitochondrial
ATPases

The reductions in ¥m and cellular ATP levels are the early ef-
fects seen after the treatment of T. brucei with bisphosphonium
compounds (see above). However, we here show that, in T. brucei,
the SDH complex is not essential and does not contribute to the

membrane potential. It seems therefore unlikely that the principal
trypanocidal activity of bisphosphonium salts would be on this
complex and we thus explored other potential mitochondrial tar-
gets - in particular, the F,F; ATPase complex that maintains ¥m in
BF cells.

First, in vitro ATPase assays were performed using a purified
mitochondrial fraction, which was lysed by digitonin. The prepared
lysed mitochondrion-enriched fractions from PF cells were treated
with various concentrations of CD38 (Fig. 6A) or AHI-9 (Fig. 6B).
Since there are many ATPases in these samples, the fractions were
also treated with the F{-ATPase inhibitor azide. Typically, 1 mM
azide inhibits 30—40% of all measured ATP hydrolysis activity in
such samples (Zikova et al., 2009). Increasing concentrations of
either drug elicited a similar (CD38) or identical (AHI-9) level of
inhibition as the azide control, albeit at much higher concentra-
tions than their measured ECsg values. These inflated concentra-
tions might be an artifact of the in vitro assay performed on lysed
instead of intact and charged mitochondria, as the latter would be
able to concentrate the drugs, driven by Wm. Importantly, the same
level of inhibition was observed when the crude mitochondria were
treated with azide together with a bisphosphonium salt, indicating
that the inhibitions were not additive and both inhibitors were
therefore acting on the same target. Furthermore, the enzymatic
activity was more strongly affected by AHI-9, which typically has a
stronger effect on trypanosome cells than CD38.

To further evaluate the mechanism of action of bisphosphonium
salts, we determined whether these compounds also affect the rate
of ATP synthesis by FoF{-ATP synthase. This experimental set-up
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of cells from T. brucei PF and BF. For each sample 50 ug of protein was loaded onto a BioRad TGX stain-free precast gel. After transfer to a PVDF membrane, the blot was probed with a
rabbit antibody raised against a peptide of T. brucei SDH1. The 50 kDa unknown protein visualized using UV light served as a loading control. B. Relative levels of assembled SDH
complex in PF and BF cells. For each sample 50 ug of mitochondrial protein was loaded onto a high resolution clear native (hrCN) PAGE, which was blotted and probed with the anti-
SDH1 peptide antibody. C. Growth curve of the PF SDH1 RNAI cell line. PF 29.13 cells were transfected with a linearized p2T7-177 vector containing a 485bp fragment of the SDH1
cds. The resulting clonal transfectants were then analysed for a growth phenotype when RNAi was induced with 1 pug/mL tetracycline. These growth curves are representative of
several clones. NON, non-induced cells; IND, induced cells. D. Growth curve of BF SDH1 RNAI. BF T. brucei SM cells were transfected with the same p2T7-177 plasmid and the growth
curve analysis was performed as in C. E. Western blot analysis of PF SDH1 RNAi cells. Whole cell lysates made from equal amounts of cells after the indicated of tetracycline
induction, and loaded onto a 12% SDS PAGE gel. After transfer, the PVDF membrane was probed with the anti-SDH1 antibody. To confirm that the upper of the two bands was
specific for SDH1, the tetracycline was washed out (-tet) and the reappearance of the upper band was observed within 48 h (-tet, day 5). F. Western blot analysis of BF SDH1 RNAi
cells. Mitochondrial lysate from noninduced (N) cells and cells induced by tetracycline (+tet) for 1 and 3 days were analysed. G. Mitochondrial membrane potential in PF T. brucei
expressing RNAi against SDH1. Units indicated are arbitrary units of TMRE-associated fluorescence. NON, non-induced RNAi cells; Day 1, Day 3, Day 5, signifies the time in days after
RNAi induction. The protonophore FCCP was included as a positive control to indicate the level of fluorescence in cells with depolarised mitochondrial membranes; fluorescence in
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relies on a complete and functional oxidative phosphorylation
pathway and is performed with intact, charged mitochondria iso-
lated from PF cells (Allemann and Schneider, 2000). Malonate and
atractyloside are used as positive controls, as the former inhibits
the succinate dehydrogenase complex (i.e. the entry of the elec-
trons), and the latter inhibits the ATP/ADP carrier (i.e. the supplier

of the substrate). Not surprisingly, the results indicated that both
CD38 and AHI-9 dose-dependently inhibited ATP production in
intact T. brucei mitochondria, with concentrations similar to the
measured ECsg values moderately inhibitory and higher concen-
trations inhibiting ATP production almost completely (Fig. 7).
While this assay does not rule out succinate dehydrogenase as a
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Table 2
SQR activity in intact PF427 and BF427 Trypanosoma brucei.
Cells SDH specific activity (U?/mg) + SEM" % of PF activity % of effect of malonate
PF 427 1.2 + 0.011 100 100
PF 427 + mal 0.21 + 0.006 17
BF 427 0.084 + 0.007 7 100
BF 427 + mal 0.0381 + 0.002 45

SQR activity in PF and BF T. brucei cells was measured spectrophotometrically as described in the methods section, in the presence or absence of 1 mM malonate (mal).
2 The unit (U) of SQR is defined as the amount of enzyme required for the conversion of 1 nmol of 2,6-dichlorophenolindophenol/min/mg of mitochondrial proteins.
> Each measurement was performed in triplicate.

Table 3
SQR activity in PF RNAi SDH1 noninduced (N) and tetracycline induced (-+tet) cells in the presence of absence of malonate (mal).
Cells SDH specific activity (U?/mg) + SEMP % of 29—13 activity % of RNAI N activity
PF 29-13 0.658 + 0.021 100
PF 29-13 + mal 0.156 + 0.004 24
PF RNAi Sdh1 N 0.497 + 0.005 100
PF RNAi Sdh1 N/+mal 0.107 + 0.008 22
PF RNAi Sdh1 1d +tet 0.19 + 0.0046 38
PF RNAi Sdh1 3d +tet 0.08 + 0.005 16

2 The unit (U) of SQR is defined as an amount of enzyme required for conversion of 1 nmol of 2,6-dichlorophenolindophenol/min/mg of mitochondrial proteins.
b Each measurement was performed in triplicate.
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Fig. 6. ATPase activity of mitochondrion-enriched fractions of PF427 treated with CD38 (A) and AHI-9 (B). Approximately 15 g of hypotonically isolated mitochondria were
incubated with the indicated test compounds for 5 min and then transferred to ATPase assay buffer. Changes in NADH absorbance were monitored at 340 nm for 5 min. Specific
ATPase activity from mitochondrial lysates was calculated from the amount of oxidized NADH per minute, and related to the amount of total protein. The specific ATPase activity in
the non-induced sample was set at 100%. Assays were performed in triplicate. Error bars depict standard errors of the mean. Statistical significance was determined using Student's
unpaired T-test.
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Fig. 7. Effect of CD38 (A) and AHI-9 (B) treatment on ATP production in PF mitochondria. Crude mitochondrial preparations were obtained by digitonin extraction and ATP
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represent means expressed as percentages from three independent RNAi inductions. Error bars are SEM.
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potential target, the dose-dependency shows unambiguously that
an active mitochondrial Wm is important to these in vitro assays, as
the test compounds were much more active than on mitochondrial
lysates.

Since the effects on total mitochondrial ATP hydrolytic and ATP
synthetic activities were indicative of specific inhibition of the F,F;
ATP synthase/ATPase, we repeated the assay on highly purified F;-
ATPase, and observed a similar dose dependency of inhibition as
above on the lysed mitochondrial fractions, i.e. less potent than in
intact and charged mitochondria. In this experiment, azide inhibits
almost 100% of the activity of the purified F1-ATPase, confirming
the purity of the sample. The increasing concentrations of the
bisphosphonium test compounds reduced the ATP hydrolysis ac-
tivity in a linear manner. Once again, AHI-9 displayed a significantly
higher level of inhibition than CD38. In fact, 200 uM AHI-9 inacti-
vated Fi-ATPase almost to the same extent as azide (Fig. 8). We
conclude that inhibition of the F;-ATPase is at a minimum an
important contributing factor in the mechanism of action of
bisphosphonium compounds on T. brucei.

4. Discussion

The phosphonium salts were discovered as potent chemother-
apeutics against Trypanosoma cruzi and T. b. rhodesiense in the late
1970s (Kinnamon et al, 1977, 1979). Thirty years later
benzophenone-derived bisphosphonium salts were synthesized
showing much higher potency against Leishmania parasites. Some
of these phosphonium derivatives act as lipophilic cations with
enhanced hydrophobicity that allow them to cross biological
membranes and accumulate in organelles with a strong electro-
chemical gradient, e.g. mitochondria. Interestingly, in mammalian
cells, these lipophilic phosphonium ions are being developed to
deliver antioxidants or anti-cancer drugs to mitochondria as they
pass easily through the lipid bilayers. Because of their disperse
charged the electrochemical gradient drives their accumulation
into the mitochondrial matrix concentrating them as high as
100—-500 fold (Murphy, 2008).

The nature of the trypanocidal activity of these compounds has
not been determined yet, but in L. donovani some bisphosphonium
compounds including CD38 were shown to have a negative impact
on proper mitochondrial function (Luque-Ortega et al., 2010). Upon
treatment with a low drug concentration (0.7 pM) the mitochon-
dria were swollen, the mitochondrial ¥m was significantly
decreased, the oxygen consumption rate, using succinate as a
substrate, was affected, and the cellular ATP levels were reduced.
These results would suggest that the drug was either affecting a
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component of the oxidative phosphorylation pathway, or was
acting as a kind of ionophore or charge carrier, depolarizing the
mitochondrial membrane. The study proposed that in L. donovani
the bisphosphonium compounds act through inhibition of the
respiratory complex II, succinate dehydrogenase (Luque-Ortega
et al.,, 2010).

While the available data certainly suggest that CD38 might be
able to inhibit succinate dehydrogenase in Leishmania, it seems
unlikely that this would be the mode of action for bisphosphonium
drugs in T. brucei. Since metabolic activities of BF mitochondria are
largely repressed with the exception of lipid metabolism (Guler
et al., 2008), ion homeostasis (Nolan and Voorheis, 1992), calcium
signalling (Huang et al., 2013; Vercesi et al., 1992), FeS cluster as-
sembly (Kovarova et al., 2014) and acetate production for de novo
lipid biosynthesis (Mazet et al., 2013), it is generally assumed that
succinate dehydrogenase complex is largely inactive and unim-
portant for these cells. Therefore, we decided to investigate how
bisphosphonium salts interact with the unique metabolism of BF
trypanosomes.

We found that adding CD38 and AHI-9, at concentrations close
to their trypanocidal ECsq values, into the T. brucei culture prevents
the initiation and replication of kDNA, reduces cellular ATP levels,
and depolarizes the mitochondrial membrane potential within a
few hours of treatment; this was immediately followed by
increased cytosolic Ca>* levels. All these phenotypic changes point
also to a mitochondrial target, although not necessarily to succinate
dehydrogenase. Succinate dehydrogenase does not directly
contribute to the membrane potential by pumping protons, as it
passes its electrons to ubiquinone. Moreover, we show that in BF it
is not essential, as RNAi knockdown presented no growth pheno-
type, and indeed succinate dehydrogenase is barely present as an
assembled complex in this life-cycle stage. Furthermore, the suc-
cinate dehydrogenase complex is also not essential for PF T. brucei
grown under high glucose conditions (this work and (Coustou et al.,
2008)) and does not contribute to the mitochondrial membrane
potential — yet, both of the tested drugs have a strong effect against
PF cells (ECsp values in single digit uM range) and decreased the
mitochondrial ¥m. We thus conclude that, in trypanosomes, in-
hibition of succinate dehydrogenase is not mode of action of the
bisphosphonium compounds.

Interestingly, the potent trypanocidal diamidine DB75 induces a
similar phenotype in BF cells, as its treatment collapses the mito-
chondrial ¥m and inhibits glucose-dependent cellular respiration,
apparently through inhibition of the hydrolytic function of FyF;
ATPase (Lanteri et al., 2008), which, in BF cells, employs its reverse
function in order to maintain the mitochondrial ¥m (Schnaufer
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Fig. 8. Activity of T. brucei purified F;-ATPase treated with CD38 (A) and AHI-9 (B). ATPase activity was measured as described in the legend to Fig. 6, in triplicate. Error bars depict

standard errors of mean.
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et al., 2005; Subrtova et al., 2015). These actions of DB75 certainly
overlap with those of the specific F,F; ATPase inhibitor oligomycin,
which decreases mitochondrial membrane potential, inhibits oxy-
gen consumption and reduces cellular ATP levels by 50% (Nolan and
Voorheis, 1992). We observed similarly reduced cellular ATP levels
upon treatment with the bisphosphonium compounds CD38 and
AHI-9. The observed reduction in ATP is consistent with inhibition
of the FoF; complex, which is followed by immediate mitochondrial
membrane depolarization, as in BF cells respiration through alter-
native oxidase is sensitive to ¥'m dissipation (Miller and Klein,
1980). The membrane depolarization in turn results in the loss of
the glycerol-3-phosphate shuttle and the subsequent redirection of
glycolysis to 1 molecule of glycerol and 1 molecular of pyruvate.
Thus, pyruvate production falls by 50% upon oligomycin treatment
(Nolan and Voorheis, 1992) and only 1 molecule of ATP is made
from 1 molecule of glucose. Similarly, we report an approximately
50% reduction in cellular ATP concentration upon treatment with
bisphosphonium drugs.

Moreover, our data strongly suggest that bisphosphonium salts
CD38 and AHI-9 inhibit the hydrolytic activity of the F,F; ATPase
in vitro. Inhibition assays, performed on mitochondrial lysates from
PF cells and on highly purified F{-ATPase, showed highly significant
inhibition of ATPase activity to similar levels as achieved with 1 mM
azide. AHI-9, particularly, inhibited the isolated F; ATPase almost
completely. Furthermore, a combination of azide plus CD38 or AHI-
9 did not result in additional inhibition of ATPase activity compared
to either drug separately, suggesting that no other mitochondrial
ATPases play a significant role in the observed phenotype.

Interestingly, all the biochemical analyses performed revealed a
greater sensitivity to AHI-9 than to CD38, which correlates nicely
with the almost 4-fold lower ECsg value for the former compound.
It should be noted that the in vitro assay, which measured ATPase
activity in lysates, required concentration of the compounds that
are considerably higher than the ECsg values, as the lipophilic
cations greatly concentrate in the mitochondrion (Murphy, 2008),
because Wm creates a negative charge in the matrix. This
assumption is completely consistent with our results from the ATP
production assay, which utilizes intact and charged mitochondria
from PF cells. In this assay, ATP production was inhibited by the
bisphosphonium compounds at the concentration similar to ECsg
values.

The reduction in cellular ATP levels may be the immediate cause
of the observed failure in initiating the S-phase of the cell cycle
(DNA synthesis). Trypanosomatid kDNA is a highly organized
structure composed of thousands of minicircles and tens of max-
icircles (Liu et al,, 2005). To ensure that daughter cells receive
completely identical KDNA networks, the replication process is
highly synchronized with nuclear replication followed by cell di-
vision (Jensen and Englund, 2012). KDNA replication relies on ATP
and hundreds of mitochondrial proteins (Beck et al., 2013), which
are imported to mitochondria via the ¥m-dependent TIM ma-
chinery (Williams et al., 2008). Thus it is plausible to speculate that
a lack of ATP and decrease of Wm will interfere with proper initi-
ation of KDNA replication and result in cell cycle arrest. Similar
results were observed upon RNAi knock-down of the ATP/ADP
carrier in PF T. brucei cells, in which reduced ATP levels led to failure
of the overall cell division machinery (Gnipova et al., 2015). In
contrast, a direct inhibition by bisphosphonium salts of kDNA
replication, segregation and maintenance as their primary mode of
action is far less likely, as (i) these compounds have a poor affinity
to DNA as shown previously (Dardonville et al., 2006) and in this
study, (ii) CD38 and AHI-9 cause a decrease in Wm in T. brucei cells
that lack mitochondrial DNA (Gould, Schnaufer and De Koning,
unpublished), and (iii) interference with kDNA replication, either
by RNAI or drug treatment, usually leads to complete loss of KkDNA

(Bruhn et al., 2011; Hiltensperger et al., 2012; Tyc et al., 2015).

In conclusion, our data strongly suggest that bisphosphonium
compounds CD38 and AHI-9 primarily act on trypanosomes
through inhibition of the F{-ATPase although additional mito-
chondrial targets cannot be excluded.
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Abstract

Mitochondrial metabolic remodeling is a hallmark of the Trypanosoma brucei digenetic life
cycle because the insect stage utilizes a cost-effective oxidative phosphorylation (OxPhos)
to generate ATP, while bloodstream cells switch to aerobic glycolysis. Due to difficulties in
acquiring enough parasites from the tsetse fly vector, the dynamics of the parasite’s meta-
bolic rewiring in the vector have remained obscure. Here, we took advantage of in vitro—
induced differentiation to follow changes at the RNA, protein, and metabolite levels. This
multi-omics and cell-based profiling showed an immediate redirection of electron flow from
the cytochrome-mediated pathway to an alternative oxidase (AOX), an increase in proline
consumption, elevated activity of complex Il, and certain tricarboxylic acid (TCA) cycle
enzymes, which led to mitochondrial membrane hyperpolarization and increased reactive
oxygen species (ROS) levels. Interestingly, these ROS molecules appear to act as signaling
molecules driving developmental progression because ectopic expression of catalase, a
ROS scavenger, halted the in vitro—induced differentiation. Our results provide insights into
the mechanisms of the parasite’s mitochondrial rewiring and reinforce the emerging concept
that mitochondria act as signaling organelles through release of ROS to drive cellular
differentiation.

Introduction

In most eukaryotic cells, energy metabolism is an interplay between two energy production
pathways to generate ATP: an efficient mitochondrial oxidative phosphorylation (OxPhos)
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and an ancient glycolytic pathway. A “textbook-like” aerobic eukaryotic cell relies mainly on
cost-effective OxPhos to fulfill cellular requirements for ATP. Exceptions apply to some rap-
idly proliferating cells, e.g., some cancer cells exploit high rates of fermentative glycolysis, irre-
spective of oxygen availability [1]. Oncogenic metabolic reprogramming from OxPhos to
glycolysis allows the malignant cell to fulfill a great demand for synthesis of nucleotides and
amino acids, the building blocks of DNA and proteins, respectively, to promote tumor growth
and progression [2]. Metabolic rewiring to aerobic glycolysis also drives the activation of mac-
rophages to a pro-inflammatory phenotype in response to infection. This phenotypic switch
involves suppressed OxPhos, disruption of the tricarboxylic acid (TCA) cycle, reactive oxygen
species (ROS) production, and accumulation of succinate [3]. The factors that underlie the
striking metabolic changes during the aforementioned cellular processes are not fully under-
stood. However, multiple lines of evidence implicate alterations in mitochondrial function
that lead to the release of signal molecules to drive cell differentiation. Prominent examples of
these signals are ROS and certain metabolic intermediates (e.g., succinate, citrate, and itaco-
nate) with the ability to affect gene expression at the global level via posttranslational mecha-
nisms [4-6]. This demonstrates how mitochondrial plasticity and metabolic remodeling are
crucial for cells to respond to various signals to acquire new functions.

A quintessential example of metabolic remodeling is represented by metabolic changes
underlying the life cycle of a digenetic mammalian parasite, Trypanosoma brucei [7]. This par-
asite of medical and veterinary importance needs to make crucial adaptations to new environ-
ments, including different temperatures and nutrients, as it alternates between an insect
vector, the tsetse fly, and a mammalian host [8]. Dictated by the availability of nutrients in the
midgut of the tsetse fly, the insect procyclic form (PCF) accumulates and metabolizes amino
acids, including proline and threonine, using an incomplete TCA cycle, which leads to the pro-
duction of different metabolic intermediates as well as ATP by substrate-level phosphorylation
[9,10]. The cells respire through a canonical cytochrome-containing electron transport chain
(ETC), which generates a mitochondrial membrane potential (Aym) that powers the F F-
ATP synthase [11,12]. The full activity of the parasite’s mitochondrion is reflected by its highly
branched, reticulated structure that intertwines the whole cell. Bloodstream form (BSF), by
contrast, inhabits glucose-rich blood of the mammalian host, and the majority of its ATP is
produced by a highly active glycolytic pathway, the redox balance of which is maintained by a
glycosomal glycerol-3-phosphate/dihydroxyacetone phosphate shuttle via mitochondrial flavin
adenine dinucleotide (FAD)-dependent glycerol-3-phosphate dehydrogenase and alternative
oxidase (AOX) [13,14]. In the absence of ETC complexes III and IV, the Aym is generated by
ATP hydrolysis through the F,F,-ATP synthase complex operating in its reverse mode [15,16].
Structurally, the BSF mitochondrion is a simple tubular organelle lacking recognizable invagi-
nations. Over the past 25 years, we have acquired extensive knowledge of PCF and BSF metab-
olism due to the availability of axenic cultures [17,18]. However, the molecular mechanisms
underlying the dramatic metabolic remodeling that occurs during differentiation, including
signals and signal transduction pathways, are elusive. This lack of knowledge is mainly due to
difficulties in characterizing parasites undergoing differentiation from one life cycle stage to
another in the tsetse fly [19].

Upon entry into a tsetse fly during a blood meal, the tsetse-primed (stumpy form) subpopu-
lation of the BSF trypanosomes responds to two major signals: lower temperature and the
presence of metabolites (e.g., cis-aconitate, citrate) to trigger differentiation to the PCF mor-
photype [20]. Once the PCF cells establish infection in the tsetse midgut, the parasites migrate
to the ectoperitrophic space by crossing the acellular peritrophic membrane and re-enter the
alimentary canal at the proventriculus as elongated trypomastigotes [21]. These cells differenti-
ate to short epimastigotes through an asymmetric division that produces one long and one
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short daughter. The short epimastigotes are believed to colonize salivary glands, where they
fully differentiate to attached epimastigotes. Early during infection, these attached morpho-
types divide symmetrically into identical progeny and colonize salivary glands. Later, the epi-
mastigote cells undergo asymmetric division, producing a daughter cell of the metacyclic type.
These cells are released to the lumen and are ready to be transmitted during the next blood
meal to establish infection in a new mammalian host [22-24]. Until recently, the tsetse mor-
photypes were not available in culture, restricting our knowledge about their metabolism and
signaling pathways underlying their complex developmental program.

The discovery that overexpression of a single RNA binding protein 6 (RBP6) induced dif-
ferentiation of PCF cells to epimastigotes and further to infective metacyclics [25,26] offered a
simplified route to dissect differentiation-related events. Using this system, we report here a
multi-omics and cell-based profiling to describe the metabolic alterations that accompany in
vitro-induced differentiation. We provide a series of publicly available multi-omics datasets
that will be of high relevance to the community interested in exciting aspects of Trypanosoma
biology and biological data integration. Moreover, our data show dynamic metabolic remodel-
ing of mitochondria from cytochrome-mediated respiration to AOX, followed by increased
Aym and ROS production to drive the developmental progression of T. brucei tsetse life cycle
stages.

Results
Establishment of RBP6°E cell line

For the study reported here, we took advantage of an in vitro differentiation system based on
the inducible expression of RBP6 in the T. brucei Lister 427 (29-13) strain [25]. As with pub-
lished data, we observed a time-dependent appearance of epimastigotes, and then metacyclic
cells (Fig 1A) in RBP6 overexpressing (RBP6°F) trypanosomes adapted to no-glucose medium
SDM-80 supplemented with N-acetyl glucosamine. The life cycle stages were determined by
means of the stage-specific morphology based on shape and cell size, as well as the relative
position of the kinetoplast to the nucleus. While the mitochondrial DNA called kinetoplast
(kDNA) in PCF is posterior to the nucleus, during epimastigote maturation, it migrates to the
opposite side of the nucleus, where it is found in its close proximity or at the anterior part of
the cell. The metacyclic trypomastigotes are typically smaller than PCF and epimastigotes, and
are characterized by the kinetoplast occupying the very end of the rounded posterior tip (Fig
1A). Furthermore, there are well-characterized differences at the level of the parasite surface
molecules. The procyclic trypomastigotes are covered with a glycoprotein coat composed
mainly of procyclins rich in Gly-Pro-Glu-Glu-Thr repeats (GPEET procyclin) and procyclins
rich in Glu-Pro repeats (EP procyclin) [27], whereas mature epimastigote forms have a coat
consisting of glycosylphosphatidyl inositol-anchored proteins, brucei alanine-rich proteins
(BARPs) [28].

After the RBP6 overexpression (RBP6°F), a cell was considered an epimastigote form if the
kDNA was found juxtanuclear or at the anterior end of the nucleus. We also measured the dis-
tance between the nucleus and kDNA for each time point and detected a significant shift
toward the nucleus at day 2 upon RBP6°F (Fig 1B). Immunofluorescence analysis showed that
at day 2, procyclic as well as epimastigote cells express procyclin on their surface (Fig 1C),
while later during development, RBP6°F cells expressed BARP (Fig 1D). A metacyclic cell was
defined by a smaller size, having the kinetoplast in close proximity to the plasma membrane,
and by uptake of fluorescein-labeled dextran due to metacyclic cells’ up-regulated endocytosis
[25] (Fig 1A). On day two after the RBP6 induction, the cell culture contained mainly epimas-
tigotes (procyclin positive), and metacyclics were first detected on day 4. By day six, the culture
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contained epimastigotes (mainly BARP positive) and the metacyclic form constituted approxi-
mately 50% of the total number of parasites (Fig 1E). On day 8, the culture comprised a mix-
ture of nondividing metacyclics and epimastigotes, which were being overgrown by an
emerging population of procyclin-positive procyclic-like cells. These cells may represent de-
differentiating cells or else a population of procyclic cells that did not respond to RBP6 overex-
pression. RBP6 overexpression was verified by western blot (Fig 1F).
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Time-course transcriptomes and proteomes of RBP6°F trypanosomes

To determine global changes to the transcriptome and proteome across the in vitro-induced
developmental progression of RBP6° cells, we applied RNA-Seq and label-free quantitative
proteomic analyses (Fig 2A).

RNA was extracted from cells induced for 0, 2, 3, 4, 6, and 8 days and processed using
polyA-enrichment for sequencing on an Illumina NextSeq 500 platform. Our analysis of the
transcriptomes is based on four biological replicates for each time point. The principal compo-
nent analysis (PCA) showed a clear difference between the uninduced cells at day 0 and the
later stages (S1 Fig). Furthermore, the transcriptomic analysis revealed significant (corrected P
value <0.05) differential expression for 3,439 transcripts/genes during the RBP6-induced
development (S1 Table). For example, at day 2 post-RBP6°F, 1,221 transcripts were up-regu-
lated and 1,588 transcripts were down-regulated when compared to the uninduced cells (Fig
2A), indicating a global change in transcript expression. First, we analyzed the expression pro-
file of well-known surface molecule markers for early and late PCF (GPEET and EP procyclins,
respectively) [29], mature epimastigotes (BARPs) [27], and infectious metacyclics, which
express metacyclic-like variable surface glycoproteins (mVSGs) [30]. The GPEET transcript
was highly down-regulated, while the procyclin EP transcripts and BARP transcripts were up-
regulated immediately at day 2 following RBP6 induction. As expected, high levels of metacyc-
lic specific mVSG transcripts were detected later during the differentiation process, namely at
days 6 and 8 (Fig 2B). The presence of mRNAs for the three types of surface molecules at days
6 and 8 after the RBP6°F confirms the mixture of various life cycle stages (Fig 1E).

To identify groups of genes that followed similar trends, we performed time-course expres-
sion profiling based on K-medoids clustering and selected four clusters based on optimum
average silhouette within the distance matrix (Fig 2C, S2 Table). Cluster 1 grouped genes being
slowly down-regulated after RBP6 induction. Gene Ontology (GO) term analysis of this cluster
indicated enrichment for genes involved in translation. This observation reflects the fact that
metacyclic trypanosomes are metabolically quiescent, arrested in G1/GO with repressed
mRNA translation [26]. Cluster 2 is characteristic of genes being steadily up-regulated during
developmental progression. Interestingly, GO annotation highlighted genes involved in signal
transduction, regulation, and protein modification. Cluster 3 comprises genes being immedi-
ately down-regulated over the time-course experiments and contains genes involved in the
regulation of gene expression, biosynthetic processes, and RNA processing. Cluster 4 shows
fast up-regulation upon RBP6 induction, and it includes genes involved in oxidoreduction
metabolic processes linked to the mitochondrion, such as transcripts for TCA cycle or proline
degradation enzymes (Fig 2D, S2 Table).

Because transcriptomic data are available for several time-points of RBP6°F cells grown in
the presence of glucose as well as for monomorphic populations of in vitro-differentiated
metacyclics [26,31], we compared our time-course data with these previously published data-
sets to benchmark developmental progression in our experiments. The RBP6°F time-course
transcriptomes have high correlation coefficients (0.99) (S2 Fig, S3 Table) and become increas-
ingly similar to metacyclic samples (S3 Fig).

For the proteomic analysis, we performed label-free quantitative mass spectrometry for the
same time points as for the transcriptomes. Each time point consists of quadruplicate samples,
measured with a 4-hour liquid chromatography (LC) gradient on a high-resolution mass spec-
trometer, and data were analyzed by MaxLFQ [32] (Fig 2A). We quantified 5,227 protein
groups with a minimum of 2 peptides (1 unique) and present in at least two out of four repli-
cates, covering differences in expression levels of three orders of magnitude (54 Fig, S4 Table).
PCA showed that replicates of the same time points clustered closely together, demonstrating
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Fig 2. RBP6°F differentiation transcriptome and proteome. (A) Scheme of the differentiation process and the experimental time points. The
RBP6-induced cells were harvested and analyzed by RNA-Seq and label-free quantitative mass spectrometry at different time points, as indicated. The
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table contains an overview of the number of differentially expressed transcripts and proteins. (B) Gene expression profile of transcripts encoding
surface glycoproteins GPEET (Tb927.6.510), BARP (Tb927.5.15530, Tb927.5.15550, Tb927.5.15560, Tb927.5.15600, Tb927.5.15590), and T. brucei 427
mVSG (Tb427_000106600.1, Tb427_000524500.1, Tb427_000173600.1, Tb427_000288600.1, Tb427_000304300.1, Tb427_000108300.1,
Tb427_000627000.1, Tb427_000615900.1). (C) Time-course expression profiling of transcriptomic data based on K-medoids clustering. (D) Gene
Ontology (GO) term analysis applied to all four transcriptomics clusters. Significant levels are depicted as follows **P < 0.01, ***P < 0.0001. (E)
Volcano plots showing a comparison of protein expression levels (5,227 protein groups) between day 0 and day 2 (left panel) or day 6 (right panel)
upon RBP6 induction. Log2 fold change values of averaged LFQ intensities from quadruplicate experiments are plotted against the respective
—log10-transformed P values. Significantly down-regulated proteins are depicted in blue, while significantly up-regulated proteins are depicted in red.
RBP6, AOX, and surface glycoproteins BARP (day 2) and metacyclic (m)VSGs (day 6) are highlighted. (F) Time-course expression profiling of
proteomic data based on K-medoids clustering. (G) GO term analysis of Clusters 1, 3, and 4 showing a significant enrichment. **P < 0.01,

***P < 0.001. Underlying data plotted in panel B are provided in S1 Data. AOX, alternative oxidase; BARP, brucei alanine-rich protein; EP, procyclin
rich in Glu-Pro repeats; GO, Gene Ontology; GPEET, procyclin rich in Gly-Pro-Glu-Glu-Thr repeats; k, kinetoplast; LC-MS/MS, liquid
chromatography tandem mass spectrometry; LFQ, label-free quantification; mVSG, metacyclic-like variable surface glycoprotein; n, nucleus; RBP6,
RNA binding protein 6.

https://doi.org/10.1371/journal.pbio.3000741.g002

minimal experimental variation (S5 Fig). In fact, the separation of the time course is more
clearly discernable at the proteome level than the transcriptome level (S1 Fig), indicating that
posttranscriptional processes prevail in the progression towards metacyclics. The changes at
the proteome level were relatively slow in emerging, because at day 2 only 31 proteins were sig-
nificantly down-regulated (log2 fold change <1, P value <0.025), while 70 proteins were sig-
nificantly up-regulated (log2 fold change >1, P value <0.025). Among these proteins, RBP6
was detected together with BARPs and AOX (Fig 2E left panel, S4 Table). At day six, 495 pro-
teins were differentially expressed, with mVSG glycoproteins being the most up-regulated
entities detected (Fig 2E right panel, S4 Table).

To assess proteome remodeling systematically, we performed K-medoids clustering of the
expression profiles across time and obtained six different clusters (Fig 2F), which were further
analyzed for GO annotation enrichments (Fig 2G, S5 Table). Cluster 1 includes proteins that
are being up-regulated during the developmental progression and, in agreement with the tran-
scriptomic cluster 4, which exhibits a similar trend, it contains enzymes involved in energy
metabolism in addition to proteins responsible for microtubule-based movement and vesicle-
mediated transport. Cluster 3 is characterized by proteins being steadily down-regulated and
contains mainly proteins involved in translation and translation initiation. Cluster 4 is
enriched for proteins involved in DNA replication, DNA binding, and oxidation-reduction
processes (S5 Table). Unfortunately, GO annotation analysis of clusters 2, 5, and 6 did not
reveal any statistically significant enrichment. Cluster 2 comprises of proteins, which are being
steadily up-regulated. Clusters 5 and 6 contain proteins with fluctuating expression (Fig 2F, S5
Table).

Proteomics suggest mitochondrial metabolic alterations in proline
oxidation pathway and TCA cycle over the T. brucei differentiation
pathway towards metacyclogenesis

The remodeling of the energy metabolic pathways is a hallmark of T. brucei life cycle develop-
ment. In the absence of glucose, PCF parasites metabolize proline in fully competent mito-
chondria, gluconeogenesis feeds the pentose phosphate pathway, and ATP is provided by
OxPhos. In contrast, BSF cells generate the majority of cellular ATP by glycolysis, have a rudi-
mentary mitochondrion, TCA cycle enzyme activities are barely detectable, and functional
cytochrome c-mediated ETC is absent. An alternative truncated ETC involving glycerol-
3-phosphate dehydrogenase and AOX sustains glycosomal redox balance, with oxygen being
the electron sink [7,14].

To gain insight into the proposed rewiring from OxPhos to aerobic glycolysis, we checked
the expression profile of glycolytic enzymes, subunits of respiratory chain complexes I, II, III,
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and IV, the F F;-ATP synthase, and TCA cycle enzymes over the induced differentiation path-
way (Fig 3, S6 Fig). Some of the complex I subunits displayed only a slight increase, while the
abundance of the F,F;-ATP synthase (complex V) subunits was largely unaffected (S6 Fig).
Complex IIT and IV subunits showed slow but progressive down-regulation (S6 Fig). This
detected trend would suggest that during the developmental progression, the cells maintain
PCF-like mitochondrial metabolism, with the exception of the BSF final oxidase AOX, the
expression of which was strongly elevated (Fig 3A) as cells progressed toward the bloodstream
infective metacyclic form. Interestingly, expression of all 15 subunits of complex II was
strongly up-regulated immediately at day two after RBP6 induction (Fig 3A). Because complex
IT is part of the TCA cycle, we examined other TCA cycle enzymes. Citrate synthase (CS), aco-
nitase, and mitochondrial isocitrate dehydrogenase (IDH) also showed strong up-regulation
(Fig 3A). Both proline transporters and mitochondrial dehydrogenases involved in proline
catabolism were up-regulated, suggesting an unexpected spike in proline consumption during
differentiation (Fig 3A). Interestingly, expression of the BSF-specific high-affinity proline
transporter (Tb927.8.7610) was steadily up-regulated during differentiation. The activity of
mitochondrial dehydrogenases is dependent on Ca®* ions, which are imported into the mito-
chondrion via a heterooligomeric mitochondrial calcium uniporter (MCU) [33,34]. Changes
in expression in three out of four known MCU subunits were among the most notable features
in our proteomic data, showing 6-fold up-regulation at day 6 following RBP6 induction (Fig
3A). Because the cells were grown in the absence of glucose, we assessed the expression profiles
of gluconeogenetic enzymes. Interestingly, the majority of these were down-regulated or not
affected except for sedoheptulose-1,7-bisphosphatase (SBPase) and fructose bisphosphatase
(FBPase), the expression of which was up-regulated. Other enzymes involved in glucose
metabolism were only mildly affected, including members of the pentose phosphate pathway.
Noteworthy, the expression of T. brucei hexose transporters THT1 and THT2 were differen-
tially altered. The PCF transporter, THT2, with low capacity and high affinity, showed a
moderate down-regulation, while the high-capacity BSF transporter, THT1, was up-regulated
later during the differentiation process, reaching >6-fold change at day 8 following RBP6
induction (Fig 3A), consistent with preadaptation for re-entry to the glucose-rich environment
of the mammalian bloodstream. To validate our MS proteomic results, we performed

western blot analysis for selected mitochondrial proteins with available antibodies and also
included whole-cell lysate from in vitro cultured BSF cells (Fig 3B). As expected, we detected
no significant changes in protein levels of the F,-ATPase subunit beta, the ATP/ADP carrier
(AACQ), the phosphate carrier (PiC), or mitochondrial heat shock protein 70 (mitochondrial
hsp70). We observed lower abundance of subunits of complexes IV and III, trCOIV, and
Rieske. As measured by proteomics, aconitase, pyruvate dehydrogenase, subunit I of complex
II (SDH66), succinyl-CoA synthetase (SCoAS; subunit beta), and AOX were up-regulated over
the time course of developmental progression. To summarize the acquired data, Fig 4 high-
lights changes in enzymatic pathways during the in vitro-induced metacyclogenesis and pro-
poses that the RBP6°F cells maintain their PCF-like mitochondrion, with the exception of
AOX expression, and remarkably up-regulate proline catabolism and some TCA cycle
enzymes.

Electrons entering the ETC are preferentially channeled to AOX as
trypanosomes progress towards metacyclogenesis
To probe the changes in mitochondrial bioenergetics induced by differential expression of key

bioenergetic enzymes, we first checked cellular respiration in live cells in medium without any
carbon sources. The resting respiration was unchanged in RBP6°F cells (Fig 5A). Adding
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potassium cyanide (KCN), an inhibitor of cytochrome ¢ oxidase, showed that this final oxidase
is responsible for approximately 80% of oxygen consumption in uninduced cells (Fig 5A, S7
Fig). The increased expression of AOX at day 2 following RBP6 induction caused preferential
redirection of the electrons from the canonical cytochrome c-mediated pathway to this
enzyme. The induced respiration by glycerol 3-phosphate, a substrate for glycerol-3-phosphate
dehydrogenase that passes electrons to ubiquinone, also showed preferential oxidation of ubi-
quinol by AOX during RBP6°F (Fig 5B). This rewiring of electron flow resulted in less ATP
being produced by OxPhos in digitonin-permeabilized cells in the presence of glycerol 3-phos-
phate as substrate (Fig 5C), likely because AOX is not linked to the generation of Aym while
electron transfer from ubiquinol to oxygen via complexes III and IV generates Aym.

To assess if the electrons are preferentially channeled to AOX or this rewiring is a conse-
quence of decreased levels of complexes III and IV, we performed blue-native electrophoresis
(BNE) followed by western blotting and activity staining, which is specific for the complexes in
question (Fig 6) [11]. At day 2 of RBP6°F, no drastic changes in abundance or activity of the
complexes III and IV were detected, suggesting that the reduced ubiquinol molecules are pref-
erentially oxidized by AOX, which competes effectively with the cIII/cIV pathway. Further-
more, the in-gel activity assay shows that both complexes III and IV are active throughout the
induced development. The western blot analysis of the same samples indicates that the assem-
bly of the complexes is visibly affected at day 6, most likely due to decreased expression of indi-
vidual subunits (S6 Fig). In agreement with proteomics data illustrating expression profiles of
individual subunits of complexes II (Fig 3A) and V (56 Fig), Fig 6 shows increased activity and
abundance of complex II, while complex V remains largely unaffected during the time course
of the experiment.
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Mitochondrial preparations were solubilized using dodecyl maltoside and the same amount of the protein samples was
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(right panels). ETC, electron transport chain; RBP6, RNA binding protein 6.
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RBP6 overexpression induces changes in mitochondrial metabolic
pathways that lead to increased mitochondrial membrane potential (Aym)

In our classical view of the PCF mitochondrion, Aym is maintained by the activity of com-
plexes III and IV [35,36]. Fig 7A shows that Aym measured in live cells by FACS is signifi-
cantly increased during the RBP6 induction (Fig 7A). However, in agreement with the
electron rewiring to AOX, the detected Aym was less sensitive to KCN treatment, suggesting
that complex IV contributes less to the overall Aym during in vitro-induced differentiation
(Fig 7B). Interestingly, in other eukaryotic systems, during sudden anoxia or induced complex
IV dysfunction, the Aym collapses rapidly and F,F,-ATP synthase maintains the Aym for a
short period by reversing its activity [37]. The F,F;-ATP synthase hydrolytic activity is regu-
lated by inhibitory peptide 1 (IF1) [38], which is expressed in PCF cells and prevents the rever-
sal of F F;-ATP synthase and thus ATP depletion upon complex IV inhibition [39]. Fig 7C
reveals that T. brucei IF1 (TbIF1) expression is down-regulated during the RBP6 overexpres-
sion. We therefore measured the ability of the mitochondrial proton pumps, complexes III
and IV, to generate the Aym. Utilizing safranine O dye, the RBP6° digitonin-permeabilized
cells were allowed to establish Aym in the presence of succinate as the only electron donor.
Upon the addition of KCN, the rate of mitochondrial membrane depolarization was a little bit
slower in RBP6°F-induced cells compared to uninduced, while a combined treatment of KCN
and oligomycin, an inhibitor of F,F;-ATP synthase, depolarized the mitochondrial mem-
branes at the same rate. These results suggest that decreased expression of TbIF1 allows the
reversal of F,F;-ATP synthase to partially maintain Aym upon inhibition of complex IV in
permeabilized cells (Fig 7D). But as the overall Aym measured in live cells was not sensitive to
oligomycin (Fig 7E), the contribution of F,F;-ATP synthase to the total Aym is most likely
negligible. In fact, the oligomycin treatment caused hyperpolarization of mitochondrial inner
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KCN, potassium cyanide; PCF, procyclic cell; RBP6, RNA binding protein 6; TbIF1, T. brucei inhibitory peptide 1;
TMRE, tetramethyl rhodamine ethyl ester.

https://doi.org/10.1371/journal.pbio.3000741.9007

membrane in uninduced as well as in RBP6°%-induced cells (Fig 7E), implying that F,F,-ATP
synthase functions in its forward mode allowing protons to re-enter the mitochondrial matrix
to synthesize ATP.

Because the total Aym is not sensitive to oligomycin and it is less sensitive to KCN, the
Aym during RBP6°F can be partially maintained by complex I, which contributes to Aym by
coupling NADH oxidation with reduction of ubiquinone [40]. The role of complex I in try-
panosome mitochondria remains enigmatic because functional studies are hampered by its
lack of sensitivity to rotenone, a typical inhibitor of the mitochondrial complex I [41]. Never-
theless, this complex is fully assembled and active, albeit not essential, in procyclic trypano-
somes [40]. Proteomics data suggest a significant increase in proline consumption, possibly
leading to high levels of reduced NADH and thus higher activity of complex I. This is con-
firmed by highly enhanced respiration of live cells in the presence of 5 mM proline simulating
the growth conditions immediately at day 2 upon RBP6 induction (Fig 8A). The measured
increase in oxygen consumption was fully salicylhydroxamic acid (SHAM)-sensitive, suggest-
ing that the majority of electrons is passed to oxygen via AOX (Fig 8A). Similarly, Fig 8B
shows an increased succinate-stimulated respiration in digitonin-permeabilized cells, most
likely because of elevated abundance and activity of complex II, the succinate dehydrogenase
(Fig 6). Interestingly in both cases, we did not observe a dramatic decrease in cytochrome c-
mediated respiration, suggesting that in the presence of a plentiful carbon source, the canoni-
cal pathway maintains its capacity during parasite differentiation. Indeed, in a digitonin-
extracted mitochondrial sample, succinate was able to stimulate ATP production via OxPhos
(Fig 8C). Because proline consumption is significantly increased during differentiation, one
would expect that the oxidation of o-ketoglutarate through the reactions of the TCA cycle will
lead to more ATP being produced by substrate phosphorylation pathways, which is integral to
the TCA cycle (Fig 4). This pathway uses SCoAS and it is induced by o--ketoglutarate in vitro
[42]. Interestingly, a-ketoglutarate did not significantly stimulate ATP production by substrate
phosphorylation during the RBP6-induced differentiation (Fig 8D). This observation opens a
possibility of o-ketoglutarate entering the reductive branch of the TCA cycle, leading to pro-
duction of citrate, a phenomenon described in human cells with OxPhos dysfunction [43] (Fig
4). Last but not least, the steady-state cellular levels of ATP were progressively decreased (Fig
8E), indicating a higher need for ATP and consistent with increased ADP/ATP ratio during
differentiation (Fig 8F).

Metabolomic profiling during RBP6°F differentiation

To get further insights into the metabolic changes induced by RBP6 overexpression, we under-
took a global metabolomics analysis for the RBP6°" cell line (S6 Table). In agreement with ear-
lier observations, the levels of proline, glutamate, and glutamine were decreased, confirming
that proline and glutamine consumption pathways are elevated by day 2 following RBP6
induction (Fig 9A). Possibly due to the high activity of mitochondrial dehydrogenases involved
in these pathways, the levels of NADH and thiamine, an essential cofactor for various mito-
chondrial dehydrogenases, were up-regulated. Accumulation of alanine, the ultimate end
product of proline metabolism was detected. Other intracellular amino acids were unchanged
or showed non-statistically significant changes with the exception of tyrosine, leucine/isoleu-
cine, and tryptophan (as well as its derivatives 5-hydroxy-L-tryptophan, indole, and quinoli-
nate), the levels of which were up-regulated (Fig 9A). Notably, a comparison of volcano plots
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Fig 8. Changes in cellular respiration and mitochondrial ATP production in RBP6°F cells. (A, B) Oxygen
consumption rates in the presence of 5 mM proline (A) or 5 mM succinate (B) in live or digitonin-permeabilized cells,
respectively. Respiration via AOX was monitored in the presence of KCN (0.5 mM). Individual values shown as dots
(means * SD, n = 3-5). ****P < 0.0001. (C, D) The in vitro ATP production by oxidative or substrate phosphorylation
(OXPHOS, SUBPHOS) measured in digitonin-extracted mitochondria from uninduced and RBP6-induced cells. The
phosphorylation pathways are triggered by the addition of ADP and by succinate (C) or o-ketoglutarate (a-KG, D).
Malonate (mal.) and KCN, specific inhibitors of succinate dehydrogenase and complex IV are used to inhibit ATP
production by OXPHOS. The levels of ATP production in mitochondria isolated from uninduced RBP6°F cells are
established as the reference and set to 100% (means * SD, n = 2-4). (E) Cellular ATP content in RBP6°F cells.

(means + SD, n = 6, ****P < 0.0001). (F) Relative ADP/ATP ratios of RBP6°F cells. The ADP/ATP ratio in uninduced
RBP6°F cells (between 1.75 and 6.01) is established as a reference and set to 1. In T. brucei, ADP/ATP ratio reaches
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unusually high levels, as also reported elsewhere [44]. The measured values are shown in S1 Data (means + SD,
n=6-10,"*P < 0.01). Underlying data plotted in panels A, B, C, D, E, and F are provided in S1 Data. AOX, alternative
oxidase; KCN, potassium cyanide; OXPHOS, oxidative phosphorylation; RBP6, RNA binding protein 6; SHAM,
salicylhydroxamic acid; SUBPHOS, substrate phosphorylation.

https://doi.org/10.1371/journal.pbio.3000741.g008

generated from data acquired on days 2 and 8 after RBP6 induction suggests an overall accu-
mulation of metabolites (Fig 9B). Gluconeogenesis-related intermediates were mainly
unchanged, with the exception of glyceraldehyde 3-phosphate, levels of which were down-reg-
ulated (Fig 9C). Nucleotide metabolism was altered with purine-based metabolites being
increased. Phosphorylated nucleotides were generally slightly down-regulated (Fig 9D).
Among the most striking alterations was an accumulation of several TCA cycle intermediates
including malate and citrate (Fig 9E). Interestingly, the molecules crucial for energy storage,
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Fig 9. Metabolomics profiling of RBP6°F cells. (A) Volcano plot showing the full metabolome (698 metabolites) analyzed at day 0 and day 2 upon RBP6 induction.
Log? fold change values of the average of mean peak area from quadruplicate experiments are plotted against the respective —log10 transformed P values. Few key
metabolites are highlighted. (B) Volcano plot showing the full metabolome analyzed at day 2 (gray) and 8 (blue) upon RBP6 induction compared to day 0. Log?2 fold
change values of the average of mean peak area from quadruplicate experiments are plotted against the respective —log10 transformed P values. (D, E, F) Heatmaps
showing log2 fold change of average of mean peak area of selected metabolites identified in induced samples compared to uninduced (day 0). The color key differs for
each map and is always located below the heatmap. Heatmaps were generated with GraphPad prism 8.2.0. RBP6, RNA binding protein 6; TCA, tricarboxylic acid.
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ATP and arginine phosphate, were progressively diminished (Fig 9F). While other changes in
metabolite levels across the trypanosome metabolome were detected, no clear trends showing
activation or repression of other specific metabolic pathways upon RBP6°" were noted. The
full metabolomics dataset can be found in S6 Table and all liquid chromatography-mass spec-
trometry (LC-MS) data files were deposited in MetaboLights (study identifier MTBLS1390). In
summary, the identified changes in the parasite metabolome are consistent with suggested
increased activities in mitochondrial dehydrogenases involved in proline consumption and
TCA cycle enzymes (Fig 3A and Fig 4).

Repurposing of the mitochondrion to a ROS-producing signaling organelle

Notably, the levels of glutathione were diminished while the levels of its oxidized product glu-
tathione disulfide were amplified 8-fold at day 8 following RBP6 overexpression (Fig 10A).
This was accompanied by a significant 2.2-fold decrease in the levels of the trypanosomatid-
specific thiol-based antioxidant ovothiol A at day 2 post expression, and levels were further
depleted throughout the time course (S6 Table). The levels of L-cystathionine were also found
to be decreased after day 4 following RBP6 overexpression (S6 Table). The latter is an interme-
diate in the biosynthesis of L-cysteine (not detected in a dataset), and it was reported that
enhanced activities of cysteine synthase and cystathionine -synthase possess a beneficial effect
on Leishmania braziliensis survival under oxidative stress [45]. The other trypanosomatid-spe-
cific derivative of glutathione, trypanothione, was not detected in its reduced form using the
LC-MS platform, but its oxidized form, trypanothione disulfide, was annotated in the dataset
and was not found to have significantly altered levels across the time course of RBP6°. The
increasing abundance of oxidized glutathione is suggestive of mild oxidative stress during
developmental progression. We therefore surveyed changes in the expression levels of proteins
involved in redox metabolism and, except for putative mitochondrial thioredoxin
(Tb927.7.5780), we did not detect any major changes (S8 Fig).

We then analyzed intramitochondrial and intracellular ROS levels (Fig 10B). Interestingly,
levels of mitochondrial ROS were elevated immediately after RBP6 induction, while overall
cellular ROS were up-regulated only at later time points. ROS molecules, when produced in
small concentration, are considered as signaling molecules with the ability to change cell fate
and drive cellular differentiation [6]. Excited by the idea that the metabolic repurposing of the
mitochondria during the developmental progression leads to the production of signaling mol-
ecules, we sought to investigate whether ROS elimination would halt the in vitro-induced dif-
ferentiation. We took advantage of the fact that T. brucei genome lacks catalase, a natural and
very potent scavenger of ROS molecules [46]. We introduced the catalase gene from a related
organism, Crithidia fasciculata, into the T. brucei genome under the control of a tetracycline-
inducible system. The tetracycline-induced expression and cytosolic localization of the catalase
in RBP6°" catalase transduced cells (RBP6°"_catalase) were verified by western blot analysis
(Fig 10C, inset), and activity was verified visually by a simple assay using live cells, which pro-
duced oxygen upon exposure to H,O, (S1 Video). An indicator of successful RBP6-induced
differentiation is a delay in growth in the first four days post induction, followed by entry into
a growth-arrested stationary phase (Fig 10C, red line). Importantly, cells expressing catalase
maintained continuous growth (Fig 10C, blue line), and the differentiation kinetics, scored by
cell morphology analyses, showed that while the RBP6°F_catalase cell line developed epimasti-
gote-like cells after two days, it completely failed to differentiate to metacyclic forms. The frac-
tion of epimastigote-like cells never reached the same proportion as in RBP6°F cells and was
eventually overtaken by proliferative procyclics (Fig 10D). Western blot analysis showed that
both cell lines expressed RBP6 protein to similar levels (Fig 10E). The major differences were
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Fig 10. Elevated ROS generated during the differentiation of T. brucei are crucial for driving forward RBP6-induced differentiation. (A) Metabolites glutathione
and glutathione disulfide as detected by LC-MS analyses. The size of the bars represents the total abundance of the metabolite (mean + SD, n =4, ***P < 0.001). (B)
Mitochondrial and cellular ROS detection reagents (MitoSox and H,DCFDA, respectively) were quantified by FACS (means + SD, n =5, ***P < 0.001,

%P < 0.0001). (C) Representative growth curves of RBP6°F and RBP6°"_catalase cells induced by tetracycline. Total number of experiments 7 = 5. The inset shows
subcellular localization of v5-tagged catalase in RBP6°%_catalase cells induced for 48 hours. Immunoblots were labeled with anti-v5, anti-adenosine phosphoribosyl
transferase (APRT), and anti-mt hsp70 antibodies to visualize catalase, cytosolic APRT, and mitochondrial localized hsp70, respectively. (D) Time line for the
appearance of epimastigotes and metacyclic cells upon induction of RBP6°F and RBP6°F _catalase. Total number of experiments n = 3. (E) Western blot analysis of
whole-cell lysates from RBP6°" and RBP6°"_catalase cells using available antibodies. (F) FACS analyses of RBP6°F and RBP6°"_catalase cells treated with 5 mM
bathophenanthroline disulphonic acid (BPS) and labeled with polyclonal anti-BARP and anti-procyclin antibodies. (G) The Aym of RBP6°%_catalase cells post
induction measured by flow cytometry using TMRE (means + SD, 1 = 4), *P < 0.05. (H) Mitochondrial ROS detection reagent MitoSox in RBP6° _catalase cells
quantified by FACS (means + SD, 1 = 5), *P < 0.05, ***P < 0.001. (I) Cellular ROS detection reagent H,DCFDA in RBP6°" _catalase cells quantified by FACS

(means * SD, n = 5). Underlying data plotted in panels A, B, C, D, F, G, H, and I are provided in S1 Data. AOX, alternative oxidase; APRT, adenine phosphoribosyl
transferase; BARP, brucei alanine-rich protein; CYT, cytosol; hsp70, heat shock protein 70; H,DCFDA, 2',7’-dichlorofluorescin diacetate; LC-MS, liquid
chromatography-mass spectrometry; ns, statistically not significant; ORG, organellar fraction; RBP6, RNA binding protein 6; ROS, reactive oxygen species; SCOAS,
succinyl Co-A synthetase; TMRE, tetramethyl rhodamine ethyl ester; WCL, whole-cell lysate.

https://doi.org/10.1371/journal.pbio.3000741.9010
seen in the expression of surface glycoproteins, GPEET and BARP. Overexpression of catalase

during the RBP6°F interfered with the programmed destabilization of GPEET, whose expres-
sion in vivo is controlled by the activity of mitochondrial enzymes [47]. BARP protein, a
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hallmark molecule for the surface of salivary gland epimastigotes, however, was not detected
in RBP6°" _catalase cells (Fig 10E). These results suggest that the expression of catalase blocks
the differentiation earlier than the transition from BARP-positive mature epimastigotes to
metacyclic forms. The steady expression of the procyclin-containing coat in RBP6°F_catalase
cells was confirmed by flow cytometry analysis (Fig 10F). The changes in the expression of
mitochondrial proteins were also detected, when RBP6%F_catalase cells are compared to
RBP6°E cells. In RBP6°E _catalase cells, in contrast to RBP6°F cells, the expression of trCOIV
and Rieske was not decreased and we did not detect changes in the expression of SCoAS and
aconitase (Fig 10E). Similarly to the RBP6°E cells, the Aym was elevated in the RBP6°E cata-
lase cells (Fig 10G), as was mitochondrial ROS production (Fig 10H). Cytosolic catalase, how-
ever, scavenged cytosolic ROS because no statistically significant increase in ROS measured by
2',7'-dichlorofluorescein (DCF) was detected (Fig 101).

In summary, our data suggest that RBP6 expression induces differentiation to epimastigote
cells, accompanied by significant changes in mitochondrial metabolism. These alterations lead
to increased production of ROS molecules, the levels of which seem to be important for effi-
cient differentiation towards metacyclogenesis. Our results provide insights into the mecha-
nisms of the parasite’s mitochondrial rewiring and reinforce the emerging concept that
mitochondria act as signaling organelles through the release of ROS to drive cellular
differentiation.

Discussion

Our knowledge of molecular mechanisms driving metabolic rewiring of the T. brucei mito-
chondrion from a fully competent organelle capable of OxPhos to its metabolically reduced
ATP-consuming version is limited. Until recently, investigations of the developmental pro-
gram inside of the tsetse [19] required fly infections and laborious dissections [48]. This void
has been partially overcome by introducing an in vitro differentiation system based on induced
overexpression of the RBP6 protein [25]. Compared to this study, we achieved faster differenti-
ation (higher levels of metacyclics at day 6 versus day 10) and higher efficacy (50% of metacyc-
lics versus 32%) by growing the RBP6°" cells in SDM-80 medium supplemented with a fetal
bovine serum (FBS), which contains proline, not glucose, as the energy source. To prevent
uptake of residual glucose molecules from the FBS, the RBP6°F cells were grown in the pres-
ence of N-acetyl glucosamine (a non-transported glucose analog that binds the transporter).
Because the efficacy of differentiation correlates with the expression of RBP6 [25], our results
suggest that the absence of glucose increases RBP6 expression in vitro, and possibly RBP6 gene
expression is controlled by environmental stimuli, as reported for other genes such as GPEET
[27]. Proline and glutamine are the major amino acids in the haemolymph of the tsetse fly. In
PCF mitochondria, proline is oxidized by several enzymatic reactions to o-ketoglutarate, a key
anaplerotic substrate of the TCA cycle, preceding further metabolism to succinate and alanine
[49]. Upon the RBP6 induction, we detected lower levels of proline and glutamate, which may
suggest a higher consumption rate, with a concomitant increase in expression of enzymes
involved in their catabolism and in the levels of the catabolic end product, alanine. Given that
alanine is the predominant building block of the parasite’s dynamic surface coat composed of
BARP, the parasite might be satisfying its higher need for this amino acid. Interestingly, low
alanine levels were detected in RNA interference-silenced A-pyrroline-5-carboxylate dehydro-
genase (TbP5CDH) cells, which were incompetent in the efficient establishment of infection
in the tsetse fly [50]. Higher activities of mitochondrial dehydrogenases together with the a-
ketoglutarate entry to the TCA cycle should boost mitochondrial ATP production to support a
higher need for cellular energy currency, which might be required for the energy-costly
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reorganization of the kinetoplast from the posterior to the anterior side and back during the
differentiation to epimastigotes and metacyclics [22]. In agreement with the proposed higher
energy demand, we measured decreased steady-state levels of cellular ATP and arginine-phos-
phate with increased levels of ADP/ATP ratio.

Enzymatic activities of all TCA cycle enzymes have been detected in PCF trypanosomes
[51], but direct experimental evidence revealed that the parasite does not use the full cycle but
rather its partial reactions [52]. The metabolite o-ketoglutarate can be metabolized via pyru-
vate to alanine or acetate or just partially oxidized to malate, which is then diverted to feed glu-
coneogenesis, a process essential for in vivo development in the tsetse fly [53]. Four canonical
TCA cycle enzymes, malate dehydrogenase, CS, aconitase, and IDH seem to have no metabolic
role in trypanosomes grown either in glucose or proline/threonine [54,55]. Strikingly, all of
these enzymes were strongly up-regulated during the RBP6 overexpression, with CS being the
most affected (increased in expression by 3.5 to 6.5 times during the differentiation). Another
remarkable observation was an up-regulation of a putative mitochondrial citrate transporter
(Tb927.9.4310; S8 Fig) and high levels of intracellular citrate. This intermediate TCA cycle
metabolite can be produced from either threonine-derived acetyl-CoA or by reductive carbox-
ylation of a-ketoglutarate involving a reversal of NADP-dependent IDH and aconitase. In
mammalian cells, the bifurcation of the TCA cycle to its reductive branch responds to a high
o-ketoglutarate/citrate ratio and is crucial for the provision of lipogenic citrate during hypoxia,
aglycemia, or when mitochondrial respiration is impaired. Citrate is then transported to the
cytosol, where it is converted to lipogenic acetyl-CoA by the action of cytosolic ATP-depen-
dent citrate lyase (ACL) [43,56]. T. brucei does not synthesize lipids from citrate-derived
acetyl-CoA; instead, the parasite uses mitochondrial acetate for further lipogenesis and choles-
terolgenesis [57]. Therefore, it is unlikely that citrate accumulation would yield a higher fatty
acid synthesis. Instead, citrate can be converted to isocitrate by action of cytosolic aconitase
[58] and further oxidized to a-ketoglutarate by glycosomal NAD/NADP-dependent IDH [59]
to maintain NAD(P)H redox balance. Reduced NADPH is also critical for oxidative stress
defense.

ROS (e.g., superoxide and H,0,) are important regulators of cellular homeostasis and play
an essential role in cellular stress signaling, cell survival, differentiation, proliferation, and
oncogenic transformation [5,6,60]. The ETC is thought to be the main source of mitochondrial
ROS in a process that can be triggered by increased respiratory rate, changes in Aym, and dys-
functional ETC complexes. ETC complexes [, II, and III contain sites wherein electrons can
prematurely reduce oxygen, resulting in the formation of superoxide, which can be further
converted to H,0, by superoxide dismutases (SODs). In RBP6°F cells, a significant increase in
mitochondrial ROS production coincides with elevated expression of AOX and with rechan-
neling of electrons entering ETC to this oxidase. This observation, interestingly, contradicts
the available literature on AOX expression in other systems. For example, the introduction of
Ciona intestinalis AOX into mammalian cells with severe mitochondrial dysfunction mini-
mized ROS production by bypassing complexes III and IV [61,62], re-activating the electron
flow and thereby maintaining redox homeostasis for TCA cycle activity [63].

As electrons are redirected away from complex III, during RBP6°, complex I is the promi-
nent candidate for the observed ROS production. Although the abundance of this complex
was not affected by RBP6 overexpression, its activity should be increased because of the ele-
vated levels of NADH-producing enzymes involved in proline oxidation. Complex I can pro-
duce ROS at the entrance flavin mononucleotide site in a manner dependent on the NAD"/
NADH ratio, independently of the coenzyme Q (CoQ) pool status [64], or by reverse electron
transfer (RET) driven by succinate oxidation, substantial Aym, and highly reduced CoQ pool
[65]. While during the in vitro-induced differentiation, we observed conditions that could
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support RET, without further studies defining the CoQ redox poise, the role of complex I in
ROS production during RBP6°* will remain elusive.

ROS molecules also play an important role in the differentiation of the T. brucei-related
parasite Leishmania [66]. Following infection of mammalian macrophages, Leishmania pro-
mastigotes differentiate to amastigotes. Intriguingly, ROS-generating drug menadione or
H,O0, alone triggered promastigote differentiation to fully infective amastigote [66]. Here, we
show that ROS molecules produced during the RBP6 overexpression are important for the
completion of the developmental program, as overexpression of cytosolic catalase hindered
the in vitro-induced differentiation. In vivo, catalase expression also impeded the ability of T.
brucei to establish infection in the midgut of the tsetse fly [67]. The ROS-induced signal trans-
duction pathway likely takes place in the cytosol, because only the cytosolic ROS levels were
decreased to the original values upon the catalase induction. H,0, molecules are prominent
candidates for ROS signaling as they are long-lived, membrane-permeable, and induce revers-
ible oxidation of thiols present in redox-sensitive proteins [68]. At the cellular level, in yeast,
mitochondrion-induced H,O, signal was shown to attenuate global protein synthesis by mod-
ulating the redox status of proteins involved in translation [69]. Intriguingly, translational
attenuation is a hallmark of T. brucei metacyclic cells, which are quiescent (arrested in G1/GO
phase [26]). Multiple kinases and phosphatases are also susceptible to cysteine oxidation, with
activity controlled by redox signals. ROS-induced activation of AMP-activated kinase alpha,
for example, is important in inducing quiescence in stumpy BSF trypanosomes [70], and inac-
tivation of T. brucei tyrosine phosphatase TbPTP1 is important for in vitro-induced differenti-
ation of the bloodstream stumpy forms to PCF [71].

In summary, we have provided a global transcriptomic, proteomic, and metabolomic study
of T. brucei cells undergoing an 8-day-long in vitro differentiation to metacyclic cells. Even
though RBP6°F is genetically induced and thus an artificial route to the differentiation of the
midgut PCF trypomastigote, our-omics and functional data constitute a unique set of
resources to facilitate further interrogation of intrinsic and extrinsic signaling pathways to
gain deeper insights into the differentiation processes underlying not only rewiring of mito-
chondrial metabolism and its consequences but also changes in gene expression of surface pro-
teins, KDNA repositioning, and mitochondrial cristae remodeling.

Material and methods
RNA preparation, RNA-Seq, read processing, and data analysis

Total RNA was isolated from T. brucei at different stages (1 x 10° cells/replicate) using the
miRNeasy Kit (Qiagen, Germany) according to the manufacturer’s protocol. An additional
DNasel digestion step was performed to ensure that the samples were not contaminated with
genomic DNA. RNA purity was assessed using the Agilent 2100 Bioanalyzer (Agilent Technol-
ogies, Santa Clara, CA). Next generation sequencing (NGS) library prep was performed with
TruSeq Strand-Specific mRNA Library Prep with PolyA-Selection following Illuminas stan-
dard protocol. Libraries were profiled using the High Sensitivity DNA Kit on a 2100 Bioanaly-
zer and quantified using the Qubit dsSDNA HS Assay Kit, in a Qubit 2.0 Fluorometer (Life
technologies). Libraries were sequenced on an Illumina NextSeq 500 in the Genomics Core
Facility at the Institute of Molecular Biology, Mainz, Germany. The RNA-Seq measurement
yielded on average 11.1 M single reads of 75 nt per sample. We assessed the quality of the
sequenced reads with fastqc [72] and dupRadar (https://doi.org/10.1186/s12859-016-1276-2).
Spliced-leader sequences (CAATATAGTACAGAAACTGTTCTAATAATAGCGTTAGTT)
were removed from the reads using cutadapt (https://doi.org/10.14806/€j.17.1.200) and then
mapped to the T. brucei 11 megabase chromosomes (TriTrypDB version 36) using STAR
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version 2.5.2b (https://doi.org/10.1093/bioinformatics/bts635), allowing up to 2 mismatches, a
minimum intron length of 21, and keeping only uniquely aligned reads (on average, 75.1% of
all reads). We then counted reads per gene using featureCounts (https://doi.org/10.1093/
bioinformatics/btt656) from the subread package version 1.5.1 with default parameters and
using the gene models provided by TriTrypDB version 36. For the differential expression
analysis, we used R version 3.4.3 (http://www.R-project.org/) and DESeq2 version 1.18.1
(https://doi.org/10.1186/s13059-014-0550-8) to normalize, transform, and model the data. The
counts were fitted to a Negative Binomial generalized linear model (GLM), and the Wald signif-
icance test was used to determine the differentially expressed genes between control and knock-
down samples. Finally, RPKM values were calculated per gene using the library size-normalized
FPM (robust counts per million mapped fragments) values from DESeq2. We applied automatic
independent filtering to avoid testing genes, which were poor candidates of being differentially
expressed (maximizes the number of adjusted P values less than alpha = 0.1). Differentially
expressed mRNAs were identified using a threshold of Benjamini-Hochberg-corrected P values
<0.05. GO enrichment analyses were performed using GO Term annotations TriTrypDB-
36_TbruceiLister427_GO.gaf from TriTrypDB version 36 and Fisher’s exact test. For the com-
parison to the transcriptome data of the previously published dataset of procyclic and metacyc-
lic forms of T. brucei [26,31], the respective RNA-Seq raw data files were downloaded from SRA
(Bioproject PRINA381952) and processed exactly as described above for our data.

Mass spectrometry sample preparation, MS measurement, and proteomics
data analysis

T. brucei at different stages (1 x 10° cells/replicate) were washed three times in 10 mL of phos-
phate-buffered saline (PBS) and lysed in 6% sodium dodecyl sulfate (SDS), 300 mM DTT, and
150 mM Tris-HCl (pH 6.8), 30% glycerol, and 0.02% Bromophenol Blue. Samples were loaded
on a NOVEX NuPage 4%-12% gradient gel (Thermo Fisher Scientific, Waltham, MA), run for
10 minutes at 180 V, and stained with Coommassie G250. Each lane was cut and the minced
gel pieces were transferred to an Eppendorf tube for destaining with 50% ethanol/50 mM ABC
buffer pH 8.0. The gel pieces were dried and subsequently reduced (10 mM DTT/50 mM ABC
buffer pH 8.0), alkylated (55 mM iodoacetamide/50 mM ABC buffer pH 8.0), and digested
with 1 pg trypsin overnight at 37°C. The tryptic peptides were eluted from the gel pieces with
pure acetonitrile and stored on a StageTip [73].

The proteomic measurement was performed on a Q Exactive Plus mass spectrometer
(Thermo Fisher Scientific, Waltham, MA) with an online-mounted C18-packed capillary col-
umn (New Objective, Woburn, MA) by eluting along a 225-minute gradient of 2% to 40% ace-
tonitrile using an EasyLC 1000 uHPLC system (Thermo Fisher Scientific, Waltham, MA). The
mass spectrometer was operated with a top10 data-dependent acquisition (DDA) mode.

Data analysis was performed in MaxQuant [74] version 1.5.2.8 using the tritrypDB-
43_Tbruceilister427_2018_AnnotatedProteins database (16,869 entries) and standard set-
tings, except activating the match between run feature and the label-free quantification (LFQ)
algorithm. Protein groups marked as contaminants, reverse entries, and only identified by site
were removed prior to bioinformatics analysis, as well as protein groups with less than 2 pep-
tides (minimum 1 unique). Additional information like gene names and descriptions were
extracted from the fasta header and attached to the individual protein groups. Additionally, we
identified the best ortholog to Tb927 by using the inparanoid algorithm [75]. Imputation of
missing values was performed using a beta distribution within 0.2 and 2.5 percentile of mea-
sured values for individual replicates separately. PCA plot was created using R package ggbi-
plot-0.55; the heatmap was produced by heatmap.2 command from gplots-3.0.1.1 package.
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Clustering was performed using the pamk function from fpc-2.2-1 package with “usepam”
deactivated and a “krange” between 5 and 9. The algorithm performs a partitioning around
medoids clustering of large datasets, with the optimal number of clusters estimated by opti-
mum average silhouette width. GO enrichment was performed using Fisher’s Exact Test, and
P values were corrected using the Benjamini-Hochberg method.

Trypanosome culture conditions and generation of cell lines

T. brucei PCF cells strains 29.13, transgenic for T7 RNA polymerase and the tetracycline
repressor [76], were grown in vitro at 27°C in SDM-80 medium containing hemin (7.5 mg/
mL) and 10% FBS. The pLew100v5 vector for RBP6 expression (a kind gift from Prof. Tschudi)
was linearized with NotI enzyme and transfected into the 29.13 cell line. RBP6°* cells were
adapted to grow in SDM-80 medium containing no glucose and further supplemented with 50
mM N-acetyl glucose-amine to block uptake of residual glucose molecules from 10% FBS. The
induction of ectopically expressed RBP6 protein was triggered by the addition of 10 pug/mL of
tetracycline into the medium. Cell densities were measured using the Z2 Cell Counter (Beck-
man Coulter, Brea, CA). Throughout the analyses, cells were maintained in the exponential
mid-log growth phase (between 2 x 10° and 1 x 107 cells/mL). The RBP6°" _catalase cell line
was generated using pT7v5 plasmid containing a C. fasciculata catalase ORF sequence (cCAT
TriTrypDB gene ID = CFAC1_250006200) [67]. The pT7v5_catalase plasmid was linearized
with NotI and transfected into RBP6°F cells. The activity of the catalase was detected using a
simple visual activity test. A total of 5 x 10” parasites were resuspended in 100 uL of PBS and
placed on a microscopic slide. A volume of 20 uL of 3% H,O, was added to the cells, mixed,
and the formation of oxygen (bubbles formation) was monitored by eye.

Isolation of mitochondrial vesicles, BNE, and high-resolution clear-native
PAGE

BNE of mitochondria lysed with dodecylmaltoside, followed by in-gel activity staining, was
adapted from published protocols [11]. Briefly, the mitochondrial vesicles from 5 x 10° cells
were isolated by hypotonic cell lysis, and mitochondria were resuspended in a buffer (750 mM
aminocaproic acid, 50 mM Bis-Tris, 0.5 mM EDTA pH 7.0, supplemented with the complete
EDTA-free protease inhibitor cocktail [Roche, Basel, Switzerland]) and lysed for one hour on
ice with 2% dodecylmaltosid. The samples were spun down at 16,000¢ for 30 minutes and the
cleared lysate protein concentrations were determined by a BCA assay. Mitochondrial lysate
(20 ug) was mixed with a loading dye (50 mM ACA, 0.5% [w/v] Coomassie Brilliant Blue G-
250). After electrophoresis (3 hours, 150 V, 4°C), the resolved mitochondrial lysates were
transferred onto a PVDF membrane and probed with selected antibodies, or the native gels
were directly used for in-gel activity staining of the respiratory complexes. Specific staining of
complex IIT was achieved by incubating the gel in complex IIT assay buffer (1 mg/mL of 3,3/
diaminobenzidine, 50 mM sodium phosphate pH 7.4, 75 mg/mL sucrose) by slow agitation
overnight. Complex IV staining was achieved using a reaction buffer (50 mM phosphate buffer
pH 7.4, 1 mg/mL 3,3'diaminobenzidine, 24 U/mL catalase, 1 mg/mL cytochrome ¢, 75 mg/mL
sucrose) overnight. Complex V was visualized using ATPase reaction buffer (35 mM Tris-HCI
pH 8.0, 270 mM glycine, 19 mM MgSOy,, 0.3% [w/v] Pb(NO3),, 11 mM ATP) for overnight
incubation by slow agitation. Mitochondrial samples for complex II detection were treated
with loading dye (0.1% Ponceau-S, 50% glycerol) and they were run on 3%-12% gradient
high-resolution clear-native gels (hrCNE). Specific staining was achieved by incubating the gel
in staining solution: 5 mM Tris HCI 7.4, 20 mM sodium succinate, 0.2 mM phenazine metha-
sulfate, and 2.5 mg/mL nitrotetrazolium blue chloride.
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SDS-PAGE and western blot

Protein samples were separated on SDS-PAGE, blotted onto a PVDF membrane (Thermo
Fisher Scientific, Waltham, MA), and probed with the appropriate monoclonal antibody
(mADb) or polyclonal antibody (pAb). This was followed by incubation with a secondary HRP-
conjugated anti-rabbit or anti-mouse antibody (1:2,000, BioRad). Proteins were visualized
using the Pierce ECL system on a ChemiDoc instrument ((BioRad, Hercules, CA)). The
PageRuler prestained protein standard (Fermentas, Vilnius, Lithuania) was used to determine
the size of the detected bands. Several antibodies (anti-Rieske, anti-trCOIV, anti-SCoAS, anti-
aconitase, and anti-NDUFA) were prepared for the purpose of this study. The open reading
frames of the respective genes without their predicted mitochondrial localization signal were
cloned into the E. coli expression plasmid, pSKB3. The proteins were overexpressed in BL21
Escherichia coli cells and purified under native or denatured conditions. Antigens were sent to
Davids Biotechnologie (Regensburg, Germany) for pAb production. Primary antibodies used
in this study were as follows: mAb anti-mitochondrial hsp70 (1:2,000) [77], pAb anti-RBP6
(1:5,000, a generous gift from Prof. Tschudi), pAb anti-BARP and GPEET (1:2,000, 1:1,000,
respectively, a generous gift from Prof. Roditi), mAb AOX (1:100) (a generous gift from Prof.
Chaudhuri), mAb41-PDH (1:100) [77], pAb anti-Rieske (1:1,000, commercially produced for
the purpose of this study), pAb trCoIV (1:1,000, commercially produced for the purpose of
this study), pAb anti-subunit beta, F;-ATPase (1:2,000) [78], pAb anti-SCoAS (1:1,000, com-
mercially produced for the purpose of this study), pAb anti-aconitase (1:2,000, commercially
produced for the purpose of this study), pAb anti-AAC (1:2,000) [79], anti-SDHI [80], pAb
anti-TbIF1 [39], pAb anti-PiC (1:500) [79], pAb anti-NDUFA (1:1,000, commercially pro-
duced for the purpose of this study).

Cellular ROS, mitochondrial ROS, and mitochondrial membrane potential
(Aym) measurements

The cellular and mitochondrial ROS levels were determined using the 2,7’ -dichlorofluorescein
diacetate (H,DCFHDA) and MitoSOX Red Mitochondrial Superoxide dyes (Thermo Fisher
Scientific Waltham, MA), respectively. Cells in the exponential growth phase were treated with
10 uM H,DCFHDA or with 5 uM MitoSOX for 30 minutes at 27°C. A total of 1 x 107 cells
were pelleted (1,300g, 10 minutes, RT), washed with 1 mL of PBS (pH 7.4), resuspended in 2
mL of PBS, and immediately analyzed by flow cytometry (BD FACS Canto II Instrument, BD
Biosciences, San Jose, CA). The Aym was determined using the red-fluorescent stain tetra-
methylrhodamine ethyl ester TMRE (Thermo Fisher Scientific Waltham, MA). Cells in the
exponential growth phase were stained with 60 nM of the dye for 30 minutes at 27°C. Cells
were pelleted (1,300g, 10 minutes, RT), resuspended in 2 mL of PBS (pH 7.4), and immediately
analyzed by flow cytometry (BD FACS Canto II Instrument). Treatment with the protono-
phore FCCP (20 uM) was used as a control for mitochondrial membrane depolarization. To
evaluate the effect of oligomycin and KCN on Aym, the cells were incubated with 2.5 ug/mL of
oligomycin or 0.5 mM of KCN in the presence of TMRE for 30 minutes at 27°C. For all sam-
ples, 10,000 events were collected. Data were evaluated using BD FACSDiva software (BD Bio-
sciences, San Jose, CA).

In situ Aym measurement

Estimation of the Aym in situ was performed spectrofluorometrically using the indicating dye
safranine O (Sigma-Aldrich, St. Louis, MO). T. brucei PCF cells (2 x 107 cells/mL) were resus-
pended in a reaction buffer containing the following: 200 mM sucrose, 10 mM HEPES-Na
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(pH 7.0), 2 mM succinate, 1 mM MgCl,, and 1 mM EGTA. The reaction was induced with dig-
itonin (40 pM), while NaCN (1 mM) and FCCP (5 uM) were injected at specific time points
throughout the assay. Changes in the amount of fluorescence over time were detected on an
Infinite M200 microplate reader (TECAN) (excitation = 496 nm; emission = 586 nm). Values
were normalized according to the following equation: normalized (E;) = E; - Eiyin/Emax — Emin
(Emin — the minimum value for variable E, E,,, — the maximum value for variable E).

Measurement of oxygen consumption

The oxygen consumption rate was assessed at 27°C using 2 x 107 cells per Oroboros O2K oxy-
graph chamber. The endogenous respiration of cells, as well as the substrate-induced respira-
tion, were measured in MiR05 medium (Oroboros, Innsbruck, Austria). The following
respiratory substrates were used: 10 mM succinate, 5 mM proline, or 10 mM glycerol-3-phos-
phate. The SHAM-sensitive respiration was determined by injecting 250 uM SHAM, while the
KCN sensitive respiration was assessed with 1 mM KCN. If needed, the cells were permeabi-
lized with 4 ug of digitonin (Sigma-Aldrich, St. Louis, MO).

ATP production assay

ATP production was measured as described [42]. Briefly, crude mitochondrial fractions from
the RBP6°F cells were obtained by digitonin extraction. ATP production in these samples was
induced by the addition of 5 mM of indicated substrates (succinate, a-ketoglutarate, and glyc-
erol 3-phosphate) and 67 uM ADP. The mitochondrial preparations were preincubated for 10
minutes on ice with the inhibitor malonate (6.7 mM) or KCN (1 mM). The concentration of
ATP was determined by a luminometer (Orion II; Berthold Detection Systems, Pforzheim,
Germany) using the ATP Bioluminescence assay kit CLS II (Roche Applied Science, Basel,
Switzerland).

Cell morphology and immunofluorescence assay

For the immunofluorescence assay, the cells were first treated with 5 mM bathophenanthroline
disulphonic acid (BPS), a metalloprotease inhibitor, to stabilize the surface proteins 24 hours
prior harvesting [28]. Then, cells were harvested and fixed in 3.7% formaldehyde/PBS for 10
minutes at room temperature. The cell suspension was applied to the polylysine-coated cover-
slip (Sigma-Aldrich, St. Louis, MO). Then, the coverslips were incubated with primary pAb
anti-procyclin (1:400) and anti-BARP (1:400) followed by incubation with Alexa Fluor 488-
conjugated goat anti-rabbit secondary antibody. To detect metacyclic cells, the RBP6-induced
cells (5 x 10°) were resuspended in 80 pL media and supplemented with 20 uL of Dextran,
Alexa Fluor 568; 10,000 Mw (Thermo Fisher Scientific Waltham, MA). After 1 hour, the cells
were fixed by formaldehyde, applied to the polylysine-coated coverslip. The coverslips were
then mounted on a glass slide with ProLong Gold Antifade Mountant (Thermo Fisher Scien-
tific Waltham, MA). Images were taken with the fluorescent microscope (Axioplan 2 imaging
Universal microscope, Zeiss, Oberkochen, Germany) with a CCD camera (Olympus DP73).
To determine cells by their morphology, 100 cells were counted and assigned to a certain cell
type based on their size, shape, position of the kinetoplast relative to the nucleus, and position
of the kinetoplast relative to the posterior end of the cell (SI Data).

Flow cytometry analysis

The 2 x 107 cells were treated with 5 mM BPS, harvested (1,500¢, 10 minutes, RT), and resus-
pended in 200 uL of 1x PBS pH 7.4. The cells were fixed by the addition of 7.4% formaldehyde
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in 1x PBS pH 7.4 for 15 minutes at RT. Subsequently, the cells were washed 3 times in 1x PBS,
labeled with polyclonal rabbit anti-BARP (1:400) and anti-procyclin (1:400) in 1% BSA for 1
hour at RT, followed by staining with Alexa Fluor 488-conjugated goat a-rabbit (1:400) anti-
body in 1% BSA. Samples were then washed, resuspended in 1 mL of 1x PBS pH 7.4 and ana-
lyzed by flow cytometry. Data were evaluated using BD FACSDiva software.

LC-MS metabolomic analysis

For the LC-MS metabolomic analysis, the sample extraction was performed as described previ-
ously [81,82]. Briefly, 5 x 107 cells were used for each sample. Cells were rapidly cooled in a
dry ice/ethanol bath to 4°C, centrifuged at 1,300g, 4°C for 10 minutes, washed with 1x PBS,
and resuspended in extraction solvent (chloroform:methanol:water, 1:3:1 volume ratio). Fol-
lowing shaking for 1 hour at 4°C, samples were centrifuged at 16,000¢ at 4°C for 10 minutes,
and the supernatant was collected and stored at —80°C. The analysis was performed using sep-
aration on 150 x 4.6 mm ZIC-pHILIC (Merck, Kenilworth, NJ) on Dionex UltiMate 3000
RSLC (Thermo Fisher Scientific Waltham, MA) followed by mass detection on an Orbitrap
Fusion mass spectrometer (Thermo Fisher Scientific Waltham, MA) at Glasgow Polyomics.

Statistical analysis

The number of replicates, controls, and statistical tests are in accordance with published stud-
ies employing comparable techniques and are generally accepted in the field. Statistical differ-
ences were analyzed with Prism software (version 8.2.1, GraphPad software). Comparisons of
two groups were calculated with two-tailed paired t test. A P value of less than 0.05 was consid-
ered statistically significant. Quantitative mass spectrometry experiments were performed in
four biological replicates.

Supporting information

S1 Fig. PCA shows high reproducibility of replicates and consecutive progression of
RBP6°E-induced differentiation that can be described by the first two components, PC1
and PC2. PCA, principal component analysis; RBP6, RNA binding protein 6.

(TIF)

$2 Fig. RBP6°F transcriptomes highly correlate with the published time course of RBP6
induction [31]. The genes with fold change larger than 2 or smaller than 0.5 (with Benjamini-
Hochberg-corrected P values smaller than 0.05) are highlighted in red. RBP6, RNA binding
protein 6.

(PDF)

$3 Fig. RBP6°F transcriptomes become increasingly more similar to pure metacyclics [26].
The Pearson correlation values reflect the similarity of the transcriptomes of the respective
time points to the two trypomastigote types—procyclic and metacyclic forms. RBP6, RNA
binding protein 6.

(PNG)

$4 Fig. Differentiation proteomics. The heatmap encompassing 5,227 z-scored LFQ quanti-
fied protein groups illustrates significant proteome remodeling during RBP6-induced differen-
tiation. LFQ, label-free quantification; RBP6, RNA binding protein 6.

(PDF)
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S5 Fig. Differentiation proteomics. PCA of the proteomic samples shows the reproducibility
of replicates. PCA, principal component analysis.
(PDF)

S6 Fig. Heatmap showing log2 fold change of average LFQ intensities of all complex I, III,
IV, and V subunits identified in RBP6-induced samples compared to uninduced (day 0).
The color key differs for each map and is always located below the heatmap. LFQ, label-free
quantification; RBP6, RNA binding protein 6.

(JPG)

$7 Fig. Oxygen consumption rates in live RBP6°F cells in the absence of substrate. The
black lines show a decreasing concentration of oxygen in the buffer (left y-axis), while the red
line shows O, flux per cell (right y-axis). Inhibition of AOX-mediated respiration was induced
by addition of SHAM. The addition of KCN inhibited respiration via complex IV. AOX, alter-
native oxidase; KCN, potassium cyanide; RBP6, RNA binding protein 6; SHAM, salicylhy-
droxamic acid.

(PDF)

S8 Fig. Heatmap showing log2 fold change of average LFQ intensities of selected proteins
involved in redox metabolism and mitochondrial carrier proteins identified in RBP6-in-
duced samples compared to uninduced (day 0). The color key differs for each map and is
located below the heatmap. LFQ, label-free quantification; RBP6, RNA binding protein 6.
(PDF)

S1 Table. RNA-Seq results for RBP6°" cells undergoing differentiation. Sheet 1 contains
gene IDs for T. brucei strain 427 (https://tritrypdb.org/tritrypdb/), their respective best ortho-
logs from T. brucei strain 927, and RPKM values for each sample. The experiment was per-
formed in quadruplicates for time points 0, 2, 3, 4, 6, and 8 days upon RBP6 induction.
Analyses using R version 3.4.3 and DESeq?2 version 1.18.1 were used to identify differentially
expressed mRNAs, which were identified using a threshold of Benjamini-Hochberg-corrected
P values <0.05. RBP6, RNA binding protein 6; RPKM, reads per kilobase of transcript, per
million mapped reads.

(XLSX)

S2 Table. Cluster assignment—transcriptomics. Gene IDs belonging to four different clus-
ters from time-course expression profiling based on K-medoids. GO enrichment analyses per-
formed using GO Term annotations TriTrypDB-36_TbruceiLister427_GO.gaf from
TriTrypDB version 36 and Fisher’s exact test. GO, Gene Ontology.

(XLSX)

$3 Table. Comparison of RNA-Seq data of RBP6°F cells (time points 0, 2, 3, 4, and 6 days)
with the time course of RBP6 induction published in [31]. Sheets contains gene IDs for T.
brucei strain 427 (https://tritrypdb.org/tritrypdb/), their respective best orthologs from T. bru-
cei strain 927, log2 fold change, Benjamini-Hochberg-corrected P values, and RPKM values
for each sample. RBP6, RNA binding protein 6; RPKM, reads per kilobase of transcript, per
million mapped reads.

(XLSX)

$4 Table. Proteomic analysis of RBP6°F cells undergoing differentiation. Sheet 1 contains
Tb427 and Tb927 gene IDs and descriptions for 5,227 protein groups identified by a minimum
of 2 peptides (1 unique) and present in at least two out of four replicates. Other sheets contain
protein groups differentially expressed (log2 fold change <1, log2 fold change >1). RBP6,
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RNA binding protein 6.
(XLSX)

S§5 Table. Cluster assignment—proteomics. Gene IDs belonging to six different clusters from
time-course expression profiling based on K-medoids. GO enrichment analyses performed
using GO Term annotations TriTrypDB-36_TbruceiLister427_GO.gaf from TriTrypDB ver-
sion 36 and Fisher’s exact test. GO, Gene Ontology.

(XLSX)

$6 Table. Metabolomic analysis of RBP6°F cells undergoing differentiation. LC-MS meta-
bolomic data. LC-MS, liquid chromatography-mass spectrometry; RBP6, RNA binding pro-
tein 6.

(XLSX)

$1 Video. In vivo measurements of the catalase activity. The activity of the catalase was
detected using a simple visual activity test. A total of 5 x 10” parasites were resuspended in

100 pL of PBS and placed on a microscopic slide. A total of 20 uL of 3% H,0O, was added to the
cells, mixed, and the formation of oxygen (bubbles formation) was monitored visually. PBS,
phosphate-buffered saline.

(MP4)

S1 Data. All experimental data used to generate graphs of this manuscript.
(XLSX)

S1 Raw Images. Original images supporting blot results reported in Figs 1, 3, 6, 7 and 10.
(PDF)

Acknowledgments

We thank Martina Slapni¢kova, Jasmin Cartano, and Anja Freiwald for technical assistance.

Author Contributions
Conceptualization: Eva Dolezelova, Brian Panicucci, Christian J. Janzen, Alena Zikova.

Data curation: Eva Dolezelova, Michaela Kunzova, Mario Dejung, Michal Levin, Brian Pani-
cucci, Clément Regnault, Christian J. Janzen, Michael P. Barrett, Falk Butter, Alena Zikova.

Formal analysis: Mario Dejung, Michal Levin, Clément Regnault, Christian J. Janzen, Michael
P. Barrett, Falk Butter, Alena Zikova.

Funding acquisition: Michael P. Barrett, Falk Butter, Alena Zikova.
Investigation: Eva Dolezelovd, Michaela Kunzovd, Brian Panicucci.
Resources: Michael P. Barrett, Falk Butter, Alena Zikova.
Supervision: Alena Zikova.

Validation: Eva Dolezelova, Alena Zikova.

Visualization: Alena Zikova.

Writing - original draft: Mario Dejung, Michal Levin, Michael P. Barrett, Falk Butter, Alena
Zikova.

Writing - review & editing: Mario Dejung, Michael P. Barrett, Falk Butter, Alena Zikova.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000741  June 10, 2020 28/33


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000741.s013
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000741.s014
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000741.s015
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000741.s016
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000741.s017
https://doi.org/10.1371/journal.pbio.3000741

PLOS BIOLOGY

Trypanosoma differentiation

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

Zheng J. Energy metabolism of cancer: Glycolysis versus oxidative phosphorylation (Review). Oncol-
ogy letters. 2012; 4(6):1151—7. Epub 2012/12/12. https://doi.org/10.3892/01.2012.928 PMID:
23226794; PubMed Central PMCID: PMC3506713.

Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg effect: the metabolic
requirements of cell proliferation. Science. 2009; 324(5930):1029-33. Epub 2009/05/23. https://doi.org/
10.1126/science.1160809 PMID: 19460998; PubMed Central PMCID: PMC2849637.

Mills EL, Kelly B, Logan A, Costa ASH, Varma M, Bryant CE, et al. Succinate Dehydrogenase Supports
Metabolic Repurposing of Mitochondria to Drive Inflammatory Macrophages. Cell. 2016; 167(2):457—-70
e13. Epub 2016/09/27. https://doi.org/10.1016/j.cell.2016.08.064 PMID: 27667687; PubMed Central
PMCID: PMC5863951.

Murphy MP, O’'Neill LAJ. Krebs Cycle Reimagined: The Emerging Roles of Succinate and ltaconate as
Signal Transducers. Cell. 2018; 174(4):780—4. Epub 2018/08/11. https://doi.org/10.1016/j.cell.2018.07.
030 PMID: 30096309.

Tretter L, Patocs A, Chinopoulos C. Succinate, an intermediate in metabolism, signal transduction,
ROS, hypoxia, and tumorigenesis. Biochim Biophys Acta. 2016; 1857(8):1086—-101. Epub 2016/03/15.
https://doi.org/10.1016/j.bbabio.2016.03.012 PMID: 26971832.

Hamanaka RB, Chandel NS. Mitochondrial reactive oxygen species regulate cellular signaling and dic-
tate biological outcomes. Trends Biochem Sci. 2010; 35(9):505—13. Epub 2010/05/01. https://doi.org/
10.1016/j.tibs.2010.04.002 PMID: 20430626; PubMed Central PMCID: PMC2933303.

Smith TK, Bringaud F, Nolan DP, Figueiredo LM. Metabolic reprogramming during the Trypanosoma
brucei life cycle. F1000Research. 2017; 6. Epub 2017/06/20. https://doi.org/10.12688/f1000research.
10342.2 PMID: 28620452; PubMed Central PMCID: PMC5461901.

Roditi I, Schumann G, Naguleswaran A. Environmental sensing by African trypanosomes. Curr Opin
Microbiol. 2016; 32:26—30. Epub 2016/05/01. https://doi.org/10.1016/j.mib.2016.04.011 PMID:
27131101.

Bochud-Allemann N, Schneider A. Mitochondrial substrate level phosphorylation is essential for growth
of procyclic Trypanosoma brucei. J Biol Chem. 2002; 277(36):32849-54. Epub 2002/07/04. https://doi.
org/10.1074/jbc.M205776200 [pii]. PMID: 12095995.

van Hellemond JJ, Opperdoes FR, Tielens AG. The extraordinary mitochondrion and unusual citric acid
cycle in Trypanosoma brucei. Biochem Soc Trans. 2005; 33(Pt 5):967—71. Epub 2005/10/26. https://
doi.org/10.1042/BST20050967 PMID: 16246022.

Acestor N, Zikova A, Dalley RA, Anupama A, Panigrahi AK, Stuart KD. Trypanosoma brucei mitochon-
drial respiratome: composition and organization in procyclic form. Mol Cell Proteomics. 2011; 10(9):
M110 006908. Epub 2011/05/26. M110.006908 [pii] https://doi.org/10.1074/mcp.M110.006908 PMID:
21610103; PubMed Central PMCID: PMC3186196.

Zikova A, Schnaufer A, Dalley RA, Panigrahi AK, Stuart KD. The F(0)F(1)-ATP synthase complex con-
tains novel subunits and is essential for procyclic Trypanosoma brucei. PLoS Pathog. 2009; 5(5):
€1000436. Epub 2009/05/14. https://doi.org/10.1371/journal.ppat. 1000436 PMID: 19436713; PubMed
Central PMCID: PMC2674945.

Guerra DG, Decottignies A, Bakker BM, Michels PA. The mitochondrial FAD-dependent glycerol-3-
phosphate dehydrogenase of Trypanosomatidae and the glycosomal redox balance of insect stages of
Trypanosoma brucei and Leishmania spp. Mol Biochem Parasitol. 2006; 149(2):155-69. Epub 2006/
06/30. https://doi.org/10.1016/j.molbiopara.2006.05.006 PMID: 16806528.

Zikova A, Verner Z, Nenarokova A, Michels PAM, Lukes J. A paradigm shift: The mitoproteomes of pro-
cyclic and bloodstream Trypanosoma brucei are comparably complex. PLoS Pathog. 2017; 13(12):
e1006679. Epub 2017/12/22. https://doi.org/10.1371/journal.ppat. 1006679 PMID: 29267392; PubMed
Central PMCID: PMC5739487.

Schnaufer A, Clark-Walker GD, Steinberg AG, Stuart K. The F1-ATP synthase complex in bloodstream
stage trypanosomes has an unusual and essential function. EMBO J. 2005; 24(23):4029—-40. Epub
2005/11/05. 7600862 [pii] https://doi.org/10.1038/sj.emboj.7600862 PMID: 16270030; PubMed Central
PMCID: PMC1356303.

Subrtova K, Panicucci B, Zikova A. ATPaseTb2, a Uniqgue Membrane-bound FoF1-ATPase Compo-
nent, Is Essential in Bloodstream and Dyskinetoplastic Trypanosomes. PLoS Pathog. 2015; 11(2):
e1004660. Epub 2015/02/26. https://doi.org/10.1371/journal.ppat. 1004660 PMID: 25714685.

Matthews KR. 25 years of African trypanosome research: From description to molecular dissection and
new drug discovery. Mol Biochem Parasitol. 2015; 200(1-2):30—40. Epub 2015/03/05. https://doi.org/
10.1016/j.molbiopara.2015.01.006 PMID: 25736427; PubMed Central PMCID: PMC4509711.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000741  June 10, 2020 29/33


https://doi.org/10.3892/ol.2012.928
http://www.ncbi.nlm.nih.gov/pubmed/23226794
https://doi.org/10.1126/science.1160809
https://doi.org/10.1126/science.1160809
http://www.ncbi.nlm.nih.gov/pubmed/19460998
https://doi.org/10.1016/j.cell.2016.08.064
http://www.ncbi.nlm.nih.gov/pubmed/27667687
https://doi.org/10.1016/j.cell.2018.07.030
https://doi.org/10.1016/j.cell.2018.07.030
http://www.ncbi.nlm.nih.gov/pubmed/30096309
https://doi.org/10.1016/j.bbabio.2016.03.012
http://www.ncbi.nlm.nih.gov/pubmed/26971832
https://doi.org/10.1016/j.tibs.2010.04.002
https://doi.org/10.1016/j.tibs.2010.04.002
http://www.ncbi.nlm.nih.gov/pubmed/20430626
https://doi.org/10.12688/f1000research.10342.2
https://doi.org/10.12688/f1000research.10342.2
http://www.ncbi.nlm.nih.gov/pubmed/28620452
https://doi.org/10.1016/j.mib.2016.04.011
http://www.ncbi.nlm.nih.gov/pubmed/27131101
https://doi.org/10.1074/jbc.M205776200
https://doi.org/10.1074/jbc.M205776200
http://www.ncbi.nlm.nih.gov/pubmed/12095995
https://doi.org/10.1042/BST20050967
https://doi.org/10.1042/BST20050967
http://www.ncbi.nlm.nih.gov/pubmed/16246022
https://doi.org/10.1074/mcp.M110.006908
http://www.ncbi.nlm.nih.gov/pubmed/21610103
https://doi.org/10.1371/journal.ppat.1000436
http://www.ncbi.nlm.nih.gov/pubmed/19436713
https://doi.org/10.1016/j.molbiopara.2006.05.006
http://www.ncbi.nlm.nih.gov/pubmed/16806528
https://doi.org/10.1371/journal.ppat.1006679
http://www.ncbi.nlm.nih.gov/pubmed/29267392
https://doi.org/10.1038/sj.emboj.7600862
http://www.ncbi.nlm.nih.gov/pubmed/16270030
https://doi.org/10.1371/journal.ppat.1004660
http://www.ncbi.nlm.nih.gov/pubmed/25714685
https://doi.org/10.1016/j.molbiopara.2015.01.006
https://doi.org/10.1016/j.molbiopara.2015.01.006
http://www.ncbi.nlm.nih.gov/pubmed/25736427
https://doi.org/10.1371/journal.pbio.3000741

PLOS BIOLOGY

Trypanosoma differentiation

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Naguleswaran A, Doiron N, Roditi I. RNA-Seq analysis validates the use of culture-derived Trypano-
soma brucei and provides new markers for mammalian and insect life-cycle stages. BMC Genomics.
2018; 19(1):227. Epub 2018/04/03. https://doi.org/10.1186/s12864-018-4600-6 PMID: 29606092;
PubMed Central PMCID: PMC5879877.

Sharma R, Gluenz E, Peacock L, Gibson W, Gull K, Carrington M. The heart of darkness: growth and
form of Trypanosoma brucei in the tsetse fly. Trends Parasitol. 2009; 25(11):517—24. Epub 2009/09/15.
https://doi.org/10.1016/j.pt.2009.08.001 PMID: 19747880; PubMed Central PMCID: PMC3770903.

Dean S, Marchetti R, Kirk K, Matthews KR. A surface transporter family conveys the trypanosome dif-
ferentiation signal. Nature. 2009; 459(7244):213-7. Epub 2009/05/16. https://doi.org/10.1038/
nature07997 PMID: 19444208; PubMed Central PMCID: PMC2685892.

Rose C, Casas-Sanchez A, Dyer NA, Solorzano C, Beckett AJ, Middlehurst B, et al. Trypanosoma bru-
cei colonizes the tsetse gut via an immature peritrophic matrix in the proventriculus. Nature microbiol-
ogy. 2020. Epub 2020/04/22. https://doi.org/10.1038/s41564-020-0707-z PMID: 32313202.

Rotureau B, Van Den Abbeele J. Through the dark continent: African trypanosome development in the
tsetse fly. Frontiers in cellular and infection microbiology. 2013; 3:53. Epub 2013/09/26. https://doi.org/
10.3389/fcimb.2013.00053 PMID: 24066283; PubMed Central PMCID: PMC3776139.

Dyer NA, Rose C, Ejeh NO, Acosta-Serrano A. Flying tryps: survival and maturation of trypanosomes in
tsetse flies. Trends Parasitol. 2013; 29(4):188-96. Epub 2013/03/20. https://doi.org/10.1016/j.pt.2013.
02.003 PMID: 23507038.

Rotureau B, Subota |, Buisson J, Bastin P. A new asymmetric division contributes to the continuous pro-
duction of infective trypanosomes in the tsetse fly. Development. 2012; 139(10):1842-50. Epub 2012/
04/12. https://doi.org/10.1242/dev.072611 PMID: 22491946.

Kolev NG, Ramey-Butler K, Cross GAM, Ullu E, Tschudi C. Developmental Progression to Infectivity in
Trypanosoma brucei Triggered by an RNA-Binding Protein. Science. 2012; 338(6112):1352-3. https:/
doi.org/10.1126/science.1229641 ISI:000311991200069. PMID: 23224556

Christiano R, Kolev NG, Shi H, Ullu E, Walther TC, Tschudi C. The proteome and transcriptome of the
infectious metacyclic form of Trypanosoma brucei define quiescent cells primed for mammalian inva-

sion. Mol Microbiol. 2017; 106(1):74—92. Epub 2017/07/26. https://doi.org/10.1111/mmi.13754 PMID:
28742275; PubMed Central PMCID: PMC5607103.

Vassella E, Den Abbeele JV, Butikofer P, Renggli CK, Furger A, Brun R, et al. A major surface glycopro-
tein of trypanosoma brucei is expressed transiently during development and can be regulated post-tran-
scriptionally by glycerol or hypoxia. Genes Dev. 2000; 14(5):615-26. Epub 2000/03/16. PMID:
10716949; PubMed Central PMCID: PMC316419.

Urwyler S, Studer E, Renggli CK, Roditi I. A family of stage-specific alanine-rich proteins on the surface
of epimastigote forms of Trypanosoma brucei. Mol Microbiol. 2007; 63(1):218-28. Epub 2007/01/19.
https://doi.org/10.1111/j.1365-2958.2006.05492.x PMID: 17229212.

Knusel S, Roditi . Insights into the regulation of GPEET procyclin during differentiation from early to late
procyclic forms of Trypanosoma brucei. Mol Biochem Parasitol. 2013; 191(2):66—74. Epub 2013/10/01.
https://doi.org/10.1016/j.molbiopara.2013.09.004 PMID: 24076427

Vigneron A, O’'Neill MB, Weiss BL, Savage AF, Campbell OC, Kamhawi S, et al. Single-cell RNA
sequencing of Trypanosoma brucei from tsetse salivary glands unveils metacyclogenesis and identifies
potential transmission blocking antigens. Proc Natl Acad Sci U S A. 2020; 117(5):2613-21. Epub 2020/
01/28. https://doi.org/10.1073/pnas. 1914423117 PMID: 31964820; PubMed Central PMCID:
PMC7007551.

Shi H, Butler K, Tschudi C. A single-point mutation in the RNA-binding protein 6 generates Trypano-
soma brucei metacyclics that are able to progress to bloodstream forms in vitro. Mol Biochem Parasitol.
2018; 224:50-6. Epub 2018/07/29. https://doi.org/10.1016/j.molbiopara.2018.07.011 PMID: 30055184;
PubMed Central PMCID: PMC6147148.

Cox J, Hein MY, Luber CA, Paron |, Nagaraj N, Mann M. Accurate proteome-wide label-free quantifica-
tion by delayed normalization and maximal peptide ratio extraction, termed MaxLFQ. Mol Cell Proteo-
mics. 2014; 13(9):2513-26. Epub 2014/06/20. https://doi.org/10.1074/mcp.M113.031591 PMID:
24942700; PubMed Central PMCID: PMC4159666.

Huang G, Vercesi AE, Docampo R. Essential regulation of cell bioenergetics in Trypanosoma brucei by
the mitochondrial calcium uniporter. Nature communications. 2013; 4:2865. Epub 2013/12/07. https://
doi.org/10.1038/ncomms3865 PMID: 2430551 1; PubMed Central PMCID: PMC3868461.

Huang G, Docampo R. The Mitochondrial Ca(2+) Uniporter Complex (MCUC) of Trypanosoma brucei
Is a Hetero-oligomer That Contains Novel Subunits Essential for Ca(2+) Uptake. mBio. 2018; 9(5).
Epub 2018/09/20. https://doi.org/10.1128/mBio.01700-18 PMID: 30228243; PubMed Central PMCID:
PMC6143741.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000741  June 10, 2020 30/33


https://doi.org/10.1186/s12864-018-4600-6
http://www.ncbi.nlm.nih.gov/pubmed/29606092
https://doi.org/10.1016/j.pt.2009.08.001
http://www.ncbi.nlm.nih.gov/pubmed/19747880
https://doi.org/10.1038/nature07997
https://doi.org/10.1038/nature07997
http://www.ncbi.nlm.nih.gov/pubmed/19444208
https://doi.org/10.1038/s41564-020-0707-z
http://www.ncbi.nlm.nih.gov/pubmed/32313202
https://doi.org/10.3389/fcimb.2013.00053
https://doi.org/10.3389/fcimb.2013.00053
http://www.ncbi.nlm.nih.gov/pubmed/24066283
https://doi.org/10.1016/j.pt.2013.02.003
https://doi.org/10.1016/j.pt.2013.02.003
http://www.ncbi.nlm.nih.gov/pubmed/23507033
https://doi.org/10.1242/dev.072611
http://www.ncbi.nlm.nih.gov/pubmed/22491946
https://doi.org/10.1126/science.1229641
https://doi.org/10.1126/science.1229641
http://www.ncbi.nlm.nih.gov/pubmed/23224556
https://doi.org/10.1111/mmi.13754
http://www.ncbi.nlm.nih.gov/pubmed/28742275
http://www.ncbi.nlm.nih.gov/pubmed/10716949
https://doi.org/10.1111/j.1365-2958.2006.05492.x
http://www.ncbi.nlm.nih.gov/pubmed/17229212
https://doi.org/10.1016/j.molbiopara.2013.09.004
http://www.ncbi.nlm.nih.gov/pubmed/24076427
https://doi.org/10.1073/pnas.1914423117
http://www.ncbi.nlm.nih.gov/pubmed/31964820
https://doi.org/10.1016/j.molbiopara.2018.07.011
http://www.ncbi.nlm.nih.gov/pubmed/30055184
https://doi.org/10.1074/mcp.M113.031591
http://www.ncbi.nlm.nih.gov/pubmed/24942700
https://doi.org/10.1038/ncomms3865
https://doi.org/10.1038/ncomms3865
http://www.ncbi.nlm.nih.gov/pubmed/24305511
https://doi.org/10.1128/mBio.01700-18
http://www.ncbi.nlm.nih.gov/pubmed/30228243
https://doi.org/10.1371/journal.pbio.3000741

PLOS BIOLOGY

Trypanosoma differentiation

35.

36.

37.

38.

39.

40.

4,

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Gnipova A, Panicucci B, Paris Z, Verner Z, Horvath A, Lukes J, et al. Disparate phenotypic effects from
the knockdown of various Trypanosoma brucei cytochrome c oxidase subunits. Mol Biochem Parasitol.
2012; 184(2):90-8. Epub 2012/05/10. https://doi.org/10.1016/j.molbiopara.2012.04.013 PMID:
22569586.

Horvath A, Horakova E, Dunajcikova P, Verner Z, Pravdova E, Slapetova |, et al. Downregulation of the
nuclear-encoded subunits of the complexes Il and IV disrupts their respective complexes but not com-
plex | in procyclic Trypanosoma brucei. Mol Microbiol. 2005; 58(1):116-30. Epub 2005/09/17. MMI4813
[pii] https://doi.org/10.1111/j.1365-2958.2005.04813.x PMID: 16164553.

Chinopoulos C, Adam-Vizi V. Mitochondria as ATP consumers in cellular pathology. Biochim Biophys
Acta. 2010; 1802(1):221-7. Epub 2009/09/01. https://doi.org/10.1016/j.bbadis.2009.08.008 PMID:
19715757.

Campanella M, Casswell E, Chong S, Farah Z, Wieckowski MR, Abramov AY, et al. Regulation of mito-
chondrial structure and function by the F1Fo-ATPase inhibitor protein, IF1. Cell Metab. 2008; 8(1):13—
25. Epub 2008/07/02. S1550-4131(08)00172-1 [pii] https://doi.org/10.1016/j.cmet.2008.06.001 PMID:
18590689.

Panicucci B, Gahura O, Zikova A. Trypanosoma brucei TbIF1 inhibits the essential F1-ATPase in the
infectious form of the parasite. PLoS Negl Trop Dis. 2017; 11(4):e0005552. Epub 2017/04/18. https://
doi.org/10.1371/journal.pntd.0005552 PMID: 28414727; PubMed Central PMCID: PMC5407850.

Verner Z, Cermakova P, Skodova I, Kriegova E, Horvath A, Lukes J. Complex | (NADH:ubiquinone oxi-
doreductase) is active in but non-essential for procyclic Trypanosoma brucei. Mol Biochem Parasitol.
2011; 175(2):196-200. Epub 2010/11/16. S0166-6851(10)00280-X [pii] https://doi.org/10.1016/j.
molbiopara.2010.11.003 PMID: 21074578.

Opperdoes FR, Michels PA. Complex | of Trypanosomatidae: does it exist? Trends Parasitol. 2008; 24
(7):310-7. Epub 2008/06/07. S1471-4922(08)00135-9 [pii] https://doi.org/10.1016/j.pt.2008.03.013
PMID: 18534909.

Allemann N, Schneider A. ATP production in isolated mitochondria of procyclic Trypanosoma brucei.
Mol Biochem Parasitol. 2000; 111(1):87-94. Epub 2000/11/23. S0166-6851(00)00303-0 [pii]. https://
doi.org/10.1016/s0166-6851(00)00303-0 PMID: 11087919.

Chen Q, Kirk K, Shurubor Y1, Zhao D, Arreguin AJ, Shahi |, et al. Rewiring of Glutamine Metabolism Is a
Bioenergetic Adaptation of Human Cells with Mitochondrial DNA Mutations. Cell Metab. 2018; 27
(5):1007-25 e5. Epub 2018/04/17. https://doi.org/10.1016/j.cmet.2018.03.002 PMID: 29657030;
PubMed Central PMCID: PMC5932217.

Li FJ, Xu ZS, Soo AD, Lun ZR, He CY. ATP-driven and AMPK-independent autophagy in an early
branching eukaryotic parasite. Autophagy. 2017; 13(4):715-29. Epub 2017/01/26. https://doi.org/10.
1080/15548627.2017.1280218 PMID: 28121493; PubMed Central PMCID: PMC5388219.

Romero |, Tellez J, Romanha AJ, Steindel M, Grisard EC. Upregulation of Cysteine Synthase and
Cystathionine beta-Synthase Contributes to Leishmania braziliensis Survival under Oxidative Stress.
Antimicrob Agents Chemother. 2015; 59(8):4770-81. Epub 2015/06/03. https://doi.org/10.1128/AAC.
04880-14 PMID: 26033728; PubMed Central PMCID: PMC4505290.

Kraeva N, Horakova E, Kostygov AY, Koreny L, Butenko A, Yurchenko V, et al. Catalase in Leishmanii-
nae: With me or against me? Infect Genet Evol. 2017; 50:121-7. Epub 2016/07/07. https://doi.org/10.
1016/j.meegid.2016.06.054 PMID: 27381333.

Vassella E, Probst M, Schneider A, Studer E, Renggli CK, Roditi |. Expression of a major surface protein
of Trypanosoma brucei insect forms is controlled by the activity of mitochondrial enzymes. Mol Biol Cell.
2004; 15(9):3986—-93. Epub 2004/06/18. https://doi.org/10.1091/mbc.e04-04-0341 PMID: 15201340;
PubMed Central PMCID: PMC515333.

Savage AF, Kolev NG, Franklin JB, Vigneron A, Aksoy S, Tschudi C. Transcriptome Profiling of Trypa-
nosoma brucei Development in the Tsetse Fly Vector Glossina morsitans. PLoS ONE. 2016; 11(12):
e0168877. Epub 2016/12/22. hitps://doi.org/10.1371/journal.pone.0168877 PMID: 28002435; PubMed
Central PMCID: PMC5176191.

Lamour N, Riviere L, Coustou V, Coombs GH, Barrett MP, Bringaud F. Proline metabolism in procyclic
Trypanosoma brucei is down-regulated in the presence of glucose. J Biol Chem. 2005; 280(12):11902—
10. Epub 2005/01/25. https://doi.org/10.1074/jbc.M414274200 PMID: 15665328.

Mantilla BS, Marchese L, Casas-Sanchez A, Dyer NA, Ejeh N, Biran M, et al. Proline Metabolism is
Essential for Trypanosoma brucei brucei Survival in the Tsetse Vector. PLoS Pathog. 2017; 13(1):
e€1006158. Epub 2017/01/24. hitps://doi.org/10.1371/journal.ppat.1006158 PMID: 28114403; PubMed
Central PMCID: PMC5289646.

Durieux PO, Schutz P, Brun R, Kohler P. Alterations in Krebs cycle enzyme activities and carbohydrate
catabolism in two strains of Trypanosoma brucei during in vitro differentiation of their bloodstream to

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000741  June 10, 2020 31/33


https://doi.org/10.1016/j.molbiopara.2012.04.013
http://www.ncbi.nlm.nih.gov/pubmed/22569586
https://doi.org/10.1111/j.1365-2958.2005.04813.x
http://www.ncbi.nlm.nih.gov/pubmed/16164553
https://doi.org/10.1016/j.bbadis.2009.08.008
http://www.ncbi.nlm.nih.gov/pubmed/19715757
https://doi.org/10.1016/j.cmet.2008.06.001
http://www.ncbi.nlm.nih.gov/pubmed/18590689
https://doi.org/10.1371/journal.pntd.0005552
https://doi.org/10.1371/journal.pntd.0005552
http://www.ncbi.nlm.nih.gov/pubmed/28414727
https://doi.org/10.1016/j.molbiopara.2010.11.003
https://doi.org/10.1016/j.molbiopara.2010.11.003
http://www.ncbi.nlm.nih.gov/pubmed/21074578
https://doi.org/10.1016/j.pt.2008.03.013
http://www.ncbi.nlm.nih.gov/pubmed/18534909
https://doi.org/10.1016/s0166-6851(00)00303-0
https://doi.org/10.1016/s0166-6851(00)00303-0
http://www.ncbi.nlm.nih.gov/pubmed/11087919
https://doi.org/10.1016/j.cmet.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29657030
https://doi.org/10.1080/15548627.2017.1280218
https://doi.org/10.1080/15548627.2017.1280218
http://www.ncbi.nlm.nih.gov/pubmed/28121493
https://doi.org/10.1128/AAC.04880-14
https://doi.org/10.1128/AAC.04880-14
http://www.ncbi.nlm.nih.gov/pubmed/26033728
https://doi.org/10.1016/j.meegid.2016.06.054
https://doi.org/10.1016/j.meegid.2016.06.054
http://www.ncbi.nlm.nih.gov/pubmed/27381333
https://doi.org/10.1091/mbc.e04-04-0341
http://www.ncbi.nlm.nih.gov/pubmed/15201340
https://doi.org/10.1371/journal.pone.0168877
http://www.ncbi.nlm.nih.gov/pubmed/28002435
https://doi.org/10.1074/jbc.M414274200
http://www.ncbi.nlm.nih.gov/pubmed/15665328
https://doi.org/10.1371/journal.ppat.1006158
http://www.ncbi.nlm.nih.gov/pubmed/28114403
https://doi.org/10.1371/journal.pbio.3000741

PLOS BIOLOGY

Trypanosoma differentiation

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

procyclic stages. Mol Biochem Parasitol. 1991; 45(1):19-27. Epub 1991/03/01. https://doi.org/10.1016/
0166-6851(91)90023-y PMID: 1904988.

van Weelden SW, van Hellemond JJ, Opperdoes FR, Tielens AG. New functions for parts of the Krebs
cycle in procyclic Trypanosoma brucei, a cycle not operating as a cycle. J Biol Chem. 2005; 280
(13):12451-60. Epub 2005/01/14. https://doi.org/10.1074/jbc.M412447200 PMID: 15647263.

Wargnies M, Bertiaux E, Cahoreau E, Ziebart N, Crouzols A, Morand P, et al. Gluconeogenesis is
essential for trypanosome development in the tsetse fly vector. PLoS Pathog. 2018; 14(12):e1007502.
Epub 2018/12/18. https://doi.org/10.1371/journal.ppat.1007502 PMID: 30557412; PubMed Central
PMCID: PMC6312356.

Bringaud F, Riviere L, Coustou V. Energy metabolism of trypanosomatids: adaptation to available car-
bon sources. Mol Biochem Parasitol. 2006; 149(1):1-9. Epub 2006/05/10. S0166-6851(06)00115-0 [pii]
https://doi.org/10.1016/j.molbiopara.2006.03.017 PMID: 16682088.

Tielens AG, van Hellemond JJ. Surprising variety in energy metabolism within Trypanosomatidae.
Trends Parasitol. 2009; 25(10):482—-90. Epub 2009/09/15. https://doi.org/10.1016/j.pt.2009.07.007
PMID: 19748317.

Fendt SM, Bell EL, Keibler MA, Olenchock BA, Mayers JR, Wasylenko TM, et al. Reductive glutamine
metabolism is a function of the alpha-ketoglutarate to citrate ratio in cells. Nature communications.
2013; 4:2236. Epub 2013/08/01. https://doi.org/10.1038/ncomms3236 PMID: 23900562; PubMed Cen-
tral PMCID: PMC3934748.

Riviere L, Moreau P, Allmann S, Hahn M, Biran M, Plazolles N, et al. Acetate produced in the mitochon-
drion is the essential precursor for lipid biosynthesis in procyclic trypanosomes. Proc Natl Acad Sci U S
A. 2009; 106(31):12694—-9. Epub 2009/07/25. https://doi.org/10.1073/pnas.0903355106 PMID:
19625628; PubMed Central PMCID: PMC2722340.

Saas J, Ziegelbauer K, von Haeseler A, Fast B, Boshart M. A developmentally regulated aconitase
related to iron-regulatory protein-1 is localized in the cytoplasm and in the mitochondrion of Trypano-
soma brucei. J Biol Chem. 2000; 275(4):2745-55. Epub 2000/01/25. https://doi.org/10.1074/jbc.275.4.
2745 PMID: 10644738.

Wang X, Inaoka DK, Shiba T, Balogun EO, Allmann S, Watanabe Y], et al. Expression, purification, and
crystallization of type 1 isocitrate dehydrogenase from Trypanosoma brucei brucei. Protein Expr Purif.
2017; 138:56—62. Epub 2017/06/24. https://doi.org/10.1016/j.pep.2017.06.011 PMID: 28642005.

Bahat A, Gross A. Mitochondrial plasticity in cell fate regulation. J Biol Chem. 2019; 294(38):13852—63.
Epub 2019/08/07. https://doi.org/10.1074/jbc.REV118.000828 PMID: 31383739; PubMed Central
PMCID: PMC6755789.

Han S, Chandel NS. There Is No Smoke without Mitochondria. Am J Respir Cell Mol Biol. 2019; 60
(5):489-91. Epub 2018/11/02. https://doi.org/10.1165/rcmb.2018-0348ED PMID: 30383397; PubMed
Central PMCID: PMC6503615.

Dogan SA, Cerutti R, Beninca C, Brea-Calvo G, Jacobs HT, Zeviani M, et al. Perturbed Redox Signaling
Exacerbates a Mitochondrial Myopathy. Cell Metab. 2018. Epub 2018/08/21. https://doi.org/10.1016/j.
cmet.2018.07.012 PMID: 30122554.

Martinez-Reyes |, Diebold LP, Kong H, Schieber M, Huang H, Hensley CT, et al. TCA Cycle and Mito-
chondrial Membrane Potential Are Necessary for Diverse Biological Functions. Mol Cell. 2016; 61
(2):199-209. Epub 2016/01/05. https://doi.org/10.1016/j.molcel.2015.12.002 PMID: 26725009;
PubMed Central PMCID: PMC4724312.

Pryde KR, Hirst J. Superoxide is produced by the reduced flavin in mitochondrial complex I: a single,
unified mechanism that applies during both forward and reverse electron transfer. J Biol Chem. 2011;
286(20):18056—65. Epub 2011/03/12. M110.186841 [pii] https://doi.org/10.1074/jbc.M110.186841
PMID: 21393237; PubMed Central PMCID: PMC3093879.

Robb EL, Hall AR, Prime TA, Eaton S, Szibor M, Viscomi C, et al. Control of mitochondrial superoxide
production by reverse electron transport at complex |. J Biol Chem. 2018; 293(25):9869—-79. Epub
2018/05/11. https://doi.org/10.1074/jbc.RA118.003647 PMID: 29743240; PubMed Central PMCID:
PMC6016480.

Mittra B, Cortez M, Haydock A, Ramasamy G, Myler PJ, Andrews NW. Iron uptake controls the genera-
tion of Leishmania infective forms through regulation of ROS levels. The Journal of experimental medi-

cine. 2013; 210(2):401-16. Epub 2013/02/06. https://doi.org/10.1084/jem.20121368 PMID: 23382545;

PubMed Central PMCID: PMC3570109.

Horakova E, Faktorova D, Kraeva N, Kaur B, Van Den Abbeele J, Yurchenko V, et al. Catalase compro-
mises the development of the insect and mammalian stages of Trypanosoma brucei. FEBS J. 2020;
287(5):964—77. Epub 2019/10/09. https://doi.org/10.1111/febs.15083 PMID: 31593329.

van der Reest J, Lilla S, Zheng L, Zanivan S, Gottlieb E. Proteome-wide analysis of cysteine oxidation
reveals metabolic sensitivity to redox stress. Nature communications. 2018; 9(1):1581. Epub 2018/04/

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000741  June 10, 2020 32/33


https://doi.org/10.1016/0166-6851(91)90023-y
https://doi.org/10.1016/0166-6851(91)90023-y
http://www.ncbi.nlm.nih.gov/pubmed/1904988
https://doi.org/10.1074/jbc.M412447200
http://www.ncbi.nlm.nih.gov/pubmed/15647263
https://doi.org/10.1371/journal.ppat.1007502
http://www.ncbi.nlm.nih.gov/pubmed/30557412
https://doi.org/10.1016/j.molbiopara.2006.03.017
http://www.ncbi.nlm.nih.gov/pubmed/16682088
https://doi.org/10.1016/j.pt.2009.07.007
http://www.ncbi.nlm.nih.gov/pubmed/19748317
https://doi.org/10.1038/ncomms3236
http://www.ncbi.nlm.nih.gov/pubmed/23900562
https://doi.org/10.1073/pnas.0903355106
http://www.ncbi.nlm.nih.gov/pubmed/19625628
https://doi.org/10.1074/jbc.275.4.2745
https://doi.org/10.1074/jbc.275.4.2745
http://www.ncbi.nlm.nih.gov/pubmed/10644738
https://doi.org/10.1016/j.pep.2017.06.011
http://www.ncbi.nlm.nih.gov/pubmed/28642005
https://doi.org/10.1074/jbc.REV118.000828
http://www.ncbi.nlm.nih.gov/pubmed/31383739
https://doi.org/10.1165/rcmb.2018-0348ED
http://www.ncbi.nlm.nih.gov/pubmed/30383397
https://doi.org/10.1016/j.cmet.2018.07.012
https://doi.org/10.1016/j.cmet.2018.07.012
http://www.ncbi.nlm.nih.gov/pubmed/30122554
https://doi.org/10.1016/j.molcel.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26725009
https://doi.org/10.1074/jbc.M110.186841
http://www.ncbi.nlm.nih.gov/pubmed/21393237
https://doi.org/10.1074/jbc.RA118.003647
http://www.ncbi.nlm.nih.gov/pubmed/29743240
https://doi.org/10.1084/jem.20121368
http://www.ncbi.nlm.nih.gov/pubmed/23382545
https://doi.org/10.1111/febs.15083
http://www.ncbi.nlm.nih.gov/pubmed/31593329
https://doi.org/10.1371/journal.pbio.3000741

PLOS BIOLOGY

Trypanosoma differentiation

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

22. https://doi.org/10.1038/s41467-018-04003-3 PMID: 29679077; PubMed Central PMCID:
PMC5910380.

Topf U, Suppanz |, Samluk L, Wrobel L, Boser A, Sakowska P, et al. Quantitative proteomics identifies
redox switches for global translation modulation by mitochondrially produced reactive oxygen species.
Nature communications. 2018; 9(1):324. Epub 2018/01/24. https://doi.org/10.1038/s41467-017-02694-
8 PMID: 29358734; PubMed Central PMCID: PMC5778013.

Saldivia M, Ceballos-Perez G, Bart JM, Navarro M. The AMPKalpha1 Pathway Positively Regulates the
Developmental Transition from Proliferation to Quiescence in Trypanosoma brucei. Cell reports. 2016;
17(3):660—70. Epub 2016/10/13. https://doi.org/10.1016/j.celrep.2016.09.041 PMID: 27732844;
PubMed Central PMCID: PMC5074416.

Szoor B, Ruberto I, Burchmore R, Matthews KR. A novel phosphatase cascade regulates differentiation
in Trypanosoma brucei via a glycosomal signaling pathway. Genes Dev. 2010; 24(12):1306—16. Epub
2010/06/17. https://doi.org/10.1101/gad.570310 PMID: 20551176; PubMed Central PMCID:
PMC2885665.

Wingett SW, Andrews S. FastQ Screen: A tool for multi-genome mapping and quality control.
F1000Research. 2018; 7:1338. Epub 2018/09/29. https://doi.org/10.12688/f1000research.15931.2
PMID: 30254741; PubMed Central PMCID: PMC6124377.

Rappsilber J, Mann M. Analysis of the topology of protein complexes using cross-linking and mass
spectrometry. CSH protocols. 2007; 2007:pdb prot4594. Epub 2007/01/01. https://doi.org/10.1101/pdb.
prot4594 PMID: 21357017.

Cox J, Mann M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass
accuracies and proteome-wide protein quantification. Nat Biotechnol. 2008; 26(12):1367—72. Epub
2008/11/26. https://doi.org/10.1038/nbt.1511 PMID: 19029910.

Ostlund G, Schmitt T, Forslund K, Kostler T, Messina DN, Roopra S, et al. InParanoid 7: new algorithms
and tools for eukaryotic orthology analysis. Nucleic Acids Res. 2010; 38(Database issue):D196—203.
Epub 2009/11/07. https://doi.org/10.1093/nar/gkp931 PMID: 19892828; PubMed Central PMCID:
PMC2808972.

Wirtz E, Leal S, Ochatt C, Cross GA. A tightly regulated inducible expression system for conditional
gene knock-outs and dominant-negative genetics in Trypanosoma brucei. Mol Biochem Parasitol.
1999; 99(1):89—-101. Epub 1999/04/24. S016668519900002X [pii]. https://doi.org/10.1016/s0166-6851
(99)00002-x PMID: 10215027.

Panigrahi AK, Zikova A, Dalley RA, Acestor N, Ogata Y, Anupama A, et al. Mitochondrial complexes in
Trypanosoma brucei: a novel complex and a unique oxidoreductase complex. Mol Cell Proteomics.
2008; 7(3):534—45. Epub 2007/12/13. M700430-MCP200 [pii] https://doi.org/10.1074/mcp.M700430-
MCP200 PMID: 18073385.

Gahura O, Subrtova K, Vachova H, Panicucci B, Fearnley IM, Harbour ME, et al. The F1 -ATPase from
Trypanosoma brucei is elaborated by three copies of an additional p18-subunit. FEBS J. 2018; 285
(3):614—-28. Epub 2017/12/17. https://doi.org/10.1111/febs.14364 PMID: 29247468.

Gnipova A, Subrtova K, Panicucci B, Horvath A, Lukes J, Zikova A. The ADP/ATP carrier and its rela-
tionship to OXPHOS in an ancestral protist, Trypanosoma brucei. Eukaryot Cell. 2015. Epub 2015/01/
27. https://doi.org/10.1128/EC.00238-14 PMID: 25616281.

Koreny L, Sobotka R, Kovarova J, Gnipova A, Flegontov P, Horvath A, et al. Aerobic kinetoplastid flag-
ellate Phytomonas does not require heme for viability. Proc Natl Acad Sci U S A. 2012. Epub 2012/02/
23. https://doi.org/10.1073/pnas.1201089109 PMID: 22355128.

Kovarova J, Nagar R, Faria J, Ferguson MAJ, Barrett MP, Horn D. Gluconeogenesis using glycerol as a
substrate in bloodstream-form Trypanosoma brucei. PLoS Pathog. 2018; 14(12):e1007475. Epub
2018/12/28. https://doi.org/10.1371/journal.ppat. 1007475 PMID: 30589893; PubMed Central PMCID:
PMC6307712.

Creek DJ, Mazet M, Achcar F, Anderson J, Kim DH, Kamour R, et al. Probing the metabolic network in
bloodstream-form Trypanosoma brucei using untargeted metabolomics with stable isotope labelled glu-
cose. PLoS Pathog. 2015; 11(3):1004689. Epub 2015/03/17. https://doi.org/10.1371/journal.ppat.
1004689 PMID: 25775470; PubMed Central PMCID: PMC4361558.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000741  June 10, 2020 33/33


https://doi.org/10.1038/s41467-018-04003-3
http://www.ncbi.nlm.nih.gov/pubmed/29679077
https://doi.org/10.1038/s41467-017-02694-8
https://doi.org/10.1038/s41467-017-02694-8
http://www.ncbi.nlm.nih.gov/pubmed/29358734
https://doi.org/10.1016/j.celrep.2016.09.041
http://www.ncbi.nlm.nih.gov/pubmed/27732844
https://doi.org/10.1101/gad.570310
http://www.ncbi.nlm.nih.gov/pubmed/20551176
https://doi.org/10.12688/f1000research.15931.2
http://www.ncbi.nlm.nih.gov/pubmed/30254741
https://doi.org/10.1101/pdb.prot4594
https://doi.org/10.1101/pdb.prot4594
http://www.ncbi.nlm.nih.gov/pubmed/21357017
https://doi.org/10.1038/nbt.1511
http://www.ncbi.nlm.nih.gov/pubmed/19029910
https://doi.org/10.1093/nar/gkp931
http://www.ncbi.nlm.nih.gov/pubmed/19892828
https://doi.org/10.1016/s0166-6851(99)00002-x
https://doi.org/10.1016/s0166-6851(99)00002-x
http://www.ncbi.nlm.nih.gov/pubmed/10215027
https://doi.org/10.1074/mcp.M700430-MCP200
https://doi.org/10.1074/mcp.M700430-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/18073385
https://doi.org/10.1111/febs.14364
http://www.ncbi.nlm.nih.gov/pubmed/29247468
https://doi.org/10.1128/EC.00238-14
http://www.ncbi.nlm.nih.gov/pubmed/25616281
https://doi.org/10.1073/pnas.1201089109
http://www.ncbi.nlm.nih.gov/pubmed/22355128
https://doi.org/10.1371/journal.ppat.1007475
http://www.ncbi.nlm.nih.gov/pubmed/30589893
https://doi.org/10.1371/journal.ppat.1004689
https://doi.org/10.1371/journal.ppat.1004689
http://www.ncbi.nlm.nih.gov/pubmed/25775470
https://doi.org/10.1371/journal.pbio.3000741

Parasitology

cambridge.org/par

Review

Cite this article: Gahura O, Hierro-Yap C,
Zikova A (2021). Redesigned and reversed:
architectural and functional oddities of the
trypanosomal ATP synthase. Parasitology 148,
1151-1160. https://doi.org/10.1017/
S0031182021000202

Received: 29 November 2020

Revised: 23 January 2021

Accepted: 26 January 2021

First published online: 8 February 2021

Key words:

ATP synthase; cryo-EM; mitochondria;
mitochondrial membrane potential; oxidative
phosphorylation

Author for correspondence:
Alena Zikova, E-mail: azikova@paru.cas.cz

© The Author(s), 2021. Published by
Cambridge University Press. This is an Open
Access article, distributed under the terms of
the Creative Commons Attribution licence
(http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted re-use, distribution,
and reproduction in any medium, provided the
original work is properly cited.

CAMBRIDGE
UNIVERSITY PRESS

BN

@ CrossMark

Redesigned and reversed: architectural
and functional oddities of the trypanosomal
ATP synthase

Ondrej Gahura! @, Carolina Hierro-Yap!2 and Alena Zikoval-2

1Biology Centre, Czech Academy of Sciences, Brani$ovska 31, Ceské Budé&jovice, 37005, Czech Republic and
ZFaculty of Science, University of South Bohemia, Branidovska 31, Ceské Bud&jovice, 37005, Czech Republic

Abstract

Mitochondrial F-type adenosine triphosphate (ATP) synthases are commonly introduced as
highly conserved membrane-embedded rotary machines generating the majority of cellular
ATP. This simplified view neglects recently revealed striking compositional diversity of the
enzyme and the fact that in specific life stages of some parasites, the physiological role of
the enzyme is to maintain the mitochondrial membrane potential at the expense of ATP
rather than to produce ATP. In addition, mitochondrial ATP synthases contribute indirectly
to the organelle’s other functions because they belong to major determinants of submitochon-
drial morphology. Here, we review current knowledge about the trypanosomal ATP synthase
composition and architecture in the context of recent advances in the structural characteriza-
tion of counterpart enzymes from several eukaryotic supergroups. We also discuss the
physiological function of mitochondrial ATP synthases in three trypanosomatid parasites,
Trypanosoma cruzi, Trypanosoma brucei and Leishmania, with a focus on their disease-
causing life cycle stages. We highlight the reversed proton-pumping role of the ATP synthase
in the T. brucei bloodstream form, the enzyme’s potential link to the regulation of parasite’s
glycolysis and its role in generating mitochondrial membrane potential in the absence of
mitochondrial DNA.

Introduction

F-type adenosine triphosphate (ATP) synthases (also called F-ATPases of F;F,-ATPases) are
bidirectional turbine-like enzymes coupling ATP synthesis or hydrolysis with proton trans-
location through biological membranes in bacteria and their endosymbiotic descendants,
mitochondria and chloroplasts (for recent reviews see Junge and Nelson, 2015; Walker,
2017; Kuhlbrandt, 2019). When operating in the forward mode, ATP synthases utilize the pro-
ton motive force to produce ATP and thus represent fundamental constituents of the oxidative
phosphorylation pathway. In the reverse mode, they act as ATP-consuming proton pumps
contributing to the generation of electrochemical membrane potential. Bacteria employ
both modes depending on the species and growth conditions (Cotter and Hill, 2003). By con-
trast, mitochondrial ATP synthases in most aerobic eukaryotes function as a major source of
cellular ATP and the reversal of their activity is a manifestation of pathophysiological condi-
tions (Campanella et al., 2009). Unlike the monomeric bacterial and chloroplastic counter-
parts, all mitochondrial ATP synthases characterized so far occur in dimers (Arnold et al.,
1998; Dudkina et al., 2005). The wide phylogenetic distribution of the ATP synthase dimers
suggests that the enzyme’s dimerization is a common feature of all aerobic eukaryotes with
oxidative phosphorylation and was possibly present already in the last eukaryotic common
ancestor. Dimerization of ATP synthases induces curvature of the inner mitochondrial mem-
brane (Dudkina et al., 2006; Davies et al., 2012) and the intrinsic propensity of dimers to self-
assemble into rows facilitates membrane shaping and governs cristae formation (Anselmi
et al., 2018; Blum et al., 2019). Spatial separation of ATP synthases and electron transport
chain (ETC) complexes on rims and flat regions of cristae, respectively, creates a local proton
concentration gradient in cristae lumen, enhancing oxidative phosphorylation (Davies et al.,
2011). Therefore, apart from the enzymatic function, ATP synthases affect mitochondrial
physiology by aiding in the determination of submitochondrial ultrastructure.

In Trypanosoma brucei, a medically relevant digenetic parasite, the mitochondrial ATP
synthase exhibits a 2-fold deviation from its counterparts from traditional model organisms.
First, its architecture differs markedly from canonical ATP synthases. Second, its role switches
during the parasite’s life cycle, from being an ATP producer in the insect form to an ATP con-
sumer maintaining the vital mitochondrial membrane potential in the mammalian blood-
stream form (BSF). This switch is associated with major rearrangement of mitochondrial
morphology, possibly involving altered ATP synthase oligomerization. Unlike in T. brucei,
in Trypanosoma cruzi and Leishmania, ATP synthase acts true to its name and participates
in the oxidative phosphorylation providing ATP in all life forms of the parasite. In the first
part of this review, we discuss the recent progress in our understanding of ATP synthase archi-
tecture based on structural characterization of enzymes from various eukaryotic supergroups
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with a focus on trypanosomal ATP synthase complex. In the
second part, we summarize our knowledge of the ATP synthase
importance for the disease-causing forms of medically relevant
trypanosomatid parasites.

Unexpected diversity of mitochondrial ATP synthases

Structural studies of mitochondrial ATP synthases have been key
for the understanding of molecular mechanisms of ATP synthesis.
The seminal research on the structure of the matrix-facing soluble
F;-ATPase subcomplex isolated from the bovine heart (Abrahams
et al., 1994) initiated two decades of dominance of X-ray crystal-
lography in the field. Numerous crystal structures of subcom-
plexes of bovine and yeast ATP synthases provided atomic
models of the enzyme’s rotor and the extrinsic part of the periph-
eral stalk, and revealed the mechanism of the conversion of the
rotational force into the cyclic catalysis of ATP formation
(reviewed in Junge and Nelson, 2015; Walker, 2017). Due to the
striking similarity of the blueprints for bacterial and opisthokontal
mitochondrial F-type ATP synthases and their fundamental role in
cellular energetics, it was assumed that the mitochondrial enzymes
do not differ substantially between eukaryotic lineages. However,
only the advance of cryo-electron microscopy (cryo-EM) techni-
ques in the last few years allowed researchers to build atomic models
of complete mitochondrial ATP synthases not only from conven-
tional model organisms [mammals (Gu et al., 2019; Pinke et al,
2020; Spikes et al., 2020) and Saccharomyces cerevisiae (Guo et al.,
2017)], but also from protists representing other eukaryotic phyla
[Polytomella (Murphy et al, 2019), Euglena (Muhleip et al,
2019), Tetrahymena (Flygaard et al, 2020) and Toxoplasma
(Miihleip et al., 2021)]. From the mechanistic point of view, struc-
tures revealed by cryo-EM elucidated how the proton motive force
across biological membranes is converted into the torque of the
enzyme’s rotor (Klusch et al., 2017; Hahn et al., 2018) and how
the symmetry mismatch of the rotor and catalytic subcomplexes
is compensated by the flexibility of the peripheral stalk (Sobti
et al, 2019). From the evolutionary perspective, the structures
demonstrated that although the functional core is universally con-
served in all F-type ATP synthases, peripheral parts and the dimer-
ization interface of mitochondrial ATP synthases have diverged
substantially among eukaryotic lineages. Notably, cryo-EM struc-
tures not only allowed identification of novel lineage-specific com-
ponents, but in some species also revealed conserved subunits,
which had not been previously identified by traditional homology
searches using known genomes and proteomes (Fig. 1).

All F-type ATP synthases are composed of two subcomplexes,
the membrane-embedded F, and the soluble F;, connected by a
rotary central stalk and a stationary peripheral stalk (Fig. 2).
The globular F; subcomplex, also referred to as F;-ATPase, is a
pseudo-symmetrical assembly of three heterodimers of a- and
B-subunits organized around single y-subunit, the main constitu-
ent of the central stalk. The functional core of F, consists of the
a-subunit and a ring of several identical c-subunits (c-ring), pro-
viding together a path for protons across the membrane. Proton
translocation drives the rotation of the c-ring and the tightly
attached central stalk. The torque of the asymmetric y-subunit
induces cyclic conformational changes of three active sites on
the interfaces of a- and B-subunits, resulting in the stepwise bind-
ing of ADP and phosphate, their condensation into ATP, and its
release, emptying the nucleotide binding site for the next catalytic
cycle (Abrahams et al., 1994). The (of);-hexamer is prevented
from rotation by interaction with the oligomycin sensitivity-
conferring protein (OSCP), the uppermost constituent of the
extrinsic part of the peripheral stalk.

The entire F;-ATPase consisting of subunits o3, B3, %, 6 and &
(stoichiometry of subunits indicated by the subscripts), OSCP and
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both proton translocating components (a-subunit and c-ring) are
present in all reported mitochondrial ATP synthases. The rest of
the enzyme is markedly less conserved (Fig. 2). The highest diver-
sity is observed in the soluble part of the peripheral stalk and in
the lumenal and peripheral F, regions, often composed of lineage-
specific subunits or lineage-specific extensions of conserved pro-
teins. Subunits involved in the anchoring of the peripheral stalk to
the membrane and in clamping the a-subunit to the c-ring (b, d,
e, f, g, i/j, k and 8), originally identified in opisthokonts, appear to
be conserved in several other eukaryotic groups (Fig. 1). In many
cases, their proposed homology is based largely on tertiary and
quaternary structure resemblances revealed by cryo-EM. Low
sequence similarity precludes identification of the respective
homologs in lineages without structurally characterized ATP
synthases. Although dimerization is a general hallmark of all
reported mitochondrial ATP synthases, subunits constituting
the dimer interface differ between eukaryotic lineages, likely due
to divergent evolution. Consequently, the shape of dimers and
topography of oligomeric assemblies vary in the characterized
enzymes, which is reflected in diverse cristae morphology
(Fig. 1; Dudkina et al., 2010; Davies et al., 2012; Muhleip et al.,
2016; Muhleip et al., 2017; Mihleip et al., 2021).

Unique structural features of ATP synthases in
Trypanosomatida

The knowledge about the architecture of mitochondrial ATP
synthases in Trypanosomatida, a group of protozoan parasites
with monoxenous or dixenous life cycles, is based mostly on stud-
ies performed with cultured insect trypomastigotes of T. brucei.
The composition of the mitochondrial ATP synthase in these
cells was determined by mass spectrometry (MS) identification
of proteins co-immunoprecipitated with F; and tandem affinity
purified using TAP-tagged conserved or newly identified subunits
as baits. These biochemical analyses complemented by a compre-
hensive genome search revealed 23 subunits (Zikova et al., 2009),
including the a-subunit detected by MS later (Skodova-Sverakova
et al., 2015). Characterization of the trypanosomal F;-ATPase
released by chloroform from mitochondrial membrane fragments
and purified by two-step chromatography (Gahura and Zikova,
2019) showed that the catalytic subcomplex contains three copies
of the euglenozoan-specific p18-subunit in addition to the univer-
sally conserved subunits ¢, B, 7, 6 and &£ (Gahura et al., 2018D).
The F,-ATPase structure determined by X-ray crystallography
further revealed that each copy of p18-subunit, an a-helical pro-
tein with three pentatricopeptide repeats, associates peripherally
with one of the three o chains (Fig. 3A), and does not contribute
directly to the catalytic mechanism (Montgomery et al., 2018).
Although the atomic structure did not explain the function of
p18, the elaboration of the F; head in Euglenozoa by this add-
itional subunit is extraordinary, because the as8;y subcomplex
is invariant in all other known F-type ATP synthases. In addition,
the a-subunit was found to be proteolytically cleaved at two sites
separated by eight amino acid residues, producing two fragments
a1 127 and o35 560, both stably associated with the complex. The
split of @-subunit into two parts was also demonstrated in other
euglenozoan protists Crithidia fasciculata (Speijer et al., 1997),
Leishmania tarentolae (Nelson et al., 2004) and Euglena gracilis
(Sathish Yadav et al., 2017). The structure of the trypanosomal
F;-ATPase showed that the cleavage occurs at the region corre-
sponding to a loop on the surface of F;-ATPases from other
organisms and splits the N-terminal j-barrel domain from the
rest of the protein (Montgomery et al, 2018; Fig. 3A and B).
Nevertheless, the architecture of the entire (o/3);-headpiece,
including the nucleotide binding pockets, is highly similar to
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Fig. 1. Structural diversity of mitochondrial ATP synthases mapped on the phylogenetic tree of eukaryotes. The figure summarizes structural and proteomic studies
of mitochondrial ATP synthases. The phylogenetic tree is based on Burki et al. (2020). Organisms with ATP synthases with atomic models obtained by single
particle cryo-EM, visualized by cryo-ET (see first two columns) or characterized by MS, and several relative species were included. Major groups without experimen-
tal data are shown in small font. Numbers of subunits showed in grey are based on proteomic characterization of purified complexes without available single
particle cryo-EM analysis and might be revised in future. ‘Canonical’ subunits are proteins originally identified in opisthokonts, which have divergent homologs
in other lineages. Categorization of ATP synthases in types | to IV is based on Kuhlbrandt (2019). Cristae morphology is adopted from Panek et al. (2020). The
numbered references are following: * (Muhleip et al., 2017), 2 (Zikova et al., 2009), * (Muhleip et al., 2019), * (Sathish Yadav et al., 2017), ® (Davies et al., 2012),
6 (Guo et al., 2017), 7 (Davies et al., 2011), ® (Spikes et al., 2020), ° (Miihleip et al., 2021), '° (Salunke et al., 2018), ** (Huet et al., 2018), *? (Flygaard et al.,
2020), ** (Muhleip et al., 2016), ** (Blum et al., 2019), ** (Murphy et al., 2019), ** (Vazquez-Acevedo et al., 2006), " (Klodmann et al., 2011), *® (Bultema et al.,

2009), *° (Senkler et al., 2017).

the prototypical bovine F;-ATPase (Bowler et al, 2007) and the
biological relevance of the a-subunit cleavage remains unclear.
So far, there is no available structure of a complete ATP syn-
thase from any trypanosomatid species. However, low-resolution
structures obtained by subtomogram averaging documented gen-
eral morphological similarity between ATP synthase dimers from
T. brucei and E. gracilis, a representative of euglenids, a lineage
closely related to kinetoplastids (Muhleip et al., 2017). An atomic
model of dimeric ATP synthase from E. gracilis has recently been
determined by cryo-EM (Mubhleip et al., 2019). Apart from the
universally conserved components of mitochondrial ATP
synthases (e, 3, 7, 6, &, a, c and OSCP), the E. gracilis enzyme con-
tains seven subunits with previously recognized homology
(Sathish Yadav et al., 2017) to proteins found in the complex
from T. brucei (Zikova et al, 2009). To get a deeper insight
into the trypanosomal ATP synthase structure, we performed sys-
tematic pairwise sequence comparison of all remaining subunits
in the complex from E. gracilis with all non-conserved trypanoso-
mal ATP synthase components, and propose homology of four

additional protein pairs, which exhibit >20% sequence identity
(Fig. 3C). Overall, 19 of 23 subunits of the trypanosomal ATP
synthase have homologs found in the structure from E. gracilis.
Taken together, although the ATP synthases from E. gracilis
and T. brucei are not compositionally identical, it is conceivable
to assume that the structural features shaped by the conserved
subunits are shared between the two species (Fig. 3C), and
possibly among Euglenozoa in general.

The peripheral stalk in euglenozoan ATP synthases differs
markedly from other lineages. The universally conserved OSCP
features a long and partially flexible C-terminal extension,
which bridges the core of the protein on the top of F,
with ATPTB2, a highly divergent and extended homolog of the
d-subunit from opisthokontal ATP synthases anchoring the per-
ipheral stalk to the membrane. The interaction of ATPTB2 with
the extension of OSCP is clamped between two laterally posi-
tioned lineage-specific globular proteins ATPTB3 and ATPTB4
on one side and one copy of p18 on the other side. The contacts
of the peripheral stalk with p18 contribute to the immobilization
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Fig. 2. Schematic depiction of euglenozoan mitochondrial ATP synthase in the ATP
production mode. The F;-ATPase, peripheral stalk and membrane-embedded part
are shown in shades of blue, green and orange, respectively. Subunits identified in
all reported mitochondrial ATP synthases are pale. The dark green and dark orange
regions are composed of conserved and lineage-specific subunits. The p18 subunit is
restricted to Euglenozoa. The rotor is outlined in red.

of the (af);-hexamer (Fig. 3D). However, the reinforcement of
the interaction between the F; head and the peripheral stalk is
unlikely the only role of p18, because the protein is essential for
the integrity of the F;-ATPase (Gahura et al., 2018b), in contrast
to the peripheral stalk components OSCP (Hierro-Yap et al.,
2021) and ATPTB2/d-subunit (Subrtova et al., 2015). In E. graci-
lis, the extensions of OSCP and d-subunit compensate for the
reduction of the b-subunit, the major constituent of the peripheral
stalk in bacteria and mitochondria of mammals and yeast.
Sequence comparison did not reveal a homolog of the b-subunit
in the ATP synthase of T. brucei, suggesting that it might be fur-
ther reduced or completely absent in Trypanosomatida.

In all reported F-type ATP synthases, the proton channel-
forming a-subunit contains two horizontal membrane-embedded
helices H5 and H6, which are directly involved in proton trans-
location (Guo et al.,, 2017; Murphy et al., 2019). In mammals
(Spikes et al., 2020) and yeast (Guo et al., 2017) the two helices
are lined by a series of six parallel transmembrane helices, con-
tributed by one helix of each of subunits b, f, 8, i/j and k, and
by a transmembrane helix of the a-subunit itself. The same con-
figuration is observed in E. gracilis (Fig. 3E), suggesting the con-
servancy of the contributing subunits. Although the ATP synthase
in T. brucei contains homologs of E. gracilis subunits k and i/j, the
homologs of subunits b, f and 8 were not identified. The dimer
interface of the ATP synthase in E. gracilis is formed largely by
subunits ATPEG1 and ATPEG2 without discernible homology
outside Euglenozoa, but with apparent homologs in
Trypanosomatida (called ATPTB9 and ATPTBS8 in T. brucei
Perez et al., 2014; Fig. 3C and F). The presence of these two pro-
teins in T. brucei together with the fact that the dimers from both
species arrange into short left-handed helices, as showed by
cryo-electron tomography (cryo-ET; Muhleip et al, 2017),
strongly suggests that the dimerization is mediated by the same
elements. The dimer in E. gracilis is further stabilized by a homo-
typic interaction of extensions of d-subunit adopting a ferredoxin-
like fold on the matrix side of the membrane. This extension is
specific to euglenids and the interaction is therefore completely
missing in T. brucei, possibly explaining the poor stability of its
ATP synthase dimers (our observation). Notably, the dimer inter-
face in Euglena contains several ordered phospholipid molecules,
predominantly cardiolipins (Muhleip et al., 2019; Fig. 3F).
Molecules of cardiolipin are presumably integrated also in the try-
panosomal ATP synthase, as cardiolipin plays a vital role in the
stability of the complex (Serricchio et al., 2020).

Ondrej Gahura et al.

Role of the ATP synthase in trypanosomatid parasites

The function of the ATP synthase in trypanosomatid parasites
depends on the species and their life cycle stage. Digenetic trypa-
nosomatid parasites (e.g. T. brucei, T. cruzi and Leishmania) pos-
sess a complex life cycle as they alternate between the insect vector
and a mammalian host. In humans, they cause dreadful diseases
(African trypanosomiasis, Chagas disease and leishmaniases). The
scarcity of effective treatments and weak vaccine prospects drive
an ongoing urgent need to identify new therapeutic targets.
Considering the ATP synthase’s central position in energy metab-
olism and its structural and compositional divergence from the
mammalian counterpart, one may consider this complex as a
promising drug target. The feasibility of targeting the ATP syn-
thase is underscored by the recent approval of bedaquiline, a spe-
cific F-ATP synthase inhibitor that blocks the c-ring rotation, to
treat multi-drug resistant tuberculosis (Preiss et al, 2015).
Whereas the function of the ATP synthase in T. brucei parasites
is well understood, the exact role of the ATP synthase and its
requirement for virulence and survival of Leishmania and T.
cruzi parasites are not well defined yet.

Role of the ATP synthase in intracellular amastigotes of
Leishmania and T. cruzi parasites

Leishmania parasites infect a mammalian host when an infected
sand fly takes a blood meal. The promastigote form is released
to the skin and is rapidly internalized by macrophages. Inside
the macrophages, promastigotes differentiate to aflagellated and
non-motile amastigotes, which multiply in the acidic environ-
ment of the phagolysosome-like parasitophorous vacuole, whose
exact metabolic content has not been determined yet. The envir-
onment most likely offers a wide range of carbon sources (sugars,
amino acids and fatty acids) for the parasite to salvage due to
macrophage polarization to the M2 state, which exhibits increased
oxidative metabolism and promotes Leishmania parasites growth
(Saunders and McConville, 2020). Despite this seemingly plentiful
environment, intracellular amastigotes do not proliferate rapidly
(Kloehn et al., 2015), but rather activate a stringent metabolic
response, a protective mechanism to confer resistance to multiple
cellular stresses (oxidative, nutritional and pH). This programmed
response is associated with reduced rates of glucose uptake and with
low metabolic activity to possibly minimize reactive oxygen species
(ROS)-sensitive processes and to lessen the levels of endogenously
generated ROS (McConville et al., 2015). The glucose-sparing
metabolism of the intracellular amastigotes questions the import-
ance of oxidative phosphorylation, and hence ATP production by
the ATP synthase, for the parasite. Nevertheless, amastigotes
show increased reliance on mitochondrial metabolism, including
tricarboxylic acid (TCA) cycle and fatty acid pB-oxidation
(Saunders et al., 2014). These pathways generate reduced electron
carriers NADH and FADH, that are reoxidized by the ETC coupled
to ATP synthase (Dey et al., 2010; Saunders et al., 2014). The abla-
tion of aconitase, a TCA cycle enzyme, cytochrome ¢ oxidase, or
ATP synthase is predicted to be lethal by an in silico-generated
model of the metabolic network (Subramanian et al, 2015).
Indeed, the inhibition of ATP synthase by the cell-permeable anti-
microbial peptide histatin 5 arrests of Leishmania amastigotes’
growth (Luque-Ortega et al., 2008). Nevertheless, to prove that oxi-
dative phosphorylation is critical for the Leishmania amastigote
forms, further studies are necessary (Fig. 4).

Trypanosoma cruzi parasites are transmitted to humans by a
blood-sucking triatomine bug through contact with its infected
feces. In the skin wound, metacyclic trypomastigotes invade vari-
ous types of cells, escape the lysosome-derived parasitophorous
vacuole and establish infection in the host cell cytoplasm as
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Fig. 3. Structural traits of euglenozoan mitochondrial ATP synthases. (A) Structure of F;-ATPase from Trypanosoma brucei determined by X-ray crystallography
(Montgomery et al., 2018). (B) The a-subunit in euglenozoans is split by proteolytic cleavage at two sites. The euglenozoan-specific subunit pl8 associates
with the C-terminal fragment a;35 50 and does not contact any other F; component. (C) Structure of the ATP synthase dimer from Euglena gracilis (Muhleip
et al.,, 2019). Elements with and without homology in T. brucei are shown in surface and white cartoon representation, respectively. F;-ATPase and c-ring are in
pale blue. Subunits with newly proposed homology between Euglena and Trypanosoma are coloured individually and labelled with names used in both species
(Perez et al., 2014; Muhleip et al., 2019). The sequence identities of respective homolog pairs are shown. All other peripheral stalk and F, subunits are in dark blue.
(D) Interaction of the peripheral stalk with F;-ATPase. The canonical interaction interface and lineage-specific contacts between OSCP and p18 are shown.
(E) Superposition of the a-subunit and adjacent conserved transmembrane helices from E. gracilis (subunits coloured individually) and bovine [a-subunit
white, all other subunits in grey; PDB ID 6ZPO (Spikes et al., 2020)] ATP synthase. (F) Dimer interface of the ATP synthase in E. gracilis. Subunits involved in inter-
monomer contacts are shown in cartoon representation. Regions that are present in T. brucei counterparts based on homology modelling with Swiss model
(Waterhouse et al., 2018) are coloured individually and Euglena-specific elements are in white. All other subunits are shown as transparent surfaces. Ordered lipids

(cardiolipins and phosphatidylcholines or phosphatidylethanolamines) localizing to the dimer interface are shown as sticks.

intracellular amastigotes (de Souza et al., 2010). During T. cruzi
trypomastigotes’ transition to amastigotes, there is a dramatic
shift from sugar-based metabolism to catabolism of amino and
fatty acids manifested by repression of glucose transporters and
increased levels of TCA cycle enzymes and proteins involved in
fatty acid oxidation and oxidative phosphorylation. The oxidative
metabolism of amino and fatty acids suggests a crucial role for
oxidative phosphorylation to generate ATP (Atwood et al,
2005; Silber et al., 2009; Li et al, 2016; Shah-Simpson et al.,
2016). This is further supported by the identification of highly
selective compounds (ie. GNF7686 and ELQ271) that target
complex III and inhibit the growth of intracellular amastigotes
in a dose-dependent manner (Khare et al., 2015).

After several rounds of intracellular replication, amastigotes dif-
ferentiate to trypomastigotes, which are released from the cell by its
rupture. Extracellular trypomastigotes disseminate and infect other
cells or they are ingested by the triatomine bug to conclude the life
cycle. Interestingly, the extracellular bloodstream trypomastigotes
switch back to glycolysis to meet their energy demands but still
employ ETC complexes to maintain the mitochondrial membrane
potential. Moreover, disproportional changes in expression of ETC
complexes II, Il and IV create a bottleneck forcing electrons to pre-
maturely reduce molecules of oxygen and generate significant levels
of ROS (Goncalves et al., 2011). This induced production of ROS
probably provides a redox-mediated pre-conditioning to evoke

protection against host-induced oxidative challenge once the para-
site enters the cell again. In this particular case, the ETC linked to
ATP synthase also serves as an adaptive process allowing parasites
to survive redox challenges imposed by the host. Presumably, inhib-
ition of the ATP synthase would cause a decrease in ATP levels,
which by itself can be lethal, but it would also further increase the
already elevated ROS levels. Although there is evidence that the oxi-
dative environment stimulates the parasite’s growth and ROS are
critical for successful infection of T. cruzi in various cell types
(Paiva and Bozza, 2014), very high levels of ROS reverse this favour-
able effect and are harmful for the parasite (Goes et al., 2016).
Therefore, an additive effect of endogenous and exogenous ROS
bursts may induce deleterious changes resulting in parasites’ elim-
ination by oxidative damage (Fig. 4).

Despite some evidence that mitochondrial ETC and ATP syn-
thase might be essential entities for the clinically relevant infec-
tious stages of Leishmania and T. cruzi parasites, the knowledge
of the mitochondrial energy metabolism in these parasites
remains largely incomplete.

The F-ATPase in the bloodstream form of T. brucei

The disease-causing form of T. brucei is an extracellular parasite
inhabiting various niches of its mammalian host, including the
bloodstream, adipose tissue, skin or central nervous system

Downloaded from https://www.cambridge.org/core. IP address: 147.231.253.30, on 15 Nov 2021 at 20:13:36, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/50031182021000202


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0031182021000202
https://www.cambridge.org/core

1156

Leishmania spp.

Trypanosoma cruzi

Ondrej Gahura et al.

Trypanosoma brucei

pm
ROS
S —
fa Sy (et
c o 5 'fu{./""ii. J... sssass
.2 |/@9 )\ / \
g = ML) A
cl cll clll clv
5 6 H:0 e
© £ :
S o ETC ETC ATP
o =
E
OXPHOS 4+~  ROS tOXPHOS !«
Source: amino acids glucose amino acids
fatty acids fatty acids
- 1 )
@ {
o
= :
;8
‘©
=
=
©
=
Form: Amastigote Trypomastigote Amastigote Trypomastigote
@ cﬁi
Z ey
E \_q\l %
+— /
: /J;
0) '
%)
£

Form: Promastigote

Trypomastigote/Epimastigote

Trypomastigote/Epimastigote

Fig. 4. Role of the mitochondrial ATP synthase in Leishmania, Trypanosoma cruzi and T. brucei disease-causing life cycle stages. In the mammalian host, Leishmania
parasites proliferate in macrophages as intracellular amastigotes, while T. cruzi parasites exist in two different forms; as intracellular amastigotes of various mam-
malian cells and as extracellular trypomastigotes in the host bloodstream. In these life forms, ATP synthase is involved in oxidative phosphorylation and generates
ATP. Its inhibition is predicted to cause a depletion of cellular ATP levels. Interestingly, in T. cruzi trypomastigotes, the ATP synthase inhibition would also lead to
increased levels of ROS due to differential expression of ETC complexes Ill and IV. Trypanosoma brucei parasites proliferate in the mammalian bloodstream but also
invade interstitial spaces of various tissues such as brain, adipose tissue and skin. Importantly, T. brucei ATP synthase works in reverse and maintains mitochon-
drial membrane potential (Ay,,) even in trypanosomes lacking mitochondrial DNA. These Dk parasites employ vestigial ATP synthase coupled to ATP/ADP carrier
(AAC) to generate Ay, electrogenically. Inhibition of F-ATPase in both forms leads to dissipation of Ay, and cell death. All three aforementioned parasites (except
for Dk T. brucei) possess a digenetic life cycle involving insect vectors, namely sand fly for Leishmania, triatomine bug for T. cruzi and tsetse fly for T. brucei

transmission. Figure created with Biorender.com.

(Silva Pereira et al., 2019). Since these environments offer differ-
ent nutrients, the BSF mitochondrion maintains its complexity
and plasticity despite its largely reduced size compared to the
insect stage organelle (Zikova et al., 2017). Uniquely, the parasite’s
mitochondrion employs ATP synthase as an ATP-consuming
proton pump (Fig. 4).

The discovery of the oligomycin-sensitive F-ATP synthase in
BSF by Opperdoes et al. (1977), elicited the curiosity of scientists,
who back then considered the BSF mitochondrion a vestigial
organelle with no obvious role in cellular metabolism. Seeking
if this ‘promitochondrion’ possesses mitochondrial membrane
potential, Nolan and Voorheis reported the existence of electro-
chemical gradients in BSF trypanosomes, documented by the
accumulation of the radiolabelled lipophilic cation methyltriphe-
nylphosphonium. One year after, the same authors reported that
oligomycin caused a collapse of the mitochondrial membrane
potential identical in magnitude to that achieved by the proton
uncoupler FCCP, concluding that in BSF cells, the nature of the
mitochondrial electrical gradient was exclusively attributable to
the proton-pumping activity, or reverse mode, of the ATP syn-
thase (Nolan and Voorheis, 1992). In more than 10 years, RNA

interference silencing of two F;-ATPase subunits further corrobo-
rated the previous findings and confirmed the unusual and essen-
tial function of this enzyme for the survival of BSF trypanosomes
(Schnaufer et al., 2005; Brown et al., 2006).

The role of the F-ATPase in BSF T. brucei strikingly contrasts
with that of other eukaryotes, where the reverse operation of the
ATP synthase is a rare and short-term phenomenon associated
with hypoxia or anoxia. For example, under ischaemic conditions
in mammalian tissues, respiration is halted and the ATP synthase
reverses in response to decreased mitochondrial membrane
potential, partially compensating for its loss by utilizing ATP
produced by glycolysis. To limit the detrimental depletion of
cellular ATP caused by an ATP-consuming F-ATP synthase
(Rouslin et al., 1986; Jennings et al, 1991; St-Pierre et al,
2000), the activity of this enzyme is regulated by a short naturally
occurring protein, the inhibitory factor 1 (IF1) (Pullman
and Monroy, 1963; Walker, 1994). IF1 specifically inhibits the
ATPase activity with no effect on ATP synthesis (Pullman and
Monroy, 1963; Asami et al., 1970), although some authors pro-
pose an inhibitory effect of IF1 on both ATP synthase modes
(Harris et al, 1979; Schwerzmann and Pedersen, 1981;
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Formentini et al., 2012; Garcia-Bermudez and Cuezva, 2016). IF1
has also been implicated in cristae biogenesis, dimerization of the
ATP synthase and metabolic reprogramming of cancer cells
(Campanella et al., 2009). This regulatory protein has been iden-
tified in T. brucei (TbIF1) and related trypanosomatid parasites.
In T. brucei the expression of TbIF1 is tightly regulated through-
out the life cycle as it is expressed only in the insect stages, but not
in BSF (Panicucci et al., 2017). In T. cruzi and Leishmania para-
sites, regulation of IF1 expression is reflected in its slight upregu-
lation in the mammalian intracellular stages compared to the
respective insect stages in agreement with increased mitochon-
drial activity of T. cruzi and Leishmania amastigotes (Li et al,
2016; Inbar et al., 2017). As in other organisms, TbIF1 inhibits
the hydrolytic but not the synthetic activity of the mitochondrial
ATP synthase in vitro (Panicucci et al., 2017; Gahura et al,
2018a). The artificial expression of TbIF1 is lethal for BSF trypa-
nosomes, due to the abolishment of the mitochondrial membrane
potential (Panicucci et al., 2017).

In addition to its role in the maintenance of mitochondrial
membrane potential, a functional F-ATPase is also required by
BSF parasites to prevent the intramitochondrial accumulation of
ATP. Elevated ATP levels lead to inhibition of the alternative oxi-
dase, the only terminal oxidase in BSF parasites, and consequently
to a reduced respiration rate (Luevano-Martinez et al., 2020). This
represents a novel and unique role of the F-ATPase connecting
this enzyme to the regulation of the glycolytic pathway, which
is intimately linked to respiration via the alternative oxidase
(Bakker et al., 1999). Despite these fundamental roles, BSF trypa-
nosomes can withstand a loss of approximately 90% of the
membrane-bound F-ATPase complexes with no obvious deleteri-
ous effect on their viability in culture nor on the mitochondrial
membrane potential in live cells (Hierro-Yap et al, 2021). We
speculate that the long-term tolerance of reduced levels of
F-ATPase complexes might be favourable for the emergence of
trypanosomes lacking mitochondrial genome, as it might provide
the time frame for the parasites to gain key nuclear mutation(s) in
the F-ATPase that enable(s) generation of mitochondrial mem-
brane potential in the absence of mitochondrial-encoded
a-subunit.

The vestigial F-ATPase in trypanosomes without
mitochondrial genome

The mitochondrial DNA of trypanosomatids, which is arranged
in a distinct submitochondrial structure termed kinetoplast
(hence kinetoplast DNA, kDNA), encodes mostly for the compo-
nents of the oxidative phosphorylation pathway, key for the sur-
vival of T. brucei’s insect stages (Stuart, 1983; Schnaufer et al.,
2002). In BSF trypanosomes, which do not carry out oxidative
phosphorylation, kDNA is indispensable due to the requirement
of the F-ATP synthase a-subunit involved in proton translocation
across the inner mitochondrial membrane. To synthesize the
a-subunit, BSF mitochondria express additional two kDNA-
encoded proteins, uS3m and uS12m, core components of mito-
chondrial ribosomes (Ramrath et al., 2018). However, there are
BSF trypanosomes that partially or completely lack their kDNA
and they are referred to as dyskinetoplastic (Dk) subspecies
(Agbe and Yielding, 1995). The Dk trypanosomes thriving in
nature, T. brucei evansi (Hoare, 1937) and T. brucei equiperdum
(Tobie, 1951), cause surra and dourine, respectively, devastating
diseases that affect a broad range of domestic and wild animals
in Africa, Asia and South America (Brun et al, 1998). Stable
kDNA-deficient strains can also be generated artificially using
compounds targeting the kDNA network, such as ethidium
bromide or acriflavine (Stuart, 1971; Riou et al., 1980; Riou and
Benard, 1980). Although Dk trypanosomes were thought to be
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locked in the long slender BSF stage, the absence of KDNA
does not impair their differentiation into the stumpy form, a
transmission pre-adapted stage with partially activated mitochon-
drial functions. However, the absence of kDNA does reduce the
lifespan of the stumpy form (Dewar et al, 2018), hampering
their differentiation into the procyclic form (Timms et al,
2002). Therefore, Dk trypanosomes are transmitted between
hosts during sexual intercourse or mechanically via blood-sucking
insects or vampire bats (Brun et al., 1998), which facilitated their
spread outside the area of the tsetse fly belt (Lun and Desser,
1995).

Because the ATP synthase a-subunit is absent in Dk trypano-
somes, the molecular mechanism for the generation of mitochon-
drial membrane potential is analogous to that of mammalian p°
cells and yeast petite mutants, both of which lack mitochondrial
genome. The mechanism involves ATP hydrolysis by the vestigial
ATP synthase, which provides the substrate for the electrogenic
exchange of mitochondrial ADP*~ for cytosolic ATP*” by the
ATP/ADP carrier (AAC). Accordingly, oligomycin, an inhibitor
that blocks the c-ring rotation, has virtually no effect on the
growth of T. b. evansi (Schnaufer et al., 2005). Moreover, Dk
strains contain one of several point mutations in the nuclear-
encoded subunits of the F;-ATPase, most often the L262P or
A273P substitutions in the y-subunit (Lai et al, 2008; Dean
et al., 2013). These substitutions are sufficient to allow the loss
of kDNA and enable the generation of mitochondrial membrane
potential in an Fy-independent manner, perhaps by enhancing
the hydrolytic activity of the F;-ATPase (Dean et al., 2013).

The functional independence from the F, section led to the
long-standing belief that the F; moiety exists as a soluble entity
detached from the inner mitochondrial membrane in DK trypano-
somes (Schnaufer et al., 2005; Jensen et al., 2008). However, the
finding that the silenced expression of the peripheral stalk subunit
ATPTB2/d-subunit slowed the growth of Dk trypanosomes in
vitro (Subrtova et al., 2015) indicates that the complex might be
attached to the membrane. Considering the presence of a
membrane-bound F-ATP synthase in cells devoid of mitochon-
drial genome in other organisms (Wittig et al., 2010; He et al.,
2017), it is likely that the vestigial F-ATPase in Dk trypanosomes
also remains associated with the membrane to increase the spatial
proximity between the AAC and the F;-ATPase, and ensure an
efficient exchange of substrates between the two entities.

Perspectives

Although many architectural features of ATP synthase from
Euglena can be extrapolated to Trypanosomatida, a high-
resolution cryo-EM structure of a trypanosomatid ATP synthase
will be necessary for an unbiased and complete description of
the enzyme in this parasitic lineage. Such research will reveal
structural divergency, predominantly in the membrane-embedded
part of the enzyme, as suggested by the absence of apparent
homologs of some conserved ATP synthase subunits in T. brucei
(Fig. 1). If several rotational states of the enzyme are character-
ized, the study would explain how the apparently flexible periph-
eral stalk immobilizes the catalytic subcomplex and what is the
contribution of its unprecedented contacts with the F;-ATPase
(Fig. 3D). An atomic model of trypanosomal ATP synthase
could also reveal details with potential relevance to structure-
based drug development. For example, the IF1-F;-ATPase inter-
action interface can be exploited by peptidomimetics to develop
inhibitors selective for ATP hydrolytic activity of the enzyme.
In the insect stage of T. brucei, the dimers of ATP synthase con-
tribute to the shaping of the inner mitochondrial membrane by
assembling into short helices on the rims of discoidal cristae
(Mubhleip et al., 2017). However, it is not clear how the dimers
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arrange in the BSF cells, which exhibit reduced complexity of
mitochondrial ultrastructure. The understanding of the molecular
mechanisms of membrane reshaping during the T. brucei life
cycle, which can now be mimicked in vitro (Kolev et al., 2012;
Dolezelova et al., 2020), will further illuminate the principles
underlying mitochondrial dynamics in eukaryotes in general.
Furthermore, recent data suggested interaction of the ATP syn-
thase complex with mitochondrial calcium uniporter complex,
AAC and phosphate carrier (Huang and Docampo, 2020).
Further studies scrutinizing this putative megacomplex may reveal
ATP synthase regulation by Ca** and strengthen the importance
of the functional interplay between ATP synthase and both car-
riers in BSF and Dk cells. Considering our detailed knowledge
of ATP synthase’s role in T. brucei parasites, it is surprising that
very little is known about its function in medically important
parasites, Leishmania and T. cruzi. Although this gap is caused
most likely by the fact that these parasites are less amenable to
genetic manipulation, this can now be overcome by using subge-
nomic CRISPR/Cas9 libraries to dissect the role of oxidative phos-
phorylation complexes in different life cycle forms of these
parasites. This will lead to a better understanding of the parasites’
metabolic flexibility and capacity, ultimately advancing our efforts
to target mitochondrial essential metabolic pathways for drug
development.
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Abstract

Mitochondrial ATP synthase forms stable dimers arranged into oligomeric assemblies that
generate the inner-membrane curvature essential for efficient energy conversion. Here, we
report cryo-EM structures of the intact ATP synthase dimer from 7Trypanosoma brucei in ten
different rotational states. The model consists of 25 subunits, including nine lineage-specific,
as well as 36 lipids. The rotary mechanism is influenced by the divergent peripheral stalk,
conferring a greater conformational flexibility. Proton transfer in the lumenal half-channel
occurs via a chain of five ordered water molecules. The dimerization interface is formed by
subunit-g that is critical for interactions but not for the catalytic activity. Although overall
dimer architecture varies among eukaryotes, we find that subunit-g together with subunit-e
form an ancestral oligomerization motif, which is shared between the trypanosomal and
mammalian lineages. Therefore, our data defines the subunit-g/e module as a structural

component determining ATP synthase oligomeric assemblies.


https://doi.org/10.1101/2021.10.10.463820
http://creativecommons.org/licenses/by-nc-nd/4.0/

34
35
36
37
38
39
40
41
42

43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

61
62
63
64
65
66
67
68
69

70
71
72
73
74
75

76

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.10.463820; this version posted April 3, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-NC-ND 4.0 International license.

Mitochondrial ATP synthase consists of the soluble F1 and membrane-bound F, subcomplexes,
and occurs in dimers that assemble into oligomers to induce the formation of inner-membrane
folds, called cristae. The cristae are the sites for oxidative phosphorylation and energy
conversion in eukaryotic cells. Dissociation of ATP synthase dimers into monomers results in
the loss of native cristae architecture and impairs mitochondrial function2. While cristae
morphology varies substantially between organisms from different lineages, ranging from flat
lamellar in opisthokonts to coiled tubular in ciliates and discoidal in euglenozoans®, the
mitochondrial ATP synthase dimers represent a universal occurrence to maintain the
membrane shape®.

ATP synthase dimers of variable size and architecture, classified into types I to IV have
recently been resolved by high-resolution cryo-EM studies. In the structure of the type-1 ATP
synthase dimer from mammals, the monomers are only weakly associated®®, and in yeast
insertions in the membrane subunits form tighter contacts’. The structure of the type-IT ATP
synthase dimer from the alga Polytomella sp. showed that the dimer interface is formed by
phylum-specific components®. The type-III ATP synthase dimer from the ciliate Tetrahymena
thermophila is characterized by parallel rotary axes, and a substoichiometric subunit, as well
as multiple lipids were identified at the dimer interface, while additional protein components
that tie the monomers together are distributed between the matrix, transmembrane, and lumenal
regions’. The structure of the type-IV ATP synthase with native lipids from Euglena gracilis
also showed that specific protein-lipid interactions contribute to the dimerization, and that the
central and peripheral stalks interact with each other directly!’. Finally, a unique apicomplexan
ATP synthase dimerizes via 11 parasite-specific components that contribute ~7000 A2 buried
surface area'!, and unlike all other ATP synthases, that assemble into rows, it associates in
higher oligomeric states of pentagonal pyramids in the curved apical membrane regions.
Together, the available structural data suggest a diversity of oligomerization, and it remains
unknown whether common elements mediating these interactions exist or whether
dimerization of ATP synthase occurred independently and multiple times in evolution®*.

The ATP synthase of Trypanosoma brucei, a representative of kinetoplastids and an established
medically important model organism causing the sleeping sickness, is highly divergent,
exemplified by the pyramid-shaped F; head containing a phylum specific subunit'>!3. The
dimers are sensitive to the lack of cardiolipin!* and form short left-handed helical segments
that extend across the membrane ridge of the discoidal cristae'®. Uniquely among aerobic
eukaryotes, the mammalian life cycle stage of 7. brucei utilizes the reverse mode of ATP
synthase, using the enzyme as a proton pump to maintain mitochondrial membrane potential
at the expense of ATP!®!7, In contrast, the insect stages of the parasite employ the ATP-

producing forward mode of the enzyme!®1,

Given the conservation of the core subunits, the different nature of oligomerization and the
ability to test structural hypotheses biochemically, we reasoned that investigation of the T.
brucei ATP synthase structure and function would provide the missing evolutionary link to
understand how the monomers interact to form physiological dimers. Here, we address this
question by combining structural, functional and evolutionary analysis of the 7. brucei ATP
synthase dimer.
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77  Results
78  Cryo-EM structure of the 7. brucei ATP synthase

79  We purified ATP synthase dimers from cultured 7. brucei procyclic trypomastigotes by affinity
80  chromatography with a recombinant natural protein inhibitor TbIF %, and subjected the sample
81  to cryo-EM analysis (Extended Data Fig. 1 and 2). Using masked refinements, maps were
82  obtained for the membrane region, the rotor, and the peripheral stalk. To describe the
83  conformational space of the 7. brucei ATP synthase, we resolved ten distinct rotary substates,
84  which were refined to 3.5-4.3 A resolution. Finally, particles with both monomers in rotational
85  state | were selected, and the consensus structure of the dimer was refined to 3.2 A resolution
86  (Extended Data Table 1, Extended Data Figs. 2&3).

87  Unlike the wide-angle architecture of dimers found in animals and fungi, the 7. brucei ATP
88  synthase displays an angle of 60° between the two Fi/c-ring subcomplexes. The model of the
89  T. brucei ATP synthase includes all 25 different subunits, nine of which are lineage-specific
90 (Fig. la, Supplementary Video 1, Extended Data Fig. 4). We named the subunits according to
91 the previously proposed nomenclature?'->* (Extended Data Table 2). In addition, we identified
92  and modeled 36 bound phospholipids, including 24 cardiolipins (Extended Data Fig. 5). Both
93  detergents used during purification, n-dodecyl B-D-maltoside (B-DDM) and glyco-diosgenin
94  (GDN) are also resolved in the periphery of the membrane region (Extended Data Fig. 6).

95 In the catalytic region, F; is augmented by three copies of subunit p18, each bound to subunit-

96  a'*'3. Our structure shows that p18 is involved in the unusual attachment of F; to the peripheral

97  stalk. The membrane region includes eight conserved F, subunits (b, d, f, 8, i/j, k, e, and g)

98  arranged around the central proton translocator subunit-a. We identified those subunits based

99  on the structural similarity and matching topology to their yeast counterparts (Fig. 2). For
100  subunit-b, a single transmembrane helix superimposes well with bH1 from yeast and anchors
101  the newly identified subunit-e and -g to the F, (Fig. 2a,b). In yeast and bovine ATP synthases
102 DPHI and transmembrane helices of subunits-e and -g are arranged in the same way as in our
103 structure and contribute to a characteristic wedge in the membrane domain®. The long helix
104  HH2, which constitutes the central part of the peripheral stalk in other organisms is absent in
105 T brucei (Fig. 2¢). No alternative subunit-5*>* is found in our structure.

106  The membrane region contains a peripheral subcomplex, formed primarily by the phylum-
107  specific ATPTB1,6,12 and ATPEG3 (Fig. 1b). It is separated from the conserved core by a
108  membrane-intrinsic cavity, in which nine bound cardiolipins are resolved (Fig. 1c), and the
109  C-terminus of ATPTBI12 interacts with the lumenal B-barrel of the c1o-ring. The B-barrel, which
110  has previously been reported also in the ATP synthase from E. gracilis'’, extends from the cio-
111  ring approximately 15 A to the lumen (Fig. 1a and Extended Data Fig. 7). The cavity of the
112 decameric c-ring contains density consistent with disordered lipids, as observed in other ATP
113 synthases>®’, and in addition near the matrix side, 10 Arg66. residues coordinate a ligand
114  density, which is consistent with a pyrimidine ribonucleoside triphosphate (Fig. 1d). We assign
115  this density as uridine-triphosphate (UTP), due to its large requirement in the mitochondrial
116  RNA metabolism of African trypanosomes being a substrate for post-transcriptional RNA
117  editing?®, and addition of poly-uridine tails to gRNAs and rRNAs?%?7, as well as due to low
118 abundance of cytidine triphosphate (CTP)?. The nucleotide base is inserted between two
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119  Arg82. residues, whereas the triphosphate region is coordinated by another five Arg82.
120 residues, with Tyr79; and Asn76; providing asymmetric coordination contacts. The presence
121 of a nucleotide inside the c-ring is surprising, given the recent reports of phospholipids inside
122 the c-rings in mammals™® and ciliates’, indicating that a range of different ligands can provide
123 structural scaffolding.

124

125

126
127  Fig. 1: The T. brucei ATP synthase structure with lipids and ligands.

128  a, Front and side views of the composite model with both monomers in rotational state 1. The
129 two Fi/cio-ring complexes, each augmented by three copies of the phylum-specific p18 subunit,
130  are tied together at a 60°-angle. The membrane-bound F, region displays a unique architecture
131  and is composed of both conserved and phylum-specific subunits. b, Side view of the F, region
132 showing the lumenal interaction of the ten-stranded B-barrel of the c-ring (grey) with ATPTB12
133 (pale blue). The lipid-filled peripheral F, cavity is indicated. ¢, Close-up view of the bound
134 lipids within the peripheral F, cavity with cryo-EM density shown. d, Top view into the
135  decameric c-ring with a bound pyrimidine ribonucleoside triphosphate, assigned as UTP,
136  although not experimentally detected. Map density shown in transparent blue, interacting
137  residues shown.
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Fig. 2: Identification of conserved F, subunits.

a, Top view of the membrane region with 7. brucei subunits (colored) overlaid with
S. cerevisiae structure (gray transparent). Close structural superposition and matching topology
allowed the assignment of conserved subunits based on matching topology and location.
b, Superposition of subunits-b, -e and -g with their S. cerevisiae counterparts (PDB 6B2Z7)
confirms their identity. ¢, Schematic representation of transmembrane helices of subunit-b and
adjacent subunits in T. brucei, E. gracilis (PDB 6TDV)!? and S. cerevisiae (PDB 6B2Z)" ATP
synthases. PC — phosphatidylcholine.
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148  Peripheral stalk flexibility and distinct rotational states

149  The trypanosomal peripheral stalk displays a markedly different architecture compared to its
150  yeast and mammalian counterparts. In the opisthokont complexes, the peripheral stalk is
151  organized around the long pH2, which extends from the membrane ~15 nm into the matrix and
152 attaches to OSCP at the top of F1>7. By contrast, 7. brucei lacks the canonical bH2 and instead,
153  helices 5-7 of divergent subunit-d and the C-terminal helix of extended subunit-§ bind to a C-
154  terminal extension of OSCP at the apical part of the peripheral stalk (Fig. 3a). The interaction
155  between OSCP and subunit-d and -8 is stabilized by soluble ATPTB3 and ATPTB4. The
156  peripheral stalk is rooted to the membrane subcomplex by a transmembrane helix of subunit-
157 8, wrapped on the matrix side by helices 8-11 of subunit-d. Apart from the canonical contacts
158 at the top of Fi, the peripheral stalk is attached to the F; via a euglenozoa-specific C-terminal
159  extension of OSCP, which contains a disordered linker and a terminal helix hairpin extending
160  between the Fi-bound pl8 and subunits -d and -8 of the peripheral stalk (Fig. 3a,
161  Supplementary Videos 2,3). Another interaction of F; with the peripheral stalk occurs between
162  the stacked C-terminal helices of subunit-f3 and -d (Fig. 3b), the latter of which structurally
163  belongs to F; and is connected to the peripheral stalk via a flexible linker.

164  To assess whether the unusual peripheral stalk architecture influences the rotary mechanism,
165  we analysed 10 classes representing different rotational states. The three main states (1-3) result
166  from three ~120° rotation steps of the rotor relatively to the static Fo. In all classes Fi is in a
167  similar conformation, corresponding to the catalytic dwell, observed previously also in the
168  crystal structure of 7. brucei Fi-ATPase!®. In accordance with the ~120° rotation of the central
169  stalk, the conformations and nucleotide occupancy of the catalytic interfaces of the individual
170  af dimers differ between the main states, showing ADP and ATP in the “loose” and “tight”
171  closed conformations, respectively, and empty nucleotide binding site in the “open”
172 conformation. We identified five (1a-1e), four (2a-2d) and one (3) classes of the respective
173 main states. The rotor positions of the rotational states 1a, 2a and 3 are related by steps of 117°,
174 136° and 107°, respectively. Throughout all the identified substeps of the rotational state 1
175  (classes lato le) the rotor turns by ~33°, which corresponds approximately to the advancement
176 by one subunit-c of the cio-ring (Fig. 3¢). While rotating along with the rotor, the Fi headpiece
177  lags behind, advancing by only ~13°. During the following transition from le to 2a, the rotor
178  advances by ~84°, whereas the F; headpiece rotates ~22° in the opposite direction (Fig. 3d).
179  This generates a counter-directional torque between the two motors, which is consistent with a
180  power-stroke mechanism. This counter-directional torque may occur in all three main
181  rotational state transitions. However, it was observed only in the main state 1, because it was
182  captured in more substeps than the remaining two states, presumably as a consequence of the
183  symmetry mismatch between the decameric c-ring and the a3/ hexamer®. Within the four
184  classes of the state 2 the rotor advances by 23° and F; returns close to its position observed in
185  class la, where it is found also in the only observed class of the state 3. Albeit with small
186  differences in step size, this mechanism is consistent with a previous observation in the
187  Polytomella ATP synthase®. However, due to its large, rigid peripheral stalk, the Polytomella
188  ATP synthase mainly displays rotational substeps, whereas the Trypanosoma F also displays
189  atilting motion of ~8° revealed by rotary states la and 1b (Fig. 3e, Supplementary Video 2).
190  The previously reported hinge motion between the N- and C-terminal domains of OSCP? is not
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191  found in our structures, instead, the conformational changes of the Fi/cio-ring subcomplex are
192  accommodated by a 5° bending of the apical part of the peripheral stalk. (Fig. 3e,
193  Supplementary Videos 2,3). Together, the structural data indicate that the divergent peripheral
194  stalk attachment confers greater conformational flexibility to the 7. brucei ATP synthase.

195
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196
197  Fig. 3: A divergent peripheral stalk allows high flexibility during rotary catalysis. a, N-
198  terminal OSCP extension provides a permanent central stalk attachment, while the C-terminal
199  extension provides a phylum-specific attachment to the divergent peripheral stalk. b, The C-
200  terminal helices of subunits -f and -d provide a permanent F; attachment. ¢, Substeps of the c-
201  ring during transition from rotational state 1 to 2. d, F1 motion accommodating steps shown in
202  (c). After advancing along with the rotor to state le, the F; rotates in the opposite direction
203  when transitioning to state 2a. e, Tilting motion of F; and accommodating bending of the
204  peripheral stalk.

205
206  Lumenal proton half-channel is insulated by a lipid and contains ordered water molecules

207  The mechanism of proton translocation involves sequential protonation of E102 of subunits-c,
208  rotation of the cio-ring with neutralized E102¢ exposed to the phospholipid bilayer, and release
209  of protons on the other side of the membrane. The sites of proton binding and release are
210  separated by the conserved R146 contributed by the horizontal helix H5 of subunit-a and are
211  accessible from the cristae lumen and mitochondrial matrix by aqueous half-channels (Fig. 4a).
212 Together, R146 and the adjacent N209 coordinate a pair of water molecules in between helices

7
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213 HS5 and H6 (Fig. 4b). A similar coordination has been observed in the Polytomella ATP
214  synthase®. The coordination of water likely restricts the R146 to rotamers that extend towards
215  the c-ring, with which it is thought to interact.

216  In our structure, the lumenal half-channel, which displays a local resolution of 2.55 A
217  (Extended Data Fig. 3), is filled with a network of resolved water densities, ending in a chain
218  of five ordered water molecules (W1-W5; Fig. 4c,d,e). The presence of ordered water
219  molecules in the aqueous channel is consistent with a Grotthuss-type mechanism for proton
220  transfer, which would not require long-distance diffusion of water molecules®. However,
221  because some distances between the observed water molecules are too large for direct hydrogen
222  bonding, proton transfer may involve both coordinated and disordered water molecules. The
223  distance of 7 A between the last resolved water (W1) and D202,, the conserved residue that is
224 thought to transfer protons to the c-ring, is too long for direct proton transfer. Instead, it may
225 occur via the adjacent H155, Therefore, our structure resolves individual elements
226  participating in proton transport (Fig. 4d,e).

227  The lumenal proton half-channel in the mammalian> and apicomplexan!! ATP synthase is
228  lined by the transmembrane part of hH2, which is absent in 7. brucei. Instead, the position of
229  bH2 is occupied by a fully ordered phosphatidylcholine in our structure (PC1; Fig. 4a.c).
230  Therefore, a bound lipid replaces a proteinaceous element in the proton path.

231 € ‘ N gkl ) - b

232 Fig. 4: The lumenal half-channel contains ordered water molecules and is confined by an
233  Fo-bound lipid. a, Subunit-a (green) with the matrix (orange) and lumenal (light blue)
234  channels, and an ordered phosphatidylcholine (PC1; blue). E102 of the cio-ring shown in grey.
235 b, Close-up view of the highly conserved R146, and N209,, which coordinate two water
236  molecules between helices H5-6,. ¢, Sideview of the lumenal channel with proton pathway
237  (light blue) and confining phosphatidylcholine (blue). d, Chain of ordered water molecules in
238  the lumenal channel. Distances between the W1-W5 (red) are 5.2, 3.9, 7.3 and 4.8 A,
239  respectively. e, The ordered waters extend to H155,, which likely mediates the transfer of
240  protons to D202,.
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241  Subunit-g facilitates assembly of different ATP synthase oligomers

242  Despite sharing a set of conserved F, subunits, the 7. brucei ATP synthase dimer displays a
243  markedly different dimer architecture compared to previously determined structures. First, its
244  dimerization interface of 3,600 A is smaller than that of the E. gracilis type-1V (10,000 A?)
245  and the T. thermophila type-111 ATP synthases (16,000 A?). Second, unlike mammalian and
246  fungal ATP synthase, in which the peripheral stalks extend in the plane defined by the two
247  rotary axes, in our structure the monomers are rotated such that the peripheral stalks are offset
248 laterally on the opposite sides of the plane. Due to the rotated monomers, this architecture is
249  associated with a specific dimerization interface, where two subunit-g copies interact
250  homotypically on the C> symmetry axis (Fig. 5a, Supplementary Video 1). Both copies of H1-
251 24 extend horizontally along the matrix side of the membrane, clamping against each other
252 (Fig. 5c,e). This facilitates formation of contacts between an associated transmembrane helix
253  of subunit-e with the neighbouring monomer via subunit-a’ in the membrane, and -f* in the
254  lumen, thereby further contributing to the interface (Fig. 5b). Thus, the ATP synthase dimer is
255  assembled via the subunit-e/g module. The C-terminal part of the subunit-e helix extends into
256  the lumen, towards the ten-stranded B-barrel of the c-ring (Extended Data Fig. 7a). The terminal
257 23 residues are disordered with poorly resolved density connecting to the detergent plug of the
258  c-ring B-barrel (Extended Data Fig. 7b). This resembles the lumenal C-terminus of subunit-e
259  in the bovine structure’, indicating a conserved interaction with the c-ring. In mammals, a
260  mechanism, in which retraction of subunit-e upon calcium exposure pulls out the lipid plug
261 and induces disassembly of the c-ring, which triggers permeability transition pore (PTP)
262  opening, has been proposed®.

263  The e/g module is held together by four bound cardiolipins in the matrix leaflet, anchoring it
264  to the remaining F, region (Fig. 5¢). The head groups of the lipids are coordinated by polar and
265  charged residues with their acyl chains filling a central cavity in the membrane region at the
266  dimer interface (Fig 5c, Extended Data Fig. 5f). Cardiolipin binding has previously been
267  reported to be obligatory for dimerization in secondary transporters®® and the depletion of
268 cardiolipin synthase resulted in reduced levels of ATP synthase in bloodstream
269  trypanosomes'®,

270  Interestingly, for yeasts, early blue native gel electrophoresis®! and subtomogram averaging
271  studies® suggested subunit-g as potentially dimer-mediating, however the e/g modules are
272 located laterally opposed on either side of the dimer long axis, in the periphery of the complex,
273  ~8.5 nm apart from each other. Because the e/g modules do not interact directly within the
274  yeast ATP synthase dimer, they have been proposed to serve as membrane-bending elements,
275  whereas the major dimer contacts are formed by subunit-a and -i/j’. In mammals, the e/g
276  module occupies the same position as in yeasts, forming the interaction between two diagonal
277  monomers in a tetramer>%32, as well as between parallel dimers*. The comparison with our
278  structure shows that the overall organization of the intra-dimeric trypanosomal and inter-
279  dimeric mammalian e/g module is structurally similar (Fig. 5d). Furthermore, kinetoplastid
280  parasites and mammals share conserved GXXXG motifs in subunit-e** and -g (Extended Data
281  Fig. 8), which allow close interaction of their transmembrane helices (Fig. Se), providing
282  further evidence for subunit homology. However, while the mammalian ATP synthase dimers
283  are arranged perpendicularly to the long axis of their rows along the edge of cristae®, the
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284 T brucei dimers on the rims of discoidal cristae are inclined ~45° to the row axis!>. Therefore,
285  the e/g module occupies equivalent positions in the rows of both evolutionary distant groups
286  (Fig. 5f and reference 33).
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287
288 Fig. 5: The homotypic dimerization motif of subunit-g generates a conserved
289  oligomerization module. a, Side view with dimerising subunits colored. b,c, The dimer
290 interface is constituted by (b) subunit-e’ contacting subunit-a in the membrane and subunit-f
291  in the lumen, (c) subunits e and g from both monomers forming a subcomplex with bound
292  lipids. d, Subunit-g and -e form a dimerization motif in the trypanosomal (type-1V) ATP
293  synthase dimer (this study), the same structural element forms the oligomerization motif in the
294  porcine ATP synthase tetramer. The structural similarity of the pseudo-dimer (i.e., two
295  diagonal monomers from adjacent dimers) in the porcine structure with the trypanosomal dimer
296  suggests that type I and IV ATP synthase dimers have evolved through divergence from a
297  common ancestor. e, The dimeric subunit-e/g structures are conserved in pig (PDB 6ZNA) and
298  T. brucei (this work) and contain a conserved GXXXG motif (orange) mediating interaction of
299  transmembrane helices. f, Models of the ATP synthase dimers fitted into subtomogram
300 averages of short oligomers!: matrix view, left; cut-through, middle, lumenal view, right
301 (EMD-3560).
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Fig. 6: RNAi knockdown of subunit-g results in monomerization of ATP synthase. a,
Growth curves of non-induced (solid lines) and tetracycline-induced (dashed lines) RNAi cell
lines grown in the presence (black) or absence (brown) of glucose. The insets show relative
levels of the respective target mRNA at indicated days post-induction (DPI) normalized to the
levels of 18S rRNA (black bars) or B-tubulin (white bars). b, Immunoblots of mitochondrial
lysates from indicated RNA1 cell lines resolved by BN-PAGE probed with antibodies against
indicated ATP synthase subunits. ¢, Representative immunoblots of whole cell lysates from
indicated RN A cell lines probed with indicated antibodies. d, Quantification of three replicates

of immunoblots in (c). Values were normalized to the signal of the loading control Hsp70 and
to non-induced cells. Plots show means with standard deviations (SD).
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313 Subunit-g retains the dimer but is not essential for the catalytic monomer

314  To validate structural insights, we knocked down each individual F, subunit by inducible RNA
315 interference (RNAI). All target mRNAs dropped to 5-20 % of their original levels after two
316  and four days of induction (Fig. 6a and Extended Data Fig. 9a). Western blot analysis of whole-
317  cell lysates resolved by denaturing electrophoresis revealed decreased levels of F, subunits
318 ATPBI and -d suggesting that the integrity of the F, moiety depends on the presence of other
319  F, subunits (Fig. 6¢,d). Immunoblotting of mitochondrial complexes resolved by blue native
320  polyacrylamide gel electrophoresis (BN-PAGE) with antibodies against F; and F, subunits
321 revealed a strong decrease or nearly complete loss of dimeric and monomeric forms of ATP
322  synthases four days after induction of RNAi of most subunits (b, e, f, i/j, k, 8, ATPTB3,
323  ATPTB4, ATPTB6, ATPTBI1, ATPTB12, ATPEG3 and ATPEG4), documenting an
324  increased instability of the enzyme or defects in its assembly. Simultaneous accumulation in
325  Fi-ATPase, as observed by BN-PAGE, demonstrated that the catalytic moiety remains intact
326  after the disruption of the peripheral stalk or the membrane subcomplex (Fig. 6b,c,d and
327  Extended Data Fig. 9b).

328 In contrast to the other targeted F, subunits, the downregulation of subunit-g with RNAi
329  resulted in a specific loss of dimeric complexes with concomitant accumulation of monomers
330  (Fig. 6b), indicating that it is required for dimerization, but not for the assembly and stability
331  of the monomeric FiF, ATP synthase units. Transmission electron microscopy of thin cell
332 sections revealed that the ATP synthase monomerization in the subunit-gRNA! cell line had the
333  same effect on mitochondrial ultrastructure as nearly complete loss of monomers and dimers
334  upon knockdown of subunit-8. Both cell lines exhibited decreased cristae counts and aberrant
335  cristae morphology (Fig. 7a,b), including the appearance of round shapes reminiscent of
336  structures detected upon deletion of subunit-g or -e in Saccharomyces cerevisiae'. These results
337  indicate that monomerization prevents the trypanosomal ATP synthase from assembling into
338  short helical rows on the rims of the discoidal cristae!®, as has been reported for impaired
339  oligomerization in counterparts from other eukaryotes>3.

340  Despite the altered mitochondrial ultrastructure, the subunit-gRNAi

341  mild growth phenotype, in contrast to all other RNAI cell lines that exhibited steadily slowed
342  growth from day three to four after the RNAI induction (Fig. 7a, Extended Data Fig. 9a). This
343 s consistent with the growth defects observed after the ablation of F, subunit ATPTB1' and
344  F; subunits-a and p18'2. Thus, the monomerization of ATP synthase upon subunit-g ablation

cells showed only a very

345  had only a negligible effect on the fitness of trypanosomes cultured in glucose-rich medium,
346 in which ATP production by substrate level phosphorylation partially compensates for
347  compromised oxidative phosphorylation®’.

348  Measurement of oligomycin-sensitive ATP-dependent mitochondrial membrane polarization
349 by safranin O assay in permeabilized cells showed that the proton pumping activity of the ATP
350  synthase in the induced subunit-g®NA! cells is negligibly affected, demonstrating that the
351 monomerized enzyme is catalytically functional. By contrast, RNAi downregulation of
352 subunit-8, ATPTB4 and ATPTBI1, and ATPTBI resulted in a strong decline of the
353  mitochondrial membrane polarization capacity, consistent with the loss of both monomeric and
354  dimeric ATP synthase forms (Fig. 7c). Accordingly, knockdown of the same subunits resulted

355 in inability to produce ATP by oxidative phosphorylation (Fig. 7d). However, upon subunit-g
12
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356  ablation the ATP production was affected only partially, confirming that the monomerized
357  ATP synthase remains catalytically active. The ~50 % drop in ATP production of subunit-gRNAi
358 cells can be attributed to the decreased oxidative phosphorylation efficiency due to the
359  impaired cristae morphology. Indeed, when cells were cultured in the absence of glucose,
360 enforcing the need for oxidative phosphorylation, knockdown of subunit-g results in a growth
361  arrest, albeit one to two days later than knockdown of all other tested subunits (Fig. 6a). The
362  data show that dimerization is critical when oxidative phosphorylation is the predominant
363  source of ATP.
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365 Fig. 7: Monomerization of ATP synthase by subunit-g knockdown results in aberrant
366  mitochondrial ultrastructure but does not abolish catalytic activity. a, Transmission
367 electron micrographs of sections of non-induced or 4 days induced RNAi cell lines.
368  Mitochondrial membranes and cristae are marked with blue and red arrowheads, respectively.
369  Top panel shows examples of irregular, elongated and round cross-sections of mitochondria
370  quantified in (b). b, Cristae numbers per vesicle from indicated induced (IND) or non-induced
371  (NON) cell lines counted separately in irregular, elongated and round mitochondrial cross-
372  section. Boxes and whiskers show 25" to 75" and 5™ to 95" percentiles, respectively. The
373  numbers of analysed cross-sections are indicated for each data point. Unpaired t-test, p-values
374  are shown. ¢, Mitochondrial membrane polarization capacity of non-induced or RNAi-induced
375  cell lines two and four DPI measured by Safranine O. Black and gray arrow indicate addition
376  of ATP and oligomycin, respectively. d, ATP production in permeabilized non-induced (0) or
377  RNAi-induced cells 2 and 4 DPI in the presence of indicated substrates and inhibitors. The
378  graphs show individual values, means (bars) and SD (error bars) of at least four replicates.
379  Gly3P, DL-glycerol phosphate; KCN, potassium cyanide; CATR, carboxyatractyloside
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380  Discussion

381  Our structure of the mitochondrial ATP synthase dimer from the mammalian parasite 7. brucei
382  offers new insight into the mechanism of membrane shaping, rotary catalysis, and proton
383  transfer. Considering that trypanosomes belong to an evolutionarily divergent group of
384  Kinetoplastida, the ATP synthase dimer has several interesting features that differ from other
385  dimer structures. The subunit-b found in bacterial and other mitochondrial F-type ATP
386  synthases appears to be highly reduced to a single transmembrane helix pH1. The long hH2,
387  which constitutes the central part of the peripheral stalk in other organisms, and is also involved
388 in the composition of the lumenal proton half-channel, is completely absent in 7. brucei.
389  Interestingly, the position of AH2 in the proton half channel is occupied by a fully ordered
390 phosphatidylcholine molecule that replaces a well-conserved proteinaceous element in the
391  proton path. However, this replacement is not a common trait of all type-IV ATP synthases,
392  because subunit-b in Euglena gracilis contains the canonical bH2 but lacks bH1'. Thus, while
393  subunit-b is conserved in Euglenozoa, the lineages of 7. brucei and E. gracilis retained its
394  different non-overlapping structural elements (Fig. 2¢). Lack of bH2 in T. brucei also affects
395  composition of the peripheral stalk in which the divergent subunit-d and subunit-8 binds
396 directly to a C-terminal extension of OSCP, indicating a remodeled peripheral stalk
397 architecture. The peripheral stalk contacts the F; headpiece at several positions conferring
398  greater conformational flexibility to the ATP synthase.

399  Using the structural and functional data, we also identified a conserved structural element of
400 the ATP synthase that is responsible for its multimerization. Particularly, subunit-g is required
401  for the dimerization, but dispensable for the assembly of the FiF, monomers. Although the
402 monomerized enzyme is catalytically competent, the inability to form dimers results in
403  defective cristae structure, and consequently leads to compromised oxidative phosphorylation
404 and cease of proliferation. The cristae-shaping properties of mitochondrial ATP synthase
405  dimers are critical for sufficient ATP production by oxidative phosphorylation, but not for other
406  mitochondrial functions, as demonstrated by the lack of growth phenotype of subunit-gRNAi
407  cells in the presence of glucose. Thus, trypanosomal subunit-g depletion strain represents an
408  experimental tool to assess the roles of the enzyme’s primary catalytic function and
409  mitochondria-specific membrane-shaping activity, highlighting the importance of the latter for
410  oxidative phosphorylation.

411 Based on our data and previously published structures, we propose an ancestral state with
412 double rows of ATP synthase monomers connected by e/g modules longitudinally and by other
413  F, subunits transversally. During the course of evolution, different pairs of adjacent ATP
414  synthase monomer units formed stable dimers in individual lineages (Fig. 8). This gave rise to
415  the highly divergent type-I and type-IV ATP synthase dimers with subunit-e/g modules serving
416  either as oligomerization or dimerization motives, respectively. Because trypanosomes belong
417  to the deep-branching eukaryotic supergroup Discoba, the proposed arrangement might have
418  been present in the last eukaryotic common ancestor. Although sequence similarity of subunit-
419  gis low and restricted to the single transmembrane helix, we found homologs of subunit-g in
420  addition to Opisthokonta and Discoba also in Archaeplastida and Amoebozoa, which represent
421  other eukaryotic supergroups, thus supporting the ancestral role in oligomerization (Extended
422  Data Fig. 8). Taken together, our analysis reveals that mitochondrial ATP synthases that
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423  display markedly diverged architecture share the ancestral structural module that promotes
424  oligomerization.
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427  Fig. 8: The subunit-e/g module is an ancestral oligomerization motif of ATP synthase.
428  Schematic model of the evolution of type-I and IV ATP synthases. Mitochondrial ATP
429  synthases are derived from a monomeric complex of proteobacterial origin. In a mitochondrial
430  ancestor, acquisition of mitochondria-specific subunits, including the subunit-e/g module
431  resulted in the assembly of ATP synthase double rows, the structural basis for cristae
432  biogenesis. Through divergence, different ATP synthase architectures evolved, with the
433 subunit-e/g module functioning as an oligomerization (type I) or dimerization (type IV) motif,
434  resulting in distinct row assemblies between mitochondrial lineages.

435
436  Materials and Methods

437  Cell culture and isolation of mitochondria

438  T. brucei procyclic strains were cultured in SDM-79 medium supplemented with 10% (v/v)
439  fetal bovine serum. For growth curves in glucose-free conditions, cells were grown in SDM-
440 80 medium with 10 % dialysed FBS. RNAI cell lines were grown in presence of 2.5 ug/ml
441  phleomycin and 1 pg/ml puromycin. For ATP synthase purification, mitochondria were
442  isolated from the Lister strain 427. Typically, 1.5x10!! cells were harvested, washed in 20 mM
443  sodium phosphate buffer pH 7.9 with 150 mM NaCl and 20 mM glucose, resuspended in
444  hypotonic buffer I mM Tris-HCl pH 8.0, 1 mM EDTA, and disrupted by 10 strokes in a 40-ml
445  Dounce homogenizer. The lysis was stopped by immediate addition of sucrose to 0.25 M.
446  Crude mitochondria were pelleted (15 min at 16,000 xg, 4°C), resuspended in 20 mM Tris-
447  HCI pH 8.0, 250 mM sucrose, 5 mM MgCl, 0.3 mM CaCl; and treated with 5 pg/ml DNase L.
448  After 60 min on ice, one volume of the STE buffer (20 mM Tris-HCI pH 8.0, 250 mM sucrose,
449 2 mM EDTA) was added and mitochondria were pelleted (15 min at 16000 xg, 4°C). The pellet
450  was resuspended in 60% (v/v) Percoll in STE and loaded on six linear 10-35% Percoll gradients
451  in STE in polycarbonate tubes for SW28 rotor (Beckman). Gradients were centrifuged for 1 h
452  at 24,000 rpm, 4°C. The middle phase containing mitochondrial vesicles (15-20 ml per tube)
453  was collected, washed four times in the STE buffer, and pellets were snap-frozen in liquid
454  nitrogen and stored at -80°C.

455
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456  Plasmid construction and generation of RNAI cell lines

457 To downregulate ATP synthase subunits by RNAi, DNA fragments corresponding to
458  individual target sequences were amplified by PCR from Lister 427 strain genomic DNA using
459  forward and reverse primers extended with restriction sites Xhol&Kpnl and Xbal&BamH]I,
460  respectively (Extended Data Table 3). Each fragment was inserted into the multiple cloning
461  sites 1 and 2 of pAZ0055 vector, derived from pRPTYSSL (courtesy of Sam Alsford) by
462  replacement of hygromycine resistance gene with phleomycine resistance gene, with restriction
463  enzymes Kpnl/BamHI and Xhol/Xbal, respectively. Resulting constructs with tetracycline
464  inducible T7 polymerase driven RNAI cassettes were linearized with Notl and transfected into
465 a cell line derived from the Lister strain 427 by integration of the SmOx construct for
466  expression of T7 polymerase and the tetracycline repressor®® into the B-tubulin locus. RNAi
467  was induced in selected semi-clonal populations by addition of 1 pg/ml tetracycline and the
468  downregulation of target mRNAs was verified by quantitative RT-PCR 2 and 4 days post
469  induction. The total RNA isolated by an RNeasy Mini Kit (Qiagen) was treated with 2 nug of
470  DNase I, and then reverse transcribed to cDNA with TagMan Reverse Transcription kit
471  (Applied Biosciences). qPCR reactions were set with Light Cycler 480 SYBR Green I Master
472  mix (Roche), 2 pl of cDNA and 0.3 uM primers (Extended Data Table 3), and run on
473  LightCycler 480 (Roche). Relative expression of target genes was calculated using - AACt
474  method with 18S rRNA or B-tubulin as endogenous reference genes and normalized to
475  noninduced cells.

476

477  Denaturing and blue native polyacrylamide electrophoresis and immunoblotting

478  Whole cell lysates for denaturing sodium dodecyl sulphate polyacrylamide electrophoresis
479  (SDS-PAGE) were prepared from cells resuspended in PBS buffer (10 mM phosphate buffer,
480 130 mM NaCl, pH 7.3) by addition of 3x Laemmli buffer (150 mM Tris pH 6.8, 300 mM 1,4-
481  dithiothreitol, 6% (w/v) SDS, 30% (w/v) glycerol, 0.02% (w/v) bromophenol blue) to final
482  concentration of 1x107 cells in 30 ul. The lysates were boiled at 97°C for 10 min and stored at
483  -20°C. For immunoblotting, lysates from 3x10° cells were separated on 4-20 % gradient Tris-
484  glycine polyacrylamide gels (BioRad 4568094), electroblotted onto a PVDF membrane (Pierce
485  88518), and probed with respective antibodies (Extended Data Table 4). Membranes were
486  incubated with the Clarity Western ECL substrate (BioRad 1705060EM) and
487  chemiluminescence was detected on a ChemiDoc instrument (BioRad). Band intensities were
488  quantified densitometrically using the ImageLab software. The levels of individual subunits
489  were normalized to the signal of mtHsp70.

490 Blue native PAGE (BN-PAGE) was performed as described earlier'? with following
491  modifications. Crude mitochondrial vesicles from 2.5 x 10® cells were resuspended in 40 ul of
492  Solubilization buffer A (2 mM g-aminocaproic acid (ACA), | mM EDTA, 50 mM NaCl, 50
493  mM Bis-Tris/HCI, pH 7.0) and solubilized with 2% (w/v) dodecylmaltoside (3-DDM) for 1 h
494  onice. Lysates were cleared at 16,000 g for 30 min at 4°C and their protein concentration was
495  estimated using bicinchoninic acid assay. For each time point, a volume of mitochondrial lysate
496  corresponding to 4 pg of total protein was mixed with 1.5 pl of loading dye (500 mM ACA,
497 5% (w/v) Coomassie Brilliant Blue G-250) and 5% (w/v) glycerol and with 1 M ACA until a
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498  final volume of 20 pl/well, and resolved on a native PAGE 3-12% Bis-Tris gel (Invitrogen).
499  After the electrophoresis (3 h, 140 V, 4°C), proteins were transferred by electroblotting onto a
500  PVDF membrane (2 h, 100 V, 4°C, stirring), followed by immunodetection with an appropriate
501 antibody (Extended Data Table 4).

502

503  Mitochondrial membrane polarization measurement

504  The capacity to polarize mitochondrial membrane was determined fluorometrically employing
505  safranin O dye (Sigma S2255) in permeabilized cells. For each sample, 2x107 cells were
506  harvested and washed with ANT buffer (§ mM KCI, 110 mM K-gluconate, 10 mM NacCl, 10
507 mM free-acid Hepes, 10 mM KoHPOy4, 0.015 mM EGTA potassium salt, 10 mM mannitol, 0.5
508 mg/ml fatty acid-free BSA, 1.5 mM MgCl,, pH 7.25). The cells were permeabilized by 8§ uM
509  digitonin in 2 ml of ANT buffer containing 5 uM safranin O. Fluorescence was recorded for
510 700 s in a Hitachi F-7100 spectrofluorimeter (Hitachi High Technologies) at a 5-Hz acquisition
511 rate, using 495 nm and 585 nm excitation and emission wavelengths, respectively. | mM ATP
512 (PanReac AppliChem A1348,0025) and 10 pg/ml oligomycin (Sigma O4876) were added after
513 230 s and 500 s, respectively. Final addition of the uncoupler SF 6847 (250 nM; Enzo Life
514  Sciences BML-EI215-0050) served as a control for maximal depolarization. All experiments
515  were performed at room temperature and constant stirring.

516
517  ATP production assay

518  ATP production in digitonin-isolated mitochondria was performed as described previously®.
519  Briefly, 1x108 cells per time point were lysed in SoTE buffer (600 mM sorbitol, 2 mM EDTA,
520 20 mM Tris-HCI, pH 7.75) containing 0.015% (w/v) digitonin for 5 min on ice. After
521  centrifugation (3 min, 4,000 g, 4°C), the soluble cytosolic fraction was discarded and the
522  organellar pellet was resuspended in 75 pl of ATP production assay buffer (600 mM sorbitol,
523 10 mM MgSOs, 15 mM potassium phosphate buffer pH 7.4, 20 mM Tris-HCI pH 7.4, 2.5
524  mg/ml fatty acid-free BSA). ATP production was induced by addition of 20 mM DL-glycerol
525  phosphate (sodium salt) and 67 uM ADP. Control samples were preincubated with the
526  inhibitors potassium cyanide (1 mM) and carboxyatractyloside (6.5 pM) for 10 min at room
527  temperature. After 30 min at room temperature, the reaction was stopped by addition of 1.5 pl
528  of 70% perchloric acid. The concentration of ATP was estimated using the Roche ATP
529  Bioluminescence Assay Kit HS II in a Tecan Spark plate reader. The luminescence values of
530  the RNAI induced samples were normalized to that of the corresponding noninduced sample.

531

532  Thin sectioning and transmission electron microscopy

533  The samples were centrifuged and pellet was transferred to the specimen carriers which were
534  completed with 20% BSA and immediately frozen using high pressure freezer Leica EM ICE
535  (Leica Microsystems). Freeze substitution was performed in the presence of 2% osmium
536 tetroxide diluted in 100% acetone at -90°C. After 96 h, specimens were warmed to -20°C at a
537 slope 5 °C/h. After the next 24 h, the temperature was increased to 3°C (3°C/h). At room
538 temperature, samples were washed in acetone and infiltrated with 25%, 50%, 75%
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539  acetone/resin EMbed 812 (EMS) mixture 1 h at each step. Finally, samples were infiltrated in
540  100% resin and polymerized at 60°C for 48h. Ultrathin sections (70 nm) were cut using a
541  diamond knife, placed on copper grids and stained with uranyl acetate and lead citrate. TEM
542  micrographs were taken with Mega View III camera (SIS) using a JEOL 1010 TEM operating
543  at an accelerating voltage of 80 kV.

544
545  Purification of 7. brucei ATP synthase dimers

546  Mitochondria from 3x10!! cells were lysed by 1 % (w/v) B-DDM in 60 ml of 20 mM Bis-tris
547  propane pH 8.0 with 10 % glycerol and EDTA-free Complete protease inhibitors (Roche) for
548 20 min at 4°C. The lysate was cleared by centrifugation at 30,000 xg for 20 min at 4°C and
549  adjusted to pH 6.8 by drop-wise addition of 1 M 3-(N-morpholino) propanesulfonic acid pH
550 5.9. Recombinant TbIF; without dimerization region, whose affinity to Fi;-ATPase was
551  increased by N-terminal truncation and substitution of tyrosine 36 with tryptophan?’, with a C-
552  terminal glutathione S-transferase (GST) tag (TbIFi(9-64)-Y36W-GST) was added in
553  approximately 10-fold molar excess over the estimated content of ATP synthase. Binding of
554  TbIF, was facilitated by addition of neutralized 2 mM ATP with 4 mM magnesium sulphate.
555  After 5 min, sodium chloride was added to 100 mM, the lysate was filtered through a 0.2 um
556  syringe filter and immediately loaded on 5 ml GSTrap HP column (Cytiva) equilibrated in 20
557 mM Bis-Tris-Propane pH 6.8 binding buffer containing 0.1 % (w/v) glyco-diosgenin (GDN;
558 Avanti Polar Lipids), 10 % (v/v) glycerol, 100 mM sodium chloride, 1 mM tris(2-
559  carboxyethyl)phosphine (TCEP), 1 mM ATP, 2 mM magnesium sulphate, 15 pg/ml
560  cardiolipin, 50 pg/ml 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 25 ng/ml 1-
561  palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) and 10 pg/ml 1-palmitoyl-2-
562  oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (POPG). All phospholipids were purchased
563  from Avanti Polar Lipids (catalog numbers 840012C, 850457C, 850757C and 840757,
564  respectively). ATP synthase was eluted with a gradient of 20 mM reduced glutathione in Tris
565  pH 8.0 buffer containing the same components as the binding buffer. Fractions containing ATP

566  synthase were pooled and concentrated to 150 pl on Vivaspin centrifugal concentrator with 30
567  kDa molecular weight cut-off. The sample was fractionated by size exclusion chromatography
568  on a Superose 6 Increase 3.2/300 GL column (Cytiva) equilibrated in a buffer containing 20
569 mM Tris pH 8.0, 100 mM sodium chloride, 2 mM magnesium chloride, 0.1 % (w/v) GDN,
570  3.75 pg/ml cardiolipin, 12.5 pg/ml POPC, 6.25 pg/ml POPE and 2.5 pg/ml POPG at 0.03
571  ml/min. Fractions corresponding to ATP synthase were pooled, supplemented with 0.05%
572 (w/v) B-DDM that we and others experimentally found to better preserve dimer assemblies in
573  cryo-EM*, and concentrated to 50 pl.

574
575  Preparation of cryo-EM erids and data collection

576  Samples were vitrified on glow-discharged Quantifoil R1.2/1.3 Au 300-mesh grids after
577  blotting for 3 sec, followed by plunging into liquid ethane using a Vitrobot Mark IV. 5,199
578  movies were collected using EPU 1.9 on a Titan Krios (ThermoFisher Scientific) operated at
579  300kV at a nominal magnification of 165kx (0.83 A/pixel) with a Quantum K2 camera
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580 (Gatan) using a slit width of 20eV. Data was collected with an exposure rate of 3.6
581  electrons/px/s, a total exposure of 33 electrons/A? and 20 frames per movie.
582

583  Image processing

584  Image processing was performed within the Scipion 2 framework*!, using RELION-3.0 unless
585  specified otherwise. Movies were motion-corrected using the RELION implementation of the
586  MotionCor2. 294,054 particles were initially picked using reference-based picking in
587  Gautomatch (http://www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch) and Contrast-transfer
588  function parameters were using GCTF*2, Subsequent image processing was performed in
589  RELION-3.0 and 2D and 3D classification was used to select 100,605 particles, which were
590 then extracted in an unbinned 560-pixel box (Fig. S1). An initial model of the ATP synthase
591  dimer was obtained using de novo 3D model generation. Using masked refinement with applied
592  C, symmetry, a 2.7-A structure of the membrane region was obtained following per-particle
593  CTF refinement and Bayesian polishing. Following Cz-symmetry expansion and signal
594  subtraction of one monomer, a 3.7 A map of the peripheral stalk was obtained. Using 3D
595  classification (T=100) of aligned particles, with a mask on the Fy,c-ring region, 10 different
596  rotational substates were then separated and maps at 3.5-4.3 A resolution were obtained using
597 3D refinement. The authors note that the number of classes identified in this study likely
598  reflects the limited number of particles, rather than the complete conformational space of the
599  complex. By combining particles from all states belonging to main rotational state 1, a 3.7-A
600  map of the rotor and a 3.2-A consensus map of the complete ATP synthase dimer with both
601  rotors in main rotational state 1 were obtained.

602

603  Model building, refinement and data visualization

604  An initial atomic model of the static F, membrane region was built automatically using
605  Bucaneer®. Subunits were subsequently assigned directly from the cryo-EM map, 15 of them
606  corresponding to previously identified 7. brucei ATP synthase subunits?!, while three subunits
607 (ATPTB14, ATPEG3, ATPEG4) were newly identified using BLAST searches. Manual model
608  building was performed in Coot using the T. brucei Fi (PDB 6F5D)!3 and homology models**
609  ofthe E. gracilis OSCP and c-ring (PDB 6TDU)!? as starting models. Ligands were manually
610 fitted to the map and restraints were generated by the GRADE server
611  (http://grade.globalphasing.org). Cardiolipins were assigned based on the presence of a
612  characteristic elongated density branched on both termini, corresponding to two phosphatidyl
613  groups linked by the central glycerol bridge. Monophosphatidyl lipids were assigned based on
614  their headgroup densities. Characteristic tetrahedral shapes of densities of choline groups
615  served to distinguish phosphatidylcholines from elongated phosphatidylethanolamine head
616  groups (Extended Data Figure 5g,h). Real-space refinement was performed in PHENIX using
617  auto-sharpened, local-resolution-filtered maps of the membrane region, peripheral stalk tip,
618  c-ring/central stalk and FiF, monomers in different rotational states, respectively, using
619  secondary structure restraints. Model statistics were generated using MolProbity* and
620 EMRinger*® Finally, the respective refined models were combined into a composite ATP
621  synthase dimer model and real-space refined against the local-resolution-filtered consensus
622  ATP synthase dimer map with both monomers in rotational state 1, applying reference
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623  restraints. Figures of the structures were prepared using ChimeraX*’, the proton half-channels
624  were traced using HOLLOW®.
625

626  Data availability

627  The atomic coordinates have been deposited in the Protein Data Bank (PDB) and are available
628  under the accession codes: XXXX (membrane-region), XXXX (peripheral stalk), XXXX
629  (rotor), XXXX (F1Fo dimer), XXXX (rotational state 1a), XXXX (rotational state 1b), XXXX
630  (rotational state 1c), XXXX (rotational state 1d), XXXX (rotational state le), XXXX
631  (rotational state 2a), XXXX (rotational state 2b), XXXX (rotational state 2c), XXXX
632  (rotational state 2d), XXXX (rotational state 3). The local resolution filtered cryo-EM maps,
633  half maps, masks and FSC-curves have been deposited in the Electron Microscopy Data Bank
634  with the accession codes: EMD-XXXX (membrane-region), EMD-XXXX (peripheral stalk),
635 EMD-XXXX (rotor), EMD-XXXX (FiF, dimer), EMD-XXXX (rotational state 1a), EMD-
636 XXXX (rotational state 1b), EMD-XXXX (rotational state 1¢), EMD-XXXX (rotational state
637 1d), EMD-XXXX (rotational state le), EMD-XXXX (rotational state 2a), EMD-XXXX
638  (rotational state 2b), EMD-XXXX (rotational state 2c), EMD-XXXX (rotational state 2d),
639 EMD-XXXX (rotational state 3). Source data are provided with this paper.
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Extended Data Fig. 1 Purification of the 7. brucei ATP synthase dimer.

a, Size exclusion chromatography trace with peaks enriched with ATP synthase dimers (D),
monomers (M) and Fi-ATPase (F1) labelled. The red bar marks the fractions for cryo-EM. b,
Fractions from size exclusion chromatography marked with green bar in (a) resolved by native
BN-PAGE. ¢, Dimer-enriched fractions resolved by SDS-PAGE stained by Coomassie blue
dye. Bands are annotated based on mass spectrometry identification from excised gel pieces.
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Extended Data Fig. 2 Cryo-EM data processing of the 7. brucei ATP synthase dimer.
a, Representative micrograph. b, 2D class averages. ¢, Fourier Shell Correlation (FSC) curves
showing the estimated resolutions of ATP synthase maps according to the gold standard 0.143
criterion. d, Data processing scheme resulting in maps covering all regions of the complex, as
well as 10 rotational states.
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Extended Data Fig. 4 Conserved and phylum specific elements generate the 7. brucei ATP
synthase architecture.

The canonical OSCP/Fi/c-ring monomers (dark grey) are tied together by both conserved F,
subunits and extensions of lineage-specific subunits (red). The F, periphery and peripheral
stalk attachment are composed of lineage specific subunits (blue).
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Extended Data Fig. 5 The F, region coordinates numerous bound lipids.

a, F, top view, cardiolipin (CDL), phosphatidylcholine (PC) and phosphatidlyethanolamine
(PE) are bound at the dimer interface, the lumenal proton half-channel and the peripheral F,
cavity. b, The 60°-dimer angle generates a curved F, region with phospholipids bound in an
arc-shaped bilayer. c-f, Bound lipids with cryo-EM density and coordinating residues. g-h,
Representative densities of headgroups of PE (g) and PC (h).
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Extended Data Fig. 6 Bound detergents of the F, region.

GDN (a,b) and B-DDM (¢,d) molecules bound in the periphery of the membrane region with
cryo-EM map densities shown (transparent), indicating that both glycosides are retained in the
detergent micelle.
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Extended Data Fig. 7 The C-terminal tail of subunit-e interacts with the c1o-ring.

a, The cryo-EM map reveals disordered detergent density of the detergent belt surrounding the
membrane region as well as a detergent plug on the luminal side of the c-ring. b, The helical
C-terminus of subunit-e extends into the lumen towards the c-ring. The terminal 23 residues
are disordered and likely interact with the B-barrel.
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Extended Data Fig. 8 Phylogenetic distribution and sequence conservancy of subunit-e
and -g.

!

a, Distribution of subunits e and g mapped on the phylogenetic tree of eukaryotes®. Homologs
of subunits e and g were searched in non-redundant GenBank and UniprotKB protein databases
by PSI-BLAST, and phmmer and hmmsearch?, respectively, using individual sequences of
representatives from H. sapiens and T. brucei, and in the case of hmmsearch a multiple
sequence alignment (MSA) of representatives from Homo sapiens, Saccharomyces cerevisiae,
Arabidopsis thaliana and T. brucei, as queries. Groups, in which at least one structure of ATP
synthase is available, are marked. Abbreviations of species used in MSA in panels (c) and (d)
are shown. b, Sequence logo of GXXXG motifs and flanking regions of subunits e and g. Hits
from hmmsearch were clustered by CD-HIT Suite® to 50% sequence identity and MSA of
representative sequences of each cluster was generated by Clustal Omega4®. The sequence
logos were created from MSA in Geneious Prime (Biomatters Ltd.). ¢,d, MSA of sequences of
subunits g (c) and e (d) from species representing major groups shown in (a) generated by
MUSCLE’ and visualized in Geneious Prime. The experimentally determined or predicted
transmembrane regions are highlighted in yellow. Species abbreviations: Tb — 7. brucei, Hs —
H. sapiens, Sc — S. cerevisiae, St — Salpingoeca rosetta, Tt — Thecamonas trahens, Dd —
Dictyostelium discoideum, Cm — Cyanidioschyzon merolae, Cv — Chlorella vulgaris, At —
Arabidopsis thaliana, Os — Oryza sativa.
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Extended Data Fig. 9 Effects of RNAi knock-down of ATP synthase subunits on viability
and stability and dimerization of ATP synthase.

a, Growth curves of indicated non-induced (solid lines) and tetracycline induced (dashed lines)
RNAI cells lines in the presence (black) or absence (brown) of glucose. The insets show relative
levels of the respective target mRNA at indicated days post induction (DPI) normalized to the
levels of 18S rRNA (black bars) or B-tubulin (white bars). b, Immunoblots of mitochondrial
lysates from indicated RNAI cell lines resolved by BN-PAGE probed by antibodies against
indicated ATP synthase subunits. ¢, Immunoblots of whole cell lysates from indicated RNAi
cell lines probed with indicated antibodies.
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Mem- Rotor Periphe- | F1F, Rot. Rot. Rot. Rot. Rot. Rot. Rot. Rot. Rot. Rot.
bra_ne ral stalk | dimer 1a 1b 1c 1d le 2a 2b 2c 2d 3
region

Microscope Titan Krios
Camera K2 Summit
Exposure (e/A?) 33
Pixel size (1) 0.83
Frames per movie 20
Initial particles 100,605 (C2 symmetry-expanded: 201.210)

Symmetry C2 C C Ca C G C G C C1 G G G C
Sharpening B factor -46.2 -74.4 925 -49.8 -61.8 -61.1 -57.6 -45.6 -58.0 -73.8 -54.5 -65.2 -54.9 -61.7
Model refinement
statistics
o 265 34 368 313 348 356 336 355 357 394 339 373 364 358
No. of residues 4074 1285 767 15.356 7872 7872 7872 7872 7872 7872 7872 7872 7872 7872
No. of ATP/ADP 0 0 0 10 5 5 5 5 5 5 5 5 5 5
B-factor (A%)

- ligands 50.57 5825 - 69.94 40.99 72.29 63.18 78.43 63.76 75.25 74.47 61.79 46.55 83.68
Ramachandran (%)

- allowed 1.57 191 1.59 1.56 1.52 1.65 144 1.49 149 1.67 1.58 147 1.65 1.79
Clash score 1.66 244 232 226 2.60 2.65 253 2.67 299 238 230 252 238 357
RMSD

- angles (°) 0.455 0.416 0.386 0.407 0414 0.424 0.417 0.407 0412 0.410 0416 0419 0.428 0.421
PDB ID

Extended Data Table 1. Data collection, processing, model refinement and validation

statistics.
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Subunit TriTrypDB Lister TriTrypDB Uniprot Residues | Residues
name strain 427 ID TREU927 strain ID TREU927 strain built
ID
F1subcomplex
a Tb427_070081800 Tb927.7.7420 Q57TX9 584 45-151,
Tb427_070081900 Tb927.7.7430 161-584
B Tb427_030013500 Tb927.3.1380 Q57XX1 519 26-514
y Tb427_100005200 Tb927.10.180 B0ZO0F6 305 2-301
) Tb427_060054900 Tb927.6.4990 Q586H1 182 22-182
£ Tb427_100054600 Tb427.10.5050 N/A 75 11-75
p18 Tb427_050022900 Tb927.5.1710 Q57ZP0 188 23-188
F, subcomplex
OSCP Tb427_100087100 Tb927.10.8030 Q38AGl1 255 18-202,
208-255
a mt encoded mt encoded P24499 231 1-231
b Tb427_040009100 Tb927.4.720 Q580A0 105 26-105
c Tb427 100018700 Tb927.10.1570 Q38C84 118 41-118
Tb427 110057900 Tb927.11.5280 Q385P0
Tb427_070019000 Tb927.7.1470 Q57WQ3
d Tb427_050035800 Tb927.5.2930 Q57ZW9 370 17-325,
332-354
e Tb427_110010200 Tb927.11.600 N/A 92 1-383
Tb427_030016600 Tb927.3.1690 Q57ZE2 145 2-136
g Tb427_020016900 Tb927.2.3610 Q586X8 144 16-144
ijj Tb427_030029400 Tb927.3.2880 Q57ZM4 104 2-104
k Tb427_070011800 Tb927.7.840 Q57VTO 124 20-124
8 Tb427_040037300 Tb927.4.3450 Q585K5 114 29-114
ATBTBI1 Tb427 100008400 Tb927.10.520 Q38CI8 396 1-383
ATPTB3 Tb427 110067400 Tb927.11.6250 Q385E4 269 2-269
ATPTB4 Tb427 100105100 Tb927.10.9830 Q38973 157 21-157
ATPTB6 Tb427 110017200 Tb927.11.1270 Q387C5 169 2-169
ATPTBI11 Tb427 030021500 Tb927.3.2180 Q582T1 156 18-156
ATPTBI12 Tb427_050037400 Tb927.5.3090 Q577284 101 5-100
ATPEG3 Tb427_060009300 Tb927.6.590 Q583U4 98 14-98
ATPEG4 N/A Tb927.11.2245 N/A 62 1-62

Extended Data Table 2. Composition of 7. brucei ATP synthase dimer.
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Subunit Primer pair sequences

Primers for amplification of RNAI cassettes
TAATCTCGAGGGTACCGTTGAGTGAGGAGGAACGGG
GCAGTCTAGAGGATCCTATCCCTTCCACCCACCACT
TAATCTCGAGGGTACCGGGAGTACAGAAGGGCTACA
TAGATCTAGAGGATCCCGTGCACACCATCAGCTG
ATACTCGAGGGTACCGTGAGTACCGCCTTTACGC
GCGTCTAGAGGATCCAGCACTGATCACCAAACTGC
ACTGCTCGAGGGTACCACGCGGGAATTCAAAAGACC
GCGGTCTAGAGGATCCCGTTGCGGTGCTTGTCATTA
TAATCTCGAGGGTACCGAATATCCGATGCATGCCGC
GCCGTCTAGAGGATCCACTTCGCTCTACTGCATGCA
ATTACTCGAGCCCGGGCGATCAGTGCAGGGGATTTT
GCCGTCTAGAGGATCCTTTCCTCGAAAACGCACACA
ATGACTCGAGGGTACCGGGCTATGGTGTGGTATTATGC
GACGTCTAGAGGATCCGCAGAAAACTCCCAACGACA
ACTGCTCGAGGGTACCAAAGAGGAGGTGAGGTCTGC
GCAGTCTAGAGGATCCCCCTAGGGTTCTTCGAAGCA
CTGACTCGAGGGTACCTTCCTTTTCTGCTGCATCGG
GCAGTCTAGAGGATCCCTCCTCGGGCTTCCAATTTG
ACTGCTCGAGGGTACCCAACATGGCAGTATCCGGTG
GCAGTCTAGAGGATCCTTATTAGTGGCGGTGGTGGT
ACTGCTCGAGGGTACCGCGCTCGTCTTCTCCATTTC
GCAGAAGCTTGGATCCAGGTTGGGGTGTTTAGGGAG
TAATCTCGAGGGTACCGACGCCATCAAAGGAATGCC
GCCGTCTAGAGGATCCAGCAGCCAACAAACAGACAA
TACACTCGAGGGTACCAAACCTGAAGGCCCTCACAC
GCAGTCTAGAGGATCCCTCTTTCGTGCCGCCTGATA

i

ATPTB3

ATPTB4

ATPTB6

ATPTBI11

ATPTBI12

ATPEG3

Primers for quantification of mRNA levels by qPCR
CCAAGAGTGATGATGGCCCC
CGTTTAGGGTCGCGGAAAAC

CAAGCCTTGCACACACTTTATG
CCGCAAAGAAGTACGCCAC
TTTTCTACATACCGCAGCAGT

TACCATTCCATGCGCGTTG
GCAATTGTGTGAGCTGAACG
TACTGGCCGCATTGCATAAC

ij AGAGTAAAAGCGCGCCTACG
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CAGTTGGAAAACCGGTAGCC
f ACACAAAACACTTCCAGCAGA
CGCTATGACGGACAGGTGT
g GCTACGGCGACTTGGTGC
CGTCACCGCGTATTTGTTCA
AACGTTTATATCAGCGGGCG
ATPTB3
CTGTTTTGGTCTGCACACGA
CCAAACTTTGAAGCAGCGGA
ATPTB4
ATTCCTTGGATCCGCACCTT
TCGGCATAGGAGAAGTAACGA
ATPTB6
GATTCGGTTTGGAACTTGCG
CAACGGCCCCACATTCTC
ATPTBI11
ACACCGCGGTCATTCATTG
GCACTTCATTCTCCCGACTG
ATPTBI12
ACATGATGTAACACCTCCGC
TGGCCCCACATGACTGAAAA
ATPEG3
GGAAGTGATCCGCCGGATTT

Extended Data Table 3. List of primers used in the study.
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Target Type Reference Dilution SDS-PAGE | Dilution BN-PAGE
Primary antibodies

subunit-f§ rabbit polyclonal 1 1:2000 1:2000

p18 rabbit polyclonal 1 1:1000 -
ATPTBI1 rabbit polyclonal 1 1:1000 1:1000
subunit-d rabbit polyclonal 1 1:1000 1:500
mtHsp70 mouse monoclonal 2 1:5000 -

Secondary antibodies
goat anti-rabbit IgG HRP conjugate BioRad 1721019 1:2000 1:2000
goat anti-mouse IgG HRP conjugate BioRad 1721011 1:2000 1:2000

Extended Data Table 4. List of antibodies used in the study.
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The Trypanosoma brucei cytochrome c oxidase (respiratory complex IV) is a very divergent complex con-
taining a surprisingly high number of trypanosomatid-specific subunits with unknown function. To gain
insight into the functional organization of this large protein complex, the expression of three novel sub-
units (TbCOX VII, ThCOX X and ThCOX 6080) were down-regulated by RNA interference. We demonstrate
that all three subunits are important for the proper function of complex IV and the growth of the pro-
cyclic stage of T. brucei. These phenotypes were manifested by the structural instability of the complex
when these indispensible subunits were repressed. Furthermore, the impairment of cytochrome c oxi-
dase resulted in other severe mitochondrial phenotypes, such as a decreased mitochondrial membrane
potential, reduced ATP production via oxidative phoshorylation and redirection of oxygen consumption
to the trypanosome-specific alternative oxidase, TAO. Interestingly, the inspected subunits revealed some
disparate phenotypes, particularly regarding the activity of cytochrome c reductase (respiratory complex
III). While the activity of complex IIl was down-regulated in RNAi induced cells for TbCOX X and TbhCOX
6080, the TbCOX VII silenced cell line actually exhibited higher levels of complex Il activity and elevated
levels of ROS formation. This result suggests that the examined subunits may have different functional
roles within complex IV of T. brucei, perhaps involving the ability to communicate between sequential
enzymes in the respiratory chain. In summary, by characterizing the function of three hypothetical com-
ponents of complex IV, we are able to assign these proteins as genuine and indispensable subunits of
the procyclic T. brucei cytochrome c oxidase, an essential component of the respiratory chain in these
evolutionary ancestral and medically important parasites.
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1. Introduction brucei belongs to the class Kinetoplastida, which is named after the

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

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

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

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

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

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

2. Materials and methods
2.1. Construction of plasmids

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

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

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

TbCOX 6080 Fw - 5’ CTCGAGCATCTAGTATGGCTG

Rev - 5" GGATCCATATGGGCATACCAT

2.2. Cell growth, transfection and RNAi induction

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

2.3. Northern blot analysis

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



92 A. Gnipovd et al. / Molecular & Biochemical Parasitology 184 (2012) 90-98

by densitometry using the Typhoon phosphorlmager and Image-
quant software.

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

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

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

2.5. Invitro and in gel activity measurements of respiratory
complexes

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

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

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

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

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

2.7. ATP production assay

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

2.8. Measurement of oxygen consumption

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

3. Results

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

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

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

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

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

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

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

—1 I

1

1004

NON
E2 IND

% of TMRE fluorescence

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

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

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

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

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

Cell line Cytochrome ¢

reductase activities (%)

Cytochrome ¢
oxidase activities (%)

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

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

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

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

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

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

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

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

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

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

4. Discussion

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

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

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

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

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

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

While ThCOX 6080 is annotated as a hypothetical protein in
the geneDB database, it has significant homology to the glyc-
erophosphoryl diester phosphodiesterases (GDPD). In eukaryotes,
membrane proteins that contain the GDPD motif and activity form
alarge family of proteins involved in phospholipid metabolism. The
role of these enzymes is to hydrolyze deacylated phospholipids to
generate glycerol-3-phosphate and the corresponding alcohol, thus
participating in various biological functions involving pathogen-
esis and host immunity in bacteria, to scavenging phosphates in
plants and yeast, as well as altering levels of oxygen consumption
in mammalian cells [38]. While the available data cannot exclude or
confirm the possibility that TbCOX 6080 plays a role in phospholipid
catabolic processes, there is already a similar example of a respira-
tory complex anchoring a polypeptide of fatty acid metabolism.
The acyl carrier protein is an essential component of complex I
[39] and it affects the rate of cytochrome-mediated respiration in
T. brucei, independently of the function of complex I [40]. There-
fore, the future investigation of ThCOX 6080 could shed light on the
increasing correlation between mt membrane composition and the
regulation of oxidative phosphorylation.
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The mt encoded subunits I, Il and III form the functional core
of all mt cytochrome c oxidases [41], but little is known about
the function of the other associated proteins. It is predicted that
these nuclear-encoded supplementary complex IV components are
involved in the assembly of the complex, help maintain the struc-
tural integrity, or are involved in the regulation of the enzyme.
While we have been able to further validate that TbCOX VII, TbCOX
X and TbCOX 6080 are functional subunits of the PF T. brucei
cytochrome c oxidase complex, additional studies need to be com-
pleted to tease apart the specific functions of these proteins. It is
promising that this can be accomplished in the unique T. brucei
model organism, which displays disparate phenotypes for each of
the studied subunits.
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Mitochondrial ATP synthase is a reversible nanomotor
synthesizing or hydrolyzing ATP depending on the potential
across the membrane in which it is embedded. In the unicel-
lular parasite Trypanosoma brucei, the direction of the com-
plex depends on the life cycle stage of this digenetic parasite: in
the midgut of the tsetse fly vector (procyclic form), the F,F,—
ATP synthase generates ATP by oxidative phosphorylation,
whereas in the mammalian bloodstream form, this complex
hydrolyzes ATP and maintains mitochondrial membrane po-
tential (A¥m). The trypanosome F,F;—ATP synthase contains
numerous lineage-specific subunits whose roles remain un-
known. Here, we seek to elucidate the function of the lineage-
specific protein Tb1, the largest membrane-bound subunit. In
procyclic form cells, Tb1 silencing resulted in a decrease of
F,F;—ATP synthase monomers and dimers, rerouting of
mitochondrial electron transfer to the alternative oxidase,
reduced growth rate and cellular ATP levels, and elevated A¥Ym
and total cellular reactive oxygen species levels. In bloodstream
form parasites, RNAi silencing of Tb1l by ~90% resulted in
decreased F,F;—ATPase monomers and dimers, but it had no
apparent effect on growth. The same findings were obtained by
silencing of the oligomycin sensitivity-conferring protein, a
conserved subunit in 7. brucei F,F;—ATP synthase. However,
as expected, nearly complete Th1l or oligomycin sensitivity-
conferring protein suppression was lethal because of the
inability to sustain AYm. The diminishment of F,F;—ATPase
complexes was further accompanied by a decreased ADP/ATP
ratio and reduced oxygen consumption via the alternative ox-
idase. Our data illuminate the often diametrically opposed
bioenergetic consequences of F,F;—ATP synthase loss in insect
versus mammalian forms of the parasite.

The F,F;—ATP synthase is a multisubunit protein complex
capable of coupling ATP synthesis/hydrolysis with trans-
membrane proton translocation. In eukaryotes, this nanoma-
chine is embedded in the inner mitochondrial membrane and
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consists of two parts, the matrix-facing F; and the membrane-
embedded F,. The F; domain, known as F;-ATPase, is
responsible for the phosphorylation of ADP to ATP, and it
consists of a heterohexamer of a and [ subunits and a central
stalk (subunits y, §, and €) that connects the (af})3-headpiece to
the F, section. The core of the F, section consists of a ring of c
subunits that tightly interacts with subunit a, a highly hydro-
phobic subunit encoded by the mitochondrial genome in most
eukaryotes, including trypanosomatids (1, 2). Aside from the
central stalk, the interaction between the F, and F; domains is
mediated by the peripheral stalk, an elongated structure that
immobilizes the (af)s-headpiece during the rotation of the
central rotor shaft (central stalk plus c-ring) by directly binding
to subunits a and P (1). Despite the long period of evolutionary
divergence of more than 2 billion years, the structure of pro-
karyotic and eukaryotic F,F;—ATP synthases is notably
conserved, mainly at the level of tertiary and quaternary
structures (2).

Nevertheless, in recent vyears, purifications and high-
resolution structures of F,F;—ATP synthases from nonclas-
sical model organisms revealed a wider variety in complex
composition and structural organization than initially recog-
nized (3-7). This includes the Trypanosoma brucei brucei
F,F1—ATP synthase, an enzyme composed of 23 subunits, of
which 14 are either lineage specific or highly divergent (8). For
example, the lineage-specific subunits p18 and ATPaseTb2
(Tb2 in short) elaborate the otherwise conserved F; domain
(9, 10) and represent one of the largest peripheral stalk sub-
units found in F,F;—ATP synthases to date (11), respectively.

The peculiarities of 7. brucei F,F;—ATP synthase are not
restricted only to complex composition. A remarkable feature
of this complex is that its activity depends on the parasite’s life
cycle. The procyclic form (PCF), also known as insect midgut
stage, harbors a conventional mitochondrion where the
F,F1—ATP synthase produces ATP (forward mode) using the
electrochemical gradient across the inner mitochondrial
membrane generated by the proton-pumping activity of res-
piratory complexes III and IV (8, 12, 13). In contrast, the in-
fectious stage of the mammalian host, termed long slender
bloodstream form (BSF), lacks a cytochrome-mediated elec-
tron transport chain and respires exclusively via the alternative
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oxidase (AOX) pathway (14). The mitochondrial membrane
potential (AWm) is generated by the proton-pumping activity
(reverse mode) of the F,F;—ATP synthase (aka F,F;—ATPase)
complex at the expense of ATP (15, 16). Hence, T. brucei
represents a unique eukaryotic system that allows to study
both modes of the F,F;—ATP synthase in physiological settings
and the distinct bioenergetic consequences upon the loss of
either of the activities.

The reverse mode of the F,F;—ATP synthase complex is
used by some prokaryotes (17), but it is unusual in eukaryotes,
where it occurs under rare nonphysiological and stress con-
ditions, such as hypoxia or anoxia. In these cases, the respi-
ratory arrest and subsequent collapse of the A¥m causes a
reversal of the F,F;—ATP synthase to generate a modest AYm
(18, 19). The reversal of F,F;—ATP synthase also takes place in
cells lacking mitochondrial DNA, which maintain AYm by an
electrogenic exchange of ATP*" for ADP?>" by the ADP/ATP
carrier (AAC) coupled to ATP hydrolysis by an incomplete
F,F1—ATPase (20-22). The depletion of ATP due to the hy-
drolytic activity of the F,F;—ATP synthase during ischemic
conditions is mitigated by a unidirectional inhibitor, the
inhibitory factor 1 (23). Noteworthy, in T. brucei, the expres-
sion of inhibitory factor 1 is tightly regulated throughout the
parasite’s life cycle, and its experimental expression in BSF
trypanosomes results in cell death (24, 25), highlighting the
indispensability of the F,F;—ATPase complex for BSF
T. brucei.

ATPaseTbl (Tbl in short; systematic TriTrypDB.org ID
Tb927.10.520) (47 kDa) is one of the 14 lineage-specific sub-
units and the largest F, subunit of the 7. brucei F,F;—ATP
synthase complex (8) (named Tb7760 in that study, after its
previous systematic TriTrypDB ID TB10.70.7760). Down-
regulation of Tb1 in PCF trypanosomes inhibits cell growth,
destabilizes F,F;—ATP synthase, and affects both the ATP
synthetic and hydrolytic activities of the complex (8). Here, we
studied in more detail the mitochondrial phenotypes associ-
ated with the downregulation of Tb1 in PCF cells and further
explore the role of this subunit, as well as that of the peripheral
subunit oligomycin sensitivity-conferring protein (OSCP), in
the BSF stage.

Results
Tb1 is a membrane-bound subunit of the F, moiety

Tbl, the largest membrane-associated subunit of the
T. brucei F,F;—ATP synthase, has homologs in representatives
of the Euglenozoa group but appears to be absent from other
eukaryotic lineages (8). In agreement with the reduced size and
activity of the mitochondrion in the BSFs of T. brucei (26), Tb1l
is less abundant in BSF cells than in PCF cells and barely
detectable in the mitochondrial DNA-lacking (aka akineto-
plastic) strains 7. b. brucei Dk 164 and Trypanosoma brucei
evansi AnTat 3/3 (Fig. 1A). To confirm the submitochondrial
localization of Tb1 and determine how it is associated with the
inner mitochondrial membrane, we performed carbonate
extraction of mitochondria purified from 7. brucei cells
expressing C-terminally v5-tagged Tb1 (Fig. 1B). Tb1 is found
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exclusively in the membrane fraction, and the marker proteins,
enolase, mitochondrial RNA-binding protein 1, and AAC, are
detected in their expected compartments: cytosol, mitochon-
drial matrix, and mitochondrial membrane, respectively. This
result suggests that Tb1 is an integral membrane protein. In
PCF and BSF cells, Tb1 is present in fully assembled F,F;—ATP
synthase monomers and dimers, as documented by high-
resolution clear native electrophoresis (Fig. 1C) and sedi-
mentation in glycerol gradient (Fig. 1D) followed by Western
blot analyses with a specific anti-Tb1l antibody. In glycerol
gradients, the Tbl antibody detected, in addition to Tbl
migrating with the F,F;—ATP synthase, nonspecific bands of
~40 kDa and 42 kDa in PCF and of 55 kDa in BSF, which are
identified by the asterisk (Fig. 1D).

Our observations that Tb1 is present in fully assembled
F,F1—ATP synthase are in agreement with a recent cryogenic
electron microscopy structure of the F,F;—ATP synthase
dimer from Euglena gracilis, a closely related free-living spe-
cies within the Euglenozoa group, in which Tb1 is found on
the matrix side of the membrane part of the complex at the
peripheral stalk base (6). We predicted the structure of
T. brucei Tb1 using E. gracilis Tb1 as a template (Fig. 1E). The
modeling showed that both Tb1 orthologs share a fold similar
to the mitochondrial distribution and morphology protein 38
(Mdm38) from Saccharomyces cerevisiae, a protein suggested
to be involved in the assembly of the mitochondrial-encoded
subunit a into the F, moiety (27). Although several algo-
rithms predicted one transmembrane helix in Tb1, the protein
does not span the inner mitochondrial membrane. Instead, the
presumptive transmembrane region occurs as a HTH motif
intruding into the membrane (Fig. 1E), and therefore, Tb1 is a
monotopic membrane protein.

Silencing of Tb1 in PCF cells leads to a transient increase of
AWm followed by redirection of respiration toward AOX

Previously, we showed that Tb1 silencing in PCF cells leads
to decreased steady-state levels of fully assembled F,F;—ATP
synthase complexes, and, therefore, to less ATP produced by
substrate-stimulated oxidative phosphorylation in digitonin-
permeabilized cells (8). Here, we explored in more detail the
effect of Tb1 silencing on mitochondrial physiology and bio-
energetics of PCF cells. As expected, Tb1 silencing caused a
progressive growth phenotype detected first at day 4 of RNAi
induction (Fig. 24). Western blot analysis using a specific anti-
Tb1 antibody showed that Tb1 protein expression was reduced
to less than 10% at day 2 of RNAi induction (Fig. 2B). The
downregulation of Tb1 was accompanied by a decrease in the
steady-state level of the peripheral stalk subunit Th2, whereas
the abundance of the F; moiety subunit  was not as strongly
affected (Fig. 2B). The structural integrity and the activity of
the F,F;—ATP synthase complex were assessed by blue native
electrophoresis (BNE) followed by Western blotting and in-gel
activity staining of the complex, respectively (Fig. 2C). Western
blot analyses of native complexes showed a significant reduc-
tion of F,F;—ATP synthase monomers and dimers at days 2
and 4 of RNAI induction. In agreement with the steady-state
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Figure 1. Th1 is a membrane-bound F,F,-ATP synthase subunit. A, Western blot analysis of whole-cell lysates prepared from 1 x 10” T. brucei PCF, BSF,
Dk 164, and Trypanosoma brucei evansi AnTat 3/3 cells probed with anti-Tb1 antibody. The laboratory-induced Dk 164 and the naturally occurring
laboratory-adapted T. b. evansi AnTat 3/3 are BSF strains devoid of mitochondrial DNA. An asterisk points to a nonspecific band detected by the anti-Tb1
antibody. B, Western blot analysis of subcellular fractions obtained by carbonate extraction of mitochondria purified from PCF cells expressing v5-tagged
Tbh1 protein. Blots were probed with anti-v5 antibody, anti-enolase, anti-AAC, and anti-MRP1 antibodies to visualize Tb1, cytosolic enolase, inner mito-
chondrial membrane-bound AAC, and mitochondrial matrix-localized MRP1, respectively. C, High-resolution clear native electrophoresis of crude mito-
chondrial vesicles from PCF and BSF parasites. The F;-ATPase (F;) and the monomeric (M) and dimeric (D) forms of the complex were visualized using
specific antibodies against subunits p18 and Tb1. D, glycerol gradient sedimentation of PCF and BSF lysed mitochondrial samples to determine the
sedimentation profile of F;— and F,F;—ATP synthase complexes. Glycerol gradient fractions were analyzed by SDS-PAGE followed by Western blotting using
antibodies against p18 and Tb1. The p18 antibody depicts the sedimentation profile of both F;-ATPase and the monomeric/dimeric states of the complex,
whereas the Tb1 antibody detects only the monomeric/dimeric assemblies of the F,F;-ATP synthase. Asterisks represent nonspecific bands detected by the
anti-Tb1 antibody. E, the structure of Tb1 from Euglena determined by cryo-EM (PDB ID 6TDU (6), light yellow) and the predicted structure of T. brucei Tb1. In
the E. gracilis Tb1, the region absent in T. brucei is shown in orange. In the T. brucei Tb1, the Mdm38-like fold and the helix-turn-helix motif (HTH) intruding
into the membrane are shown in light blue and dark blue, respectively. In the space-filling model of the E. gracilis F,F,-ATP synthase, the F;-ATPase and the
c-ring are blue, the peripheral stalk subunits are pink, and all other membrane subunits are gray. AAC, ADP/ATP carrier; BSF, bloodstream form; cryo-EM,
cryogenic electron microscopy; Cyt, cytosol; Matr, mitochondrial matrix; Mdm38, mitochondrial distribution and morphology protein 38; Mem, mito-
chondrial membranes; Mito, mitochondria; MRP1, mitochondrial RNA binding protein 1; PCF, procyclic form; Tb1, ATPaseTb1.

levels of subunit (, the free F;-ATPase moiety was assembled cyanide (KCN) and salicylhydroxamic acid (SHAM), inhibitors
and active, and it accumulated in Tbl-silenced cells. The of complex IV and AOX, respectively. Indeed, we detected that
decreased levels of fully assembled F,F;—ATP synthase com- the respiration of Tbl-silenced cells is more sensitive to
plexes affected ATP production by oxidative phosphorylation ~SHAM compared with KCN, confirming the higher proportion
(8), which was reflected by a ~25% reduction in the total of AOX-mediated respiration (Fig. 2G). This rerouting of
cellular ATP levels (Fig. 2D) and by a 50% increase in the ADP/  electrons was accompanied by an increase in AOX expression
ATP ratio (Fig. 2E) by day 4 of RNAi induction. Suppression of as determined by Western blot (Fig. 2B). Because complex III
Tb1 expression also caused a mild, but statistically significant, is one of the major producers of harmful superoxide (O, ")
increase in AWm at day 2 of RNAI induction (Fig. 2F), but molecules, an important subclass of reactive oxygen species
notably, this increase was only transient. In PCF cells, the (ROS) (29), we measured the mitochondrial concentration of
AW¥m is maintained by the activity of respiratory complexes III  O,"~ before and after Tbl RNAi in PCF cells (Fig. 2H). We
and IV, passing electrons from ubiquinol to molecular oxygen. found that O, ~ decreased over time after Tb1 ablation, sup-
However, electrons can be rerouted to another electron porting the proposed rerouting of electrons from complexes
acceptor, a plant-like AOX, which reduces molecular oxygen III and IV toward AOX, perhaps as a protective mechanism
to water without proton translocation (28). By doing so, PCF  against oxidative stress (30—32). Despite the lower levels of
cells can uncouple cellular respiration from A¥Ym generation. mitochondrial O, ", the disruption of fully assembled F,F;—
To test if the cells responded to the hyperpolarization detected ATP synthase induced changes in cellular physiology that ul-
at day 2 by rewiring the electrons toward AOX, we measured timately led to higher levels of various cytosolic
the oxygen consumption rate in the presence of potassium ROS molecules (e.g;, peroxyl, hydroxyl) as measured by
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Figure 2. Loss of Tb1 in PCF cells affects the structural integrity of the F,F,-ATP synthase complex and induces changes in mitochondrial
physiology. A, growth of noninduced (—tet) and Tb1 RNAi-induced (+tet) PCF cells measured for 8 days. Cumulative cell density was calculated from the
cell counts adjusted by the dilution factor needed to seed the cultures at 2 x 10° cells/ml each day. B, Western blot analysis of PCF Tb1 RNAi trypanosomes
grown in the absence (—tet) or presence (+tet) of tetracycline for 2 and 4 days. Whole-cell lysates were subjected to SDS-PAGE followed by immunostaining
with antibodies against Tb1 and Tb2 (F, moiety), subunit § (F; moiety), and AOX. The numbers beneath each blot represent the abundance of immu-
nodetected protein expressed as a percentage of the noninduced sample after normalizing to the signal intensity of the mitochondrial HSP70 probing
(loading control). C, BNE of 4 pg of DDM-lysed mitochondria from PCF Tb1 RNAi-noninduced (—tet) and PCF Tb1 RNAi-induced (+tet, 2 and 4 days) cells
followed by Western blot analysis using antibodies against subunit  and Tb2 to detect free F; and monomeric (M) and dimeric (D) ATP synthase complexes
(first two panels). BNE of 60 ug of DDM-lysed mitochondria from PCF Tb1 RNAi-noninduced (—tet) and PCF Tb1 RNAi-induced (+tet, 2 and 4 days) cells
followed by in-gel staining of ATPase activity (rightmost panel). D, total cellular ATP levels of PCF Tb1 RNAi-noninduced cells (—tet) and cells induced for 2
and 4 days (+tet, 2 days and 4 days) (means + SD, n = 4, Student’s unpaired t-test). E, relative ADP/ATP ratio of PCF Tb1 RNAi-noninduced cells (-tet) and
cells induced for 2 and 4 days (+tet, 2 days and 4 days) (means + SD, n = 4, Student’s unpaired t-test). F, flow cytometry analysis of TMRE-stained PCF Tb1
RNAi-noninduced cells (—tet) and cells induced for 2, 4, and 6 days (+tet, 2 days, 4 days, and 6 days) to measure AWm. The addition of FCCP served as a
control for mitochondrial membrane depolarization (+FCCP) (means + SD, n = 6, Student’s unpaired t-test). G, the oxygen consumption rate of PCF Tb1 RNAi
live cells in the presence of glycerol-3-phosphate. After the addition of the substrate, cells were consuming oxygen at the steady rate. Injection of SHAM
inhibited AOX-mediated respiration. The difference between the original values and the values after addition of SHAM is graphed as AOX-mediated
respiration. Additional injection of KCN inhibited complex IV-mediated respiration and ceased the oxygen consumption of the cells. The difference be-
tween the values after SHAM addition and after KCN addition is graphed as complex IV-mediated respiration (means + SD, n = 6, Student’s unpaired t-test).
H and |/, flow cytometry analysis of MitoSOX-treated (H) and H,DCFHDA-treated (/) PCF Tb1 RNAi-noninduced cells (—tet) and cells induced for 2, 4, and
6 days (+tet, 2 days, 4 days, and 6 days) to measure mitochondrial O, ™ and total cellular ROS levels, respectively (means + SD, n = 6, Student’s unpaired
t-test). AWm, mitochondrial membrane potential; AOX, alternative oxidase; BNE, blue native electrophoresis; DDM, dodecylmaltoside; FCCP, carbonyl cy-
anide 4-(trifluoromethoxy) phenylhydrazone; H,DCFHDA, dichlorodihydrofluorescein; KCN, potassium cyanide; O, ~, superoxide; PCF, procyclic form; ROS,
reactive oxygen species; SHAM, salicylhydroxamic acid; Tb1, ATPaseTb1; Tb2, ATPaseTb2; TMRE, tetramethylrhodamine ethyl ester.
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dichlorodihydrofluorescein (H,DCFHDA), a fluorescent ROS-
sensitive dye (Fig. 2I). This gradual increment of oxidative
stress might have contributed to the growth phenotype
observed in parasites with suppressed Tb1 expression.

Stringent Tb1 silencing leads to a virtually complete loss of
F,F;-ATPase complex in BSF parasites and mitochondrial
membrane depolarization, followed by cell death

In contrast to the canonical role of the F,F;—ATP synthase
in PCF cells, BSF cells use the reverse activity of this complex,
which generates AWm at the expense of ATP (15, 16). We
silenced Tb1 in BSF cells by using an RNAi construct targeting
the 3’ region of the Tb1 ORF. This caused a decrease of Tb1 to
11% at day 2 of RNAi induction, reaching undetectable levels
of the protein at day 3 (Fig. 34). As expected, the BSF Tb1 3’
RNAI cell line exhibited a strong growth phenotype and ceased
growing entirely by day 4 of induction (Fig. 3B). The steady-
state levels of F;—ATPase subunits  and p18 were decreased
by ~40% at day 2, whereas the steady-state levels of the
F,-associated subunits Tb2 and OSCP dropped to ~10%
(Fig. 3C). Moreover, the levels of AAC were decreased by 60%
(Fig. 3C), suggesting that disruption of the F,F;—ATPase might
affect the stability of this transporter. As in PCF cells, Tb1l
downregulation caused a strong decrease of F,F;—ATPase
monomers and dimers while there was a simultaneous increase
in free F; subcomplex (Fig. 3D, Fig. S1A4).

Similarly, a conditional double knock-out (cDKO) of OSCP
resulted in undetectable levels of OSCP at day 2 (Fig. 3E),
which was accompanied by a strong growth phenotype
(Fig. 3F). In this cell line, termed BSF OSCP ¢DKO, both OSCP
alleles were replaced by drug resistance cassettes, and an
ectopic copy of the OSCP gene, whose expression depends on
the presence of tetracycline in the culture medium, was
introduced (Fig. S2). The removal of tetracycline led to abla-
tion of OSCP expression, reduced levels of F; subunits to
~80%, and F, subunits to ~10% (Fig. 3G), as well as virtually
complete loss of the monomeric and dimeric forms of the
complex (Fig. 3H, Fig. S1B), by day 2 of tetracycline removal.

To investigate the effect of the F,F;—ATPase loss on A¥m,
we used flow cytometry analysis of intact, live cells stained with
tetramethylrhodamine ethyl ester (TMRE). In both BSF Tb1 3’
RNAi and OSCP cDKO cell lines, the AYm was strongly
compromised at day 2 of RNAi induction and tetracycline
removal, respectively (Fig. 4, A and B), preceding the observed
growth defect. To corroborate these results, we determined the
ability of the mitochondrion to generate A¥m in digitonin-
permeabilized cells using safranin O dye. Control BSF Tb1 3’
RNAi and OSCP cDKO cells were able to build up and retain a
A¥m, as addition of ATP caused a decrease in safranin O
fluorescence, indicating stacking of the dye within the ener-
gized organelle. This decrease was completely reversed by
adding either oligomycin (Fig. 4, C and D, black lines) or
carboxyatractyloside (Fig. S3, A and D, black lines), inhibitors
of the F,F;—ATP synthase and the AAC, respectively. Subse-
quent addition of the uncoupler SF 6847 had no further effect
on depolarization. In contrast, cells silenced for Tb1 or ablated
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for OSCP were unable to generate A¥Ym in situ (Fig. 4, C and
D, red lines). No changes in fluorescence were detected when
the addition of oligomycin or carboxyatractyloside preceded
that of ATP (Fig. S3, B, C, E and F), confirming that the
decrease in safranin O fluorescence observed in control cells
indeed depends on the ATP-hydrolyzing activity of the F,F;—
ATPase and on the ADP/ATP exchanging activity of the AAC.
In summary, these measurements indicate that, in the absence
of either Tb1 or OSCP, BSF cells cannot generate A¥m, pre-
sumably because the proton-pumping F,F;—ATPase is
completely disrupted in these cells.

Because the activity of the F;—ATPase is tightly connected
to the cellular ADP/ATP pool (33), we measured the cellular
ADP/ATP ratio in control BSF Tb1 3’ RNAi and OSCP ¢cDKO
cells and in cells with diminished Tb1 and OSCP expression.
The ADP/ATP ratio was already significantly decreased at day
1 (Fig. 4, E and F), the opposite of the effect observed in PCF
cells (compare Fig. 2E), likely because of the dysfunctional
F,F1—ATPase. Higher levels of ATP than ADP may also affect
the glycolytic flux, which is directly linked to respiration via
the mitochondrial glycerol-3-phosphate dehydrogenase (34)
and/or activity of AOX (35). Indeed, decreased levels of F,F;—
ATPase caused lower glycerol-3-phosphate—stimulated oxy-
gen consumption in digitonin-permeabilized BSF cells
depleted of Tb1 or OSCP (Fig. 4, G and H). As expected, in
both samples, the measured respiration was fully inhibited by
addition of SHAM.

Suppression of F, subunits expression to ~10% is compatible
with BSF cell viability in vitro

The virtually complete ablation of either Tbl or OSCP
(Fig. 3, A and E) is lethal for BSF trypanosomes, and this is in
agreement with previous studies examining F,F;—ATPase
subunits (9, 11, 16). Surprisingly, these parasites can with-
stand a 90 to 95% loss of the same proteins as revealed by
analysis of two different cell lines: a BSF Tb1l 5 RNAi cell
line, in which the dsRNA targets the 5 region of the Tbl
OREF, and a BSF OSCP RNAI cell line. In these cell lines, Tb1
and OSCP expressions were stably downregulated to 7 to 9%
and 3 to 4%, respectively, over the period of 7 days of RNAi
induction (Fig. 5, A and B), with no obvious effect on their
growth rate (Fig. 5, C and D). The different outcomes in the
viability of the BSF Tb1 RNAI cell lines might be attributed to
different efficiencies of the 3’ and 5’ targeted RNAi probes or
to their distinctive genetic backgrounds (Tbl 3’ RNAi:
EATRO 1125 AnTat 1.1 versus Tb1 5’ RNAi: BSF Lister 427).
However, as the same difference in viability was observed for
BSF OSCP ¢DKO and OSCP RNAI cells, which share the
same genetic background, the distinct phenotypes were most
likely due to the differences in stringency of suppression.
Thus, we decided to further investigate the basis for the
observed differences.

Western blot analyses revealed a correlative decrease in F,
subunits in both BSF Tbl 5 and OSCP RNAIi cell lines,
whereas F; subunits stayed largely unaffected. Similar to BSF
Tbl 3’ RNAIi cells, the expression of AOX was slightly
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Figure 3. Virtually complete loss of F,F;-ATPase is lethal to BSF cells. A, Western blot of whole-cell lysates from BSF Tb1 3’ RNAi-noninduced (—tet) and
BSF Tb1 3’ RNAi-induced (+tet, 1-3 days) cells using an antibody against Tb1. The numbers beneath the blot represent the abundance of immunodetected
Th1 expressed as a percentage of the noninduced samples after normalizing to the signal intensity of the enolase probing (loading control). An asterisk
points to a nonspecific band detected by anti-Tb1 antibody. B, growth of BSF Tb1 3’ RNAi-noninduced (—tet) and BSF Tb1 3’ RNAi-induced (+tet) cells
measured for 4 days. Cumulative cell density was calculated from the cell counts adjusted by the dilution factor needed to seed the cultures at 2 x 10° cells/
ml each day. C, Western blot analysis of whole-cell lysates from BSF Tb1 3’ RNAi-noninduced (—tet) and cells induced for 1 and 2 days (+tet) using an-
tibodies against the F; moiety (anti-B and anti-p18), the F, moiety (anti-Thb2 and anti-OSCP), and inner mitochondrial membrane proteins (anti-AAC and
anti-AOX). The immunoblot probed with anti-mitochondrial HSP70 antibody served as loading control. The densitometric analysis is depicted by the
percentages beneath each blot and was carried out as in Figure 2B. D, BNE of 20 ug of DDM-lysed mitochondria from BSF Tb1 3’ RNAi-noninduced cells
(—tet) and cells induced for 1 and 2 days (+tet) followed by Western blot analysis using antibodies to detect free F; (anti-subunit ) and monomeric (M) and
dimeric (D) F,F,-ATPase complexes (anti-Tb2). E, Western blot of whole-cell lysates from BSF OSCP c¢DKO cells grown in the presence (+tet) or absence (—tet)
of tetracycline for 1 and 2 days using an antibody against OSCP. The numbers beneath the blot represent the abundance of immunodetected OSCP
expressed as a percentage of the +tet sample after normalizing to the signal intensity of the enolase probing (loading control). F, the growth curve of BSF
OSCP ¢DKO cells cultured in the presence (+tet) or absence (—tet) of tetracycline for 4 days. Cumulative cell density was calculated as in Figure 3B. G,
Western blot analysis of whole-cell lysates from BSF OSCP ¢DKO cells cultured in the presence (+tet) or absence (—tet) of tetracycline for 1 day and 2 days
using antibodies against the F; moiety (anti-B and anti-p18), the F, moiety (anti-Tb1 and anti-Tb2) and inner mitochondrial membrane proteins (anti-AAC
and anti-AOX). The immunoblot probed with antimitochondrial HSP70 antibody served as the loading control. The densitometric analysis is depicted by the
percentages beneath each blot and was carried out as in Figure 2B. The asterisk points to a nonspecific band detected by anti-Tb1 antibody. H, BNE of 20 pg
of DDM-lysed mitochondria from BSF OSCP cDKO cells grown in the presence (+tet) or absence (—tet) of tetracycline for 1 day and 2 days followed by
Western blot analysis using antibodies to detect free F; (anti-subunit 8) and monomeric (M) and dimeric (D) F,F,-ATPase complexes (anti-Tb2). AAC, ADP/
ATP carrier; AOX, alternative oxidase; BNE, blue native electrophoresis; BSF, bloodstream form; cDKO, conditional double knock-out; DDM, dode-
cylmaltoside; OSCP, oligomycin sensitivity-conferring protein; Tb1, ATPaseTb1; Tb2, ATPaseTb2.

upregulated, whereas the levels of AAC were halved (Fig. 5, E
and F). Next, we analyzed the assembly of F,F;—ATPase
complexes in BSF Tbl 5 and OSCP RNAi cells by BNE.
Silencing of Tb1l and OSCP induced monomer and dimer
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instability as F;—ATPase subcomplexes accumulated in RNAi-
induced cells, and less monomeric and dimeric forms were
detected using antibodies against F; and F, moieties (Fig. 5, G
and H, Fig. S1, C and D), but compared with BSF Tbl 3’
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Figure 4. Virtually complete loss of F,F,-ATPase leads to a sudden collapse of AWm, lower ADP/ATP ratio, and reduced respiration rate in BSF
parasites. A, flow cytometry analysis of TMRE-stained BSF Tb1 3’ RNAi-noninduced cells (—tet) and cells induced for 1 day and 2 days (+tet, 1 day and 2
days) to detect changes in the AYm. The addition of FCCP served as a control for mitochondrial membrane depolarization (+FCCP) (means + SD, n = 4,
Student’s unpaired t-test). B, flow cytometry analysis of TMRE-stained BSF OSCP c¢DKO cells grown in the presence (+tet) or absence of tetracycline for 1 day
and 2 days (—tet, 1 day and 2 days) to detect changes in the AWm. The addition of FCCP served as a control for mitochondrial membrane depolarization
(+FCCP) (means + SD, n = 4, Student’s unpaired t-test). C, mitochondrial membrane polarization detected using safranin O dye in digitonin-permeabilized
BSF Tb1 3’ RNAi-noninduced cells (—tet, black line) and cells induced for 2 days (+tet, 2 days, red line) in the presence of ATP. ATP, oligomycin (OLM),
carboxyatractyloside (cATR), and SF 6847, an uncoupler, were added where indicated. cATR was added after OLM to test for any further depolarization of
the mitochondrial membrane due to inhibition of the AAC, whose electrogenic activity can potentially contribute in the generation of ATP-stimulated AWm.
D, mitochondrial membrane polarization detected using safranin O dye in digitonin-permeabilized BSF OSCP cDKO cells grown in the presence (+tet, black
line) or absence of tetracycline for 2 days (—tet, 2 days, red line) after the addition of ATP. ATP, oligomycin (OLM), carboxyatractyloside (cATR), and SF 6847,
an uncoupler, were added where indicated. cATR was added after OLM to test for any further depolarization of the mitochondrial membrane due to
inhibition of the AAC, whose electrogenic activity can potentially contribute in the generation of ATP-stimulated AWm. E, relative ADP/ATP ratio in BSF Tb1
3’ RNAi-noninduced cells (—tet) and cells induced for 1 day and 2 days (+tet, 1 day and 2 days) (means + SD, n = 6, Student’s unpaired t-test). F, relative
ADP/ATP ratio in BSF OSCP cDKO cells cultured in the presence (+tet) or absence of tetracycline for 1 day and 2 days (—tet, 1 day and 2 days) (means + SD,
n = 6, Student’s unpaired t-test). G, oxygen consumption rates of digitonin-permeabilized BSF Tb1 3’ RNAi-noninduced cells (—tet, black line) and cells
induced for 2 days (+tet, 2 days, red line) in the presence of glycerol-3-phosphate. Respiration was arrested by the addition of SHAM where indicated. H,
oxygen consumption rates of digitonin-permeabilized BSF OSCP cDKO cells grown in the presence (+tet, black line) or absence of tetracycline for 2 days
(—tet, 2 days, red line) after addition of glycerol-3-phosphate. Respiration was arrested by addition of SHAM where indicated. AYm, mitochondrial mem-
brane potential; AAC, ADP/ATP carrier; BSF, bloodstream form; cDKO, conditional double knock-out; FCCP, carbonyl cyanide 4-(trifluoromethoxy) phe-
nylhydrazone; OSCP, oligomycin sensitivity-conferring protein; SHAM, salicylhydroxamic acid; TMRE, tetramethylrhodamine ethyl ester.

RNAi-induced cells and OSCP cDKO cells (Fig. 3, D and H), removal, respectively (9.2% + 4.2%, means + SD) (Fig. 5I). We

the decrease was not as profound.

We hypothesized that the observed differences in the
viability of the examined cell lines may lay in the varying
amounts of remaining active F,F;—ATPase complexes.
Therefore, we quantified and compared the changes in the
steady-state levels of F; (p and p18) and F, (Tb1l, Tb2 and
OSCP) subunits for the four BSF cell lines. At day 4 of RNAi
induction, when the steady-state levels of the target proteins in
BSF Tbl 5 and OSCP RNAi cells were the lowest in their
respective cell lines (Fig. 5, A and B), the steady-state levels of
the tested F, subunits remained significantly higher (25.1% +
12.3%, means + SD) than those in BSF Tb1 3’ RNAi and OSCP
cDKO cells by day 2 of RNAi induction or tetracycline

SASBMB

propose that in the BSF Tb1 3’ RNAi and the OSCP ¢DKO cell
lines, the levels of F, subunits drop under a threshold that does
not allow the parasite to assemble a sufficient amount of F,F;—
ATPase complexes to maintain its viability. Assuming a direct
relationship between the steady-state levels of individual F,
subunits and the total levels of F,F; holocomplex, it would
suggest that at least a 10% of assembled F,F;—ATPase com-
plexes is necessary to maintain the viability of BSF T. brucei
cells in vitro.

To test if the detected decrease in the levels of F,F;—ATPase
monomers and dimers in BSF Tb1l 5 and OSCP RNAi cells
affects A¥Ym, we measured TMRE fluorescence in live
cells from both cell lines by flow cytometry. We did not detect
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Figure 5. BSF cells are able to tolerate suppression of Tb1 and OSCP expression by 90 to 95%. A and B, Western blot analysis of whole-cell lysates from
BSF Tb1 5" RNAi (A) and BSF OSCP RNAi (B) noninduced cells (—tet) and cells induced for 1 to 7 days (+tet) using antibodies against Tb1 and OSCP,
respectively. The numbers beneath the blot represent the abundance of immunodetected Tb1 (A) or OSCP (B) expressed as a percentage of the noninduced
sample after normalizing to the signal intensity of the enolase probing (loading control). In Figure 5A, an asterisk points to a nonspecific band detected by
anti-Tb1 antibody. C and D, growth of BSF Tb1 5’ RNAi (C) and BSF OSCP RNAi (D) noninduced (—tet) and induced (+tet) cells measured for 7 days. Cu-
mulative cell density was calculated as in Figure 3B. E and F, Western blot analysis of whole-cell lysates from BSF Tb1 5’ RNAi (E) and BSF OSCP RNAi (F)
noninduced cells (—tet) and cells induced for 2 and 4 days (+tet) using antibodies against the F; moiety (anti-f and anti-p18), the F, moiety (anti-Tb1, anti-
Tb2, and anti-OSCP), and inner mitochondrial membrane proteins (anti-AAC and anti-AOX). The immunoblots probed with anti-mitochondrial HSP70
antibody served as the loading control. The densitometric analysis is depicted by the percentages beneath each blot and was carried out as in Figure 2B.
The asterisk points to a nonspecific band detected by anti-Tb1 antibody. G and H, BNE of 20 ug of DDM-lysed mitochondria from BSF Tb1 5’ RNAi (G) and
BSF OSCP RNAi (H) noninduced cells (—tet) and cells induced for 2 and 4 days (+tet) followed by Western blot analysis using antibodies to detect free F,
(anti-subunit B) and monomeric (M) and dimeric (D) F,F;—ATPase complexes (anti-Tb2). /, comparison of changes in F; and F, subunit levels between BSF
Tb1 3" RNAI (red circles)/BSF OSCP cDKO cells (red triangles) and BSF Tb1 5’ RNAi (blue circles)/BSF OSCP RNAi (blue triangles) cells along the days of RNAi
induction/tetracycline removal. The antibody signals of F; (B and p18) and F, (Tb1, Tb2, and OSCP) subunits at days 1 and 2 of RNAi induction/tetracycline
removal (BSF Tb1 3’ RNAi and OSCP cDKO cells, respectively) and at days 2 and 4 of RNAi induction (BSF Tb1 5’ and OSCP RNAi cells) were quantified and
normalized as in Figure 2B. In both Tb1 RNAI cell lines, the plotted values of F, subunits correspond to the quantified signals of anti-Tb2 and anti-OSCP
antibodies. In the OSCP ¢cDKO and OSCP RNAi cell lines, the plotted values of F, subunits correspond to the quantified signals of anti-Tb1 and anti-Tb2
antibodies. The values were analyzed statistically using GraphPad Prism 8.0 software (means + SD, n > 4, Student’s unpaired t-test). A¥m, mitochon-
drial membrane potential; AAC, ADP/ATP carrier; AOX, alternative oxidase; BSF, bloodstream form; cDKO, conditional double knock-out; ns, not significant;
OSCP, oligomycin sensitivity-conferring protein; Tb1, ATPaseTb1.

any differences in A¥Ym between the measured time digitonin-permeabilized BSF Tbl 5 and OSCP RNAi cells
points (Fig. 64). Furthermore, we assessed the ability of the using safranin O dye in the presence of ATP. Albeit reduced,
F,F;—ATPase to polarize the mitochondrial membrane in compared with control cells (Fig. 6, B and C, Fig. S4, A and D,
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Figure 6. BSF cells with 90 to 95% reduced expression of Tb1 and OSCP have unchanged AWm but are more sensitive to AAC and F,F,-ATPase
inhibitors. A, flow cytometry analysis of TMRE-stained BSF Tb1 5’ RNAi (brick-red circles) and BSF OSCP RNAi (orange triangles) noninduced cells (—tet) and
cells induced for 2 and 4 days (+tet, 2 days and 4 days) to detect changes in AWm. The addition of FCCP served as a control for mitochondrial membrane
depolarization (means + SD, n = 4, Student’s unpaired t-test). B and C, mitochondrial membrane polarization detected using safranin O dye in digitonin-
permeabilized BSF Tb1 5’ RNAi (B) and BSF OSCP RNAi (C) noninduced cells (—tet, black lines) and cells induced for 4 days (+tet, 4 days, red lines) in the
presence of ATP. ATP, oligomycin (OLM), carboxyatractyloside (cATR), and SF 6847, an uncoupler, were added where indicated. cATR was added after OLM
to test for any further depolarization of the mitochondrial membrane due to inhibition of the AAC, whose electrogenic activity can potentially contribute in
the generation of ATP-stimulated AWYm. D and E, sensitivity of BSF Tb1 5' RNAi- and BSF OSCP RNAi-noninduced cells (-tet, brick-red and orange full lines,
respectively) and cells induced for 4 days (+tet, 4 days, brick-red and orange dashed lines, respectively) to carboxyatractyloside (cATR) (D) and to oligomycin
(OLM) (E) estimated by resazurin cell-viability assay. The dose-response curves were calculated using GraphPad Prism 8.0 software. The calculated ICs,
values are shown beside the corresponding sample and are expressed in mM and in pg/ml for cATR and OLM, respectively. AWm, mitochondrial membrane
potential; AAC, ADP/ATP carrier; BSF, bloodstream form; FCCP, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone; OSCP, oligomycin sensitivity-
conferring protein; TMRE, tetramethylrhodamine ethyl ester.

black lines), RNAi-induced cells from both cell lines were The difference between the A¥m measured in vivo (by flow

still able to generate a AYm (Fig. 6, B and C, Fig. S4, A and D,
red lines). In all four cases, the inner mitochondrial
membrane was fully depolarized by the addition of oligomycin
(Fig. 6, B and C) or carboxyatractyloside (Fig. S4, A and D).
The results were further validated by measuring safranin O
fluorescence when either oligomycin or carboxyatractyloside
was present before ATP addition (Fig. S4, B, C, E and F). These
observations show that the F,F;—ATPase activity is affected in
BSF Tb1l 5 and OSCP RNAi-induced cells but is not fully
abolished as observed for BSF Tb1 3’ RNAi and OSCP ¢cDKO
cells (Fig. 4, C and D, Fig. S3, A and D, red lines).

SASBMB

cytometry) and in situ (by safranin O) may reflect the
different aspects of AWm generation interrogated by these
assays: the former measures the actual magnitude of A¥Ym in
living cells, and the latter, the capacity of cells to generate
AW¥m. The differences observed imply that BSF cells do not
use F,F;—ATPase complexes at full capacity to generate
A¥m, and therefore, a significant decrease in these assem-
blies has no effect on their total A¥m and the viability of cells
grown in culture. The need for the ~10% of remaining F,F,—
ATPase complexes (Fig. 5I) in the mitochondria is corrobo-
rated by increased sensitivity of BSF Tbhl 5 and OSCP
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RNAi-induced cells to carboxyatractyloside (~12 and ~73
times, respectively) and to oligomycin (~2.5 and ~2.1 times,
respectively) as measured by resazurin cell viability assay
(Fig. 6, D and E).

In summary, our data provide insight into the distinct bio-
energetic consequences of the loss of F,F;—ATP synthase/
ATPase in PCF and BSF parasites. We showed that a decrease
in the F,F;—ATP synthase levels in PCF cells led to lowered
ATP levels and transiently increased AYm, which manifested
in the form of oxidative stress and slower cell growth. In BSF
trypanosomes, as reported before, a full disruption of the
F,F1—ATPase caused the loss of A¥m followed by cell death,
but we observed that these parasites can withstand a sub-
stantial loss of the complex without an obvious effect on
viability in culture.

Discussion

Tbl is the largest membrane-associated subunit of the
F,F1—ATP synthase in T. brucei. Inferring from the F,F;—ATP
synthase structure of the related organism E. gracilis, Tbl is
located on the matrix side of the F, periphery (6) and contains
an Mdm38-like fold. Mdm38 is a component of the yeast
mitochondrial cotranslational membrane insertion machinery,
and it has been reported to assist in the assembly of the
mitochondrial-encoded proton channel subunit a into the
F,F1—ATP synthase (27). Despite the structural similarity be-
tween Mdm38 and Tb1, the former was never copurified with
either electron transport chain complexes or F,F;—ATP syn-
thase (27, 36, 37), whereas the latter is a bona fide component
of the euglenozoan F,F;—ATP synthase (6, 8, 38). In addition,
the E. gracilis Tbl ortholog contacts nearly exclusively a
species-specific extension of subunit a (6), suggesting that it is
not involved in the incorporation of subunit a into the com-
plex in the same way as in yeast. Based on the predicted
structural conservancy of Tb1 and compositional similarity of
the F,F;—ATP synthase in T. brucei and Euglena, it is
reasonable to assume that Tb1 in T. brucei is located on the
periphery of the dimer. Presumably, it establishes very few, or
none at all, contacts with subunits involved directly in the
proton translocation or dimerization of the complex. Yet, Tb1
is absolutely crucial for the F,F;—ATP synthase integrity (8),
potentially by aiding in the stability or assembly of auxiliary F,
subunits.

Here, we silenced Tb1 subunit by RNAi with high efficiency
in two cultivable forms of T. brucei to study phenotypes
associated with F,F;—ATP synthase loss. In PCF cells, the se-
vere loss of the monomeric and dimeric forms of the
F,F;—ATP synthase after depletion of Tb1 causes a transient
hyperpolarization of the inner mitochondrial membrane. This
effect is then reversed by redirecting electrons from the con-
ventional respiratory chain complexes III and IV toward AOX,
as documented by the increased SHAM-sensitive respiration.
The increased respiration through the AOX pathway is
accompanied by a gradual but mild reduction in the AWYm
(~25% by day 6 of RNAIi induction), consistent with the fact
that AOX is incapable of pumping protons across the inner
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mitochondrial membrane, and therefore, does not contribute
to the generation of AYm (28). Moreover, the increase in
AOX-mediated respiration led to lowered levels of mito-
chondrial O,"", presumably produced to a large extent by
complex III. The rerouting of electrons toward AOX is a
phenomenon that was already reported in PCF T. brucei cells
when complexes III and IV were downregulated (39, 40) and
may reflect a protective mechanism also used by plants to cope
with the increase in ROS generation associated with inhibition
of the cytochrome pathway (39). Similarly, artificial expression
of AOX in fruit fly and mouse cells was shown to limit
mitochondrial ROS formation when respiration was inhibited
by antimycin (inhibitor of complex III) or cyanide (inhibitor of
complex IV) (31, 32).

Furthermore, we observed that the total cellular ATP levels
decreased only by ~25% at day 4 of RNAi induction, reflecting
the ability of PCF cells to rely also on ATP production through
both cytosolic and mitochondrial substrate-level phosphory-
lation via the pyruvate kinase and the succinyl-CoA synthe-
tase, respectively, when grown in glucose-rich conditions (41,
42). Although the ATP levels were reduced just ~25%, there
was a 50% increase in the ADP/ATP ratio. This could be
explained by the avid ATP consumption by the accumulated
F, subcomplexes, as reflected by the in-gel staining of ATPase
activity. An increased ADP/ATP ratio could also reflect a
higher intracellular ATP demand, namely by processes inten-
ded to restore homeostasis. Although the increased respiration
through AOX contributed to the reduction of intra-
mitochondrial O, " levels, prolonged inhibition of the oxida-
tive phosphorylation pathway due to Tb1 downregulation led
to an increase of various cytosolic ROS, causing oxidative
stress. Because the synthesis of certain ROS-detoxifying mol-
ecules requires ATP (43), we hypothesize that the inability of
PCF Tbl RNAi-induced cells to cope with the increasing
concentrations of cytosolic ROS might be due to the lowered
levels of intracellular ATP caused by inhibition of oxidative
phosphorylation.

In BSE T. brucei, the F,F;—ATP synthase complex operates
in reverse mode to generate the vital AYm (15, 16). Therefore,
the cell death that followed the collapse of the A¥Ym in para-
sites fully depleted of Tbl or OSCP was expected and is
consistent with the earlier studies. Nevertheless, while Tb1 and
OSCP suppression down to 3 to 10% caused a corresponding
loss of F,F;—ATPase complexes, these BSF trypanosomes were
able to thrive in culture without any obvious effect on their
viability. Similarly, perturbation of mitochondrial translation
in BSF cells, manifested by decreased levels of F,F;—ATPase
due to reduced production of its mitochondrial encoded
subunit a, had no effect on growth in culture (44). Moreover,
the AYm of BSF Tb1l 5 and OSCP RNAi-induced cells was
not affected when measured by flow cytometry of live cells, but
there was a significant reduction in the ability of the F,F;—
ATPase to generate a proton gradient when estimated in
permeabilized cells by safranin O assay. This phenomenon can
be explained by a combination of two factors: the higher
sensitivity of safranin O to changes in AYm compared with
TMRE (45) and a possible overcapacity of the F,F;—ATPase
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complex in BSF trypanosomes. The overcapacity of certain
enzymes has already been documented in 7. brucei. For
instance, the reduction of the maximum rate (V,,,,) of AOX
reaction by 50% was predicted to have no effect on oxygen
consumption (46). Taken together, our observations would
suggest that although the F,F;—ATPase is a promising drug
target, the potential drug would have to inhibit the majority of
the assembled complexes to exert cytotoxic effects, although
the proportion of F,F;—ATPase complexes that is required to
sustain the viability of the parasite in the host environment
might be different compared with the situation in vitro.

Dyskinetoplastic trypanosomes are BSF cells that partially or
entirely lack their mitochondrial DNA, termed kinetoplast
DNA, and consequently, the mitochondrial-encoded subunit a
(47-49). Because the vestigial F-ATPase in dyskinetoplastic
cells is incapable of proton pumping, it is proposed that AYm
is maintained by the synergistic activities of the F;-ATPase and
the electrogenic exchange of ADP for ATP mediated by the
AAC (22). Unlike yeast “petite mutants” or mammalian p°
cells, dyskinetoplastic trypanosomes are successful in nature,
where they are transmitted mechanically by bloodsucking in-
sects among a vast range of mammals or by coitus in equids
(50). It is striking that in African trypanosomes of the trypa-
nozoon group, the kinetoplast DNA loss has occurred
repeatedly and does not appear to impair cell viability of the
replicative stage in the mammalian bloodstream (48). The loss
of kinetoplast DNA in BSF trypanosomes is most likely facil-
itated by the facts that (i) these cells rely only on a single
mitochondrial-encoded protein, the subunit a of the F,F;—
ATP synthase, (ii) they do not use the F,F;—ATP synthase for
energy production, as glycolysis fulfills their ATP demands,
thanks to the abundant glucose in the mammalian host’s
bloodstream, and (iii) these cells acquire a compensatory
mutation that affects F;—ATPase function (22). We speculate
that the long-term tolerance of reduced levels of F,F;—ATPase,
exemplified by our BSF Tb1 5" and OSCP RNAI cell lines, can
provide BSF cells with a time frame to gain nuclear muta-
tion(s) that allow AWm generation in the absence of an intact
F,F1—ATPase and consequently facilitate life without kineto-
plast DNA (22). This has major implications, as a number of
trypanocidal compounds, including those that constitute the
currently available treatments for animal African trypanoso-
miasis, target the kinetoplast DNA network (51-53) and,
indeed, the loss of dependence on kinetoplast DNA due to the
compensatory mutations has been related to multidrug resis-
tance in trypanosomes (54—56). Our results further highlight
how the parasite’s unique biology helps this species to cope
with the loss of mitochondrial DNA, an event that is delete-
rious, or even lethal, for the majority of eukaryotes (57).

A striking phenotype exhibited by BSF Tb1l 3’ RNAi and
OSCP ¢DKO trypanosomes is the reduced respiration rate
upon Tbl and OSCP depletion, respectively, as there is no
direct link between the activities of AOX and the F,F,—
ATPase. Rather, the oxygen consumption rate by AOX is a
measure of glycolysis, which provides BSF trypanosomes with
the majority, if not all, of the cellular ATP (34, 58). We hy-
pothesize that disruption of the F,F;—ATPase complex leads to
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a lower consumption rate of intracellular ATP. In support of
this argument, we observed a gradual reduction in the cellular
ADP/ATP ratio after suppression of Tb1 or OSCP expression.
A recent study showed that T. brucei AOX can be inhibited by
a transient accumulation of intramitochondrial ATP caused by
inhibition of the F,F;—ATPase hydrolytic activity with oligo-
mycin (35), representing the first report proposing that the
F,F1—ATPase activity can affect the glycolytic flux in BSF
trypanosomes. Similarly, oligomycin treatment inhibits the
rates of oxygen consumption and pyruvate production with a
concomitant dissipation of A¥m when glucose is the substrate
(15, 59). This effect that was originally contributed to the in-
hibition of glycolysis before triose phosphate oxidation (60)
can now be linked to the inhibition of the F,F,—ATPase. Ac-
cording to the metabolic control theory (61), the flux control
of a pathway can be exerted not solely by enzymes from the
particular pathway but also by processes outside of it, such as
the ATP-consuming processes. In 7. brucei, the glycolytic flux
is controlled mainly by enzymes outside of the pathway, spe-
cifically, by hexose transporters responsible for glucose uptake
into the cell (62). The absence of regulation by components
from the pathway is not restricted to this organism, as it was
reported that overexpression of glycolytic enzymes does not
exert significant control on the pathway in both yeast (63) and
bacteria (64). Interestingly, a study in Escherichia coli
demonstrated that incrementing the cytosolic ATP con-
sumption by expression of free F;-ATPase resulted in a 70%
increase in the glycolytic rate, concluding that enzymes
consuming ATP can affect the glycolytic flux (65). Taken all
together, our results further corroborate the idea that the
levels of F,F;—ATPase activity can affect the respiration rate,
playing an unexplored role in controlling the glycolytic rate in
the BSF stage of the parasite.

Experimental procedures
Plasmid construction and generation of cell lines

The generation of the PCF Tb1 RNAI cell line was described
in an earlier study (8). To generate the BSF Tb1 5" and Tb1 3’
RNA:I cell lines, Tb1 (Tb927.10.520) ORF fragments of 460 bp
(between nucleotides 30 and 489) and 636 bp (between nucle-
otides 424 and 1060), respectively, were amplified from the
genome of the wild type (WT) BSF T. brucei strain Lister 427
using primers I and 2 for the 5" RNAi fragment, and primers 3
and 4 for the 3’ RNAi fragment. The resulting 5" and 3’ RNAi
amplicons were cloned into p2T7-177 vector (66) via BamHI
and Xhol restrictions sites and transfected into the puromycin-
resistant 7. brucei SmOxB427 cell line (67) and the neomycin-
and hygromycin-resistant T. b. brucei EATRO 1125 AnTat 1.1
90:13 cell line (68), respectively. For the inducible expression of
Tb1 fused with a C-terminal 3x v5 tag, the Tb1 coding sequence
was PCR-amplified from 7. brucei strain Lister 427 genome
using primers 5 and 6. Using the HindIII and BamHI restriction
sites inherent in the primers, the fragment was cloned into the
pT7_v5 vector (69). The construct was linearized with NotI and
transfected into the neomycin-resistant transgenic BSF427
single-marker cell line as described previously (11).
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To generate the BSF OSCP RNAi cell line, an OSCP
(Tb927.10.8030) ORF fragment of 446 bp (between nucleotides 13
and 458) was amplified from the genome of the WT BSF T. brucei
strain Lister 427 using primers 7 and 8. The resulting amplicon was
cloned into p2T7-177 vector (66) via BamHI and Xhol restrictions
sites, and the construct was linearized with NotI before transfection
into the neomycin-resistant transgenic BSF427 single-marker cell
line as described previously (11). For the generation of the BSF
OSCP cDKO cell line, 5’ and 3’ intergenic region fragments from
OSCP gene were amplified using primers 9 and 10 for the 5’
intergenic region, and primers 11 and 12 for the 3’ intergenic region.
The resulting 5" intergenic region amplicon of 452 bp was cloned
into Notl and Miul restriction sites within pLEW13 vector to
generate pLEW13::5’ IRy51,, Vector. Subsequently, the 3’ intergenic
region amplicon of 414 bp was inserted into pLEW13::5" IRys0n,
vector via Xbal and Stul restriction sites to obtain the OSCP single
KO construct. This construct was linearized using NotI and trans-
fected into the WT BSF T. brucei strain Lister 427 to knock out the
first OSCP allele. To generate the construct for the KO of the second
OSCP allele, the T7 RNA polymerase and neomycin cassette from
the OSCP single KO construct was replaced by a cassette containing
a 10% activity T7 promoter, the tetracycline repressor, and the
hygromycin resistance gene from pLEW90 vector. For the gener-
ation of the tetracycline-inducible OSCP ectopic copy construct, the
OSCP ORF was amplified from the genome of the WT BSF
T. brucei strain Lister 427 using primers 13 and 14. The OSCP ORF
was cloned into BamHI and Xhol restriction sites within pLEW79
vector, replacing the luciferase ORF. It is important to mention that
the pLEW79 vector was mutagenized for the purpose of this study
to include an Xhol restriction site downstream its HindIII site due to
the existence of a HindIII site within the sequence of the OSCP
ORE. BSF T. brucei OSCP single KO cells were transfected with the
OSCP ectopic copy construct before knocking out the second
OSCP allele. The strategy used for the conditional KO of OSCP in
BSF cells was adapted from the reference (70). The correct inte-
gration of the OSCP single KO construct was verified by PCR using
the following primer pairs: primers 15 (annealing upstream the 5’
intergenic region of the OSCP gene used as homologous recom-
bination site) and 17 (binding the T7 RNA polymerase sequence);
primers I8 (binding the neomycin resistance gene sequence) and 16
(annealing downstream the 3’ intergenic region of the OSCP gene
used as homologous recombination site). The correct integration of
the OSCP double KO construct was verified by PCR using the
following primer pairs: primers 15 and 19 (which binds the tetra-
cycline repressor sequence); primers 20 (binding the hygromycin
resistance gene sequence) and I16. The presence of the OSCP
inducible copy was verified by PCR using primers 21 (which anneals
to the procyclic acidic repetitive protein promoter) and 22
(annealing downstream the aldolase 3’ UTR that follows the OSCP
ORF). A schematic representation of the PCR verification is
depicted on Fig. S2. The sequences of all the primers used in this
study are found in Table S1.

T. brucei culture conditions

The PCF Tb1l RNAI cell line was grown at 27 °C in the
glucose-rich medium SDM-79 (27) (Invitrogen 07490916N)
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supplemented with 10% fetal bovine serum (BioSera FB-1090/
500) and 7.5 mg/ml hemin (Sigma H9039) and containing
15 pg/ml G418 (Sigma G8168), 25 ug/ml hygromycin B Gold
(InvivoGen ant-hg-1), and 2.5 pg/ml phleomycin (InvivoGen
ant-ph-2p).

The BSF T. b. brucei Lister 427 strain, EATRO 1125 AnTat
1.1 (68), stable acriflavine-induced dyskinetoplastic T. b. brucei
EATRO 164 (71), and dyskinetoplastic T. b. evansi AnTat 3/3
that lost mitochondrial DNA upon culturing (16) were all
grown at 37 °C and 5% CO, in HMI-11 medium (Invitrogen
07490915N) supplemented with 10% fetal bovine serum. The
BSF 5’ Tb1 RNAI cell line was grown in the presence of pu-
romycin and phleomycin. The BSF 3’ Tb1 RNAi cell line was
grown in the presence G418, hygromycin, puromycin, and
phleomycin. The BSF OSCP RNAi cell line was grown in the
presence of G418 and phleomycin. The BSF OSCP ¢DKO cell
line was grown in G418, hygromycin, and phleomycin. The
final concentrations of antibiotics in the culture medium were
the following: 0.1 pg/ml puromycin, 2.5 pg/ml G418, 5 pg/ml
hygromycin, and 2.5 pg/ml phleomycin.

The induction of RNAi and ectopically expressed tagged
Tb1 was triggered by the addition of 1 pg/ml of tetracycline
into the medium. BSF OSCP c¢cDKO cells were constantly
grown in the presence of 1 pg/ml of tetracycline to sustain
OSCP expression. The expression of the OSCP ectopic copy
was suppressed by cultivating BSE OSCP ¢DKO cells in the
absence of tetracycline, preceded by a two-step washing of the
cells with tetracycline-free medium. For all the experiments in
this study, cells were maintained in a mid-late exponential
growth phase, meaning 0.6 x 10 to 1.2 x 10” cells/ml in the
case of PCF cells, and 0.6 x 10° to 1.2 x 10° cells/ml in the case
of BSF cells.

SDS-PAGE and Western blotting

Appropriate volumes of PCF and BSF culture were spun
down at 1400g for 10 min at 4 °C, and cell pellets were washed
once with 1x PBS (10-mM phosphate buffer, 130-mM NaCl,
pH 7.3). To prepare whole-cell lysates at a concentration of 1 x
107 cells in 30 pl, cell pellets were resuspended in 1x PBS
before the addition of 3x Laemmli buffer (150-mM Tris-HCI,
pH 6.8, 300-mM 1,4-dithiothreitol, 6% (w/v) SDS, 30% (w/v)
glycerol, 0.02% (w/v) bromophenol blue). The mixture was
boiled at 97 °C for 10 min and stored at —20 °C. For Western
blot analysis, a volume of sample corresponding to 3 x
10° cells per well was separated by SDS-PAGE (Bio-Rad
4568094), blotted onto a polyvinylidene difluoride membrane
(Pierce 88518), and probed with the appropriate monoclonal
(mADb) or polyclonal (pAb) antibody. This was followed by
incubation with a secondary HRP-conjugated anti-rabbit (Bio-
Rad 1721019) or anti-mouse (Bio-Rad 1721011) antibody
(1:2000), which immunoreacts, respectively, with the poly-
clonal or monoclonal primary antibodies. Proteins were visu-
alized using the Clarity Western ECL substrate (Bio-Rad
1705060EM) on a ChemiDoc instrument (Bio-Rad). The
PageRuler prestained protein ladder (Thermo Fisher Scientific
26617) was used to determine the size of the detected bands.
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The primary antibodies used in this study were the following:
mADb anti-v5 epitope tag (1:2000, Invitrogen), mAb anti-
mitochondrial HSP70 (1:5000; 72 kDa) (72), mAb anti-AOX
(PCF 1:300, BSF 1:1000, kindly provided by Minu Chaudhuri;
33 kDa), pAb anti-mitochondrial RNA-binding protein 1
(1:1000; 23 kDa), pAb anti-enolase (1:1000; 47 kDa) (73),
pAb anti-AAC (1:1000; 34 kDa), and antibodies against F,F;—
ATP synthase subunits B (1:2000; 54 kDa), p18 (1:1000;
18 kDa), Tb1 (1:1000; 47 kDa), Th2 (1:1000; 43 kDa), and
OSCP (1:1000; 27 kDa). The latter antibodies were produced
in the Zikova lab and are available upon request. The densi-
tometric analysis of the bands was carried out using the
ImageLab software by relating the signal intensity from the
lanes corresponding to RNAi-induced/tetracycline-depleted
cells to that of the lane pertinent to control cells. The per-
centage of downregulation relative to the control sample was
then normalized to the corresponding signal intensity of the
bands from the blots probed with anti-enolase or anti-
mitochondrial HSP70 (loading controls).

Isolation of crude mitochondrial vesicles

Crude mitochondrial vesicles were obtained by hypotonic
lysis as described earlier (11, 72). In summary, cell pellets from
3 x 108 BSF cells were washed once with a buffer I (150-mM
NaCl, 20-mM glucose, 20-mM phosphate buffer, pH 7.9),
resuspended in a buffer II (1-mM Tris-HCI, pH 8.0, 1-mM
EDTA), and homogenized in a Dounce homogenizer. Alter-
natively, cell pellets from 1 x 10° PCF cells were washed in a
buffer III (150-mM NaCl, 100-mM EDTA, 10-mM Tris-HCl,
pH 8.0), resuspended in the buffer II, and homogenized by
passing through a 25G needle. To restore the physiological
isotonic conditions, 60% sucrose was promptly added to the
cell lysate to attain a final concentration of 250 mM. Samples
were spun down at 16,000¢ for 10 min at 4 °C to clear the
soluble cytoplasmic material from the lysates. The organelle-
enriched pellets were resuspended in STM (250-mM
sucrose, 2-mM MgCl,, 20-mM Tris-HCl, pH 8.0) and sup-
plemented with a final concentration of 3-mM MgCl, and
0.3-mM CaCl, before incubating with 5 ug/ml DNase I for 1 h
on ice. Then, an equal volume of STE (250-mM sucrose,
2-mM EDTA, 20-mM Tris-HCI, pH 8.0) was added, and the
material was centrifuged as before. Pellets enriched with the
mitochondrial membrane vesicles were flash-frozen in liquid
nitrogen and stored at —80 °C until their use.

Native electrophoresis and in-gel staining of F,F;-ATPase
activity

The protocol for high-resolution clear native electropho-
resis was adapted from published studies (74, 75). Briefly,
crude mitochondrial vesicles from 5 x 10% cells were resus-
pended in a mitochondrial lysis buffer (2-mM e-aminocaproic
acid (ACA), 50-mM imidazole-HCl, 1-mM EDTA, 50-mM
NaCl, pH 7.0) and lysed for 1 h on ice with 4 mg digitonin/
1 mg protein. Samples were centrifuged at 16,000g for 30 min
at 4 °C, and the protein concentrations of the cleared lysates
were determined by bicinchoninic acid assay. Samples were
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mixed with 5x loading dye (0.1% (w/v) Ponceau-S, 50% (w/v)
glycerol) and loaded onto a 3 to 12% native gradient gel. After
electrophoresis (3 h, 100 V, 4 °C), the resolved mitochondrial
proteins were transferred onto a nitrocellulose membrane
(overnight, 20 V, 4 °C) and probed with selected antibodies
(p18 1:1000 and Tb1 1:1000).

BNE was performed as described in an earlier study (9) with
some modifications. Crude mitochondrial vesicles from 2 x
10® cells were resuspended in 1 M ACA and solubilized with
either 2% (PCF) or 4% (BSF) dodecylmaltoside (DDM) for 1 h
on ice. Samples were centrifuged at 16,000¢ for 30 min at 4 °C,
and the protein concentrations of the cleared lysates were
estimated using the bicinchoninic acid assay (Pierce 23225).
Samples were mixed with 1.5 pl of the loading dye (500-mM
ACA, 5% (w/v) Coomassie Brilliant Blue G-250) and loaded
onto a 3 to 12% native gradient gel. After the electrophoresis
(3 h, 140 V, 4 °C), proteins were blotted onto a polyvinylidene
difluoride membrane (2 h, 100 V, 4 °C, stirring) and immu-
nodetected using antibodies against different F,F;—ATP syn-
thase subunits (subunit  1:2000, p18 1:1000, Tb2 1:500, and
OSCP 1:100). Alternatively, the gel was transferred into the
ATPase reaction buffer (35-mM Tris-HCl, pH 8.0, 270-mM
glycine, 19-mM MgSO,, 0.3% (w/v) Pb(NOs3),, 11-mM ATP)
for overnight incubation under slow agitation (in-gel staining
of F,F;—ATPase activity). Subsequently, the gel was soaked in
30% methanol to stop the reaction. The ATPase activity ap-
pears as a white precipitate.

Sodium carbonate submitochondrial fractionation

Sodium carbonate extraction of mitochondrial membranes
was adapted from an earlier study (76). Mitochondrial vesicles
from 3 x 10% cells were isolated by hypotonic lysis as described
previously. The resulting supernatant from a 25G needle ho-
mogenization step was kept as a cytosolic fraction. The
mitochondrial pellet was further treated with digitonin (80 pg/
ml) for 15 min on ice to disrupt the mitochondrial outer
membrane. The material was then cleared by centrifugation at
12,000¢ for 20 min at 4 °C and the pelleted mitoplasts were
resuspended in 0.1 M Na,COj3 buffer (pH 11.5) before incu-
bation on ice for 30 min. A final ultracentrifugation step at
100,000¢ for 1 h at 4 °C carried out in an SW50Ti rotor of a
Beckman Instrument yielded a supernatant comprised of
proteins from the mitochondrial matrix, including stripped
peripheral membrane proteins, and a pellet containing integral
proteins isolated from the mitochondrial membrane fraction.

Glycerol gradient sedimentation

Hypotonically purified mitochondrial vesicles from ~2.5 x
10 cells were resuspended in glycerol gradient lysis buffer (10-
mM Tris-HC], pH 7.2, 10-mM MgCl,, 200-mM KCl, 1-mM
1,4-dithiothreitol) and solubilized with 1% Triton X-100 for
30 min on ice. The lysates were cleared by a centrifugation step
(2% 16,000g, 30 min, 4 °C), and the protein concentration was
determined by the Bradford assay. Cleared mitochondrial ly-
sates were resolved by ultracentrifugation (Beckman Instru-
ment, SW40 rotor) at 38,000¢ for 5 h on an 11- ml 10 to 30%
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glycerol gradient, which was poured using the Gradient Station
(Biocomp) according to the manufacturer’s protocol. The
glycerol gradients were then fractionated with the Gradient
Station, and 500 pl fractions were stored at —-80 °C.

A¥Ym measurement

The A¥m of live cells was estimated using the cell-
permeant red-fluorescent dye TMRE (Thermo Fisher
Scientific T669), whose fluorescence intensity is proportionally
dependent on the AWm values. Equal number of cells (3 x 10°)
were harvested for each time point and resuspended in the
culture medium containing 60-nM TMRE. The staining of the
cells was carried out for 30 min at the appropriate temperature
for each life stage. Subsequently, cells were spun down at
1400g for 10 min at room temperature, resuspended in 1 ml of
1x PBS (see composition above) and immediately analyzed by
flow cytometry using BD FACSCanto II instrument and its
blue laser (488 nm) with the band pass PE filter (585/15). For
each sample, 10,000 events were collected. Treatment with 20-
UM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(Sigma (C2920) was used as a control for mitochondrial
membrane depolarization. Data were evaluated using BD
FACS Diva (BD Company) software. The TMRE signal cor-
responding to RNAi-induced/tetracycline-depleted cells was
normalized to that of control cells and expressed in percent-
age. The values were plotted and analyzed statistically using
GraphPad Prism 8.0 software.

In situ A¥m of permeabilized cells was determined fluo-
rometrically using safranin O dye (Sigma $2255) (77). For each
sample, 2 x 107 cells were harvested and washed once with
ANT buffer (8-mM KCI, 110-mM K-gluconate, 10-mM NacCl,
10-mM free-acid Hepes, 10-mM K,HPO,, 0.015-mM EGTA
potassium salt, 10-mM mannitol, 0.5 mg/ml fatty acid—free
bovine serum albumin, 1.5-mM MgCl,, pH 7.25) (78). The
cell pellet was resuspended in 2 ml of ANT buffer containing
5-uM safranin O and 4-pM digitonin. Fluorescence was
recorded in a Hitachi F-7100 spectrofluorometer (Hitachi
High-Technologies) at a 5-Hz acquisition rate, using 495 nm
and 585 nm excitation and emission wavelengths, respectively.
Substrates (1-mM ATP, PanReac AppliChem A13480025) and
inhibitors (10 pg/ml oligomycin or 1-uM carboxyatractyloside,
Sigma 04876 and Biorbyt orb259156-10, respectively) were
added where indicated. Final addition of the uncoupler SF
6847 (250 nM; Enzo Life Sciences BML-EI215-0050) served as
a control for maximal depolarization. All the experiments were
performed at room temperature and constant stirring.

Mitochondrial O,"~ and cellular ROS measurements

For the measurement of mitochondrial and cellular ROS
molecules, the red mitochondrial O, " indicator MitoSOX
(Thermo Fisher Scientific M36008) and H,DCFHDA dye
(Thermo Fisher Scientific) were used, respectively. The stain-
ing procedure followed was essentially the same as for the
determination of A¥Ym in vivo except that TMRE was replaced
by 5-uM MitoSOX or 10-uM H,DCFHDA in the corre-
sponding assay. MitoSOX and H,DCFHDA fluorescence
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signals were recorded using BD FACSCanto II instrument and
its blue laser (488 nm) with the band pass phycoerythrin (585/
15 nm) and fluorescein isothiocyanate (530/30 nm) filters,
respectively. The fluorescence signal of RNAi-induced/
tetracycline-depleted cells was normalized to that of control
cells and expressed in percentage. The values were plotted and
analyzed statistically using GraphPad Prism 8.0 software.

High-resolution respirometry

The oxygen consumption rate was determined using the
Oroboros Oxygraph-2K (Oroboros Instruments Corp). For
each sample, 2 x 107 cells were harvested and washed once
with Mir05 mitochondrial respiration medium (0.5-mM
EGTA, 3-mM MgCl,, 60-mM lactobionic acid, 20-mM
taurine, 10-mM KH,PO,4, 20-mM Hepes, 110-mM sucrose,
1 mg/ml fatty acid—free bovine serum albumin, pH 7.1). The
cell pellet was resuspended in 2.1 ml of Mir05 and transferred
into the respiration chamber at the appropriate growth tem-
perature for each life stage and under constant stirring. In the
experiments carried out with intact PCF cells, 10-mM glyc-
erol-3-phosphate (Sigma, 17766) was added, and complex IV-
and AOX-mediated respirations were inhibited by injection of
1-mM KCN and 250-pM SHAM (Sigma S607), respectively.
For the experiments performed with permeabilized BSF cells,
the addition of 4-uM digitonin (Sigma D141) preceded the
injection of 20-mM glycerol-3-phopshate into the chamber,
and respiratory inhibition was achieved by addition of 250-pM
SHAM. The most stable portion of either the oxygen con-
sumption rate slope (PCF experiments) or the oxygen con-
centration in the chamber slope (BSF experiments) was
determined for each biological replicate after the addition of
substrates and inhibitors. The values were plotted and
analyzed statistically using GraphPad Prism 8.0 software.

ADP/ATP ratio and total cellular ATP levels

Both the ADP/ATP ratio and the total cellular ATP were
estimated using the bioluminescence-based ADP/ATP assay
kit (Sigma MAK135) following the manufacturer’s protocol. In
brief, 1 x 10° cells per sample were harvested and washed once
with PBS-G (1x PBS plus 6-mM glucose). Cells were resus-
pended in 10 pl of 1x PBS-G and transferred into a white flat-
bottom 96-well microtiter plate. Luminescence was recorded
in an Orion II microplate luminometer (Titertek-Berthold).
The ATP levels and calculated ADP/ATP ratios of RNAi-
induced/tetracycline-depleted cells were normalized to those
of control cells and expressed in percentage. The values were
plotted and analyzed statistically using GraphPad Prism 8.0
software.

Resazurin cell-viability assay

BSF cells were inoculated into a transparent flat-bottom 96-
well microtiter plate at a density of 500 trypanosomes in a final
volume of 200 pl of the culture medium per well. The cells
were incubated in the presence of various drug concentrations
(0.98- to 4000-uM carboxyatractyloside and 9.78-5000 ng/ml
oligomycin) for 72 h at 37 °C. Wells without the drug served as
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the control for cell viability. Subsequently, 20 ul of a 125 pug/ml
resazurin (Sigma R7017) stock solution was added and fluo-
rescence was measured 24 h later (total drug incubation time
of 96 h) in a Tecan Spark plate reader using 544-nm and
590-nm excitation and emission wavelengths, respectively.
Data were analyzed with GraphPad Prism 8.0 software using a
nonlinear regression and a sigmoidal dose—response analysis.
All the experiments were performed in triplicate.

Modeling of Tb1 structure

The structure of Tbl was predicted with I-TASSER (34)
using the structure of E. gracilis Tb1 as a template (PDB ID:
6TDU (6)).

Data availability

All data discussed are presented in the article.

Acknowledgments—The authors thank Martina Slapnickova for
excellent technical support of the Zikovd lab.

Author contributions—A. Z., B. P, C. H. -Y, K. S,, O. G,, A. S., and
C. C, conceived and designed research, C. H.-Y. performed majority
of experiments and data analysis, K. S. generated strains and con-
ducted the initial analysis, C. D. generated strains and conducted
growth assays, and A. Z,, C. H.-Y,, O. G, A. S,, and C. C. wrote the
manuscript.

Funding and additional information—This work was supported
by the Czech Science Foundation (18-17529S) and European
Regional Development Fund and Ministry of Education, Youth and
Sport (CZ.02.1.01/0.0/0.0/16_019/0000759) to A. Z. a Senior
Fellowship from the UK Medical Research Council, United
Kingdom (MR/L019701/1) to A. S., and by grants from NKFIH
[KH129567] and [K135027] to C. C.

Conflict of interest—The authors declare that they have no conflicts
of interest with the content of this article.

Abbreviations—The abbreviations used are: AYm, mitochondrial
membrane potential; AAC, ADP/ATP carrier; ACA, e-amino-
caproic acid; AOX, alternative oxidase; BNE, blue native
electrophoresis; BSF, bloodstream form; ¢cDKO, conditional double
knock-out; DDM, dodecylmaltoside; H,DCFHDA, dichlorodihy-
drofluorescein; KCN, potassium cyanide; Mdm38, mitochondrial
distribution and morphology protein 38 (aka YOLO027C); mAb,
monoclonal antibody; O,'", superoxide; OSCP, oligomycin
sensitivity-conferring protein; pAb, polyclonal antibody; PCF,
procyclic form; ROS, reactive oxygen species; SHAM, salicylhy-
droxamic acid; Tb1l, ATPaseTbl (7. brucei F,Fi—ATP synthase
subunit 1); Tb2, ATPaseTb2 (T. brucei F,F;—ATP synthase subunit
2); TMRE, tetramethylrhodamine ethyl ester; WT, wild type.

References

1. Walker, J. E. (2013) The ATP synthase: The understood, the uncertain
and the unknown. Biochem. Soc. Trans. 41, 1-16

2. Kuhlbrandt, W. (2019) Structure and mechanisms of F-type ATP syn-
thases. Annu. Rev. Biochem. 88, 515-549

3. Miranda-Astudillo, H., Cano-Estrada, A., Vazquez-Acevedo, M., Colina-
Tenorio, L., Downie-Velasco, A., Cardol, P., Remacle, C., Dominguez-

SASBMB

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Trypanosoma brucei F,F,-ATP synthase

Ramirez, L., and Gonzalez-Halphen, D. (2014) Interactions of subunits
Asa2, Asa4 and Asa7 in the peripheral stalk of the mitochondrial ATP
synthase of the chlorophycean alga Polytomella sp. Biochim. Biophys.
Acta 1837, 1-13

. van Lis, R, Mendoza-Hernandez, G., Groth, G., and Atteia, A. (2007)

New insights into the unique structure of the FOF1-ATP synthase from
the chlamydomonad algae Polytomella sp. and Chlamydomonas rein-
hardtii. Plant Physiol. 144, 1190-1199

. Salunke, R., Mourier, T., Banerjee, M., Pain, A., and Shanmugam, D. (2018)

Highly diverged novel subunit composition of apicomplexan F-type ATP
synthase identified from Toxoplasma gondii. PLoS Biol. 16, €2006128

. Muhleip, A., McComas, S. E., and Amunts, A. (2019) Structure of a

mitochondrial ATP synthase with bound native cardiolipin. Elife 8,
e51179

. Balabaskaran Nina, P., Dudkina, N. V., Kane, L. A., van Eyk, J. E., Boe-

kema, E. J., Mather, M. W., and Vaidya, A. B. (2010) Highly divergent
mitochondrial ATP synthase complexes in Tetrahymena thermophila.
PLoS Biol. 8, €1000418

. Zikova, A, Schnaufer, A., Dalley, R. A, Panigrahi, A. K, and Stuart, K. D.

(2009) The F(0)F(1)-ATP synthase complex contains novel subunits and
is essential for procyclic Trypanosoma brucei. PLoS Pathog. 5, 1000436

. Gahura, O., Subrtova, K., Vachova, H., Panicucci, B., Fearnley, I. M.,

Harbour, M. E., Walker, J. E., and Zikova, A. (2018) The F1 -ATPase from
Trypanosoma brucei is elaborated by three copies of an additional p18-
subunit. FEBS J. 285, 614—628

Montgomery, M. G., Gahura, O., Leslie, A. G. W., Zikova, A., and
Walker, J. E. (2018) ATP synthase from Trypanosoma brucei has an
elaborated canonical F1-domain and conventional catalytic sites. Proc.
Natl. Acad. Sci. U. S. A. 115, 2102-2107

Subrtova, K., Panicucci, B., and Zikova, A. (2015) ATPaseTb2, a unique
membrane-bound FoF1-ATPase component, is essential in bloodstream
and dyskinetoplastic Trypanosomes. PLoS Pathog. 11, e1004660
Bringaud, F., Riviere, L., and Coustou, V. (2006) Energy metabolism of
trypanosomatids: Adaptation to available carbon sources. Mol. Biochem.
Parasitol. 149, 1-9

Hellemond, J. J., Bakker, B. M., and Tielens, A. G. (2005) Energy meta-
bolism and its compartmentation in Trypanosoma brucei. Adv. Microb.
Physiol. 50, 199-226

Smith, T. K., Bringaud, F., Nolan, D. P., and Figueiredo, L. M. (2017)
Metabolic reprogramming during the Trypanosoma brucei life cycle.
F1000Res. 6. F1000 Faculty Rev-683

Nolan, D. P.,, and Voorheis, H. P. (1992) The mitochondrion in blood-
stream forms of Trypanosoma brucei is energized by the electrogenic
pumping of protons catalysed by the F1FO-ATPase. Eur. J. Biochem. 209,
207-216

Schnaufer, A., Clark-Walker, G. D., Steinberg, A. G., and Stuart, K. (2005)
The F1-ATP synthase complex in bloodstream stage trypanosomes has an
unusual and essential function. EMBO J. 24, 4029-4040

Futai, M., and Kanazawa, H. (1983) Structure and function of proton-
translocating adenosine triphosphatase (FOF1): Biochemical and molec-
ular biological approaches. Microbiol. Rev. 47, 285-312

Chinopoulos, C., and Adam-Vizi, V. (2010) Mitochondria as ATP con-
sumers in cellular pathology. Biochim. Biophys. Acta 1802, 221-227
Chinopoulos, C. (2011) Mitochondrial consumption of cytosolic ATP:
Not so fast. FEBS Lett. 585, 1255—-1259

Chen, X.J., and Clark-Walker, G. D. (2000) The petite mutation in yeasts:
50 years on. Int. Rev. Cytol. 194, 197-238

Appleby, R. D., Porteous, W. K., Hughes, G., James, A. M., Shannon, D.,
Wei, Y. H., and Murphy, M. P. (1999) Quantitation and origin of the
mitochondrial membrane potential in human cells lacking mitochondrial
DNA. Eur. ]. Biochem. 262, 108-116

Dean, S., Gould, M. K,, Dewar, C. E,, and Schnaufer, A. C. (2013) Single
point mutations in ATP synthase compensate for mitochondrial genome
loss in trypanosomes. Proc. Natl. Acad. Sci. U. S. A. 110, 14741-14746
Campanella, M., Casswell, E., Chong, S., Farah, Z., Wieckowski, M. R,,
Abramov, A. Y., Tinker, A., and Duchen, M. R. (2008) Regulation of
mitochondrial structure and function by the F1Fo-ATPase inhibitor
protein, IF1. Cell Metab. 8, 13-25

J. Biol. Chem. (2021) 296 100357 15


http://refhub.elsevier.com/S0021-9258(21)00129-0/sref1
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref1
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref2
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref2
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref3
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref3
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref3
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref3
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref3
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref3
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref4
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref4
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref4
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref4
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref5
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref5
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref5
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref6
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref6
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref6
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref7
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref7
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref7
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref7
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref8
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref8
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref8
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref9
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref9
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref9
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref9
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref10
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref10
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref10
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref10
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref11
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref11
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref11
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref12
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref12
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref12
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref13
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref13
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref13
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref14
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref14
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref14
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref15
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref15
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref15
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref15
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref16
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref16
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref16
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref17
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref17
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref17
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref18
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref18
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref19
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref19
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref20
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref20
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref21
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref21
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref21
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref21
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref22
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref22
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref22
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref23
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref23
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref23
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref23

Trypanosoma brucei F,F1-ATP synthase

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Panicucci, B., Gahura, O., and Zikova, A. (2017) Trypanosoma brucei
TbIF1 inhibits the essential F1-ATPase in the infectious form of the
parasite. PLoS Negl. Trop. Dis. 11, €0005552

Gahura, O., Panicucci, B., Vachova, H., Walker, J. E., and Zikova, A.
(2018) Inhibition of F1 -ATPase from Trypanosoma brucei by its regu-
latory protein inhibitor TbIF1. FEBS J. 285, 4413-4423

Vertommen, D., Van Roy, ], Szikora, J. P., Rider, M. H., Michels, P. A,,
and Opperdoes, F. R. (2008) Differential expression of glycosomal and
mitochondrial proteins in the two major life-cycle stages of Trypanosoma
brucei. Mol. Biochem. Parasitol. 158, 189—-201

Frazier, A. E., Taylor, R. D., Mick, D. U.,, Warscheid, B., Stoepel, N.,
Meyer, H. E., Ryan, M. T, Guiard, B.,, and Rehling, P. (2006) Mdm38
interacts with ribosomes and is a component of the mitochondrial protein
export machinery. J. Cell Biol. 172, 553-564

Chaudhuri, M., Ott, R. D, and Hill, G. C. (2006) Trypanosome alternative
oxidase: From molecule to function. Trends Parasitol. 22, 484—491
Brand, M. D. (2010) The sites and topology of mitochondrial superoxide
production. Exp. Gerontol. 45, 466—472

Maxwell, D. P., Wang, Y., and Mclntosh, L. (1999) The alternative oxi-
dase lowers mitochondrial reactive oxygen production in plant cells. Proc.
Natl. Acad. Sci. U. S. A. 96, 8271-8276

Fernandez-Ayala, D. ], Sanz, A., Vartiainen, S., Kemppainen, K. K,
Babusiak, M., Mustalahti, E., Costa, R., Tuomela, T., Zeviani, M., Chung, J.,
O’Dell, K. M., Rustin, P., and Jacobs, H. T. (2009) Expression of the Ciona
intestinalis alternative oxidase (AOX) in Drosophila complements defects
in mitochondrial oxidative phosphorylation. Cell Metab. 9, 449-460
El-Khoury, R., Dufour, E., Rak, M., Ramanantsoa, N., Grandchamp, N.,
Csaba, Z., Duvillie, B., Benit, P., Gallego, J., Gressens, P., Sarkis, C., Ja-
cobs, H. T., and Rustin, P. (2013) Alternative oxidase expression in the
mouse enables bypassing cytochrome c¢ oxidase blockade and limits
mitochondrial ROS overproduction. PLoS Genet. 9, €1003182
Chinopoulos, C. (2011) The “B space” of mitochondrial phosphorylation.
J. Neurosci. Res. 89, 1897—-1904

Bakker, B. M., Michels, P. A., Opperdoes, F. R., and Westerhoff, H. V.
(1999) What controls glycolysis in bloodstream form Trypanosoma
brucei? J. Biol. Chem. 274, 14551-14559

Alberto Luevano-Martinez, L., Girard, R., Alencar, M. B., and Silber, A.
M. (2020) ATP regulates the activity of an alternative oxidase in Trypa-
nosoma brucei. FEBS Lett. https://doi.org/10.1002/1873-3468.13790
Nowikovsky, K., Reipert, S., Devenish, R. J., and Schweyen, R. J. (2007)
Mdm38 protein depletion causes loss of mitochondrial K+/H+ exchange
activity, osmotic swelling and mitophagy. Cell Death Differ. 14, 1647—
1656

Bauerschmitt, H., Mick, D. U., Deckers, M., Vollmer, C., Funes, S.,
Kehrein, K., Ott, M., Rehling, P., and Herrmann, J. M. (2010) Ribosome-
binding proteins Mdm38 and Mbal display overlapping functions for
regulation of mitochondrial translation. Mol. Biol. Cell 21, 1937-1944
Perez, E., Lapaille, M., Degand, H., Cilibrasi, L., Villavicencio-Queijeiro,
A., Morsomme, P., Gonzalez-Halphen, D., Field, M. C., Remacle, C,,
Baurain, D., and Cardol, P. (2014) The mitochondrial respiratory chain of
the secondary green alga Euglena gracilis shares many additional subunits
with parasitic Trypanosomatidae. Mitochondrion 19 Pt B, 338—-349
Horvath, A., Horakova, E., Dunajcikova, P., Verner, Z., Pravdova, E.,
Slapetova, I., Cuninkova, L., and Lukes, J. (2005) Downregulation of the
nuclear-encoded subunits of the complexes III and IV disrupts their
respective complexes but not complex I in procyclic Trypanosoma brucei.
Mol. Microbiol. 58, 116—130

Gnipova, A., Panicucci, B., Paris, Z., Verner, Z., Horvath, A., Lukes, J., and
Zikova, A. (2012) Disparate phenotypic effects from the knockdown of
various Trypanosoma brucei cytochrome ¢ oxidase subunits. Mol. Bio-
chem. Parasitol. 184, 90—98

Coustou, V., Besteiro, S., Biran, M., Diolez, P., Bouchaud, V., Voisin, P.,
Michels, P. A., Canioni, P., Baltz, T., and Bringaud, F. (2003) ATP gen-
eration in the Trypanosoma brucei procyclic form: Cytosolic substrate
level is essential, but not oxidative phosphorylation. J. Biol. Chem. 278,
49625-49635

Lamour, N., Riviere, L., Coustou, V., Coombs, G. H., Barrett, M. P., and
Bringaud, F. (2005) Proline metabolism in procyclic Trypanosoma brucei

16 J. Biol. Chem. (2021) 296 100357

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

58.

59.

61.

62.

is down-regulated in the presence of glucose. J. Biol. Chem. 280, 11902—
11910

Krauth-Siegel, R. L., and Comini, M. A. (2008) Redox control in trypa-
nosomatids, parasitic protozoa with trypanothione-based thiol meta-
bolism. Biochim. Biophys. Acta 1780, 1236—1248

. Prochazkova, M., Panicucci, B., and Zikova, A. (2018) Cultured blood-

stream Trypanosoma brucei adapt to life without mitochondrial trans-
lation release factor 1. Sci. Rep. 8, 5135

Chowdhury, S. R., Djordjevic, J., Albensi, B. C., and Fernyhough, P. (2015)
Simultaneous evaluation of substrate-dependent oxygen consumption
rates and mitochondrial membrane potential by TMRM and safranin in
cortical mitochondria. Biosci. Rep. 36, e00286

Helfert, S., Estevez, A. M., Bakker, B., Michels, P., and Clayton, C. (2001)
Roles of triosephosphate isomerase and aerobic metabolism in Trypa-
nosoma brucei. Biochem. J. 357, 117-125

Lai, D. H., Hashimi, H., Lun, Z. R, Ayala, F. J., and Lukes, J. (2008)
Adaptations of Trypanosoma brucei to gradual loss of kinetoplast DNA:
Trypanosoma equiperdum and Trypanosoma evansi are petite mutants of
T. brucei. Proc. Natl. Acad. Sci. U. S. A. 105, 1999-2004

Schnaufer, A. (2010) Evolution of dyskinetoplastic trypanosomes: How,
and how often? Trends Parasitol. 26, 557—558

Carnes, J., Anupama, A., Balmer, O., Jackson, A., Lewis, M., Brown, R,,
Cestari, L., Desquesnes, M., Gendrin, C., Hertz-Fowler, C., Imamura, H.,
Ivens, A., Koreny, L., Lai, D. H., MacLeod, A., et al. (2015) Genome and
phylogenetic analyses of Trypanosoma evansi reveal extensive similarity
to T. brucei and multiple independent origins for dyskinetoplasty. PLoS
Negl. Trop. Dis. 9, e3404

Brun, R., Hecker, H., and Lun, Z. R. (1998) Trypanosoma evansi and T.
equiperdum: Distribution, biology, treatment and phylogenetic relation-
ship (a review). Vet. Parasitol. 79, 95-107

Motta, M. C. (2008) Kinetoplast as a potential chemotherapeutic target of
trypanosomatids. Curr. Pharm. Des. 14, 847—854

Shapiro, T. A., and Englund, P. T. (1990) Selective cleavage of kinetoplast
DNA minicircles promoted by antitrypanosomal drugs. Proc. Natl. Acad.
Sci. U. S. A. 87, 950-954

Giordani, F., Morrison, L. J., Rowan, T. G., De Koning, H. P., and Barrett,
M. P. (2016) The animal trypanosomiases and their chemotherapy: A
review. Parasitology 143, 1862-1889

Eze, A. A, Gould, M. K,, Munday, J. C., Tagoe, D. N., Stelmanis, V.,
Schnaufer, A., and De Koning, H. P. (2016) Reduced mitochondrial
membrane potential is a late adaptation of trypanosoma brucei brucei to
Isometamidium preceded by mutations in the gamma subunit of the
F1Fo-ATPase. PLoS Negl. Trop. Dis. 10, e0004791

Gould, M. K, and Schnaufer, A. (2014) Independence from kinetoplast
DNA maintenance and expression is associated with multidrug resistance
in Trypanosoma brucei in vitro. Antimicrob. Agents Chemother. 58,
2925-2928

Agbe, A., and Yielding, K. L. (1995) Kinetoplasts play an important role in
the drug responses of Trypanosoma brucei. J. Parasitol. 81, 968-973

. Young, M. J., and Copeland, W. C. (2016) Human mitochondrial DNA

replication machinery and disease. Curr. Opin. Genet. Dev. 38, 52—62
Ghozlane, A., Bringaud, F., Soueidan, H., Dutour, I, Jourdan, F., and
Thebault, P. (2012) Flux analysis of the Trypanosoma brucei glycolysis
based on a multiobjective-criteria bioinformatic approach. Adv. Bioin-
formatics 2012, 159423

Kiaira, J. K., and Njogu, M. R. (1994) Oligomycin-sensitivity of hexose-
sugar catabolism in the bloodstream form of Trypanosoma brucei bru-
cei. Biotechnol. Appl. Biochem. 20, 347-356

. Miller, P. G., and Klein, R. A. (1980) Effects of oligomycin on glucose

utilization and calcium transport in African trypanosomes. /. Gen.
Microbiol. 116, 391-396

Heinrich, R., and Rapoport, T. A. (1974) A linear steady-state treatment
of enzymatic chains. General properties, control and effector strength.
Eur. J. Biochem. 42, 89-95

Bakker, B. M., Walsh, M. C,, ter Kuile, B. H., Mensonides, F. I., Michels,
P. A., Opperdoes, F. R., and Westerhoff, H. V. (1999) Contribution of
glucose transport to the control of the glycolytic flux in Trypanosoma
brucei. Proc. Natl. Acad. Sci. U. S. A. 96, 10098—10103

SASBMB


http://refhub.elsevier.com/S0021-9258(21)00129-0/sref24
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref24
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref24
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref25
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref25
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref25
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref26
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref26
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref26
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref26
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref27
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref27
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref27
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref27
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref28
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref28
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref29
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref29
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref30
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref30
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref30
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref31
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref31
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref31
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref31
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref31
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref32
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref32
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref32
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref32
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref32
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref33
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref33
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref34
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref34
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref34
https://doi.org/10.1002/1873-3468.13790
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref36
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref36
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref36
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref36
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref37
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref37
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref37
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref37
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref38
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref38
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref38
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref38
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref38
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref39
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref39
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref39
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref39
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref39
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref40
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref40
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref40
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref40
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref41
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref41
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref41
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref41
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref41
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref42
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref42
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref42
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref42
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref43
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref43
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref43
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref44
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref44
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref44
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref45
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref45
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref45
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref45
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref46
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref46
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref46
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref47
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref47
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref47
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref47
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref48
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref48
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref49
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref49
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref49
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref49
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref49
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref49
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref50
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref50
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref50
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref51
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref51
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref52
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref52
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref52
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref53
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref53
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref53
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref54
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref54
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref54
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref54
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref54
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref55
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref55
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref55
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref55
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref56
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref56
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref57
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref57
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref58
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref58
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref58
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref58
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref59
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref59
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref59
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref60
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref60
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref60
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref61
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref61
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref61
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref62
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref62
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref62
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref62

63.

64.

65.

66.

67.

68.

69.

70.

Schaaff, I., Heinisch, J., and Zimmermann, F. K. (1989) Overproduction of
glycolytic enzymes in yeast. Yeast 5, 285-290

Ruyter, G. J., Postma, P. W., and van Dam, K. (1991) Control of glucose
metabolism by enzyme IIGlc of the phosphoenolpyruvate-dependent
phosphotransferase system in Escherichia coli. J. Bacteriol. 173, 6184—
6191

Koebmann, B. J., Westerhoff, H. V., Snoep, J. L., Nilsson, D., and Jensen,
P. R. (2002) The glycolytic flux in Escherichia coli is controlled by the
demand for ATP. J. Bacteriol. 184, 3909-3916

Wickstead, B., Ersfeld, K., and Gull, K. (2002) Targeting of a tetracycline-
inducible expression system to the transcriptionally silent mini-
chromosomes of Trypanosoma brucei. Mol. Biochem. Parasitol. 125,
211-216

Poon, S. K., Peacock, L., Gibson, W., Gull, K, and Kelly, S. (2012)
A modular and optimized single marker system for generating Trypa-
nosoma brucei cell lines expressing T7 RNA polymerase and the tetra-
cycline repressor. Open Biol. 2, 110037

Engstler, M., and Boshart, M. (2004) Cold shock and regulation of surface
protein trafficking convey sensitization to inducers of stage differentiation
in Trypanosoma brucei. Genes Dev. 18, 2798-2811

Flaspohler, J. A., Jensen, B. C., Saveria, T., Kifer, C. T., and Parsons, M.
(2010) A novel protein kinase localized to lipid droplets is required for
droplet biogenesis in trypanosomes. Eukaryot. Cell 9, 1702-1710

Wirtz, E., Leal, S., Ochatt, C., and Cross, G. A. (1999) A tightly regulated
inducible expression system for conditional gene knock-outs and
dominant-negative genetics in Trypanosoma brucei. Mol. Biochem. Par-
asitol. 99, 89-101

SASBMB

72.

73.

74.

75.

76.

77.

78.

Trypanosoma brucei F,F,-ATP synthase

. Stuart, K. D. (1971) Evidence for the retention of kinetoplast DNA in an

acriflavine-induced dyskinetoplastic strain of Trypanosoma brucei which
replicates the altered central element of the kinetoplast. . Cell Biol. 49,189-195
Panigrahi, A. K, Zikova, A., Dalley, R. A., Acestor, N., Ogata, Y., Anu-
pama, A., Myler, P. J., and Stuart, K. D. (2008) Mitochondrial complexes
in Trypanosoma brucei: A novel complex and a unique oxidoreductase
complex. Mol. Cell. Proteomics 7, 534—545

Hannaert, V., Albert, M. A., Rigden, D. ], da Silva Giotto, M. T,
Thiemann, O., Garratt, R. C, Van Roy, ], Opperdoes, F. R, and
Michels, P. A. (2003) Kinetic characterization, structure modelling
studies and crystallization of Trypanosoma brucei enolase. Eur. J.
Biochem. 270, 3205-3213

Wittig, I., Karas, M., and Schagger, H. (2007) High resolution clear native
electrophoresis for in-gel functional assays and fluorescence studies of
membrane protein complexes. Mol. Cell. Proteomics 6, 1215-1225
Acestor, N., Zikova, A., Dalley, R. A., Anupama, A., Panigrahi, A. K., and
Stuart, K. D. (2011) Trypanosoma brucei mitochondrial respiratome:
Composition and organization in procyclic form. Mol. Cell. Proteomics
10. M110 006908

Acestor, N., Panigrahi, A. K., Ogata, Y., Anupama, A., and Stuart, K. D.
(2009) Protein composition of Trypanosoma brucei mitochondrial
membranes. Proteomics 9, 5497-5508

Akerman, K. E., and Wikstrom, M. K. (1976) Safranine as a probe of the
mitochondrial membrane potential. FEBS Lett. 68, 191-197
Chinopoulos, C., Vajda, S., Csanady, L., Mandi, M., Mathe, K., and Adam-
Vizi, V. (2009) A novel kinetic assay of mitochondrial ATP-ADP ex-
change rate mediated by the ANT. Biophys. . 96, 2490-2504

J. Biol. Chem. (2021) 296 100357 17


http://refhub.elsevier.com/S0021-9258(21)00129-0/sref63
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref63
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref64
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref64
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref64
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref64
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref65
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref65
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref65
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref66
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref66
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref66
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref66
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref67
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref67
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref67
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref67
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref68
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref68
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref68
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref69
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref69
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref69
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref70
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref70
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref70
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref70
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref71
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref71
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref71
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref72
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref72
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref72
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref72
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref73
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref73
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref73
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref73
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref73
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref74
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref74
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref74
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref75
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref75
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref75
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref75
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref76
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref76
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref76
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref77
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref77
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref78
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref78
http://refhub.elsevier.com/S0021-9258(21)00129-0/sref78

L T

/

1\

=y

Downloaded at Biology Centre of the CAS on December 2, 2020

L)

Check for
updates

ATP synthase from Trypanosoma brucei has
an elaborated canonical F;-domain and

conventional catalytic sites

Martin G. Montgomery®', Ondiej Gahura®?', Andrew G. W. Leslie®, Alena Zikova®, and John E. Walker®?

*The Medical Research Council Mitochondrial Biology Unit, University of Cambridge, Cambridge CB2 0XY, United Kingdom; PInstitute of Parasitology,
Biology Centre, Czech Academy of Sciences, 37005 Ceské Budéjovice, Czech Republic; and “The Medical Research Council Laboratory of Molecular

Biology, Cambridge CB2 0QH, United Kingdom

Contributed by John E. Walker, December 18, 2017 (sent for review December 1, 2017; reviewed by Thomas M. Duncan and Wayne D. Frasch)

The structures and functions of the components of ATP synthases,
especially those subunits involved directly in the catalytic forma-
tion of ATP, are widely conserved in metazoans, fungi, eubacteria,
and plant chloroplasts. On the basis of a map at 32.5-A resolution
determined in situ in the mitochondria of Trypanosoma brucei by
electron cryotomography, it has been proposed that the ATP syn-
thase in this species has a noncanonical structure and different
catalytic sites in which the catalytically essential arginine finger
is provided not by the a-subunit adjacent to the catalytic
nucleotide-binding site as in all species investigated to date, but
rather by a protein, p18, found only in the euglenozoa. A crystal
structure at 3.2-A resolution of the catalytic domain of the same
enzyme demonstrates that this proposal is incorrect. In many re-
spects, the structure is similar to the structures of F,-ATPases de-
termined previously. The asps-spherical portion of the catalytic
domain in which the three catalytic sites are found, plus the cen-
tral stalk, are highly conserved, and the arginine finger is provided
conventionally by the a-subunits adjacent to each of the three
catalytic sites found in the p-subunits. Thus, the enzyme has a
conventional catalytic mechanism. The structure differs from pre-
vious described structures by the presence of a p18 subunit, iden-
tified only in the euglenozoa, associated with the external surface
of each of the three a-subunits, thereby elaborating the
F,-domain. Subunit p18 is a pentatricopeptide repeat (PPR) protein
with three PPRs and appears to have no function in the catalytic
mechanism of the enzyme.

ATP synthase | Trypanosoma brucei | p18 subunit | catalytic domain | structure

he ATP synthases, also known as F-ATPases or F;F,-

ATPases, are multisubunit enzyme complexes found in
energy-transducing membranes in eubacteria, chloroplasts, and
mitochondria (1, 2). They make ATP from ADP and phosphate
under aerobic conditions using a proton-motive force (pmf),
generated by respiration or photosynthesis, as a source of energy.
To date, studies of the subunit compositions, structures, and
mechanism of the ATP synthases have been confined mainly to
the vertebrates, especially humans and bovines, and to various
fungi, eubacteria, and chloroplasts of green plants. These studies
have established the conservation of the central features of these
rotary machines. They are all membrane-bound assemblies of
multiple subunits organized into membrane-intrinsic and
membrane-extrinsic sectors.

The membrane-extrinsic sector, known as F{-ATPase, is the
catalytic part in which ATP is formed from ADP and inorganic
phosphate. It can be detached experimentally from the mem-
brane domain in an intact state, and retains the ability to hy-
drolyze, but not synthesize, ATP. The membrane intrinsic sector,
sometimes called F,, contains a rotary motor driven by pmf and
is connected to the extrinsic domain by a central stalk and a
peripheral stalk. The enzyme’s rotor constitutes the central stalk
and an associated ring of c-subunits in the membrane domain.
The central stalk lies along an axis of sixfold pseudosymmetry

2102-2107 | PNAS | February 27,2018 | vol. 115 | no.9

and penetrates into the azp3-domain, where the catalytic sites of
the enzyme are found at three of the interfaces of a- and
B-subunits. The penetrant region of the central stalk is an
asymmetric o-helical coiled coil, and its rotation inside the osf3;3-
domain takes each catalytic site through a series of conforma-
tional changes that lead to the binding of substrates and the
formation and release of ATP.

During ATP hydrolysis in the experimentally detached F;-
domain, the direction of rotation, now driven by energy released
from the hydrolysis of ATP, is opposite to the synthetic sense.
Extensive structural analyses, mostly by X-ray crystallography at
atomic resolution, have shown that the F;-domains of the en-
zymes from bovine (3-23) and yeast (24-30) mitochondria,
chloroplasts (31, 32), and eubacteria (33-39) are highly con-
served. Not only is there conservation of the subunit composi-
tions of the ozp3-domain and the central stalk (y,&; in eubacteria
and chloroplasts, and y;8; plus an additional unique subunit,
confusingly called e, attached to the §-subunit in mitochondria
orthologs), but also the sequences of subunits are either highly
conserved or absolutely conserved in many key residues. This
extensive conservation includes residues in catalytic interfaces
and in the catalytic sites themselves. In the p-subunits, they
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include a hydrophobic pocket where the adenine ring of ADP (or
ATP) is bound; a P-loop sequence that interacts with the a-, -,
and y-phosphates of ATP and provides residues involved either
directly or indirectly via water molecules in the binding of a hexa-
coordinate magnesium ion; and, in the adjacent a-subunit, an
“arginine finger” residue, which senses whether ADP or ATP is
bound to the catalytic site. Indeed, these catalytic features are
common to a wide range of NTPases (40, 41), and together with
conserved structural features are characteristic of the canonical
ATP synthase.

Based on a structural model at 32.5-A resolution derived by
electron cryotomography (ECT), it has been suggested recently
that the structure of the Fj-catalytic domain and its catalytic
mechanism in the ATP synthase from Trypanosoma brucei have
diverged extensively from the canonical complex in an un-
precedented manner (42). It has been proposed that the struc-
ture of this F;-domain is much more open than those described
in other species, and that the “arginine finger” is provided not by
the a-subunit, but rather by an additional p18-subunit found only
in the euglenozoa (43-49). Here we examine this proposal in
the context of a structure of the F;-domain of the T. brucei
ATP synthase determined by X-ray crystallography at 3.2-
A resolution.

Results and Discussion

Structure Determination. The crystals of the T. brucei Fi-ATPase
have the unit cell parameters a = 124.2 A, b=2064A, and ¢ =
130.2 A, with « = y = 90.0° and p = 104.9°, and they belong to
space group P2,, with one F;-ATPase in the asymmetric unit.
Data processing and refinement statistics are presented in Table
S1. The final model of the complex contains the following resi-
dues: ag, 20-125, 137-416, and 423-560; orp, 22-127, 137414,
and 421-560; app, 22-125, 137-416, and 424-560; g, 6-492; Brp,
7-494; Bpp, 8-488; v, 2-58 and 66-285; , 5-16 and 32-165; ¢, 1-
66; and three copies of p18, residues 6-169, 6-167, and 6-170,
attached to the orp-, app-, and ag-subunits, respectively (see
below). An ADP molecule and a magnesium ion are bound to
each of the three a-subunits and to the prp- and Ppp-subunits,
whereas the Pg-subunit has a bound ADP molecule without a
magnesium ion. A similar nucleotide occupancy of catalytic and
noncatalytic sites has been reported in the bovine F,-ATPase

Montgomery et al.

crystallized in the presence of phosphonate (20) and in the
F,-ATPase from Caldalkalibacillus thermarum (38). These struc-
tures are interpreted as representing a posthydrolysis state in
which the ADP molecule has not been released from the
enzyme.

An unusual feature of the 7. brucei F{-ATPase is that the
diphosphate catalytic interface is more open than the tri-
phosphate catalytic interface, similar to the F;-ATPase from
Saccharomyces cerevisiae (24), whereas the converse is observed
in all other structures (Table S2). As usual, the empty interface is
the most open of the three catalytic interfaces (Table S2). The
rotational position of the y-subunit (determined by superposition
of crown regions of structures) is +23.1° relative to the bovine
phosphate release dwell, which is at or close to the catalytic dwell
at +30° in the rotary catalytic cycle (6).

Structure of the F;-ATPase from T. brucei. The structure consists of
an ozfz-complex with o- and p-subunits arranged in alternation
around an antiparallel a-helical coiled coil in the y-subunit (Fig.
1). The rest of the y-subunit sits beneath the o3p5-complex and is
associated with the 8- and e-subunits. Together, these three
subunits form the central stalk. Thus, the overall structure of this
catalytic domain of the ATP synthase complex is very close to
structures of canonical F;-ATPases determined in the mito-
chondria of other species, and in eubacteria and chloroplasts.
For example, in a comparison of backbone atoms with the bovine
F-ATPase crystallized in the presence of phosphonate (20), the
rmsd is 3.24 A. As in these other canonical structures, each of the
a- and B-subunits in the T. brucei F1-ATPase has three domains.
The N-terminal domain (residues 1-103 and 1-88 in «- and
B-subunits, respectively) consists of a six-stranded p-barrel in
both a- and p-subunits, and these six f-domains are associated in
a stable annulus known as the “crown”. The central domain
(residues 104-389 and 89-365 in a- and B-subunits, respectively)
provides the nucleotide-binding sites (Fig. S1). The C-terminal
domain consists of a bundle of seven and four a-helices in a- and
fB-subunits, respectively. The crown stabilizes the entire Fy-domain,
and, during rotary catalysis, the rest of the a- and p-subunits
swing from this crown in response to the rotation of the
asymmetrical a-helical coiled-coil region of the y-subunit.

Fig. 1. Structure of the F,-ATPase from T. brucei.
The a-, B-, y-, 8-, &-, and p18-subunits are shown in
red, yellow, blue, green, magenta, and cyan, re-
spectively. (A and B) Side (A) and top (B) views in
cartoon representation. (C—E) Side views in surface
representation rotated 180° relative to A. (C) The
bovine enzyme (12). (D and E) The T. brucei enzyme.
In D, p18 has been omitted, and only additional re-
gions not found in the bovine enzyme are colored;
the rest of the structure is gray. The two additional
sections in the a-subunit (red) interact with the p18-
subunit. (E) p18 is present and is shown interacting
with the a-subunit.
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The six bound ADP molecules occupy nucleotide-binding sites
that are very similar in structure to those in other ATP synthases.
They retain the conventional features of a hydrophobic pocket to
bind the adenine ring, and a characteristic P-loop sequence
(GDRQTGKT in the a-subunit, residues 182-189; GGAGVGKT
in the B-subunit, residues 162-169) interacting with the a- and
B-phosphates of ADP or ATP (Fig. 2). The five magnesium ions
are hexacoordinated by a threonine residue (residues 189 and
169 in a- and B-subunits, respectively) and four water molecules in
each case. In the canonical enzymes, the nucleotides bound to the
fB-subunits participate in catalysis and exchange during a catalytic
cycle, whereas those bound to the o-subunits are permanently
bound to the enzyme and do not participate in catalysis. The
close similarity of the structures of the T. brucei and bovine
F-ATPases suggests strongly that the a- and p-subunits in the
T. brucei enzyme have the same, or very similar, roles to those
in the bovine enzyme. Thus, the nucleotide-binding sites in the
B-subunits are part of the catalytic sites of the enzyme, the other
important catalytic feature being aArg-386, the arginine finger
residue, which is positioned in the catalytic site in the Ppp-
subunit from 7. brucei, for example, in exactly the same position
occupied by the equivalent residue, aArg-373, in the bovine
enzyme (Fig. 2).

Despite the general conservation of the structure and mech-
anism of the 7. brucei F;-ATPase, the euglenozoan enzyme is
elaborated relative to the bovine enzyme, for example. First,
the a-subunit in 7. brucei is cleaved in vivo by proteolysis at two
adjacent sites, removing residues 128-135 (Fig. S2) (50). The
cleavage of a-subunits has been noted in other euglenozoan
ATP synthases as well (48, 51-53), although the sites of cleavage
have not been characterized precisely. In the bovine enzyme, the
equivalent region (residues 117-123) forms an external loop
(Fig. S2). These cleavages have no evident impact on the stability
of either the a-subunit or the F;-ATPase complex itself. Second,
the a-, p-, 8-, and e-subunits of the 7. brucei enzyme have ad-
ditional surface features that are not found in the known struc-
tures of other F;-ATPases (Fig. 1). The most extensive are
residues 483-498 and 536-560 in the C-terminal region of the
a-subunit, and their significance is discussed below. The addi-
tional surface features in the p-, 8-, and e-subunits are residues
485-499, 1-17, and 39-50, respectively. Those in the p- and
e-subunits have no obvious functions. The resolved residues of
the additional sequence in the &-subunit increases its area of
interaction with the y-subunit from 1,000 A2 to 1,700 A% The
C-terminal region of the y-subunit from residues 286-304, al-
though not resolved in the structure, is 19 residues longer than in
the bovine enzyme, for example, and in the intact ATP synthase
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it could extend beyond the crown region, possibly making con-
tacts, permanently or transiently, during rotary catalysis with the
oligomycin sensitivity conferral protein (OSCP), a component of
the peripheral stalk. In other species, the OSCP is bound to the
F;-domain by the N-terminal regions of the three a-subunits (19,
29, 37, 54).

Third, and most significantly from a structural standpoint, the
T. brucei F-ATPase has an additional p18-subunit bound to each
of its three a-subunits (50). The buried surface areas of in-
teraction of the p18-subunits with their partner og-, arp-, and
app-subunits are 2,500, 2,600, and 2,500 A2 respectively. All
three p18-subunits are folded into seven a-helices, HI-H7, with
an unstructured C-terminal region from residues 151-170. The
subunit is bound via H2 and H4 to the surface of the nucleotide-
binding domain of an a-subunit and via H5 and H6 to the surface
of its C-terminal domain. H7 is not in contact with the a-subunit
(Fig. S2) but is bound to H6. The unstructured C-terminal tail
interacts with the C-terminal domain of the a-subunit, traveling
toward, but not entering, the noncatalytic interface with the
adjacent p-subunit (Figs. 1 and 3 and Fig. S3). In this region, the
extended C-terminal element of the p18-subunit interacts with
the two additional segments of sequence (residues 483-498 and
536-560) found in the 7. brucei a-subunit (Fig. S3). The first
additional segment is largely extended, starting with one o-heli-
cal turn (residues 483-485). The second additional segment
starts with one a-helical turn (residues 536-539), is followed by
an extended region (residues 540-544), and terminates with an
a-helix (residues 546-558) that doubles back into the non-
catalytic interface and interacts with the extreme C-terminal end
of the p18-subunit.

Role of the p18-Subunit. As noted previously, the sequence of the
pl8-subunit is related to the pentatricopeptide repeat (PPR)
proteins (55), which are found in association with RNA mole-
cules primarily in mitochondria and chloroplasts, as well as in
some bacterial species. These proteins are characterized by a 35-
aa degenerate sequence motif related to, but distinct from, the
motif in the tetratricopeptide repeat (TPR) proteins (56). The
PPR repeat is folded into a helix-turn-helix motif, and PPR
proteins usually contain several tandem repeats associated into
a superhelix, with a concave groove on one face that serves
as a binding surface for RNA ligands. The p18-subunit of the
F,-ATPase from T. brucei is predicted to be a PPR protein with
three PPRs, whereas it was previously thought to have two PPRs
(50, 55). Although the probability score (49%) is rather low, as
reflected in the weak correspondence of the sequences of the
three predicted PPRs to the PPR consensus (Fig. S4), the

)

Fig. 2. Conservation of the noncatalytic and cata-
lytic nucleotide-binding sites in the F;-ATPase from T.
brucei. (A) The noncatalytic site in the app-subunit
superposed onto the equivalent site in the bovine
enzyme (12). (B) The catalytic site in the Bpp-subunit
superposed onto the equivalent site in the bovine
I enzyme. Residue aR386 is the catalytically essential
arginine finger (equivalent to aR373 in the bovine
protein). Residues contributed by a- and B-subunits
are shown in red and yellow, respectively (with the
bovine residues in muted colors), and the bound ADP
molecules are in black in the T. brucei enzymes and in
gray in the bovine enzymes. The green and red
spheres represent magnesium ions and water mole-
cules, respectively (in T. brucei only). The residue
numbers in parentheses denote the equivalent bo-
vine residues.

T169 (T163)

Montgomery et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720940115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720940115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720940115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720940115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720940115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720940115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1720940115

!
o

/

1\

Downloaded at Biology Centre of the CAS on December 2, 2020

Crown

NBD

C-ter

topography of p18 closely follows the topographies of other well-
predicted and well-established PPR proteins, such as the RNA-
binding PPR protein PPR10 from Zea mays (57) (Fig. S4).

This structural comparison (rmsd 2.3 A) illustrates that, as
predicted, the p18-subunit has three PPRs, consisting of H1 plus
H2, H3 plus H4, and HS plus H6. H7 could be a relic of the first
element of a fourth PPR, in which H8 has evolved into the ex-
tended C-terminal tail region of the pl8-subunit (Fig. 3B).
However, p18 does not have a site equivalent to the RNA-
binding site in PPR10, and other residues required for RNA
binding in a-helix-7 of PPR10 have been substituted in H7 of
p18. Therefore, there is no evidence suggesting that p18 has any
role in binding an RNA molecule, and its role in the 7. brucei
F;-ATPase remains obscure, although its presence is essential
for assembly of the enzyme (50). The sequences of p18-subunits,
including the PPR repeats, are highly conserved across the
euglenozoa, suggesting that the structure and the mode of inter-
action of the various pl18-proteins with their cognate F;-ATPases
are conserved as well (Fig. S5).

Structure of the T. brucei F,-ATPase and the ECT Map. The structure
of the F-ATPase from T. brucei described above at 3.2-A res-
olution was docked into the map of the ATP synthase complex
from the same organism at 32.5-A resolution derived by ECT of
mitochondrial membranes (Fig. 4). The structure of the catalytic
domain described herein closely fits the region of the map with
the mushroom shape, characteristic of the catalytic F;-domain of
other ATP synthases. Thus, this correspondence is also consis-
tent with the 7. brucei ATP synthase having a canonical catalytic
domain elaborated by the attachment of the three p18-subunits.
It does not support the proposal in Fig. 4 C and D)), where the
map has been interpreted as having a catalytic domain in which
the nucleotide-binding and C-terminal domains of the a-subunits
are displaced outward away from the central stalk, and the role
of the p18-subunit, bound in an unspecified position, is to pro-
vide the catalytically essential arginine finger residue (42).

Two other features in the ECT map can also be interpreted in
terms of the characterized structures of canonical ATP syn-
thases. First, the uninterpreted region of density above the
F,-domain in Fig. 4 corresponds to the upper part of the peripheral
stalk in other ATP synthases. This region is occupied by the
OSCP in the eukarya, and by the orthologous &-subunit in
eubacterial and chloroplast enzymes. As the ATP synthase in 7.
brucei and other euglenozoa that have been examined contain
orthologs of the OSCP (49, 58, 59), it is highly probable that the
T. brucei OSCP provides this feature in the ECT map and that, as

Montgomery et al.

Fig. 3. Structure of the p18-subunit of the F;-
ATPase from T. brucei, and its relation to a PPR
protein. (A) A p18 subunit (cyan) in cartoon repre-
sentation, folded into a-helices H1-H7, with an ex-
tended C-terminal region from residues 151-170,
bound to the app-subunit in solid representation
(red). The N-terminal, nucleotide-binding, and C-
terminal domains of the a-subunit are indicated by
Crown, NBD, and C-ter, respectively; the bound ADP
molecule is in black. (B) Comparison of the p18-sub-
unit with an example PPR protein, the PPR10 protein
from Z. mays (yellow) (57). PPR10 has 18 PPRs; the
structures of PPRs 11-14 are shown (Fig. S3). The
orange region represents the backbone of an eight-
residue ribonucleotide bound to PPR10. The three
PPRs in the p18-subunit correspond to H1 plus H2
(residues 20-28 and 33-45), H3 plus H4 (residues 52—
64 and 78-93), and H5 plus H6 (residues 99—
112 and 115-126). PPR10 has an additional a-helix,
labeled 8, which together with a-helix 7 constitutes a
fourth PPR.

in the well- characterized ATP synthases, it is attached to the Fy-
domain via interactions with the N-terminal regions of the three
a-subunits, which extend from the “top” of the crown domain.
The role of the peripheral stalk in ATP synthases is to provide
the stator of the enzyme with integrity by connecting the asf3-
domain to the essential ATP6 (subunit a in eubacteria, subunit
IV in chloroplasts) in the membrane domain. ATP6 and ortho-
logs, together with the c-ring in the rotor, provide the trans-
membrane pathway for protons (2). To maintain the integrity of
this pathway, and to keep ATP synthesis coupled to proton
motive force, the static ATP6 and the rotating c-ring must be
kept in contact by the action of the peripheral stalk.

The peripheral stalk is the most divergent of the essential fea-
tures of ATP synthases (2). Apart from the OSCP and orthologous
§-subunits, the subunit compositions, sequences, and structures of
the related and structurally simpler eubacterial and chloroplast
peripheral stalks differ greatly from the more complex structurally
characterized peripheral stalks in mitochondrial enzymes, al-
though they are all dominated by approximately parallel, anti-
parallel, and apparently rigid long a-helical structures connecting
the OSCP to the ATP6 subunit (and orthologs) running
alongside the catalytic domains. The peripheral stalks of ATP
synthases in the mitochondria of euglenozoa (59) and in the
green alga, Polytomella (60), appear to be even more divergent
than those in characterized mitochondrial enzymes. Their
subunit compositions are more complex, and as is evident in the
map feature to the left of the F;-domain in Fig. 4 and in other
published images, they are thicker and apparently more robust
than structurally characterized peripheral stalks. More details
are likely to emerge in the near future, most likely from the
application of cryo-EM imaging of individual particles of these
enzymes. These endeavors are driven by the imperative to use
knowledge of the structure of the ATP synthase from 7. brucei
(61, 62) to aid the development of new drugs to treat patients with
sleeping sickness by finding selective inhibitors of its activity.

Materials and Methods

Crystallization of F,-ATPase from T. brucei. The F,-ATPase purified from T.
brucei (50) was crystallized at 4 °C by the microbatch method under paraffin
oil. The enzyme was dissolved at a protein concentration of 9.0 mg/mL in
buffer consisting of 20 mM Tris-HCl pH 7.5, 100 mM NacCl, 10 mM MgSO,4 and
1 mM ADP. This protein solution was mixed in wells in microbatch plates
with an equal volume of 7.7% (wt/vol) PEG 10,000 dissolved in a buffer
containing 100 mM 2-(N-morpholino)-ethanesulfonic acid pH 6.0 under a
layer of paraffin oil. The plates were kept at 4 °C. Crystals appeared after
48 h, and were harvested 8 d later. They were cryoprotected by the addition
of 15 pL of a solution containing 10 mM Tris-HCI pH 8.0, 10 mM NacCl, 5 mM
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MgSO,4, 0.5 mM ADP, 50 mM 2-(N-morpholino)-ethanesulfonic acid pH 6.0,
5% (wt/vol) PEG 12,000, and 30% (vol/vol) glycerol to each well. After 5 min,
the crystals were harvested with a MicroLoop (MiTeGen), flash-frozen, and
stored in liquid nitrogen.

Data Collection and Structure Determination. X-ray diffraction data were
collected at 100 K from cryoprotected crystals with a PILATUS3 2M detector
(Dectris) at a wavelength of 0.966 A at the European Synchrotron Radiation
Facility, Grenoble, France, using the MXPressE automated screening protocol
(63, 64). Diffraction images were integrated with iMOSFLM (65), and the
data were reduced with AIMLESS (66). Anisotropic correction was applied
using STARANISO (staraniso.globalphasing.org). Molecular replacement us-
ing the azpsz-domain from the structure of the ground state structure of
bovine F;-ATPase [Protein Data Bank (PDB) ID code 2JDI] was carried out
with PHASER (67). Nucleotides, magnesium ions, and water molecules were
removed from the model. Rigid body refinement and restrained refinement
were performed with REFMACS (68). Manual rebuilding was performed with
Coot (69), alternating with refinement performed with REFMACS. For cal-
culations of Rfree, 5% of the diffraction data were excluded from the re-
finement. Additional electron density features, adjacent to the a-subunits,
were attributed to p18. Initially, poly-Ala a-helices were fitted into this ad-
ditional density with Coot (69), and the assignment of the direction of the
a-helices was guided by secondary structure predictions performed with PSIPRED

. Walker JE (2013) The ATP synthase: The understood, the uncertain and the unknown.
Biochem Soc Trans 41:1-16.

. Walker JE (2017) Structure, mechanism, and regulation of ATP synthases. Mechanisms
of Primary Energy Transduction in Biology, ed Wikstrom M (Royal Society of Chem-
istry, London), pp 338-373.

. Abrahams JP, Leslie AGW, Lutter R, Walker JE (1994) Structure at 2.8-A resolution of
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intrinsically disordered mitochondrial inhibitor protein to F;-ATPase. Proc Nat/ Acad
Sci USA 111:11305-11310.
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from mammalian F;-ATPase generates a rotary substep. Proc Nat/ Acad Sci USA 112:
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Fig. 4. Relationship of the crystallographic structure
of the F;-domain of the ATP synthase from T. brucei
to an ECT map of the intact ATP synthase in situ in
mitochondrial membranes from T. brucei. The sub-
units of the F;-domain are colored as in Fig. 1. (A and
B) Top (A) and side (B) views of the ECT map (gray),
determined independently at 32.5-A resolution with
the crystallographic structure of the F;-domain de-
termined at 3.2-A resolution docked manually inside
the ECT map, with subunits app and prp proximal to
the peripheral stalk. (C and D) A published interpre-
tation of the same ECT map proposing a structure of
T. brucei F1-ATPase in which the a-subunit is opened
away from the central stalk, with the p18-subunit (not
shown) contributing to the catalytic sites by providing
the arginine finger residue (red circle) in D (42). The
catalytic sites are indicated by green asterisks in C and
by a green circle in D. PS, peripheral stalk of the en-
zyme. C and D modified from ref. 42.

(70). This prediction also detected structural homology of p18 with PPR10 from Z.
mays (PDB ID code 4M59). Stereochemistry was assessed with MolProbity (71),
and images of structures and electron density maps were prepared with PyMOL
(72). Structural comparisons of T. brucei Fi-ATPase with bovine F;-ATPase
inhibited with dicyclohexylcarbodiimide (PDB ID code 1E79) (12), bovine
F1-ATPase crystallized in the presence of phosphonate (PDB ID code 4ASU) (20),
bovine F;-ATPase inhibited with ADP-AIF, (PDB ID code 1HS8E) (16), and the
ground state structure of yeast F;-ATPase (PDB ID code 2HLD) (24) and of the
p18-subunit from T. brucei with PPR10 from Z. mays (PDB ID code 4M59) (57)
were done with Coot (69) and PyMOL (72). The p18-subunit was assessed for the
presence of PPR and TPR sequences with TPRpred (73), and a-helices were
assigned according to PyMOL.
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Abstract

The mitochondrial (mt) F,F1-ATP synthase of the digenetic parasite, Trypanosoma brucei,
generates ATP during the insect procyclic form (PF), but becomes a perpetual consumer of
ATP in the mammalian bloodstream form (BF), which lacks a canonical respiratory chain.
This unconventional dependence on F,F;-ATPase is required to maintain the essential mt
membrane potential (Aywm). Normally, ATP hydrolysis by this rotary molecular motor is
restricted to when eukaryotic cells experience sporadic hypoxic conditions, during which
this compulsory function quickly depletes the cellular ATP pool. To protect against this cellu-
lar treason, the highly conserved inhibitory factor 1 (IF1) binds the enzyme in a manner that
solely inhibits the hydrolytic activity. Intriguingly, we were able to identify the IF1 homolog in
T. brucei (TblF1), but determined that its expression in the mitochondrion is tightly regulated
throughout the life cycle as it is only detected in PF cells. TbIF1 appears to primarily function
as an emergency brake in PF cells, where it prevented the restoration of the Awm by F,F-
ATPase when respiration was chemically inhibited. /In vitro, TbIF1 overexpression specifi-
cally inhibits the hydrolytic activity but not the synthetic capability of the F,F;-ATP synthase
in PF mitochondria. Furthermore, low yM amounts of recombinant TbIF1 achieve the same
inhibition of total mt ATPase activity as the F,F;-ATPase specific inhibitors, azide and oligo-
mycin. Therefore, even minimal ectopic expression of TbIF1 in BF cells proved lethal as the
indispensable Aym collapsed due to inhibited F,F4-ATPase. In summary, we provide evi-
dence that T. bruceiharbors a natural and potent unidirectional inhibitor of the vital FF-
ATPase activity that can be exploited for future structure-based drug design.

Author summary

Enzymes are catalysts that drive both a forward and reverse chemical reaction depending
on the thermodynamic properties. F,F;-ATP synthase is a multiprotein enzyme that
under normal physiological conditions generates ATP. However, when respiration is
impeded, this rotary molecular machine reverses and hydrolyzes ATP to pump protons
and maintain the essential mitochondrial membrane potential. While this activity is

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0005552  April 17,2017

1/21


https://doi.org/10.1371/journal.pntd.0005552
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0005552&domain=pdf&date_stamp=2017-04-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0005552&domain=pdf&date_stamp=2017-04-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0005552&domain=pdf&date_stamp=2017-04-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0005552&domain=pdf&date_stamp=2017-04-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0005552&domain=pdf&date_stamp=2017-04-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0005552&domain=pdf&date_stamp=2017-04-27
https://doi.org/10.1371/journal.pntd.0005552
https://doi.org/10.1371/journal.pntd.0005552
http://creativecommons.org/licenses/by/4.0/

@‘PLOS NEGLECTED
Z) TROPICAL DISEASES T. bruceiinhibitory peptide TbIF1

Republic. The funders had no role in study design,
data collection and analysis, decision to publish, or
preparation of the manuscript

Competing interests: The authors have declared
that no competing interests exist.

exceptional in most eukaryotic cells, the unique composition of the Trypanosoma brucei
mitochondrion dictates that the infectious stage of this human parasite is utterly depen-
dent on the hydrolytic activity of F,F,-ATPase. While searching for better chemothera-
peutics against Human African Trypanosomiasis, several trypanocidal compounds were
determined to interact with this enzyme, but they indiscriminately inhibit both the ATP
hydrolytic and synthetic activities. A more promising approach involves the conserved
eukaryotic protein IF1, a unidirectional inhibitor that prevents just ATP hydrolysis. Aus-
piciously, we identified this protein homolog in T. brucei (TbIF1) and its expression is
tightly regulated between life stages of the parasite. Importantly, the introduction of exog-
enous TbIF1 protein specifically inhibits F,F;-ATPase and is lethal for the infectious stage
of T. brucei. Therefore, we have identified a natural inhibitor of an essential and druggable
enzyme that can be exploited for future structure-based drug design.

Introduction

Trypanosoma brucei rhodesiense and T. b. gambiense are the flagellated protists responsible for
Human African Trypanosomiasis in 36 sub-Saharan African countries where the tsetse fly
insect vector resides. While vector control projects have greatly reduced the number of new
cases (< 3,000 annually) since the last epidemic subsided in the late 1990’s, an alarming num-
ber of these extracellular parasites are demonstrating resistance to current drugs that already
possess efficacy and toxicity problems, in addition to their complex treatment regimens. Fur-
thermore, salivarian Trypanosoma species (e.g. T. b. brucei, T. vivax, T. congolense) cause dis-
ease in livestock, namely nagana in cattle, which inflict substantial economic burdens in rural
areas where agricultural development is a necessity. For these reasons, there is a renewed
urgency to develop a new generation of therapeutics based upon the unique 7. brucei biological
processes that have already been characterized [1].

A striking feature of T. brucei is the ability to rapidly adapt its metabolism while alternating
between the glucose-rich blood of a mammalian host and the abundant proline found in the
hemolymph and tissue fluids of the blood-feeding tsetse fly [2,3]. These different carbon
sources dictate a shift in bioenergetics that manifests in the unique architecture and activities
of the singular mitochondrion. The T. brucei insect stage or procyclic form (PF) utilizes a
branched mitochondrion that is fully developed: composed of many cristae, eight Krebs cycle
enzymes used for both anabolic and catabolic reactions in a partitioned cycle and respiratory
chain complexes I, II, IIl and IV [4]. The enzymatic complexes IIT and IV pump protons into
the mitochondrial (mt) intermembrane space, generating a membrane potential (Aym) that is
coupled to ATP production by the F,F;-ATP synthase [5,6]. This rotary molecular machine
converts the potential energy of the proton gradient into the chemical energy of ATP when
protons are allowed to flow down their energy gradient by passing through the proton pore
located in the membrane-embedded F, domain. This action drives the rotation of the asym-
metrical central stalk within the matrix protruding F, catalytic domain, which undergoes three
sequential conformational states that result in the synthesis of ATP.

In contrast, the streamlined mitochondrion of the mammalian bloodstream form (BF)
lacks a functional cytochrome ¢ mediated respiratory chain and the parasite must rely on gly-
colysis to provide sufficient energy for all of the cellular processes occurring during this life
stage [7]. Although BF cells have a reduced mitochondrion, it still harbors vital processes like
Fe-S cluster assembly, mt fatty acid synthesis, acetate production, Ca>* homeostasis and RNA
editing [8-11]. These functions are performed by proteins that are encoded in the nuclear
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genome and imported into the mitochondrion, a process that absolutely requires a Aym [12].
Since respiratory complexes III and IV are absent in BF trypanosomes, the Aym is maintained
by the reverse activity of F,F,-ATP synthase, which hydrolyzes ATP and translocates protons
into the mt intermembrane space [13]. This ATPase activity is also essential for dyskinetoplas-
tic (Dk) trypanosomes (i.e. T. b. evansi, T. b. equiperdum), which lack all or critical portions of
their mt DNA [14]. Without a full complement of mt DNA, these parasites do not express the
F,F;-ATPase subunit a, a critical component of the proton pore. Thus, dyskinetoplastic strains
have acquired one of several different compensatory mutations that enables the catalytic F;-
ATPase to energize the inner mt membrane by coupling ATP hydrolysis with the electrogenic
exchange of ADP? for ATP* by the ATP/ADP carrier (AAC) [15,16].

While this ATP hydrolase activity must be unrelenting in these infectious trypanosomes, it
is only observed under specific conditions in other eukaryotes (i.e. during oxygen deprivation
or in response to damaged mt respiratory chain complexes). On the rare occasion that mt res-
piration becomes compromised and the Aym collapses, the rotation of F F;-ATP synthase
reverses and acts as an ATP-consuming proton pump. However, this unrestrained hydrolysis
of ATP replenishes the Aym so inefficiently, that it actually accelerates cell death due to the
depletion of ATP [17]. Thus, specific F,F;-ATPase small molecule inhibitors are currently
being developed to prevent human tissue damage during ischemia [18].

Intriguingly, eukaryotic cells already possess a specific inhibitor of the F;-ATPase activity in
the form of a nuclear encoded small protein, inhibitory factor 1 (IF1) [19]. The IF1 protein is
highly conserved throughout evolution, with homologs found in plants, yeast, worms and ver-
tebrates [19-22]. Since its discovery, many details have been gleaned about the molecular
mechanism responsible for the interaction of IF1 with F,-ATPase [23,24]. In vitro, this protein
effectively inhibits the intact F,F;-ATPase from hydrolyzing ATP, but in the presence of a pro-
ton gradient, IF1 is not able to impede ATP synthesis [25]. Hence, unlike most other inhibi-
tors, IF1 is a unidirectional inhibitor that only blocks the ATP hydrolytic activity of the F,F;-
ATP synthase. In vivo, the activity of IF1 is dependent upon the acidification of the mt matrix,
which occurs when mt respiration is compromised. Thus, it has been assumed that the physio-
logical role of IF1 is to act as an emergency brake that prevents the futile hydrolysis of ATP by
the F,F;-ATPase [26,27]. However, recent studies have suggested that IF1 can also play a role
in the metabolic reprogramming observed during cellular differentiation and in some types of
cancer [28,29].

Due to the ability of IF1 to inhibit the hydrolytic activity of F,F; ATPase and its potential to
selectively impact the viability of the infectious stage of T. brucei, we identified the IF1 homo-
log in this human pathogen and characterized its effect on the cellular growth and mt physiol-
ogy in both parasitic life stages.

Methods
Plasmid preparation

The TbIF1 (Tb927.10.2970) RNAI construct, which targets all 345 bp of the mRNA coding
sequence, was generated with a PCR product amplified from T. brucei strain 427 genomic
DNA with the following oligonucleotides: Fw—CAC AAG CTT ATG CTG CCC CTC CGT
GT, Rev—CAC CTC GAG TTG CTT CTC GTT CGT TAA C. Utilizing HindIII and Xhol
restriction sites inherent in the primers (underlined), this fragment was cloned into the pZ]M
plasmid [30], which contains head-to-head, tetracycline (tet)-regulated T7 promoters. For the
tet inducible expression of an ectopic TbIF1 fused with a C-terminal 3x V5 tag, the TbIF1
open reading frame was PCR amplified (Fw: ACA AAG CTT ATG C GC CGT GTA TC, Rev:
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CAC GGA TCC TTG CTT CTC GTT CGT TAA C) and cloned into the pT7_V5 vector using
HindIII and BamHI restriction enzymes [31].

Trypanosoma culture conditions and generation of cell lines

The wildtype PF T. brucei Lister 427 strain and tet-inducible PF 29-13 cells were grown in
vitro at 27°C in SDM-79 medium containing hemin (7.5 mg/ml) and 10% fetal bovine serum
(FBS) [32]. Meanwhile, the following cultures were maintained at 37°C with 5% CO, in HMI-
9 media containing 10% FBS: wildtype BF T. brucei Lister 427, the derived BF single marker
(SM) strain [32], laboratory induced dyskinetoplastic T. brucei Dk164 [33] and genetically
modified Dk T. b. evansi cells [34]. The PF 29-13, BF SM and T. b. evansi cell lines constitu-
tively express the ectopic bacteriophage T7 RNA polymerase and the prokaryotic tet repressor,
which allows for the tet inducible expression of either ectopic V5-tagged proteins or dsSRNA.
As described previously [32], the appropriate cells were then transfected with NotI linearized
PZJM or pT7_V5 plasmids containing the TbIF1 gene. Both plasmids were targeted to the
rDNA intergenic spacer region. The addition of 1 pg/ml of tet into the media triggers either
the induction of RNAI or the expression of tagged TbIF1. Throughout the analyses, a Z2 Cell
Counter (Beckman Coulter Inc.) was used to measure cell densities in order to maintain the
cultures within their exponential mid-log growth phase of 1x10° to 1x10” cells/ml for PF and
between 1x10° to 1x10° cells/ml for BF cells.

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 an ECL system (Biorad) on a ChemiDoc
instrument (BioRad). The PageRuler prestained protein standard (Fermentas) was used to
determine the size of detected bands. Primary antibodies used in this study were: mAb anti-V5
epitope tag (1:2000, Invitrogen), mAb anti-mtHsp70 (1:2000), pAb anti-APRT (1:1000). Native
TbIF1 antigen was purified (see below) and was sent to Davids Biotechnologie (Regensburg,
Germany) to produce a polyclonal antiserum (1:1000).

Digitonin subcellular fractionation

Whole cell lysates (WCL) were prepared from T. brucei PF 29-13 and PF 29-13 cells with an
ectopic V5-tagged TbIF1 that were either induced for 48 hours or never induced. SoTe/digito-
nin fractionation was performed as follows: 1x10° cells were harvested by centrifugation,
washed in PBS-G, resuspended in 500ul SoTE (0.6 M Sorbitol, 2 mM EDTA, 20 mM Tris-HCl
pH 7.5) and lysed with 500ul SoTE containing 0.03% digitonin. The cells were then incubated
on ice for 5 minutes before centrifugation (4°C, 7000 rpm, 3 min). This allowed us to separate
the supernatant, consisting of the cytosolic subcellular fraction (CYTO), from the pellet, which
represents the organellar fraction (ORG) of the parasite. These enriched fractions along with
WCL were resolved by SDS-PAGE and analyzed by immunoblotting.

Immunofluorescence assay

T. brucei subcellular localization of the overexpressed TbIF1 V5-tagged protein was deter-
mined by an immunofluorescence assay that amplified the signal of a monoclonal anti-V5
antibody (Life Technologies) with a FITC-conjugated secondary anti-mouse antibody
(Sigma). Co-localization was verified using Mitotracker RED (Invitrogen), a dye that stains
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mitochondria in live cells and is well-retained after fixation. DAPI (4,6-diamidino-2-phenylin-
dole; Sigma) treatment was used to visualize nuclear and mitochondrial DNA. The images of
the stained cells and their fluorescence were captured with a Zeiss Axioplan 2 fluorescence
microscope.

In situ Awym measurement

Estimation of the Aym in situ was done spectrofluorometrically using the indicating dye safra-
nine O (Sigma). T. brucei PF cells (2x107 cells/ml) were resuspended in a reaction buffer con-
taining: 200 mM sucrose, 10 mM HEPES-Na (pH 7.0), 2 mM succinate, 1 mM MgCl,, 1 mM
EGTA and 1 mM ATP. The reaction was activated with digitonin (50 uM), while NaCN

(50 uM), oligomycin (2.5 pg/ml) and FCCP (5 uM) were injected at specific time points
throughout the assay. Changes in the amount of fluorescence over time were detected on an
Infinite M200 microplate reader (TECAN) (excitation = 496 nm; emission = 586 nm). Values
were normalized according the following equation: normalized (e;) = %
E.in—the minimum value for variable E

E ax—the maximum value for variable E

In vivo Aym measurement

The Aym was determined by utilizing the red-orange fluorescent stain tetramethylrhodamine
ethyl ester (TMRE, Life Technologies). PF and BF cells maintained within their exponential
growth phase were stained with 60 nM of the dye for 30 min at 27°C or 37°C, respectively.
Cells were pelleted (1300 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, 10000 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.

ATPase assays

The ATPase activity was measured by two different methods. The first assay utilizes the Sum-
ner reagent to detect the release of free phosphate when ATP is hydrolysed [35]. 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-HCl pH 7.5). Mt pellets were resuspended in an assay
buffer (200 mM KCl, 2 mM MgCl,, Tris-HCl pH 8.0) and the addition of ATP to a final con-
centration of 5 mM initiated the 20 min reaction. Where indicated, samples were pre-treated
with the F;-ATPase specific inhibitor sodium azide (2 mM) for 10 min. The 100 pl enzymatic
reactions were deproteinated by adding 1.9 ul of 70% perchloric acid. After a 30 min incuba-
tion on ice, the samples were spun down (16000g, 10 min, 4°C) and 90 ul of the supernatant
was incubated for 10 min with 0.5 ml of the Sumner reagent (8.8% FeSO,.7H,0, 375 mM
H,S0,, 6.6% (NH4)Mo0,0,4.4H,0). 200 pl was then transferred to a 96 well plate and the
absorbance was measured at 610 nm using a microplate reader (Infinite M200Pro, Tecan). To
calibrate the assay, a standard curve was calculated from the absorbance values of linear inor-
ganic phosphate samples (0-2 mM).

The ATPase activity was also measured spectrophotometrically by an ATP regenerating assay
[36], wherein the hydrolysis of ATP is determined indirectly by coupling this activity to the oxi-
dation of NADH by lactate dehydrogenase, resulting in a quantifiable decrease in the absorbance
of NADH at 340 nm. The assay mixture contained 15 g of purified mitochondria lysed with 1%
dodecyl maltoside, 50 mM Tris-HCI (or 50 mM MOPS-NaOH for pH values under 7.0), 50 mM
KCl, 2 mM MgSO,4, 0.2 mM NADH, 2 mM ATP, 1 mM phosphoenolpyruvate (PEP), 5 pl/ml
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pyruvate kinase from rabbit muscle (PK; Sigma-Aldrich) and 5 pl/ml lactate dehydrogenase
from bovine heart (LDH; Sigma-Aldrich). All measurements were performed in 1 ml spectro-
scopic cuvettes with the reaction mixture incubated at 37°C.

ATP production assay

ATP production was measured as described previously [37,38]. Briefly, crude mt preparations
from PF cells were obtained by digitonin extraction. ATP production was then activated by add-
ing the oxidative phosphorylation substrates ADP (67 pM) and succinate (5 mM). The resulting
concentrations of ATP were determined by using the ATP Bioluminescence Assay Kit HS II
(Roche) and a microplate luminometer (Orion II). To determine how much of the synthesized
ATP was due to oxidative phosphorylation, specific inhibitors against succinate dehydrogenase
(6.7 mM malonate) and the ADP/ATP carrier (33 ug/ml atractyloside) were incubated with the
enriched mitochondria samples for 10 min on ice prior to the start of the assay.

Cloning, expression, and purification of recombinant TblF1

The gene fragment encoding TbIF1 without its predicted mt localization signal and stop
codon was PCR amplified from PF T. brucei strain 427 genomic DNA with forward and
reverse primers containing Ndel and HindlII restriction sites, respectively. The 3’-terminal
primer included sequence encoding a hexahistidine tag. The digested PCR products were then
ligated into the Ndel/HindIlI linearized expression vector pRUN [39]. The verified plasmid
was used to transform the Escherichia coli expression strain C41(DE3) [40], which was grown
in LB medium. When the ODg, reached ~ 0.4, the expression of the recombinant protein
(rTbIF1) was induced by the addition of 1 mM IPTG. After three hours, the cells were har-
vested, washed in PBS and resuspended in ice-cold buffer A (20 mM Tris-HCl pH 7.4, 10%
(w/v) glycerol, 100 mM NaCl, 25 mM imidazole) supplemented with the complete EDTA-free
protease inhibitor cocktail (Roche). The bacteria were then lysed with lysozyme (75 pg/ml) for
30 min at 4°C in the presence of DNase I (15 U/ml). The lysate was sonicated (5 x 20 s with 1
min on ice between pulses), cleared by centrifugation (15000 g, 30 min, 4°C), filtered through
a syringe filter (0.45 pm) and loaded onto a HisTrap nickel affinity column using the Akta-
Prime chromatography system (GE Healthcare). The column was thoroughly washed with
buffer A before the rTbIF1 protein was eluted with a 50 ml linear gradient of buffer A contain-
ing imidazole ranging from 20 to 500 mM. SDS-PAGE analysis identified the fractions con-
taining rTbIF1, which were pooled and dialyzed against 20 mM Tris-HCl pH 7.4 and 10%
glycerol. Finally, the purified protein was concentrated to 10-20 mg/ml (PES, MWCO 3.5
kDa, Sartorius, Germany), flash-frozen in liquid N, and stored at -80°C.

Results
T. brucei genome contains an IF1 homolog

IF1 is widespread throughout the eukaryotic kingdom, with homologs found in plants, yeast,
worms and vertebrates. To search for a T. brucei IF1 homolog within the TriTrypDB database
(www.tritrypdb.org), we employed a reciprocal blastp search using the yeast inhibitory protein
Inh1 and bovine IF1. The putative candidates were further analyzed using HHpred toolkit
(http://toolkit.tuebingen.mpg.de), a program based on the comparison of hidden Markov
models that utilize structure prediction to identify homologous relationships. These analyses
revealed that only the translated product of the candidate gene Tb927.10.2970 (TbIF1) truly
resembled yeast Inh1 and bovine IF1. TbIF1 is annotated as a conserved hypothetical protein
with a calculated molecular mass of 13.8 kDa, which includes the 23 N-terminal residues
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predicted by Mitoprot II [41] to comprise the mt targeting sequence. A MAFFT alignment
with IF1 proteins from different organisms depicts a conserved region within TbIF1 (residues
17-52) that corresponds to the minimal inhibitory domain of its bovine ortholog [42] (Fig 1).
The identity and similarity of this entire bovine minimal inhibitory sequence with the putative
TbIF1 is only 26% and 45%, respectively. These metrics are even less pronounced when com-
paring the C-terminal region, which has been characterized as a oligomerization domain in
the bovine IF1 that regulates activity of the inhibitor [43].

TblF1 localizes to the PF mitochondrion, but is not expressed in cells
dependent on F4-ATPase activity

To experimentally characterize this putative inhibitory peptide, we first determined its expres-
sion in cultured wildtype T. brucei Lister PF427 and BF427 strains and in the laboratory-
induced dyskinetoplastic Dk164 T. brucei cells. Whole cell lysates harvested from an equivalent
number of PF427, BF427 and Dk164 cells were resolved by SDS-PAGE and analyzed by west-
ern blot using a specific polyclonal antiserum raised against TbIF1 (Fig 2A). While there was
robust TbIF1 expression in PF427 cells, this signal was not detected in the whole cell lysates
from BF427 and Dk164 cells. Since we have previously observed that the expression of a purine
salvage protein, adenine phosphoribosyl transferase (APRT), does not vary between the try-
panosome life stages [46], it was used as a loading control (Fig 2A). These results suggest that
one facet of regulating TbIF1 activity includes protein expression levels, since the inhibition of
the F;-ATPase would be lethal for BF and Dk cells.

To determine the localization of TbIF1, we used PF 29-13 and PF TbIF1 overexpressing
(OE) cell line capable of regulating the expression of an ectopic TbIF1 gene product that con-
tained a C-terminal V5-tag. The cytosolic and organellar fractions were isolated from these
cells after they were permeabilized with 0.015% digitonin. The subsequent western analyses
established the purity of the extracted fractions as the cytosolic APRT and mtHsp70 protein
were confined within their respective subcellular fractions. Notably, the endogenous TbIF1 (12
kDa) and its V5-tagged version (17 kDa) were exclusively localized in the organellar fraction
(Fig 2B). Furthermore, immunofluorescence assays with either polyclonal TbIF1 antiserum or
amonoclonal V5 antibody demonstrated colocalization with the mitochondrion-specific dye,
Mitotracker RED CMXRos, which illuminates the typical reticulated structure of a procyclic
mitochondrion (Fig 2C).

Neither TbIF1 silencing nor overexpression produces a negative effect
on PF T. brucei cell growth

Due to the expression pattern of TbIF1, we first evaluated its importance in the PF life stage of
T. brucei. In addition to the PF TbIF1 OE cell line, we also created PF cells that silence TbIF1
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Fig 1. TbIF1 shares homology with IF1 proteins from various model organisms. Using the alignment program MAFFT, the amino acid sequence
of IF1 from T. brucei (Tb) is compared to those of Solanum tuberosum (St, [20]), Saccharomyces cerevisiase (Sc, [22]), Caenorhabditis elegans (Ce,
[21]), Human sapiens (Hs, [44]) and Bos taurus (Bs, [19]) IF1s. Identical and conservatively substituted resides are shaded in black and grey,
respectively. Predicted mtimport signal sequences were removed from each coding sequence prior to the analysis. The minimal inhibitory sequence
[42] and dimerization domain of bovine IF1[45] are indicated. The green, yellow, and red bars above the alignment indicate when the nucleotides at
each position have identities of 100%, between 100% and 30%, and <30%, respectively.

https://doi.org/10.1371/journal.pntd.0005552.9001
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Fig 2. TbIF1 expression is only detected in PF T. brucei, where it is localized to the mitochondrion. (A) The steady state abundance of TbIF1
was determined in T. brucei PF427, BF427 and Dk164 whole cell lysates by western blot analysis using a specific polyclonal anti-TbIF1 antiserum. An
anti-APRT1 antiserum was used to estimate equal protein loading on SDS-PAGE. The molecular weight of the detected proteins is indicated on the
left. (B) TbIF1 subcellular localization was determined in PF 29-13 and PF TbIF1 OE cells either noninduced (NON) or expressing V5-tagged TbIF1 for
48 hours (IND 48h). Whole cell lysates (WCL) and digitonin extracted cytosolic (CYT) and organellar (ORG) fractions were analyzed by immunoblot
with the following antibodies: anti-APRT (cytosol), anti-mtHsp70 (organellar fraction), anti-V5 and anti-TbIF1. (C) Immunofluorescence assays with a
fluorescein isothiocyanate (FITC)-conjugated secondary antibody that recognizes primary antibodies detecting either all TbIF1 variants (anti-TbIF1) or
just the ectopic V5-tagged TbIF1 (anti-V5) further verify that the protein is targeted to the mitochondrion in PF TbIF1 OE cells induced for 48 hours (IND
48h). Noninduced (NON) PF TbIF1 OE cells were included as a control, while the DNA contents and single reticulated mitochondrion were visualized
using DAPI (4,6-diamidino-2-phenylindole) and MitoTracker Red CMXRos staining, respectively. The overall cell morphology is depicted in the
differential interference contrast (DIC) microscopy images.

https://doi.org/10.1371/journal.pntd.0005552.9g002

PF TbIF1 OE
NON

expression by RNA interference (TbIF1 RNAI). Neither the knockdown of endogenous TbIF1
nor the overexpression of its V5-tagged version resulted in a significant growth phenotype
(Fig 3A and 3B). This indicates that TbIF1 is not essential under regular in vitro growth condi-
tions and its overexpression doesn’t have a negative effect on PF vitality. The knockdown of
TbIF1 was confirmed by western blot analysis of whole cell lysates from TbIF1 RNAi cells that
were induced throughout the RNAi time course or never induced (Fig 3C). The polyclonal
TbIF1 antiserum revealed a 59% and 73% reduction of the targeted protein on day 1 and 2 of
tet addition, respectively (Fig 3C). The partial recovery of the TbIF1 abundance levels on day 4
(35%) might be due to the emergence of RNAI revertants, which is a commonly observed phe-
nomena in T. brucei cells [47]. Whole cell lysates from PF TbIF1 OE noninduced and induced
cells were also analyzed by the same method to confirm the overexpression of the TbIF1-V5
protein (Fig 3D). A polyclonal TbIF1 antiserum detected endogenous TbIF1 in all protein
samples, while the ectopic V5-tagged TbIF1 was detected only in tet induced WCL. Bio-Rad
TGX stain-free precast gel technology demonstrated comparable loading between samples.
Scanning densitometry was then employed to quantify the ratio between ectopic and endoge-
nous TbIFI in each sample, revealing that protein induction resulted in 1.8 times more
V5-tagged TbIF1 on day 1 and up to 6.6 times more on day 4 (Fig 3D).

TbIF1 prevents the F,F;-ATPase from establishing a modified Aym
when respiration is chemically inhibited

Since TbIF1 expression levels don’t affect the growth rate of PF T. brucei grown under normal
culture conditions, we sought to characterize the function of TbIF1 when the cells were
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Fig 3. Neither TbIF1 silencing nor overexpression are harmful to PF T. brucei cells grown in vitro. (A) TbIF1
RNAi noninduced (NON) and induced (IND) cells were maintained in the exponential growth phase (between 10° and
107 cells/ml) and the cumulative cell number represents the normalization of cell densities by factoring in the daily
dilution factor. The figure is representative of three independent RNAi inductions. B) The growth rate of cells either
induced (IND) or noninduced (NON) for TbIF1 OE were determined in the same manner as in A. C) The steady-state
abundance of TbIF1 in the parental cell line (29—13), TbIF1 RNAi noninduced (NON) and cells induced (IND) with tet for
1, 2, 3and 4 days was determined by western blot analysis using a specific TbIF1 antiserum. Cytosolic enolase served
as a loading control. The numbers depicted underneath the top panel represent the abundance of immunodetected
protein as a percentage of the noninduced samples after normalizing to the loading control. D) Ectopic V5-tagged TbIF1
expression was confirmed by western blot analysis using whole cell lysates from PF 29-13, noninduced (NON) TbIF1
OE and cells induced (IND) for 1, 2, 3 and 4 days. The endogenous TbIF1 and the V5-tagged ectopic protein were
visualized using a polyclonal TbIF1 antiserum. Comparable loading was confirmed by Bio-Rad TGX stain-free
technology. Levels of V5-tagged TbIF1 overexpression as compared to the endogenous TbIF1 are indicated at the top
of the immunoblot.

https://doi.org/10.1371/journal.pntd.0005552.g003

stressed by chemical hypoxia. While the Aym in this life stage is normally maintained by the
typical cytochrome-containing respiratory complexes IIT and IV, we wanted to determine if
the rotation of the rotary F,F; complex can be reversed to maintain the Aym once the respira-
tory chain is inhibited. Therefore, we estimated the Aym in digitonin permeabilized PF T. bru-
cei cells by utilizing the dye safranin O, a lipophilic cationic dye whose fluorescence becomes
quenched when it accumulates within energized mitochondria [48]. The addition of sodium
cyanide (NaCN), a potent inhibitor of the respiratory chain, causes the Aym to dissipate at a
rate determined by the speed of a proton leak opposed to the reverse activity of F,F;-ATP
synthase. Under these conditions, we could examine the impact of TbIF1 on this proton-
pumping enzyme by observing the changes in these rates when TbIF1 is depleted.

The parental 29-13 PF trypanosomes served as a positive control to establish the rate of saf-
ranine O quenching by energized mitochondria. A baseline for the rapid Aym depolarization
was established when NaCN was injected into the same sample (Fig 4A, black line). Finally,
the addition of FCCP, a proton uncoupler, caused the Aym to completely collapse. A similar
pattern depicting the depolarization of the Aym was observed for TbIF1 RNAi noninduced
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Fig 4. Upon chemical inhibition of respiration, TbIF1 prevents the establishment of a new F,F;-ATPase mediated Aym. (A) and (D) The in situ
dissipation of the Awm in response to chemical treatment by NaCN was measured using the safranine O dye in the following cell lines: 29-13 (black
line), TbIF1 RNAi noninduced (NON, grey line), TbIF1 RNAi induced for 2 and 4 days (IND2 and IND4, red lines), TbIF1 OE noninduced (NON, dark
blue line) and TbIF1 OE induced for 2 days (IND2, light blue line). The reaction was initiated with digitonin (50 uM), whereas NaCN (50 uM) and FCCP
(20 uM) were added when indicated. (means + s.d.; n = 3). (B) and (E) The assay described for (A) and (D) was used to observe the dissipation of the
Aym when the same cells were simultaneously treated with 50 uM NaCN and 2.5 pg/ml oligomycin (NaCN+OM). (means £ s.d.; n = 3). (C) and (F)
Changes in safranine O fluorescence after the addition of either NaCN or NaCN+OM to the cell lines outlined above. *** p < 0.0002, Student’s ttest.

https://doi.org/10.1371/journal.pntd.0005552.g004

cells. However, the extent of the Aym depolarization was significantly smaller in TbIF1 RNAi
cells induced for 2 and 4 days. The resulting Aym was sustained at a new steady state, which is
most likely attributable to the F,F;-ATPase activity (Fig 4A, red lines and Fig 4C). To confirm
that the proton-pumping activity of this complex was indeed responsible for this phenotype,
29-13 cells and TbIF1 RNAi noninduced and tet induced cells were permeabilized, allowed to
establish a Aym and then treated with a mixture of NaCN and oligomycin, an inhibitor of
F,F;-ATP synthase. Under these conditions, there were no significant differences observed
between the Aym depolarization rates of these samples (Fig 4B and 4C). These data validate
that TbIF1 functions to prevent the reversal of F,F;-ATP synthase and limit ATP hydrolysis
when respiration is disrupted in the parasite.

In a study involving mammalian cells [27], it was presented that the extent of the Aym
depolarization is even greater in cells overexpressing IF1. However, we did not observe this
outcome as the rate of the Aym dissipation remained similar upon NaCN treatment, with or
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without oligomycin, when we compared either noninduced or induced PF TbIF1 OE cells
with the parental line (Fig 4D-4F). This suggests that the abundance of endogenous TbIF1 is
sufficient to inhibit the mitochondrial levels of F,F,-ATPase and thus avert the depletion of
ATP under chemically induced hypoxic conditions.

Overexpression of TbIF1 in PF T. brucei cells affects the total ATPase
activity but not ATP production

Numerous studies demonstrate that yeast and bovine IF1 is a unidirectional inhibitor that
impedes the F,F;-ATPase direction of rotation without hindering the ATP synthesis activity of
this complex [25]. Employing the PF TbIF1 OE cell line again, we were able to determine if
this unique attribute also applies to T. brucei cells. The total ATPase activity in mt lysates was
indirectly measured by spectrophotometrically detecting the inorganic phosphate that is
released during the hydrolysis of ATP by ubiquitous ATPases. Azide (1 mM) and oligomycin
(2.5 pg/ml) were used to discern the proportion of the detected ATPase activity that is attrib-
uted to F,F;-ATPase, which typically represents ~ 35-45% of total mt ATPase activity. Impor-
tantly, the overexpression of TbIF1 for 2 days resulted in decreased values of total ATPase
activity that are comparable to the levels obtained when noninduced TbIF1 OE cells are treated
with inhibitors of the rotary enzyme (Fig 5A). Furthermore, since the addition of either azide
or oligomycin to samples containing overexpressed TbIF1 doesn’t augment the phenotype, it
indicates that TbIF1 specifically inhibits F,F;-ATPase (Fig 5A).

To assess the potential impact of TbIF1 on the traditional activity of F,F,-ATP synthase, we
examined the ability of the same isolated mitochondria to produce ATP by oxidative phos-
phorylation. When incubated in a buffer containing ADP, free phosphate and the electron
donor succinate, the mitochondria become energized and activate the oxidative phosphoryla-
tion pathway to produce ATP, which can be subsequently measured using a bioluminescent
substrate. A comparison of the detected ATP levels between noninduced and induced TbIF1
OE cells revealed no major differences in the amount of ATP synthesized (Fig 5B). Additional
controls containing malonate and atractyloside, the respective inhibitors of succinate dehydro-
genase and the ADP/ATP translocator, were included to verify that the measured ATP truly
resulted from oxidative phosphorylation. To define the baseline ATP levels produced from any
of the remaining endogenous ADP molecules, a set of samples contained no additional ADP
(Fig 5B). Altogether, it seems that under these conditions and elevated expression levels, TbIF1
is only a unidirectional inhibitor that prevents ATP hydrolysis, but does not interfere with
ATP synthesis by F,F,-ATP synthase.

Overexpression of TblF1 is lethal to BF and Dk cells

While TbIF1 overexpression does not impair PF growth rate, a quite different outcome was
anticipated in BF and Dk cells, since their survival depends on ATP hydrolysis by F.F,-ATPase
to generate the essential Aym. Indeed, the induced expression of TbIF1 proved to be deleteri-
ous to BF and Dk cells, with a strong growth phenotype detected within the first 24 hours of
adding tet (Fig 6A and 6B). Interestingly, the V5-tagged TbIF1 was at first not detectable when
only whole cell lysates were analyzed by western blot. Thus, an anti-V5 mouse antibody was
used to immunoprecipitate the tagged TbIF1, which was then immunodecorated with a TbIF1
rabbit antiserum. This enrichment allowed us to load approximately 40 times more antigen
and confirm that very low levels of TbIF1-V5 were expressed upon tet induction (Fig 6C and
6D). Possibly, TbIF1 is so toxic that only cells harbouring a mutation for minimal ectopic
expression were selected from the transfection population.
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Fig 5. TbIF1 functions as a unidirectional inhibitor of T. brucei F,F;-ATP synthase. (A) Total ATPase activity was
measured in TbIF1 OE cells that were noninduced (grey) or induced for 2 days with tet (grey cross-hatch). To define the
contribution of F,F{-ATPase to the total ATPase activity measured, samples were also incubated with either azide (AZ,
1 mM) or oligomycin (OM, 2.5 pg/ml). The total amount of free-phosphate detected in the untreated noninduced sample
was set at 100%. (means ts.d.; n = 3; ** p< 0.001; Student’s ttest). (B) The amount of ATP synthesized by oxidative
phosphorylation was measured in the digitonin-extracted mitochondria from both noninduced (NON) TbIF1 OE cells
and cells induced for 2 days (IND2). The reaction was started by the addition of succinate and ADP. Malonate (mal.)
and atractyloside (atract.) were added as specific inhibitors of succinate dehydrogenase and the ATP/ADP carrier,
respectively.

https://doi.org/10.1371/journal.pntd.0005552.g005

TbIF1 diminishes the mt Awm by inhibiting F;-ATPase activity in BF and
Dk cells

To determine if the overexpressed TbIF1 functioned as expected, the in vivo Aym was mea-
sured in these verified cell lines. Flow cytometry analyses measured the changes observed in
BF and Dk TbIF1 OE noninduced and induced cells stained with TMRE, whose fluorescence
intensity is proportionally dependent on the magnitude of the membrane polarization. After
only 4 hours of tet induction, there was already a substantial Aym decrease (by 73%) in the BF
TbIF1 OE cell population that remained low throughout the course of the experiment (Fig
6E). Intriguingly, while the Aym of the Dk TbIF1 OE cells eventually diminished to similar lev-
els (64% decrease) by 24 hours of TbIF1 expression, the observed decline was more gradual
(Fig 6F). This phenotypic pattern might reflect the contrasting contributions of the F,F;-
ATPase to the Aym in BF and Dk mitochondria. Whereas this molecular machine in BF cells
can translocate approximately three protons from the hydrolysis of one ATP molecule, its effi-
ciency is significantly reduced in Dk parasites because it merely supplies the ADP substrate for
the electrogenic exchange of ADP”>/ATP* by AAC [34]. Finally, since it is not possible to
quantify the absolute Aym using this assay, it is possible that in Dk cells the Aym is maintained
at a lower level than in BF mitochondria and thus does not require as dramatic of a collapse to
produce a detrimental effect.

Notably, we observe a sudden and robust decrease in the Ay,,, within the first 24 hours, but
there is a lag before the induced BF TbIF1 OE cell culture transitions from an arrested cell divi-
sion fate to a lethal phenotype. Therefore, the mitochondria of these cells were labelled with
Mitotracker Red CMXRos dye, a marker for energized mitochondria, before and after TbIF1
induction. While fluorescence microscopy detected the resulting red dye in noninduced cells,
there was no visible staining in cells expressing V5-tagged TbIF1 for 24 hours. However, when
the mitochondria of these induced cells are immunostained with a monoclonal anti-mtHsp70
antibody, the overall mt morphology seems to be unaffected (Fig 6G). This suggests that while
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Fig 6. Overexpression of TbIF1 significantly affects the viability of BF and Dk cells due to the dramatic decrease of the Ay, when
F,Fi-ATPase is inhibited. (A, B) Growth curves of noninduced and tet induced BF (A) and Dk (B) TblF1 OE cells. Cultures were
maintained in the exponential growth phase (between 10° and 108 cells/ml) and the figure is representative of three independent tet
inductions. (C, D) Western blot analysis of TbIF1_V5 immunoprecipitated with a V5 monoclonal antibody from BF (C) and Dk (D) TbIF1 OE
cells that were noninduced (N) or induced for 12, 24 or 36 hours. The purified protein samples were probed with a polyclonal antiserum
raised against TbIF1 and the asterisk identifies a nonspecific band that serves as a loading control. The no mAb lane represents nonspecific
proteins isolated during an immunoprecipitation step that omitted the V5 antibody. (E, F) Using flow cytometry and the fluorescent dye
TMRE, the in vivo Ay, was measured in BF (E) and Dk (F) TbIF1 OE cells that were either not induced or induced for 4, 12 or 24 hours. A
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noninduced sample was also treated with FCCP to demonstrate that the assay was specifically measuring the Aym. (means + s.d.; n = 3).
(G) Immunofluorescence of noninduced (NON) or induced (IND 24h) BF TbIF1 OE cells reveals an unchanged overall mt morphology upon
TbIF1 induction. Mitochondria were visualized by immunostaining with an anti-mtHsp70 antibody (green) and by staining with MitoTracker
Red CMXRos (red), a fluorescentdye that is Ay, dependent. DNA contents are stained with DAPI (blue) and the morphology of the cells
was visualized using DIC imaging. (H, I) Total ATPase activity was quantified in crude mitochondrial preparations isolated from BF (H) and
Dk (1) TbIF1 OE cells that were tet induced for 12 hours or not at all. Replicates of these samples were also treated either with oligomycin
(OM, 2.5 pg/ml) or azide (AZ, 1 mM) to determine the proportion of this activity generated by F,F;-ATPase. (means £s.d.; n=3; ** p<0.01;
Student’s ttest)

https://doi.org/10.1371/journal.pntd.0005552.g006

the Ay, is required for cell replication, the lethality of TbIF1 overexpression is due to loss of
mt protein import [49].

Similar to the results described for PF TbIF1 OE cells, inducing the inhibitory peptide in BF
and Dk TbIF1 OE cells decreased the total ATPase activity by 25% and 32% in BF and Dk cells,
respectively (Fig 6H and 61). This correlates nicely with the decreased values obtained for non-
induced BF (23%) and Dk (31%) cells treated with azide (Fig 6H and 6I). The potency of this
natural inhibitor is further exemplified when compared to the 20% decrease in ATPase activity
measured for BF TbIF1 OE noninduced cells treated with oligomycin (Fig 6H). The lack of oli-
gomycin sensitivity observed in Dk TbIF1 OE noninduced cells (Fig 6I) is expected since they
are without the mt encoded subunit a, which contains the binding site of this molecular inhibi-
tor [34].

Recombinant TbIF1 inhibits the F,F{-ATPase activity in PF T. brucei
mitochondria lysates

To directly demonstrate the ability of TbIF1 to inhibit F,F,-ATPase, rTbIF1 containing a C-
terminal hexahistidine tag was expressed in bacteria, purified by nickel affinity chromatogra-
phy and then incubated with isolated mitochondria (Fig 7). Titrating known amounts of
r'TbIF1 to a constant volume of a percoll purified mt extract decreased the total ATPase activity
in a manner dependent on the concentration of the added inhibitor. The highest input of the
recombinant protein (10 pM) caused a 64% drop in activity, which corresponds to the values
acquired with azide and oligomycin. Importantly, treating mitochondria with a mixture of
both r'TbIF1 and azide did not result in an increased inhibition of the total ATPase activity,
suggesting that rTbIF1 specifically targets only F,F;-ATPase.

In summation, these results validate that we have identified the endogenous TbIF1, which
is a potent and specific inhibitor of the essential F,F;-ATPase activity in the BF and dyskineto-
plastic trypanosomes.

Discussion

Under normal physiological conditions, the F-ATP synthase is a nanomotor that synthesizes
ATP when the rotation of the machine is driven by protons moving down the electrochemical
potential created across the biological membranes in bacteria, chloroplast and mitochondria.
An inevitable consequence of the bioenergetic properties of this protein complex occurs when
the Ay collapses and the F-ATP synthase shifts to ATP hydrolysis, which provides the energy
necessary to pump protons and create a new gradient. This attempt to maintain the essential
Ay exacts a high energetic toll on the cell and cannot be sustained for long. To prevent this
wasteful ATP turnover, several different mechanisms have emerged throughout nature, with
unique adaptations described in eubacteria, o-proteobacteria and chloroplasts [50-52]. In
mitochondria, IF1 represents yet another distinct regulatory protein that interferes with the
intrinsic rotational mechanism of the central stalk. Since its discovery in 1963, the function of
this protein to mitigate cell injury upon a loss of respiration has been described in many
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Fig 7. Recombinant TbIF1 inhibits the F,F,-ATPase activity in vitro. Mitochondria isolated from wildtype
PF427 cells were lysed with dodecyl maltoside and the ATPase activity was measured by a Pullman assay.

These samples were either treated with azide (AZ, 2 mM), oligomycin (OM, 50 pM) or the indicated rTbIF1
concentrations. (means £ s.d.; n > 3).

https://doi.org/10.1371/journal.pntd.0005552.g007

eukaryotic organisms [19-21,44,53]. The identification and characterization of this protein in
the early diverging T. brucei suggests that IF1 inhibition of F,F;-ATPase has long been the pre-
ferred method to regulate this activity in mitochondria.

Typically, the bioenergetics of healthy cells promote ATP synthesis, thus the silencing of
IF1 expression does not impact the fitness of mammalian and yeast cells grown in vitro
[54,55]. Furthermore, this inhibitor is not required for the normal growth and breeding of
mice [56]. To determine if TbIF1 functions in a manner similar to its eukaryotic homologs, we
generated a cell line that suppresses the inhibitor by RNAi. In agreement, no growth abnor-
mality was observed in PF T. brucei cells with significantly decreased TbIF1 expression. Never-
theless, the function of this protein became apparent when the Ay,,, was monitored in
Trypanosoma cultures chemically treated to inhibit respiration. It was only after the depletion
of TbIF1 that the F,F,-ATPase was able to hydrolyze ATP and stabilize a new, albeit lower,
electrochemical potential.

Interestingly, relative to the expression levels of the F;-ATPase  subunit, the amount of IF1
fluctuates in a variety of mammalian tissues [26]. Based on IF1 protein levels and the glycolytic
capacity of the cell, there are two observed responses when cellular respiration is compro-
mised: either the cell will attempt to endure depolarized mitochondria while sustaining ATP
pools (high IF1 expression, low glycolytic capacity, e.g. neurons) or it will consume ATP in
order to maintain an acceptable Aym (low IF1 expression, high glycolytic capacity, e.g. astro-
cytes). Since the overexpression of TbIF1 in PF T. brucei treated with chemical hypoxia did not
further destabilize the Aym compared to the parental or noninduced cells, it suggests that
wildtype PF parasites possess enough TbIF1 to inhibit a majority of the F,F,-ATPase activity.
Therefore, it seems that PF trypanosome cells have chosen the route of high IF1 expression
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because their energy metabolism is more dependent on proper mt function. The utility of
employing this strategy to protect against hypoxic injury by preserving cellular ATP becomes
relevant when these protists enter the tsetse midgut, an environment with extremely low oxy-
gen tension [57,58].

Recently, another possible role for the inhibitory protein emerged from the observation
that IF1 expression is strongly up-regulated in several types of cancer cells. It is proposed that
in these cells, IF1 plays an important role in the metabolic shift from oxidative phosphoryla-
tion to aerobic glycolysis, a process known as the Warburg effect, which promotes cellular pro-
liferation and survival [28]. Similar metabolic adaptations are also observed during the T.
brucei life cycle as procyclic cells transition into a metacyclic stage before they fully convert to
the long slender bloodstream form. It is possible that the infective metacyclic trypanosomes
biding their time in the salivary glands before they are transmitted to the glucose-rich blood-
stream of the mammalian host have already re-programed their metabolism and are primed
for enhanced aerobic glycolysis. We are now exploring if TbIF1 contributes to this remarkable
cellular transformation using an in vitro differentiation system [59].

Numerous genome-wide studies have previously shown that TbIF1 expression is strongly
regulated between PF and BF parasites. Since TbIF1 mRNA is strongly down-regulated in
bloodstream cells, its half-life was impossible to measure and was therefore assigned to the
class of “procyclic form specific” mRNAs. This subset of molecules consists of only 29 tran-
scripts, which notably includes GPEET2 and EP2 procyclins [60]. Furthermore, it has been
reported that TbIF1 transcript levels are already upregulated after just 1 hour of inducing BF
cells to transform into PF parasites with citrate/cis-aconitate at 27°C. In fact, TbIF1 expression
levels continue to rise throughout this differentiation process [61]. In agreement with the tran-
scriptomic data [62-64], proteomic studies based on SILAC labeling of PF and BF cells con-
firmed TDbIF1 is strongly up-regulated in the insect stage of the parasite [65,66]. The striking
difference in TbIF1 expression between the PF and BF life stages illustrates the deleterious
effects of TbIF1 when the Ay, is maintained by F,F;-ATPase. It also provides a nice model to
study gene expression in an organism that predominantly regulates these processes at the post-
transcriptional level.

While the activity of the mitochondrion is reduced during the infectious stage, several
biological processes unique to T. brucei have previously been identified as potential drug tar-
gets within this organelle (alternative electron transport chain, kDNA and topoisomerases,
tRNA import and fatty acid synthesis) [67]. The F,F;-ATPase in particular is an appealing
target as it is required for maintaining the essential Ay, in BF trypanosomes, while the
mammalian host cells almost exclusively rely on this nanomotor to synthesize ATP. In fact, it
has been demonstrated that trypanocides belonging to two different classes of drugs, the aro-
matic diamidines (i.e., DB75) and bisphosphonate salts (i.e., AHI-9), can inhibit the F,F,-
ATPase activity [68,69]. Unfortunately, it appears that these compounds are likely promiscu-
ous inhibitors that not only interact with multiple cellular targets, but also indiscriminately
inhibit both the ATP hydrolytic and synthetic activities of the enzyme. Furthermore, since
the F,F,-ATPase binding sites and the exact mechanism of inhibition for these molecules
would be challenging to ascertain, it would require significant effort to improve their effi-
cacy. Since TbIF1 is a specific and unidirectional inhibitor of the T. brucei F,F;-ATPase, we
can now exploit the intrinsic binding properties of this endogenous inhibitor to facilitate
future structure-based drug design. Specifically, the development of peptidomimetics [70-
73] that simulate the most important binding interactions of TbIF1 to T. brucei F,-ATPase
could potentially result in effective therapeutics that incapacitate these medically and eco-
nomically important parasites.
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Abstract

The mitochondrial inner membrane glycerophospholipid cardiolipin (CL) associates
with mitochondrial proteins to regulate their activities and facilitate protein complex and
supercomplex formation. Loss of CL leads to destabilized respiratory complexes and
mitochondrial dysfunction. The role of CL in an organism lacking a conventional elec-
tron transport chain (ETC) has not been elucidated. Trypanosoma brucei bloodstream
forms use an unconventional ETC composed of glycerol-3-phosphate dehydrogenase
and alternative oxidase (AOX), while the mitochondrial membrane potential (A¥m) is
generated by the hydrolytic action of the F F,-ATP synthase (aka F F;-ATPase). We
now report that the inducible depletion of cardiolipin synthase (TbCls) is essential for
survival of T brucei bloodstream forms. Loss of CL caused a rapid drop in ATP levels
and a decline in the AWm. Unbiased proteomic analyses revealed a reduction in the lev-
els of many mitochondrial proteins, most notably of F_F,;-ATPase subunits and AOX,
resulting in a strong decline of glycerol-3-phosphate-stimulated oxygen consumption.
The changes in cellular respiration preceded the observed decrease in F F;-ATPase sta-
bility, suggesting that the AOX-mediated ETC is the first pathway responding to the
decline in CL. Select proteins and pathways involved in glucose and amino acid me-

tabolism were upregulated to counteract the CL depletion-induced drop in cellular ATP.

KEYWORDS

ATP synthase, cardiolipin, electron transport chain, mitochondria, protein complexes,
trypanosomes

Abbreviations: AOX, alternative oxidase; CL, cardiolipin; ETC, electron transport chain; TbCls, Trypanosoma brucei cardiolipin synthase; A%¥m,

mitochondrial membrane potential.
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1 | INTRODUCTION

Cardiolipin (CL) is a mitochondrial and bacterial glycer-
ophospholipid consisting of four fatty acyl chains and two
phosphate groups. Owing to its structure, CL has biophysical
properties that set it apart from other glycerophospholipids
(reviewed by 1). CL adopts a hexagonal phase and thus lo-
calizes preferentially to sites with high membrane curvature,
such as bacterial septa and poles,z’3 and it self-organizes in
negatively curved membranes* found at cristae junctions’
and cristae tips.6 CL tightly associates with respiratory com-
plexes’'? and is required for the assembly and stability of
supercomplexes11 and the oligomerization of ATP synthase.6
In addition, several mitochondrial carriers have been shown
to interact with CL.'*"3 Finally, CL promotes mitochondrial
membrane fusion,14 iron-sulfur cluster biogenesis15 and in-
duction of apoptosis. 6

More recently, depletion of CL has been shown to affect a
cell's energy metabolism. In a Saccharomyces cerevisiae mu-
tant lacking CL, due to the deletion of the crdl gene encod-
ing CL synthase, the production of acetyl-CoA was decreased
as a result of a defect in the pyruvate dehydrogenase bypass
pathvvay.17 This, together with the observation that CL is re-
quired for the proper function of the iron-sulfur-containing
enzymes aconitase and succinate dehydrogenase,15 demon-
strated that the tricarboxylic acid (TCA) cycle is impaired in
CL-deficient yeast. As a result, in this crd/A mutant anaple-
rotic pathways are activated to restore acetyl-CoA and TCA
cycle intermediates. 18

Interestingly, aberrant intermediary metabolism is also a
hallmark of Barth syndrome, a human disease caused by mu-
tations in the CL-remodeling enzyme, tafazzin."” Analyses of
plasma metabolites point to alterations in carbohydrate and
amino acid metabolism in Barth syndrome patients compared
to healthy controls.”’ Remarkably, perturbations in energy
metabolism, in particular in the levels of TCA intermediates
and amino acid metabolites, were recently also found in a
tafazzin knock out mouse cell line,?! linking CL to energy
metabolism. Surprisingly, despite these important functions,
CL is dispensable for viability in Escherichia coli, S cerevi-
siae and mammalian cell lines.”** In contrast, CL is essen-
tial for the survival of Trypanosoma brucei procyclic forms
in culture.”

The biosynthesis of CL occurs on the matrix side of the
inner mitochondrial membrane in four steps via the interme-
diates phosphatidic acid, CDP-diacylglycerol, phosphatidyl-
glycerophosphate and phosphatidylglycerol. In the final step,
in most eukaryotes CL is formed from phosphatidylglycerol
and CDP-diacylglycerol by eukaryotic-type CL synthases. In
contrast, in certain parasitic protozoa and prokaryotes, CL is
formed from two phosphatidylglycerol molecules (or from
one phosphatidylglycerol and one phosphatidylethanolamine
molecule) by prokaryotic-type CL synthases.26 Most previous

studies aiming to investigate the importance of CL for inner
mitochondrial membrane protein complexes and mitochon-
drial function were carried out in cells after knocking out key
enzymes in the CL biosynthetic pathway. While this approach
has yielded a wealth of information on steady-state changes
in mitochondrial protein levels and mitochondrial function,
such systems are not suited to detect subtle changes and adap-
tations that occur during CL depletion. In T brucei procyclic
form CL synthase (TbCls) conditional knock-out parasites,
we have recently shown that gradual CL depletion not only
affected the stability of mitochondrial respiratory complexes
but also decreased the levels of several mitochondrial pro-
teins that have not been previously linked to CL.”” These
proteins, named CL-dependent proteins, were identified by
comparing the proteomes of procyclic form trypanosomes at
different time-points after induction of CL depletion using an
unbiased mass spectrometry-based approach.27

T brucei parasites cycle between the fly host, Glossina spp.,
and mammals, and are the causative agents of human African
trypanosomiasis and nagana in domestic animals. To cope
with the fundamentally different host environments during
its life cycle, the parasite has adapted its energy metabolism
to the availability of different nutrients. In the tsetse fly mid-
gut, T brucei procyclic forms thrive mostly on amino acids,
express functional TCA cycle enzymes and generate ATP by
substrate-level and oxidative phosphorylation.28 In contrast,
bloodstream form parasites produce cellular ATP via cytoso-
lic substrate-level phosphorylation by aerobic glycolysis. As
a result of the constant availability of glucose in the blood,
bloodstream form trypanosomes minimize mitochondrial en-
ergy metabolism and downregulate key enzymes of the TCA
cycle as well as the cytochrome-containing respiratory chain
protein complexes.29 In the absence of the proton-pumping
complexes III and IV, the electrochemical potential across
the inner mitochondrial membrane in T brucei bloodstream
forms is generated and maintained by the hydrolytic activity
of the F,F,-ATP synthase (aka F_F,-ATPase).’**! As a result,
the mitochondrion differs morphologically and metabolically
between these life cycle stages.Sz'36

In the present study, we have exploited the unusual role
of the T brucei bloodstream form mitochondrion to study
the effects of CL depletion in a cell where a canonical re-
spiratory chain is absent and the F F;-ATP synthase works
in reverse direction compared to most other eukaryotes. We
generated bloodstream form TbCls conditional knock-out
parasites and examined time-dependent changes in protein
levels and metabolites during CL depletion using quantita-
tive comparative mass spectrometry. Our results show that
the ablation of TbCls expression causes a decreased respira-
tion rate and a rapid drop in cellular ATP levels resulting in a
reduction of the mitochondrial membrane potential (A¥m).
Proteomic and metabolomic analyses revealed a large num-
ber of proteins that were downregulated during CL depletion
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and, unexpectedly, a set of mitochondrial proteins involved in
energy metabolism that were upregulated, likely to counter-
act the loss of ATP and AWm.

2 | MATERIAL AND METHODS
Unless otherwise stated, reagents were purchased from
Sigma (Buchs, Switzerland) or Merck (Darmstadt,
Germany). Restriction enzymes were from Thermo Scientific
(Reinach, Switzerland), DNA amplification and processing
was performed with reagents from Promega (Diibendorf,
Switzerland).

2.1 | Trypanosome cultures

Bloodstream form TbCls KO parasites were cultured at 37°C
in HMI-9 containing 15% (v/v) heat-inactivated fetal bo-
vine serum, 1 pg/mL of G418, 0.5 pg/mL of hygromycin,
0.1 pg/mL of puromycin, 1 ug/mL of blasticidin (InvivoGen,
Muttenz, Schweiz), and in the presence or absence of 1 ug/
mL of tetracycline to maintain or ablate, respectively, TbCls.
TbCls KO parasites expressing in-situ-tagged proteins
were cultured in the presence of an additional 1.5 pg/mL of
phleomycin.

2.2 | Generation of ThCls conditional
knock-out mutants

To generate plasmids to replace the endogenous TbCls
genes, blasticidin, and hygromycin resistance cassettes
consisting of a PARP promoter, the resistance gene and a
tubulin 3" UTR were amplified from pXS2 expression vec-
tors (courtesy of James D. Bangs, University of Buffalo,
NY) and inserted into a plasmid containing 400 bp long
recombination sequences flanking the TbCls ORE.”
Prior to transfections into NY single marker bloodstream
forms,’’ plasmids were cut upstream and downstream
of the recombination sequences using Xhol and Notl.
The inducible hemagglutinin (HA)-tagged ectopic copy
of TbCls was constructed by PCR amplification of the
Tb927.4.2560 ORF as described.”” Prior to transfection,
the vector was linearized with Norl. Clones were obtained
by limiting dilution and antibiotic selection using 1 ug/mL
of blasticidin, 0.1 ug/mL of puromycin, 0.5 ug/mL of hy-
gromycin, and 1 pg/mL of tetracycline. Clones were PCR-
tested for correct integration using primer 5'UTR_control
TCGTCCGCGCCTTTGTGTAGCTA, which binds 50 bp
upstream of the 5’-recombination site, in combination with
different reverse primers. Construction of c-Myc-tagged
proteins was done as described.”’

%ASEBJOURNALJ—

2.3 | Southern blot analysis

For Southern blot analysis, 1.5 pug Ncol or Pstl/Sphl-digested
genomic DNA was separated on a 1% agarose gel and trans-
ferred to hybond-N + nylon transfer membrane (Amersham
Pharmacia Biotech, Glattbrugg, Switzerland) using 10xSSC
buffer (150 mM Nas-citrate, pH 7.0, 1.5 M NaCl) as described.”
The membrane was probed with a 400 bp 32p_Jabeled PCR
product of the TbCls 3'UTR generated with the prime-a-gene
labeling system (Promega). Primers used for PCR were: 3'UTR _
fwd CCCTCTAGACAGCTCACGAACCGTGCCCTA and
3'UTR_rev: CCCGCGGCCGCTATCCGTCGAGGGCCA
CCC. Hybridized probe was detected by autoradiography using
BioMax MS films in combination with intensifying screens.

2.4 | Metabolic labeling

Approximately 10 parasites in mid-log phase were labeled
with 10 uCi [3H]-glycerol for 6 hours followed by washing,
lipid extraction, thin-layer chromatography, and radioisotope
scanning as described.®

2.5 | Preparation of crude membrane
fractions and membrane proteins

Crude mitochondrial preparations were obtained by digi-
tonin extraction as described elsewhere.* Briefly, 10® tryp-
anosomes were washed in SBG buffer (150 mM Tris-HCI,
pH 7.9, 20 mM glucose monohydrate, 20 mM NaH,PO,)
and parasites collected by centrifugation (1500 g, 5 min).
Cells were suspended in 0.5 mL of SoTE (20 mM Tris-HCI,
pH 7.5, 0.6 M sorbitol, 0.2 mM EDTA) followed by the
addition of SoTE containing 0.05% (w/v) digitonin. After
5 minutes incubation on ice, non-lysed cells were removed
by centrifugation for 5 minutes at 800 g and crude mem-
brane fraction was collected by another centrifugation step
(6000 g, 5 minutes, 4°C). For complete membrane lysis and
extraction of membrane proteins, the pellet was dissolved
in 100 pL of extraction buffer (20 mM Tris-HCI, pH 7.2,
15 mM NaH,PO,, 0.6 M sorbitol) containing 1.5% (w/v)
digitonin and incubated on ice for 15 minutes. Solubilized
proteins were cleared from insoluble material by centrifu-
gation (16 000 g, 30 minutes at 4°C) and used for further
analysis. Carbonate extraction was done as described.”’

2.6 | Immunoprecipitation of TbCls-HA

To immunoprecipitate TbCls-HA, crude membranes isolated
from 5x10° parasites were solubilized with 100 pL RIPA
buffer (25 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.1% SDS,
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0.5% sodium deoxycholate, 1% NP-40) and heated to 65°C for
5 minutes. After dilution with 900 pl of IP buffer (10 mM Tris-
HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
0.5% NP-40, protease inhibitors) and centrifugation (16 000 g,
30 minutes at 4°C), anti-HA (16B12, Enzo Life Sciences) an-
tibody was added in combination with Protein G Dynabeads
(Thermo Scientific) and incubated for 16 hours. After washing
with IP buffer, proteins were eluted by SDS sample buffer and
analyzed by immunoblotting as described below.

2.7 | Polyacrylamide gel electrophoresis and
immunoblotting

Proteins were denatured by SDS and separated using 12% po-
lyacrylamide gels under reducing conditions (SDS-PAGE).
Alternatively, blue native polyacrylamide gel electrophore-
sis (BN-PAGE) was performed using digitonin extracts and
separation by 4%-12% acrylamide gradient gels at 4°C.*
Subsequently, proteins were transferred onto nitrocellulose
membranes (Thermo Scientific) or Immobilon-P polyvinylidene
difluoride membranes (Millipore, Billerica, MA) using a semi-
dry protein blotting system (BioRad, Cressier, Switzerland).
After blocking the membrane in TBS (10 mM Tris-HCl pH
7.5, 144 mM NaCl) containing 5% (w/v) milk powder, mem-
branes were exposed to primary antibodies mouse anti-Hsp70
(provided by André Schneider, University of Bern, Switzerland
or 41), mouse anti-HA (HA.11, 16B12, Enzo Life Sciences,
Lausen, Switzerland), rabbit anti-ATP synthase subunits f3, p18,
ATPaseTbl, ATPaseTb2, and OSCP,* rabbit anti-AAC and
anti-VDAC,® mouse anti-AOX (provided by Minu Chaudhuri,
Chicago Medical School, Chicago, IL), diluted 1:1000-1:5000
in TBS containing 5% (w/v) milk powder. Horseradish peroxi-
dase-conjugated secondary anti-mouse and anti-rabbit antibod-
ies (Dako, Glostrup, Denmark) were used at concentrations of
1:5000 and 1:1000, respectively, and detected using an enhanced
chemiluminescence detection kit (Thermo Scientific). Protein
sizes were determined using PageRuler Plus Prestained Protein
Ladder (Thermo Scientific) and NativeMark Unstained Protein
Standard (Invitrogen). For protein quantitation, total cell lysates
from 4 x 10° cells were loaded on TGX stain-free precast gels
(BioRad) and subjected to SDS-PAGE before transfer to poly-
vinylidene difluoride membranes. Subsequently, proteins were
immunodetected by specific antibodies and visualized using
ChemiDoc Gel Imaging System. Signals from TbCls-depleted
cells were compared to control samples and then normalized to
Hsp70 loading control. The relative expression of the individual
proteins was plotted using Graph Pad Prism 8.2.1.

2.8 | Transmission electron microscopy

TbCls KO parasites were cultured in the presence or absence
of tetracycline to maintain or induce, respectively, ablation

of TbCls expression. Trypanosomes were washed in PBS
(pH 7.4, 137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,,
and 1.8 mM KH,PO,) and processed for TEM analysis as

described elsewhere.?”*

2.9 | Stable isotope labeling with amino
acids in cell culture

Stable isotope labeling with amino acids in cell culture
(SILAC) and liquid chromatography-mass spectrometry/
mass spectrometry was done as described before.”’

2.10 | MitoTracker staining

Live trypanosomes (2 x 10° cells) were stained in cul-
ture medium with 100 nM MitoTracker Red CM-H,XRos
(Invitrogen) for 30 minutes. After washing, parasites were
resuspended in PBS, allowed to adhere to a microscope slide
(Thermo Scientific) for 15 minutes, fixed in PBS containing
4% (w/v) paraformaldehyde for 10 minutes, washed and air-
dried before mounting with Vectashield (Vector Laboratories,
Burlingame, CA) containing 1.5 pg/mL of 4',6-diamidino-
2-phenylindole (DAPI). The images were acquired using a
Leica DMI6000 B microscope with 60x oil objective.

2.11 | Metabolomic analysis

Metabolites were extracted from 10® parasites by rapid cool-
ing to 4°C by submersion of the tube in a dry ice/ethanol
bath. After centrifugation for 10 minutes at 1000 g, the su-
pernatant was removed completely and the pellet was sus-
pended in 200 pL chloroform/methanol/water (1:3:1 ratio) at
4°C. After mixing with a pipette, samples were rocked for
1 hour at 4°C, cleared at 13 000 g for 3 minutes and 180 pL
of the supernatant was transferred into a new tube and stored
at —80°C until analysis.

Hydrophilic interaction liquid chromatography (HILIC)
was carried out on a Dionex UltiMate 3000 RSLC system
(Thermo Fisher Scientific, Hemel Hempstead, UK) using
a ZIC-pHILIC column (150 mm X 4.6 mm, 5 um column,
Merck Sequant). The column was maintained at 30°C and
samples were eluted with a linear gradient of solvent A
(20 mM ammonium carbonate in water) in acetonitrile over
26 min at a flow rate of 0.3 mL/min. For mass spectrometry
(MS) analyses, a Thermo Orbitrap Fusion (Thermo Fisher
Scientific) was operated in polarity switching mode and the
MS settings were as follows: resolution 120 000; AGC 2e5;
m/z range 70-1000; sheath gas 40; Auxiliary gas 5; sweep gas
1; probe temperature 150°C; capillary temperature 325°C.
For positive mode ionization: source voltage +4.3 kV. For
negative mode ionization: source voltage —3.2 kV. S-Lens
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RF level 30%. Fragmentation was performed with the fol-
lowing parameters: collision energy: 60%; stepped collision
energy: 35%; isolation window: 2; dynamic exclusion after 1
time; exclusion duration: 6 seconds; exclude isotopes: true;
minimum intensity: 50 000. Instrument raw files were con-
verted to positive and negative ionization mode mzXML
files. These files were then analyzed using PIMP** in combi-
nation with FrAnK (an in-house fragmentation tool).

212 |
(AWm)

Mitochondrial membrane potential

In vivo AYm was measured using the cell-permeant red-
fluorescent dye TMRE (tetramethylrhodamine ethyl ester,
Thermo Fisher Scientific). For each time point, an equal
number of parasites (3 X 106) was harvested and resuspended
in culture medium containing 60 nM TMRE. Mitochondrial
staining was carried out for 30 minutes under standard culture
conditions (37°C and 5% CO,). Subsequently, trypanosomes
were spun down at 1400 g for 10 minutes at room temper-
ature, resuspended in 1 mL of 1x PBS (10 mM phosphate
buffer, 130 mM NaCl, pH 7.3), and immediately analyzed
by flow cytometry (BD FACS Canto II Instrument) using
the PE filter. For each sample, 10 000 events were collected.
Treatment with 20 pM FCCP (carbonyl cyanide 4-(trifluo-
romethoxy) phenylhydrazone) was used as a control for mi-
tochondrial membrane depolarization. Data were evaluated
using BD FACS Diva (BD Company) software. The experi-
ments were performed in triplicate.

In situ A¥m of permeabilized cells was determined flu-
orometrically employing safranin O. For each time point,
2 x 10 parasites were harvested and washed once with ANT
buffer (§ mM KCI, 110 mM K-gluconate, 10 mM NacCl,
10 mM free-acid Hepes, 10 mM K,HPO,, 0.015 mM EGTA
potassium salt, 10 mM mannitol, 0.5 mg/mL of fatty ac-
id-free bovine serum albumin, 1.5 mM MgCl,, pH 7.25).4
The cell pellet was resuspended in 200 pL of ANT buffer
containing 5 pM safranin O, 40 pM digitonin and 2 mM ATP
(PanReac AppliChem), and subsequently transferred into a
white flat-bottom 96-well microtiter plate. Fluorescence was
recorded in a Tecan Infinite 200 PRO series plate reader
using 496 and 586 nm excitation and emission wavelengths,
respectively. The F F,-ATP synthase inhibitor oligomycin
(10 pg/mL) and the uncoupler SF6847 (250 nM) (Enzo Life
Sciences) were added where indicated. The experiments were
performed in triplicate.

2.13 | Oxygen flux analysis

The oxygen consumption rate was determined using the
Oroboros Oxygraph-2K  (Oroboros Instruments Corp.,
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Innsbruck, Austria). For each time point, 2 X 10 parasites
were harvested and washed once with Mir05 mitochondrial
respiration medium (0.5 mM EGTA, 3 mM MgCl,, 60 mM
lactobionic acid, 20 mM taurine, 10 mM KH,PO,, 20 mM
Hepes, 110 mM sucrose, 1 mg/mL of fatty acid-free bo-
vine serum albumin, pH 7.1). The pellet was resuspended in
2.1 mL of Mir05 and transferred into the respiration chamber
at 37°C under constant stirring. To trigger AOX-mediated
respiration, 20 mM DL-glycerol-3-phosphate was added.
Once the maximal respiration rate was achieved, respira-
tion was inhibited by addition of 250 pM SHAM (salicylhy-
droxamic acid). The most stable portion of either the oxygen
consumption rate slope or the oxygen concentration in the
chamber slope was determined for each biological replicate
after the addition of the substrate and the inhibitor. The val-
ues were plotted and analyzed statistically using GraphPad
Prism 8.0 software.

2.14 | ATP measurements

Both the ADP/ATP ratio and the total cellular ATP content
were measured using a bioluminescence-based ADP/ATP
assay kit (Sigma) following the manufacturer's protocol. In
brief, 1 x 10° parasites per time point were harvested and
washed once with PBS-G (1x PBS containing 6 mM glu-
cose). Cells were resuspended in 10 pL of PBS-G and trans-
ferred into a white flat-bottom 96-well microtiter plate.
Bioluminescence was recorded using an Orion II microplate
luminometer (Titertek Berthold) and the ADP/ATP ratios
were calculated according to the manufacturer's protocol.
The ADP/ATP ratio and the ATP content (first fluorescence
read of the assay) of TbCls-depleted trypanosomes were ex-
pressed relative to control parasites using GraphPad Prism
8.0 software.

3 | RESULTS

3.1 | Generation and characterization of
bloodstream form conditional TbCls knock-out
parasites

To study the importance of CL in an organism lacking a
canonical cytochrome-containing electron transport chain
(ETC), we generated T brucei bloodstream form TbCls con-
ditional knock-out (TbCls KO) mutants by deleting both
endogenous TbCls genes and expressing a tetracycline-
dependent HA-tagged ectopic copy of TbCls (Figure 1A).
Replacement of both TbCls alleles in the conditional TbCls
knock-out mutant was confirmed by Southern blotting
(Figure S1A) and the presence and correct genomic integra-
tion of the two antibiotic resistance genes was verified by
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PCR using gene-specific primers (Figure S1B). Removal of
tetracycline from the culture medium for 24 hours resulted
in a reduction of TbCls mRNA (Figure 1B), disappearance
of HA-tagged TbCls (Figure 1C) and growth arrest after
48 hours followed by parasite death (Figure 1D), demonstrat-
ing that expression of TbCls is essential in T brucei blood-
stream forms and that growth of parasites can be maintained
by expressing a tetracycline-dependent HA-tagged copy of
TbCls. De novo production of CL was analyzed by in vivo
[3H]-glycerol labeling of TbCls KO parasites and revealed
that after TbCls depletion for 24 hours no label was incor-
porated into CL (Figure 1E), showing that ablation of TbCls
expression inhibits CL synthesis. To examine whether CL

depletion leads to defects in mitochondrial structural and
functional integrity, we first analyzed mitochondria ultras-
tructure by transmission electron microscopy. Electron mi-
crographs of TbCls KO parasites after O and 48 hours of CL
depletion showed no obvious morphological defects in mito-
chondria (Figure 2A). In contrast, examination of the A¥Ym
using the potential-dependent dye MitoTracker Red and fluo-
rescence microscopy revealed that parasites lacked the typi-
cal mitochondrial staining observed in control trypanosomes
after depletion of TbCls for 24 hours (Figure 2B). In addi-
tion, we analyzed the A¥m during TbCls depletion using the
fluorescent lipophilic dye, tetramethylrhodamine ethyl ester
(TMRE), in non-quenching mode averaged over the entire
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FIGURE 1

Characterization of conditional TbCls KO bloodstream form parasites. A, The strategy to generate an inducible TbCls KO

involved replacement of one allele with a resistance gene conferring blasticidin resistance, introduction of an ectopic tetracycline-inducible

C-terminally HA-tagged TbCls ORF followed by replacement of the second

TbCls allele with a hygromycin resistance gene. B, Quantitative

PCR assessment of TbCls mRNA after 24 hours of tetracycline removal relative to the two housekeeping genes triosephosphate isomerase (TPI)

or telomerase (Telo). C, Immunoprecipitation and immunoblot analysis of HA-tagged TbCls before (0) or after 24 hours of tetracycline removal.

Hsp70 was used as input control. D, Growth curve of conditional TbCls KO

cells cultured in the presence (filled circles) or absence (filled squares)

of tetracycline to induce TbCls depletion. The data points represent mean values + SD from three independent experiments. The inset shows the
TbCls mRNA abundance detected by Northern blot analysis after 0 and 48 hours of TbCls depletion (upper panel) and the rRNA loading control
(lower panel). E, In vivo metabolic labeling of TbCls KO parasites before (top panel) or after TbCls depletion for 24 hours (bottom panel) with

[3H]—glycer01 for 6 hours followed by phospholipid extraction and analysis u

sing thin-layer chromatography and radioisotope scanning
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cell population.*’ Our comparative measurements showed a
marked reduction in AWm by ~50% after 24 hours and ~75%
after 48 hours of TbCls depletion compared to control para-
sites (Figure 2C).

3.2 | F,F;-ATPase complex organization and
activity during CL depletion

In T brucei bloodstream forms, the A¥m is maintained by
ATP-dependent proton-pumping activity of F F;-ATPase
complexes.3O’31 To test if the drop in AWYm was caused by a
destabilization of F F,-ATPase complexes as a result of de-
creased CL levels, light blue native gel electrophoresis was

7 0f 16

performed. Native complexes were detected after immunob-
lotting with specific antibodies against F; subunits 3 and p18
or F, subunit Tb2.***® The results show a mild reduction in
the abundance of the monomeric/dimeric state of the F F,-
ATPase complex accompanied by an accumulation of the
F, assembly intermediate after 24 hours of TbCls depletion,
which becomes more pronounced after 48 hours of TbCls
depletion (Figure 3A). To assess the ability of F F;-ATPase
complexes to pump protons, we measured uptake of safranin
O into mitochondria of digitonin-permeabilized cells in the
presence of exogenously added ATP. Safranin O is a lipo-
philic cationic dye that, upon membrane potential-depend-
ent uptake into mitochondria, undergoes a spectral change
and fluorescence quenching that can be used to estimate

(A)

+ tet

- tet, 48 h

2z

‘»

c

$_10-

Ly

82‘ 6

? S -

ox

52 41

5< —==
L 24

LlJ —-
m 0 1 T ] 1 1
= 0 4 24 48 +FCCP

Hours upon tet removal

FIGURE 2 Mitochondrial characterization of TbCls KO parasites. A, Transmission electron microscopy of TbCls KO cells cultured in the
presence (+tet) or the absence (—tet) of TbCls expression for 48 hours. B, MitoTracker staining of live parasites before (+tet) or after (—tet) TbCls
depletion for 24 hours. Arrows point to cells lacking MitoTracker staining. C, The AYm of TMRE-stained TbCls KO cells before (0) or after
depletion of TbCls for 4, 24, or 48 hours was measured using flow cytometry. FCCP was used to dissipate A¥m. The median fluorescence + SD

from three biological replicates is depicted
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AWm.* Relative to control parasites expressing TbCls, we
observed a ~20% reduction of safranin O uptake after deple-
tion of TbCls for 24 hours, while a decrease of ~40% was
detected after 48 hours of TbCls ablation (Figure 3B-D).
The difference between the A¥Ym measured by TMRE in in-
tact cells (see Figure 2C) and safranin O uptake measured

in digitonin-permeabilized cells in the presence of excess
ATP suggests that early during depletion of TbCls, ie, after
24 hours, lack of ATP rather than loss of F F,-ATPase func-
tion is responsible for the drop in A¥Ym. Indeed, quantitation
of the ADP/ATP ratio and total ATP levels after 24 hours of
TbCls depletion revealed an increase in the ADP/ATP ratio
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FIGURE 3 Functional assessment of the mitochondrial F F;-ATP synthase complex. A, Native F,- and F F,-ATPase complexes were
visualized using light blue native electrophoresis. Purified mitochondria from =+tet cultures were lysed with dodecyl maltoside, fractionated on
3%-12% Bis-Tris gels and blotted onto a PVDF membrane. The F,-ATPase and F F;-ATPase monomer and dimers were detected using polyclonal
antibodies recognizing F;-ATPase subunits § and p18, or F F;-ATPase subunit Tb2. Representative images from two independent experiments are
shown. B and C, The ability of TbCls KO parasites cultured in the presence (+tet) or absence of tetracycline (—tet) for 24 or 48 hours to establish
A¥m in vitro was measured using a fluorescent indicator, safranin O, in the presence of excess ATP. The reaction was triggered by the addition
of digitonin. The extent of the spectral change correlates linearly to A¥m. The A¥Ym was dissipated after the addition of the uncoupler SF6847
(B) or oligomycin (C). D, The fluorescence changes between the time points 0 and 340 seconds were normalized to the value of TbCls KO (+tet)
and plotted using Graph Pad Prism 8.2.1 (n = 3); ****P < .0001, Student's t test). E and F, Comparison of ADP/ATP ratios (E) and cellular ATP
content (F) in TbCls KO parasites cultured in the presence (+tet) or absence of tetracycline (—tet) for 24 hours (box and whisker plot, min to max,
n > 3; ¥¥¥¥P < .0001)
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TABLE 1 Metabolomic changes triggered by depletion of TbCls

Log2 fold change (24 h) Metabolite

-7.63 Tetracycline

—2.20 Torachrysone 8-glucoside

-2.14 10-formyldihydrofolate

—1.86 Nocardicin ¢

-1.57 kaempferol
3-(2”-acetylrhamnoside)

—1.53 Phosphoarginine

-1.29 (s)-dihydroorotate

—0.84 Galactonic acid

—-0.84 D-Gluconic acid (or other
oxidized hexose)

—-0.69 L-Cystathionine

—0.51 Acetoacetate

—0.38 L-Threonine

0.49 Ethanolamine phosphate

0.73 sn-Glycerol-3-phosphate

0.78 Guanine

1.30 1-n2-(2-carboxyethyl)
arginine

1.79 AMP

Note: List of mass spectrometry signals matched to known standards. The

log2 fold change between metabolites found in parasites expressing TbCls and
depleted of TbCls for 24 hours are listed. Metabolites shown had a significance
at a p-value of <.05.

(Figure 3E) and a drop in cellular ATP (Figure 3F) compared
to control cells. In summary, after 24 hours of TbCls deple-
tion, F_F;-ATPase structure and activity appear to be only
marginally affected, yet the A¥m is strongly reduced, likely
due to the drop in cellular ATP.

3.3 | Metabolomic analyses of TbCls-
depleted trypanosomes

To identify possible metabolic changes caused by TbCls
depletion, we performed metabolomic analyses of parasites
after 12 and 24 hours of TbCls depletion and compared
metabolite levels to control cells. Interestingly, of a total
of 5050 detected peaks, we observed significant changes
(P-values < .05) in several key metabolites associated with
energy deprivation. While the levels of phosphoarginine,
acetoacetate, and oxidized hexoses were decreased, AMP
levels were increased (Table 1). Phosphoarginine represents
the equivalent to phosphocreatine in vertebrates by provid-
ing high-energy phosphate groups to replenish ATP levels
on a short time-scale and is produced by multiple isoforms of
phosphoarginine kinases.’ Acetoacetate represents a ketone
body produced under conditions of starvation and has been
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identified in T brucei before,5 ! whereas oxidized hexoses, for
example, D-gluconate, are substrates for the pentose-phos-
phate pathway for nucleotide biosynthesis and formation of
NADPH, a key reducing agent for protection against oxida-
tive stress in trypanosomes.52

Pathway analyses using Polyomics integrated
Metabolomics Pipeline PiMP* revealed no consistent
changes in metabolite levels in the glycolytic pathway, the
TCA cycle or amino acid metabolism, while glycerolipid me-
tabolism was the most significantly changed pathway between
control and 24 hours TbCls-depleted parasites, highlighted
by increased levels of glycerol and glycerol-3-phosphate
(Figure S2). Together, the metabolomic analyses support the
above observations that parasites after 24 hours of TbCls de-
pletion are in an energy-deprived state.

3.4 | Proteomic changes during
CL depletion

Using SILAC and mass spectrometry we subsequently com-
pared the proteomes of mitochondria-enriched extracts from
T brucei bloodstream forms after depletion of TbCls for 12
and 24 hours with parasites expressing TbCls. Previous ex-
periments have shown that labeled amino acids are uniformly
incorporated into the proteome in 7T brucei parasites”’5 3 and
that parasite growth was not affected by the different culture
media used for SILAC (Figure S3).

Our analyses revealed >1100 proteins in each of the bio-
logical triplicate from all three time points (0, 12 and 24 hours
of TbCls ablation). We identified a large number of proteins
with altered expression levels after 12 and 24 hours of TbCls
depletion compared to control trypanosomes (Figure 4A-C),
with >110 proteins with fold-changes of downregulation
of >1.6 (Figure 4D, Table S1) and >35 proteins with fold-
changes of upregulation of >1.4 (Figure 4D, Table S2).

Among the downregulated proteins, (predicted) mito-
chondrial proteins comprised the largest group (Figure 4D,
Table S1). Interestingly, we identified two known subunits of
ATP synthase, Tb1 (Tb927.10.520) and Tb2 (Tb927.5.2930),
and several proteins annotated as novel subunits of ATP
synthase (Tb927.2.3610, Tb927.11.600, Tb927.3.1690,
Tb927.11.1270) (Figure 4D, Table S1). In addition, among
the downregulated proteins, we identified six (putative)
proteins involved in amino acid metabolism, with two of
them representing putative amino acid transporters of the
AAT4 family with unknown specificities and localization
(Tb927.4.4830/4850/4870; Tb927.4.4860), one being a puta-
tive mitochondrial amino acid transporter of the AAT17 family
(Tb927.11.15950) and the other annotated as putative lysine
transport protein (Tb927.11.15840/15860). Furthermore,
downregulation was also observed for several mitochon-
drial and cytosolic proteins involved in energy metabolism,
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FIGURE 4 Cardiolipin-induced changes in protein levels. A-C, SILAC analysis of protein abundance during depletion of TbCls. Membrane-
enriched fractions from TbCIsKO parasites cultured for 0, 12, or 24 hours (indicated by red arrows in A) in the absence of tetracycline to induce
ablation of TbCls expression were analyzed by mass spectrometry. The p-value of each data point was determined by a two-sample t test between
time points 0 and 12 hours (B) and 0 and 24 hours (C) from three biological independent experiments and was plotted against the fold change in
protein abundance after 12 and 24 hours, respectively, relative to the control sample taken at time 0 hours. D, Grouping of proteins that were down-
or upregulated upon TbCls depletion for 24 hours. Gene IDs for downregulated ATP synthase subunits are shown. E, Immunoblot analyses of
TbCls KO cells grown in the presence (0) or absence of tetracycline for 4, 24, and 48 hours (left panels). The bars (right panels) represent relative
protein amounts in samples after 24 and 48 hours of TbCls depletion compared to controls and represent mean values + SD from at least three

independent experiments (quantitation of immunoblots). *P < .01

such as putative enoyl-CoA hydratase (Tb927.11.16480), synthetase (Tb927.6.2010), putative NADH-cytochrome
malic enzyme (Tb927.11.5450), putative hydroxymeth- b5 reductase (Tb927.5.1470), putative adenylate kinase
ylglutaryl-CoA lyase (Tb927.4.2700), putative acyl-CoA (Tb927.10.2540) and pyruvate kinase 1 (Tb927.10.14140).
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The list of downregulated proteins also comprised proteins in-
volved in nucleotide metabolism (two adenosine transporters,
ribonucleoside-diphosphate reductase) and N-glycosylation
(putative dolichyl-P-Man:GDP-Man7GlcNAc2-PP-dolichyl
alpha-1,6-mannosyltransferase, putative UDP-Gal/UDP-
GlcNAc-dependent glycosyltransferase) and two large sets
with nuclear/nucleolar proteins and proteins involved in RNA
synthesis/processing (Table S1).

Among the upregulated proteins, we identified proteins
involved in energy production via carbohydrate metabolism,
including the bloodstream form-specific glucose transporter
THT1 (Tb927.10.8440), hexokinase (Tb927.10.2010), fruc-
tose-bisphosphate aldolase (Tb927.10.5620) and glycer-
aldehyde 3-phosphate dehydrogenase (Tb927.10.6880)
(Figure 4D, Table S2), and several mitochondrial enzymes
connecting amino acid metabolism to the TCA cycle, such as
glutamate dehydrogenase (Tb927.9.5900), putative hydroxy-
glutarate dehydrogenase (Tb927.10.9360), putative 2-oxog-
lutarate dehydrogenase, component E1 (Tb927.11.9980) and
succinate dehydrogenase assembly factor 2 (Tb927.6.2510).
Remarkably, several nutrient and ion transporters ranked
among the most highly upregulated proteins, such as
putative mitochondrial amino acid transporter AAT7
(Tb927.8.7610/8.7640; 2.3-fold upregulation), aquaglycero-
porin 1 (Tb927.6.1520; 2.1-fold upregulation), mitochondrial
folate transporter (Tb927.8.3650; 1.9-fold upregulation) and
putative mitochondrial V-type ATPase (Tb927.4.1080; 1.5-
fold upregulation).

To verify CL-dependent downregulation of selected mi-
tochondrial proteins, protein extracts from T brucei blood-
stream forms after downregulation of TbCls were analyzed
by SDS-PAGE and immunoblotting using antibodies rec-
ognizing F F;-ATPase subunits, mitochondrial membrane
proteins or mitochondrial matrix proteins (Figure 4E). The
results after TbCls depletion revealed decreased levels of
several F, subunits (>20 and >50% reduction after 24 and
48 hours, respectively) and F; subunits (>20% reduction after
24 and 48 hours) of the F F;-ATPase complex (Figure 4E, top
two panels) and the inner mitochondrial membrane proteins
AOX (Tb927.10.7090; ~25% reduction after 24 hours) and
ADP/ATP carrier (AAC; Tb927.10.14830; ~30% reduction
after 24 hours) (Figure 4E, middle panel). These results are
in line with the SILAC/mass spectrometry data showing re-
duced levels of several F F;-ATPase complex subunits (see
Table S1) and a reduction in AOX (~20% decrease after
24 hours; AAC was not detected in the SILAC experiments).

In bloodstream form trypanosomes, glycolysis and thus
ATP production is directly coupled to mitochondrial res-
piration via an unconventional ETC composed of glycer-
ol-3-phosphate dehydrogenase and AOX.>* To assess if the
CL-induced drop in ATP levels is linked to decreased cellular
respiration, we measured oxygen consumption rates of live
parasites during the depletion of TbCls. Our results show that
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O, consumption after 24 and 48 hours of CL depletion was
significantly reduced relative to control cells (Figure 5A,B).
Since AOX is a dimer bound to the inner mitochondrial
membrane via a hydrophobic region in an interfacial fash-
ion,5 > we tested if CL may be involved in membrane binding
of AOX. We performed carbonate extraction experiments
with isolated mitochondria from parasites before and after
depletion of CL and found that AOX expression is indeed
decreased (Figure 5C; see also Figure 4E), however, parti-
tioning of AOX between pellet and supernatant fractions was
unchanged between TbCls-depleted and control parasites
(Figure 5C), demonstrating that depletion of CL affected
AOX steady-state levels but not binding to the inner mito-
chondrial membrane.

4 | DISCUSSION

High-resolution structures have revealed specific binding of
CL to mammalian and yeast respiratory complexes 1,7 m®?
and IV'? of the inner mitochondrial membrane. In addition,
CL stimulates the activities of these complexes and stabilizes
supercomplex formation."" As a result, in CL-deficient mam-
malian, yeast and plant cells, mitochondrial ultrastructure and
function, in particular respiration, is affected. In spite of these
defects, the cells are viable.?*%%7 In contrast, CL is essential
for the survival of T brucei procyclic forms in culture.?>8
Here, we investigated the effects of CL depletion in T brucei
bloodstream forms, that is, in cells lacking a canonical ETC
and ATP production via oxidative phosphorylation.28

To control de novo CL synthesis, we deleted both alleles
of TbCls in T brucei bloodstream forms and introduced a
tetracycline-dependent copy of HA-tagged TbCls. Upon re-
moval of tetracycline from the culture medium, TbCls ex-
pression was downregulated and de novo synthesis of CL
was inhibited. These conditions resulted in a growth arrest
of parasites followed by cell death, demonstrating that the
production of CL in T brucei bloodstreams forms is essential
for parasite survival in culture.

Interestingly, after inhibition of CL synthesis, proteomic
analyses revealed markedly reduced levels of many mitochon-
drial proteins. Most notably, several confirmed and predicted
subunits of the inner mitochondrial membrane F F;-ATPase
complex were severely downregulated. CL is tightly associ-
ated with the F F,-ATP synthase,58’59 and crystal structures
have revealed CL binding sites in the rotor-stator interface,
the dimer interface, and in a peripheral F, caVity.5 ? Molecular
modeling suggests that CL participates in proton transloca-
tion through the membrane domain.® Upon CL depletion
in Drosophila flight-muscle mitochondria, F F;-ATP syn-
thase dimers are destabilized and their lateral membrane
distribution is distorted.® In T brucei bloodstream forms,
we observed a destabilization of F F;-ATPase dimers and
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monomers during CL depletion leading to accumulation of
F,-ATPase subcomplex. Functional uncoupling of the F_ and
F, domains of the F_F,-ATPase has been observed before in
naturally occurring and drug-induced dyskinetoplastic blood-
stream form trypanosomes,61 which maintain the AWm in an
F,-independent fashion® by coupling F;-ATPase activity
with the electrogenic exchange of cytosolic ATP* for mito-
chondrial matrix ADP* by the AAC. However, this mecha-
nism is conditioned by acquiring specific mutations in the F;
subunits,*>% which presumably increase the enzyme's capac-
ity to hydrolyze ATP. Without these mutations, bloodstream
form parasites are not capable of maintaining AWm in the F-
independent mode.> These observations are consistent with
our results of the A¥Ym measurements in vivo by TMRE and
in vitro by safranin O at 48 hours of CL depletion. The de-
creased levels of the coupled F F,-ATPase led to a substantial
drop in AWm. Interestingly, at 24 hours of TbCls depletion,
the AWYm measured in vivo by TMRE was already decreased
by 50%, while in vitro safranin O uptake measurements in
presence of excess ATP revealed only a 20% reduction in
AW¥m, suggesting that at this early timepoint it is the lack of
the substrate, that is, ATP, rather than the dysfunction of the
F F,-ATPase that leads to the observed A¥m phenotype.

In addition to a downregulation of F F,-ATPase subunits,
CL depletion resulted in a decrease of several (putative)

transporters. It has been shown before that CL associates
with and affects the activity of the mitochondrial AAC.%46
In addition, CL stimulates the activities of the carnitine/acyl-
carnitine transporter66 and the phosphate carrier,’” and it is
possible that additional mitochondrial carriers also depend
on CL for proper function."? Although the subcellular local-
ization of several of the T brucei transporters downregulated
after CL depletion has not been experimentally established,
our data suggest that they may localize to the inner mitochon-
drial membrane, where they interact with CL and become
depleted after inhibition of de novo CL synthesis. Two mi-
tochondrial amino acid transporters, amino acid transporter
AATI17 (Tb927.11.15950) and L-lysin transport protein
(Tb927.11.15840), which have not yet been associated with
CL, were downregulated as well. Whether or not they bind
CL and are downregulated as a direct consequence of CL de-
pletion is not clear, but deserves further attention. Similarly,
although the association of AOX with the inner mitochon-
drial membrane was not disrupted during CL depletion, its
expression was decreased. It is conceivable that the observed
decrease in oxygen consumption by AOX is a direct conse-
quence of reduced CL levels. The T brucei bloodstream form
cellular respiration is coupled to the glycerol-3-phosphate/di-
hydroxyacetone phosphate shuttle in which the mitochondrial
FAD-linked glycerol-3-phosphate dehydrogenase oxidizes
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glycerol-3-phosphate to dihydroxyacetone phosphate and
passes electrons to ubiquinone.54 The reduced ubiquinone is
then oxidized by AOX. Mitochondrial glycerol-3-phosphate
dehydrogenase is tightly bound to the inner mitochondrial
membrane and was proposed to function in a cardiolipin-de-
pendent fashion.®® It is possible that in the absence of CL,
T brucei glycerol-3-phosphate dehydrogenase becomes dys-
functional, and glycerol-3-phosphate is instead converted to
glycerol by glycerol kinase in glycosomes, thereby resem-
bling anaerobic conditions during which only one molecule
of ATP is produced per one molecule of glucose.69 Indeed,
the ablation of TbCls expression led to decreased ATP lev-
els. Further, we also observed an accumulation of glycer-
ol-3-phosphate and glycerol, indicating an improper function
of glycerol-3-phosphate dehydrogenase. Interestingly, accu-
mulation of glycerol is known to be toxic for T brucei para-
sites, which may explain the observed increased expression
of aquaglyceroporins, the transporters mediating glycerol ef-
flux,” during CL depletion.

In addition, ablation of TbCls expression resulted in down-
regulation of several mitochondrial and cytosolic enzymes.
Since none of them is predicted to contain a transmembrane
domain, we believe that their decrease was not a direct ef-
fect of CL depletion but a result of metabolic alterations (see
below). The two sets of proteins comprising downregulated
nuclear/nucleolar proteins and proteins involved in RNA
synthesis/processing likely reflect the parasite's reduced me-
tabolism and slowed growth after prolonged CL depletion.
Together, these observations indicate that the primary effect
of CL depletion in T brucei bloodstream forms is on cellu-
lar respiration and on the structural organization and activ-
ity of the F_F;-ATPase, leading to a progressive loss of the
AW¥m and a dramatic increase in the ADP/ATP ratio as well
as steady-state levels of several (mitochondrial) transporters.

Unexpectedly, and in contrast to previous findings in
procyclic forms,”” depletion of CL in T brucei bloodstream
forms led to an increase in the levels of a large number of pro-
teins (Table S2). Many of these proteins are involved in met-
abolic reactions and pathways to increase ATP production.
Increases in glutamate dehydrogenase (Tb927.9.5900), (pu-
tative) hydroxyglutarate dehydrogenase (Tb927.10.9360) and
2-oxoglutarate dehydrogenase (Tb927.11.9980), as well as
in (putative) amino acid transporter AAT7 (Tb927.8.7610),
are consistent with upregulation of amino acid metabolism,
in particular glutamate catabolism. As reported before, T’
brucei bloodstream forms consume large quantities of glu-
tamine, primarily as an amino group donor.”"”’? Recent in-
tracellular metabolome analyses using '*C-labeled tracking
confirmed that glutamine is catabolized to glutamate and on
to 2-oxoglutarate and succinate.” Among the different possi-
ble pathways leading to production of succinate from gluta-
mate,” our proteomic data suggest that during CL depletion
glutamate dehydrogenase (1.6-fold upregulated) converts
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glutamate to 2-oxoglutarate which is then metabolized to
succinate by 2-oxoglutarate dehydrogenase (1.74-fold upreg-
ulated) and succinyl-CoA synthetase (Tb927.3.2230, 1.12-
fold upregulated) to produce ATP. In addition, 2-oxoglutarate
can be converted to hydroxyglutarate by promiscuous action
of malate dehydrogenase’® (Tb927.10.2560, 1.23-fold up-
regulated) and back to 2-oxoglutarate by hydroxyglutarate
dehydrogenase (1.74-fold upregulated). Although the sub-
strate specificity of (putative) amino acid transporter AAT7
(2.3-fold upregulated) is currently unknown, we propose that
it may be responsible for the increased uptake of glutamine
into the mitochondrion of bloodstream form trypanosomes.
Alternatively, increased production of glutamate could also
result from AAT7-mediated uptake of proline with subse-
quent degradation by proline dehydrogenase (Tb927.7.210;
not detected in our study) and Al-pyrroline-5-carboxylate
dehydrogenase (Tb927.10.3210; not detected in our study).

Furthermore, our data revealed increased levels of addi-
tional enzymes and transporters involved in energy production
in T brucei (Table S2). Upregulation of the glycolytic enzymes
hexokinase (Tb927.10.2010), glyceraldehyde-3-phosphate
dehydrogenase (Tb927.10.6880) and fructose-bisphosphate
aldolase (Tb927.10.5620), and of hexose transporter THT1
(Tb927.10.8440), are again consistent with the parasite's
metabolic response to counteract CL-induced depletion of
ATP. The severity of energy depletion is further reflected in
a decrease in phosphoarginine levels and an increase in the
arginine metabolite N2-(2-carboxyethyl) arginine. In a recent
report, it was shown that in 7' brucei bloodstream forms phos-
phoarginine is exclusively generated by the action of arginine
kinases.”® Although arginine kinase knock-out parasites were
viable in culture,” it is believed that phosphoarginine plays
a central role in regenerating ATP from ADP in situations of
high (short term) energy demand.”

Remarkably, while the analysis of the proteome during
CL depletion revealed a pronounced decrease in the levels of
several subunits of the inner mitochondrial membrane F_F-
ATPase (Table S1; see also above), one protein annotated as
putative ATP synthase subunit (Tb927.11.9420, 1.4-fold up-
regulated) was found to be increased (Table S2). Interestingly,
the protein has been described as a subunit of the peripheral
stalk of the vacuolar H*-ATPase.”® T brucei bloodstream
forms use V-type ATPases and mitochondrial ATPases to
generate proton gradients,30 and recently functional inter-
dependency between both types of ATPases has been re-
ported.77 Knock-downs of V-type ATPase subunits were
shown to induce kinetoplast independence and resistance of
trypanosomes to isometamidium, a DNA intercalating drug
that accumulates in the kinetoplast, indicating that loss of
V-type ATPases affects F F,-ATPase sector coupling.77 The
function of the upregulated V-type ATPase subunit during
CL depletion is not known. The observation that depletion of
V-type ATPase allows for kinetoplast-independent glrowth77
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suggests, however, that its levels were increased in response to
the observed CL-dependent F F,-ATPase sector uncoupling.
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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 F,F,-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, § € 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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Fig 2. ATPaseTb2 is expressed in PF427, BF427, Dk164 T. brucei and T. b. evansi cells and it is a membrane-bound protein. A) The steady state
abundance of ATPaseTb2 (two different exposure times), subunit 8, mtHsp70 and cytosolic adenosine phosphoribosyl transferase (APRT) was determined
in PF427, BF427, Dk164 and T. b. evansi cells by western blot analysis of whole cell lysates from 2.5x10° cells or 1x10° cells (for subunit 8 and APRT)
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matrix). The relevant sizes of the protein marker are indicated on the left.
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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,F1-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 F,F+/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 dsRNA 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
RNAI 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,F{-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 pg) 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 RNAiI 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
RNAIi 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  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 o3B3 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 p 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 F;-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 Ayy,,. 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.1004660.9007

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 buffer (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 pig/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)M0,0,4.4H,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 (Nps) 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), ATPaseTbl (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 RNAIi 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 RNAi 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,) 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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Metabolic adaptation during Trypanosoma bruceri’s life cycle

Trypanosoma brucei is a parasitic protist that causes significant health burden in sub-Saharan
countries endemic for the tsetse fly (Glossina spp.). During the bloodmeal of this insect vector,
the flagellate is transmitted to a variety of mammals, including humans, in which T. brucei
subs. gambiense and T. brucei subs. rhodesiense cause human African trypanosomiasis. During
its life cycle, T. brucei encounters and adapts to very diverse environments that differ in avail-
able nutrients. In the mammalian host, it exists in two major forms: the replicating long-slen-
der bloodstream form (LS-BSF) and the nondividing short-stumpy bloodstream form
(SS-BSE), the latter being pre-adapted to infect the insect vector [1]. While the BSF flagellates
primarily colonize the mammalian bloodstream and utilize the plentiful glucose for their
energy needs, they can also be found in the cerebrospinal fluid and in extracellular spaces of
several tissues, including the brain, adipose tissue, and skin [2,3]. In the insect vector, trypano-
somes occur in three major forms occupying different locations within the fly: the procyclic
form (PCF) resides in the midgut and proventriculus, while epimastigotes and metacyclic try-
pomastigotes are found in the salivary glands. During the fly’s bloodmeal, the latter form
infects the mammalian host. All three forms experience the glucose-poor and amino acid-rich
environment within the insect host. These drastic environmental changes encountered by T.
brucei during its development require significant morphological and metabolic changes and
adaptations [4,5].

The seminal work of Keith Vickerman led to the widely accepted model of a highly reduced
mitochondrial metabolism in the BSF [6,7]. Its single mitochondrion is incapable of oxidative
phosphorylation, and the active electron transport chain (ETC) is minimized to an alternative
pathway composed of glycerol-3-phosphate dehydrogenase (Gly-3-PDH) and the so-called
trypanosome alternative oxidase (AOX), which are linked to each other via a ubiquinol/ubi-
quinone pool [8]. The cytochrome-containing ETC is absent, and the mitochondrial trans-
membrane proton gradient is generated by the reverse activity of the F,F;-ATP synthase
complex at the expense of ATP [9-11]. The proton gradient across the mitochondrial inner
membrane is essential for protein import and transport of metabolites and ions so that vital
mitochondrial processes such as Fe-S cluster assembly [12], RNA editing and processing
[13,14], and cellular Ca** homeostasis are maintained [15,16]. The seemingly simplified bio-
chemical composition of the BSF organelle is underlined by its tube-shaped cristae-poor
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morphology, which is in striking contrast to the extensively reticulated cristae-rich mitochon-
drion of the PCF flagellates (Fig 1).

Because no indications have been obtained yet for the presence of a mitochondrial ATP-
producing system in the BSF, the entire cellular ATP pool is considered to be generated solely
by highly active glycolysis [17]. The glycolytic pathway in trypanosomes is unique in the sense
of sequestration of most of its enzymes within peroxisome-like organelles called glycosomes
[18]. Because the glycosomal membrane is impermeable to large solutes like NAD(H), the
essential reoxidation of glycolytically produced intraglycosomal NADH occurs by a shuttle
mechanism involving the oxidation of glycerol 3-phosphate to dihydroxyacetone phosphate by
the mitochondrial Gly-3-PDH [8].

Classical metabolic studies performed with trypanosomes purified from the blood of
infected rodents or with in vitro—cultured BSF supported the original hypothesis of a drasti-
cally simplified mitochondrial metabolism because under aerobic conditions, glucose is almost
completely catabolized to pyruvate that is excreted from the cells, indicating no need for the
mitochondrial enzymes of the tricarboxylic acid cycle. In the absence of oxygen or when AOX
is chemically inhibited, glycerol 3-phosphate is converted into glycerol that is produced in a
1:1 ratio with pyruvate [19,20]. Occasionally, the production of small amounts of other com-
pounds such as acetate, succinate, and alanine has been reported; however, these products
were instead attributed to the presence of a minor fraction of SS-BSF, a life cycle stage possess-
ing a more elaborated metabolism, with some traits characteristic of the metabolically complex
PCF [21].

In preparation for differentiation into PCF, the SS-BSF up-regulates a subset of mitochon-
drial and other proteins [21]. Moreover, these cells are metabolically active, motile, regulate
their internal pH [22], and excrete end products of glucose metabolism in ratios different than
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the LS-BSF and PCF cells [21]. Differentiation of LS-BSF into SS-BSF is triggered by the
stumpy-inducing factor, and only pleiomorphic strains (e.g., AnTat 1.1) are able to sense this/
these yet-to-be-identified molecule(s) [23]. Extended passaging of pleiomorphic parasites in in
vitro cultures or by syringe between laboratory animals leads to the loss of responsiveness to
the stumpy-inducing factor and thus a failure to differentiate into SS-BSF. Consequently, such
strains (e.g., Lister 427) are called monomorphig, i.e., they exist only as a single form [24].

Interestingly, recent analyses employing the monomorphic LS-BSF strain Lister 427 showed
that, in addition to pyruvate, appreciable amounts of other carbon products (i.e., alanine, ace-
tate, and succinate) are excreted into the cultivation medium [25], implying a need not only
for cytosolic and glycosomal but also for mitochondrial enzymes thus far considered to be
absent (Fig 2). An additional metabolomics study involving heavy-atom isotope-labeled glu-
cose determined that a substantial fraction of succinate, as well as metabolic intermediates
such as malate and fumarate, are glucose-derived and originate from phosphoenolpyruvate via
oxaloacetate. Importantly, phosphoenolpyruvate carboxykinase, a glycosomal enzyme respon-
sible for this conversion, is essential for the BSF parasites [26]. Moreover, the majority of
excreted alanine and acetate is also derived from glucose. Alanine is most likely produced
from pyruvate by the transamination reaction of alanine aminotransferase, a potentially essen-
tial enzyme [27], while glucose-derived acetate is produced from pyruvate by the mitochon-
drial pyruvate dehydrogenase (PDH) complex and additional subsequent enzymatic steps. A
fraction of the acetate produced this way is exported to the cytosol for the de novo synthesis of
fatty acids, which is an essential process (Fig 2) [25]. In addition to glucose, the BSF seems to
uptake and metabolize amino acids such as cysteine, glutamine, phenylalanine, tryptophan,
and threonine [28], implying the existence of an unexpectedly complex metabolic network in
their mitochondrion.

The BSF mitoproteome

To map the BSF mitochondrial proteome (mitoproteome), we first used the available mass
spectrometry data of purified PCF mitochondria [29-37] in order to assemble a comprehen-
sive list of mitochondrial proteins. Next, we asked how many of these proteins were identified
in any mass spectrometry data obtained from BSF cells [38-43]. To our surprise, out of 1,195
constituents of the PCF mitoproteome, 956 were also identified in at least one study of the
BSF, suggesting that, when qualitatively measured, the corresponding mitoproteome is
reduced by only approximately 20% (Fig 1; S1 Table). The surprisingly high, approximately
80% overlap with the PCF mitoproteome might also be a consequence of the heterogeneity of
the examined BSF populations. The heterogeneity may be related to the experimental proto-
cols, the environmental variations (cells grown in vivo versus in vitro), or variations within the
cell cycle (e.g., ATP requirements vary between different cell cycle stages) as well as to the
form type (monomorphic versus pleiomorphic). Indeed, some authors analyzed monomor-
phic strains grown in vitro [40,41], and others examined the pleiomorphic AnTat 1.1 strain
grown either in immunosuppressed rats [43] or in vitro (SI Table) [38]. Therefore, some
LS-BSF cells may have a mitochondrion that is close to the “classical” version, while a subset of
these flagellates may express an extended mitoproteome. However, no apparent differences
were detected between the mitoproteomes from the pleiomorphic and monomorphic BSF
cells, suggesting that, regardless of their status, a surprisingly large repertoire of mitochondrial
proteins is expressed in the BSF stage.

All proteins were then organized into groups based on their Kyoto Encyclopedia of Genes
and Genomes (KEGG) annotations. No striking qualitative differences were observed in the
categories “oxidative phosphorylation” and “core metabolic pathways” comprising many
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enzymes involved in the carbon, amino acid, and energy metabolism (Fig 1, S1 Table). Typical
examples are components of the tricarboxylic acid cycle and subunits of the ETC complexes,
most prominently of respiratory complexes III and IV (Fig 2, S1 Table). Nonetheless, when
quantitative information was available, these proteins were often present in much lower
amounts than in the PCF. While some of these proteins may not perform their expected func-
tion(s) under BSF steady state growth conditions, this finding strongly suggests that the para-
site is capable of swift alterations or adjustments of its metabolism in response to various
environments and differentiation cues. This ability can be exploited during environmental
changes, for example when the LS-BSF migrates from the peripheral blood circulation to other
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extravascular spaces (e.g., in adipose tissue, spinal and cerebral fluids) and during the differen-
tiation to SS-BSF. Therefore, the BSF trypanosomes may uptake different substrates from the
available nutrients according to their immediate needs and metabolize them via a variety of
pathways.

Complex metabolic pathways in the BSF mitochondrion: Does
presence equal activity?

The current metabolic model for BSF excludes a role of the mitochondrion in the ATP produc-
tion by either oxidative or substrate-level phosphorylation [44]. In contrast to this premise,
succinyl-CoA synthase (SCoAS), an enzyme responsible for substrate-level phosphorylation of
ADP to ATP, has been detected in BSF cells, and more importantly, its RNA interference
(RNAi)-mediated silencing produced a severe growth phenotype [45]. This enzyme can be
involved in two ATP-producing pathways. The first one includes activity of 2-oxoglutarate
dehydrogenase (2-OGDH) producing succinyl-CoA from 2-oxoglutarate that originates from
amino acids such as proline and glutamine or can result from transamination reactions by
mitochondrial alanine and aspartate transaminases (Fig 2). While all the enzymes involved in
these reactions were detected in the LS-BSF mitoproteome (Fig 2 and S1 Table), the activity of
2-OGDH remains contradictory because some authors failed to detect it in the pleiomorphic
cells [46], while others recorded its low activity in culture-adapted monomorphic LS-BSF cells
[47]. Puzzlingly, the 2-OGDH subunits E1 and E2 were shown to be essential in BSF not
because of their role in carbon metabolism but rather due to their moonlighting roles in glyco-
somes and mitochondrial DNA maintenance [46,48]. However, in an untargeted metabolo-
mics study using isotope-labeled glucose, up to 30% of excreted succinate remained unlabeled,
supporting its nonglucose origin [26] and making the occurrence of this substrate-level phos-
phorylation reaction even more plausible (Fig 2).

The second phosphorylation pathway includes the acetate:succinate CoA transferase/
SCoAS cycle that contributes to acetate production in the BSF mitochondrion. A substrate for
this reaction—acetyl-CoA—is produced by PDH, an enzymatic complex that is present and
active in the BSF mitochondrion [15,25]. Moreover, PDH was shown to be indispensable for
BSF cells but only in the absence of threonine because under these artificial conditions, PDH
was the only system supplying acetyl-CoA for the essential acetate production [25]. Nonethe-
less, the mitochondrial pyruvate transporter was demonstrated to be essential for BSF in vivo,
supporting PDH’s vital role for the parasite [49]. These results imply that the BSF mitochon-
drion may become an ATP producer under certain conditions, perhaps just for intramito-
chondrial needs (Fig 2).

The presence and potential activity of the aforementioned dehydrogenases that produce
NADH within the mitochondrion imply that the organelle would require reoxidation of this
cofactor. Several possible scenarios for such a capacity can be deduced from the available data
(S1 Table). Although complex I (NADH:ubiquinone oxidoreductase) was shown to be neither
essential for BSF nor contributing to the observed NADH:ubiquinone oxidoreductase activity
[50], it is still assembled in the BSF mitochondrion and may participate in NADH reoxidation
under certain conditions. Reoxidation of reduced NADH molecules can also be achieved by
the activity of the alternative dehydrogenase 2 (Ndh2), an enzyme shown to be important but
not essential for maintaining the mitochondrial redox balance [51]. Last but not least, another
scenario includes the activities of the mitochondrial malate dehydrogenase, fumarate hydra-
tase (i.e., fumarase), and NADH-dependent fumarate reductase, with all three being present in
the BSF mitoproteome (Fig 2, S1 Table). These enzymes reduce glucose-derived oxaloacetate
via malate and fumarate to succinate. Indeed, 3-carbon-labeled succinate was identified in an
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untargeted metabolomics study, implying that this pathway might be active [26]. Still, it should
be noted that it is so far impossible to discriminate between the mitochondrial, glycosomal,
and cytosolic derivations of this metabolite and that only a systematic deletion of the corre-
sponding enzymatic isoforms followed by metabolomics would illuminate the cellular com-
partment in which this glucose-derived succinate is produced. To sum up, the collective
activity of the aforementioned reoxidation enzymes is most likely responsible for the mito-
chondrial NADH regeneration. Possibly, RNAi silencing of the mitochondrial malate dehy-
drogenase and fumarate reductase in the background of complex I and Ndh2 null mutants
would shed light on the quantitative role of each of these enzymes in mitochondrial NADH
reoxidation.

The possible occurrence of the mitochondrial substrate-level phosphorylation reactions
raises an interesting question regarding the mitochondrial bioenergetics of BSF and questions
the origin of ATP that is needed by mitochondrial F,F; ATPase in order to maintain the mito-
chondrial membrane potential. The classical model presumes that ATP is imported into the
organelle via the activity of the ATP/ADP carrier [52,53]. However, the available data—such as
low sensitivity of BSF to treatment with bongkreic acid, an inhibitor of this carrier—raise
some doubts about this assertion. Interestingly, the BSF does not respire when the mitochon-
drial transmembrane proton gradient is dissipated upon treatment with the F,F; ATPase
inhibitor oligomycin or by addition of carbonyl cyanide-4-(trifluoromethoxy)phenylhydra-
zone (FCCP). However, when treated with bongkreic acid, which should halt the activity of
F,F; ATPase by restraining its substrate, the parasite consumes oxygen at the same rate as
untreated cells [54,55]. On one hand, it is possible that the mitochondrial inner membrane
harbors another ATP/ADP carrier; on the other hand, it is a plausible speculation that, when
specific conditions emerge, the BSF mitochondrion has the capacity to employ its complex
enzymatic network to produce ATP by substrate-level phosphorylation to power the F,F;
ATPase.

Concluding remarks

Combined, the available data reveal that the metabolic flexibility and adaptability of the BSF
mitochondrion are much larger than appreciated so far. Mitochondrial metabolism appears to
be controlled at various levels; a developmental program seems to be a major contributor, but
recent advances in the field suggest that other cues may also play a role through fine-tuning
mechanisms. However, the triggers and signaling pathways of these mechanisms remain to be
identified. Furthermore, it should be realized that almost all metabolic studies have been per-
formed with strains well adapted to laboratory conditions. While the proteomic data do not
show any significant differences between the monomorphic and pleiomorphic strains, future
work combining proteomics and metabolomics with functional genomics should be extended
to the mitochondrion of trypanosomes isolated not only from blood but also from other tissues
to determine whether their metabolism is tissue specific and, if so, what is/are the mechanism
(s) that control(s) the changes. Therefore, the virtually unexplored array of pathways and
enzymes begs for attention because it may have important implications for drug target identifi-
cation and future novel chemotherapeutics. Moreover, a decreased morphological complexity,
which is apparently not reflected in metabolic complexity, is an interesting and novel phenom-
enon that can now be efficiently addressed with emerging, increasingly sensitive methods.

Supporting information

S1 Table. List of mitochondrial proteins that were identified in proteomic analysis of PCF
cells (columns F, G, and H) and of BSF cells (columns L, J, K, L, M, and N). The column

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006679 December 21,2017 6/9


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006679.s001
https://doi.org/10.1371/journal.ppat.1006679

@’PLOS | PATHOGENS

color coding is green for PCF, dark grey for monomorphic BSF, and light gray for pleio-
morphic BSF cells.

1, identified; 0, not identified; BSF, bloodstream form; PCF, procyclic form.

(XLSX)

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Rico E, Rojas F, Mony BM, Szoor B, Macgregor P, et al. (2013) Bloodstream form pre-adaptation to the
tsetse fly in Trypanosoma brucei. Front Cell Infect Microbiol 3: 78. https://doi.org/10.3389/fcimb.2013.
00078 PMID: 24294594

Trindade S, Rijo-Ferreira F, Carvalho T, Pinto-Neves D, Guegan F, et al. (2016) Trypanosoma brucei
parasites occupy and functionally adapt to the adipose tissue in mice. Cell Host Microbe 19: 837-848.
https://doi.org/10.1016/j.chom.2016.05.002 PMID: 27237364

Capewell P, Cren-Travaille C, Marchesi F, Johnston P, Clucas C, et al. (2016) The skin is a significant
but overlooked anatomical reservoir for vector-borne African trypanosomes. Elife; 5:e17717.

Smith TK, Bringaud F, Nolan DP, Figueiredo LM (2017) Metabolic reprogramming during the Trypano-
soma brucei life cycle. F1000Res 6.

Lukes J, Hashimi H, Verner Z, Cigova Z (2010) The remarkable mitochondrion of trypanosomes and
related flagellates. In: Structures and Organelles in Pathogenic Protists. de Souza W., editor. 1 ed:
Springer-Verlag Berlin Heidelberg. pp. 227-252.

Vickerman K (1985) Developmental cycles and biology of pathogenic trypanosomes. Br Med Bull 41:
105-114. PMID: 3928017

Vickerman K (1965) Polymorphism and mitochondrial activity in sleeping sickness trypanosomes.
Nature 208: 762-766. PMID: 5868887

Opperdoes FR, Borst P, Bakker S, Leene W (1977) Localization of glycerol-3-phosphate oxidase in the
mitochondrion and particulate NAD+-linked glycerol-3-phosphate dehydrogenase in the microbodies of
the bloodstream form to Trypanosoma brucei. Eur J Biochem 76: 29-39. PMID: 142010

Nolan DP, Voorheis HP (1992) The mitochondrion in bloodstream forms of Trypanosoma bruceiis ener-
gized by the electrogenic pumping of protons catalysed by the F1F0-ATPase. Eur J Biochem 209:
207-216. PMID: 1327770

Schnaufer A, Clark-Walker GD, Steinberg AG, Stuart K (2005) The F1-ATP synthase complex in blood-
stream stage trypanosomes has an unusual and essential function. EMBO J 24: 4029—-4040. https://
doi.org/10.1038/sj.emboj.7600862 PMID: 16270030

Vercesi AE, Docampo R, Moreno SN (1992) Energization-dependent Ca2+ accumulation in Trypano-
soma bruceibloodstream and procyclic trypomastigotes mitochondria. Mol Biochem Parasitol 56: 251—
257. PMID: 1484549

Lukes J, Basu S (2015) Fe/S protein biogenesis in trypanosomes—A review. Biochim Biophys Acta
1853: 1481-1492. https://doi.org/10.1016/j.bbamcr.2014.08.015 PMID: 25196712

Schnaufer A, Panigrahi AK, Panicucci B, Igo RP Jr., Wirtz E, et al. (2001) An RNA ligase essential for
RNA editing and survival of the bloodstream form of Trypanosoma brucei. Science 291: 2159-2162.
https://doi.org/10.1126/science.1058955 PMID: 11251122

Read LK, Luke$ J, Hashimi H (2016) Trypanosome RNA editing: the complexity of getting U in and tak-
ing U out. Wiley Interdiscip Rev RNA 7: 33-51. https://doi.org/10.1002/wrna.1313 PMID: 26522170

Huang G, Vercesi AE, Docampo R (2013) Essential regulation of cell bioenergetics in Trypanosoma
bruceiby the mitochondrial calcium uniporter. Nat Commun 4: 2865. https://doi.org/10.1038/
ncomms3865 PMID: 24305511

Docampo R, Lukes J (2012) Trypanosomes and the solution to a 50-year mitochondrial calcium mys-
tery. Trends Parasitol 28: 31-37. https://doi.org/10.1016/j.pt.2011.10.007 PMID: 22088944

Gualdron-Lopez M, Brennand A, Hannaert V, Quinones W, Caceres AJ, et al. (2012) When, how and
why glycolysis became compartmentalised in the Kinetoplastea. A new look at an ancient organelle. Int
J Parasitol 42: 1-20. https://doi.org/10.1016/j.ijpara.2011.10.007 PMID: 22142562

Gabaldon T, Ginger ML, Michels PA (2016) Peroxisomes in parasitic protists. Mol Biochem Parasitol
209: 35-45. https://doi.org/10.1016/j.molbiopara.2016.02.005 PMID: 26896770

Clarkson AB Jr., Grady RW, Grossman SA, McCallum RJ, Brohn FH (1981) Trypanosoma brucei bru-
cei. a systematic screening for alternatives to the salicylhydroxamic acid-glycerol combination. Mol Bio-
chem Parasitol 3:271-291. PMID: 6795501

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006679 December 21,2017 7/9


https://doi.org/10.3389/fcimb.2013.00078
https://doi.org/10.3389/fcimb.2013.00078
http://www.ncbi.nlm.nih.gov/pubmed/24294594
https://doi.org/10.1016/j.chom.2016.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27237364
http://www.ncbi.nlm.nih.gov/pubmed/3928017
http://www.ncbi.nlm.nih.gov/pubmed/5868887
http://www.ncbi.nlm.nih.gov/pubmed/142010
http://www.ncbi.nlm.nih.gov/pubmed/1327770
https://doi.org/10.1038/sj.emboj.7600862
https://doi.org/10.1038/sj.emboj.7600862
http://www.ncbi.nlm.nih.gov/pubmed/16270030
http://www.ncbi.nlm.nih.gov/pubmed/1484549
https://doi.org/10.1016/j.bbamcr.2014.08.015
http://www.ncbi.nlm.nih.gov/pubmed/25196712
https://doi.org/10.1126/science.1058955
http://www.ncbi.nlm.nih.gov/pubmed/11251122
https://doi.org/10.1002/wrna.1313
http://www.ncbi.nlm.nih.gov/pubmed/26522170
https://doi.org/10.1038/ncomms3865
https://doi.org/10.1038/ncomms3865
http://www.ncbi.nlm.nih.gov/pubmed/24305511
https://doi.org/10.1016/j.pt.2011.10.007
http://www.ncbi.nlm.nih.gov/pubmed/22088944
https://doi.org/10.1016/j.ijpara.2011.10.007
http://www.ncbi.nlm.nih.gov/pubmed/22142562
https://doi.org/10.1016/j.molbiopara.2016.02.005
http://www.ncbi.nlm.nih.gov/pubmed/26896770
http://www.ncbi.nlm.nih.gov/pubmed/6795501
https://doi.org/10.1371/journal.ppat.1006679

@’PLOS | PATHOGENS

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Grant PT, Fulton JD (1957) The catabolism of glucose by strains of Trypanosoma rhodesiense. Bio-
chem J 66: 242—-250. PMID: 13445679

van Grinsven KW, Van Den Abbeele J, Van den Bossche P, van Hellemond JJ, Tielens AG (2009)
Adaptations in the glucose metabolism of procyclic Trypanosoma bruceiisolates from tsetse flies and
during differentiation of bloodstream forms. Eukaryot Cell 8: 1307—-1311. https://doi.org/10.1128/EC.
00091-09 PMID: 19542311

Nolan DP, Rolin S, Rodriguez JR, Van Den Abbeele J, Pays E (2000) Slender and stumpy bloodstream
forms of Trypanosoma bruceidisplay a differential response to extracellular acidic and proteolytic
stress. Eur J Biochem 267: 18-27. PMID: 10601846

Mony BM, Matthews KR (2015) Assembling the components of the quorum sensing pathway in African
trypanosomes. Mol Microbiol 96: 220—232. https://doi.org/10.1111/mmi.12949 PMID: 25630552

Turner CM (1990) The use of experimental artefacts in African trypanosome research. Parasitol Today
6: 14—17. PMID: 15463248

Mazet M, Morand P, Biran M, Bouyssou G, Courtois P, et al. (2013) Revisiting the central metabolism of
the bloodstream forms of Trypanosoma brucei: production of acetate in the mitochondrion is essential
for parasite viability. PLoS Negl Trop Dis 7: e2587. https://doi.org/10.1371/journal.pntd.0002587 PMID:
24367711

Creek DJ, Mazet M, Achcar F, Anderson J, Kim DH, et al. (2015) Probing the metabolic network in
bloodstream-form Trypanosoma brucei using untargeted metabolomics with stable isotope labelled glu-
cose. PLoS Pathog 11: e€1004689. https://doi.org/10.1371/journal.ppat.1004689 PMID: 25775470

Spitznagel D, Ebikeme C, Biran M, Nic a’ Bhaird N, Bringaud F, et al. (2009) Alanine aminotransferase
of Trypanosoma brucei—a key role in proline metabolism in procyclic life forms. FEBS J 276: 7187—
7199. https://doi.org/10.1111/j.1742-4658.2009.07432.x PMID: 19895576

Creek DJ, Nijagal B, Kim DH, Rojas F, Matthews KR, et al. (2013) Metabolomics guides rational devel-
opment of a simplified cell culture medium for drug screening against Trypanosoma brucei. Antimicrob
Agents Chemother 57: 2768-2779. https://doi.org/10.1128/AAC.00044-13 PMID: 23571546

Panigrahi AK, Ogata Y, Zikova A, Anupama A, Dalley RA, et al. (2009) A comprehensive analysis of
Trypanosoma brucei mitochondrial proteome. Proteomics 9: 434—450. https://doi.org/10.1002/pmic.
200800477 PMID: 19105172

Acestor N, Panigrahi AK, Ogata Y, Anupama A, Stuart KD (2009) Protein composition of Trypanosoma
brucei mitochondrial membranes. Proteomics 9: 5497-5508. https://doi.org/10.1002/pmic.200900354
PMID: 19834910

Zikova A, Panigrahi AK, Dalley RA, Acestor N, Anupama A, et al. (2008) Trypanosoma brucei mito-
chondrial ribosomes: affinity purification and component identification by mass spectrometry. Mol Cell
Proteomics 7: 1286—1296. https://doi.org/10.1074/mcp.M700490-MCP200 PMID: 18364347

Panigrahi AK, Zikova A, Dalley RA, Acestor N, Ogata Y, et al. (2008) Mitochondrial complexes in Trypa-
nosoma brucei. a novel complex and a unique oxidoreductase complex. Mol Cell Proteomics 7: 534—
545. https://doi.org/10.1074/mcp.M700430-MCP200 PMID: 18073385

Acestor N, Zikova A, Dalley RA, Anupama A, Panigrahi AK, et al. (2011) Trypanosoma brucei mito-
chondrial respiratome: composition and organization in procyclic form. Mol Cell Proteomics 10: M110
006908.

Niemann M, Wiese S, Mani J, Chanfon A, Jackson C, et al. (2013) Mitochondrial outer membrane prote-
ome of Trypanosoma bruceireveals novel factors required to maintain mitochondrial morphology. Mol
Cell Proteomics 12: 515-528. https://doi.org/10.1074/mcp.M112.023093 PMID: 23221899

Peikert CD, Mani J, Morgenstern M, Kaser S, Knapp B, et al. (2017) Charting organellar importomes by
quantitative mass spectrometry. Nat Commun 8: 15272. https://doi.org/10.1038/ncomms15272 PMID:
28485388

Zikova A, Panigrahi AK, Uboldi AD, Dalley RA, Handman E, et al. (2008) Structural and functional asso-
ciation of Trypanosoma brucei MIX protein with cytochrome ¢ oxidase complex. Eukaryot Cell 7: 1994—
2003. https://doi.org/10.1128/EC.00204-08 PMID: 18776036

Zikova A, Schnaufer A, Dalley RA, Panigrahi AK, Stuart KD (2009) The F(0)F(1)-ATP synthase com-
plex contains novel subunits and is essential for procyclic Trypanosoma brucei. PLoS Pathog 5:
€1000436. https://doi.org/10.1371/journal.ppat.1000436 PMID: 19436713

Dejung M, Subota I, Bucerius F, Dindar G, Freiwald A, et al. (2016) Quantitative proteomics uncovers
novel factors involved in developmental differentiation of Trypanosoma brucei. PLoS Pathog 12:
€1005439. https://doi.org/10.1371/journal.ppat.1005439 PMID: 26910529

Butter F, Bucerius F, Michel M, Cicova Z, Mann M, et al. (2013) Comparative proteomics of two life
cycle stages of stable isotope-labeled Trypanosoma bruceireveals novel components of the parasite’s

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006679 December 21,2017 8/9


http://www.ncbi.nlm.nih.gov/pubmed/13445679
https://doi.org/10.1128/EC.00091-09
https://doi.org/10.1128/EC.00091-09
http://www.ncbi.nlm.nih.gov/pubmed/19542311
http://www.ncbi.nlm.nih.gov/pubmed/10601846
https://doi.org/10.1111/mmi.12949
http://www.ncbi.nlm.nih.gov/pubmed/25630552
http://www.ncbi.nlm.nih.gov/pubmed/15463248
https://doi.org/10.1371/journal.pntd.0002587
http://www.ncbi.nlm.nih.gov/pubmed/24367711
https://doi.org/10.1371/journal.ppat.1004689
http://www.ncbi.nlm.nih.gov/pubmed/25775470
https://doi.org/10.1111/j.1742-4658.2009.07432.x
http://www.ncbi.nlm.nih.gov/pubmed/19895576
https://doi.org/10.1128/AAC.00044-13
http://www.ncbi.nlm.nih.gov/pubmed/23571546
https://doi.org/10.1002/pmic.200800477
https://doi.org/10.1002/pmic.200800477
http://www.ncbi.nlm.nih.gov/pubmed/19105172
https://doi.org/10.1002/pmic.200900354
http://www.ncbi.nlm.nih.gov/pubmed/19834910
https://doi.org/10.1074/mcp.M700490-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/18364347
https://doi.org/10.1074/mcp.M700430-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/18073385
https://doi.org/10.1074/mcp.M112.023093
http://www.ncbi.nlm.nih.gov/pubmed/23221899
https://doi.org/10.1038/ncomms15272
http://www.ncbi.nlm.nih.gov/pubmed/28485388
https://doi.org/10.1128/EC.00204-08
http://www.ncbi.nlm.nih.gov/pubmed/18776036
https://doi.org/10.1371/journal.ppat.1000436
http://www.ncbi.nlm.nih.gov/pubmed/19436713
https://doi.org/10.1371/journal.ppat.1005439
http://www.ncbi.nlm.nih.gov/pubmed/26910529
https://doi.org/10.1371/journal.ppat.1006679

@’PLOS | PATHOGENS

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

host adaptation machinery. Mol Cell Proteomics 12: 172—179. https://doi.org/10.1074/mcp.M112.
019224 PMID: 23090971

Urbaniak MD, Martin DM, Ferguson MA (2013) Global quantitative SILAC phosphoproteomics reveals
differential phosphorylation is widespread between the procyclic and bloodstream form lifecycle stages
of Trypanosoma brucei. J Proteome Res 12: 2233-2244. https://doi.org/10.1021/pr400086y PMID:
23485197

Urbaniak MD, Guther ML, Ferguson MA (2012) Comparative SILAC proteomic analysis of Trypano-
soma bruceibloodstream and procyclic lifecycle stages. PLoS ONE 7: e36619. https://doi.org/10.1371/
journal.pone.0036619 PMID: 22574199

Urbaniak MD, Mathieson T, Bantscheff M, Eberhard D, Grimaldi R, et al. (2012) Chemical proteomic
analysis reveals the drugability of the kinome of Trypanosoma brucei. ACS Chem Biol 7: 1858—1865.
https://doi.org/10.1021/cb300326z PMID: 22908928

Gunasekera K, Wuthrich D, Braga-Lagache S, Heller M, Ochsenreiter T (2012) Proteome remodelling
during development from blood to insect-form Trypanosoma bruceiquantified by SILAC and mass
spectrometry. BMC Genomics 13: 556. https://doi.org/10.1186/1471-2164-13-556 PMID: 23067041

Verner Z, Basu S, Benz C, Dixit S, Dobakova E, et al. (2015) Malleable mitochondrion of Trypanosoma
brucei. Int Rev Cell Mol Biol 315: 73—151. hitps://doi.org/10.1016/bs.ircmb.2014.11.001 PMID:
25708462

Zhang X, Cui J, Nilsson D, Gunasekera K, Chanfon A, et al. (2010) The Trypanosoma bruceiMitoCarta
and its regulation and splicing pattern during development. Nucleic Acids Res 38: 7378-7387. hitps://
doi.org/10.1093/nar/gkq618 PMID: 20660476

Sykes SE, Hajduk SL (2013) Dual functions of alpha-ketoglutarate dehydrogenase E2 in the Krebs
cycle and mitochondrial DNA inheritance in Trypanosoma brucei. Eukaryot Cell 12: 78-90. https://doi.
org/10.1128/EC.00269-12 PMID: 23125353

Overath P, Czichos J, Haas C (1986) The effect of citrate/cis-aconitate on oxidative metabolism during
transformation of Trypanosoma brucei. Eur J Biochem 160: 175-182. PMID: 3769918

Sykes S, Szempruch A, Hajduk S (2015) The krebs cycle enzyme alpha-ketoglutarate decarboxylase is
an essential glycosomal protein in bloodstream African trypanosomes. Eukaryot Cell 14: 206-215.
https://doi.org/10.1128/EC.00214-14 PMID: 25416237

Stafkova J, Mach J, Biran M, Verner Z Bringaud F, et al. (2016) Mitochondrial pyruvate carrier in Trypa-
nosoma brucei. Mol Microbiol 100: 442—-456. https://doi.org/10.1111/mmi.13325 PMID: 26748989

Surve S, Heestand M, Panicucci B, Schnaufer A, Parsons M (2012) Enigmatic presence of mitochon-
drial complex | in Trypanosoma bruceibloodstream forms. Eukaryot Cell 11: 183—-193. https://doi.org/
10.1128/EC.05282-11 PMID: 22158713

Surve SV, Jensen BC, Heestand M, Mazet M, Smith TK, et al. (2016) NADH dehydrogenase of Trypa-
nosoma bruceiis important for efficient acetate production in bloodstream forms. Mol Biochem Parasitol
211:57-61. https://doi.org/10.1016/j.molbiopara.2016.10.001 PMID: 27717801

Pena-Diaz P, Pelosi L, Ebikeme C, Colasante C, Gao F, et al. (2012) Functional characterization of
TbMCPS5, a conserved and essential ADP/ATP carrier present in the mitochondrion of the human patho-
gen Trypanosoma brucei. J Biol Chem 287: 41861—-41874. https://doi.org/10.1074/jbc.M112.404699
PMID: 23074217

Gnipova A, Subrtova K, Panicucci B, Horvéth A, Lukes J, et al. (2015) The ADP/ATP carrier and its rela-
tionship to OXPHOS in an ancestral protist, Trypanosoma brucei. Eukaryot Cell 14:297-310. https:/
doi.org/10.1128/EC.00238-14 PMID: 25616281

Miller PG, Klein RA (1980) Effects of oligomycin on glucose utilization and calcium transport in African
trypanosomes. J Gen Microbiol 116: 391-396. https://doi.org/10.1099/00221287-116-2-391 PMID:
6246194

Bienen EJ, Maturi RK, Pollakis G, Clarkson AB Jr. (1993) Non-cytochrome mediated mitochondrial ATP
production in bloodstream form Trypanosoma brucei brucei. Eur J Biochem 216: 75-80. PMID:
8365419

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006679 December 21,2017 9/9


https://doi.org/10.1074/mcp.M112.019224
https://doi.org/10.1074/mcp.M112.019224
http://www.ncbi.nlm.nih.gov/pubmed/23090971
https://doi.org/10.1021/pr400086y
http://www.ncbi.nlm.nih.gov/pubmed/23485197
https://doi.org/10.1371/journal.pone.0036619
https://doi.org/10.1371/journal.pone.0036619
http://www.ncbi.nlm.nih.gov/pubmed/22574199
https://doi.org/10.1021/cb300326z
http://www.ncbi.nlm.nih.gov/pubmed/22908928
https://doi.org/10.1186/1471-2164-13-556
http://www.ncbi.nlm.nih.gov/pubmed/23067041
https://doi.org/10.1016/bs.ircmb.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/25708462
https://doi.org/10.1093/nar/gkq618
https://doi.org/10.1093/nar/gkq618
http://www.ncbi.nlm.nih.gov/pubmed/20660476
https://doi.org/10.1128/EC.00269-12
https://doi.org/10.1128/EC.00269-12
http://www.ncbi.nlm.nih.gov/pubmed/23125353
http://www.ncbi.nlm.nih.gov/pubmed/3769918
https://doi.org/10.1128/EC.00214-14
http://www.ncbi.nlm.nih.gov/pubmed/25416237
https://doi.org/10.1111/mmi.13325
http://www.ncbi.nlm.nih.gov/pubmed/26748989
https://doi.org/10.1128/EC.05282-11
https://doi.org/10.1128/EC.05282-11
http://www.ncbi.nlm.nih.gov/pubmed/22158713
https://doi.org/10.1016/j.molbiopara.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/27717801
https://doi.org/10.1074/jbc.M112.404699
http://www.ncbi.nlm.nih.gov/pubmed/23074217
https://doi.org/10.1128/EC.00238-14
https://doi.org/10.1128/EC.00238-14
http://www.ncbi.nlm.nih.gov/pubmed/25616281
https://doi.org/10.1099/00221287-116-2-391
http://www.ncbi.nlm.nih.gov/pubmed/6246194
http://www.ncbi.nlm.nih.gov/pubmed/8365419
https://doi.org/10.1371/journal.ppat.1006679

PLOS

OPEN 8 ACCESS Freely available online

The FoF,-ATP Synthase Complex Contains Novel
Subunits and Is Essential for Procyclic Trypanosoma
brucei

Alena Zikova, Achim Schnaufer”, Rachel A. Dalley, Aswini K. Panigrahi, Kenneth D. Stuart*

Seattle Biomedical Research Institute, Seattle, Washington, United States of America

Abstract

The mitochondrial FoF; ATP synthase is an essential multi-subunit protein complex in the vast majority of eukaryotes but
little is known about its composition and role in Trypanosoma brucei, an early diverged eukaryotic pathogen. We purified
the FoF; ATP synthase by a combination of affinity purification, immunoprecipitation and blue-native gel electrophoresis
and characterized its composition and function. We identified 22 proteins of which five are related to F; subunits, three to F,
subunits, and 14 which have no obvious homology to proteins outside the kinetoplastids. RNAi silencing of expression of
the F; o subunit or either of the two novel proteins showed that they are each essential for the viability of procyclic (insect
stage) cells and are important for the structural integrity of the FoF;-ATP synthase complex. We also observed a dramatic
decrease in ATP production by oxidative phosphorylation after silencing expression of each of these proteins while
substrate phosphorylation was not severely affected. Our procyclic T. brucei cells were sensitive to the ATP synthase
inhibitor oligomycin even in the presence of glucose contrary to earlier reports. Hence, the two novel proteins appear
essential for the structural organization of the functional complex and regulation of mitochondrial energy generation in
these organisms is more complicated than previously thought.
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Introduction

Trypanosomes and related kinetoplastids parasites are respon-
sible for several serious infectious diseases of human and livestock
worldwide. The few available drugs are difficult to administer,
have severe side-effects, and suffer from increasing resistance [1].
For that reasons, improved drug therapy of kinetoplastid infections
and the identification of new molecular targets are important
goals.

Trypanosoma brucet has a complex life cycle alternating between a
mammalian host and a blood-feeding insect vector, the tsetse fly.
The procyclic insect stage (PF) lives in the insect midgut and feeds
mainly on two amino acids, proline and threonine, which are
converted into partially oxidized end products by so-called aerobic
fermentation [2]. The single large branched mitochondrion of
these PI' cells is fully developed with many cristae, Krebs cycle
enzymes, and abundant levels of mitochondrial (mt) FoF,-ATP
synthase (respiratory complex V). It has a complete respiratory
chain that oxidizes the reduced equivalents generated by amino
acid metabolism and the glycolytic pathway and thus generates
indispensable membrane potential [3].

The bloodstream form (BF) is well adapted to an environment
with a constant level of blood glucose and energy requirements are
met by an aerobic type of glycolysis where glucose is converted to

@ PLoS Pathogens | www.plospathogens.org

pyruvate. The metabolic role of the single tubular BF mitochon-
drion is suppressed and the organelle lacks a functional respiratory
chain and mt membrane potential involves the reverse function of
the FoF-ATP synthase: the complex hydrolyzes ATP produced by
glycolysis to pump protons from the matrix to the inter-membrane
space [4—7]. This reverse function of the FoF;-ATPase complex is
indispensable for BF trypanosomes and an inhibitor specifically
targeting the FoF-ATPase activity would be expected to be lethal
to trypanosomes, but not the host, which utilizes the conventional
function of this complex to create ATP. Importantly, these
inhibitors may be adapted from those already developed to
prevent tissue damage caused by ischemic conditions in humans.
Therefore, the trypanosomatid FoF;-ATPase is an attractive anti-
trypanosomal drug target.

Generally, FoF{-ATPsynthase/ATPase is a ubiquitous enzyme
comprised of two oligomeric components, Fy and Fj, linked
together by a central and a peripheral stalk [8,9]. The hydrophilic
domain F; bears three catalytic sites and extends into the matrix.
The hydrophobic domain Fy is membrane embedded and contains
a proton channel. The prokaryotic enzyme, which represents the
simplest form of the complex, appears to consist of five different
protein subunits of Fy (0t3B573€) and three subunits of Fy (abocio 19)
(multiple stoichiometry indicated in subscript). These subunits
form the core of the FoF'; motor structure. The eukaryotic enzyme
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Author Summary

African trypanosomes (Trypanosoma brucei and related
subspecies) are unicellular parasites that cause the
devastating disease of African sleeping sickness in man
and nagana in livestock. Both of these diseases are lethal,
killing thousands of people each year and causing major
economical complications in the developing world, thus
affecting the lives of millions. Furthermore, available drugs
are obsolete, difficult to administer and have many
undesirable side-effects. Therefore, there is a reinvigorated
effort to design new drugs against these parasites. From
the pharmacological perspective, unique metabolic pro-
cesses and protein complexes with singular structure,
composition and essential function are of particular
interest. One such remarkable protein complex is the
mitochondrial FoF;-ATP synthase/ATPase. Here we show
that FoF,-ATP synthase complex is essential for viability of
procyclic T. brucei cells and it possesses unique and novel
subunits. The three FyF;-ATP synthase subunits that were
tested were shown to be crucial for the structural integrity
of the FoF;-ATP synthase complex and its activities. The
compositional and functional characterization of the FoF;-
ATP synthase in T. brucei represents a major step towards
deciphering the unique and essential properties of the
respiratory chain of both an early diverged eukaryote and
a lethal human parasite.

T. brucei FoF1-ATP Synthase

has homologous components, but also incorporates additional
subunits involved in the structure and regulation of the complex
(Table 1). With the exception of subunit & and IF1, which bind to
I, the additional subunits A6L (subunit 8 in yeast), F6 (subunit /
in yeast), d, ¢, f, ¢ and oligomycin sensitivity-conferring protein
(OSCP) are associated with the F, proton channel or the
peripheral stalk [10]. Additionally, the yeast enzyme contains
supernumerary subunits ¢ and £ [11-13] and bovine complex
contains additional subunits AGP and MLQ [14].

Comparison of bacterial, yeast and mammalian ATP synthase
subunits to the 7. brucei genome revealed 7. brucet homologs of F,
subunits o, B, v, 8, € and Fy subunits ¢ and OSCP. None of the
other subunits found in other eukaryotic organisms have been
identified. These are either absent from Trpanosoma mitochondrial
ATP synthase, have been replaced by other proteins, or are so
highly divergent that their relationship cannot be readily identified
via sequence homology.

This observation prompted us to investigate the composition of
the trypanosomal FF;-ATP synthase. We identified 22 subunits in
purified complexes of which 14 are unique to 7. brucei. RNAi
silencing of the subunit o and two novel components revealed
these to be essential for PI' cell viability and important for FyF;-
ATP synthase structural integrity. We found a dramatic decrease
in ATP production by oxidative phosphorylation in these silenced
cell lines but no severe effect on substrate phosphorylation. The PF
cells are sensitive to the ATP synthase inhibitor oligomycin

@ PLoS Pathogens | www.plospathogens.org

Table 1. FyF,-ATP synthase subunits nomenclature.
Bacterial enzyme Mitochondrial enzyme
Saccharomyces cerevisiae Bos taurus Trypanosoma brucei (F-value®)
F, o o o Tb927.7.7420/Tb927.7.7430 (5e-114)
B B Tb927.3.1380 (5e-162)
Y Y Y Tb10.100.0070 (2e-13)
€ 1) d Tb927. 6.4990 (4e-13)
- € € Tb10.70.2155 (2e-4)
Fo 3 OSCP OSCP Tb10.6k15.2510 (0.0021)
a 6 NCBI: AAA97428 (mt encoded)®
b 9 b Tb927.5.1710°
c 4 4 Tb10.70.6340 (5e-8)
Tb11.02.2950 (8e-08)
Tb927.7.1470 (6e-08)
= 8 A6L -
- d d -
- f f -
- h F6 -
Associated proteins - IF, IF, -
- g g -
- e e -
- i - -
- k - -
- - AGP -
- - MLQ -
?E-values were obtained by BLAST search analysis using bovine ATP synthase subunits as subject.
°T. brucei homologues of subunits a and b are not recognizable by BLAST search and their homology to eukaryotic and bacterial ATP synthase subunits a and b,
respectively, was recognized previously by detailed sequence analysis and hydropathic profiles [36,37].
dash indicates that no homologous proteins were identified in the T. brucei genome using BLAST search.
doi:10.1371/journal.ppat.1000436.t001
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regardless of the presence or absence of glucose in the medium.
This is consistent with the RINA1 data but contrary to earlier
reports [15,16]. Hence, regulation of mitochondrial energy
generation in these parasitic organisms is more complex than
previously thought.

Materials and Methods

Genes used in this study

Th10.70.7760 (TAP_Tb7760, RNAi_Th7760); Th927.5.2930
(TAP_Tb2930, RNA1_Th2930); Th927.5.1710 (T'AP_subunit b);
Th927.3.1380 (TAP_subunit B); Th927.7.7430/Th927.7.7420
(RNAL_subunit o).

Plasmid construction

To create the vectors for inducible expression of C-terminally
TAP-tagged proteins the ORFs were PCR amplified from 7. bruce:
strain 427 genomic DNA using the following oligonucleotides:

TAP_Tb7760 Fwd — ACAAAGCTTATGCAGGGCAGTT-

GG
Rev — ACAGGATCCAGCTGTGTGTCGG-
CC
TAP_sub 4 Fwd - CACAAGCTTATGATGCGCCGTG
Rev -~ CACGGATCCCTCTACCTTTACATC
TAP_Tb2930 Fwd - ACAAAGCTTATGCGCCGTGTATC
Rev - ACAGGATCCGTGATGGGCC
TAP_sub B Fwd — ACAAAGCTTATGCTGACTCGTT-
TCC
Rev — ACAGGATCCGCTACTGGCTTG

The PCR products were cloned into pGEM-T easy vector
(Promega), digested with BamHI and HindIII enzymes and ligated
into the pLew79-MHT vector which contains ¢-myc, His,
calmodulin binding peptide and protein A tags in that order
[17,18]. The last two tags are separated by a TEV protease
cleavage site.

To create the construct for RNAi of Tbh10.70.7760 and
Th927.5.2930 transcripts, fragments of 830 bp and 646 bp,
respectively, were amplified by PCR using the oligonucleotides
below and cloned into pZJM plasmid [19] via Xhol and HindIII
restriction sites.

RNAI_Tbh7760 Fw — CACAAGCTTGAAGCTCAGGACC

Rev - CACCTCGAGGCAGAAACGCATC

RNAI_Th2930 Fw - ACAAAGCTTATGCGCCGTGTATC

Rev - CACCTCGAGTTCGGCCCGATC

The inducible RNAI plasmid for silencing ATP synthase subunit

o was generated using the pQuadra system [20] as described in

[4].

Cell culture and generation of cell lines

T. brucer PF cells strains 29.13, transgenic for T7 RNA
polymerase and the tetracycline (tet) repressor, were grown i vitro
at 27°C in SDM-79 media containing hemin (7.5 mg/ml) and
10% FBS. The TAP-plasmids and RINAi plasmids were linearized
with Notl enzyme and transfected into the cell line as described
previously [21]. Synthesis of dsRNAi was induced by the addition
of tet at 1 pg/ml concentration. The cells were counted using the
722 Cell Counter (Beckman Coulter Inc.) and growth curves were
generated for clonal cell lines over a period of 13 days. In TAP-
tagged cell lines the expression of tagged protein was induced by
100 ng/ml of tet.

SDS PAGE and Western blot analysis

The protein samples were fractionated by SDS-PAGE, blotted
onto PVDF membrane and probed with monoclonal antibodies
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(mAb) anti-Hisg (1:2000, Invitrogen), anti-Rieske protein (1:1000)
(kindly provided by L. Simpson) and anti-alternative oxidase TAO
(1:25) (kindly provided by M. Chaudhuri), and polyclonal
antibodies against trCOIV (1:1000) [22], the F; moiety of Crithidia
Jasciculata (kindly provided by R. Benne), which cross-reacts with
the B subunit of the 7. brucei complex (1:1000) and against subunit
b of Leishmania tarentolae (1:2000) (kindly provided by L. Simpson),
and developed using the ECL system (Roche).

Immunoprecipitation of FoF;-ATP synthase complex

The mitochondrial vesicles were isolated from PF 1.7a cells as
described previously [23] by hypotonic lysis followed by density
gradient floatation in a 20-35% linear Percoll gradient. The
enriched vesicles were lysed with 1% Triton X-100 and the lysate
was clarified by centrifugation. The cleared supernatant was
fractionated on a 10-30% glycerol gradient at 38,000 rpm for
5 hours (SW40 rotor, Beckman Instrument). The fractions were
collected from the top. Immunoprecipitation of FyI-ATP
synthase complex using mAb64 was performed on pooled gradient
fractions from the 10S region (fraction 3-5) and from the 40S
region (fractions 17-21) using anti-mouse IgG-coated magnetic
beads (Dynabeads M-450) as described previously [23]. The pulled
down proteins were identified by LC-MS/MS analysis.

Immunofluorescence assay (IFA)

Subcellular localization of the expressed tagged proteins within
the cell was determined by IFA wusing polyclonal anti-myc
(Invitrogen) as described [24]. Co-localization analysis was
performed using mAb78 against mt heat shock protein 70 [23]
coupled with Texas® Red-X conjugated secondary antibody
(Invitrogen).

Tandem affinity purification (TAP) of tagged complexes

The TAP protocol was adapted from the published method
[18,25,26]. We purified the tagged complexes from 1-4x10'° cells
by two complementary methods. Briefly, in method 1 the
harvested cells were lysed by 1% Triton-X 100 and the tagged-
complexes were isolated by IgG affinity chromatography. The
bound complexes were eluted by TEV protease cleavage and
fractionated on a 10-30% glycerol gradient by centrifugation for
5 h at 38,000 rpm at 4°C in an SW-40 Sorvall rotor [27]. The
sedimentation profiles of the tagged complexes were monitored by
Western blot analyses using anti-Hisg mAb. Peak reactive fractions
were pooled and further purified by Calmodulin affinity
chromatography. In method 2 the tagged complexes were purified
from cells lysed with 0.25% NP-40, cleared by low speed
centrifugation and the supernatant was further lysed with 1.25%
NP-40 and cleared by high speed centrifugation (40,000 rpm at
4°C in a Sorvall SW-55 rotor for 40 min). The tagged complexes
were isolated by sequential binding to IgG and calmodulin affinity
columns. This method was adapted from the published protocol
[28].

Mass spectrometry analysis

We prepared and analyzed the samples by gel-based and gel-
free approaches as described previously [23,24]. Peptides were
identified using a Thermo Electron LTQ Linear Ion Trap Mass
Spectrometer. The CID spectra were compared to the 7. brucei
protein database downloaded from GeneDB using TurboSequest
software, and protein matches determined using PeptideProphet
and ProteinProphet software [29,30]. Proteins identified by at least
two unique peptides with a minimum identification probability of
0.97 and in at least three TAP tag purified complexes are
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considered as putative subunits of ATP synthase complex. All of
the proteins reported in this study were identified by multiple
peptide matches except for two ATP synthase subunits, subunit €
(predicted M,, 8.6 kDa) and subunit ¢ (predicted M,, 12.3 kDa),
which were identified by only 1 peptide match.

Digitonin fractionation, ATPase assay and ATP

production assay

Crude mt preparations from the RNAi knock-down cell lines
were obtained by digitonin extraction [31]. ATPase activity was
measured based on release of free phosphate [32] as described [4].
Briefly, the reaction was started by addition of ATP to a final
concentration of 5 mM; and where indicated, oligomycin and/or
sodium azide was added to 2.5 ug/ml and 1 mM, respectively.
After 20 min, 1.8 pl of 60% perchloric acid was added to 95 pl
aliquots, the samples were kept on ice for 30 min, spun down and
90 ul of the supernatant was added to 0.5 ml of Sumner reagent
[32], and absorbance was measured at 610 nm.

ATP production was measured as described [33]. Briefly,
production of ATP was induced by 5 mM indicated substrates
(succinate, pyruvate, o-ketoglutarate) and 67 UM ADP was
added. Where indicated, 6.7 mM malonate or 33 ug/ml
atractyloside were pre-incubated with mitochondria on ice for
10 min. The concentration of ATP was determined by a
luminometer using the ATP Bioluminescence assay kit CLS II
(Roche Applied Science).

Blue-native polyacrylamide gel electrophoresis (BN-
PAGE) and histochemical staining

The mt vesicles from 5 x10° cells were isolated by hypotonic cell
lysis as described elsewhere [34] and lysed with 1% dodecyl
maltoside; 50 (g and 100 ug of mitochondrial lysate and 75 pg of
native high molecular weight marker (Amersham) was loaded per
lane and analysed on a 3-12% gradient BN-PAGE gel.
Immediately after the run, the gel was transferred into ATPase
reaction buffer (35 mM Tris-HCl (pH 8.0); 270 mM glycine;
19 mM MgSOy; 0.3% [w/v] Pb(NOs)y; 11 mM ATP) for
overnight incubation by slow agitation. The ATPase activity
appears as a white precipitate. The gel was subsequently fixed in
30% methanol.

Results

Genome analysis

Mitochondrial FoF,-ATP synthase consists of up to 19 different
subunits in yeast, and mammals [10,35]. We searched the 7. brucei
genome database using these known subunits of the mitochondrial
FoI',-ATP synthase and identified 7 homologs with varying degree
of conservation as outlined in Table 1. The mitochondrial F,
subcomplex with its central stalk contains five different subunits
designated o, B, v, 9, € and they are conserved among eukaryotes.
We found that all five are also conserved in 7. brucer, three of
which were already annotated and two were mis-designated in
GeneDB database. They are ATP synthase subunits o (encoded by
two identical open reading frames Th927.7.7420/Th927.7.7430),
B (Th927.3.1380), and 7y (Th10.100.0070). Subunit &
(Th927.6.4990) is currently annotated as subunit € in GeneDB
(consistent with the bacterial nomenclature) (Table 1). Since the
GeneDB annotation for ATP synthase subunits otherwise follows
the mitochondrial nomenclature we propose re-annotating it
accordingly. The hypothetical protein encoded by (Th10.70.2155)
has similarity to the mitochondrial ATP synthase subunit € and
thus we propose re-annotating it as such (Figure SI).
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While genes for all five I} protein homologs were identified,
only two of the 11 proteins that occur in the mitochondrial Fy
subcomplex with its peripheral stalk were identified in the 7.
brucer genome. These are subunit OSCP (1Tb10.6k15.2510) and
subunit ¢, which is encoded by three distinct open reading frames
Tbh10.70.6340, Tb11.02.2950, Th927.7.1470 that differ only at
the N-terminus of the protein sequence (Figure S1). The finding
of three genes that specify proteins related to subunit c is
intriguing given the respiratory changes that occur during the life
cycle of 7. brucer. Subunit a (which is mitochondrially encoded)
and subunit 4 (Th927.5.1710) are not recognizable by BLAST
search and their homology to ATP synthase subunits was
recognized previously by detailed sequence analysis and hydro-
pathic profiles [36,37]. However, it should be noted that because
the homology of Th927.5.1710 to subunit & of other species is
very low and limited to the N-terminal region of the protein, this
identification should be treated as tentative. The homologs of the
other conserved Fy subunits or of species-specific ATP synthase
complex proteins were not identified by these searches. Since this
analysis provided little information with respect to the identity of
any other ATP synthase complex proteins including diverged or
species specific proteins, we decided to obtain a detailed picture
of the protein composition of this complex in 7. brucer after
purification using a combination of immunoprecipitation, blue-
polyacrylamide gel electrophoresis (BN-PAGE) and
tandem affinity purification (TAP).

native

ATP synthase complex immunoprecipitates

Analyses of Triton X-100 lysate of highly purified mitochondria
that was fractionated in glycerol gradients using antibodies specific
for ATPase subunits identified two predominant peaks at ~10S
and ~40S (Figure 1). Polyclonal antibodies that are specific for
subunits B and & and monoclonal antibody mAb64 which
recognizes a conformational epitope of an unidentified subunit
of the I} subcomplex (A. Panigrahi, unpublished) showed a similar
sedimentation profile for two subunits in Western (upper panels)
and native dot blot (lower panel) analyses. MAb64 was used to
immunoprecipitate complexes from these two peaks and their
protein compositions were analyzed by liquid-chromatography
tandem mass spectrometry (LC-MS/MS). The immunoprecipita-
tion of the pooled peak reactive fractions (10S and 40S) from the
glycerol gradients was carried out in buffer containing 200 mM
salt to increase the stringency. MS analysis of the immunoprecip-
itate from the 10S fraction revealed peptides from subunits o and
B of the catalytic headpiece and subunits ¥ and 8 of the central
stalk. These subunits are part of the matrix-facing F;-moiety,
which is not directly membrane bound. MS analysis of the 40S
complex identified, in addition to these F; subunits, OSCP protein
and 9 hypothetical proteins of which homologs of three
(Tb11.47.0022, Th927.3.1690, Th10.6k15.0480) had previously
been identified as ATP synthase subunits in C. fasciculata [36]
(Table 2). In agreement with MS data, a Sypro Ruby-stained gel of
immunoprecipitated complexes revealed the presence of F,
subunits o, B, v, and § in the 10S immunoprecipitate, which
predicted positions are designated and additional protein bands in
the 40S immunoprecipitate (Figure 1B). Peptides predicted from
the genes for subunits €, @, b and ¢ that had been found in 7. brucer
genome were not identified in this analysis although three of these
proteins were detected by other procedures as shown below. The
failure to detect expected subunits in the immunoprecipitates may
be due to purification of incomplete ATP synthase complexes or
due to the high hydrophobicity of these subunits and the presence
of few potential tryptic cleavage sites.
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Figure 1. Glycerol gradient fractionation and immunoprecipitation of FoF;-ATP synthase complex from 7. brucei mitochondria. (A)
Western blot and native dot blot analyses of the 10-30% glycerol gradient-fractionated cleared mitochondrial lysate were performed using polyclonal
antibodies against subunit b and 3, and monoclonal antibody mAb64 to determine the sedimentation pattern of the FoF;-ATP synthase complex.
MAb64 was further used to immunoprecipitate (IP) complexes from the 10S and 40S peaks and their protein compositions were analyzed by liquid-
chromatography tandem mass spectrometry (LC-MS/MS). (B) Immunoprecipitated 10S and 40S complexes were fractionated on a 12% SDS PAGE gel
and stained by Sypro Ruby. Protein bands corresponding to immunoglobulin heavy (hc) and light (Ic) chains as well as predicted positions of F,

subunits o, B, Y and & and the size standards are indicated.
doi:10.1371/journal.ppat.1000436.9001

Tagged ATP synthase complexes and subunit
composition

To obtain more detailed information about the composition of
the ATP synthase complex and to assess the validity of the
association of the novel proteins identified in the mAb64
immunoprecipitates we purified the FoI;-ATP synthase from 7.
brucet PF cells by tandem affinity purification (TAP) and analyzed
the protein composition by LC-MS/MS analysis using published
protocols [23,24]. F; subunit B (Th927.3.1380) and F subunit &
(Th927.5.1710) as well as two randomly selected hypothetical
proteins identified in the 40S complex (Th10.70.7760 and
Th927.5.2930) were tagged resulting in cell lines TAP_sub B,
TAP_sub b, TAP_Tb7760 and TAP_Tb2930.

Immunofluoresence assays using anti-myc mAb (anti-tag) showed
that TAP_sub B, TAP_sub 4, TAP_Th7760 and TAP_Th2930
localized to the mitochondrion (Figure 2A). These results confirm
the mitochondrial localization of these proteins and indicate that
the TAP tags did not interfere with mitochondrial import and
providing validity for purifying the FoF;-ATP complex.

Western analysis of the tagged complexes purified from cell
lysate by IgG affinity chromatography, released by TEV cleavage,
and fractionated on 10-30% glycerol gradients revealed sedimen-
tation profiles that differed from those of untagged complexes from
mitochondrial lysate (Figure 2B, compare to Figure 1). All tagged
subunits were detected throughout the gradients, with the majority
of tagged subunits B, b and 7760 sedimenting at around 10S. This
may reflect the effect of over-expression of the tagged protein as
well as potential effects of the tag on the assembly, stability,
composition, and/or compactness of the complexes. The bands
that are smaller than the predicted full length proteins and that are
especially evident in glycerol gradient fractions of TAP_Tbh7760
and TAP_Tb2930 are most likely degradation products of the
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tagged proteins reflecting the abundance of endogenous proteases
in the whole cell lysates or results of a proteolytic degradation due
to protein overproduction.

The tagged complexes were further purified from pooled
gradient fractions corresponding to ~10S (fractions 3-5), ~20S
(fractions 7-13) and ~40S (fractions 17-21), as indicated by the
underlines in Figure 2B, using the second affinity purification step
and analyzed by mass spectrometry. LC-MS/MS analyzes of the
complexes from the 20S and 40S fractions from the four TAP-tag
purifications identified 18 proteins that were all present in all 40S
fractions and almost all of the 20S fractions (Table S1, Method 1).
This very similar composition suggests that the 40S complex may
be a dimer or oligomer of the 20S complex which may represent a
FoF-ATP synthase monomer. ATP synthase subunit o, B, v, € and
b were identified in ~10S complexes from cells in which subunits 3
or b were tagged (ie. TAP_sub B, TAP_sub &) perhaps
representing the catalytic headpiece attached to the central stalk
with bound subunit 4 (Figure 2B). However, only the OSCP
protein (Th10.6k15.2510) and hypothetical protein Th11.02.4120
were identified in addition to the bait protein in ~10S complexes
from TAP_Tb7760 and TAP_Tb2930 cells respectively
(Figure 2B). Perhaps, these represent small sub-complexes of the
tagged protein and binding partner(s) that are a consequence of
partial assembly or TAP-tag induced disruption of the ATP
synthase complex. Subunit €, which is a small protein with a
predicted mature size of 6.7 kDa was identified only in the ~10S
complexes from TAP_sub B cells. This may indicate a weaker
association with the central stalk of the ATP synthase (Table S1).

To investigate the sedimentation characteristics of the tagged
complexes, glycerol gradient fractions of TAP_sub B and TAP_sub
b were subjected to SDS PAGE followed by Sypro Ruby staining
(Figure S2). The staining revealed that the majority of the tagged
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proteins migrated at S values <10. At greater S values there was a
higher relative abundance of subunits o and B compared to
approximately equal amounts of the other subunits, which is
consistent if there are three copies of subunits o and B per complex
as seen in other organisms.

We also purified the FoI';-ATP synthase complex by a
complementary affinity purification method that entails two steps
of NP-40 treatment and is designed to purify intact membrane
complexes ([28], see method 2 in Methods section). SDS-PAGE
analysis of all four tagged complexes showed very similar protein
profiles, which differed mainly in the position of tagged bait
(Figure 2C). Interestingly, in case of TAP_2930 and TAP_7760
the band corresponding to non-tagged endogenous protein was
not apparent in the purified complexes, whereas in the case of
subunits B and 4 such a band could be detected. This may imply
that there is one copy of Tb7760 and Tb2930 protein per
complex, while there are three copies of subunit B and potentially
two or more copies of subunit b per complex. All visible gel bands
were individually analyzed by mass spectrometry and the
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Table 2. Trypanosoma brucei FoF,-ATP synthase subunits.
Subunit Protein ID? mMwP 1P¢ TAPtags® BN gel®
108 408 Bands M1 M2 F1 monomer dimer
Fy alpha Tb927.7.7420/7430% 63.5 J J J J J N
beta Tb927.3.1380% AP 55.7 J J J J J J J J
gamma Tb10.100.0070% 343 J J J J J J J J
delta Th927.6.4990% 20.1 J J J J J J J J
epsilon Tb10.70.2155 8.6 - - - \ J - - -
Fo a AAA97428 28 = = = = = = = =
b Tb927.5.1710% AP 212 - - J J J - J J
c Tb10.70.6340 123 - - - - J - - -
oSscP Tb10.6k15.2510% 2838 - J J J J - J '
Associated Tb10.70.7760™7 467 s J J J J = J J
proteins
Tb927.5.2930™P 433 - J J J J - J .
Tb11.02.4120 27.5 - J y J J - Y v
Tb10.6k15.0480* 171 - v v v v - v v
Tb927.3.1690* 17.1 - J y J y - J J
Th11.47.0022* 20.2 - J y J ] - J .
Th927.7.840 145 = J J J ] = J .
Tb11.03.0475 12 - - J J N - J N
Tb927.2.3610 16 - J / - - \
Tb927.3.2880 12.6 - J - V“‘ J _ y ;
Tb927.3.2180 17.9 - - - J J - J J
Tb927.5.3090 11.6 - - - J - - J
Tb927.4.3450 137 = = = = J = J J
Tb927.8.3320 534 - - - - ] - J -
2GeneDB accession number except for subunit a (NCBI accession number).
Phumber indicates predicted molecular weight of the protein in kDa.
¢/ indicates that the protein was identified by LC-MS/MS analyses, - not detected.
IP — immunoprecipitate of 10S and 40S complexes.
TAP - tandem affinity purification.
Bands - proteins were identified by gel band analysis of Sypro Ruby stained SDS PAGE gel.
M1, M2 - ATP synthase complex was purified by Method 1 or Method 2 (see Materials and Methods).
BN - proteins were identified in BN PAGE bands active for ATPase activity.
“proteins identified in Crithidia fasciculata FoF;,-ATP synthase complex [36].
TPoroteins used as baits.
doi:10.1371/journal.ppat.1000436.t002

respective proteins were identified (Figure 2C, Table 2). The 15
proteins that correspond to I subunits o, B, ¥ and 8, F subunits &
and OSCP, and nine hypothetical proteins (Th10.70.7760,
Th927.5.2930, Tb11.02.4120, Tb11.47.0022, Tbh927.3.1690,
Th10.6k15.0480, Th927.2.3610, Th927.7.840, Tbh11.03.0475)
were identified. In addition, one peptide for Iy subunit ¢ was
identified only in complexes from TAP_Th2930 cells (Table S1).
Its small size (mature size of 8 kDa) and high hydrophobicity make
the identification of its peptides by routine mass spectrometry
analysis challenging. Subunit o was detected as separate ~14 kDa
and ~44 kDa N- and C- terminal fragments, respectively (Figure
S3). This implies a specific posttranslational cleavage that has been
previously reported for L. tarentolae [38] and suggests that this
cleavage occurs i vivo and it is not an artifact of purification. Six
other proteins were identified in three samples when the SDS-
PAGE step was omitted and samples were directly submitted to
trypsin cleavage and LC-MS/MS analysis. These proteins are
most likely associated with the FoF;-ATP synthase although their
relative concentration (stoichiometry) may be lower compare to
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Figure 2. Subcellular localization of tagged subunits and tandem-affinity purification (TAP) of FoF,-ATP synthase complex from T.
brucei. (A) Tagged subunits b, 8, Tb7760 and Tb2930 of the FoF;-ATP synthase complex were visualized by fluorescence microscopy using polyclonal
anti-c myc antiserum coupled with FITC-conjugated secondary antibody. Co-localization immunofluorescence was performed with monoclonal
antibody mAb78 against the mt heat shock protein 70 [23]. Top row, phase-contrast light microscopy of T. brucei cells; second row, 4,6-diamidino-2-
phenylindole (DAPI)-staining of nuclear and kinetoplast DNA; third row, localization of tagged proteins; fourth row, staining of mitochondrial hsp70;
bottom row, merged fluorescence images. (B) Fractionation of TAP_sub b, TAP_sub B, TAP_Tb2930 and TAP_Tb7760 TEV eluates on 10-30% glycerol
gradients. Fractions were collected from the top of the gradients. Aliquots of odd-numbered fractions were analyzed by SDS-PAGE and probed with
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anti-Hisg mAb. Positive fractions designated by a black line were further subjected to the second affinity purification step. Proteins identified in 10S
complexes by LC-MS/MS are shown. The asterisk in the TAP_sub b panel indicates the position of the 25-kDa His-tagged TEV protease. The sizes of
the protein marker are indicated on the left. (C) TAP_Tb7760, TAP_sub b, TAP_Tb2930 and TAP_sub 3 complexes were purified by Method 2,
separated on a 10-14.5% polyacrylamide Tris-glycine gel and stained with Sypro Ruby. Numbers on the right indicate the results of MS analysis of
individual bands. The asterisks indicate the tagged proteins. The sizes of the protein marker are indicated.

doi:10.1371/journal.ppat.1000436.g002

the 15 proteins identified by gel-band analysis (Table 2, Table S1).
The mitochondrial encoded subunit @ was not identified, perhaps
due to transient association with subunit ¢ and/or its high
hydrophobicity, membrane association, non-migration into SDS-
PAGE gels and few potential trypsin cleavage sites.

Fourteen novel proteins found associated with the ATP synthase
complex are currently annotated as hypothetical proteins in the
GeneDB database. Direct comparison to the known subunits of
yeast and mammalian ATP synthases did not reveal any
similiarity. To explore the homology of these proteins to any
other proteins we performed PSI-BLAST searches against the
“nr”’ NCBI database and CDD, PFAM, PROSITE, and InterPro
domain searches. We found that these proteins appear to be
unique to the order Rineloplastida and that they share no apparent
motifs and similarities with any proteins outside of these
organisms.

In summary, we find the trypanosomal FoF,-ATP synthase
complex is composed of up to 22 subunits. This complexity is
similar to that seen in higher eukaryotes, although the degree of
subunit sequence similarity to those in higher eukaroytes is very
low or none.

Native T. brucei FoF;-ATP synthase

The T. bruce: ATP synthase complex was examined using blue-
native (BN) PAGE in which the charge shift induced by the
binding of Coomassie Blue to proteins is used to separate and
visualize membrane complexes under native conditions [39]. BN
PAGE of dodecyl maltoside-solubilized mitochondria followed by
ATPase activity staining revealed three predominant stained
bands of which the lower band appears as a doublet, with apparent
molecular weights of ~450 kDa, ~700 kDa, and >1 MDa,
respectively, relative to the 440 kDa and 669 kDa marker proteins
(Figure 3). The three bands active for ATPase activity were excised
from the BN gels, destained, digested with trypsin and analysed by
LC-MS/MS. We identified only the known subunits of the F;
moiety in the lower doublet, suggesting that it corresponds to the
dissociated I; moiety of ATP synthase. The upper two bands
contained in addition to the the F; moiety proteins the 16 other
proteins which were identified in TAP-tagged purified complexes
(Table 2, Table SI). This reinforces the likelihood that these
proteins are novel subunits of FoI';-ATP synthase complex or are
at least tightly associated with this complex. Two proteins
(Th927.2.3610 and Th927.5.3090) were identified only in the
>1 MDa gel band, implying specific association with Fol;dimers
but additional studies are neccessary to assess this.

The molecular mass observed for the smallest band corresponds
well to that estimated for the I} moiety. This smaller band of the
doublet might represents the F; headpiece (subunit o and B) and
the larger this headpiece together with central stalk (subunit
aByde) with or without a ring of subunit ¢ as has been shown for
mammalian F, [14]. The observed size of the middle BN gel band
corresponds roughly to the ~820 kDa sum of 22 proteins
identified in purified complexes that may be stable constituents
of this complex (Table 2) and thus may correspond to the FyF,
monomer. The upper band thus may represent a dimer or
oligomer of the ATP synthase complex. This is with agreement
with BN PAGE analysis of other trypanosomatid species, L.
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tarentolae and Phytomonas serpens, which also revealed dissociated F,
ATP synthase particles and monomeric and dimeric/oligomeric
FoF;-ATP synthase complexes [22,40].

Depletion of subunit o, Tb2930, or Tb7760 inhibits
growth of PF T. brucei

To assess the requirement of the ATP synthase complex in PF
stage of 7. brucei and to evaluate the functional association of the
newly identified subunits of the FoF;-ATP synthase complex we
constructed cell lines in which the expression of subunits o,
Th927.5.2930 and Th10.70.7760 can be silenced using RNA
interference (RNAi). RNAi of the ATP synthase subunit o was
mediated by a stem-loop construct containing a 530 bp fragment
of the gene’s coding region. RNAI of the Th2930 and Th7760 was
mediated by pZJM construct. Both vectors allow tetracycline (tet)-
dependent and thus regulatable expression of dsRINA which results
in RNAi-mediated degradation of the target mRNA. The
efficiency of RNAi was confirmed by Northern blot analysis
showing that mRNA for Th2930 and Th7760 is almost eliminated

29-13
50 100 50 100 pg
O

dimer ?
FoF,

kDa
669 —

40—

<«F
232 —

140 _ |

66 —
3-12% BN ATPase activity

Figure 3. Analysis of the supramolecular organization of FoF;-
ATP synthase complex from PF T. brucei. Mt membranes from
parental 29-13 cell line were solubilized by dodecyl maltoside and the
mt complexes were separated on 3-12% BN PAGE. ATP synthase F,
particles, FoF; monomer and putative dimer were identified by lead
phosphate precipitates formed during the in-gel ATP hydrolysis assay
followed by LC-MS/MS analysis of the corresponding gel bands. The
sizes of the native high molecular weight marker (Amersham) are
indicated.

doi:10.1371/journal.ppat.1000436.g003
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by day 2 after RNAI induction (Figure 4A). Th7760 and Th2930
protein levels could not be directly assessed in the RNAI cells due
to the lack of antibodies against these proteins. Since a specific
antibody against F; subunit B is available and the stability of
subunit o and B is mutually dependent [4,5] we confirmed the

A © Th2930

Q024

T. brucei FoF1-ATP Synthase

RNAI efficiency of RNA1 suba cell line by Western blot analysis
(Figure 5A). After the addition of tet into the culture medium the
growth of RNAi_subo, RNAi Th2930 and RNAi Th7760 cells
lines was strongly inhibited and almost complete cessation of
growth was evident by day 4 (Figure 4B).

Th7760
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Figure 4. Subunits o, Tb7760 and Tb2930 are important for the /n vitro growth of procyclic parasites. (A) Northern analyses of the
corresponding mRNAs for Tb7760 and Tb2930 RNAi cell lines with the days sampled indicated; and stained gels of rRNAs in the lower panel serving as
loading controls. (B) Growth curves of uninduced and induced RNAi-sub « (left), RNAi_Tb2930 (middle panel) and RNAi_Tb7760 (right) cell lines in the
presence or absence of glucose. Cells were maintained in the exponential growth phase (between 10° and 107 cells/ml) and cumulative cell number
represents the normalization of cell density by multiplication with the dilution factor. (C) Growth of the 29-13 procyclic cell line in the presence or
absence of glucose and in response to treatment with the indicated concentrations of oligomycin. Cells were cultured and their growth measured as
described for (B).

doi:10.1371/journal.ppat.1000436.9004
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Figure 5. Effect of RNAI silencing of subunits o, Tb7760 or Tb2930 on steady-state abundance and integrity of FoF,-ATP synthase
complex. (A) The steady state abundance of examined proteins was analyzed by Western analysis of lysed crude mitochondria (7.5 ug of proteins
per well) prepared from RNAi-induced cells after 3 days and from uninduced control cells. The blots were probed with antibodies against subunits 3,
b, trCOIV, Rieske protein, mt alternative oxidase (TAO) and mt hsp 70 as a loading control. (B) Western analyses of glycerol gradient fractions
(numbered from top to bottom) from crude mitochondrial lysate of RNAi cell lines grown in the absence (—tet) or presence (+tet) of tetracycline for 3
and 6 days are shown. (C) In-gel ATP hydrolysis activity of T. brucei FoF,-ATP synthase complexes after ablation of subunit o, Tb7760 or Tb2930.
Mitochondrial preparations were solubilized using dodecyl maltoside and separated by 3-12% BN PAGE. In-gel ATP hydrolysis/lead phosphate
precipitation assay revealed bands representing putative monomeric and dimeric ATP synthase complexes and free F, particles. The sizes of the
native high molecular weight marker (Amersham) are indicated.

doi:10.1371/journal.ppat.1000436.9005

These observed results are intriguing because it has been crucial for procyclic cell survival. This was concluded from the
proposed that, under the growth conditions used in our RNAi observations that in the presence of glucose these cells are 1000-
studies (1.e. 6 mM glucose), the function of ATP synthase is not times less sensitive to the ATP synthase inhibitor oligomycin than
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in the absence of glucose and that depletion of subunit B by RNAi
led to cell death in glucose-depleted, but not in glucose-rich
medium [15,16]. This discrepancy between our observations and
published data led us to examine the growth rate of RNAi induced
cells and the oligomycin sensitivity of our cell lines in the absence
of glucose in the media. The parental 29-13 cells (derived from
strain 427) and RNAIi non-induced cells were grown in the absence
of glucose for three weeks. Interestingly, the doubling time for the
cells grown in the presence of glucose was between 13.9-
15.5 hours, whereas the cells grown in the absence of glucose
grew much slower with the doubling time reaching the values of
19.7-21.4 hours (Table 3). RNAi induction of RNAi_suba,
RNAiI_Th2930 and RNAi_Tb7760 cell lines increased the
doubling time significantly to 34.5, 34.5 and 28.2 hours,
respectively (Figure 4B, Table 3). Addition of 1 ng/ml oligomycin
to the 29-13 cell grown in the presence or absence of glucose had
no effect (Figure 4C, Table 3). Higher concentrations of
oligomycin slowed growth significantly for both cell lines in a
similar manner. At the highest concentration of oligomycin (1 pg/
ml) both cell lines died. At intermediate concentration of
oligomycin (500 ng/ml and 100 ng/ml), the cells cultivated in
presence of glucose survived, although they were radically
elongated, thin, and did not proliferate, whereas cells cultivated
in the absence of glucose died. These results suggests that the 29—
13 procyclic cells are more sensitive to oligomycin treatment than
EATRO1125 cells used in the published studies [15,16] and ATP
synthase plays an important role in the growth and proliferation of
these cells even in the presence of glucose.

Silencing of subunits o, Th2930 or Tb7760 disrupts the
ATP synthase complex

Western analysis of crude mitochondrial fractions prepared
three days after RNAI induction of subunit o revealed a substantial
loss of subunits f and 4 compared to non-induced cells (Figure 5A).
The same Western analysis using the crude mitochondrial fraction
from Th2930 and Th7760 RNAi-induced cells showed almost no
changes in steady-state abundance of subunits f and b, suggesting
that the I} moiety together with subunit b was still assembled and
stable in these cells (Figure 5A). To investigate potentially

Table 3. Effect of RNAi and oligomycin on the doubling time
of procyclic T. brucei cell lines growing in the presence (+) or
absence (—) of glucose in the media.
Cell line Doubling time
+glucose —glucose
RNAi subunit o — NON 15.5 214
RNAi subunit o — IND 345 38.0
RNAi Tb2930 - NON 15.3 213
RNAi Tb2930 - IND 34.5 36.0
RNAi Tb7760 - NON 14.5 20.8
RNAi Tb7760 - IND 28.2 326
29-13 13.9 19.7
29-13+1 ug/ml oligomycin 344 41.7
29-13+500 ng/ml oligomycin 349 414
29-13+100 ng/ml oligomycin 26.7 37.4
29-13+10 ng/ml oligomycin 17.6 304
29-13+1 ng/ml oligomycin 14.3 18.4
doi:10.1371/journal.ppat.1000436.t003
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secondary effects on mt membrane biogenesis, we probed the
same samples with antibodies against two subunits of the
respiratory complexes III and IV. The abundance of the subunit
trCOIV and Rieske protein remained unaltered in the analyzed
cells. However, the level of the alternative oxidase protein was
increased by day 3 in all examined RNAI cell lines suggesting that
cells may have undergone some compensation for the perturbation
of the classical respiratory pathway. Mt heat-shock protein (hsp) 70
was used as a loading control (Figure 5A).

To further characterize the consequences of a lack of subunit o,
Th2930 or Th7760, all of which resulted in slower growth, we
investigated the structural integrity of the ATP synthase complex.
Crude mitochondrial lysates of RINAi cells, in which subunits o,
Th2930, or Th7760 were expressed or repressed for 3 and 6 days,
were fractionated on glycerol gradients and examined by Western
analysis using the polyclonal antibodies against subunits  and b.
In RNAi-sub o non-induced cells these two subunits
sedimented in glycerol gradient fractions 5-23 (10-50S). However,
no signal was observed with glycerol gradient fractions of crude mt
lysate from 3 days RNAi-sub o induced cells (Figure 5B). This is in
agreement with the reduced level of the steady state abundance of
the subunit B and 4 (Figure 5A). These findings are similar to those
observed in yeast [41], where the absence of the o subunit led to
reduced levels of subunits B and b, presumably because the FoF-
ATP synthase does not assemble properly and its unincorporated
subunits are degraded and/or mislocalized. In contrast, silencing
of the Th2930 and Th7760 genes had a strong qualitative effect on
integrity of the complex, resulting in a shift of complexes from
higher to lower S values. This effect was even more pronounced at
day 6 after RNAi induction when most of the signal for subunit B
and b was found in fractions 5-7 (Figure 5B). Based on our data
from immunoprecipitation experiments we may conclude that the
FoF; ATP synthase is disrupted in the absence of Th2930 and
Th7760 and only the free F, particles with bound subunit 4 are
observed by Western blot. To assess whether sedimentation of
other mt complexes does not change we used monoclonal
antibody mAb52, which recognizes a native epitope of the
NADH-ubiquinone oxidoreductase complex [23]. No significant
changes were observed (Figure S4).

The influence of lack of subunit o, Th7760, or Th2930 on the
ATP synthase assembly was further examined by BN PAGE
analysis of dodecyl-maltoside-solubilized mitochondria in combi-
nation with activity-based staining, as described above (Figure 5C).
For the parental 29.13 cells as well as for uninduced controls, the
A'TP synthase was found as monomer, putative dimer, and also as
free I, particles, as observed in Figure 3. For the subunit o-
silenced cells, no ATPase activity was detected. This is in
agreement with the experiments described above showing that
F,; and FoF; complexes are absent from the mitochondria of
RNAi-sub a silenced cells. For subunit Th2930- and Tbh7760-
silenced mitochondria, activity based bands representing the
putative F;Fy monomer and dimer disappeared. In contrast,
abundance and activity of the free I, moiety both increased.
Altogether, these analyses indicated that subunit Th2930 and
Tb7760 are required for a correct assembly of the other ATP
synthase subunits and/or for the stability of the supramolecular
structure of the complex.

Co-

Subunits o, Tb2930, and Tb7760 are essential for ATP
synthesis but only subunit o is also essential for ATP
hydrolysis

Mitochondrial ATP is produced in PFs via three different
pathways that can be assayed in isolated intact mitochondria [33].
(i) Succinate appears to be the main substrate for oxidative
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phosphorylation with succinate dehydrogenase loading the
respiratory chain with electrons, which generates a proton
gradient that drives mitochondrial Fol'; ATP synthase. (i) o-
ketoglutarate induces ATP production by substrate level phos-
phorylation occurring in a partial citric acid cycle and (iii) pyruvate
induces ATP production by substrate level phosphorylation
occurring in the acetate-succinate CoA transferase/succinyl-CoA
synthetase cycle. In all three knockdown cell lines the succinate
dehydrogenase-dependent ATP production was reduced 80-90%
at day three after RNAi induction (Figure 6A, B, C). Both
pyruvate and o-ketoglutarate-induced ATP synthesis appear
somewhat decreased upon down-regulation of Tb2930 and
Th7760 proteins (Figure 6B, C); suggesting that other mitochon-
drial processes may be secondarily affected by the silencing of
these two subunits. Taken together, these results showed that
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subunits o, Th2930 and Th7760 are critical for ATP synthesis by
oxidative phoshorylation in PF stage 7. brucer.

In addition to ATP synthetic activity the ATP synthase complex
possesses also ATP hydrolytic activity, but this reverse function is
not dependent on the Iy moiety. ATPase activity was measured
via release of free phosphate in digitonin-extracted mitochondria
prepared from non-induced and from RNAi-induced cells. In non-
induced cells the concentration of free phosphate was 80%3.7,
96+3.1 and 95*8.4 nmol in RNAi o, RNAi_ 2930 and
RNAI_7760 samples, respectively. This minor increase of ATPase
activity observed in non-induced RNAi-Tb7760 and Th2930
compared to non-induced RNAi-sub o cell line may be caused by
leaky transcription of dsRNAi even in the absence of tet, thus
inducing a partial RNAi phenotype. This effect was also noticeable
in Western analysis of glycerol gradient fractions, where an
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Figure 6. Effect of RNAi-mediated ablation of subunits a, Tb7760 or Tb2930 on mitochondrial ATP production. Crude mitochondrial
preparations from uninduced and 3-day RNAi-silenced RNA_sub o (A), RNAi_Tb2930 (B) and RNAIi_Tb7760 (C) cells were obtained by digitonin
extraction and ATP production in the three mitochondrial pathways was measured individually. ATP-production was triggered by the addition of ADP
plus one of the following substrates, succinate, a-ketoglutarate and pyruvate/succinate. Uninduced cells (—tet) are shown in grey, induced (+tet) are
shown in black. The tested substrate is indicated at the top. Malonate (Mal.), a specific inhibitor of succinate dehydrogenase, was used to inhibit ATP
production by oxidative phosphorylation and atractyloside (Atrac.) was used to inhibit import of ADP into mitochondria. Addition of these
compounds to the sample is indicated at the bottom of each panel. ATP production in mitochondria isolated from uninduced cells and tested
without additions of malonate or atractyloside (None) was set to 100%. The bars represent means expressed as percentages from three independent

RNAI inductions. Standard deviations are indicated.
doi:10.1371/journal.ppat.1000436.9006
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accumulation of 10S complexes is obvious in non-induced RNAI-
Th7760 and Th2930 cells (Figure 5B, middle and lower panels).
Leaky RNAI is not unusual in this system [19,42].

Oligomycin is a specific inhibitor of the Fol'; ATP synthase
complex, putatively binding on the interface of subunit « and ¢-
ring oligomer and blocking the rotary proton translocation in Fy. If
the enzyme is well-coupled, the activity of I is also blocked.

After the oligomycin treatment the concentration of free
phosphate decreased down to 54%0.7 nmol, 59*8 and 61*0.7
in non-induced RNA1_o, RNA1 2930 and RNAi1_7760 samples,
respectively, which corresponds to reduction of ATPase activity by
33%, 37% and 36%.

Azide, an inhibitor of both FoF; and the F; moiety alone
decreased the ATPase activity slightly more by 38%, 50% and
42% (Figure 7). This is comparable to oligomycin- and azide-
induced inhibition observed in other experiments with crude mt
fractions from 7. brucei, indicating the presence of other ATP
hydrolytic activities in these crude mt preparations [43,44].
Silencing of sub o for three days led to a reduction of the
concentration of free phosphate down to 48*3.8, which is
comparable to the reduction obtained with oligomycin and/or
azide. Addition of oligomycin and/or azide to these extracts
resulted in minor further decreases of ATPase activity (Figure 7).
These results demonstrate that the azide- and oligomycin- sensitive
ATPase activities in these extracts were almost completely
abolished, consistent with the results from the Western and BN
PAGE analyses (Figure 5B, C). Thus, silencing of ATP synthase
subunit o resulted in extensive and specific reduction of both
azide- and oligomycin- sensitive activities of FoF-ATP synthase
complex.

Different results were observed for subunits Th2930 and
Th7760. When the Th2930 and Th7760 subunits were silenced
for three days, the total amount of the free phosphate increased to
112£5.2 and 104£7.6 nmol, respectively (Figure 7). This ATPase
activity was still slightly oligomycin sensitive, suggesting that some
of the 20S and 40S intact complexes remained in the
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Figure 7. Effect of RNAi-mediated ablation of subunits a,
Tb7760 or Tb2930 on mitochondrial ATPase activity. Crude
mitochondrial preparations from uninduced and 3 days RNAi-silenced
cells were obtained by digitonin extraction and ATPase activity was
assayed by measuring release of free phosphate. Shown are data for
RNAi_sub o (grey columns), RNAi_Tb2930 (small checker board
columns) and RNAi_7760 (dotted diamonds columns) cell lines
uninduced and induced for three days. ATP synthase inhibitors
oligomycin (OM, 2.5 ug/ml) and azide (AZ, 1 mM) were added as
indicated. Average numbers for three assays are shown, using extract
preparation from three independent RNAi experiments.
doi:10.1371/journal.ppat.1000436.g007
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mitochondria after three days of RNAI induction, consistent with
the results from the Western analyses (Figure 5B). It should be
noted that oligomycin in high concentrations also affects the
activity of mitochondrial F; and Na*’K* ATPases [45,46].
Treatment with azide decreased the amount of the free phosphate
down to 45*6.3 and 46*6.8 nmol, respectively, which is
comparable to the levels seen in non-induced oligomycin- or
azide-treated cells (Figure 7). These results show that after the
RNAI induction the azide-sensitive and oligomycin-insensitive
ATPase activity increased significantly compared to non-induced
cells. Thus, the loss of Th2930 and Th7760 subunits disrupts the
FoF; complex, resulting in release of functional F; sector.

Discussion

We report here the composition of the 7. brucei FoF,-ATP
synthase complex and its importance for the survival of the
procyclic stage of the parasite. ATP synthase complexes and
subcomplexes were purified by a combination of tandem-affinity
chromatography, glycerol gradient sedimentation, immunoprecip-
itation, and blue native gel electrophoresis. The complexes were
found by mass spectrometry to be composed of up to 22 subunits
with molecular masses ranging from 8.6 to 55.7 kDa. Eight of
these proteins are related to Fy subunits o, B, v, §, and € and F,
subunits b, ¢ and OSCP. The other 14 proteins have no
recognizable ecukaryotic counterparts and thus appear to be
specific to Trypanosoma. The association of two of the novel proteins
with the FoF;-ATP synthase complex was verified using reciprocal
TAP tag analyzes, which also confirmed the association of other
novel components. Some of these Fol"; associated novel proteins
may have functionally and structurally replaced the accessory
subunits d, ¢, g, &, IF1 that are conserved among the eukaryotic
mitochondrial FoF-ATP synthases. Gene silencing studies show
that FoF;-ATP synthase subunit o and two of the novel proteins
are essential for structural integrity of the FoF;-ATP synthase
complex and for survival of PF 7. brucer.

The 22 proteins identified in the FoI';-ATP synthase complex
have an approximate total mass of =820 kDa. This size was
calculated using the predicted protein mass without the predicted
mt signal peptides, which are cleaved after the mmport into
mitochondria and assuming that the monomer contains three
subunits each of o and B and 10 subunits ¢ (Table S1). This
predicted molecular weight of the FyF;-ATP synthase complex
roughly corresponds to that of an ATP hydrolytic complex that
was resolved by BN PAGE, consistent with it being the FoF;-ATP
synthase monomer. The BN PAGE also revealed bands consistent
with dissociated F;-ATPase particles and a putative dimer of the
complex. The Trypanosoma FoF-ATP may exist as a dimer i vivo,
which might be essential for biogenesis of cristac as has recently
been shown for yeast and mammalian mitochondria [47,48]. This
profile is similar to those observed for mammalian and yeast Fol;-
ATP synthase complexes on BN PAGE, although their molecular
masses are only between 550-580 kDa [12,49-51].

The mitochondrially encoded subunit @ was not identified in our
purified FoF;-ATP synthase complex preparations. This may due
to its possible transient association with the oligomeric ¢-ring as has
been seen in other systems [52] and indeed this subunit was
identified in Escherichia coli only using cross-linkers [53]. Subunit €
and the small and hydrophobic subunit ¢ were each identified in
only one TAP-tag experiment. This probably reflects technical
difficulties with routine mass spectrometric identification of the
proteins which are smaller than 10 kDa, have few tryptic
fragments, are strongly hydrophobic, and are membrane associ-
ated.
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The RNAI1 knockdown studies showed that FoF;-ATP synthase
is essential for growth of the PF 7. brucei cells. Knockdown of
subunit o expression resulted in dramatic loss of the complex while
knockdowns of Th2930 or Th7760 protein expression resulted in
dissociation of the complex and release of the F; subcomplex,
showing that these subunits are essential for complex integrity.
ATP synthase monomer and dimer and their ATPase activities
were not detected by BN PAGE analyses of mitochondria from
induced RNAi-Tb7760 and -Th2930 cells. However, dissociated
Fy particles were present and had increased ATPase activity in the
BN PAGE gel assay and in our metabolic assays. This resembles
the result of deletion of yeast subunit d (ATP7), f (ATP17) or A
(ATP14), which result in correct assembly of the F; moiety, its
dissociation from the F;, moiety, and increased turnover of
unassembled Fy subunits [54-56]. Whether the novel subunits
Th7760 and Th2930 have functional homologs in other systems
remain to be determined. In contrast to subunit Th7760- and
Th2930-depleted cells, purified mitochondria from RNAi sub o
induced cells lacked all three complexes active for ATPase activity,
and oligomycin- and azide-sensitive ATPase activities were almost
completely abolished. These results resemble those observed in
yeast where the absence of the o subunit resulted in absence of the
F| moiety, impaired assembly of the Fy moiety, and degradation
and/or mislocalization of its unincorporated subunits [41]. While
we did not assess the status of the Iy moiety directly we conclude
that the novel subunits Th2930 and Th7760 are required for
structural integrity of the FoF;-ATP synthase while subunit o is
essential for proper assembly of the F; sector and the integrity of
the FoI',-ATP synthase complex.

The requirement for FoI';-ATP synthase complex function in
PF cells is intriguing since importance of mt ATP generation by
oxidative phosphorylation in PF cells has been questioned [15,33].
T. brucet EATRO1125 PF cells were reported to be 1000 times less
sensitive to the FoI';-ATP synthase inhibitor oligomycin in the
presence of glucose than in its absence [57]. In addition, silencing
of subunit B of the FoF;-ATPsynthase led to cell death in glucose-
depleted, but not in glucose-rich medium [16]. In contrast, we
found that glucose could not rescue the lethal effects of knocking
down expression of any of the three subunits tested in our 29-13
PF cells (Figure 4B). Furthermore, the presence of glucose in the
medium had little effect on sensitivity of the parental 29-13 cell
line to oligomycin (Figure 4C). Finally, while the EATRO1125 PF
strain was able to adapt to glucose-depleted medium without a
decrease of the doubling time, our PF 29-13 cells grew more
slowly after removal of glucose from the medium (doubling time
19.7 h vs. 13.8 h). Thus, the 29-13 PF strain that was used in this
study, which is derived from strain 427 [21], appears to differ in its
relative glycolytic and oxidative phosphorylation capacity from the
EATROI1125 strain that was used in other studies [15,16].
Moreover, while the bloodstream 1125 cell line is a pleomorphic
line and may be more dependent on substrate phosphorylation,
the 427 cells are laboratory adapted and unable to establish
metacyclic infections in tsetse fly [58,59]. Thus, they may have
lost some of the original metabolic flexibility of procyclic
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trypanosomes. It would be interesting to test in future studies the
dependency on substrate vs. oxidative phosphorylation in recent
field isolates of procyclic trypanosomes. Our results, including the
fact that mitochondria isolated from RNAi-induced cells had lost
the ability to produce ATP via the oxidative phosphorylation
pathway suggest that the observed severe growth phenotype after
silencing of ATP synthase subunits is caused by inhibition of
oxidative phosphorylation and the consequent lack of ATP.

Opverall, this study characterized the composition of the FyF;-
ATP synthase complex, identified several protein components that
are unique to the 7Trypanosoma, and showed that the conserved o
subunit protein and two newly identified subunits, Th2930 and
Th7760, are important for the structural integrity and proper
function of the complex as well as for viability of 7. brucei PF stage
cells. The structural organization of the FyF;-ATP synthase
complex and the specific functions of its protein components
remain to be elucidated as does its physiological integration within
this organism that regulates oxidative phosphorylation and
glycolysis during its life cycle. In conclusion, the identification
and characterization of ATP synthase in 7. brucei represents a
major step towards deciphering the unique and essential properties
of the respiratory chain of both an early diverged eukaryote and a
lethal human parasite.
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