THE UNIVERSITY OF HULL

Mitochondrial ATP production and energy-buffering in the human pathogen
Trypanosoma brucei

being a Thesis submitted for the Degree of Doctor of Philosophy

in the University of Hull

by

Fei Gao

Bachelor in Biological Science

March 2013



Acknowledgements

I would like to give my gratitude to all those who gave me the possibility of this

work.

Many thanks to:

Dr. Frank Voncken, my supervisor. | am deeply appreciate you invested so much
time for help, encouragement and pushing me all the time for the research and

writing. You are the one brought me to the research way.

Dr. Claudia Colasante, colleague and friend. Thanks for all your time to help me all

kind experiments and data analysis. Miss your cakes.

Dr. Carmen Priscila Pena Diaz and Dr Ludovic Pelosi. Thanks for all your help for
my work in the Chapter Il including providing conditional ATP/ADP carrier
knockout T.brucei cell lines and growth analysing for T.brucei under different

nutritious condition; and the transport kinetic analysis done by Dr Ludovic Pelosi.

Mrs. Cath Wadforth, our lab mother. I would not finish my work without your

preparation for all kinds of medium and solution.

Chan Kuan Yoow, Wen Liu, Mohammad Sherif and Klaus Ersfeld for sharing the lab

and the talking.

All my family members and my friends for a long time support and encouragement.



Abstract

The mitochondrion plays a vital role in the cellular energy (ATP) provision of the
human pathogen Trypanosoma brucei. ATP is produced in the mitochondrial matrix
from ADP and inorganic phosphate by substrate-level and oxidative phosphorylation.
To maintain the cellular energy provision, ATP has to be exported from the
mitochondrial matrix, and ADP and Pi imported from the cytosol. This exchange is in
eukaryotes facilitated by specific mitochondrial carrier family (MCF) proteins, i.e. the
ADP/ATP carrier and the phosphate carrier located in the mitochondrial inner

membrane.

The MCF protein inventory of T. brucei from our lab’s previous study showed two
putative ADP/ATP carriers, i.e. TOMCP5 and TbMCP15, and two putative phosphate
carriers, i.e. ToOMCP8 and TbMCP11. In order to confirm the mitochondrial carrier
family proteins and further study mitochondrial energy metabolism, proteomic
analysis of mitochondria in both bloodstream form and procyclic form T. brucei were
performed. The preliminary results showed that many enzymes required for TCA
cycle, lipid metabolism, amino acid metabolism, nucleotide metabolism exist in both
bloodstream form and procyclic form T.brucei. (Data were not shown in this thesis).
Functional characterisation of ToMCP5 and TbMCP15 (Chapter 1) revealed that
only ToMCP5 functions as a mitochondrial ADP/ATP carrier, while the function of
TbMCP15 remains unknown. TOMCPS5 is able to functionally complement growth of
ADP/ATP-carrier deficient Saccharomyces cerevisiae on a non-fermentable carbon
source, and mitochondrial transport experiments (done by Ludovic Pelosi) revealed
that TbOMCP5 has similar biochemical ADP/ATP transport Kinetics to the prototypical
ADP/ATP carrier ScAnc2p from yeast. Silencing of TOMCP5 expression confirmed
that this MCF protein is essential for the survival of the procyclic form T. brucei and
represents the only ADP/ATP exchanger present in the procyclic form
mitochondrion. Functional characterisation of the putative mitochondrial phosphate
carriers TOMCP8 and TbMCP11 (Chapter IlI) revealed that only TbMCP11 is
expressed in the bloodstream form and procyclic form of T. brucei. Silencing of
TbMCP11 expression in the bloodstream form had no effect on growth, whereas in
the procyclic form it resulted in a lethal growth phenotype. Heterologous expression

of ToMCP11 in mitochondrial phosphate carrier-deficient S. cerevisiae restored its



growth on a non-fermentable carbon source as well as the phosphate-dependent

swelling of its mitochondria.

ATP exported from the mitochondrion is either directly used by the rest of the cell or
stored as an energy buffer, which can be used during periods of high energy demand.
The phosphoarginine/arginine kinase energy (ATP) buffering system of T. brucei
consists of three different arginine kinase isoforms, i.e. TbAK1-3 (Chapter 1V). The
TbAK1-3 isoforms are localised in different subcellular compartments, here
respectively the flagellum, glycosome and cytosol, and are dependent on the presence
of specific organellar targeting signals. Silencing of total TbAK expression in the
procyclic form of T. brucei resulted in a significant growth defect, and was even
lethal in the presence of the oxidative challenging agent hydrogen peroxide. These
results suggest an important role of the T. brucei phosphoarginine/arginine kinase
energy-buffering system in oxidative stress defence. Additional roles of the TbAK

isoforms in the different subcellular compartments are proposed.

In conclusion, the mitochondrial ADP/ATP carrier TOMCP5 and phosphate carrier
TbMCP11, and the TbAK1-3-dependant energy buffering system play an essential

role in the maintenance of the T.brucei energy metabolism.
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1. Trypanosoma brucei and African Sleeping Sickness

Trypanosoma brucei is a protozoan parasite belonging to the Order of Kinetoplastida
(Embley and Martin, 2006). T. brucei branched very early in evolution and is one of
the earliest known aerobic eukaryotes containing a functional mitochondrion
(Cavalier-Smith, 1981, Embley and Martin, 2006, Bringaud et al., 2006). It is
characterised by the presence of a large specialized mitochondrial DNA structure
called the kinetoplast (Simpson, 1973). There are three different T. brucei subspecies
that cause disease in mammals (Fevre et al., 2005). T. b. gambiense is the causative
agent of West African Sleeping Sickness, a chronic disease mainly found in west and
central Africa, while T. b. rhodesiense causes East African Sleeping Sickness, a more
acute and virulent disease that is prevalent in eastern parts of Africa (Gibson, 1986).
The third subspecies T. b. brucei does not affect humans, but causes the wasting
disease ‘Nagana’ in vertebrate animals and is found in large parts of sub-Saharan
Africa (http://www.who.int). Transmission of the different T. brucei subspecies takes
place via a bite of the tsetse fly, a blood-sucking insect vector that predominantly

inhabits woodland and savannah areas.

Before 2005, approximately 50,000 to 70,000 new infections occurred in Africa each
year, whereas more recently the annual case numbers dropped to below 10,000 per
year as a result of the continuing control efforts by the WHO (WHO, 2012). However,
many T. brucei-related infection cases are not reported as a consequence of the lack
of proficient health care provision in many African countries. The true number of T.

brucei-infected patients is therefore expected to be much higher (http://www.who.int).

The development of Sleeping Sickness in humans can be divided into two main

stages. During the first or hemolymphatic stage, trypanosomes multiply in the blood,



lymph and spinal fluids, which causes fever, headache, joint and muscle pains, as
well as extreme fatigue in the patient (Apted, 1970). During the second stage, also
called the meningoencephalitic or neurological stage, trypanosomes cross the blood-
brain barrier and invade the central nervous system. Patients in this stage will suffer
severe disturbances of the circadian sleeping rhythm (somnolence) and profound
changes in behaviour, finally followed by loss of consciousness and coma. Infected
patients invariably die within months when left untreated (Stich et al., 2002, Kennedy,

2006).

2. Morphology of Trypanosoma brucei

T. brucei is a motile, single celled eukaryote. It contains all major organelles like
other eukaryote cells, such as a nucleus, endoplasmic reticulum (ER), golgi and
mitochondrion (Figure 1 (Overath and Engstler, 2004)). Its motility is provided by a
single flagellum, which for a large part is attached to the main cell body by an
undulating membrane. The flagellum originates close to the flagellar pocket and the
kinetoplast, a unique mitochondrial DNA structure found in all members of the
Kinetoplastida Order (Parsons et al., 2001, Overath and Engstler, 2004). T. brucei
further contains a peroxisome-like microbody called the glycosome, since it
compartmentalises most of the glycolytic pathway (Parsons et al., 2001, Parsons,

2004).
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Figure 1: Schematic representation of the overall cell structure of bloodstream form
Trypanosoma brucei. Abbreviations: VSG, Variable Surface Glycoprotein. (Source:
(Overath and Engstler, 2004))



3. Life cycle of Trypanosoma brucei

Trypanosoma brucei has a complex life cycle and undergoes many developmental
changes when alternating between the mammalian and the tsetse fly hosts. A
schematic representation of the T. brucei life cycle is shown in Figure 2. The T.
brucei life cycle starts with the infectious metacyclic trypanosomes, which are
injected from the tsetse fly salivary gland into the mammalian bloodstream when the
tsetse fly takes a blood meal (Matthews et al., 2004). In the mammalian bloodstream,
the non-dividing metacyclic trypanosomes differentiate into long slender
trypanosomes, also called the bloodstream form. This form multiplies by binary
fission and is expressing an immuno-protective surface coat consisting of variable
surface glycoprotein (VSG) (Barry and McCulloch, 2001, Vickerman and Luckins,
1969). The bloodstream form subsequently differentiates into the stumpy form, which
is non-dividing and can again be taken up by another tsetse fly when taking a blood
meal (Vassella et al., 1997, Tyler et al., 1997). In the tsetse fly, the stumpy form
differentiates into the procyclic form, which multiplies in the midgut of the insect
vector and is expressing a protective protein surface coat consisting of procyclin
(Roditi et al., 1989). After differentiation into epimastigotes, they multiply by binary
fission in the salivary gland of tsetse fly. The epimastigotes finally differentiate again
into the infective metacyclic form, bringing us back to the start point of the life cycle

(Matthews, 2005).
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Figure 2: Life cycle of Trypanosoma brucei (Source: CDC). The life cycle of
T.brucei start from a blood meal containing infectious metacyclic trypomastigotes
token by tsetse fly. The metacyclic trypomastigotes were injected to host bloodstream
and transform to bloodstream trypomastigotes. Bloodstream trypomastigotes then
multiply in various host body fluids and enter the tsetse fly’s midgut with procyclic
trypomastigotes after taking a blood meal. After procyclic trypomastigotes multiply
in the tsetse fly’s midgut, they transform to epimastigotes and enter salivary gland. In
salivary gland epimastigotes multiply and transform into metacyclic trypomastigotes

which is ready for the next meal to inject into host bloodstream.



4. Overview of important cell biological peculiarities found in T. brucei

4.1. The kinetoplast and mitochondrial RNA editing

The kinetoplast is a hallmark of all Kinetoplastida and is located in the mitochondrion,
near the base of the flagellum (see Fig. 1). It represents one the most unusual and
complex mitochondrial DNA structures among eukaryotes , and is composed of ~50
DNA maxi circles and several thousand DNA mini circles (Simpson et al., 1980, Ray,
1987, Carpenter and Englund, 1995, Vago et al., 1996). The genes located on the
DNA maxi circles mainly code for mitochondrial household proteins, while the mini
circles predominantly code for guide RNAs. These guide RNAs play an essential role
in mitochondrial RNA editing, a unique process initially described for subunit 2 of
cytochrome c¢ oxidase (Benne et al., 1986). Sequence analysis of mitochondrial
MRNA revealed the insertion of four non-coding uridylates (U), leading to a “non-
sense” messenger, and only upon removal of these insertions, the correct open
reading frame was obtained. Later, abundant U insertions and U deletions were
discovered in many other mitochondrial RNAs from T. brucei (Stuart, 1993). RNA
editing is dependent on guide RNAs (JRNAs) and a specialised RNA-editing protein
complex, called the 20S editosome (Pollard et al., 1992). A schematic representation
of RNA-editing is shown in figure 3. Guide RNAs are short 3" uridylated RNA
transcripts that direct the sequence-specific endonucleolytic cleavage of precursor
mRNA and subsequent U insertion/deletion by the 20S editosome (Sturm and
Simpson, 1990, Blum et al., 1990). During RNA-editing, 5’ and 3’ cleaved RNA
fragments are formed, which are subsequently ligated by a mitochondrial RNA ligase
(Panigrahi et al., 2003, Aphasizhev and Aphasizheva, 2011). In addition and in

contrast to other eukaryotes, the mitochondrial DNA of T. brucei does not code for



any transfer RNAs, which therefore have to be imported from the cytosol (Matthews,

2005).
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Figure 3: Schematic representation of RNA-editing in Trypanosoma brucei. The pre-

MRNA was edited according to the guide RNA to insert or delete the uridines by

editosome. Editosome is a larege protein complex which contains the enzymes for

catalysing the editing and ligating the final nucleotide chain. Abbreviations: U, Uracil;
A, Adenine; gRNA, guide RNA. (Adopted from (Aphasizhev and Aphasizheva,

2011)).



4.2. Trans- and cis-splicing in T. brucei

Another peculiarity of T. brucei is its ability for trans- and cis-splicing of mMRNA. In
general, the eukaryotes have monocistronic transcription such as Drosophila (Brogna
and Ashburner, 1997), Arabidopsis (Thimmapuram et al., 2005). In contrast to other
eukaryotes, expression in the T. brucei mitochondrion and nuclear RNA is
predominantly polycistronic which is defined as one signal mRNA that encodes two
or more peptides or proteins (Englund et al., 1982, Koslowsky and Yahampath, 1997,
Grams et al., 2000, Daniels et al., 2010), with the resulting pre-mRNA molecules
being processed into individual mRNAs via splicing (Sather and Agabian, 1985).
Polycistronic transcripts are normally found in prokaryotes and rarely found in
eukaryotes (Pi et al., 2009). Trans-splicing was discovered for the first time in T.
brucei when comparing the nucleotide sequences of the 5’ ends of variant surface
glycoprotein (VSG) mRNAs with those of the corresponding coding genes
(Boothroyd and Cross, 1982). A schematic representation of trans-splicing is shown
in figure 4. Key to this process is the addition (ligation) of a capped and 39-bp long
spliced leader (SL) RNA sequence to the first exon at the 5° end of mRNA molecules
during splicing (Sather and Agabian, 1985, Liang et al., 2003). The SL RNA
sequences and the spliced genes are in general coded for in different parts of the T.
brucei genome, hence the process is called “trans”-splicing (Agabian, 1990). Trans-
splicing was later also found in some higher eukaryotes, including nematodes, plants

and animals (reviewed in (Bonen, 1993)).



5" S ———— 3 SL RNA
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5@ SL | eon |3 mature mRNA

Figure 4: Schematic representation of trans-splicing in T. brucei. Spliced leader (SL)
RNA sequence and pre-mRNA were ligated together and formed matured mRNA. SL
RNA is composed with a 5” cap and a 39-bp long RNA sequence. Abbreviations: SL,
Spliced Leader. (Adopted from (Liang et al., 2003))

4.3. Variant Surface Glycoprotein (VSG) and antigenic variation

T. brucei is constantly challenged by the immune system in the human bloodstream
(Stockdale et al., 2008, Barry et al., 2005, Pays et al., 1989). To evade recognition by
the human complement and subsequent immune response and destruction, the
parasite expresses a dense coat of Variant Surface Glycoprotein (VSG) on its surface
(Stockdale et al., 2008, Pays et al., 1989). These VSG proteins are attached to the
plasma membrane by a glycosylphosphatidylinositol (GPI) anchor (Martin and Smith,
2006). The T. brucei genome contains a substantial number (up to 20% of total
genome) of different VSG genes and pseudogenes, and through homologous
recombination it is able to create an indefinite reservoir of novel VSG molecules
(Marcello and Barry, 2007). T. brucei expresses only a single VSG at any given time,

and upon an immunogenic challenge it can switch its VSG coat for another coat made
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up of a different VSG molecule, a process called antigenic variation (Stockdale et al.,

2008).

4.4. Trypanothione and anti-oxidative defence

In addition to the challenge by the immune system, T. brucei is continuously exposed
to oxidative species in the human bloodstream (Docampo, 1995). To avoid oxidative
stress an appropriate anti-oxidative defence is required, which in trypanosomes is
primarily dependent on trypanothione (N*, N®-bis(glutathionyl)spermidine, T(SH),).
Trypanothione is a glutathione-derived molecule that is only found in trypanosomes
(Fairlamb et al., 1985). It plays a central role in the NADPH-dependent reduction of
hydroperoxides and the maintenance of the cellular thiol redox balance, similar to
glutathione (GSH) in mammals (Nogoceke et al., 1997). The electrons required for
the reduction of hydroperoxides are donated by trypanothione or via the intermediate
tryparedoxin (TXN) (Dormeyer et al., 2001). Next to its role in anti-oxidative defence,
trypanothione is further involved in the detoxification of xenobiotics using the
mercapturic acid pathway (Krauth-Siegel et al., 2003) and the trypanosomal

glyoxalase system (Comini et al., 2004).

4.5. Purine salvage

Purines are essential building blocks required for the biosynthesis of DNA and RNA
nucleotides, as well as for the biosynthesis of other important molecules like ATP,
GTP, cyclic AMP, NADH and Coenzyme A (Rosemeyer, 2004). The majority of
parasitic protozoa cannot synthesize purines de novo, but are dependent on the
provision of purines by their mammalian hosts using a salvage pathway (Davies et al.,
1983, Chaudhary et al., 2004, Baum et al., 1989). The way in which purines are

salvaged from their hosts differs among parasites (Davies et al., 1983, Chaudhary et
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al., 2004, Baum et al., 1989). The purine salvage pathway of T. brucei is dependent
on phosphoribosyltransferases for the salvage of the purine bases and on nucleoside
kinases for making nucleosides (Davies et al., 1983). In addition, an adenosine

aminohydrolase is found in T. brucei (Davies et al., 1983).

4.6. The glycosome

Another peculiarity of T. brucei is that it contains the glycosome, a unique
peroxisome-like organelle bound by a single membrane (Hart et al., 1984, Parsons,
2004). The biogenesis of this organelle is similar to that of peroxisomes and is
dependent on peroxines (Parsons, 2004). Remarkably, the glycosome
compartmentalises the first seven to nine enzymes of the glycolytic pathway, which
in all other eukaryotes is exclusively located in the cytosol (Opperdoes and Borst,
1977). The bloodstream form T. brucei is completely dependent on glycolysis for its
cellular ATP production, while the procyclic form T. brucei is dependent on a
combination of both glycolysis and mitochondrial oxidative and substrate level
phosphorylation (Bringaud et al., 2006, Michels et al., 2000, Bochud-Allemann and
Schneider, 2002). Glucose, the main substrate for glycolysis, is in the glycosome
degraded to the glycolytic intermediate glycerate 3-phosphate in the bloodstream
form or glycerate 1,3-phosphate in procyclic form T. brucei. Both glycolytic
intermediates are exported from the glycosome and further converted to pyruvate in
the cytosol of T. brucei (Coley et al., 2011, Opperdoes and Borst, 1977, Colasante et
al., 2006b). A more detailed description of the glycosomal energy metabolism of T.

brucei can be found in section 1.6.

The glycosome participates further in degradation of lipids via B-oxidation, lipid

biosynthesis, and the metabolism of sterols and isoprenoids (Parsons et al., 2001,
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Parsons, 2004, Michels et al., 2000). The coprresponding pathways are present in all
peroxisomes characterised so far (Opperdoes, 1984, Wiemer et al., 1996, Parsons,
2004, Colasante et al., 2006b). In addition, the T. brucei glycosome contains the first
two enzymes of the pentose phosphate pathway, i.e. glucose-6-phosphate
dehydrogenase and 6-phosphogluconate dehydrogenase, which are proposed to play
an important role in the regeneration of reducing equivalents (Barrett, 1997,
Colasante et al., 2006b, Opperdoes and Szikora, 2006). An extensive proteomic
analysis of isolated T. brucei glycosomes revealed further the presence of enzymes
and parts of pathways that are usually not found in other peroxisomes, including part
of the purine salvage pathway, part of the Calvin-Benson cycle, different enzymes of
the nucleotide metabolism, and phosphoenolpyruvate carboxykinse (PEPCK) and

pyruvate kinase, which are involved in pyruvate metabolism (Colasante et al., 2006b).

4.7. The T. brucei mitochondrion

Virtually all information available regarding the structure and function of the T.
brucei mitochondrion is derived from the procylic form of the parasite, whereas little
is known about the bloodstream form mitochondrion (Panigrahi et al., 2009, Stephens
et al., 2007, Schneider et al., 2007, Bringaud et al., 2006). In the procyclic form T.
brucei, the mitochondrion plays an essential role in the cellular provision of ATP via
oxidative and substrate level phosphorylation (Schneider et al., 2007, Bringaud et al.,
2006, Bochud-Allemann and Schneider, 2002), but is also proposed to contribute to
carbohydrate metabolism, the pentose phosphate pathway, the biosynthesis and
conversion of lipids, amino acids, and nucleotides, and the maintenance of the
cellular redox balance (Opperdoes, 1987, Barrett, 1997, Smith and Butikofer, 2010,
Bringaud et al., 2012, Castro et al., 2010). Similar to mitochondria from other

eukaryotes, its structure is composed of a mitochondrial outer membrane (MOM),
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mitochondrial intermembrane space (IMS), mitochondrial inner membrane (MIM)
and matrix (Panigrahi et al., 2009, Panigrahi et al., 2008). In contrast to other
eukaryotes, T. brucei contains only a single tubular mitochondrion stretching over the
whole length of the cell (Figure 1). The function and structure of the T. brucei
mitochondrion can change in response to the different host environments and
available substrates, which the parasite encounters during its life cycle (Bringaud et
al., 2006, Matthews, 2005, Fenn and Matthews, 2007). The tubular structure of the
mitochondrion can be more or less branched, and even form a cellular network
depending on the T. brucei life cycle stage (Schneider, 2001). In procyclic form, T.
brucei, most of its ATP is provided via proline degradation, and concomitant
oxidative and substrate level phosphorylation in the mitochondrion (Bringaud et al.,
2012, Bochud-Allemann and Schneider, 2002, Schneider et al., 2007). The
mitochondrion contains further a functional mitochondrial respiratory chain
(complexes I-1V), which is involved in the maintenance of the redox cellular balance
and the production of ATP via an ATP synthase (complex V) located in the
mitochondrial inner membrane (van Hellemondt et al., 2005). In agreement with its
function in ATP production, the single procyclic form mitochondrion is highly

branched to increase its functional membrane surface (Schneider, 2001).

This in contrast to the bloodstream form, where the single mitochondrion is reduced
to a simple tubular structure with little or no branching at all (Schneider, 2001). This
life cycle stage of the parasite dwells in the glucose-rich (about 3-5 mM) human
bloodstream, and is exclusively dependent on the glycosomes and the
compartmentalised glycolytic pathway for its cellular ATP provision (Michels et al.,
2000, Bringaud et al., 2006). The redox balance in the bloodstream form is

maintained by the combined action of a mitochondrial alternative oxidase (TAO) and
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ATP synthase (Bienen et al., 1993, Chaudhuri et al., 2006, Schnaufer et al., 2005).
These are the only mitochondrial functions described so far for this life cycle stage
(van Hellemond et al., 2005). The bloodstream form mitochondrion further lacks a
functional TCA cycle, respiratory chain and cytochrome c, and is proposed to not

contribute to the cellular ATP production at all (van Hellemond et al., 2005).

5. Treatment of Sleeping Sickness

The treatment of Sleeping Sickness is dependent on the disease stage, here the
hemolymphatic stage 1 or the neurological stage 2, and the different T. brucei
subspecies causing the disease, i.e. T. b. gambiense and T. b. rhodesiense (Barrett et
al., 2007, Kennedy, 2004, Rodgers, 2009). Since 1921, only 5 drugs successful
against T.brucei have been developed, i.e. Pentamidine, Suramin, Melarsoprol,
Eflornithine and Nifurtimox (Kennedy, 2004, Barrett et al., 2007, Ashley et al., 1942,
Hall et al., 2011, Lourie, 1942). Each of these drugs is only effective against the first
or second stage of Sleeping Sickness of a particular T. brucei subspecies.
Pentamidine has been in use since 1941 and can only be used for the treatment of first
stage West African Sleeping Sickness, which is caused by T. b. gambiense (Ashley et
al., 1942). Although this drug is highly effective against T. b. gambiense, it also
causes severe neurological side effects in some patients (Lourie, 1942, Rodgers,
2009). Suramin was discovered in 1921 and can only be used for the treatment of the
more acute East African Sleeping Sickness caused by T. b. rhodesiense (Steverding,
2010). Melarsoprol was introduced in 1949 and is the only effective drug that can be
used for treatment of second stage sleeping sickness caused by T. b. rhodesiense.
Unfortunately, it also causes reactive encephalopathy in 5-10% of the treated patients
(Kuzoe, 1993). Eflornithine (a-difluoromethylornithine or DFMO) was discovered in

1990, and can only be used for treatment of second stage sleeping sickness caused by
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T. b. gambiense (Nightingale, 1991). Later on Nifurtimox was developed, which is
also effective against second stage sleeping sickness caused by T. b. gambiense (Hall
et al., 2011). Both Eflornithine and Nifurtimox are currently used as an effective
combination therapy for second-stage T. b. gambiense sleeping sickness (Priotto et al.,

2007).

Unfortunately, most of the drugs mentioned above show severe side effects, and can
only be applied under controlled hospital conditions. In addition, they are rather
expensive and are therefore not affordable for patients in the mainly poor, developing
countries where Sleeping Sickness is endemic. Another problem is that T. brucei
becomes more and more resistance against the existing drugs, rendering them less
suitable for future treatment of Sleeping Sickness (Rodgers, 2009, Barrett et al., 2007,
Matovu et al., 2001). Consequently, novel drug targets have to be identified as well as
novel drugs developed. Currently several approaches are underway to identify new
drug targets. They include the identification of essential metabolic pathways and their
enzymes, which are only present in T. brucei and not the human host. For example,
trypanothione-dependent enzymes such as trypanothione synthetase (Comini et al.,
2004), trypanothione reductase, glyoxalase and different transferases (Spinks et al.,
2009) are unique to Kinetoplastida and are vital for the survival of T. brucei, and are
therefore regarding as a suitable targets for the development of novel drugs. Also the
purine salvage pathway of T. brucei is considered as a suitable drug target, due to the
absence of a de novo purine synthesis pathway in this parasite (Davies et al., 1983).
Other potential drug targets are glycolytic enzymes found in the glycosomes,
including triosephosphate isomerase (Wierenga et al., 1991), phosphoglycerate kinase

(Bernstein et al., 1998) and aldolase (Chudzik et al., 2000).
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6. The T. brucei energy metabolism

The energy metabolism of Trypanosoma brucei is highly adaptive and is dependent
on the different host environments that the parasite encounters during its lifecycle
(Bringaud et al., 2006, Vickerman, 1985, Matthews, 2005). The energy metabolism
of bloodstream form of T. brucei is rather simple and is exclusively dependent on the
glycolytic degradation of glucose (Michels et al., 2000, Opperdoes, 1987), which is
abundantly present in the mammalian bloodstream (ter Kulle, 1993). A schematic
representation of the bloodstream form energy metabolism is shown in figure 5. In
the glycosome, glucose is oxidized to 3-phosphoglycerate (3-PGA), involving the
first 7-9 enzymes of the glycolytic pathway (Parsons et al., 2001, Parsons, 2004,
Michels et al., 2000). 3-PGA is subsequently exported from the glycosome and
further metabolized to mainly pyruvate in the cytosol. It is postulated that ATP
production and consumption is balanced in the glycosome and that no ATP is
exported from this subcellular compartment (Opperdoes and Borst, 1977, Opperdoes,
1987, Hammond and Bowman, 1980). Instead, ATP is exclusively formed in the
cytosolic part of the glycolytic pathway, here the pyruvate kinase-catalysed
conversion of phosphoenolpyruvate (PEP) to the metabolic end product pyruvate
(Opperdoes, 1987, Hammond and Bowman, 1980). The redox balance in the
glycosome is maintained by the combined action of a glycerol 3-phosphate shuttle
located in the glycosomal membrane and an alternative oxidase present at the
mitochondrial membrane (Opperdoes and Borst, 1977). Depending on the glycosomal
and cellular redox balance, glycerol can be produced in addition to pyruvate
(Opperdoes and Borst, 1977, Hannaert et al., 2003). Current metabolic models regard
both pyruvate and glycerol as the final metabolic end products of the bloodstream

form energy metabolism (Tielens and VVan Hellemond, 1998, Opperdoes, 1987).
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Figure 5: Schematic represenation of the bloodstream form T. brucei energy
metabolism. Abbreviations used: Glc, glucose; TbHK, T. brucei hexokinase; G-6-P,
glucose-6-phosphate; PGI, glucose-6-phosphate isomerase; F-6-P, fructose-6-
phosphate; PFK, phosphofructokinase; FBP, fructose 1,6-bisphosphate; ALD,
aldolase; DHAP, dihydroxyacetone phosphate; GPDH, glycerol 3-phosphate
dehydrogenase; GK, glycerol kinase; Gly-3-p, glycerol-3-phosphate; G-3-P,
glyceraldehyde 3-phosphate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase,
1,3BPGA, 1,3-bisphosphoglycerate; PGK, phosphoglycerate kinase; 3-PGA, 3-
phosphoglycerate; PGM, phosphoglycerate mutase; 2-PGA, 2-phosphoglycerate;
ENO, enolase; PEP, phosphoenolpyruvate; PK, pyruvate kinase; PYR, pyruvate;
TAO, alternative oxidase. UQ, ubiquinone, GPD, glycerol-3-phosphate
dehydrogenase.

18



In contrast to the bloodstream form T. brucei, the energy metabolism of the procyclic
form is more elaborate, and involves multiple metabolic pathways in different
subcellular compartments, including the glycosome, cytosol and mitochondrion
(Bringaud et al., 2012, Bochud-Allemann and Schneider, 2002, Opperdoes, 1987).
The procyclic form parasite can not only use the glucose derived from the insect
blood meal, but also the amino acid proline as a carbon sources for the production of
ATP (Bringaud et al., 2012). Proline is abundantly present in the insect’s hemolymph
(Neufeld and Leader, 1998, Barrett, 1974, Arrese and Soulages, 2010). A simplified
schematic presentation of the complex energy metabolism of the procyclic form T.

brucei is shown in figure 6.

When comparing the glucose metabolism present in bloodstream form (Fig. 5) and
procyclic form (Fig. 6) T. brucei, several important differences can be observed in
terms of energy production. In the procyclic form, not 3-phosphoglycerate but 1,3-
biphosphoglycerate is exported from the glycosome. 1,3-biphosphoglycerate is in the
cytosol converted to 3-phosphoglycerate by a cytosolic phosphoglycerate kinase
(PGK) with the concomitant formation of ATP (Opperdoes and Borst, 1977,
Opperdoes, 1987, Hammond and Bowman, 1980). 3-phosphoglycerate is
subsequently converted to phosphoenolpyruvate (PEP) by the combined action of
phosphoglycerate mutase and enolase (Opperdoes and Borst, 1977, Opperdoes, 1987,
Hammond and Bowman, 1980). PEP is a key metabolic intermediate and represents
an important branching point of the procyclic form energy metabolism (Fig. 6). It can
act as a substrate for the different energy producing pathways located in the cytosol,
glycosome and mitochondrion (Coustou et al., 2003, Bringaud et al., 2006, Matthews,
2005). Re-direction of PEP to these different pathways is dependent on the ATP and

redox (NAD*/NADH) balances in the different subcellular compartments (Coustou et
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al., 2005, Barnard and Pedersen, 1994). Part of the cytosolic PEP is converted to
pyruvate in the cytosol with the concomitant production of ATP (Van Hellemond et
al., 1998). The formed pyruvate can be imported into the mitochondrion, where it is
converted to acetyl-CoA and the metabolic end product acetate, again with
concomitant ATP production (Gilbert and Klein, 1984, Callens et al., 1991).
Alternatively, pyruvate can remain in the cytosol, where it is converted to the
metabolic end products lactate and alanine, which contributes to maintenance of the
cytosolic redox balance, or pyruvate can be converted to the metabolic intermediate
malate (Barnard and Pedersen, 1994). Malate can again enter the mitochondrion,
where it is converted to succinate by part of the mitochondrial TCA cycle involving a
NADH-dependent fumarate reductase (FRD) (Coustou et al., 2005), or after its
conversion to fumarate in the cytosol, it can be imported into the glycosome where it
is also converted to succinate using part of the succinic fermentation branch (Aranda
et al., 2006). The remaining part of the PEP formed in the cytosol can re-enter the
glycosome, where it is converted to succinate via the succinic fermentation pathway
(Fig. 6, (Ebikeme et al., 2010)). This pathway not only plays an important role in the
maintenance of the glycosomal redox balance, but also in ATP formation in this
organelle (Ebikeme et al., 2010). The observed flexibility of the various glucose
metabolising pathways and the transport of different metabolic intermediates in and
out of the different subcellular compartments is most probably required for the

maintenance of the cellular ATP and redox homeostasis in T. brucei.
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Figure 6: Schematic representation of the procyclic form T. brucei energy
metabolism (Bringaud et al., 2006). Dark, grey and light grey arrows represent
enzymatic steps of glucose, threonine and proline/glutamine metabolism, respectively.
Excreted end products (acetate, alanine, glycerol, glycine, lactate, succinate and CO5,)
derived from glucose, threonine and proline metabolism are in white characters on a
black, grey and light grey background, respectively. Arrows with different
thicknesses tentatively represent the metabolic flux at each enzymatic step, when T.
brucei is cultured in the presence of both glucose and proline (glucose-rich medium).
Dashed arrows indicate steps that are supposed to occur at a background level or not
at all, under these growth conditions. The glycosomal and mitochondrial
compartments, the tricarboxylic acid (TCA) cycle and the links to the pentose
phosphate pathway (PPP) and lipid biosynthesis pathway are indicated. The
mitochondrial outer membrane is permeable to metabolites and is only shown in the
vicinity of the schematic electron-transport chain. Abbreviations used are: AA,
amino acid; AOB, amino oxobutyrate; 1,3BPGA, 1,3-bisphosphoglycerate; C,
cytochrome c; Cit, citrate; CoASH, coenzyme A; DHAP, dihydroxyacetone
phosphate; F-6-P, fructose 6-phosphate; FBP, fructose 1,6-bisphosphate; G-3-P,
glyceraldehyde 3-phosphate; G-6-P, glucose 6-phosphate; GLU, glutamate; Gly-3-P,
glycerol 3-phosphate; IsoCit, isocitrate; 2Ket, 2-ketoglutarate; OA, 2-oxoacid; Oxac,
oxaloacetate; PEP, phosphoenolpyruvate; 3-PGA, 3-phosphoglycerate; Pi, inorganic
phosphate; PPi, inorganic pyrophosphate; SAG, glutamate -semialdehyde; SucCoA,
succinyl-CoA; T[SH]2, reduced form of trypanothione; UQ, ubiquinone pool.
Enzymes are: 1, hexokinase; 2, glucose-6-phosphate  isomerase; 3,
phosphofructokinase; 4, aldolase; 5, triose-phosphate isomerase; 6, glycerol-3-
phosphate dehydrogenase; 7, glycerol Kkinase; 8, glyceraldehyde-3-phosphate
dehydrogenase; 9, glycosomal phosphoglycerate kinase; 10, cytosolic
phosphoglycerate kinase; 11, phosphoglycerate mutase; 12, enolase; 13, pyruvate
kinase; 14, phosphoenolpyruvate carboxykinase; 15, pyruvate phosphate dikinase; 16,
glycosomal malate dehydrogenase; 17, cytosolic (and glycosomal) fumarase (FHc);
18, glycosomal NADH-dependent fumarate reductase; 19, mitochondrial fumarase
(FHm); 20, mitochondrial NADH-dependent fumarate reductase; 21, glycosomal
adenylate kinase; 22, malic enzyme; 23, unknown enzyme; 24, alanine
aminotransferase; 25, pyruvate dehydrogenase complex; 26, acetate:succinate, CoA-
transferase; 27, unknown enzyme; 28, succinyl-CoA synthetase; 29, citrate synthase;
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30, aconitase; 31, isocitrate dehydrogenase; 32, 2-ketoglutarate dehydrogenase
complex; 33, succinate dehydrogenase (complex Il of the respiratory chain); 34,
mitochondrial malate dehydrogenase; 35, L-proline dehydrogenase; 36, pyrroline-5
carboxylate dehydrogenase; 37, L-glutamine deaminase; 38, glutamate
aminotransferase; 39, glutamate dehydrogenase; 40, I-threonine dehydrogenase; 41,
acetyl-CoA:glycine C-acetyltransferase; 42, citrate lyase; 43, acetyl-I-carnitine
transferase; 44, acetyl-l-carnitine transferase; 45, FAD-dependent glycerol-3-
phosphate dehydrogenase; 46, rotenone-insensitive NADH dehydrogenase; 47,
alternative oxidase; 48, FOF1-ATP synthase; 49, spontaneous reaction; 50, glyoxalase
I; 51, glyoxalase II; 52, pyruvate decarboxylase; 53, NAD-linked alcohol
dehydrogenase; I, 11, 111 and 1V, complexes of the respiratory chain.

As mentioned above, the procyclic form T. brucei can also use proline for its energy
generation (Bringaud et al., 2012). This is particularly the case when the glucose
present in the blood meal becomes depleted (Bochud-Allemann and Schneider, 2002,
Lamour et al., 2005). The proline-metabolising pathway is exclusively located in the
T. brucei mitochondrion (Lamour et al., 2005). In contrast to the bloodstream form,
the mitochondrion of the procyclic form is fully functional in terms of energy
production (Bringaud et al., 2006). During proline degradation, a-ketoglutarate is
formed, which subsequently enters the TCA cycle. Although all TCA cycle enzymes
are present in the procyclic form of T. brucei mitochondrion, the cycle is only partly
used, leading to the formation of succinate as the main end product from proline
degradation (van Weelden et al., 2003). In the mitochondrion, ATP production from
proline takes place by a combination of substrate-level and oxidative phosphorylation
(Lamour et al., 2005), while the redox balance is maintained by a functional

respiratory chain (Njogu et al., 1980, Castro et al., 2010).
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7. Mitochondrial Carrier Family proteins

The mitochondrial inner membrane is impermeable and requires the presence of
dedicated transporters to facilitate the transport of metabolites across this barrier
(Schneider et al., 2007). The majority of the metabolite transporters found in the
mitochondrial inner membrane are members of the mitochondrial carrier family
(MCF) (Palmieri, 2004, Millar and Heazlewood, 2003). MCF proteins transport a
wide range of metabolites, including nucleotides, phosphate, carboxylic acids, amino
acids, protons and iron (Palmieri, 2004, Palmieri et al., 2006a, Kunji and Robinson,
2006, Colasante et al., 2009). As a consequence of their wide substrate range, they are
involved in most of the metabolic pathways present in the mitochondrion, and form
an essential metabolic link between the mitochondrion and the rest of the cell
(Palmieri, 2004, Kunji, 2004). MCF proteins are characterised by a highly conserved
protein structure composed of three homologous sequence repeats and a similar
molecular mass of about 30-35 kDa (Millar and Heazlewood, 2003, Palmieri et al.,
20064, Picault et al., 2004). A schematic representation of the conserved MCF protein
structure is shown in Figure 7. Each sequence repeat is about 100 amino acids long
and includes two membrane-spanning alpha helices connected by a hydrophilic loop
(Saraste and Walker, 1982). Each odd numbered hydrophilic loop contains a
conserved MCF signature sequence, i.e. ‘Px(D/E)xa(K/R)X(K/R)/X20-30/(D/E)GX4-
s(W/F/Y)(K/R)G’ with ‘a’ standing for an aromatic residue and ‘x’ for any amino
acid (Aquila et al., 1987, Saraste and Walker, 1982). The N- and C-terminal ends of

MCF proteins are facing the mitochondrial inter membrane space (Fig. 7).
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Figure 7: Schematic representation of mitochondrial carrier family proteins and their
conserved protein structure (edited from Colasante et al., 2009). Abbreviations used:
N, N-terminal; C, C-terminal; H1-6, transmembrane domains; hl-2, h3-4, h5-6,
hydrophilic loops; M1-3a, the first part of canonical signature sequence motif
(PX(D/E)x2(K/R)X(K/R)); M1-3b, the second part of canonical signature sequence
motif ((D/E)Gx4.s(W/F/Y)(K/R)G); CPI-III, substrate contact points.

So far, about 30 MCF proteins have been identified in yeast, and more than 50 MCF
proteins in humans and plants (Palmieri et al., 2000, Picault et al., 2004, Wohlrab,
2006). Functional characterisation showed that MCF proteins are involved in
essential cellular processes (see Fig.8), including energy generation, the biosynthesis
and degradation of amino acids, mitochondrial DNA replication, and the maintenance
of the mitochondrial and cellular redox balance (Kunji, 2004). Pyruvate derived from
glycolysis is transported into the mitochondrion for conversion to acetyl-CoA, which
can be used as a substrate for the TCA cycle (Hildyard and Halestrap, 2003).
Concomitant mitochondrial ATP production is dependent on the availability of ADP
and inorganic phosphate as substrates, which have to be imported from the cytosol by
two MCF proteins, the ADP/ATP carrier and the phosphate carrier (Knirsch et al.,
1989). In addition, several MCF proteins are required for the exchange of TCA cycle

intermediates between the cytosol and the mitochondrion, including the dicarboxylate
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carrier, which exchanges malate and succinate with inorganic phosphate, sulphate and
thiosulphate (Fiermonte et al., 1999), the tricarboxylate carrier, which transports
citrate in exchange with malate or other anionic metabolites (lacobazzi et al., 1996),
and the oxoglutarate/malate carrier, which transports 2-oxoglutarate in an exchange
for malate or other dicarboxylic acids (lacobazzi et al., 1992). Also the mitochondrial
biosynthesis and degradation of amino acids is dependent on different MCF proteins
for the transport of substrates and intermediates (see (Kunji, 2004) and references
therein). This includes the citrulline/ornithine carrier, which transports ornithine in
exchange with citrulline (Fiermonte et al., 2003), the aspartate/glutamate exchanger,
which transports glutamate in exchange with aspartate (Fiermonte et al., 2002,
Palmieri et al., 2001), and the oxoglutarate carrier, which transports oxoglutarate in
exchange for oxoadipate derived from cytosolic lysine and tryptophan degradation
(Fiermonte et al., 2001). In addition, mitochondrial DNA replication is dependent on
MCF proteins such as the deoxynucleotide carrier, which exchanges
deoxynucleotides, and the S-adenosylmethionine carrier, which is required for the

methylation of mitochondrial DNA (Dolce et al., 2001, Marobbio et al., 2003).
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Figure 8: Proposed transport functions of MCF proteins in the mitochondrial and cellular metabolism (adpted from (Kunji, 2004)). This
schematic representation shows the mammalian mitochondrial inner membrane containing the ATP synthase, complexes I-1V of the respiratory
chain, and various MCF proteins. Metabolic pathways are simplified to emphasise the transport of key metabolites, and are indicated by red
arrows. Blue arrows indicate the main transport direction. Co-factors and high-energy intermediates are coloured green. Some metabolites can
appear in different pathways, meaning that the corresponding pathways are linked. For CoA, glutamine, FAD, NAD", and pyruvate it is currently

unknown (indicated by “?”’) whether they are transported by MCF proteins or by other transporters.
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For the study of MCF proteins and their transport function, three different approaches
have been used. The most common and widely used approach is the reconstitution of
MCF proteins in artificial liposomes, and the subsequent analysis of transport
function in the generated proteoliposomes by using radio-labelled substrates (Palmieri
et al., 2006b, Palmieri, 2004, Picault et al., 2002, Hoyos et al., 2003, Segrest et al.,
1974). However, reconstitution is notoriously difficult since many of the reconstituted
MCEF proteins do not function at all or transport at a very low rate due to problems
associated with heterologous expression, purification, renaturation and refolding, and
the correct insertion and orientation of the reconstituted protein in the liposomal
membrane (Palmieri et al., 2006b, Rigaud et al., 1995, Rigaud, 2002). To circumvent
the reconstitution problems, some of the MCF proteins have been studied upon
expression in prokaryotes such as Escherichia coli, followed by the assessment of
their transport function in the intact microorganism and radio-labelled substrates
(Haferkamp et al., 2002, Tjaden et al., 2004, Leroch et al., 2005). Several studies
confirmed that MCF proteins do not require post-translational modification for their
function and that they indeed can correctly fold and integrate into the Escherichia coli
membrane in a functional manner (Geigenberger et al., 2001, Haferkamp et al., 2002,
Leroch et al., 2005, Mohlmann et al., 1998, Tjaden et al., 2004, Tjaden et al., 1998).
A disadvantage of this approach is that it is limited to metabolites for which there are
no other transporters present in the E. coli plasma membrane, such as the ADP/ATP

carrier (Miroux and Walker, 1996).

Another, more successful approach is based on the expression of heterologous MCF
proteins in S. cerevisiae knockout strains, which are deficient in specific MCF

proteins (Klingenberg, 1993). Most of the MCF protein deficient yeast knockout
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strains cannot grow on non-fermentable carbon sources such as glycerol or lactate
medium, and can only grow on fermentable carbon source such as glucose
(Clemencon et al., 2008, Kolarov et al., 1990b, Klingenberg, 1993). Subsequent
expression of a homologous MCF protein into a mutant yeast strain can again
complement its mitochondrial function and restore growth of the strain on a non-
fermentable carbon source (Clemencon et al., 2008, Babot et al., 2012). This
functional complementation method can however not be used for all MCF proteins
since a knockout does not always results in an analysable growth defect on a non-
fermentable carbon source (Nelson et al., 1998). In addition, functional
complementation in a MCF protein deficient yeast strain is not always optimal, when
compared to the wild type yeast (Mayr et al., 2011, De Marcos Lousa et al., 2002).
This is most probably caused by problems with protein expression and mitochondrial
protein targeting as a result of the absence of functional/yeast-specific mitochondrial

targeting signals in the heterologous MCF protein (van Wilpe et al., 1999).

8. The MCF protein inventory of T. brucei

The T. brucei genome (www.genedb.org) harbours 26 genes coding for 24 different

MCEF proteins, called ToMCP1-24 (Colasante et al., 2009). Reciprocal database
searches and sequence analysis confirmed that the identified T. brucei proteins are
indeed members of the mitochondrial carrier family. All 24 ToMCPs show significant
amino acid similarity (39-78%) to known human (SLC25A) and S. cerevisiae MCF
proteins, and their sequence structure consists of three semi-conserved protein
domains of about 100 amino acids, with each domain containing two transmembrane
(TM) helices and a conserved MCF signature sequence motif (Colasante et al., 2009).

Immunolocalisation studies confirmed that all TbMCPs have a mitochondrial
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localisation, with the exception of TOMCP6, which seems to have a dual subcellular

localisation (see below) (Colasante et al., 2009, Colasante et al., 2006a).

The putative transport function of the identified ToMCPs was predicted by reciprocal
BLASTP database searches and phylogenetic reconstruction using functionally
characterized MCF proteins from other eukaryotes. MCF proteins contain further
several conserved residues downstream of the MCF signature sequences, which were
previously shown to be involved in the recognition and binding of specific substrate
classes (Kunji and Robinson, 2006, Robinson and Kunji, 2006). These conserved
amino acids are predominantly located in 3 different substrate-contact points, i.e.
CPI-111 (figure 7). The first amino acid of each substrate contact point is located six
amino acids downstream of the conserved glycine (G) residue at the end of each
signature sequence motif (figure 7). CPI-Ill are conserved in MCF proteins that
transport similar substrates (Kunji and Robinson, 2006, Robinson and Kunji, 2006).
In particular CPIl was proposed to play an important role in substrate discrimination,
and is defined by the amino acid pair ‘G(IVLM)’ for nucleotide carriers, ‘(R/K)Q’ for
phosphate carriers, ‘R(QHNT)’ for dicarboxylic acid carriers, ‘R(D/E)’ for amino
acid carriers, and ‘MN’ for iron carriers (Kunji and Robinson, 2006, Robinson and
Kunji, 2006). Identification of CPI-111 sequences in the 24 TbMCPs and comparison
to those of functionally characterized MCF proteins allowed a more specific
definition of their putative mitochondrial transport function (Colasante et al., 2009,

Colasante et al., 2006a).

Of the 24 TbMCPs identified in T. brucei, only ToMCP6 has been studied in more
detail (Colasante et al., 2009, Colasante et al., 2006a). Sequence analysis and

phylogenetic reconstruction suggested that TOMCP6 could function as an ADP/ATP
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or ATP-Mg/Pi exchanger (Colasante et al., 2009, Colasante et al., 2006a). Functional
reconstitution of TOMCP6 in E. coli and using [o*’P]-labelled ATP, ADP and Mg**-
ATP as substrates during transport assays revealed however that none of these
substrates were transported (Colasante et al., 2006a). Knockout experiments revealed
that ToMCP6 was essential for the survival of PCF T. brucei and its ablation had a
detrimental effect on kinetoplast division and cytokinesis (Colasante et al., 2006a).
These results indicated that ToMCP6 maybe functions as a mitochondrial nucleotide
carrier, which is closely related to ADP/ATP and ATP-Mg/Pi carriers (Colasante et
al.,, 2009, Colasante et al., 2006a). Remarkable is further the dual subcellular
localisation of TOoMCPG6: this MCF protein was predominantly mitochondrial in PCF
T. brucei, whereas in the BSF trypanosome, TbMCP6 was mainly found in the

glycosome (Colasante et al., 2006a).

Next to TbMCP6, two other T. brucei MCF proteins have been predicted to play a
role in mitochondrial ADP/ATP exchange, i.e. TOMCP5 and TbMCP15 (Colasante et
al., 2009). Both most probably play an important role in the PCF T. brucei energy
metabolism (Colasante et al., 2009), where the mitochondrion is the main source of
ATP production during proline degradation and concomitant substrate level and
oxidative phosphorylation (Bringaud et al., 2006, Schneider et al., 2007, Bochud-
Allemann and Schneider, 2002). The mitochondrial ADP/ATP carrier is further
dependent on the presence of one or more phosphate carriers for its function,
requiring the replenishment of Pi consumed during ATP synthesis in the
mitochondrial matrix (Kramer, 1996). The T. brucei MCF protein inventory indeed
includes two predicted mitochondrial phosphate carriers, i.e. TOMCP11 and TbMCPS8,

which potentially could fulfil this role (Colasante et al., 2009).
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9. The mitochondrial ADP/ATP carrier

The ADP/ATP carrier is one of the best-studied members of the mitochondrial carrier
family, and represents the most abundant protein in the mitochondrial inner
membrane (Klingenberg, 1993, Brandolin et al., 1993, Trezeguet et al., 2008). This
MCEF protein plays a central and essential role in the eukaryotic energy metabolism
by exporting the ATP produced in the mitochondrial matrix to the cytosol in
exchange for cytosolic ADP, thereby replenishing the matrix ADP pool and enabling
a continuous mitochondrial energy production (Knirsch et al., 1989, Kramer and
Klingenberg, 1985, Dahout-Gonzalez et al., 2006). The ADP/ATP exchange function
is dependent on the presence of cardiolipin, a unique lipid only found in the
mitochondrial inner membrane (Beyer and Klingenberg, 1985). In addition, the
ADP/ATP carrier is part of the mitochondrial transition pore (MTP), which plays an

essential role in cytochrome-c mediated apoptosis (Palmieri, 2004).

The important role of the ADP/ATP carrier in the eukaryotic energy production is
particularly evident in humans, where dysfunction of this MCF protein leads to rather
detrimental diseases, including mitochondrial myopathy and cardiomyopathy
(Graham et al., 1997). Deficiency of the mitochondrial ADP/ATP carrier isoform 1
causes further progressive external ophthalmoplegia, accompanied by ptosis, exercise
intolerance and large-scale deletion of mitochondrial DNA (Online Mendelian
Inheritance in Man, OMIM 157640) (Kaukonen et al., 2000, Napoli et al., 2001). In
other cases, the ADP/ATP carrier gene itself is not mutated but its protein expression
(transcription) or mitochondrial import is affected, which leads to Sengers syndrome
and some other symptoms, such as exercise intolerance, hypertrophic cardiomyopathy

and lactic acidaemia (OMIM 103220) (Palmieri, 2004). In virtually all cases, a
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substantially reduced energy production and oxidative phosphorylation capacity is

observed in the affected tissues (Dahout-Gonzalez et al., 2006, Palmieri, 2004).

The protein structure of different ADP/ATP carriers, i.e. AAC3 from Saccharomyces
cerevisiae (Kunji and Harding, 2003) and ANT1 from Bos taurus (Pebay-Peyroula et
al., 2003) has been resolved by X-ray crystallography and is used as a model for the
prediction of protein structures from other MCF proteins (Palmieri et al., 2011). In
addition to the repetitive protein structure and conserved sequence motives of MCF
proteins (see Section 1.7), the ADP/ATP carrier further contains a canonical
hexapeptide sequence, i.e. ‘RRRMMM’. This hexapeptide sequence is essential for
ADP-binding and ADP/ATP exchange and is the hallmark of all ADP/ATP carriers
(Nury et al., 2006, Clemencon et al., 2011). MCF proteins further contain several
conserved amino acids that are involved in the selective binding and transport of
substrates (see 1.7. and (Kunji and Robinson, 2006)). These amino acids are
organized in three distinct substrate contact points (CP1-3, Fig. 6), which are
conserved in MCF proteins transporting similar substrates (Kunji and Robinson, 2006,
Robinson and Kunji, 2006). For ADP/ATP carriers, CP1 is composed of 3 conserved
amino acids, i.e. arginine (R), threonine (T) and asparagine (N); CP2 is composed of
a conserved glycine (G) and isoleucine (I); and CP3 is composed of only a single
conserved amino acid and is in the case of ADP/ATP carriers represented by an
arginine (R) (Kunji and Robinson, 2006). Mutations of these conserved amino acid
residues decrease or ablate the ADP/ATP exchange function of this MCF protein

(Kunji and Robinson, 2006, Robinson and Kunji, 2006).

All eukaryotic genomes studied to date contain at least one gene coding for a

mitochondrial ADP/ATP carrier (Loytynoja and Milinkovitch, 2001). Multiple genes
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coding for several ADP/ATP-carrier isoforms are predominantly found in the
genomes of multicellular eukaryotes (Traba et al., 2011, Loytynoja and Milinkovitch,
2001). These isoforms are very similar in sequence and are thought to have arisen
during evolution by recent gene duplication (Loytynoja and Milinkovitch, 2001). For
example, 4 different isoforms of the ADP/ATP carrier were found in Homo sapiens
(Battini et al., 1987, Houldsworth and Attardi, 1988, Cozens et al., 1989, Dolce et al.,
2005) and Bos taurus ((Powell et al., 1989)REF), while Saccharomyces cerevisae
contains 3 different isoforms (Kolarov et al., 1990b, Lawson and Douglas, 1988,
Adrian et al., 1986). This is in contrast to protozoa, which in general contain only a
single ADP/ATP carrier isoform (Tjaden et al., 2004, Williams et al., 2008, Chan et
al., 2005). The expression of different isoforms is tissue dependent in multicellular
eukaryotes (Powell et al., 1989, Dahout-Gonzalez et al., 2006). For example in Homo
sapiens, ADP/ATP carrier isoform 1 is mainly expressed in heart and skeletal muscle
and much less in brain, isoform 2 is expressed in most differentiated tissues during
development, isoform 3 is expressed in all tissues with different levels, and isoform 4
is exclusively expressed in liver, testis and brain (Stepien et al., 1992, Dolce et al.,
2005). This is in contrast to unicellular eukaryotes, where the expression of different
isoforms is found to be dependent on the available substrates and the associated
aerobic or fermentative metabolism (Kolarov et al., 1990b). For most unicellular
eukaryotes the situation appears to be less complex, and in general their genomes
code for only one single ADP/ATP carrier (for an overview, see (Traba et al., 2011)
and references therein). A notable exception is S. cerevisiae, with its genome
containing 3 different ADP/ATP carrier genes (SCANC1-3; (Lawson and Douglas,
1988). The expression and physiological function of the respective ScAncl-3p

isoforms has been extensively analysed, and was found to be dependent on the type of
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metabolic substrate and the presence of specific environmental factors (Kolarov et al.,
1990a, Lawson et al., 1990, Gawaz et al., 1990, Drgon et al., 1992, Sabova et al.,
1996). For example, ScAnc2p is only required for aerobic growth on non-fermentable
carbon sources such as lactate and glycerol, whereas ScAnc3p is essential for growth
under fermentative or anaerobic conditions. Expression of both ScAnc2p and
ScAnc3p is furthermore relying on the availability of heme (Betina et al., 1995,
Sabova et al., 1993). This is in contrast to ScAnclp, whose expression is down
regulated under anaerobic conditions in a heme-independent fashion (Gavurnikova et
al., 1996). The different ScCAncp isoforms most probably evolved to accommodate the
changing energy requirements of S. cerevisiae, when producing ATP by using
different substrates and associated fermentative or non-fermentative pathways

(Sabova et al., 1996).

Also T. brucei exhibits an adaptable energy metabolism — with substantial metabolic
re-arrangements occurring during the various developmental life cycle stages
(Matthews, 2005, Bringaud et al., 2006, Michels et al., 2006). The T. brucei MCF
protein inventory includes only two predicted ADP/ATP carriers, i.e. TOMCP5 and
TbMCP15, with significant sequence similarity to known and functionally
characterised ADP/ATP carriers from other eukaryotes (Colasante et al., 2009). The
transport function and physiological role(s) of ToOMCP5 and TbMCP15 have not been

determined yet.

10. The mitochondrial phosphate carrier
As mentioned above, also the phosphate carrier plays an important role in the
mitochondrial energy metabolism by replenishing Pi that has been consumed during

ATP synthesis in the mitochondrial matrix (Wohlrab, 1986, Stappen and Kramer,
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1993, Wehrle and Pedersen, 1982). Three different transport mechanisms have been
described for the phosphate carrier (see Figure 9), i.e. phosphate/phosphate or
phosphate/hydroxyl antiport, phosphate/proton symport, and mercurial-induced
uniport (see (Kramer, 1996) and references therein). Similar to the ADP/ATP carrier,
also the phosphate carrier is dependent on the presence of cardiolipin (Kadenbach et
al., 1982). Its Pi-exchange activity can be reversible inactivated by the addition of
Triton X-100 or high concentrations of non-ionic detergents, which removes
cardiolipin from the carrier (Mende et al., 1983). Vice versa, its Pi-exchange activity
into rat liver mitochondria is stimulated by the addition of thyroid hormones, which
substantially increases the cardiolipin concentration in the mitochondrial inner
membrane, thus leading to a more favourable lipid microenvironment for the

phosphate carrier (Paradies and Ruggiero, 1990).

The important role of the mitochondrial phosphate carrier in the eukaryotic energy
production, and associated detrimental disease in case of its dysfunction, was recently
described for human patients (Mayr et al., 2007). Dysfunction was mainly caused by
specific detrimental mutations in the human phosphate carrier-coding genes, and was
confirmed by functional complementation studies using mitochondrial phosphate
carrier-deficient yeast strains (Mayr et al., 2007). In particular oxidative
phosphorylation appears to be affected by mitochondrial phosphate carrier
dysfunction (Mayr et al., 2007). The mitochondrial phosphate carrier plays further a
key role in mitochondrial permeability transition, and was found to be a critical
component of the mitochondrial permeability transition pore (MPTP) (Leung et al.,
2008, Varanyuwatana and Halestrap, 2012). It further interacts with cyclophilin-D,
which is a known regulator and component of the MPTP (Giorgio et al., 2010,

Azzolin et al., 2010, Doczi et al., 2011).

37



Phosphate/
phosphate

‘:_Pr
antiport i —
Phosphate/ H* —
symport Pi-

Phosphate/
phosphate

symport

Phosphate/
hydroxyl
antiport  Pi”

Mercurial —
induced
uniport

Figure 9: Proposed transport models for the mitochondrial phosphate carrier. The
upper two models show a schematic representation of the antiport and symport
transport modes, while the lower three models illustrate the transport of different

substrates in exchange with phosphate. Adapted from (Kramer, 1996).
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Of all known mitochondrial phosphate carriers, in particular those from bovine heart
(SLC25A3) (Runswick et al., 1987), rat liver (SLC25A3) (Ferreira et al., 1989),
human heart (SLC25A3) (Dolce et al., 1991) and yeast (Mirlp and Pic2p) (Phelps et
al.,, 1991) have been well studied (Palmieri et al.,, 2011, Kramer, 1996). Their
sequences show the typical repetitive protein structure and conserved sequence
motives present in all MCF proteins (see Section 1.7) (Kuan and Saier, 1993). In
addition, their substrate contact points (CP1-3, Fig. 6) are conserved, confirming the
binding of similar substrates. All phosphate-transporting MCF proteins known so far
contain the conserved amino acids glycine (G), glutamine (Q) and lysine (K) in CP1;
the amino acids arginine (R) and glutamine (Q) in CP2; and a conserved methionine
(M) in CP3 (Kunji and Robinson, 2006). In addition, different cysteine residues have
been identified, which were shown to be involved in two different transport
mechanisms, i.e. substrate-specific antiport, and uncoupled/unspecific uniport
(Schroers et al., 1997). Reversible modification of two cysteine residues at position
28 of the functional dimers, resulted in a switch between these two transport modes
(Schroers et al., 1997). The specific molecular mechanism behind this switch is still
unclear. Other important amino residues are found in the first hydrophilic loop, i.e.
the cysteine (C) position 42 of the beef heart phosphate carrier Mirlp and the
threonine (T) found at position 43 in the case of yeast phosphate carrier Mirlp
(Kramer, 1996). The cysteine 42 in beef, and threonine together with isoleucine 141
in yeast are responsible for high transport activity. (Wohlrab and Briggs, 1994,
Guerin et al., 1990, Phelps and Wohlrab, 1991). Moreover, the glutamate (E) residue
at position 126, the glutamate residue at position 137, and the histidine residue at
position 31 of the yeast phosphate carrier Mirlp were reported to play an important

role in proton transport (Wohlrab and Briggs, 1994). As mentioned above, two
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putative mitochondrial phosphate carriers were predicted for T. brucei, i.e. ToOMCP8
and TbMCP11 (Colasante et al., 2009). The transport function and physiological

role(s) of these MCF proteins is yet unknown.

11. Energy-buffering in T. brucei

As mentioned above, T. brucei is a motile (flagellated) parasite with a complex life
cycle alternating between the bloodstream in the mammalian host and the midgut of
the vector, the tsetse fly (Matthews et al., 2004). In the mammalian bloodstream, and
to some extent also in the tsetse fly midgut, the parasite will be exposed to substantial
oxidative stress (see (Turrens, 2004) and references therein). When taken up by the
insect vector during a blood meal or when injected with the saliva into the
mammalian bloodstream, the parasite will enter a new host environment with
different metabolic substrates. This change in environment requires differentiation,
and a quick adaptation of the different metabolic pathways involved with these
substrates. This process of adaptation will most probably be accompanied by a short
period of ATP shortage. Also oxidative stress defence mechanisms and motility are
known to consume large quantities of ATP (Tiwari et al., 2002, Agalakova and Gusev,
2012). Therefore, a rapid energy-phosphate buffer/regeneration system is required to

maintain constant ATP levels in T. brucei.

Arginine kinase (ATP:arginine phosphotransferase) is one of the most widely
distributed phosphagen kinases and catalyses the reversible phosphorylation of
arginine using ATP (Ellington, 2001, Wallimann et al., 1992). The resulting product,
phosphoarginine, does not interfere with the metabolism and can be stored in large
quantities in the cell (Ellington, 2001, Wallimann et al., 1992). The

phosphoarginine/arginine kinase system is predominantly found in crustaceans,
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molluscs, insects, and different protozoa (Blethen and Kaplan, 1968, Suzuki et al.,
2000, Werr et al., 2009, Pereira et al., 2002), and is analogous to the
phosphocreatine/creatine kinase system, which is mainly found in vertebrates
(Ellington, 2001, Wallimann et al., 1992). Creatine kinases and arginine kinases are
evolutionarily related, and most probably share a common ancestral gene (Ellington,

2001).

Also trypanosomes were reported to contain a phosphoarginine/arginine kinase
system (Pereira et al., 2011, Canepa et al., 2011, Pereira et al., 2000). In particular the
arginine kinase from Trypanosoma cruzi has been well-studied, including its
characterization, and functional and structural analysis (Fernandez et al., 2007,
Pereira et al., 2000, Miranda et al., 2006, Pereira et al., 2003). T. cruzi expresses only
a single arginine kinase (TcAK), which is exclusively located in its cytoplasm
(Pereira et al., 2000, Miranda et al., 2009). Overexpression of TCAK was found to
significantly increase the survival capability of T. cruzi, when exposed to low pH,
high concentrations of hydrogen peroxide (oxidative stress) and nutritional stress
(Pereira et al., 2003, Miranda et al., 2006). A similar phenotype, i.e. an increased
survival capability in the presence of challenging conditions, was observed when
expressing TCAK in the heterologous hosts S. cerevisiae and E. coli, which lack
natural phosphagen kinases (Canonaco et al., 2003, Canonaco et al., 2002). It was
therefore postulated that the T. cruzi arginine kinase plays an important role in the
provision of a cellular energy buffer (phosphoarginine), which can be used as a

source of ATP under stress conditions (Miranda et al., 2006, Pereira et al., 2003).

The T. cruzi arginine kinase has been structurally characterized by X-ray

crystallography, and comparison revealed a high structural similarity with the only
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other structurally characterised arginine kinase from the horseshoe crab Limulus
polyphemus (Fernandez et al., 2007, Zhou et al., 1998). Sequence analysis showed
that the T. cruzi arginine kinase is very similar (72%) to the arginine kinase from
Limulus polyphemus and to creatine kinases (45-47%) from different vertebrates
(Fernandez et al., 2007, Yousef et al., 2003). Arginine kinase and other phosphagen
kinases, like creatine and guanidine kinases, share a common mechanism for
substrate binding and the transfer of the y-phosphoryl group from ATP (Yousef et al.,
2002). The canonical arginine kinase structure from L. polyphemus has been
extensively characterised and was shown to include two so-called ‘specificity loop” at
position 63-68 which mediate substrate specificity (Zhou et al., 1998, Azzi et al.,
2004, Fernandez et al., 2007) and the residues 309-318 which form the second loop
and are involved in closing the active site after binding of substrate analogues
(Fernandez et al., 2007, Azzi et al., 2004); as well as two conserved amino acid
residues required for substrate binding (Cys271) and catalysis (Glu225) (Pruett et al.,
2003). The sequences found in the first corresponding ‘specificity loop’ of the T.
cruzi (TcAK: ‘LDSGIGVY’) and L. polyphemus (LpAK: ‘LDSGVGIY”) arginine
kinases are nearly identical (Fernandez et al., 2007). The T. cruzi arginine kinase
however lacks a second amino acid residue, i.e. Glu314, which was proposed to be
conserved and involved in catalysis for the L. polyphemus arginine kinase (Fernandez
et al.,, 2007). In addition to the ‘specificity loop’, other amino acid residues were
found to be conserved in both TcAK and LpAK, including the residues Serl22,
His185 and His284, which are involved in interaction with the nucleotide ring; the
residues Argl24, Argl26, Arg229 and Arg280, which are involved in the binding of

ADP and ATP (Fernandez et al., 2007).
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Next to T. cruzi, also T. brucei was reported to contain arginine kinase activity
(Pereira et al., 2002). Genome analysis indicated further the presence of three
different arginine kinase-coding genes in the T. brucei genome, whereas none could
be identified for Leishmania major (Ivens et al., 2005, Berriman et al., 2005). The
expression of the different arginine kinase isoforms in T. brucei, and their function
and physiological roles in the different life cycle stages of this parasite, has not been

elucidated yet.

12. Aim of the PhD project

The mitochondrion plays a vital role in the cellular energy (ATP) provision of the
procyclic form of Trypanosoma brucei. ATP is produced in the mitochondrial matrix
from ADP and inorganic phosphate by substrate-level and oxidative phosphorylation.
To maintain the cellular energy provision, ATP has to be exported from the
mitochondrial matrix, and ADP and Pi imported from the cytosol. This exchange is
facilitated by ADP/ATP carriers and phosphate carriers located in the mitochondrial
inner membrane. The exported ATP is either directly used by the rest of the cell or
stored as phosphoarginine to provide an energy buffer during periods of high energy
consumption. Virtually nothing is known about the mitochondrial ADP/ATP and Pi
transport, and the phosphoarginine/arginine kinase energy (ATP) buffering system in
Trypanosoma brucei. The aim of this PhD project is to improve our understanding of
these two important cellular processes in T. brucei. To achieve this aim, I will
functionally characterise the putative ADP/ATP carriers ToMCP5 and TobMCP15
(Chapter 1), the putative phosphate carriers ToMCP8 and ToMCP11 (Chapter 111),
and the arginine kinases ThAK1-3 (Chapter IV) involved in the T. brucei energy-

production and buffering system.
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Chapter 11

Functional Characterisation of TOMCP5, a
Conserved and Essential ADP/ATP Carrier Present
in the Mitochondrion of the Human Pathogen

Trypanosoma brucei.

The contents of this chapter have been published.
Pena-Diaz, P., Pelosi, L., Ebikeme, C., Colasante, C., Gao, F., Bringaud, F. &
Voncken, F. 2012. The Journal of Biological Chemistry, 287, 41861-74.
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The work presented in this chapter was started during the time Dr Priscilla Pena-Diaz
was doing her PhD under the supervision of Dr Frank Voncken in this laboratory. She
made efforts to generating the double-knockout ATOMCP5::NEO/ATbMCP5:: BSD
cell line. Unfortunately, it was not possible. Later, she successfully generated the
conditional TOMCP5 double-knockout cell line ATOMCP5::NEO/ATbMCP5::
BSD/TbMCP5-cmyc". After that, Dr Priscilla Pena-Diaz also did part of the following
analysis including growth analysis under different culture conditions, the ATP
production assay, protein quantification and localisation analysis. After she finished
her PhD, | continued the work. After I received the conditional double-knockout cell
line, with the help of Dr Claudia Colasante in this laboratory | repeated most of the
analysis experiments and got convincing results presented in this chapter. Later, for
the TOMCPS5 functional study, the work was a collaboration with two other labs, Dr
Ludovic Pelosi’s lab and Dr Frederic Bringaud’s lab. I made the construct for yeast
complementation analysis, and Dr Ludovic Pelosi did the yeast transformation and
later ADP/ATP transport kinetic analysis. | did the ToOMCP5 RNA interference in the
T.brucei cell line and Dr Charles Ebikeme and Dr Frederic Bringaud did the RNA

interference in PCF T. brucei knockout mutant Apepck-cll cell line.
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1. Introduction

The Kinetoplastida are the earliest-branching unicellular eukaryotes to possess
‘classical’ mitochondria (Embley and Martin, 2006). They include the closely related
trypanosomatid protozoa Trypanosoma brucei, Trypanosoma cruzi and Leishmania

sp., which have been well studied mainly because of their significant medical and

veterinary importance (http://www.who.int). T. brucei is predominantly found in sub-
Saharan Africa and its subspecies are the etiological agents of Sleeping Sickness in

humans and the wasting disease ‘Nagana’ in cattle (http://www.who.int). The

complex lifecycle of T. brucei includes two replicating forms that can be grown in
vitro: the bloodstream form (BSF) found in the blood and tissue fluids of the
mammalian host, and the procyclic form (PCF) in the intestinal tract and salivary
glands of the bloodsucking insect vector, the tsetse fly. The energy metabolism of the
parasite is subject to substantial rearrangements in order to adapt to the distinct host
environments (Michels et al., 2006b). BSF trypanosomes rely exclusively on glucose
and its degradation by glycolysis for their cellular energy (ATP) provision, with
pyruvate and glycerol excreted as incomplete fermentation products. Most of the
glycolytic pathway is compartmentalised in a specialised peroxisome, the glycosome
(Michels et al., 2006a). ATP production and consumption in the glycosome is
balanced, and it has been postulated that this organelle does not provide ATP to the
rest of the cell (Michels et al., 2006a). Instead, net production of ATP occurs in the
final and cytosolic part of the glycolytic pathway, during the conversion of
phosphoenolpyruvate (PEP) to pyruvate. The BSF mitochondrion lacks key enzymes
and components of the Krebs cycle, and its role in the energy metabolism is restricted
to the re-oxidation of glycosome-derived glycerol-3-phosphate by an alternative

oxidase located at the inner mitochondrial membrane (van Hellemond et al., 2005,
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Chaudhuri et al., 2006). The procyclic form (PCF) of T. brucei has a more elaborate
energy metabolism predominantly depending on the mitochondrion (Bringaud et al.,
2012). Remarkably, PCF trypanosomes do not use the Krebs cycle for the generation
of ATP (van Weelden et al., 2003). Instead, ATP is mainly generated by the
incomplete aerobic fermentation of glucose present in the blood meal or from proline
found in the insect vector (Bochud-Allemann and Schneider, 2002, Lamour et al.,
2005). During glycolysis the metabolic intermediate phosphoenolpyruvate (PEP) is
produced in the cytosol. Depending on the cellular redox and ATP balances, PEP is
converted to pyruvate and further metabolised in the mitochondrion to acetate, or it
enters the glycosome where it is converted to succinate via the succinic fermentation
branch (Ebikeme et al., 2010). Under glucose-depleted conditions, which reflect the
insect midgut environment, proline is catabolised in the mitochondrion where ATP is
mainly produced from oxidative phosphorylation (Lamour et al., 2005, Coustou et al.,
2008). However, under glucose-rich conditions ATP is primarily produced by
substrate-level phosphorylation, whereas oxidative phosphorylation becomes
essential in the absence of glucose (Coustou et al., 2005, Bochud-Allemann and

Schneider, 2002, Coustou et al., 2008, Ebikeme et al., 2010, Lamour et al., 2005)

The inner mitochondrial membrane of Trypanosoma brucei is thought to be
impermeable to metabolites (Schneider et al., 2007), implying the presence of
specific membrane-bound transporters. Mitochondrial carrier family (MCF) proteins
are located in the inner mitochondrial membrane and mediate the transport of a wide
range of metabolic intermediates (see (Palmieri et al., 2011) and references therein).
As the predominant mitochondrial metabolite transporters, they exert flux control on
metabolic pathways and are involved in the maintenance of cellular redox and ATP

balances (Palmieri et al., 2011). In particular the mitochondrial ADP/ATP carrier
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plays an important role in sustaining the cellular ATP homeostasis by facilitating the
1:1 counter-exchange of mitochondrial ATP for cytosolic ADP (Dahout-Gonzalez et
al., 2006). The evolution of the ADP/ATP-carrier has been key to the evolution of the
eukaryotic cell by enabling the establishment of the mitochondrion as an ATP-
generating organelle. ADP/ATP carriers have been extensively and predominantly
studied in a wide range of higher eukaryotes (Palmieri et al., 2011, Trezeguet et al.,
2008), whereas virtually nothing is known about their homologues from earlier
branching eukaryotes such as the Kinetoplastida. We previously reported that the
genome of T. brucei codes for 24 different MCF proteins (Colasante et al., 2009).
Two of the identified MCF proteins, here ToMCP5 and TbMCP15, showed
significant sequence similarity to functionally characterised ADP/ATP carriers from
other eukaryotes (Colasante et al., 2009). In this thesis, | analysed these MCF
proteins regarding their predicted function as mitochondrial ATP/ADP carriers, and

assessed the importance of TOMCP5 for the energy metabolism of T. brucei.

2. Materials and methods

2.1 Chemicals

[*H]-ATR, 6’-O-naphthoyl-atractyloside (N-ATR), [*H]-ATR and 3’-O-(1-
naphthoyl)-adenosinev5’-diphosphate (N-ADP) were synthesized as described
previously (Block et al., 1982, Boulay et al., 1983). Succinate, a-ketoglutarate, ADP,
ATP, ATR, bonkrekic acid (BA), carboxyatractyloside (CATR) and digitonin were
purchased from Sigma-Aldrich. Luciferase and luciferin were from Roche, and
diadenosine 5’-pentaphosphate (Ap5A) and n-dodecyl-p-D-maltoside (DDM) were

from Calbiochem.
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2.2 Yeast complementation (this work has been done jointly with Dr Ludovic
Pelosi)

The ADP/ATP carrier (ANC) deficient Saccharomyces cerevisiae strain JLIA2A3u
was cultured as described previously (De Marcos Lousa et al., 2002, Clemencon et
al., 2008). The complete open reading frames of TbMCP5 (GeneDB
Th927.10.14820) and TbMCP15 (GeneDB Th927.8.1310) were PCR-amplified using
the primer combination 5’-ggcgaattcatgacggataaaa agcgggaaccgg-3’ (sense) and 5°-
gcggatccttaattc gatctgcgecactccacataaatgg-3’ (antisense) for TOMCP5, and the primer
combination  5’-ggcgaattcatggttggtggcgatggtgaggagce-3’ (sense) and 5’-
gccggatecttaggcagecggtaaaaaccacatataga  gtgac-3°  (antisense) for  TbMCP15.
Restriction enzyme sites used for subsequent cloning into the yeast centromeric

expression vector pRS314 (http://seq.yeastgenome.org/vectordb) are under-lined.

Expression from pRS314 takes place under the control of included ScANC2
regulatory sequences (Le Saux et al., 1996). The resulting ToMCP5-pRS314 and
TbMCP15-pRS314 constructs were used to transform JL1A2A3u” using a standard
LiCl method (lIto et al., 1983). The rescue of non-fermentative growth of JLIA2A3u’
by expression of SCANC2p (positive control), ToMCP5 or TOMCP15 was assessed
on solid YPL medium (glucose-free, lactate-containing rich medium) and compared
to the fermentative growth on YNB Glc W™ medium (tryptophan-free, glucose-

supplemented minimal medium) (Clemencon et al., 2008).

2.3 ADP/ATP transport assays for yeast mitochondria (this work has been done
jointly with Dr Ludovic Pelosi)

Yeast mitochondria were prepared by differential centrifugation (Daum et al., 1982).
Briefly, yeast cells grown in YPL medium were harvested in the late log phase

(ODgoonm ~5). Spheroplasts obtained after enzymatic digestion by Zymolyase 20T
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were disrupted by Dounce homogenization in 0.6 M mannitol, 10 mM Tris-HCI, pH
7.4, 1 mM EDTA, 0.1% (w/v) BSA and 1 mM PMSF. Mitochondria were isolated by
differential centrifugation, washed in the same buffer devoid of BSA and PMSF, and
stored in liquid nitrogen. Mitochondrial ADP/ATP-transport was measured using a
luminescence assay as detailed in Dassa et al. (Dassa et al., 2005). Briefly, freshly
prepared mitochondria were incubated for 5 min at 25°C in 10 mM Tris-HCI pH 7.4,
10 mM KH3POy, 0.6 M mannitol, 0.1 mM EGTA, 2 mM MgCl;, 10 uM Ap5A and 1
mM a-ketoglutarate, in the presence of 0.1% (w/v) luciferin and 0.1% (w/v)
luciferase. ADP was added to initiate the mitochondrial ATP efflux. ATP production
was determined by measuring the luciferase/luciferin-related light emission using a
luminometer. Control experiments were carried out in the presence of the inhibitors

CATR and BA, which specifically inhibit nucleotide exchange in ADP/ATP carriers.

2.4 ATR and CATR binding assays (performed by Dr Ludovic Pelosi)

[*H]-ATR binding assays with isolated yeast mitochondria were carried out as
described previously (Brandolin et al., 1993). Mitochondria were diluted (1 mg
protein.mL™) in 1 mL MKE buffer (0.12 M KCI, 10 mM MOPS pH 6.8, 1 mM
EDTA), and [°*H]-ATR was added at concentrations up to 6 pM. After incubation for
1 h at 4°C, mitochondria were pelleted by centrifugation and radioactivity associated
with the pellet was determined using a liquid scintillation counter. Control
experiments were performed in the presence of 20 uM CATR to correct for minor
nonspecific [*H]-ATR binding. Fluorescence back-titration of CATR-binding sites
was performed on mitochondria in MKE buffer in the presence of 1 uM of N-ATR
(Roux et al., 1996). The time course of the CATR-induced release of bound N-ADP
was studied by incubating isolated mitochondria at 20°C in MKE buffer (1 mg

protein.mL™) and fluorescence was measured as described in (David et al., 2008).
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2.5 Mitochondrial cytochrome aa3 content (performed by Dr Ludovic Pelosi)

The aa3 cytochrome content of the isolated yeast mitochondrial fractions was
determined by calculating the difference between recorded reduced and oxidized
spectra at 550 to 650 nm (Dassa et al., 2008). Briefly, mitochondria were diluted to 2
mg protein.mL™ in 100 mM Na;SO,4, 10 mM Tris-HCI pH 7.3, 1 mM EDTA, and
0.5% (w/v) DDM. Cytochromes were oxidized or reduced by adding solid potassium
ferricyanide or sodium dithionite, respectively. The extinction coefficient used for

cytochrome aa3 was 24,000 M™*.cm™.

2.6 TOMCP5 peptide-antibody

The peptide 'VDALKPIYVEWRRSN' (amino acids 293-307 of TbMCP5) was
coupled to KLH and used for the immunization of rabbits following a standard
immunization protocol (EZBiolab, USA). The o TbMCP5 antiserum was collected 9
weeks after first immunization and showed an antibody titre of 1/1,192,000. Western
blot analysis (1/2,000 dilution) revealed a singly cross-reacting protein band with a

molecular weight of 34 kDa, as predicted for TOMCP5 (Colasante et al., 2009).

2.7 Culture of T. brucei cell lines

BSF and PCF T. brucei cell lines were cultured in HMI9 (Hirumi and Hirumi, 1989)
and glucose-rich SDM79 medium (Brun and Schonenberger, 1979), respectively. For
growth experiments in the absence of glucose, PCF trypanosomes were cultured in
glucose-depleted SDM80 medium (Lamour et al., 2005). PCF T. brucei strains 449
and EATRO1125.T7T were used as ‘wildtype’ cell lines for all experiments and were
cultured in the continuous presence of phleomycin (5 ng.mL™) to maintain stable
expression of the tetracycline repressor from plasmid pHD449 (Biebinger et al.,
1997) or in the presence of G418 (10 pg.mL'l) and hygromycin (25 ug.mL'l) to
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maintain stable expression of the tetracycline repressor and T7 RNA polymerase from
plasmids pLew90/Neo and pHD328, respectively (Bringaud et al., 2000).
Trypanosomes were transfected as described previously (Biebinger et al., 1997,
Clayton, 1999). The PCF cell line TbOMCP5-cmyc" (Colasante et al., 2009) was
cultured in the presence of hygromycin (50 pg.mL™), the conditional TbMCP5
double-knockout cell line ATOMCP5/TbMCP5-cmyc” was cultured in the presence of
hygromycin (50 pug.mL™), G418 (15 ug.mL™) and blasticidin (10 ug.mL™), and the
EATRO1125.T7T RNAi mutant cell lines were cultured in the presence of
hygromycin (25 pg.mL™), G418 (10 ug.mL™) and phleomycin (5 pg.mL™). Cells
were harvested at mid-logarithmic phase densities of 1x10° cells.mL™ (BSF) and

1x10 cells.mL™* (PCF) for protein and RNA analysis.

2.8 Protein quantification, western blot analysis and immunofluorescence
microscopy

Protein concentrations were determined using the bicinchoninic acid (BCA) reagent
kit (Sigma-Aldrich) and BSA as the protein standard. The raised TOMCP5 antibody
(this thesis), an antibody against full-length ScAnc2p (Clemencon et al., 2008), and
an antibody against heat shock protein 60 (HSP60) (Bringaud et al., 1995) were used
for Western blot analysis at a dilution of 1/2,000, 1/1,500 and 1/10,000, respectively.
Immunodetection was performed using horseradish peroxidase (HRP)-coupled
protein A (Biorad) or HRP-coupled myc-antibody (Santa Cruz Biosciences), and the
enhanced chemiluminescence (ECL) kit from GE Healthcare. Immunofluorescence
microscopy using paraformaldehyde-fixed trypanosomes was performed as described
previously (Colasante et al., 2006, Colasante et al., 2009). 4',6-Diamidino-2-phenyl-

indole (DAPI) was used for the specific staining of nuclear and kinetoplastid
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(mitochondrial) DNA, the mitochondrial marker MitoTracker (Invitrogen) for the
specific labelling of T. brucei mitochondria (Vassella et al., 1997), and the ToMCP5

antibody for the specific labelling of TOMCP5.

2.9 Northern blot analysis

Total RNA was isolated from trypanosomes using the RNeasy mini kit (Qiagen).
Northern blot analysis was performed as described by Sambrook et al. (Sambrook J,
1989). The complete open reading frame of TOMCP5 was labelled with [*2P]-dCTP
(PerkinElmer) using a standard PCR procedure. The RNA blot was pre-hybridised in
hybridisation buffer (5xSSC, 0.1% w/v SDS, 5xDenhardt's, 100 pg.mL™ denatured
and sheared salmon sperm DNA) for 30 min at 60°C, after which the [**P]-dCTP
labelled DNA probe was added. After overnight hybridisation at 60°C, the blots were
washed for 30 min in 1xSSC/0.1% (w/v) SDS at room temperature, for 45 min in
1xSSC/0.5% (w/v) SDS at 42°C and for 30 min in 0.1xSSC/0.2% (w/v) SDS at 42°C,

followed by auto-radiographic detection.

2.10 Generation of the conditional TbMCP5 double-knockout cell line
(performed by Dr Priscilla Pena-Diaz in this laboratary)

The previously generated PCF T. brucei cell line ToMCP5-cmyc" (Colasante et al.,
2009) allows the ectopic and tetracycline-inducible expression of recombinant N-
terminal 2xmyc-tagged TbMCP5, and was used as parental cell line for generation of
the conditional ThMCP5 double-knockout cell line. The 5’-UTR of TbMCP5a
(GeneDB Th927.10.14820) and 3°-UTR of TbhMCP5c (GeneDB Th927.10.14840)
were inserted on either side of the NEO (G418) or BSD (blasticidin) antibiotic
resistance cassettes bearing actin 5'-splice sites and actin 3'-untranslated regions
(Voncken et al., 2003). The different UTRs were obtained by PCR from isolated T.
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brucei genomic DNA: the primer combination 5’-
agggtgagctcgttctcagaagtgacttctgtcgee-3’ (sense) and 5°-
accgcactagtgtccatatgcaccagacgcggctagtcg -3’ (antisense) was used for the 678 bp 5°-
UTR of TbMCP5a, whereas the primer combination 5’-
ctcaccaggatcegtgccegttgetggtttttatttg-3° (sense) and 5’°-ccttgggeccctectcagge acag ¢
Ccttaccgtttt-3° (antisense) was used for the 724 bp 3°-UTR of TbMCP5c. The
underlined restriction enzyme sites were used for subsequent cloning in the different
NEO- and BSD-containing knockout (KO) plasmids. After transfection of ToMCP5-
cmyc” with the NEO-TbMCP5-KO construct and clonal selection with 15 pg.mL™
G418, the half-knockout cell line ATbBMCP5::NEO/TbMCP5/ TbMCP5-cmyc” was
isolated. The double-knockout cell line ATOMCP5::NEO/ATbMCP5:: BSD/TbMCP5-
cmyc”, further referred to as ATOMCP5/TbMCP5-cmyc® in this paper, was obtained
after subsequent transfection with the BSD-TbMCP5-KO plasmid, followed by clonal
selection with 15 pg.mL™* G418 and 10 pg.mL™ blasticidin. The ToMCP5a-c half-
and double knockout cell lines were cultured in the continuous presence of
tetracycline (1 pg.mL™?) in order to maintain TOMCP5-nmyc expression and cell
viability. Correct integration of the different NEO/BSD-TbMCP5-KO constructs and
deletion of the two native TOMCP5a-c gene clusters was confirmed by southern blot
analysis and PCR (results not shown), as well as by western blot analysis for the

TbMCP5 gene product (this chapter).

2.11 ATP production by T. brucei mitochondria
Mitochondrial ATP production in T. brucei was analysed according to Schneider et
al. (Schneider et al., 2007). Briefly, 1x10°® trypanosomes were harvested and

permeabilized with 0.008% (w/v) digitonin. A mitochondria-enriched subcellular
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fraction was obtained after centrifugation and extensive washing in SoTE buffer (20
mM Tris-HCI pH 7.5, 2 mM EDTA, 0.6 M Sorbitol). The mitochondria-enriched
subcellular fraction was resuspended in ATP Assay Buffer (20 mM Tris-HCI pH 7.4,
15 mM KH3;PO4, 5 mM MgSO4, 0.6 M Sorbitol), and mitochondrial ATP production
was initiated by addition of 67 pM ADP and 5mM succinate or 5 mM a-ketoglutarate
(Schneider et al., 2007). The specific ADP/ATP carrier inhibitor CATR (4 pg.mL™)
was added during control experiments. ATP formation was quantified using the ATP

Bioluminescence Assay Kit CLS Il (Roche) in combination with a luminometer.

2.12 Metabolite analysis (performed by Dr Charles Ebikeme and Dr Frederic
Bringaud)

‘Wildtype’ and TbMCP5-depleted ATbMCP5/TbMCP5-cmyc” trypanosomes were
cultured for 72 h in glucose-depleted SDM80 medium. Culture aliquots were
collected every 24 h for the determination of cell density (cells.mL™). Proline
consumption was determined as previously described (Bates, 1977), whereas product
formation, here succinate and acetate, was determined using corresponding detection

kits from Megazyme.

2.13 Depletion of TOMCP5 by RNA interference

Inhibition of TOMCP5 gene expression was performed in PCF T. brucei by using
RNA-interference (RNAI) (Bellofatto and Palenchar, 2008). The 563 bp sense and
624 bp antisense sequences of TOMCP5 were PCR-amplified and cloned into the T.
brucei expression vector pLew100 (Wirtz et al., 1999). The primer combination 5’-
gtgtataagctttggcgaggtaacctgtca-3° and 5’-gtcatcctcgagcgccggegaacggtgtccaa-3> was
used for amplification of the 563 bp sense TbMCP5 sequence, and the primer
combination 5’-gggcgtggatcegcetttggcgaggtaacctgte-3° and 5’-
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tgcaacaagctttccctcgagttettgtacttcacagcage-3° was used for the 624 bp antisense

TbMCPS5 sequence. The underlined restriction enzyme sites were used for cloning
into pLew100. The resulting pLew100-TbMCP5 RNAI construct harbors a
phleomycin resistance gene, and contains the consecutively cloned sense and
antisense ToMCP5 target sequences separated by a 50 bp spacer fragment. Inducible
expression is under control of the procyclic acidic repetitive protein (PARP) promoter
linked to a prokaryotic tetracycline (tet) operator (Wirtz et al., 1999). The pLew100-
TbMCP5 RNAI construct was used for transfection of procyclic form T. brucei
EATRO1125-T7T (Bringaud et al., 2000). The mutant "™NATbMCP5 cell line was
obtained after clonal selection in glucose-rich SDM79 medium containing
hygromycin (25 pg.mL™), neomycin (10 ug.mL™) and phleomycin (5 pg.mL™). This
cell line enables inducible depletion of TbOMCPS on a ‘wildtype’ PCF background.
The pLewl100-TbMCP5 RNAI construct was further used for transfection of the
previously generated PCF T. brucei knockout mutant Apepck-cl1 (this part has been
performed by Dr Charles Ebikeme and Dr Frederic Bringaud), which lacks the gene
coding for phosphoenolpyruvate carboxykinase (PEPCK) (Ebikeme et al., 2010). The
mutant cell line Apepck/™ATbMCP5 was obtained after clonal selection in glucose-
rich SDM79 medium containing puromycin (1 pg.mL™), hygromycin (25 pg.mL™),
neomycin (10 pg.mL™) and phleomycin (5 pg.mL™). This cell line enables inducible
depletion of TOMCP5 on a pepck null background. The obtained mutant cell lines
were subsequently adapted to glucose-depleted SDM80 medium, containing the same
antibiotics. Addition of tetracycline to the PCF "™ TbMCP5 and Apepck/"ATbMCP5
cell lines will lead to the expression of double-stranded ToMCP5 RNA molecules and

the concomitant down-regulation (silencing) of TOMCP5 expression.
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3. Results

3.1 Sequence analysis of TOMCP5 and ToMCP15

TbMCP5 and TbMCP15 have previously been identified as novel members of the T.
brucei mitochondrial carrier family (MCF) (Colasante et al., 2009). The T. brucei
genome contains three identical and consecutive arranged genes coding for ToMCP5,
i.e. ToOMCP5a-c (GeneDB Th927.10.14820/830/840), while TOMCP15 is coded for
by a single gene (GeneDB Tb927.8.1310) (Colasante et al., 2009). ToMCP5 and
ThMCP15 contain sequence features that are conserved in all MCF proteins (Palmieri
et al., 2011), including the presence of 6 trans-membrane helices, a tripartite protein
domain structure with semi-conserved sequence repeats of approximately 100 amino
acids, and the canonical signature sequence motif ‘Px(D/E)x2(K/R)X(K/R)Xzo-
30(D/E)GX45(W/F/Y) (K/R)G’ at the end of each odd-numbered trans-membrane
helix (Fig. 1A). They are further the only two members of the T. brucei MCF
inventory that share significant sequence similarity (67-84% amino acid identity
(Colasante et al., 2009)) with functionally characterised ADP/ATP carriers from other
eukaryotes, such as Saccharomyces cerevisiae Anc2p (Brandolin et al., 1993) and

Homo sapiens Anclp (De Marcos Lousa et al., 2002).

The hallmark of ADP/ATP carriers is the presence of the conserved hexapeptide
sequence ‘RRRMMM’ (Nury et al., 2006). Mutation analysis confirmed that this
motif is involved in ADP-binding and is essential for ADP/ATP exchange
(Clemencon et al., 2011). Also TbMCP5 contains a conserved ‘RRRMMM’ motif
(Fig. 1B), supporting the prediction that this MCF protein functions as an ADP/ATP
carrier. MCF proteins further contain several conserved amino acids that are involved
in the selective binding and transport of substrates. These amino acids are organised

in three distinct substrate contact points (CP1-3, Fig. 1B) and are conserved for MCF
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proteins that transport similar substrates (Kunji and Robinson, 2006). For ADP/ATP
carriers, CP1 is composed of the 3 conserved amino acids arginine (R), threonine (T)
and asparagine (N), corresponding to respectively R96, T100 and N104 of the
ScAnc2p reference sequence; CP2 is composed of a conserved glycine (G) and
isoleucine (), here G199 and 1200 in ScAnc2p; and CP3 is composed of only a single
amino acid and is in the case of ADP/ATP carriers represented by a conserved
arginine (R), R294 in ScAnc2p (Fig. 1B). Sequence comparison revealed that in
TbMCPS5 the amino acid compositions of the 3 different substrate contact points were
identical to those of ScAnc2p and HsAnclp (Fig. 1B). In addition, ToMCP5 contains
a well-conserved aromatic ladder, corresponding to Y203, Y207, F208 and Y211 in
the ScAnc2p reference sequence (Fig. 1B), which is crucial for ADP/ATP-exchange
in ADP/ATP carriers (David et al., 2008). All these observations reinforced the

predicted ADP/ATP carrier function of TOMCPS5.

In contrast, TOMCP15 contains a degenerated version of the ‘RRRMMM’ motif, with
a single amino acid substitution (‘M to ‘I’) at position 3 of the methionine cluster
(Fig. 1B). A similar mutation of the methionine cluster in ScAnc2p resulted in the
elimination of ADP/ATP exchange activity (Clemencon et al., 2011). In addition, the
amino acid compositions of CP1-3 are different from those of conventional
ADP/ATP carriers - in particular CP1 is not conserved at all (Fig. 1B). ToMCP15
further contains a degenerated aromatic ladder (Fig. 1B). Overall, these deviations
strongly suggest that TOMCP15 is not a classical ADP/ATP exchanger, despite its

overall sequence similarity to ADP/ATP carriers from other eukaryotes.
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Figure 1: TbMCP5 contains conserved ADP/ATP carrier sequence features. A.
Schematic representation of MCF protein sequence structure (adapted from Pena-
Diaz et al., 2012). Transmembrane (TM) helices are represented by H1-6, while the
connecting hydrophilic loops are represented by h1-2, h3-4 and h5-6, respectively.

M1-3a indicate the first part (Px[D/E]xx[K/R]x[K/R]) and M1-3b the second part
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([D/E]GX,[K/R]G) of the canonical MCF signature sequence. The different conserved
substrate contact points are indicated by CP1-3. B. Sequence alignment of ToMCP5
and TbMCP15 with S. cerevisiae Anc2p (ScAnc2p) and H. sapiens Anclp
(HsAnclp). The different parts of the canonical signature sequence (see A) are
indicated by grey backgrounds. Open stars indicate conserved amino acids of the
aromatic ladder. Conserved amino acids of the different substrate contact points
(CP1-3) are printed black bold face and indicated by arrows, whereas deviating amino
acids are printed white bold face. The conserved hexapeptide sequence ‘RRRMMM’
found in all ADP/ATP carriers is boxed. The carboxy-terminal peptide sequence of

TbMCP5 used for immunisation is printed white on a black background.
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3.2 Functional complementation analysis of S. cerevisiae JLI1A2A3u

The S. cerevisiae deletion strain JL1A2A3u’ is deficient in mitochondrial ADP/ATP
carriers (ANC-deficient) and is only viable on a fermentable carbon source such as
glucose (Clemencon et al., 2008). The putative ADP/ATP-exchange function of
TbMCPS5 and ThMCP15 can therefore be directly assessed in vivo by testing their
ability to restore growth of JL1A2A3u” cells on glucose-depleted YPL medium,
containing lactate as a non-fermentable carbon source (Clemencon et al., 2008, Babot
et al., 2012). The open reading frames of TOMCP5 and TbMCP15 were cloned into
the low copy-number yeast expression vector pRS314 containing SCANC2 regulatory
regions (Le Saux et al., 1996). pRS314 containing the SCANC2 ORF was used as a
positive control, whereas pRS314 without any insert was used as a negative control.
The JL1A2A3u strain was transformed with the various constructs to produce the JL-
TbMCPS5, JL-TbMCP15, and JL-SCANC2 strains. Growth of these strains was
examined on solid YPL medium and glucose-rich tryptophan-free YNB medium
(YNB Glc W’). As expected, growth of all strains was similar when plated on YNB
Glc W™ medium, whereas growth of JL1A2A3u” on YPL medium was restored to
wild-type level with the expression of ScAnc2p (JL-SCANC?2), but not with the empty
pRS314 vector (Fig. 2A). TOoMCP15 could not restore growth of JL1IA2A3u™ (JL-
TbMCP15) on YPL medium, which confirmed the in silico prediction that TOMCP15
is not an ADP/ATP carrier (Fig. 2A). Unfortunately, there is no antibody available for
TbMCP15, which could confirm the presence of this protein in the JL-TbMCP15
mitochondria. Expression of TbMCP5 in JL1A2A3u” yeast cells (JL-ToMCP5)
resulted in a significant rescue of growth on YPL medium (Fig. 2A). This result
confirmed that TOMCP5 is able to functionally complement the mitochondrial

ADP/ATP carrier deficiency of yeast. However, the functional complementation is
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not optimal: for JL-TbMCPS5 a doubling time of 6 h was found at the plateau phase of
its growth, whereas for JL-SCANC2 the doubling time was significantly shorter, here

2.5 h at the same growth phase (Table 1).

Table 1: Yeast growth properties, ligand-binding data for carriers, and kinetic
parameters of ADP/ATP transport activity measured in mitochondria isolated from
JL-SCANC?2 and JL-TbMCP5 (Taken from Pena-Diaz et al., 2012).

Yeast strains JL- SCANC2 JL-TbMCP5
Cell culture in YPL?
Doubling time (h) 2.5 6
Growth yield Asoo nm 12 11
[*H]-ATR binding °
Bumax (Pmol.mg protein ™) 698451 149+17
Kg (NM) 396+23 503+15
cyt aas (pmol.mg™)° 200423 188+32
ADP/ATP exchange °
Vinax (nmol ATP.min".mg protein™)  1046+173 240+17
Kear (Min™) 1424+101 161985
Kwm external ADP (UM) 4.6+0.8 4.2+0.1

N-ADP dissociation constant ©
Kip 6.2+0.7 5.1+0.5

% Cells were cultivated on liquid YPL medium

® PH]-ATR binding parameters: number of binding sites, Bmax and Kq values were
calculated from Scatchard plots of [°H]-ATR-binding data.

¢ The cytochrome aa3 content of isolated mitochondria was measured by recording
the reduced minus oxidized visible spectrum. Aaas = 24 000 M™*.cm™,

9 Vmax and apparent Ky, for external free ADP were calculated from kinetic data using
the Michaelis-Menten and Lineweaver-Burk equations. kg, refers to carrier turnover,
calculated based on the carrier content determined by [*H]-ATR-binding experiments,
assuming that 1 mol of ATR binds to 1 mol of transport unit.

® The Ky, value was determined by plotting AF/AF . as a function of added N-ADP.
All the values are the means of three independent experiments.
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Figure 2: TOMCP5 functions as a mitochondrial ADP/ATP carrier (adapted from

Pena-Diaz et al., 2012). A. Yeast growth phenotype associated with the expression of

TbMCP5 and TbMCP15. The ANC-deficient S. cerevisiae strain JL1A2A3u” was

transformed with pRS314 (no insert) and pRS314 containing SCANC2, TbMCP5 or

TbMCP15. Yeast cell lines were isolated and inoculated in liquid minimum

tryptophan-free medium containing 2% (v/v) glucose as carbon source (YNB Glc W
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). Log phase cultures were diluted to 2x103-2x10° cells per 5 mL before spotting onto
YNB Glc W' or lactate-containing medium (YPL) plates, and incubated at 28°C for 2
days (YNB) or 4 days (YPL). B. Immunodetection of TOMCP5 and ScAnc2p in yeast
mitochondria. Mitochondrial extracts (20 mg protein per lane) prepared from JL-
SCANC?2 (lanes 1) and JL-TbMCP5 (lanes 2) strains were subjected to SDS-PAGE
(12.5% wi/v acrylamide) and western blot analysis using a polyclonal rabbit antibody
(aScAnc2p) directed against the complete ScAnc2p sequence and the TbMCP5
peptide antibody (a«TbMCP5, this paper). C. Specific binding of [*H]-ATR to
mitochondria expressing TbMCP5. Isolated mitochondria (1 mg total protein) from
yeast cells expressing ToMCP5 were incubated with increasing concentrations of
[*H]-ATR. After centrifugation, the radioactivity associated with the mitochondrial
pellet was estimated by scintillation counting. Data were corrected for unspecific
binding from parallel experiments carried out in the presence of 20 uM CATR. The
inset shows the Scatchard plot of the binding data. Error bars were calculated from
three independent experiments. D. Fluorescence back-titration of CATR-binding sites
to quantify the amount of TbMCP5 in mitochondria. Mitochondria (0.9 mg
protein.mL™) were suspended at 20°C in 2 mL of MKE buffer containing 1 uM of N-
ATR. Fluorescence variations (AF) induced by additions of CATR (25 pmol for each
addition) were recorded as a function of time and are shown as inset. AF/AFmax Was
plotted as a function of added CATR per mg of total proteins. E. ADP/ATP transport
activity of TbOMCP5 in isolated mitochondria. ADP/ATP transport was measured by
means of a luciferase-based ATP assay. Freshly prepared mitochondria were
energized in the presence of 5 uM of a-ketoglutarate (as respiratory substrate), the
adenylate kinase inhibitor Ap5A, and of 0.1% (w/v) luciferin and 0.1% (w/v)
luciferase. After a 3 min incubation period, free ADP (0.06-43 pM final
concentration calculated using the WinMaxc v2.05 software) was added to initiate the
ATP efflux and the related light emission was recorded. The time course of ATP
efflux was monitored over a 5 min period. Control experiments were carried out in
the presence of 20 uM CATR, to ensure that the ADP/ATP exchange was mediated
by ADP/ATP carriers. Quantification of released ATP was performed on the basis of
the signal amplitude corresponding to additions of 0.5 nmol ATP as a standard.
Kinetic data were plotted using the graphical representations of Michaelis-Menten

and Lineweaver-Burk (inset). The shown values are the means of three independent
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experiments. F. Fluorescence titration of N-ADP-binding sites. The time course of
CATR-induced release of bound N-ADP was studied by incubating isolated
mitochondria (1 mg of mitochondrial proteins.mL™) in presence of N-ADP (0.5-87
pUM). Thereafter, the fluorescence level was set to zero. The increase in fluorescence
induced upon addition of 5 uL of 2 mM CATR (AF) was recorded until it became
stable. The apparent dissociation constant Kj, was determined after plotting

AF/AFax as a function of added N-ADP concentration.
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3.3 Mitochondrial localisation and quantification of TOMCPS5 in JL14243u

Growth of JL-TbMCP5 on YPL medium was completely inhibited by addition of the
specific ADP/ATP-carrier inhibitors CATR and BA (not shown). These results not
only confirmed that TbOMCP5 functions as an ADP/ATP carrier, but also implied that
TbMCP5 has the expected mitochondrial localisation in JL-TOMCP5. The
mitochondrial location of TbMCP5 was further investigated by subcellular
fractionation and western blot analysis, using a polyclonal antibody directed against
ScAnc2p (Clemencon et al., 2008) and the TbMCP5 antibody described in this paper
(see below). Mitochondria were isolated by differential centrifugation from the JL-
TbMCPS5 and JL-SCANC2 strains (Daum et al., 1982). As expected, the ScAnc2p
antibody readily detected the Anc2p protein in the mitochondrial fraction of JL-
SCANC2 (Fig. 2B, left panel, lane 1). In addition, a smaller cross-reacting protein
band was observed (Fig. 2B, left panel, lane 1), which most probably represents a
ScAnc2p degradation product resulting from the mitochondrial preparation. The
ScAnc2p antibody was further able to stain the heterologous TOMCP5 protein in the
JL-TbMCP5 mitochondria, although the observed signal was rather faint (Fig. 2B, left
panel, lane 2). Staining with the TbMCP5 antibody resulted in a single strong signal
of the expected size and confirmed the presence of TOMCP5 in the mitochondrial
fraction of JL-TbMCP5 (Fig. 2B, right panel, lane 2). These results unambiguously
correlated the restoration of JL1A2A3u” growth on YPL medium with the presence of

TbMCPS5 protein in the yeast mitochondria.

The amount of TbMCP5 present in JL-TOMCP5 mitochondria was estimated by
determining the number of ATR-binding sites via titration using specific ADP/ATP

carrier inhibitors (Roux et al., 1996). Interaction parameters were measured directly
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using the specific high-affinity labelled radioactive ligand [*H]-atractyloside ([*H]-
ATR) or indirectly via a fluorescence back-titration assay with 6’-O-naphthoyl-
atractyloside (N-ATR), assuming that 1 mol of ATR binds to 1 mol of analysed
ADP/ATP carrier (Roux et al., 1996). As expected, the binding of [*H]-ATR to JL-
TbMCP5 mitochondria increased as a function of the concentration of [*H]-ATR
added and finally reached saturation (Fig. 2C). The binding isotherm was deduced
from the Scatchard plot (Fig. 2C, inset). The maximum number of ATR-binding sites
(Bmax ") and the ATR dissociation constant (Kp"™") were determined for ToMCP5

ATR measured for

and compared to those obtained for ScAnc2p (Table 1). The Kp
ScAnc2p and TbMCP5 were in the same range, here respectively 396+23 nM and
503+15 nM (Table 1), indicating that both carriers have similar ATR-binding
properties. However, the Bz« of TOMCP5 (149+17 pmol.mg™ protein) is about 5
times lower than the Bpa’ '« of ScAnc2p (698 +51 pmol.mg™ protein) (Table 1). To
exclude the possibility that the observed difference in Bmad  is due to differences in
protein concentration, cytochrome aas was quantified for the different mitochondrial
fractions. Analysis revealed that the cytochrome aasz concentrations were similar for
the different mitochondrial fractions, i.e. 200 + 23 versus 188+32 pmol.mg™ of
cytochrome aas, respectively (Table 1). Binding of ATR to isolated mitochondria was
estimated by measuring fluorescence variation of bound N-ATR in competition with
added CATR (Fig. 2D). The maximum amount of CATR-binding sites was estimated
to be 160 pmol.mg™, which is in agreement with the obtained [*H]-ATR titration data
(149 pmol.mg™ protein). These results indicated that TOMCP5 was about 4-fold less

abundant than ScAnc2p in the isolated mitochondrial fractions, which in turn could

account for the reduced growth of JL-TbMCP5 on YPL medium.
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3.4 ADP/ATP-transport kinetics of TOMCPS5 in comparison to ScCAnc2p

The ADP/ATP-exchange activity of ToMCP5 in JL-TbMCP5 mitochondria was
determined as described previously (Dassa et al., 2005). Mitochondria isolated from
ScAnc2p-expressing yeast cells (JL-SCANC2) were used for comparison. As
expected, no ADP/ATP exchange was found for both mitochondrial preparations in
the presence of the specific ADP/ATP-carrier inhibitors CATR and BA (not shown).
The obtained Michaelis-Menten and Lineweaver-Burk plots (Fig. 2E) were used to
determine the variation in exchange rate as a function of ADP concentration for
TbMCP5 and ScAnc2p (Table 1). Comparison of the obtained kinetic parameters
revealed that the V. of TOMCP5 was about 4.5 times lower than the Vpax of
ScAnc2p (Table 1). This result is in agreement with the lower amount of ThOMCP5
present in yeast mitochondria compared to ScAnc2p. Comparison revealed further
that the ke, values and Ky values of external free ADP were similar for TbOMCP5 and
ScAnc2p (Table 1). The fluorescent compound 3’-O-(1-naphthoyl)-adenosine 5°-
diphosphate (N-ADP) is a non-transportable ADP analogue. Its fluorescence is
quenched upon binding to ADP/ATP carriers, so specific binding to the
mitochondrial ScAnc2p or TbMCP5 can be measured by the enhancement of
fluorescence upon dissociation after addition of CATR (Fig. 2F). ADP-binding
experiments revealed that the Ky, value of N-ADP binding to ToMCP5 is 6.2 uM,
which is similar to the value found for ScAnc2p, here 5.1 uM (Table 1). This
similarity in ADP-binding is further in agreement with the observed small difference
in Ky value for external free ADP (Table 1). Overall, ScAnc2p and TOMCP5 present
comparable biochemical properties with regard to their ADP/ATP-exchange activity

in yeast mitochondria.
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Figure 3: TbMCP5 is exclusively mitochondrial and differentially expressed
(adapted from Pena-Diaz et al., 2012). A. Western blotting analysis of ‘wildtype’
PCF and BSF T. brucei using the aTbMCP5 antibody (diluted 1:2000). Each lane
contained 2x10° trypanosomes. B. Northern blot analysis of total RNA from PCF and
BSF T. brucei using [o**P]-dCTP labelled TOMCP5 DNA as probe for hybridization.
Each lane contained 20 nug total RNA. C. Immunofluorescence microscopy of
‘wildtype> BSF and PCF T. brucei confirming the exclusive mitochondrial
localisation of TOMCP5. TOMCP5 was stained (green) using the aToMCP5 antibody
(diluted 1:500). Mitochondria were stained (red) with the specific mitochondrial
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marker Mitotracker, whereas nuclear and kinetoplast DNA (blue) was stained with
DAPI.
3.5 TbMCP5 is exclusively mitochondrial and differentially expressed in T.

brucei

We previously reported that TOMCP5 has an exclusive mitochondrial localisation in
the procyclic life cycle stage of T. brucei (Colasante et al., 2009). This subcellular
localisation was determined by immunofluorescence microscopy using a T. brucei
cell line expressing recombinant N-terminal myc-tagged TOMCP5 (TbMCP5-nmyc")
and a commercial myc-antibody (Colasante et al., 2009). To assess the expression and
subcellular localisation of the native protein, a polyclonal rabbit antiserum was raised
against the C-terminal peptide AA293-307 of TOMCP5. Western blot analysis using
the TOMCP5 peptide antibody revealed a single cross-reacting protein band with the
expected molecular size of 34 kDa in both the procyclic (PCF) and bloodstream
(BSF) forms of T. brucei strain 449 (Fig. 3A). Quantification of the obtained western
blot signals revealed that about 4.5-fold more TOMCP5 is present in PCF T. brucei
compared to the BSF parasite. This differential expression of ToMCP5 is supported
by northern blot analysis, which revealed about 2.5-fold more TOMCP5 mRNA in
PCF T. brucei (Fig. 3B). Immunofluorescence microscopy showed specific tubular
staining patterns for both PCF and BSF T. brucei when using the TOMCP5 peptide
antibody (Fig. 3C). These staining patterns were identical to those obtained for the
mitochondrial marker MitoTracker (Fig. 3C, (Vassella et al., 1997)). These results
confirmed the expression and mitochondrial localization of TbMCP5 in the two
different life cycle stages of T. brucei and indicated further that ToOMCP5 is more

abundant in PCF T. brucei.
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3.6 Silencing and depletion of TOMCPS5 in PCF trypanosomes

Different approaches were used to silence TOMCP5 expression in PCF T. brucei.
Initially, a conventional targeted gene replacement method was used to replace the
two chromosomal ToMCP5a-c gene clusters (diploid organism) through consecutive
homologous recombination using different antibiotic resistant cassettes. The upstream
TbMCP5a 5’-UTR and downstream ThMCP5c¢ 3’-UTR were used for homologous
recombination, allowing each ToMCP5a-c gene cluster to be removed in a single
recombination event. However, using this conventional method no viable ThOMCP5a-
¢ double-knockout clones could be obtained on glucose-rich SDM79 or glucose-
depleted SDM80 medium, suggesting that expression of TOMCPS5 is essential for
growth. To overcome the apparent lethal phenotype, a recombinant tetracycline-
inducible and nmyc-tagged version of ToOMCP5 (inducible rescue copy) was inserted
into the T. brucei genome prior to the deletion of the two endogenous ToMCP5a-c
gene clusters. Addition of tetracycline to the obtained TbMCP5-nmyc" cell line
resulted in the expression of recombinant myc-tagged TOMCP5 (TbMCP5-nmyc, 37
kDa), whereas tetracycline withdrawal resulted in the absence (below detection limit
of the used method) of the same protein (Fig. 4A). The tetracycline-induced
TbMCP5-nmyc! cell line was subsequently used to generate the conditional TOMCP5
double-knockout cell line ATbOMCP5/TbMCP5-nmyc". Western blot analysis (Fig.
4B) of the tetracycline-induced ATbMCP5/TbMCP5-nmyc® cell line confirmed the
absence of endogenous TbMCP5a-c (34 kDa) and the presence of recombinant
TbMCP5-nmyc (37 kDa). Subsequent withdrawal of tetracycline resulted in the
depletion (below detection limit) of TOMCP5-nmyc mRNA within 24 h (Fig. 4C). As
expected, also the corresponding TbMCP5-nmyc protein level decreased

significantly, although still some recombinant protein could be detected at 72 h (Fig.
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4C). Withdrawal of tetracycline for more than 72 h resulted in loss of expression
control and an increased expression of TbOMCP5-nmyc (not shown). This loss of
expression control upon gene deletion or silencing is common for T. brucei,

especially if the target gene is essential for growth/survival of the parasite (Clayton,

1999).
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Figure 4: Analysis of the conditional ATbMCP5/MCP5-nmyc" cell line (adapted
from Pena-Diaz et al., 2012). A. Western blot analysis of TOMCP5-nmyc" cells grown
without (-) or in the presence (+) of tetracycline. Each lane contained 2x10°
trypanosomes. ThOMCP5-nmyc protein was stained with a myc-antibody (aMyc). B.
Western blot analysis of protein extracts from ‘wildtype’ (lanes 1) and tetracycline-
induced ATbMCP5/TbMCP5-nmyc"  (TbMCP5-nmyc  expressing, lanes  2)
trypanosomes, using the TbMCP5 antibody (aTbMCPS5) and aMyc. Each lane
contained 2x10° trypanosomes. C. The conditional ATOMCP5/MCP5-nmyc" cell line
was cultured in SDM80 medium with (+, induced) or without (-, non-induced)
tetracycline. Samples were taken every 24 h for northern blot analysis (upper panel)
using the [a*?P]-dCTP labelled TOMCP5 ORF DNA as hybridisation probe, and for
western blot analysis using a TOMCP5. Each lane contained 20 ug total RNA (upper
panel, northern blot analysis) or 2x10° trypanosomes (lower panel, western blot

analysis). Asterisks indicate residual ToMCP5-nmyc protein. D. Cumulative growth
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curve of ‘wildtype’ (solid line) and non-induced ATbMCP5/MCP5-nmyc"
trypanosomes (ThMCP5-depleted, dashed line) grown in glucose-depleted SDM80
medium. Cell densities (cells.mL™) were determined every 24 h and means are
derived from 6 independent experiments.

Analysis of the non-induced ATbMCP5/TbMCP5-nmyc" cell line revealed a partial
growth defect in glucose-depleted medium (SDM80), compared to growth of the
‘wildtype’ cell line in the same medium (Fig. 4D). This result was somewhat
unexpected since TOMCP5 was proposed to be essential for trypanosome growth,
thus its deletion should lead to a severe and probably lethal growth defect. However,
the residual TbMCP5-nmyc  protein  observed for the non-induced
ATbMCP5/TbMCP5-nmyc” cell line (Fig. 4C) is apparently sufficient to support

substantial growth of the parasite.

Alternatively to the above described conventional and conditional gene replacement
methods, we down-regulated the expression of TbMCPS5 in ‘wildtype’ T. brucei
through RNA interference (RNAI). Western blot analysis of the obtained
RNAITHMCPS cell line showed that when cultured on glucose-rich SDM79 or glucose-
depleted SDM80 medium, ToMCP5 was completely depleted (below detection limit
of the used method) within 48 h after induction of the RNAI (Fig. 5C). ToMCP5
remained depleted for up to 7 days after which it slowly re-appeared (Fig. 5C). In
glucose-rich SDM79 medium, growth of the "NATbMCP5 cell line was reduced until
day 7 after induction (arrow in Figs 5A). However, with the re-appearance of
TbMCP5 after day 7 (Fig 5C) it reverted to ‘wildtype’ growth, suggesting that
TbMCPS5 is essential for growth under glucose-rich conditions. Interestingly, the
same cell line was unable to grow in glucose-depleted SDM80 medium (Fig. 5B),

although TbMCP5 was re-expressed after day 7 (Fig 5C). This result suggested that
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TbMCPS5 plays a more important role when glucose is absent from the medium. In
the absence of glucose, ATP can only be generated via mitochondrial oxidative
phosphorylation from proline degradation (Lamour et al., 2005, Coustou et al., 2008,
Ebikeme et al., 2010). This process is in turn dependent on the presence of a
functional ADP/ATP carrier in the inner mitochondrial membrane, which replenishes
ADP in the mitochondrion and provides essential ATP to the rest of the cell. The
inability of TOMCP5-depleted PCF T. brucei to grow on glucose-depleted SDM80
medium was therefore expected. In the presence of glucose, however, ATP can be
produced in the cytosol during the final two steps (phosphoglycerate kinase and
pyruvate kinase) of the cytosolic part of the glycolytic pathway. PCF T. brucei is
therefore not exclusively dependent on the mitochondrion for its cellular ATP

provision (Lamour et al., 2005, Coustou et al., 2008).

To confirm this hypothesis, we subsequently down-regulated ToMCP5 expression on
a phosphoenolpyruvate carboxykinase (PEPCK) null background. PEPCK is the first
enzyme in the glycosomal succinic fermentation branch and is required for sustaining
the ADP/ATP and redox balances in the glycosome (Ebikeme et al., 2010). Deletion
of the PEPCK-coding gene in PCF T. brucei was previously shown to ablate the
glycosomal production of succinate (Ebikeme et al., 2010). The resulting Apepck cell
line is primarily dependent on the mitochondrial degradation of proline as
consequence of a substantial decrease in glucose consumption, even under glucose-
rich conditions (Ebikeme et al., 2010). RNAi-mediated depletion of TbOMCP5 on a
PEPCK null background (Apepck/ ™A TbMCP5) resulted in cell death 7 days after
induction in both glucose-rich and glucose-depleted media (Fig. 5D and E). The
absence of ThMCP5 in both experiments was confirmed by western blot analysis

(Fig. 5F). The rapid death of the TOMCP5-depleted Apepck/™ATbMCP5 cell line
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under both growth conditions reflects its now proline-dependent metabolism,
irrespective of the glucose concentrations in the different culture media, i.e. 6 mM in
SDMT79 versus <0.15 mM in SDMS80. Remarkably, the Apepck cell line is more
sensitive to RNAi-mediated depletion of TbDMCPS5 than ‘wildtype’ cells, even under
glucose-depleted conditions. This may be due to the presence of the residual <0.15
mM glucose in SDM80, which could be used for growth by the ™A TbMCP5 single
mutant, but not by the Apepck/"NATbMCP5 double mutant. Altogether, these data
showed that TOMCP5 is essential for PCF T. brucei, particularly in a glucose-
depleted environment where ATP is primarily produced in the mitochondrion from

proline metabolism.
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Figure 5: Growth phenotype analysis of ™A TbMCP5 and 4pepck/"NThMCP5 cell
lines (adapted from Pena-Diaz et al., 2012). Growth curves of ‘wildtype’
EATRO1125.T7T (WT) and tetracyclic induced (+tet) and non-induced (-tet)
RNATHMCPS cell lines cultured in glucose-rich SDM79 (A) and glucose-depleted
SDM80 (B) culture medium. Trypanosome growth was kept exponential (between
10° and 107 cells.mL™) and the shown cumulative cell numbers include normalization
for dilution during cultivation. The arrows indicate the estimated time of TbMCP5 re-
expression. C. Western blot analysis of ‘wildtype’ (WT) EATRO1125.T7T and non-
induced (0 days) and tetracycline induced (2-10 days) "™ TbMCP5 cell lines, using

101



aTbMCP5 and a polyclonal T. brucei HSP60 antibody (aHSP60, loading control).
Each lane contained 2x10° trypanosomes. D-F. Like A-C, but now with the
Apepck/"NATBMCPS cell line. The Apepck double knockout cell line is in panel F
labeled as ‘KO’.

3.7 TbMCP5-depletion eliminates mitochondrial ADP/ATP transport in T.

brucei

Isolated T. brucei mitochondria were previously shown to produce ATP in a AY-
dependent manner, and in the presence of ADP, free phosphate and suitable
respiratory substrates such as succinate or a-ketoglutarate (Allemann and Schneider,
2000, Schneider et al., 2007). The efflux of mitochondrial ATP in exchange for
cytosolic ADP is in all eukaryotes exclusively catalysed by ADP/ATP carriers
(Klingenberg, 2008). A mitochondrial ATP production assay (Schneider et al., 2007)
was used to determine whether TOMCP5 is fully or partially responsible for the
mitochondrial ADP/ATP exchange in T. brucei. Mitochondrial ATP production was
determined for the conditional ATOMCP5/TbMCP5-nmyc" cell line, grown for 72 h in
the presence (TbMCP5-nmyc expression) or absence (no ToMCP5-nmyc expression)
of tetracycline. Mitochondria isolated from ‘wildtype’ PCF trypanosomes were used
as control. Comparison revealed a major reduction (>90%) in mitochondrial ATP
production for the ToOMCP5-nmyc depleted cell line at 72 h, when using succinate or
a-ketoglutarate as mitochondrial substrates (Fig. 6A). Expression of ToMCP5-nmyc
upon tetracycline addition restored the mitochondrial ATP production to ‘wildtype’
levels (Fig. 6A). These results indicated that TbOMCPS5 is responsible for the observed
ADP/ATP-exchange activity in T. brucei mitochondria, and that the recombinant
version of TOMCP5, here TOMCP5-nmyc, can functionally complement the lack of

native TbMCP5. Addition of the specific ADP/ATP carrier inhibitor CATR
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completely eliminated mitochondrial ATP production in all cell lines (Fig. 6A). This
confirmed that in T. brucei the exchange of mitochondrial ATP for cytoplasmic ADP
is exclusively facilitated by ADP/ATP-carrier activity. The observed ADP/ATP-
exchange activity (<10%, Fig. 6A) in the non-induced ATbMCP5/TbMCP5-nmyc"
cell line at 72 h is most probably catalysed by residual ToOMCP5-nmyc protein (Fig.

4C, lower panel).
3.8 Depletion of TOMCP5 and its effect on the PCF energy metabolism

As demonstrated above, the contribution of TOMCPS5 to the energy metabolism is
particularly important for PCF trypanosomes grown with proline as their main
substrate for ATP production. The effect of TOMCP5-depletion on the mitochondrial
proline degradation pathway was analysed by quantifying the consumption of proline
and the formation of succinate and acetate under glucose-depleted conditions. The
results revealed that proline consumption is 2-fold decreased in the TbMCP5-
depleted cell line, while succinate production is 8.7-fold increased, when compared to
‘wildtype’ trypanosomes (Fig. 6B). Interestingly, a similar reduction of proline
consumption and increased succinate production was also observed when changing
culture conditions for ‘wildtype’ PCF T. brucei, from a glucose-depleted (proline-
only) SDM80 medium to a glucose-rich SDM79 medium (Lamour et al., 2005,
Coustou et al., 2008). Indeed, the presence of glucose in the medium was shown to
have an immediate effect on the proline metabolism (Lamour et al., 2005, Coustou et
al., 2008). The substantial reduction in ADP/ATP-exchange activity in the ToOMCP5-
depleted cell line (>90%, see Fig. 6A) most probably leads to an aberrant
mitochondrial ADP/ATP ratio, with a limited availability of ADP and the

accumulation of ATP in the mitochondrial matrix. This in turn reduces the activity of
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ADP-dependent enzymes, thereby causing ATP-dependent feedback inhibition of the
electron transport chain and coupled oxidative phosphorylation. The increased
production of the metabolic intermediate succinate would be the direct consequence

of this inhibition.

In contrast to proline and succinate, no significant differences were found in the
production of acetate when comparing ‘wildtype’ and TbMCP5-depleted
trypanosomes (Fig. 6B). This result is in agreement with previously published data
indicating that no or very low amounts of acetate are produced from proline, while
the degradation of threonine is the main source of acetate production under glucose
depleted-conditions (Coustou et al., 2003, Lamour et al., 2005). Acetate can be
produced in the mitochondrion from threonine-derived acetyl-CoA via
acetate:succinate CoA-transferase (ASCT) (Van Hellemond et al., 1998, Riviere et
al., 2004) and by acetyl-CoA thioesterase (ACH) dependent pathways (Millerioux et
al., 2012). An important difference between these pathways is that ASCT, forming
the ASCT/SCoAS cycle in association with succinyl-CoA synthase (SCoAS), results
in the production of ATP via substrate-level phosphorylation, whereas the ACH
pathway does not lead to ATP production (61-63). Silencing of SCoAS expression by
RNAI confirmed that acetate could be exclusively produced from threonine by ACH
(63). This pathway does not result in ATP production and is thus not dependent on a
functional mitochondrial ADP/ATP carrier. Our results are in agreement with this
observation, since acetate production was apparently not affected by the depletion of

the mitochondrial ADP/ATP carrier ToOMCP5.
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Figure 6: Mitochondrial ATP production (taken from Pena-Diaz et al., 2012). A.
Intact mitochondria were isolated from ‘wildtype’ PCF T. brucei (WT), and from
non-induced (-tet) and tetracycline-induced (+tet) ATOMCP5/TbMCP5-nmyc" (cdKO,
conditional double knockout) trypanosomes at 72 h. Mitochondrial ATP production
was initiated by addition of succinate (left panel) or a-ketoglutarate (right panel).
ATP production in WT mitochondria from succinate or a-ketoglutarate was set to
100%. Mitochondrial ATP production (export) was completely inhibited by addition
of carboxyatractyloside (CATR). Data shown are means of >3 independent
experiments. B. Proline consumption and product formation (succinate, acetate) for
‘wildtype’ and non-induced ATbMCP5/TbMCP5-nmyc" (TbMCP5-depleted) PCF T.
brucei, cultured in glucose-depleted SDM80 medium for 72 h. Black and grey bars
represent substrate-consumption and product-formation values for ‘wildtype’ and
TbMCP5-depleted trypanosomes, respectively. Data means are derived from >4

independent experiments.
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4. Discussion

Comprehensive sequence analysis and functional complementation experiments in
the ANC-deficient S. cerevisiae mutant JL1A2A3u" indicated that TOMCP5 functions
as a mitochondrial ADP/ATP carrier. This was further reinforced by the results from
the mitochondrial ATP-production assays, which revealed elimination of
mitochondrial ADP/ATP-exchange activity in PCF T. brucei upon depletion of
ThMCP5. Heterologous expression in JLIA2A3u” and mitochondrial transport assays
revealed that the biochemical properties and ADP/ATP-exchange Kinetics of
ThbMCP5 are similar to those of Anc2p, the prototypical ADP/ATP-carrier from S.
cerevisiae. We therefore expected that both TOMCP5 and ScAnc2p would restore
growth of JL1A2A3u” on YPL medium to the same extent. However, the functional
complementation of JL1A2A3u” with TOMCP5 was found to be suboptimal, with JL-
TbMCP5 having a significantly higher doubling time than JL-SCANC2. The different
Bmax " and Vimax values (Table 1) obtained during the mitochondrial transport assays
indicated that TOMCP5 was about 4-fold less abundant in yeast mitochondria than
ScAnc2p, probably accounting for the reduced growth rate of JL-ToMCP5. Possible
explanation could be the inefficient sorting of TOMCP5 to the yeast mitochondrion
due to species-specific mitochondrial targeting signal requirements (van Wilpe et al.,
1999). In particular the first 26 amino acid residues of ScAnc2p are important for
efficient mitochondrial sorting in S. cerevisiae (Adrian et al., 1986, Hashimoto et al.,
1999). Sequence comparison (see Fig. 1B) confirmed that TOMCP5 contains an
N-terminal extension that is shorter and not homologous to the one from ScAnc2p. A
more detailed molecular analysis of the sequences required for the specific
mitochondrial targeting of TMCP5, and of T. brucei MCF proteins in general, is

currently underway.
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The higher abundance of TOMCP5 in PCF T. brucei argues for a more prominent role
of the ADP/ATP carrier in this life cycle stage of the parasite. This is supported by
the targeted gene replacement and RNAI studies, which confirmed that expression of
TbMCPS5 is indeed essential for growth and survival of PCF T. brucei, particularly
when depending on proline for mitochondrial ATP production. This is exemplified by
the stronger growth phenotype of the TbMCP5-depleted "M TbMCP5 mutant in
glucose-depleted medium. Indeed, the TbMCP5 mutant died under this culture
condition although TbMCP5 is re-expressed before cell death, whereas in the
presence of glucose re-expression of TOMCP5 immediately rescued growth (Fig. 5).
This loss of expression control by the tetracycline inducible system upon RNAI-
mediated silencing is common for T. brucei, especially if the target gene is essential
for growth/survival of the parasite (Clayton, 1999). However, loss of expression
control could not be observed when TbMCP5 is depleted on a PEPCK null
background (Apepck/"NAThMCP5), since the double mutant died (faster than the
RNATHMCPS single mutant) before re-expression of TbMCP5 could occur. These
differences between the ™A TbMCP5 and Apepck/™TbMCP5 cell lines confirmed
that the impact of TbMCP5 RNAi-mediated depletion on cell growth is more
important when proline, instead of glucose, is the main carbon source for ATP
production. It was previously shown that deletion of the PEPCK gene in the Apepck
cell line strongly affects glycolysis, and leads to a metabolic shift toward proline
catabolism (Ebikeme et al., 2010). This proline-dependency upon PEPCK deletion
explains why the Apepck/™TbMCP5 double mutant dies more rapidly regardless of
the glucose concentration. The stronger growth phenotype observed for the
Apepck/"NATBMCPS cell line compared to the ™A TbMCPS cell line in the SDM80

glucose-depleted medium may be due to the residual glucose (<0.15 mM) coming
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from foetal calf serum, which could be used by the single mutant, but not by the
double mutant for energy production and thus growth. The essential role of ToMCP5
during PCF growth under glucose-depleted conditions is obviously due to the
exclusively mitochondrial production of ATP through proline and threonine
degradation, the contribution of the latter being modest (Bringaud et al., 2006,
Bringaud et al., 2012). Indeed, in the absence of glucose, these two amino acids
become the major carbon sources and are metabolised in the mitochondrion (Lamour
et al., 2005). Degradation of proline into alanine generates ATP by substrate level
phosphorylation (via SCoAS) and several reduced cofactors, here NADH and
FADH,, which feed into the respiratory chain and may lead to an additional
production of ATP by oxidative phosphorylation. Degradation of threonine into
glycine and acetate generates ATP only via the ASCT/SCoAS cycle, in addition to
NADH (Bringaud et al., 2006, Bringaud et al., 2010). The absence of significant ATP
production in the cytosol needs to be overcome by exporting ATP from the
mitochondria to supply energy for anabolic pathways in the cytosol and other
compartments. As expected, ToMCP5 depletion strongly affects proline catabolism
by provoking a reduction of its consumption rate as well as its conversion into
succinate. This is certainly a consequence of ATP accumulation and ADP depletion
inside the mitochondrion, which would considerably down-regulate this pathway.
However, the rate of acetate production is not affected, suggesting that catabolism of
threonine, the main source of acetate in glucose-depleted conditions, is functional
without ATP production. Millerioux et al. (63) recently showed that acetate can be
produced from acetyl-CoA by two enzymes, one involved in ATP production (ASCT)
the other not (ACH) and proposed that this redundancy may be useful to modulate

ATP production within this pathway. Here, we observed that when ATP production is
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impaired, the acetate branch is still functional, which strengthens the essential role of

acetate production in the procyclic trypanosomes (Riviere et al., 2009).

Two lines of evidences indicate that TOMCP5 is also essential for PCF trypanosomes
grown under glucose-rich conditions: we did not succeed to delete both TOMCP5
alleles via a conventional double knockout approach, and depletion of ToMCP5 by
RNAI leads to an important reduction of the growth rate until re-expression of the
proteins after 7 days of induction (Fig. 5A). These results suggest that mitochondrial
ADP/ATP-exchange is also required under glucose-rich conditions to provide the
cytosol or the mitochondrion with ATP produced in the other compartment.
However, both compartments have a high capacity to produce their own ATP in
glucose-rich conditions, i.e. glycolysis provides cytosolic ATP by phosphoglycerate
kinase and pyruvate kinase, while Fo/F1-ATP synthase and the ASCT/SCoAS cycle
are essential for ATP production in the mitochondrion, as demonstrated by the lethal
phenotype induced by inactivation of the Fo/Fi-ATP synthase on a ASCT null
background (Millerioux et al., 2012) or in ‘wildtype’ PCF T. brucei (Zikova et al.,
2009). Further investigations are necessary to determine whether the cytosol or the
mitochondrion requires additional ATP produced in the other subcellular

compartment.

Western blot analysis revealed that in comparison to PCF T. brucei, substantially less
but still a significant level of TOMCPS5 is present in BSF trypanosomes. The current
metabolic model of BSF trypanosomes excludes a role of the mitochondrion in the
cellular provision of ATP (van Hellemond et al., 2005, Michels et al., 2006a).
Instead, BSF trypanosomes rely exclusively on glycolysis with a concomitant net

ATP-production in the cytosol of the parasite (Michels et al., 2006a, Gualdron-Lopez

109



et al., 2012). The BSF mitochondrion lacks a functional respiratory chain and key
enzymes of the TCA cycle (Priest and Hajduk, 1994). Also its ATP-synthase level is
reduced in comparison to PCF T. brucei (Brown et al., 2006), which argues for a less
significant role of the BSF mitochondrion in cellular ATP provision. Depletion of the
BSF F1-ATPase o and B subunits by RNA interference revealed that this enzyme is
essential and plays a critical role in the maintenance of the mitochondrial membrane
potential in this life cycle stage (Brown et al.,, 2006). This in turn implies a
mitochondrial requirement for ATP and the presence of a functional ADP/ATP
carrier. An alternative role for TOMCP5 in BSF trypanosomes could be the import of
cytosolic glycolysis-derived ATP into the mitochondrial matrix - such import would
not only support the maintenance of the mitochondrial membrane potential, but
would also provide energy for essential anabolic metabolism taking place in the
mitochondrion (van Hellemond et al., 2005). The physiological role of ToOMCP5 as a

mitochondrial ADP/ATP-exchanger in BSF T. brucei is currently under investigation.
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Chapter 111

The mitochondrial phosphate carrier ToOMCP11 is
essential for growth of the procyclic form of

Trypanosoma brucei.

All the work presented in this chapter is my own independent contribution.
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1. Introduction

The mitochondrion compartmentalises a large number of important cellular processes
(Palade, 1952, Ernster and Schatz, 1981). Its best-known function is the provision of
the eukaryotic cell with ATP (Kennedy and Lehninger, 1949, Schneider et al., 2007).
Mitochondria are further involved in the biosynthesis of complex biological
compounds, and the regulation of cell signalling, differentiation, growth,
differentiation and apoptosis (McBride et al., 2006). The kinetoplastid Trypanosoma
brucei is one of the earliest eukaryotes branching in evolution, possesing a true
mitochondrion (Embley and Martin, 2006, Barrett et al., 2007). Its subspecies T. b.
rhodesiense and T. b. gambiense cause sleeping sickness in sub-saharan Africa, an

invariably lethal disease when left untreated (WHO).

T. brucei has a complex digenetic life cycle and alternates between the bloodstream
form in the mammalian host and the procyclic form in the insect vector, the tsetse fly
(Matthews et al., 2004). The bloodstream form lacks mitochondrial ATP production
and relies exclusively on the glycolytic degradation of glucose for its cellular ATP
provision (Michels et al.,, 2006, Bringaud et al., 2006). This in contrast to the
procyclic form, which is mainly dependent on the mitochondrial degradation of
amino acids such as proline, and the concomitant production of ATP via substrate-
level and oxidative phosphorylation (Bringaud et al., 2012, Bochud-Allemann and

Schneider, 2002, Lamour et al., 2005).

Protein mass spectrometry indicated the presence of up to 1000 proteins in the
procyclic form of the T. brucei mitochondrion, with most of them having a function
in respiration, electron transport, mMRNA editing, nucleic acid and amino acid

metabolism, DNA and protein processing, lipid and TCA metabolism (Panigrahi et
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al., 2008, Panigrahi et al., 2009). Maintenance of a functional mitochondrion requires
the transport of metabolites, cofactors and nucleotides across the ‘impermeable’
mitochondrial inner membrane. Mitochondrial Carrier Family (MCF) proteins
facilitate this exchange and form an indispensible metabolic link between the
mitochondrion and the cytoplasm, thereby exerting flux control on virtually all
mitochondrial pathways (Kunji, 2004, Colasante et al., 2009, Palmieri et al., 2011). In
particular the ATP/ADP carrier and the phosphate carrier play a key role in
mitochondrial ATP synthesis (Pena-Diaz et al., 2012, Kramer, 1996, Stappen and
Kramer, 1993, Knirsch et al., 1989). The mitochondrial ATP/ADP carrier exchanges
ATP produced in the mitochondrial matrix for cytosolic ADP, while the phosphate
carrier replenishes the consumed intramitochondrial Pi (Knirsch et al., 1989, Stappen
and Kramer, 1993). Both ADP and Pi are essential substrates for steady state
oxidative phosphorylation and their supply from the cytosol to the mitochondrial
matrix may be a rate-limiting step (see (Brown, 1992) and references therein).
Mitochondrial ATP production is further dependent on the proton motive force (pmf),
which is generated across the mitochondrial inner membrane by the proton-pumping
activities of the respiratory complexes I, Il and 1V, and is driving F1Fo-ATP synthase
activity (Brown, 1992). The mitochondrial F1Fo-ATP synthase of T. brucei has been
functionally characterised and was shown to be dependent on the mitochondrial
membrane potential for its function (Brown et al., 2006, Zikova et al., 2009). Its
activity is essential for mitochondrial ATP synthesis in procyclic form T. brucei
(Zikova et al., 2009), as well as the maintenance of the membrane potential in the

bloodstream form mitochondrion (Brown et al., 2006).

We previously identified 24 different genes coding for MCF proteins in T. brucei

(Colasante et al., 2009). Amongst these we identified one potential ADP/ATP carrier
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coding gene, i.e. TOMCP5, and two potential phosphate carrier coding genes, namely
TbMCP8 and TbMCP11 (Colasante et al., 2009). Functional analysis of TOMCP5
confirmed that this MCF protein indeed represents the only mitochondrial ADP/ATP
carrier in T. brucei (Pena-Diaz et al., 2012). Its ADP/ATP exchange activity is
essential for mitochondrial ATP production and export, as well as parasite survival
(Pena-Diaz et al., 2012). In this chapter, we functionally characterised the putative
phosphate carrier TOMCP11, and assessed its importance for the energy metabolism

of bloodstream form and procyclic form T. brucei.

2. Material and Methods

2.1 Cell culture and transfection

Procyclic form (PCF) and bloodstream form (BSF) Trypanosoma brucei strain 449
were cultured in respectively MEM-PROS medium (Overath et al., 1986) and HMI-9
medium (Hirumi and Hirumi, 1989), and in the presence of phleomycin (5 ug ml™) to
maintain expression of the tetracycline (tet) repressor from plasmid pHD449 (TETR
BLE). The PCF T. brucei cell line EATRO1125.T7T was cultured in semi-defined
medium (SDM-79) (Brun and Schonenberger, 1979), and in the presence of 10 ug ml
! G418 and 25 pg ml™ hygromycin to maintain expression of the tetracycline
repressor and T7 RNA polymerase from plasmids pLew90/Neo and pHD328,
respectively (Bringaud et al., 2000). All media were supplemented with 10% v/v

foetal calf serum (Sigma-Aldrich) to support trypanosome growth.

2.2 Phylogenetic reconstruction and sequence analysis

Multiple sequence alignments were generated using ClustalW2 (Chenna et al., 2003)
and manually optimized using the Sequence Alignment Editor (SE-AL v2.0all)

software. Phylogenetic trees were constructed using PHYLIP v3.67: pairwise
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sequence distance matrices were calculated with Protdist (Dayhoff and Orcutt, 1979)
and unrooted trees generated using the neighbor-joining method (Saitou and Nei,
1987). The final phylogenetic tree was drawn with SplitsTree4 v.4.8 (Huson, 1998).
The statistical relevance was assessed by bootstrap re-sampling analysis (PHYLIP,
SEQBOQT) generating 1000 reiterated data sets, with bootstrap values expressed as
percentage for each node. Only bootstrap values above 50% are shown. The
Genebank and GeneDB accession numbers for the different protein sequences used
for the sequence alignment and phylogenetic reconstruction are XP_827321.1,
Th927.9.10310, ThMCP11 mitochondrial carrier protein [Trypanosoma brucei
TREU927]; XP_823265.1, Th927.10.10440, TbMCP8 mitochondrial carrier protein
[Trypanosoma brucei TREU927]; NP_012611, Mirlp [Saccharomyces cerevisiae
S288c]; NP_002626.1, phosphate carrier protein, mitochondrial isoform b precursor
[Homo sapiens]; NP_777082, phosphate carrier protein, mitochondrial precursor [Bos
taurus]; NP_620800, phosphate carrier protein, mitochondrial precursor [Rattus
norvegicus]; NP_001076672, hypothetical protein FO01G4.6 [Caenorhabditis
elegans]; NP_598429.1, phosphate carrier protein, mitochondrial precursor [Mus
musculus]; 061703.1, mitochondrial phosphate carrier protein [Choristoneura
fumiferana]; CCC92988.1, putative mitochondrial phosphate transporter
[Trypanosoma congolense]; EFZ26338.1, mitochondrial phosphate transporter,
putative [Trypanosoma cruzi]; XP_001469252.1, putative mitochondrial phosphate
transporter [Leishmania infantum JPCM5]; EGD81797.1, phosphate carrier protein
[Salpingoeca rosetta ATCC 50818]; CBZ56276.1, mitochondrial phosphate carrier
protein, related [Neospora caninum Liverpool]; XP_002370602.1, phosphate carrier
protein, putative [Toxoplasma gondii ME49]; XP_766621.1, mitochondrial phosphate

carrier [Theileria parva strain Muguga]; XP_001350431.1, mitochondrial phosphate
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carrier protein [Plasmodium falciparum 3D7]; XP_001609505.1, mitochondrial
phosphate transporter [Babesia bovis T2Bo]; XP_001703470.1, mitochondrial
phosphate carrier 1, minor isoform [Chlamydomonas reinhardtii]; XP_002946967.1,
mitochondrial phosphate carrier 1 [Volvox carteri f. nagariensis]; AAL66293.1,
phosphate transporter [Glycine max]; XP_002318765.1, mitochondrial phosphate
carrier protein [Populus trichocarpa]; NP_001104842.1, mitochondrial phosphate
transporter [Zea mays]; ABW74474.1, mitochondrial phosphate transporter [Paeonia
suffruticosa]; NP_001057115.1, Os0690210500 [Oryza sativa Japonica Group];
XP_002511108.1, mitochondrial phosphate carrier protein, putative [Ricinus
communis]; XP_001744152.1, hypothetical protein [Monosiga brevicollis MX1];
CAH59632.1, mitochondrial phosphate translocator [Medicago truncatula];
XP_002873645.1, mitochondrial phosphate transporter [Arabidopsis lyrata subsp.
lyrata]; BABB83689.1, mitochondrial phosphate transporter [Lotus japonicus];
CAA69726.1, mitochondrial phosphate translocator [Betula pendula]; AAI149997.1,
SLC25A3 protein [Bos taurus]; NP_001126257.1, phosphate carrier protein,
mitochondrial precursor [Pongo abelii]; XP_001661491.1, mitochondrial phosphate
carrier protein [Aedes aegypti]; XP_001459326.1, hypothetical protein [Paramecium
tetraurelia strain d4-2]; NP_524069.2, mitochondrial phosphate carrier protein,
isoform A [Drosophila melanogaster]; XP_001559432.1, mitochondrial phosphate
carrier protein [Botryotinia fuckeliana B05.10]; XP_001598707.1, mitochondrial
phosphate carrier protein [Sclerotinia sclerotiorum 1980]; XP_002579471.1,
mitochondrial phosphate carrier protein [Schistosoma mansoni]; XP_002622090.1,
mitochondrial phosphate carrier protein [Ajellomyces dermatitidis SLH14081];
XP_001818148.1, phosphate carrier protein 2 [Aspergillus oryzae RIB40];

ACN10336.1, phosphate carrier protein, mitochondrial precursor [Salmo salar];
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ADD20494.1, mitochondrial phosphate carrier protein [Glossina morsitans
morsitans]; ACO12540.1, phosphate carrier protein, mitochondrial precursor
[Lepeophtheirus salmonis]; ACY69956.1, mitochondrial phosphate carrier protein
[Cimex lectularius]; EFN66191.1, phosphate carrier protein, mitochondrial
[Camponotus floridanus]; ACO09144.1, phosphate carrier protein, mitochondrial
precursor [Osmerus mordax]; CAB61741.1, mitochondrial phosphate transporter

[Cicer arietinum].

2.3 Northern blot analysis

Total RNA was isolated from BSF and PCF T. brucei strain 449 using TriFast
(PegLab Biotechnology GmbH). Northern blot analysis was performed as described
by Sambrook (Sambrook J, 1989). The complete open reading frame of ToOMCP11
(Th927.9.10310) was labelled with [*P]dCTP using PCR, and 5’-
ggacggaagcttaccatgagcgcaaagaacaaaact-3’ (sense) and 5-
gcttgcaggatccatacttctttccggaaccaccac-3° (antisense) as primers. Blots were pre-
hybridized in hybridization solution (5xSSC, 5x Denhardt’s reagent and 0.5% w/v
SDS) for 1 h at 65 °C, after which the [*P]dCTP-labelled DNA probe was added.
Following overnight hybridization at 65 °C, the blots were washed in subsequently
1xSSC, 0.1% w/v SDS and 0.1xSSC, 0.1% w/v SDS, followed by exposure to X-ray

film (Kodak).

2.4 TbMCP11 polyclonal rabbit antibody and Western blot analysis

Peptide synthesis and immunisation were performed by EZBiolab (USA). The
peptide ‘KNKTWDARYANPD’ (N-terminal amino acids 4-16 of ToMCP11) was
coupled to keyhole limpet hemocyanin (KLH) and used for the immunization of two
rabbits. Immunisation was initiated by injection with 1.0 mg KLH-coupled peptide

emulsified in complete Freund’s adjuvant, followed by 3 subsequent boosts in weeks
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2, 4 and 7, with 0.5 mg of KLH-coupled peptide emulsified in incomplete Freund’s
adjuvant. The polyclonal antisera were collected in week 9 after determination of the
TbMCP11 antibody titer, which was about 1:1,500,000 for both rabbits (EZBiolab,
USA). 2x10° trypanosomes were used per lane for SDS-PAGE (12% gel) and western
blot analysis. Western blot analysis using the pre-immune sera confirmed the absence
of cross-reacting protein bands (not shown), whereas the final TOMCP11 antiserum
(1:5,000 dilution) stained a single 34 kDa protein band as expected for ToOMCP11

(see results).

2.5 T. brucei cell lines expressing recombinant myc-tagged ToMCP11

The open reading frame (ORF) of TOMCP11 (Th927.9.10310) was PCR-amplified
using 5’-ggacggaagcttaccatgagcgcaaagaacaaaact-3’ (sense) and 5-
gcttgcaggatccatacttctttccggaaccaccac-3’ (antisense) as primers, and isolated genomic
DNA from T. brucei strain 449 as template. The added Hindlll and BamHI restriction
enzyme sites (underlined) were used for subsequent cloning into the T. brucei
expression vectors pHD1700 and pHD1701 (Colasante et al., 2009). Comparison of
the cloned TbMCP11 sequence from T. brucei strain 449 to the corresponding
sequence from T. brucei strain 927 (http://www.genedb.org) revealed only a few
sequence differences at the DNA level, but none in the predicted amino acid
sequence. Tetracycline-inducible expression from pHD1700 and pHD1701 will result
in the addition of a 2x-myc tag to either the C-terminal (pHD1700) or N-terminal
(pHD1701) end of TOMCP11. BSF and PCF T. brucei strains 449 were transfected
and hygromycin-resistant (50 ug mL™ for PCF and 10 pg mL™ for BSF) clones were
isolated as described previously (Biebinger et al., 1997, Colasante et al., 2006). The
genotype of the resulting cell lines is ToOMCP11/ToMCP11 TETR BLE TbhMCP11-

myc" HYG, further referred to as PCF TbMCP11-myc" or BSF TbMCP11-myc",
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depending on the parental cell lines used. Expression of N-terminal (nmyc) or C-
terminal (cmyc) myc-tagged TbMCP11 was induced by the addition of tetracycline
(0.5 ug mL™) and assessed by western blotting analysis using a commercial myc-tag

antibody (Roche Applied Science).

2.6 Immunofluorescence microscopy

Trypanosomes were collected from culture medium by centrifugation at 2,000x g, and
immediately resuspended in phosphate-buffered saline (PBS) containing 4% wl/v
paraformaldehyde. Cells were fixed for 20 min at room temperature and allowed to
settle down and attach to poly-L-lysine-coated microscope slides. Staining with 4°,6’-
diamidino-2-phenylindole (DAPI), the mitochondrion-specific probe MitoTracker,
and the different antibodies (see Fig. Legends) was performed as described
previously (Voncken et al., 2003). Cells were examined using a Leica DM RXA
digital deconvolution microscope, and images were taken with a Hamamatsu digital

camera.

2.7 Generation of the BSF ATbMCP11 double knockout cell line

The BSF double-knockout cell line ATbMCP11::NEO/ATbMCP11::BSD
(abbreviated to BSF ATbMCPI11) was generated using the ‘targeted gene
replacement’ approach (Eid and Sollner-Webb, 1991, Voncken et al., 2003, Colasante
et al., 2006). The 5’- and 3’-UTRs of TbOMCP11 (Th927.9.10310) were inserted on
either side of NEO (G418) or BSD (blasticidin) antibiotic resistance cassettes bearing
actin 5'-splice sites and the actin 3'-untranslated region (Voncken et al., 2003,
Colasante et al., 2006). The different TOMCP11 UTRs were obtained by PCR from
isolated T. brucei genomic DNA: the primers 5’-
gttgagctcggttggtgtgatatcgtatggtgtgtttc-3° (sense) and 5’-

caaactagtgtattgatattggactcgtatgtggce-3’ (antisense) were used for the amplification of
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the 631 bp 5°-UTR, and the primers 5’-gaggatccgataacatgtaaggaggatgaacgggtgacgg-
3’ (sense) and 5’-ctgggcccgagatccctccacctcacactctacaatgac-3’ (antisense) for the 385
bp 3’-UTR. The underlined restriction enzyme sites were used for subsequent cloning
in the different NEO- and BSD-containing knockout (KO) plasmids (Voncken et al.,
2003, Colasante et al., 2006). After transfection of BSF T. brucei strain 449 with the
NEO-TbMCP11-KO construct and clonal selection with 2 pg.mL-1 G418, the half-
knockout cell line ATOMCP11::NEO/TbMCP11 was isolated. The double-knockout
cell line ATOMCP11::NEO/ ATbMCP11::BSD (BSF ATbMCP11) was obtained after
subsequent transfection with the BSD-TbMCP11-KO plasmid, followed by clonal
selection with 2 pg.ml-1 G418 and 20 pg. ml-1 blasticidin. Correct integration of the
different NEO/BSD-TbMCP11-KO constructs and deletion of the two native
TbMCP11 genes was confirmed by RT-PCR, as well as by southern blot and western

blot analysis for the TOMCP11 gene product (Fig. 5).

2.8 Generation of the PCF TbMCP11-RNAi cell line

Expression of ThbMCP11 was silenced in PCF T. brucei by using RNA-interference
(RNA1) (Bellofatto and Palenchar, 2008). The required sense and antisense sequences
of TbMCP11 were PCR-amplified and cloned into the 7. brucei expression vector
pLewl00 (Wirtz et al., 1999). The primers 5'-ggaagcttaaacttgggacgcacgttac-3' and 5'-
cactcgaggcatggtggcaactgcagete-3' were used for amplification of the 494 bp sense
sequence, and the primers 5'-caggatccaaacttgggacgcacgttac-3' and 5'-

cgaagctttccctcgagaacttcgecattgtgtaggg-3' were used for the 576 bp antisense

sequence. The added restriction enzyme sites (underlined) were used for cloning. The
resulting pLew100-TbMCP11 RNAI construct harbors a phleomycin resistance gene,
and contains the consecutively cloned sense and antisense 7TbMCP1 [ target sequences

separated by a 80 bp spacer fragment. Inducible expression is under control of the
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procyclic acidic repetitive protein (PARP) promoter linked to a prokaryotic
tetracycline (tet) operator (Wirtz et al., 1999). The pLewl00-TbMCP11 RNAi
construct was used for transfection of the PCF 7. brucei EATRO1125.T7T cell line
(Wirtz et al., 1999). The PCF TbMCP11-RNAi cell line was obtained after clonal
selection in standard SDM79 medium supplemented with phleomycin (50 pg.ml™).
This cell line enables tetracycline-inducible (0.5 ug ml™) depletion of TbMCPI1.
Silencing of TbMCP11 expression upon tetracycline induction was confirmed by RT-

PCR as well as by western blot analysis using the raised TbOMCP11 peptide antibody.

2.9 Growth analysis

At the start of each growth experiment, cell cultures of BSF ATbMCP11 and PCF
TbMCP11-RNAi, and the corresponding parental cell lines BSF 449 and PCF
EATRO1125.T7T, were diluted to cell densities of 0.25 x 10° cells mI™* (BSF) and
0.1 x 10° cells mI™* (PCF), respectively. Cell densities (cells ml™) were determined
every 24 hours using a Neubauer haemocytometer. BSF 449 and BSF ATbMCP11
trypanosomes were continuously cultured for 72 h, while PCF EATRO1125.T7T and
PCF TbMCP11-RNAI trypanosomes were cultured for 9 days, with subculturing into
fresh medium at 48 h intervals. For the induced PCF TbMCP11-RNAi cell line,
tetracycline was added to the culture medium (0.5 pug ml™) at the start of the

experiment and every 48 h interval, to maintain RNA interference.

2.10 Mitochondrial ATP production assay

The mitochondrial ATP production assay was performed as described by Schneider et
al. (Schneider et al., 2007). For each assay, 1x10° trypanosomes were collected by
centrifugation at 1500x g for 10 min, washed once with SoTE-buffer (20 mM Tris-
HCI pH 7.5, 2 mM EDTA, 0.6 M Sorbitol), and finally resuspended in 1 ml of SoTE-

buffer containing 0.008% w/v digitonin for PCF and 0.022% w/v digitonin for BSF
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trypanosomes. Permeabilisation with digitonin was allowed to take place for exactly
5 minutes on ice, followed by immediate centrifugation for 3 minutes at 8000x g at 4
°C. The supernatant was removed and the pellet washed twice with 1 ml SoTE-buffer.
The pellet, representing the mitochondria-enriched fraction, was resuspended in 0.5
ml of Assay Buffer (20 mM Tris-HCI pH 7.4, 15 mM KH,POy,, 0.6 M sorbitol, 5 mM
MgSQ,). Mitochondrial ATP production was initiated by the addition 75 ul of Assay
Buffer, containing 67 uM ADP and 5 mM substrate (succinate or a-ketoglutarate), to
the mitochondria-enriched fraction. The inhibitors carboxyatractyloside (CATR) and
azide were added to a final concentration of 5.2 uM and 6.8 mM, respectively, and
incubated for 15 min at 30 °C prior to the addition of the substrates. Mitochondrial
ATP production was initiated by the addition of substrate and was allowed to take
place for 30 min at 30 °C. The reaction was terminated by the addition of 10 ul TE
(10 mM Tris-HCI, 1 mM EDTA, pH 8.0), followed by denaturation at 100 °C for 3
min. Formed protein precipitate was removed by centrifugation for 1 min at 1,000x g.
The ATP concentration in the supernatant was measured according to the protocol of
the ATP Bioluminescence Assay Kit CLS Il kit (Roche Applied Science) and using a

Junior LB9509 tube luminometer (Berthold Technologies).

2.11 Mitochondrial oxygen consumption

Mitochondrial oxygen consumption was measured at 30 °C using a closed Clark-type
oxygen electrode (Bienen et al., 1993), and mitochondria-enriched fractions from
2x10® PCF EATRO1125.T7T and tetracycline-induced PCF TbMCP11-RNAi
trypanosomes. The assay buffer (20 mM Tris-HCI pH 7.4, 15 mM KH,PO,4, 0.6 M
sorbitol, 5 mM MgSO,) was supplemented with salicylhydroxamic acid (SHAM,
2.5mM) to inhibit mitochondrial alternative oxidase (TAQ) activity (Chaudhuri et al.,
2006). After 15 min of baseline stabilization, oxygen consumption was initiated by
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the addition of 5 mM succinate. Oxygen consumption was further analysed in the
presence of different inhibitors, i.e. azide ( 6.8 mM), carbonyl cyanide m-

chlorophenyl hydrazone (CCCP, 1 mM) and N-ethylmaleimide (NEM, 1.5 mM).

2.12 Scanning electron microscopy (SEM)

Trypanosomes were fixed with 2.5% w/v glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.2) and allowed to settle for 15 min onto glass cover slips coated with 0.1% w/v
poly-L-lysine. The cover slips were extensively washed with 0.1 M cacodylate buffer
(pH 7.2), and post-fixed for 30 min with 1% w/v osmium tetroxide in the same
buffer. The trypanosomes were dehydrated in acetone, critical point dried, mounted
onto SEM stubs, and coated with an approximately 20 nm thick gold layer. The cells
were examined and digital images taken using a Zeiss DSM940 scanning electron

microscopy.

2.13 Yeast complementation

The open reading frame of TbMCP1l1 was PCR-amplified using 5°’-
tacgagctcatgagcgcaaagaacaaaa cttgggac-3’ (sense) and 5’-
gcttgcaggatccttacttctttccggaaccaccacttgtg-3° (antisense) as primers. The ToMCP11-
PIC2™™ fusion gene was generated by PCR-amplification using the sense primer 5'-
gggagctcatggagtccaataaacaaccacgtaaaatccaattatatacgaaagagttttatctgaaatgcataggtgggg-
3" and the TOMCP11 antisense primer 5'-ctaggatccttacttctttccggaaccaccacttgtg-3'. The
sense primer is chimeric and contains nt 1-51 of the S.cerevisiae PIC2 ORF, followed
by nt 70-91 of the ToMCP11 ORF. This PCR approach will replace the first 69
nucleotides (coding for the first 23 amino acids) of TOMCP11 with the first 51
nucleotides (coding for the first 17 amino acids) of PIC2 (see Fig. 1). The included
Sacl and BamHI restriction enzyme sites (underlined) were used for subsequent

cloning into the yeast multicopy (2u) shuttle vector pYPGK18, containing a
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phosphoglycerol kinase PGK1 promoter and LEU2 (Swiegers et al., 2002, Vaz et al.,
2003). The Saccharomyces cerevisiae BY4741 reference strain (Euroscarf) and
phosphate carrier-deficient deletion strain AmirlApic2 (Hamel et al., 2004) were
maintained on YPD agar plates (1% w/v yeast extract, 2% w/v peptone, 2% w/v
glucose) at 30 °C. The deletion strain AmirlApic2 was transformed with
pYPGK18/TbMCP11 and pYPGK18/TbMCP11-PIC2"™™ using the rapid lithium
acetate/polyethyleen glycol method (Gietz and Woods, 2002). Transformants were
selected on synthetic glucose-rich minimal agar medium (6.7 g yeast nitrogen base
without amino acids (Difco), 20 mg adenine, 20 mg arginine, 20 mg histidine, 230
mg lysine, 20 mg methionine, 300 mg threonine, 20 mg tryptophan and 40 mg uracil
per L) that lacked leucine and contained glucose (30 g L™) as a fermentative carbon
source. The growth phenotypes of the AmirlApic2 yeast deletion strain, and derived
strains containing pYPGK18/TbMCP11 or pYPGK18/ToMCP11-PIC2™™ were
analyzed by streaking onto agar plates containing 1% yeast extract, 2% peptone, and
either 2% glucose (YPD), 3% glycerol (YPG) or 2% lactate (YPL, adjusted to pH 5.5
using KOH). The parental BY4741 strain was used for comparison. The plates were

incubated at 30 °C for 3-6 days.

2.14 Mitochondrial swelling assay

Intact S. cerevisiae mitochondria were prepared by using the lyticase and differential
centrifugation method described by (Daum et al., 1982), while T. brucei mitochondria
were prepared according to the digitonin method as previously described by
(Schneider et al., 2007). Phosphate-dependent mitochondrial swelling was determined
according to (Manon and Guerin, 1988) method with modifications from (Hamel et
al., 2004). Briefly, freshly prepared yeast or T. brucei mitochondria were resuspended

in 1 ml buffer containing 0.2 M potassium phosphate (pH7.4), 38 mM oligomycin
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and 0.2 mM antimycin, to final protein concentrations of 0.1 mg/ml and 0.8 mg/ml,
respectively. The mitochondrial swelling was induced by addition of valinomycin
(final concentraion: 0.04 mM). The absorbance changes were monitored by

spectrophotometer at 546 nm.

3. Results

3.1 The T. brucei genome codes for two putative mitochondrial phosphate
carriers

Two MCF proteins, TbMCP8 (GeneDB: Thb927.10.10440) and TbMCP11
(Th927.9.10310) were previously identified with significant sequence similarity (58-
66%) to the functionally characterised mitochondrial phosphate (Pi) carriers Mirlp
and Pic2p from S. cerevisiae, and to SLC25A3 from H. sapiens (Colasante et al.,
2009, Schroers et al., 1998, Dolce et al., 1994). Both display features that are
conserved in MCF proteins (Palmieri, 2004, Palmieri et al., 2011), including the
presence of 6 trans-membrane helices, a tripartite protein domain structure with semi-
conserved sequence repeats of approximately 100 amino acids, and the signature
sequence motif ‘Px(D/E)x2(K/R)X(K/R)X20-30(D/E)GX4.5(W/E/Y)(K/R)G’ at the end
of each odd-numbered trans-membrane helix (Fig. 1A, (Colasante et al., 2009)).
Amino acids involved in the selective binding and transport of specific substrates are
in MCF proteins conserved and organized in three distinct substrate contact points
(CP1-3) (Robinson and Kunji, 2006). In all known Pi carriers, CP1 is represented by
the 3 conserved amino acids glycine (G), glutamine (Q) and lysine (K); CP2 by a
conserved arginine (R) and glutamine (Q); and CP3 by a conserved methionine (M)

(Fig. 1B) (Robinson and Kunji, 2006). The amino acid compositions of CP1-3 in
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Figure 1: TOMCP11 and TbMCP8 contain phosphate carrier features. A. Schematic
representation of MCF protein sequence structure. H1-6 represents transmembrane
helices; h1-2, h3-4 and h5-6 represent the conneccting hydrophilic loops; M1-3a
represent the first part (PX[D/E]xx[K/R]x[K/R]) and M1-3b represent the second part
([D/E]GX,[K/R]G) of the canonical MCF signature sequence; CP1-3 indicate the
different conserved substrate contact points. B. Sequence alignment of ToOMCP11 and
ThMCP8 with S. cerevisiae Mirlp (ScMirlp), Pic2p (ScPic2p), H. sapiens SLC25A3
(SLC25A3) and Bos. taurus (Btau). The different parts of the canonical signature
sequence are indicated by grey backgrounds. N-terminal signaling part of TOMCP11

(amino acids 1-23) and ScPic2p (amino acids 1-17) are boxed.
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TbMCP8 and TbMCP11 are identical to those of the functionally characterized
phosphate carriers Mirlp, Pic2p, and SLC25A3 (Fig. 1B), suggesting a Pi transport
function for both TbMCPs. Also phylogenetic analysis supported the predicted Pi
transport function for TOMCP8 and TbMCP11 (Fig. 2). As shown previously
(Takabatake et al., 1999), phosphate-transporting MCF proteins from vertebrates,
insects, plants, fungi and protozoa cluster in distinct clades supported by high
bootstrap values (Fig. 2). ToOMCP11 clustered specifically with Pi carriers from other
related kinetoplastida (Leishmania infantum, T. cruzi and T. congolense) and is
branching close to putative Pi carriers from other unicellular eukaryotes, such as the
choenoflagellates and chromalveolates. This is in contrast to TbMCP8, which
branched outside this group (Fig. 2): the different positions of TbMCP8 and
TbMCP11 in the phylogenetic tree is supported by their relatively low sequence

similarity (42%), and suggests a divergent evolution of both Pi carriers.
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Figure 2: Neighbour-joining tree showing the evolutionary relationship between
TbMCP8, TbhMCP11 and phosphate carrier from other species. Bootstrap values
above 50% are showed at the relevant nodes.
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3.2 Differential expression of TOMCP11 in T. brucei

Expression in T. brucei is developmentally regulated at the mRNA level for
approximately 2% of its genes (Brems et al., 2005). Northern blot analysis was used
to determine whether also TOMCP8 and ToMCP11 are differentially expressed in the
replicating life cycle stages of T. brucei, i.e. the bloodstream form (BSF) and the
procyclic form (PCF). For TbOMCP11, a single hydridizing mRNA band was detected
for both BSF and PCF T. brucei (Fig. 3A). Its size-length of 2400kb was similar to
the in silico predicted mRNA size of 2380kb, using the previously described
parameters for the estimation of mMRNA transcript lengths in T. brucei (Benz et al.,
2005). Quantification using SRP as a loading control (Fig. 3A) revealed that,
compared to the BSF parasite, 3-fold more TOMCP11 mRNA is present in PCF T.
brucei. Northern blot analysis using TOMCP8 as a probe failed to detect any mRNA,

even when using 20 pg of poly-A" purified mMRNA (results not shown).

The differential expression of ToOMCP11 in BSF and PCF T. brucei was confirmed by
western blot analysis using the raised ToMCP11 peptide-antibody (this thesis). A
single cross-reacting protein band with the expected molecular weight of 34 kDa was
detected in both life cycle stages (Fig. 3B). Quantification using tubulin as a loading
control (Fig. 3B), revealed that in comparison to the BSF 2.5-fold more ToOMCP11 is
present in PCF T. brucei, which is in agreement with the observed higher levels of
TbMCP11 mRNA in this life cycle stage. Overall, these results suggested a more
prominent role of TOMCP11 in PCF T. brucei, whereas ToOMCP8 is most probably
not expressed in, and thus not required for the two replicating life cycle stages of T.

brucei.
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Figure 3: TbMCP11 is exclusively mtiochondrial and differentially
expressed T.brucei. A. Northern blot analysis of total RNA in BSF and PCF
T.brucei using [0*’P]-dCTP labelled TbMCP11 DNA as probe for
hybridization.. B. Western blot analysis of BSF and PCF T.brucei using
aTbMCP11 antibody. C. Western blot analysis the  expression of
TbMCP11-cmyc upon tetracycline induction using myc antibody. D.
Immunofluorescence microscopy of N-terminal myc tagged BSF and PCF
using myc antibody (green), Mitotracker (red) staining mitochondrion and
DAPI (blue) staining nuclear and kinetoplast DNA.
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3.3 TbOMCP11 is exclusively mitochondrial in BSF and PCF T. brucei

The raised TbMCP11 peptide-antibody was initially used for determining the
subcellular localisation of ToMCP11 in BSF and PCF T. brucei. However, this
antibody appeared not to be suitable for immunofluorescence microscopy (results not
shown). Instead, the subcellular location of TbOMCP11 was determined by using BSF
and PCF T. brucei cell-lines expressing a recombinant C-terminal myc-tagged
version of TOMCP11 (ToMCP11-cmyc). Western blot analysis using a myc-antibody
confirmed the expression of ToMCP11-cmyc upon tetracycline induction (Fig. 3C).
Immunofluorescence microscopy using the same antibody revealed specific tubular
staining patterns for both PCF and BSF T. brucei, which were identical to those
obtained for the mitochondrial marker MitoTracker (Fig. 3D, (Vassella et al., 1997)).
Similar results were found when using cell lines expressing a recombinant N-terminal
myc-tagged version of TOMCP11 (Fig. 3D). These results suggested a mitochondrial

location for TOMCP11 in T. brucei.

3.4 TbMCP11 functionally complements mitochondrial Pi-carrier deficiency in
the yeast AmirlApic2

The S. cerevisiae double deletion strain AmirlApic2 is deficient in mitochondrial
phosphate transport and cannot use its mitochondria for ATP generation (Hamel et
al., 2004). As a consequence, AmirlApic2 can only grow on a fermentable carbon
source such as glucose (YPD medium) (Hamel et al., 2004, Takabatake et al., 2001).
The predicted Pi-transport function of ToMCP11 can therefore be assessed by its
ability to restore growth of AmirlApic2 on a non-fermentable carbon source, such as
glycerol (YPG medium) or lactate (YPL medium), which requires functional
mitochondria. The open reading frame of TOMCP11 was cloned into the yeast vector

pYPGK18 (pYPGK18-TbMCP11), which allows constitutive expression under control
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of a PGK1 promoter (Vaz et al., 2003, Swiegers et al., 2002). The pYPGK18 vector
without an insert was used as a negative control. AmirlApic2 was transformed with
pYPGK18 and pYPGK18-TbMCP11, and growth of the resulting strains was analysed
on YPD, YPG and YPL medium. The S. cerevisiae strain BY4741, which is the
parental strain of AmirlApic2 (Takabatake et al., 2001), was used for comparison of
growth on the different media. As expected, BY4741 was able to grow on all media,
whereas AmirlApic2::pYPGK18 (no insert) was only able to grow on YPD medium
(Fig. 4A-C). Growth analysis revealed, however, that expression of TbMCP11
(pYPGK18-TbMCP11) was not able to restore growth of AmirlApic2 on YPG or YPL
medium (Fig. 4B-C). Western blot analysis using the ToOMCP11 antibody confirmed
the expression and presence of TOMCP11 in AmirlApic2::pYPGK18-TbMCP11 (not
shown), eliminating the possibility that TOMCP11 maybe was not expressed. Another
explanation for the lack of growth could be the insufficient sorting of TOMCP11 to
the S. cerevisiae mitochondrion. Similar sorting problems have previously been
reported for other heterologous mitochondrial proteins when expressed in S. cerevisae
(van Wilpe et al., 1999). In addition, the mitochondrial ATP/ADP carrier ScCAnc2p
was shown to be dependent on its N-terminal sequence (amino acids 1-26) for its
efficient mitochondrial sorting in S. cerevisiae (Truscott et al., 2003, Adrian et al.,
1986). Indeed, sequence alignment revealed significant differences in amino acid
composition of the N-terminal sequences from TbhMCP11, ScPic2p, and ScMirlp
(Fig. 1B). Therefore the first 69 nucleotides (coding for amino acids 1-23) of
ThMCP11 was substituted with the first 51 nucleotides (coding for amino acids 1-17)
of ScPic2p (Fig. 1B), and cloned the resulting TOMCP11-PIC2™™ fusion gene in
pYPGK18. This construct was used for transformation of AmirlApic2 and growth of

the resulting AmirlApic2::ToOMCP11-PIC2™™ strain was analysed on the different
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media. Analysis revealed that Amir1Apic2::ToMCP11-PIC2™™ strain is now capable
of growth on YPG and YPL media (Fig. 4B-C), suggesting that ToOMCP11 indeed
functions as a mitochondrial Pi-carrier. Growth of AmirlApic2::ToMCP11-PIC2™*™
on YPG (Fig. 4B) or YPL medium (Fig. 4C) is however still not optimal when
compared to its growth on YPD medium (Fig. 4A) or to the growth of BY4741 on the

different media (Fig. 4A-C).
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KO+MCP11 KO+MCP11 KO+MCP11

Figure 4. TOMCP11 functionally complement the mitochondrial phosphate carrier in
the yeast AmirlApic2. Yeast cell lines growed on YPD medium (A), YPG medium
(B), and YPL medium (C). WT, wild type S. cerevisiae strain BY4741; KO,
phosphate carrier deficient yesat strain AmirlApic2;KO+pYPGK18: phosphate
carrier deficient yeast strain AmiriApic2 was transformed with empty vector
pYPGKI18 to obtain AmirlApic2::pYPGK18; KO+MCP11, phosphate carrier
deficiency yeast strain AmirlApic2 was transformed with pYPGK18 containing
TbMCP11; KO+MCP11+YN, phosphate carrier deficiency yeast strain AmirlApic2
was transformed with pYPGK18 containing TOMCP11 with the first 69 nucleotides
(coding for amino acids 1-23) substituted with the first 51 nucleotides (coding for

amino acids 1-17) of ScPic2p.
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Further investigation has been done to check whether TOMCP11 and TbMCP11-
P1C2"*™ were able to restore Pi transport in mitochondria isolated from the different
yeast strains. Mitochondria do swell when suspended in a phosphate salt solution
(Hamel et al., 2004, Zara et al., 1996). This swelling is caused by mitochondrial
phosphate import, leading to an increase of the mitochondrial matrix solute
concentration and the subsequent uptake of water. Mitochondria deficient in
phosphate transport are unable to swell in the presence of phosphate salt (Hamel et
al., 2004, Zara et al., 1996). | used this principle to assess Pi transport in
mitochondrial fractions isolated from BY4741 (control), AmirlApic2 (Pi carrier
deficient), AmirlApic2::ToOMCP11 and AmirlApic2::TbMCP11-PIC2™™. The
results are summarized in Table 1. The mitochondrial swelling (decrease in
absorbance at 545 nm) found for BY4741 mitochondria was set to 100% for
comparison. As expected, swelling was reduced to 7% for mitochondria isolated from
the Pi-carrier deficient strain AmirlApic2, confirming that mitochondrial phosphate
transport indeed makes a substantial contribution to osmotic swelling of mitochondria
under the used assay conditions. Expression of TbOMCP11 in AmirlApic2 resulted in a
significant increase (from 7% to 21%) in mitochondrial swelling, whereas expression
of TbMCP11-PIC2"*™ restored mitochondrial swelling to 100% as found for the
BY4741 mitochondria. These results indicated that ToMCP11, and in particular

TbMCP11-PIC2™™ is able to complement Mirlp/Pic2p deficiency in yeast.

Table 1. Mitochondrial swelling in isolated yeast and T.brucei mitochondria.

Cell line - strain AADSssonm | Swelling (%0)
S. cerevisiae . 0.029 +
BY4741 (wildtype) 0.002 100
0.002 £
AMIR1/APIC2 0.001 7
AMIR1/APIC2 +TbMCP11 0.006 + 21
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0.007
AMIR1/APIC2 +TbMCP11- 0.029 + 100
Pic2p™™ 0.008
PCFT. 0.149 +
brucei EATRO1125-T7T 0.006 100
RNAI . 0.132 +
TbMCP11 non-induced 0.008 98
RNAI : 0.010 +
TbhMCP11 induced 0.007 7

Isolated mitochondria from different yeast strain, PCF T.brucei cell line were used to
do the mitochondrial swelling assay for assessing mitochodnrial phosphate carrier
transport capability. When mitochondria exsit in a higher phoaphate concentraion
environment, the phosphate carrier start to transport phosphate into the mitochondrial
matrix, which coresponding cause the subsequent uptake of water into mitochondria

and finally mitochondria swelling.

3.5 TbMCP11 is essential for growth of PCF, but not BSF T. brucei

Whether the mitochondrial phosphate carrier TOMCP11 is essential for T. brucei
growth was assessed by the generation of a conventional TOMCP11 double-knockout
cell line for BSF T. brucei and by the generation of a RNA interference cell line for
PCF T. brucei, followed by analysis of their growth phenotype. The BSF ToMCP11
double-knockout cell line ATbMCP11 with the genotype
ATbMCP11::BSD/ATbMCP11::NEO was generated by targeted gene replacement, i.e.
the sequential replacement of the two TbMCP11 alleles (T. brucei is diploid) via
homologous recombination with genes coding for blasticidin resistance (BSD) and
neomycin resistance (NEO). The sequential replacement of both TOMCP11 alleles
was monitored by southern blot analysis (Fig. 5F). Also the corresponding ToMCP11
protein product could not be detected by western blot analysis using the raised

TbMCP11 antibody (Fig. 5B). Subsequent growth analysis revealed similar growth
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curves for the parental BSF 449 and BSF ATbMCP11 cell lines, which indicated that
ThMCP11, and thus mitochondrial phosphate transport, is not required for the growth

of BSF T. brucei (Fig. 5A).

For PCF T. brucei, initially a conventional ToMCP11 double-knockout cell line was
attempted to generate using the same targeted gene replacement method as described
for BSF T. brucei. Although It was able to generate PCF cell lines lacking one
TbMCP11 allele (ATbMCP11::BSD/TbMCP11), no viable clones could be obtained
upon deletion of the second TbMCP11 allelle. This failure to generate a viable
double-knockout cell line suggested that TOMCP11 expression is required for the
growth of PCF T. brucei. Alternatively, an RNA interference cell line was generated,
which allowed the tetracycline-inducible expression of double-stranded ToMCP11
MRNA and the concomittant down-regulation of TOMCP11 expression in PCF T.
brucei. Western blot analysis of the obtained "N TbMCP11 cell line confirmed that
no detectable (below the detection limit of the used method) TOoMCP11 was present
after 3 days of tetracyline induction (Fig. 5E). RT-PCR using TbMCP11-specific
primers confirmed the absence of TOMCP11 mRNA in the obtained PCF ToMCP11-
RNAI cell lines (Fig. 5C). Growth phenotype analysis using the non-induced
RNATHMCP11 cell line for comparison, revealed that growth of the "NATbMCP11
cell line gradually slowed down during the first 7 days after tetracycline induction
and that growth completely ceased at day 8 (Fig. 5D). ToMCP11 is apparently
required for the growth of PCF T. brucei, but not for the BSF life cycle stage of the

parasite.
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Figure 5: Analysis of depletion of TOMCP11 in both bloodstream and procyclic form
T.brucei. A. Growth analysis of BSF wild type cell line and ToMCP11 double-
knockout cell line ATOMCP11 with the genotype ToMCP11::BSD/ATbMCP11::NEO.
Dash line indicates the growth of ATbMCP11. Solid line indicates the wild type
growth. B. Western blot analysis of wild type BSF (1) and double-knockout
ATbMCP11 (2) using aTbMCP11 antibody. C. RT-PCR analysis of mRNA level in
wild type PCF (1) and "™ATbMCP11 cell line (2). +, the reaction with reverse
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transcriptase. -, without reserves transcriptase (used as control for genome DNA
contamination). D. Growth analysis of wild type PCF and "NATbMCP11 cell line.
The growth is showed in log rate. Solid line stands for wild type PCF growth. Dash
line stands for "NATbMCP11 growth. E. Samples were taken every 24 h for western
blot analysis of "N ThMCP11 cell line induced with tetracycline using « TbMCP11
antibody and Tubulin antibody (aTUB). F. Southern blot analysis of knockout
ATbMCP11 cell line. In the wild type, BamHI was used to digest the genomic DNA,
and only the 3701bp band was expected. In the half knockout, another BamHI site
was introdued by replacing TboMCP11 by BSD, so both 3701bp and 1670bp band
were expected. In the double-knockout cell line, both of the ToOMCP11 allele gene
were replaced by BSD or NEO with BamHI site, therefore expected to show only
1670bp band. The bands abouve 3701bp was not expected and is probably due to
nonspecific binding. W, wild type; 1/2KO, half knockout cell line; dKO, double-

knockout cell line.

3.6 Lack of Pi transport in mitochondria from ToMCP11-depleted PCF T.
brucei

As described above, yeast mitochondria capable of phosphate transport do swell in
the presence of phosphate salt, whereas Pi carrier-deficient mitochondria lack this
property (Hamel et al., 2004, Zara et al., 1996). | investigated whether Pi-dependent
swelling also occurs for T. brucei mitochondria. Mitochondria were isolated from
non-induced and TbMCP11-depleted (7d) "NAThbMCP11 trypanosomes. Swelling
experiments revealed that also mitochondria from T. brucei were capable of swelling
in the presence of phosphate salts (Table. 1) Control experiments showed that no
mitochondrial swelling occured in the absence of phosphate, indicating that
mitochondrial swelling is phosphate dependent (not shown). Analysis of the
TbMCP11-depleted T. brucei mitochondria revealed a major decrease (93%) in
mitochondrial swelling (Table. 1). The observed decrease in swelling (93%) is similar
for both the Pi-carrier deficient S. cerevisiae AmirlApic2 mitochondria and the

TbMCP11-depleted mitochondria (Table. 1). These results suggest that ToOMCP11 is
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most probably responsible for most if not all of the mitochondrial Pi-carrier activity

in PCF T. brucei.

3.7 Abnormal cell morphology and loss of mitochondrial membrane potential in
TbMCP11-depleted PCF T. brucei

Substantial changes in cell morphology and cell motility were observed during
microscopic examination of the TOMCP11-depleted PCF cell line (Fig. 6A-F). Phase
contrast microscopy and scanning electron microscopy revealed that in comparison to
the non-induced cell line the morphology of the TbMCP11-depleted (8d after
tetracycline-induction) trypanosomes had changed to an elongated, needle-like
appearance (Fig. 6F). Staining of nuclear and mitochondrial DNA with DAPI
revealed that majority of the cells were multi-nucleated with only a single or no
kinetoplast present (Fig. 6E). In addition, increased numbers of cells with

fragmentated nuclei were observed (Fig. 6C).

Immunofluorescence microscopy using ToMCP5 antibody revealed the expected
mitochondrial (tubular) staining pattern for non-induced PCF RNATbMCP11
trypanosomes (Fig. 6G). This staining pattern is identical (perfect overlay) to that of
aTbMCP5, which specifically labels the mitochondrial ADP/ATP carrier TOMCP5
(Pena-Diaz et al., 2012). Microscopic analysis of TbMCP11-depleted PCF
trypanosomes revealed a substantial change in MitoTracker staining, which was not
confined to the mitochondrion anymore, but distributed throughout the whole cell
(Fig. 6A-E). This result indicated the absence of a mitochondrial membrane potential,
which is required for the mitochondrion-specific accumulation of MitoTracker
(Vassella et al., 1997, Isenberg and Klaunig, 2000). A similar disruption of the
mitochondrial membrane potential can be mimicked by the addition of the ionophore

carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (Gallo et al., 1984). Addition of
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1 mM CCCP to the non-induced " TbhMCP11 trypanosomes resulted in a similar
loss of mitochondrion-specific Mitotracker staining as observed for the ToMCP11-
depleted cell line (Fig. 6G). Overall, these results indicated loss of the mitochondrial
membrane potential in PCF T. brucei upon depletion of the mitochondrial phosphate
carrier TOMCP11. Also notable is that the motility of ToMCP11-depleted PCF cells

was very slow or not existing (results not shown).
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Figure 6. TOMCP11 depeleted by RNAI in procyclic form T.brucei causes abnormal
cell morphology and loss of mitochodnrial membrane potential. After 8 days induced
with tetracycline, "ATbMCP11 cell line stained with Mitotracker (red) and DAPI
(blue) (A-E) showed loss of mitochondrial membrane potential (A), stucky cell (B),
fractionated nuclear (C), elongated cell (D) and multiple nuclei (E). F. Scanning
electron microsocopy (SEM) showed an elongated "NA"TbMCP11 cell. The wildtype
PCF is on the right lower corner. (G). non-induced "ThMCP11 cell cell line treated
with 1 mM CCCP showed similar result of lossing mitochondrial membrane
potential. The mitochondrion is still in normal shape detected with TOMCP5 antibody
(green), while the membrane potential is lost detected with Mitotracker (red). DAPI

stained with nuclear and kinetoplast DNA (blue).
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3.8 TOMCP11 is required for mitochondrial respiration and ATP production

Isolated T. brucei mitochondria were previously shown to produce ATP in a AY-
dependent manner, and in the presence ADP, Pi, and suitable respiratory substrates,
such as succinate or a-ketoglutarate (Schneider et al., 2007, Allemann and Schneider,
2000). In the presence of succinate, ATP is produced via oxidative phosphorylation
(dependent on respiratory chain), while in the presence of a-ketoglutarate ATP is
produced via a combination of oxidative and substrate level phosphorylation
(dependent on succinyl-CoA synthetase) (Bringaud et al., 2006). The exchange of
mitochondrial ATP for cytosolic ADP is catalysed by the mitochondrial ADP/ATP
carrier TOMCP5 (Pena-Diaz et al., 2012). Synthesis and export of ATP results in the
depletion of Pi in the mitochondrial matrix, which in turn is replenished by the
mitochondrial Pi carrier (Zara et al., 1996, Hamel et al., 2004). This dependence of
mitochondrial ATP synthesis on the Pi carrier can be used as a direct assay for
determining its presence or activity in isolated mitochondria. For this purpose,
mitochondria were isolated from non-induced (control) and TbMCP11-depleted
RNATHMCP11 trypanosomes, and mitochondrial ATP synthesis was determined using
succinate or a-ketoglutarate as a substrate (Allemann and Schneider, 2000). As shown
in figure 6A, mitochondria isolated from non-induced trypanosomes were capable of
producing ATP in the presence of each substrate, indicating that they are indeed
“functional”. Upon addition of carboxyactractiloside (CATR), a specific inhibitor of
the mitochondrial ATP/ADP carrier, no ATP was produced for both substrates
(Shabalina et al., 2006). This control experiment confirmed the absence of extra-
mitochondrial ATP producing pathways in the isolated mitochondrial fractions: any
measured ATP is therefore derived from mitochondrial ATP synthesis (Allemann and

Schneider, 2000, Schneider et al., 2007). Also in the absence of Pi, no ATP was
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produced, indicating that the isolated mitochondria did not contain any stored Pi (not
shown). In another control experiment azide was added, which acts as a specific
inhibitor of the respiratory chain and allows discrimination between ATP derived
from oxidative phosphorylation or substrate-level phosphorylation (Bowler et al.,
2006). In the presence of azide, no mitochondrial ATP production was found when
using succinate as a substrate, while for a-ketoglutarate ATP production was reduced
to be about 16% of the non-inhibited assay (Fig. 7A). These results were expected
since ATP production from succinate exclusively takes place via oxidative
phosphorylation (respiratory chain), and thus is completely inhibited in the presence
of azide, whereas part (16%) of the ATP produced from a-ketoglutarate results from
substrate level phosphorylation, a process which is not affected by azide (Bowler et
al., 2006, Vasilyeva et al., 1982). The same ATP production assay was subsequently
performed with mitochondria isolated from TobMCP11-depleted trypanosomes. The
results revealed that no mitochondrial ATP was produced when using succinate as a
substrate, whereas for a-ketoglutarate a substantial reduction in ATP synthesis
(>80%) was found compared to the non-induced cell line (Fig. 7A). The residual ATP
production found for a-ketoglutarate was ablated upon addition of azide or CATR

(Fig. 7A).
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Figure 7: Depletion of TOMCP11 in PCF causes changes in mitochondrial respiration
and ATP production. Intact mitochondria were isolated from non-induced (NI) and
tetracycline-induced (IND) "NTbMCP11 cell lines. A. Mitochodrial ATP production
was initiated by addition of succinate or a-ketoglutarate. Inhibitor
carboxyatractyloside (CATR) and azide were added into the isolated mitochondria.
Data shown were means of >3 independent experiments. B. Oxygen consumption in
isolated mitochodria. Succinate was added as substrate. Three inhibitors azide (6.8
mM), carbonyl cyanide m-chlorophenyl hydrazone (CCCP, 1 mM) and N-
ethylmaleimide (NEM, 1.5 mM) were added.
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Mitochondrial respiration and coupled ATP synthesis requires the consumption of
oxygen, which acts as a terminal electron acceptor (Hatefi, 1985, Bienen et al., 1991).
Also T. brucei was previously shown to consume oxygen during mitochondrial
respiration (Beattie and Howton, 1996, Bienen et al., 1991). In addition, an
alternative oxidase has been identified, which is oxygen-consuming and is located in
the inner mitochondrial membrane of T. brucei (Chaudhuri et al., 2006). This
alternative oxidase can be specifically inhibited by salicylhydroxamic acid (SHAM),
which allows the discrimination between oxygen consumption as a result of
mitochondrial respiration or alternative oxidase activity (Chaudhuri et al., 2006).
Oxygen consumption was determined for mitochondria isolated from non-induced
and TbMCP11-depleted PCF "MATHMCP11 trypanosomes, with succinate as a
substrate and in the absence or presence of SHAM. Control experiments confirmed
that in the absence of succinate no oxygen was consumed, while in the presence of
succinate oxygen consumption was observed for mitochondria isolated from non-
induced PCF "NATbMCP11 trypanosomes (Fig. 7B). Analysis of mitochondria
isolated from ThMCP11-depleted "N ThMCP11 trypanosomes revealed a substantial
decrease (75%) in oxygen consumption (Fig. 7B). A comparable decrease in oxygen
consumption was found upon the addition of the mitochondrial respiration inhibitors
azide or CCCP to non-induced "™ATbMCP11 cells (Fig. 7B). Overall, these results
indicated a key role of the mitochondrial Pi carrier TOMCP11 in mitochondrial

respiration and ATP production.

4. Discussion
TbMCP11 shares canonical sequence features with mitochondrial phosphate
carriers from other eukaryotes, including the functionally characterised phosphate

carriers Pic2p (ScPic2p) and Mirlp (ScMirlp) from S. cerevisiae. Heterologous
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expression of TOMCP11 or ToMCP11-Pic2p™™ in the phosphate-carrier deficient
yeast strain AmirlApic2 rescued its mitochondrial swelling capacity in a phosphate-
dependent manner. Vice versa, a substantial decrease (>93%) in the phosphate-
dependent swelling of PCF T. brucei mitochondria was observed upon depletion of
TbMCP11. These results confirmed that TbMCP11 indeed functions as a

mitochondrial phosphate carrier in T. brucei.

Expression of ToMCP11 did however not rescue the growth of AmirlApic2on the
non-fermentable substrates glycerol (YPG) and lactate (YPL), while growth on the
fermentable substrate glucose was similar to the that of the parental BY4741 strain. |
investigated whether this inability to complement growth on a non-fermentable
carbon source could be the result of an inefficient sorting of ToMCP11 to the
AmirlApic2 mitochondrion. The first 26 amino acids of the mitochondrial ADP/ATP-
carrier Anc2p from S. cerevisiae were previously shown to be essential for an
efficient mitochondrial sorting in S. cerevisiae (Adrian et al., 1986, Hashimoto et al.,
1999). Sequence comparison revealed significant dissimilarities between the
N-terminus of TOMCP11 and those of ScMirlp and ScPic2p (see Fig. 1B). To test the
inefficient sorting hypothesis, | replaced the first 23 amino acids of TOMCP11 with
the first 17 amino acids of ScPic2p. Expression of the TbMCP11-Pic2p™™ fusion
protein now resulted in a partial rescue of AmirlApic2 growth on both YPG and YPL
medium. In addition, a 100% restoration of the phosphate-dependent swelling
capacity was observed for AmirlApic2 mitochondria when complemented with
TbMCP11-Pic2p™™, whereas with TbMCP11 this swelling capacity was only
partially restored. These results confirmed that the inefficient sorting of TOMCP11 to

the yeast mitochondria is indeed part of the problem.
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However, growth of the ToMCP11-Pic2p™™ -expressing AmirlApic2 strain on
YPG or YPL medium remains suboptimal and indicated that there are additional
problems regarding the function of TbMCP11 in the heterologous yeast host. A
possible explanation could be that TOMCP11 has to interact with other proteins to
fullfil its physiological function. In mammalian cells, the phosphate carrier is part of a
larger protein complex in the inner mitochondrial membrane called the mitochondrial
permeability transition pore (MPTP), which further includes the ADP/ATP carrier,
the ATP synthase, and the voltage-directed anion channel (VDAC) (Gutierrez et al.,
2009, Halestrap, 2009, Halestrap, 2010). A similar complex involved in
mitochondrial permeability transition has also been identified in S. cerevisiae and
other eukaryotes, including plants (Scott and Logan, 2008), amphibians (Hanada et
al., 2003) and fish (Krumschnabel et al., 2005). The MPTP is proposed to function as
a non-selective pore, which opens in reponse to high matrix calcium concentrations
(Lemasters et al., 2009). The sensitivity of the MPTP to calcium is greatly enhanced
by oxidative stress or by phosphate and adenine nucleotide depletion (Varanyuwatana
and Halestrap, 2012). Opening of the MPTP is activated by binding of phosphate to
the mitochondrial phosphate carrier (Leung et al., 2008). However, the exact role of
the phosphate carrier in mitochondrial permeability transition is still under debate.
The required interaction/cross-talk of ToMCP11 with the heterologous yeast MPTP
proteins could be problematic as a result of the existing sequence differences between
the phosphate carriers, which in turn could explain the only partial growth

complementation in yeast.

TbMCP11 is expressed in both PCF and BSF T. brucei, and its 2.5-fold higher
abundance in PCF T. brucei implies a more important role of the mitochondrial

phosphate carrier in this life cycle stage. Two lines of evidence confirmed that
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ThMCP11 expression is essential for PCF T. brucei: | did not succeed to delete both
TbMCP11 alleles using a conventional double knockout approach, and the down-
regulation of TOMCP11 expression by RNA interference resulted in the ablation of
trypanosome growth. This, and the fact that no TOMCP8 mRNA could be detected,
suggested further that TbMCP11 most probably represents the main and only

mitochondrial phosphate carrier in the PCF parasite.

The presence of substantially less TOMCP11 in BSF trypanosomes is in agreement
with the current metabolic model of this life cycle stage, which excludes a
contribution of the mitochondrion to its cellular ATP provision (Guerra et al., 20086,
van Hellemond et al., 2005). Instead, BSF trypanosomes rely exclusively on
glycolysis with a concomitant net ATP-production in the cytosol of the parasite
(Guerra et al., 2006, Gualdron-Lopez et al.,, 2012). In addition, the BSF
mitochondrion lacks a functional respiratory chain and key enzymes of the TCA
cycle (Priest and Hajduk, 1994), and its ATP-synthase level is significantly reduced
in comparison to PCF T. brucei (Brown et al., 2006). Expression of the mitochondrial
ATP synthase is however essential in BSF T. brucei, as shown by RNA interference
of its o and B subunits, and an important role of this protein in the maintenance of the
BSF mitochondrial membrane potential, by pumping protons out of the mitochondrial
matrix, has been proposed (Brown et al., 2006). This function of the mitochondrial
ATP synthase in BSF T. brucei implies a mitochondrial requirement for ATP, which
can be provided by the mitochondrial ADP/ATP carrier TOMCP5 (see Chapter 11,
(Pena-Diaz et al., 2012)). During mitochondrial ATP consumption, ADP and Pi are
formed as products, which can be used for subsequent ATP synthesis. This recycling
of Pi implies that the bloodstream form mitochondrion is not per se dependent on the

presence of a mitochondrial phosphate carrier for its function. Indeed, deletion of
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both the TOMCP11 allelles in BSF T. brucei did not affect its growth, confirming that
TbMCP11 and thus mitochondrial phosphate transport is not essential for the BSF

parasite.

MitoTracker staining and microscopic analysis of ToMCP11-depleted PCF T. brucei
revealed that this dye did not accumulate in its mitochondrion, but instead remained
exclusively in its cytoplasm. This result indicated a substantial decrease in or even the
lack of a mitochondrial membrane potential. Also the phosphate carrier-deficient
mitochondrion of AmirlApic2 was previously shown to lack a membrane potential
(Zara et al., 1996). The lack of a mitochondrial membrane potential is a direct
consequence of the important role of the mitochondrial phosphate carrier in oxidative
phosphorylation and regulation of mitochondrial permeability transition. Deletion of
the mitochondrial phosphate carrier in S. cerevisiae resulted in a major decrease in the
matrix phosphate levels, the opening of the MPTP, and the concomitant loss of its
mitochondrial membrane potential and oxidative phosphorylation capacity (Prieto et

al., 1995, Miedlich et al., 2010).

The effect of TOMCP11 depletion on oxidative phosphorylation in T. brucei was
analysed by in vitro ATP-production assays using isolated mitochondria and different
metabolic substrates. One of these substrates, i.e. succinate, transfers its electron
directly to complex Il of the mitochondrial respiratory chain, hereby generating a
proton motive force (pmf). This pmf is subsequently used for ATP production by the
ATP-synthase complex, which forms an essential part of the oxidative
phosphorylation process. The observed absence of mitochondrial ATP production
from succinate was therefore expected for TOMCP11-depleted mitochondria, since

they lack a functional membrane potential as well as the necessary Pi import required
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for ATP synthesis. In contrast to succinate, mitochondrial ATP production from a-
ketoglutarate takes place via two different pathways, i.e. oxidative phosphorylation
and substrate level phosphorylation (Bringaud et al., 2006, Bochud-Allemann and
Schneider, 2002, Schneider et al., 2007). Analysis of the ToMCP11-depleted PCF
mitochondria in the presence of a-ketoglutarate revealed a major reduction (84%) in
ATP production: this result suggested that the majority of the ATP produced in the
PCF mitochondrion is derived from the oxidative phosphorylation of a-ketoglutarate.
Also the addition of azide, a potent inhibitor of mitochondrial respiration (Bowler et
al., 2006), to parental/non-mutant T. brucei mitochondria did result in a 83% decrease
of mitochondrial ATP production on the same substrate. These results confirmed that
the TboMCP11-depleted mitochondria indeed lack oxidative phosphorylation, which is
responsible for about 84% of the ATP production, with the remaining 16% ATP most

probably derived from mitochondrial substrate level phosphorylation.

It was further anticipated that a reduced oxidative phosphorylation would also lead to
a comparable reduction in respiration and thus oxygen consumption. Comparison of
ThMCP11-depleted and non-mutant T. brucei mitochondria revealed that the oxygen
consumption by the phosphate carrier-deficient mitochondria with succinate as a
substrate was reduced to about 20% of its normal non-mutant activity. This result
suggests that 80% of the oxygen consumption is due to oxidative phosphorylation, i.e.
oxygen consumption by the mitochondrial cytochrome c oxidase present in the
respiratory chain complex IV (Gnipova et al., 2012). The remaining oxygen
consumption can be attributed to the alternative oxidase (TAO), a cytochrome-
independent terminal oxidase present in the mitochondrial electron transport chain of
T. brucei (Chaudhuri et al., 2006). TAO is mainly known for its vital role in the BSF

T. brucei energy metabolism by transferring electrons derived from the oxidation of
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glycerol-3 phosphate via ubiquinol to oxygen (Chaudhuri et al., 2006). TAO is also
expressed, although to lower level, and functional in PCF T. brucei, where it is
involved in respiration (Chaudhuri et al., 2006). The T. brucei alternative oxidase is
specifically inhibited by salicylnydroxamic acid (SHAM) (Vanlerberghe and
Mclintosh, 1997, Chaudhuri et al., 2006). Addition of SHAM to the non-mutant
mitochondria resulted in the expected reduction to 84% in oxygen consumption,
while the addition of SHAM to the TOMCP11-depleted mitochondria ablated oxygen
consumption. These results confirmed that TOMCP11 indeed plays a major role in the

oxidative phosphorylation process of PCF T. brucei.

Microscopic analysis of the TOMCP11-depleted T. brucei cell line revealed further a
substantial change in its cellular motility, morphology and nuclear organisation. The
motility of TbMCP11-depleted PCF cells was very slow or not existing, when
compared to the non-mutant parental trypanosomes. The motility of T. brucei is
dependent on its flagellum, which is in turn requires ATP for its function (Kohl and
Bastin, 2005). The majority of the TboMCP11-depleted trypanosomes showed further
an elongated needle-like appaerance, with some of the cells showing an incomplete
cellular division. These cells contained either multiple nuclei or a single nucleus
showing nuclear fragmentation, next to a single kinetoplast. Overall, these results
suggested a failure in kinetoplast replication, which will subsequently lead to a failure
in cytokinesis (Gluenz et al., 2011, Jensen and Englund, 2012). The observed nuclear
fragmentation indicates the onset of cell death, most probably as a result of the

mitochondrial and cellular ATP deficit.

The MCF protein inventory of T. brucei includes two predicted mitochondrial

phosphate carriers, here TOMCP11, whose function as a phosphate transporter was
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confirmed in this study, and ToMCP8 (Colasante et al., 2009). ToMCP8 contains
conserved  mitochondrial ~ phosphate  carrier  sequence  features, and
immunolocalisation studies of ectopically expressed myc-tagged versions of
TbMCP8 confirmed the exclusive mitochondrial location of this putative phosphate
carrier in both BSF and PCF T. brucei (Colasante et al., 2009). Expression studies
using northern blot analysis (not shown) and RT-PCR (this study) revealed however
that TOMCP8 is not expressed in the analyzed T. brucei life cycle stages. Also the
double knockout of TOMCP8 in both BSF and PCF T. brucei had no effect on the
growth of both life cycle stages (results not shown). The phosphate-transporting
function of TOoMCP8 remains to be experimentally confirmed, and its physiological

role in T. brucei is yet unknown.

The presence of multiple (mainly pairs) mitochondrial phosphate carriers is not
unusual and seems to be a common feature in most eukaryotes (Runswick et al.,
1987, Ferreira et al., 1989, Dolce et al., 1991). For example, mammalian cells express
two different isoforms from a single gene (Dolce et al., 1994), while the plant
Arabidopsis thaliana was reported to express three different isoforms (PiC1, PiC2
and PiC3) (Haferkamp and Schmitz-Esser, 2012, Pratt et al., 1991, Stappen and
Kramer, 1994). Only two out of three isoforms were experimentally proven. PiC1 is
supposed to be the predominant function one (Hamel et al., 2004). The two different
mitochondrial phosphate carriers of S. cerevisiae, i.e. Pic2p and Mirlp, share only
40% sequence homology and phylogenetic analysis indicated that Pic2p is more
related to mitochondrial phosphate carrier sequences from other eukaryotes than to
Mirlp found in the same organism (Hamel et al., 2004). Functional analysis revealed
that isoform A is highly expressed and predominantly found in heart and muscle,

while isoform B is of low abundant and present in all tissues (Fiermonte et al., 1998).
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Also TbMCP11 and TbMCP8 share only 42% sequence homology. This dissimilarity
in sequence and rapid evolutionary divergence of the different mitochondrial
phosphate carrier isoforms suggests different physiological roles (Fiermonte et al.,
1998, Hamel et al., 2004). Functional characterisation of the different phosphate
carrier isoforms from S. cerevisiae revealed that Mirlp represents the major
mitochondrial phosphate carrier, whereas Pic2p plays only a minor role (Hamel et al.,
2004). Analysis revealed further that the steady state level of Pic2p increases at
higher temperature, suggesting that this mitochondrial phosphate carrier is only
required under specific environmental stress conditions (Hamel et al., 2004). | have
shown here that, in contrast to ToOMCP11, ToMCP8 is not expressed in both BSF and
PCF T. brucei. Whether TOMCP8 is expressed in a different life cycle stage of T.
brucei or is only expressed under specific environmental conditions remains unclear

at this point and is subject to further investigation.
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Chapter 1V

The phosphoarginine energy-buffering system of
Trypanosoma brucei is essential for survival and
involves multiple arginine kinase isoforms with

different subcellular locations
The contents of this chapter have been published.
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The work presented in this chapter was started with Dr Claudia Colasante, Dr Frank
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Frank Voncken did the arginine kinase sequence analysis and started the protein
purification and arginine kinase activity assay. Mrs Cath Wadforth helped to
preparing medium, buffers and gels. Maggie Harley conducted the HPLC experiment
for phosphoarginine synthesis analysis. | carried out the work of TbAK RNA
interference, flagellar targeting signal analysis of N-terminal extension of ThAK1
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1. Introduction

Virtually all eukaryotes contain energy buffering systems for the regulation of their
energy homeostasis in periods of high-energy demand or energy supply fluctuations.
The majority of these systems depend on phosphagen kinases that catalyse the
reversible and ATP-dependent phosphorylation of guanidino acceptor compounds
(Ellington, 2001, Wallimann et al., 1992). The formed high-energy phosphagens are
relatively small and highly diffusible molecules that provide fast energy supply when
energy consumption becomes critical (Ellington, 2001). In addition, they stabilise the
cellular ATP/ADP ratios and function as a temporal and spatial energy buffer in the
cell (Wallimann et al., 1992). The two most widely distributed energy buffering
systems depend on the phosphorylation of creatine or arginine, with
phosphocreatine/creatine kinases predominantly found in vertebrates and sponges,
and phosphoarginine/arginine kinases mainly present in invertebrate organisms
(Ellington, 2001, Wallimann et al., 1992). Their expression in these multicellular
eukaryotes was shown to be tissue specific (Ellington, 2001, Wallimann et al., 1992).
Also unicellular eukaryotes contain similar energy buffering systems, with
phosphoarginine/ arginine kinase systems described for the ciliates Paramecium
caudatum and Tetrahymena pyriformis, the choanoflagellate Monosiga brevicollis, as
well as for some Kinetoplastida (Watts and Bannister, 1970, Noguchi et al., 2001,
Hoffman and Ellington, Pereira et al., 2000, Pereira et al., Canepa et al., 2011). The
Kinetoplastida order contains medically and veterinarily important protozoa, such as
Trypanosoma cruzi, Trypanosoma brucei and Leishmania major (Vickerman, 1985).
T. cruzi is an obligate intracellular parasite and is the causative agent of Chagas
disease (Boscardin et al.), while the closely related Trypanosoma brucei, an

exclusively extracellular parasite, is the causative agent of African trypanosomiasis
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(Malvy and Chappuis). Both parasites have a digenetic life cycle and are transmitted
by insect vectors (Boscardin et al.) (Malvy and Chappuis). The life cycle of T. brucei
alternates between the bloodstream form (BSF) found in the blood and tissue fluids of
mammals, and the procyclic form (PCF) in the mid-gut of the tsetse fly. During
differentiation and the transition from one host to the other, substantial changes in the
energy metabolism take place, which allow adaptation of the parasite to the distinct
host environments (Matthews, 2005, Bringaud et al., 2006, Fenn and Matthews, 2007,
Michels, 1989, van Hellemond et al., 2005). This metabolic transition is accompanied
by fluctuations in cellular energy supply and periods of energy shortage, implying the
requirement of an energy buffering system. Kinetoplastid arginine kinases have so far
only been functionally characterised for T. cruzi (Pereira et al., 2011, Canepa et al.,
2011). Its genome harbours only one functional arginine kinase-coding gene, i.e.
TcCLB.507241.30 (Pereira et al., 2011, Canepa et al., 2011). TcCLB.507241.30 is
expressed in the different life cycle stages of T. cruzi and is exclusively located in the
cytosol of the parasite (Miranda et al., 2009). Exposure of T. cruzi epimastigotes to
oxidative challenging compounds such as hydrogen peroxide lead to a significantly
increased survival capacity upon increased expression of TcCLB.507241.30,
suggesting a possible role of this arginine kinase in cellular oxidative stress response
(Pereira et al., 2003, Miranda et al., 2006). The genome analysis of the closely related
kinetoplastid T. brucei contains not one but three different arginine kinase-coding
genes, indicating that its energy buffering system is more complex than the one
reported for T. cruzi (Berriman et al., 2005, Pereira et al., 2011). Here | describe the
molecular and functional characterisation of the T. brucei phosphoarginine/arginine
kinase system, and its important function in the energy metabolism of this

kinetoplastid parasite.
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2. Materials and methods
2.1 Sequence analysis (performed by Dr Claudia Colasante)

GeneDB  (http://www.genedb.org) and NCBI (http://www.ncbi.nim.nih.gov)

accession numbers of the different arginine kinase sequences used for sequence
alignment are: TcCLB.507241.30 [T. cruzi]; TbAK1, Th927.9.6170 [T. brucei];
ThAK2, Th927.9.6230 [Trypanosoma brucei]; TbAK3, Th927.9.6290 [Trypanosoma
brucei]; C.maenes, AF167313 [Carcinus maenas]; H.gammarus, CAA48654.1
[Homarus gammarus]; A.mellifera, NP_001011603.1 [Apis  mellifera];
D.melanogaster, NP_729446.1 [Drosophila melanogaster]; B.cornutus, BAA22870.1
[Batillus cornutus]; and O.vulgaris, BAA95609.1 [Octopus vulgaris]. Sequence
alignment was obtained using ClustalW2 (www.ebi.ac.uk (Chenna et al., 2003)),
which was manually optimized using the Sequence Alignment Editor v2.0all

program available at http://tree.bio.ed.ac.uk/software.

2.2 Isolation of recombinant TbAK1-nHis (this work has been done jointly with
Dr Claudia Colasante)

The open reading frame of ThAK1 (Th927.9.6170) was PCR-amplified using the
sense primer 5’-GGACGGCATATGGGCTTCGGATCATCAAAA cC-3’ and the antisense
primer 5’GCTTGCAGGATCCTT CATTTTCATTCGTGGCTACACCGTCTAC-3’. The PCR
product was cloned into the bacterial expression vector pET16b (Invitrogen) using the
restriction sites Ndel and BamHI included in the primer sequences (underlined).
Expression from pET16b results in the addition of 10 N-terminal histidine residues to
the protein. The resulting plasmid was used for transformation of E. coli BL21 (DE3).
Protein expression was induced in TB medium supplemented with 10 mM malate and
10 mM pyruvate at 37°C by addition of final concentration at 1 mM of IPTG at an

ODgoonm Of 0.4. The IPTG-induced culture was grown for 3 hours, after which the
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bacteria were harvested by centrifugation at 5000x g for 15 minutes. The cell pellet
was resuspended in Talon-Binding and Washing Buffer containing 50 mM Na-
Phosphate pH 8.0, 300 mM NacCl, 0.01% v/v Tween-20, and protease inhibitor
(Roche), lysozyme (200 pg/ml) and DNasel (10ug/ml), followed by incubation for 30
minutes at 4°C. Cells were lysed using a French Press and intact cells were spun
down for 15 minutes at 5000 xg and 4°C. The supernatant was incubated for 30
minutes at 4°C with magnetic Talon Dynabeads, pre-equilibrated in Talon-Binding
and Washing Buffer according to the manufacturer’s protocol (Dynal Biotech). The
supernatant was removed and the dynabeads were washed 5 times with Binding and
Washing Buffer. TbAK1-nHis was finally eluted using Talon Elution Buffer (150
mM Imidazole, 50 mM Na-Phosphate buffer pH8.0, 300 mM NaCl, and 0.01% v/v

Tween-20).

2.3 Measurement of arginine kinase activity

For the measurement of total cellular arginine kinase activity, cell lysates were
prepared by re-suspending 1x10® trypanosomes in 200 pl of 50 mM Tris-HCI pH 7.5
and performing 2 subsequent freeze-thawing cycles. Arginine kinase activity was
measured in the forward direction (phosphoarginine formation) using an established
coupled enzyme assay (Binder et al., 2001). The assay mixture contained: total
trypanosome cell lysate (10 ug protein) or purified TbAK1-nHis protein, 50 mM
Tris-acetate pH8.6, 5 mM magnesium acetate, 50 mM ammonium acetate, 0.75 mM
phosphoenolpyruvate, 0.45 mM NADH, 0.8 mM ATP, and 2 mM arginine. The assay
mixture was incubated at either 37 °C or 28 °C, and the reaction was started by the
addition of pyruvate kinase (5 units) and lactate dehydrogenase (5 units). NADH
consumption was measured using a spectrophotometer at 340 nm: for each mole of
NADH consumed, one mole of phosphoarginine is produced. The data are expressed

as mean * standard deviation.
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2.4 Phosphoarginine synthesis and analysis (performed together with Dr Claudia
Colasante)

Phosphoarginine was synthesized using the forward arginine kinase reaction (see
above) in the presence of purified TbAK1-nHis. Phosphoarginine formation was
analysed by HPLC as described previously (performed together with Dr. Claudia
Colasante and Maggie Harley) (Viant et al., 2001). The used HPLC configuration
consisted of an Agilent 1100 HPLC system including an ALS injector, a DAD
detector, a quaternary pump and a fraction collector. Samples were separated on a
SP2 Hypersil column (250 mm x 4.6 mm, 5um particle size) in combination with a
Phenomenex guard column containing an ID NH2 cartridge (4 x 3.0mm). Separation
was isocratic at 25 °C using 72% (v/v) 20 mM phosphate buffer (pH 2.6) and 28%
(v/v) acetonitrile as mobile phase and a flow rate of 1 mL/min. The DAD detector
was set at 205 nm, with the reference set to 360 nm. 50 pl of arginine kinase reaction
mixture was injected per run. The phosphoarginine-containing peak, with an expected
retention time of 5.5 minutes (Viant et al., 2001), was collected and freeze-dried to
remove acetonitril. The obtained residue powder was solved in 100 ul ultrapure H,O
and subsequently analysed for the presence of phosphoarginine using the reverse
arginine kinase coupled enzyme reaction. The reverse arginine kinase reaction
mixture contained: variable amounts of phosphoarginine peak fraction, 50 mM Tris-
acetate pH 8.6, 5 mM magnesium acetate, 50 mM ammonium acetate and 1 mM
ADP. The reaction was started by addition of 5 pg of the purified TbAK1-nHis
enzyme and the formation of ATP was quantified in situ using the ATP
Bioluminescence CLS Il Assay Kit (Roche Applied Science) and a Junior LB9509

tube luminometer (Berthold Technologies).
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2.5 Trypanosome culture

Proyclic form (PCF) and bloodstream form (BSF) Trypanosoma brucei strain 449
were cultured in MEM-PROS (Overath et al., 1986) and HMI-9 (Hirumi and Hirumi,
1989) medium, respectively. Phleomycin (5 pg.mL™) was added to the culture
medium to maintain stable expression of the tetracycline repressor from plasmid
pHDA449 (Biebinger et al., 1997). The PCF cell line EATRO1125.T7T was cultured in
SDM79 medium in the presence of G418 (10 ug.mL™) and hygromycin (25 pg.mL™)
to maintain stable expression of the tetracycline repressor and T7 RNA polymerase
from plasmids pLew90/Neo and pHD328 (Bringaud et al., 2000). All media were

supplemented with 10% (v/v) foetal calf serum (Sigma-Aldrich).

2.6 Western blot analysis

Trypanosome cells were harvested at mid-logarithmic phase densities of 1x10°
cellsmL™® (BSF) and 1x10" cellsmL™ (PCF) for protein analysis. 2x10°
trypanosomes were pelleted for each lane, resuspended in denaturing SDS-containing
Laemmli buffer, and the sample denatured for 5 min at 95°C. Proteins were separated
on a denaturing 12% sodium dodecylsulfate-containing polyacrylamide gel (SDS-
PAGE), and subsequently transferred to a Hybond-P membrane (GE Healthcare Life
Sciences) in transfer buffer (39 mM glycine, 48 mM Tris-base, 20% v/v methanol,
pH 8.3) for 1 h at 100 V. The membrane was blocked by a 30 min incubation at room
temperature in Tris—buffered saline (TBS) containing 0.2% (v/v) Tween 20 (TBS-T)
supplemented with 7.5% (w/v) non-fat dry milk with gentle shaking, and
subsequently incubated for 1h in TBS-T containing 7.5% milk and the primary
antibody (diluted 1:1000). The membrane was then washed once for 15 min, and
twice for 5 min in TBS-T, followed by incubation for 45 min at room temperature

with the respective secondary antibody (GE Healthcare Life Sciences). The
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membrane was washed once for 15 min, and four times for 5 min in TBS-T. Finally,
the membrane was processed according to the manufacturer’s protocol of the ECL
detection kit, followed by exposure to ECL-film (GE Health Care Life Sciences).

2.7 Northern blot analysis

Trypanosome cells were harvested at mid-logarithmic phase densities of 1x10°
cells.mL™ (BSF) and 1x10’ cells.mL™ (PCF) RNA analysis. Total RNA was isolated
from BSF and PCF T. brucei strain 449 using the RNeasy Mini Kit (Qiagen). RNA
was separated on a denaturing formaldehyde-containing agarose gel, and transferred
to a Hybond-N membrane (GE Healthcare). The different ThAK 3’-UTRs (300bp
downstream of stop codon) were used as DNA-probes for hybridisation. [*P]-dCTP
labelled DNA probes were PCR-amplified using 5’-ctaggatccggtgagggtgatgcattgtt-3°
(sense) and 5°-ctagg gccctgaacaaccctacaaaatctctctc-3’ (antisense) for TbAK1; 5°-
atcggatccgttctttcctttctttcatacatttce-3’ (sense) and 5-
atcgggcccagaggattcgaaaagegtaatcgga acagttg-3° (antisense) for ThAK2; and 5°-
ggacgg aagcttaccatggctacccgegacgttgetge-3” (sense) and 5’°-gcttgcaggateccttcgacttct
ccagtttgatgagctcaag-3° (anti-sense) for TbAK3. RNA blots were pre-hybridized in
hybridization solution (5xSSC, 5xDenhardt’s reagent, and 0.5% w/v sodium dodecyl
sulphate (SDS)) for 1h at 65°C, followed by the addition of the [**P]-dCTP labelled
DNA probes and overnight hybridization at 65°C. The blots were washed at 65°C in
subsequently 1x SSC (0.15 M NaCl, 0.015 M sodium citrate) supplemented with
0.1% w/v SDS and 0.1xSSC supplemented with 0.1% w/v SDS, followed by

exposure to X-ray film (Kodak).

2.8 Expression of myc-tagged TbAK1-3
The open reading frames of ThAK1-3 were PCR-amplified using genomic DNA from

T. brucei strain 449 as template, and the primers 5’-ggacggaagcttac
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catgggcttcggatcatcaaaacc-3’ (sense) and 5-
gcttgcaggatccttcattttcattcgtggetacaccgtctac-3’  (antisense)  for  TbAKI1;  5°-
ggacggaagcttaccatggctacccgegacgttget gc-3’ (sense) and 5-
gcttgcaggatcccaagttcgaaccaa caaatggtttggcge-3° (antisense) for TbAK2; and 5°-
ggacggaagcttaccatggctacccgegacgttgetge-3° (sense) and 5’-
gcttgcaggatcccttcgacttctccagtttgatgagctcaag-3’ (antisense) for TOAK3. The restriction
enzyme sites Hindlll (sense primers) and BamHI (antisense primers) are underlined
and were used for subsequent cloning into the trypanosome expression vectors pHU1
or pHU2 (Colasante et al., 2009). Comparison of the cloned TbAK1-3 sequences from
T. brucei strain 449 with the sequences of the corresponding loci in the genome

sequence database of T. brucei strain 927 (available at http://www.genedb.org)

revealed only a few sequence differences at the DNA level, but none in the predicted
amino acid sequences. The T. brucei expression vectors pHU1 and pHU?Z2 are derived
from pHD1700 and pHD1701 (Colasante et al., 2009), respectively, and contain next
to the unique Notl restriction enzyme cleavage site two additional unique sites, i.e.
Pmel and Bcll, which can be used for linearization of the plasmids and subsequent
trypanosome transfection. Tetracycline-inducible expression from these vectors will
result in the addition of a 2xmyc tag to either the C-terminal (pHU1 expression
vector) or N-terminal (pHUZ2 expression vector) end of the expressed protein. The
resulting plasmids were used for transfection of PCF and BSF T. brucei strain 449,
constitutively expressing the tet-repressor (TETR BLE) (Biebinger et al., 1997).
Trypanosomes were transfected and clonal cell lines isolated as described previously
(Biebinger et al., 1997). Trypanosome clones resistant to the hygromycin and bearing
a tetracycline-inducible and 2xmyc-tagged ectopic copy of the TbAK1-3 isoforms

were isolated and subsequently analysed by western blotting using a commercial myc
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antibody (Roche Applied Science). Expression of the different N-terminal (nmyc) or
C-terminal (cmyc) myc-tagged TbAK isoforms was induced by the addition of

tetracycline (0.5ug mL™).

2.9 Immunofluorescence microscopy

PCF and BSF trypanosomes were centrifuged from culture medium at 2,000x g and
resuspended in  phosphate-buffered saline (PBS) containing 4% wl/v
paraformaldehyde. Fixed cells were allowed to settle down and attach to poly-L-
lysine-coated microscope slides. Immunofluorescent labelling of trypanosomes with
4’ 6’-diamidino-2-phenylindole (DAPI, DNA-staining) and the different antibodies
(see figure legends) was performed as previously described (Voncken et al., 2003)
(Colasante et al., 2006, Colasante et al., 2009). Cells were examined using a Leica
DM RXA digital de-convolution microscope and images recorded using a digital

camera (Hamamatsu).

2.10 RNA interference

Expression of all TbAK isoforms was down regulated (silenced) in PCF T. brucei by
RNA-interference, using the conserved central part of TbAK1-3 as target sequence.
The  primers 5’-ggaagcttgacgttgatccggaaggtaa-3’ and 5’-cactcgagctctt
cattcacccacacgag-3’ were used for PCR amplification of the 342 bp sense sequence
and the primers 5’-caggatccgacgttgatccggaaggtaa-3° and  5’°-cgaagctttcc
ctcgagttcactgcecttcacaagacg-3’ were used for the corresponding 398 bp antisense
sequence. The resulting sense and antisense TbAK sequences were cloned into the T.
brucei expression vector pLewl100, using the unique restriction enzyme sites
(underlined) included in the primers (Bringaud et al., 2000). The resulting pLew100-
TbAK RNAI construct contains a phleomycin resistance gene, with the consecutively

cloned sense and antisense TbAK target sequences separated by a 50 bp spacer
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fragment. Inducible expression is under control of the procyclic acidic repetitive
protein (PARP) promoter linked to a prokaryotic tetracycline (tet) operator. The
pLew100-ThAK RNAI construct was used for transfection of procyclic form T. brucei
EATRO1125.T7T (Bringaud et al., 2000). The ®™ATbAK cell line was obtained after
clonal selection in SDM79 medium containing hygromycin (25 pg.mL™), neomycin
(10 pg.mL™) and phleomycin (5 pg.mL™). Addition of tetracycline (0.5 pg.mL™) will
lead to the expression of double-stranded ThAK RNA molecules and the concomitant

down-regulation (silencing) of all ThAK isoforms.

Depletion of the different TOAK isoforms was assessed at the mRNA level by reverse
transcriptase-directed cDNA synthesis and PCR. For this purpose, total RNA (30 g
per sample) was isolated, which was subsequently treated with DNase with final
concentration at 10pg/ml at 37°C for 20 minutes to remove contaminating genomic
DNA. The reaction was stopped by addition of 8 mM EDTA, followed by an
incubation for 20 minutes at 75°C. mRNA was converted to cDNA by using an
oligo(dT)18 primer, Maxima Reverse Transcriptase and in the presence of Ribolock
RNase inhibitor as described in the manufacturer’s protocol (Fermentas). The reverse
transcriptase reaction was stopped by incubation at 85°C for 5 minutes. The above
described primer combinations were used for the specific PCR-amplification of the

different ThAK1-3 isoforms.

2.11 Growth analysis (this work has been done together with Dr Claudia C)

Cultures of PCF and BSF trypanosomes were diluted to a density of 0.5 x 10°
cells.mL™ and 0.25 x 10° cells.mL™, respectively, at the start of the experiment. Cell
densities were determined every 24 hours for a total of 72 hours, using a Neubauer

haemocytometer. Expression of the different myc-tagged TbAK isoforms was
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induced by addition of tetracycline (0.5 ug.mL™) to the culture medium 24 hours
prior to the start of the experiment. Cell lines were continuously grown in the
presence of 0.5ug mL™ tetracycline to maintain expression of the recombinant myc-
tagged isoforms. To analyse TbAK expression and growth under oxidative stress
conditions, trypanosomes were cultured in the presence of 10 uM (PCF) and 200 uM

(BSF) of hydrogen peroxide, respectively.

3. Results
3.1 Sequence analysis

BLASTP sequence analysis, using the T. cruzi arginine kinase TcCLB.507241.30
(Pereira et al., 2011) as query, resulted in the identification of three arginine kinase-
coding genes in the genome database of T. brucei strain Lister 927

(www.genedbh.com): Th927.9.6170, Th927.9.6230 and Th927.9.6290, abbreviated to

respectively TbAK1, ThAK2 and TbAK3. Alignment (Fig. 1) revealed a high degree
of sequence similarity between the different trypanosome arginine kinases (85-99%)
and selected arginine kinases from invertebrates, including the crustaceans Carcinus
maenas (86% similarity to TbAK1) and Homarus gammarus (86%), and the insects
Drosophila melanogaster (84%) and Apis mellifera (88%). Sequence analysis showed
further that the TbAK1-3 isoforms display a similar protein domain organization as
prototypical arginine kinases (Fig. 1), including the presence of an a-helical N-
terminal domain of about 100 amino acid residues and a >250 amino acids long C-
terminal o/p saddle domain (Ratto et al., 1989, Azzi et al., 2004, Fernandez et al.,
2007). The C-terminal domain contains key residues involved in reaction catalysis,
while the N-terminal domain regulates access to the catalytic pocket (Ratto et al.,
1989, Azzi et al., 2004, Fernandez et al., 2007). Key residues involved in the binding

of ATP and the guanidino substrates, as well as the phosphagen kinase active site
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signature sequence ‘C-P-x(0,1)-[ST]-N-[ILV]-G-T’ (Prosite motif PDOC00103), are
conserved in all analysed sequences (Fig. 1). These results suggested that the ThbAK1-

3 isoforms function as arginine kinases.
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Figure 1: Conserved sequence features of ThAK1-3 and related invertebrate arginine
kinases. Sequence alignment of TbAK1-3, T. cruzi TcCLB.507241.30, and
representative arginine kinases from insects, crustaceans and molluscs. The N-
terminal flagellar targeting signal of ThAK1 and the C-terminal PTS1 signal of
ThbAK2 are shown in bold face. Key residues involved in the binding of ATP and the
guanidino substrates are indicated on top of the alignment. The phosphagen kinase
active site signature sequence is printed white bold face on a black background. The
conserved a-helical N-terminal domain and C-terminal o/p saddle domain are boxed.
Identical or similar amino acid residues are represented by respectively (*) and (:),
semi-conserved amino acid residues are represented by (.), and gaps are shown as

dashes. See Material and Methods for organism names and gene accession numbers.
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3.2 Arginine kinase activity of ThAK1

| subsequently confirmed the enzymatic function of the TbAK isoforms. For this
purpose, recombinant ThAK1 bearing a N-terminal histidine-tag (TbAK1-nHis) was
expressed in the heterologous host E. coli BL21 (DE3) and subsequently isolated
using Talon-affinity chromatography. SDS-PAGE and coomassie brilliant blue
staining of the purified TbAK1-nHis protein fraction revealed a single protein band
with the expected molecular size of 55 kDa (Fig. 2A, left panel). Western blot
analysis using a His-tag antibody revealed specific staining of the same protein band
(Fig. 2A, right panel), thus confirming isolation of the recombinant TbAK1-nHis

protein.

The arginine kinase activity of the purified TbAK1-nHis protein was first determined
in the phosphoarginine synthesis direction, at temperatures required for growth of the
analysed T. brucei life cycle stages, here 28°C for PCF and 37°C for BSF T. brucei.
The results revealed that ThAK1 catalysed the phosphorylation of arginine with a
Vinax Of 7.96 + 0.53 pmol.mg protein.min™ at 28°C and 13.05 + 0.08 pmol.mg
protein.min™ at 37°C, respectively (Table 1). The optimum reaction temperature
was found to be 37°C, with only 57% of its activity remaining at 28°C (Table 1). I
further determined the different K, values for the recombinant TbAK1 protein (Fig.

ATP while for

3). The arginine concentration was set to 3 mM for determination of K,
determination of K,*" the ATP concentration was set to 0.8 mM. Comparison with
published data revealed that the specific activity and K, values of TbAK1 were
similar to those previously reported for the recombinant T. cruzi arginine kinase, i.e. a
K" of 10-16 pmol.mg protein™.min™ and K" of 0.3 mM, respectively (Pereira et

al., 2000). The pH optimum for TbAK1 was about 8.0 (not shown). Similar to

previously characterized arginine kinases from other eukaryotes, also TbAK1 was
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specific for arginine and was unable to catalyse the phosphorylation of creatine (not

shown).

The synthesis of phosphoarginine by TbAK1 was further analysed by HPLC using a
SP2 Hypersil column (Viant et al., 2001). The expected elution times for arginine and
phosphoarginine are 3.3 and 5.5 min, respectively (Viant et al., 2001). Analysis of the
resulting elution patterns revealed that in the absence of TbAKZ1-nHis no
phosphoarginine was formed (Fig. 2B, left panel), whereas in its presence an
additional peak was found with the expected elution time of 5.5 min for
phosphoarginine (Fig. 2B, right panel). This peak was collected (elution range 5.2-5.8
min) and further analysed using a coupled arginine kinase assay in the direction of
phosphoarginine dephosphorylation and ATP synthesis. The enzyme assay mix
contained ADP and the eluted HPLC fractions as substrates, as well as the purified
recombinant TbAK1-nHis enzyme. ATP formation was measured using a firefly
luciferase-dependent ATP detection kit. The results confirmed that the HPLC peak at
5.5 min indeed contained phosphoarginine, since ATP was only synthesized in the
presence of TbAK1-nHis and ADP (Fig. 2C). As expected, a linear correlation was
found between the volume of HPLC eluate and the amount of ATP produced (Fig.
2C). No ATP was generated during control experiments, i.e. where no TbAK1-nHis
or heat-inactivated TbAK1-nHis was added during the phosphoarginine synthesis
reaction (not shown) or in the absence of HPLC eluate (Fig. 2C). These results

confirmed that TbAK1 indeed catalyses the reversible phosphorylation of arginine.
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Figure 2: TbAK1-nHis catalysis the reversible phosphorylation of arginine (taken
from (Voncken et al., 2013). A. TbAK1-nHis was expressed in E. coli BL21 (DE3)
and subsequently isolated using Talon affinity chromatography. Left panel: SDS-
PAGE and coomassie brilliant blue (CBB) staining revealed a single protein band
(~55kDa) in the purified ThbAK1-nHis protein fraction. Right panel: western blot
(WB) analysis using a commercial His-tag antibody stained the same protein band
(arrow). B. HPLC analysis of reaction products formed in the absence (left panel) and
presence (right panel) of purified TbAK1-nHis. Elution time of arginine and
phosphoarginine are 3.3 and 5.5 minutes, respectively. C. Reverse arginine kinase
reaction catalysed by recombinant TbAK1-nHis and using ADP (1mM) and
increasing volumes (0-10 pl) of the collected phosphoarginine fraction as substrate.
ATP formation from phospharginine was measured using a firefly luciferase-
dependent ATP detection kit. Abbreviations are: M, molecular weight marker; kDa,

kilodalton.
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Figure 3: Lineweaver-Burk plots used for the determination of the different
Michaelis-Menten constants, here K™ and K", and the maximum velocity (Vimax)
for the phosphoarginine synthesis catalysed by TbAK1-nHis at respectively 28°C and
37°C (taken from (Voncken et al., 2013)). Arginine Kinase activity was measured in
the forward phosphoarginine producing direction. Values and standard deviations are

derived from >3 independent experiments.

3.3 Subcellular location of ThAK1-3

Arginine kinases were previously reported to be associated with different subcellular
compartments (Watts and Bannister, 1970, Hird and Robin, 1985, Chamberlin, 1997,

Noguchi et al., 2001, Hoffman and Ellington). The T. cruzi arginine kinase
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TcCLB507241.30 was shown to be exclusively cytosolic, which is in agreement with
the absence of identifiable subcellular targeting signals (Miranda et al., 2009).
Sequence alignment revealed that TbAK1 contains distinct N- and C-terminal
extensions of respectively 22 and 26 amino acid residues, when compared to ThAK2-
3 and TcCLB507241.30 (Fig. 1). Sequence analyses using the SignalP, MITOPROT,
Predotar, PSORT and TargetP programs (available at http://www.expasy.ch) however
failed to attribute any specific subcellular targeting function to these extensions. Also
ThAKS3, the smallest TbAK isoform, lacks any recognisable subcellular targeting
signals (Fig. 1). This in contrast to TbAK2, which contains a conserved type 1
peroxisomal targeting signal (PTS1) at its carboxy-terminal end, i.e. the tri-peptide
‘SNL’ (Fig. 1). This tripeptide is sufficient for peroxisomal targeting in eukaryotes
(Sommer and Wang, 1994, Amery et al., 1998) and its presence in ThAK2 suggested

a glycosomal location in T. brucei.

Because of the high amino acid sequence similarity of ThAK1-3, no isoform-specific
antibodies could be raised. We therefore decided to analyse their subcellular location
by expressing recombinant N- or C-terminal myc-tagged protein versions and
detecting them by using a myc-tag antibody. Western blot analysis confirmed the
successful expression of myc-tagged TbAK1-3 in the generated BSF and PCF T.

brucei cell lines (see insets Fig. 4 and Fig. 5).

Immunofluorescence microscopy of the same cell lines revealed that the subcellular
localisation of TbAK1 and TbAK2 was dependent on the position of the added myc-
tag (Fig. 4A-B, Fig. 5). TbAK2-nmyc was found exclusively in the glycosomes of
PCF and BSF T. brucei (Fig. 4A-B), as expected from the presence of the C-terminal

PTS1 signal (see above, and Fig. 1). Addition of a myc-tag to the C-terminal end of
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this arginine kinase (TbAK2-cmyc) resulted in a flagellar location instead (suppl. Fig.
2). This ‘failure’ to target TbAK2 to the glycosome was anticipated since any
sequence addition to a PTS1 signal disrupts its targeting function (Gould et al., 1989).
This result confirmed further that the tripeptide ‘SNL’ indeed functions as a

glycosome-targeting signal.

Immunofluorescence microscopy of T. brucei cell lines expressing TbAK1-cmyc
(Fig. 4A-B) showed that this arginine kinase is flagellar. Addition of the myc-tag to
the N-terminus (TbAKZL1-nmyc) redirected this protein to the cytosol instead,
suggesting the presence of an N-terminal flagellar targeting signal. We subsequently
assessed whether the N-terminal extension of TbAK1 can independently function as a
flagellar targeting signal. For this purpose, a PCF T. brucei cell line was generated
that expressed a GFP-fusion protein (Nterm-TbAK1/GFP) containing the first 22
amino acids of ThAK1 at its N-terminus. A T. brucei cell line expressing only GFP
was used as a control. Immunofluorescence microscopy revealed that Nterm-
ThAK1/GFP was exclusively located in the flagellum (Fig. 4D), whereas the native
GFP was exclusively found in the cytosol (Fig. 4C). This result confirmed that the 22
amino acid long N-terminal extension of TbAK1 functions as a flagellar targeting

signal in T. brucei.

197



c Q 4 TDAIgK 1-cmyc

ThAmK2
Phase s

- 4GFP <4 Nterm-ToArgK 1/GFP

Phass

198



Figure 4: TbAK1-3 isoforms have different subcellular locations in T. brucei
(adapted from Voncken et al., 2013). A and B: Immunofluorescence microscopy of
PCF (A) and BSF (B) T. brucei cell lines expressing different myc-tagged ThAK
isoforms (red). Glycosomes (green) were detected using a polyclonal antibody
directed against the glycosomal marker protein aldolase (Lorenz et al., 1998), while
the nucleus and kinetoplast were stained (blue) with the DNA-binding dye DAPI.
The merge (overlay) shows the co-localisation of TbAK2-nmyc and the glycosomal
aldolase. Insets in A and B: western blot analysis of the different cell lines grown in
the absence (-, non-induced) or presence (+, induced) of tetracycline (0.5pg mL™),
and using a commercial myc-antibody. For western blot analysis, cells were harvested
24 hours after induction and 2x10° trypanosomes were analysed per gel lane.
Abbreviations: Phase, phase-contrast. C and D: Immunofluorescence microscopy of
the T. brucei PCF cell lines expressing GFP (C) and Nterm-TbAK1/GFP (D). GFP is
visualized by its natural auto-fluorescence, while the nucleus and kinetoplast were
stained (blue) with the DNA-binding dye DAPI. Insets in C and D: western blot
analysis of the different constitutively expressing cell lines, using a commercial GFP-

antibody.
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Immunofluorescence microscopy of BSF and PCF cell lines expressing myc-tagged
ThAK3 revealed that this arginine kinase was located in the cytosol, regardless
whether the myc-tag was added to its N- or C-terminus (Fig. 4A-B, Fig. 5). A
cytosolic location of TbAK3 is in agreement with the absence of any identifiable
targeting signals in its deduced amino acid sequence. Overall, the results indicated
that in T. brucei each TbAK isoform is located in a different subcellular

compartment.
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Figure 5: Immunofluorescence microscopy of PCF (A) and BSF (B) T. brucei cell
lines expressing myc-tagged TbAK1-3 (red) (adapted from Voncken et al., 2013).
The nucleus and kinetoplast were stained (blue) with the DNA-binding dye DAPI.
Insets in A and B: western blot analysis of the different cell lines grown in the
absence (-, non-induced) or presence (+, induced) of tetracycline (0.5 pg mL™), and
using a commercial myc-antibody. For western blot analysis, cells were harvested 24
hours after induction and 2x10° trypanosomes were analysed per gel lane.

Abbreviations: Phase, phase-contrast.
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3.4 Life cycle stage-dependent expression

In T. brucei, expression of approximately 2% of genes is developmentally regulated
at the mRNA level (Brems et al., 2005). Northern blot analysis was used to
investigate whether this is also the case for the dTbAK isoforms. The open reading
frames of ThAK1-3 display >85% nucleotide sequence identity and can therefore not
be used as specific DNA probes. Instead, their highly variable 3’ untranslated regions
(UTRs) were used as gene-specific probes. The results revealed a single cross-
hybridising mRNA band for each of the TbAK genes in both BSF and PCF T. brucei
(Fig. 6a). The observed size-lengths of these mMRNAs, here 2.1kb (TbAK1), 1.8kb
(TbAK?2) and 2.0kb (TbAK3), were similar to the in silico predicted mRNA transcript
sizes of 2.3kb, 1.8kb and 2.2kb, respectively, using the previously described
parameters for the calculation of MRNA transcript lengths in T. brucei (Benz et al.,
2005). The TbAK mRNA levels were quantified by hybridizing the same northern
blots with the signal recognition particle (SRP) DNA probe, which is routinely used
for normalisation of mMRNA expression levels in T. brucei (Colasante et al., 2007).
Quantification revealed that (1) TbAK1 mRNA is 2.5-fold more abundant in PCF T.
brucei, (2) TbAK2 mRNA is 2.8-fold more abundant in BSF T. brucei, and (3) TbAK3
MRNA is 1.5-fold more abundant in PCF T. brucei (Fig. 6A). The results obtained for
TbAK2 correlate well with previously published microarray analysis results, which
revealed about 2.1-fold more ThAK2 mRNA in BSF T. brucei, when compared to the

PCF (Brems et al., 2005).
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Figure 6: TbAK1-3 are differentially expressed. A. Northern blot analysis of total
RNA (10ug per lane) isolated from bloodstream form (BSF) and procyclic form
(PCF) T. brucei (taken from Voncken et al., 2013). The TbAK1-3 3°UTRs were used
as DNA probes to detect the respective mRNA transcripts, while the signal
recognition particle (SRP) was used as a loading control (Colasante et al., 2007).
Numbers represent the relative mRNA ratios (PCF/BSF) calculated from pixel
intensities of the different mMRNA bands (Imagel: http://rsb.info.nih.gov/ij/) after
normalisation against SRP, and represent the mean from 3 independent experiments.
B. Specific arginine kinase activities in total cell lysates from ‘wildtype’ and TbAK-
overexpressing bloodstream form (BSF, white bars) and procyclic form (PCF, black
bars) T. brucei cell lines. Specific arginine kinase activity was determined in the
forward (phosphoarginine synthesis) direction using 2 mM arginine and 0.8 mM ATP
as substrates, and using 10ug of protein (total cell-lysate) per assay. Values are the

means of at least three independent experiments.
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As mentioned above, no isoform-specific antibodies were raised due to the sequence
similarities of ThAK1-3. This excluded the possibility to assess the expression of the
different TbAK isoforms at the protein level. Instead, | measured the total arginine
kinase activity in cell extracts derived from ‘wildtype’ PCF and BSF T. brucei cell
lines. Comparison revealed substantial differences in specific arginine kinase activity
depending on the developmental stage of the parasite: for BSF T. brucei a specific
arginine kinase activity of 3.43 + 0.22 pmol x min™ x mg™* was observed, while for
PCF T. brucei a 3-fold lower specific activity of 1.14 +0.12 pmol x min™x mg™ was
found (Table 1). Comparison with previously published data showed that the specific
arginine kinase activities for PCF T. brucei Lister 449 (this paper) were about 4-fold
higher than those previously reported for T. brucei (unknown procyclic form strain in
(Pereira et al., 2002)), and 12-fold higher than those found for T. cruzi epimastigotes

(Pereira et al., 2002).

Table 1: Ky, and Vmax values of the TbAK1-nHis arginine kinase activity (adapted

from Voncken et al., 2013)

28°C 37°C
Km ATP 0.23+0.03 | 0.32+0.06
Arginine 0.24+0.05 | 0.48+0.07
Vmax | ATP/Arginine | 7.96+0.53 | 13.96+2.32

Km and maximum velocity (Vmax) values are shown in mM and pmol/mg/min,

respectively. The results are the mean from three individual exprenments.
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3.5 Overexpression, oxidative stress and growth

Increased expression of TcCLB.507241.30 in T. cruzi significantly improved its
survival (growth) capacity under standard and oxidative-challenging culture
conditions (Pereira et al., 2003). Here | investigated whether also the TbAK1-3
isoforms play a similar role in T. brucei. For this experiment the same cell lines
expressing myc-tagged TbAK1-3 were used as for the immunolocalisation studies
shown in Fig. 3A-B. The expected higher arginine kinase activity in these TbAK-myc
over-expressing cell lines was confirmed by enzyme analysis, which showed an
overall >1.3-fold increase in total arginine Kinase activity, when compared to the
‘wildtype” T. brucei cell line (Fig. 6B). Subsequent growth analysis revealed an
overall >1.5-fold increase in the growth rates of the PCF TbAK-myc over-expressing
cell lines (Fig. 7A), suggesting that an increased arginine kinase activity was
beneficial to PCF trypanosome growth. For the TbAK-overexpressing BSF T. brucei
cell lines, however, the growth rates either did not significantly increase (TbAK1-2)
or revealed a major decrease, as shown for TbAK3 (Fig. 7B). A higher arginine
kinase activity evidently does not benefit growth of the BSF trypanosome, and is

even detrimental in case of an increased cytosolic arginine Kinase activity.

206



o

-
[=:]

Wildtype (PCF) TbArgK1-cmyc TbArgK2-nmyc TbArgK3-cmyc
TQ 14 flag glyc
w 12
(2]
3 E 1
O s
6
4
2
ur-ﬁ.—_,_.:_f/ ——— " . . — . . , " . ,
B 0 24 48 20 24 48 72 0 24 48 72 0 24 48 72h
181 wildtype (BSF) TbArgK1-cmyc TbArgK2-nmyc TbArgK3-cmyc
&M flag glye eyt
w 12 4
-
= 04 -+ .+ - . oot s L
© s %
6 p
4 / { ;
s T
2 ) e
0E== . b————3 T
0 24 48 72 0 24 48 72 72 0 24 48 72h

Figure 7. Growth analysis of T. brucei cell lines overexpressing TbAK1-3. Growth
curves of ‘wildtype” and TbAK-overexpressing PCF (A) and BSF (B) cell-lines under
standard (solid lines) and hydrogen peroxide-challenged (dashed lines) culture
conditions (adapted from Voncken et al., 2013). Overexpression of ThAK1-3 was
induced by addition of 0.5 ug.ml™ tetracycline 24 hours before the start of the
experiment. PCF trypanosomes were oxidatively challenged with 10 uM of hydrogen
peroxide, while BSF trypanosomes were challenged with 200 uM of hydrogen
peroxide. Cell densities were determined every 24 hours, for a total of 72 hours. Each
growth curve represents the means of at least 3 independent experiments.
Abbreviations: flag, flagellar; glyc, glycosomal; cyto, cytosolic.

The same cell lines were subsequently exposed to increasing concentrations (0-250
KUM) of hydrogen peroxide in order to assess their capacity to handle oxidative stress.
The hydrogen peroxide concentrations required for causing a growth defect were
determined empirically for the different cell lines (not shown). Growth analysis
revealed that ‘wildtype’ PCF T. brucei completely ceased growth within 24 hours
after exposure to 10 pM of hydrogen peroxide (Fig. 7A). This growth defect was

completely reversed upon the overexpression of glycosomal TbAK2 or cytosolic

ThAKS, whereas overexpression of the flagellar TbAK1 resulted in only a partial
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reversal of this growth defect. Increasing the hydrogen peroxide concentration to >15
UM was invariably lethal for all analysed PCF cell lines (not shown). In contrast, BSF
T. brucei appeared to be far more resistant to oxidative stress than PCF
trypanosomes: only a minor growth defect was observed in the presence of 200 uM
of hydrogen peroxide for the ‘wildtype’ BSF cell line (Fig. 7B). The larger capacity
of BSF T. brucei to withstand oxidative stress is in agreement with its 3-fold higher
cellular arginine kinase activity. Addition of 250 uM of hydrogen peroxide was
however lethal for all analysed BSF cell-lines (cells died). Notably, the reduced
growth of ‘wildtype’ BSF trypanosomes in the presence of 200 uM of hydrogen
peroxide could not be reversed by overexpression of any of the TbhAK1-3 isoforms

(Fig. 7B).

3.6 Silencing of ThAK expression

Whether arginine kinase activity is essential for T. brucei growth was assessed by
RNA interference (RNAI). For this purpose, a tetracycline-inducible PCF TbAK-RNAI
cell line was generated, which allowed the silencing of all three TbAK isoforms in a
single step. The TbAK1-3 mRNA levels were monitored by RT-PCR using the
isoform-specific PCR primers. The outcomes of the control experiments were as
expected, and showed that: (1) no ThAK1 PCR-product was produced in the absence
of reverse transcriptase, (2) the non-related gene ToMCP11 (Colasante et al., 2009)
could be amplified from cDNA, and (3) the expected PCR products were found for all
ThAK isoforms when using mMRNA from the PCF ‘wildtype’ cell line (Fig. 8A). The
results for the induced TbAK-RNAI cell line revealed that no PCR product could be
detected after 6 days of tetracycline induction (shown in Fig. 8A), which suggested a
major decrease in TbAK mRNA levels (below detection limit of used method).

Accordingly, no arginine kinase activity could be detected when analysing cell
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extracts from the same induced TbAK-RNAI cell line. This result confirmed the
successful silencing of ThAK expression. Growth analysis revealed that under
standard culture conditions the growth rate of the TbhAK-depleted cell line had
decreased to about 10% of the ‘wildtype’ cell line (Fig. 8B). Moreover, addition of
0.025 pM of hydrogen peroxide to the ThAK-depleted cell line was found to be
lethal, while growth of the ‘wildtype’ cell line decreased to about 50% of its original
capacity (Fig. 8C). Overall, the TbAK-depleted cell line became >40-fold more
sensitive to hydrogen peroxide. Our results confirmed that arginine kinase activity is
required for T. brucei growth under standard culture conditions, and is even essential

when the parasite is exposed to elevated oxidative stress.
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Figure 8: Silencing of ThAK1-3 expression in PCF T. brucei (adapted from Voncken
et al., 2013). A. TbAK isoform-specific PCR of the ‘wildtype’ PCF cell line (lanes 2-
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4), and the derived ™A ThAK cell line (lanes 5-7) cultured for 6 days in the presence
of tetracycline (0.5 pg.ml™). Prior to PCR, mRNA was converted to cDNA by reverse
transcriptase (RT). No TbAK1 PCR-product was found in the absence (-) of reverse
transcriptase (lane 1), indicating that the mRNA samples were not contaminated with
genomic DNA. PCR of the non-related gene TOMCP11 (lane 8, (Colasante et al.,
2009)) was used as a positive control for cDNA synthesis. B. Cumulative growth
curves of the ‘wildtype’ PCF cell line (solid line) and the induced "AThAK cell line
(dashed line) showing an 18-fold difference in cell density after 12 days under
standard culture conditions. C. Cumulative growth curves of PCF ‘wildtype’ cell line
(solid lines) and the derived ™A ThAK cell line (dashed lines), grown for 72 h under
standard and oxidative challenging culture conditions. The "ATbAK cell line was
induced with tetracycline for 6 days prior to the start of this growth experiment,
ensuring complete silencing of all ThAK isoforms (see A.). For the oxidative-
challenging culture conditions, 0.025 uM of hydrogen peroxide was added to the

culture medium.

4. Discussion

Phosphagens like phosphoarginine are relatively small molecules with larger
diffusion coefficients than ATP. In addition, they are metabolically ‘inert’ and can be
stored in the cell without affecting the overall ATP/ADP balance, which is critical for
the regulation of many metabolic processes (Ellington, 2001). Phosphagens are
therefore the molecules of choice for energy transport and buffering in highly
polarised eukaryotic cells (Ellington, 2001). The involved kinases are often located
near sites of high ATP turnover, allowing the transfer of energy from a source of ATP
production to a site of ATP consumption (Wallimann et al., 1992, Ellington, 2001).
Several models have been postulated in which the spatial (subcellular) distribution of
phosphagen kinases plays a crucial role in intracellular energy transport as well as in

the control and regulation of ATP-dependent enzymes and pathways in the different
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subcellular compartments (Wallimann et al., 1992). Also the energy metabolism of T.
brucei is highly compartmentalised, with ATP-producing pathways located in the
glycosome, mitochondrion and cytosol (van Hellemond et al., 2005, Michels et al.,
2006, Bringaud et al., 2006). The relative contribution of these subcellular
compartments to the overall ATP production is dependent on the developmental stage
of the parasite. ATP production in BSF T. brucei depends primarily on substrate-level
phosphorylation during glycolysis, with the first 7-9 enzymes of this pathway
compartmentalised in the glycosome (Michels et al., 2006). This in contrast to PCF T.
brucei, which primarily depends on mitochondrial degradation of proline, and
concomitant substrate-level and oxidative phosphorylation for its ATP generation

(van Hellemond et al., 2005, Bringaud et al., 2006).

Evidence has been provided that T. brucei expresses 3 functional arginine kinases,
with each isoform located in a different subcellular compartment: TbAK3 is
exclusively cytosolic, while ThAK1 and TbAK2 are found in the flagellum and
glycosome, respectively. The different subcellular locations of ThAK1 and ThAK2
are dependent on specific signal sequences, whose targeting function was disrupted
by the proximate addition of a myc-tag. Disruption of a C-terminal PTS1 signal by
sequence extension, as is the case for TbAK2-cmyc, was previously shown to abolish
peroxisomal targeting in other eukaryotes (29). Interestingly, ThbAK2-cmyc did not
localise to the cytosol as expected, but to the flagellum instead. Sequence analysis
failed to identify any flagellar targeting signals in TbAK2. Putative N-terminal
flagellar targeting sequences have previously been proposed for other T. brucei
proteins, but their exact amino acid sequence composition remains elusive (Snapp
and Landfear, 1999, Pullen et al., 2004, Bouvier et al., 2006). This in contrast to

TbhAKL: localisation studies revealed that the first 22 amino acids of this protein were
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sufficient to target GFP to the trypanosome flagellum. Comparison to the N-terminal
sequences of other flagellar T. brucei proteins (not shown) did not reveal any
sequence similarities. The N-terminal extension of TbAK1 apparently represents a
novel trypanosome flagellar targeting signal. How to explain the flagellar sorting of
TbAK2-cmyc, which lacks such a N-terminal extension? TbAK1 and TbAK2 are
very similar in sequence, apart from the obvious N- and C-terminal extensions
present in ThAKL1 (see Fig. 1). Most organellar proteins require specific targeting
signals in order to reach their subcellular destinations. However, there are a number
of known exceptions where proteins without obvious targeting signals are still
transported to specific subcellular compartments. This can be achieved through
oligomer formation with proteins bearing a specific targeting signal. Such ‘piggy-
backing’ protein transport mechanism has been reported for various peroxisomal,
glycosomal, glyoxysomal and vacuolar proteins (Glover et al., 1994, Lee et al., 1997,
Subramani, 2002). Similar to the structurally and functionally related creatine
kinases, also some arginine kinases were found to form heterodimers (Wright-Weber
et al., 2006). A possible heterodimer formation of the flagellar ThbAK1 with ThbAK2-
cmyc could be an explanation for the observed flagellar localisation of ThAK2 upon
ablation of its glycosome-targeting signal. However, the evident that further
investigation is required regarding the nature of the TbAK1 flagellar targeting
sequence as well as the putative heterodimer formation of ThAK1 and TbAK2. The
proposed glycosomal location of ThAK2 is corroborated by organelle proteomics,
which identified this arginine kinase isoform as a glycosomal constituent during
protein mass-spectrometric analysis of highly purified T. brucei glycosomes

(Colasante et al., 2006).
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The different subcellular locations of TbAK1-3 suggest that they play an important
role in the control and regulation of ATP-dependent enzymes and pathways in the
different subcellular compartments. Northern blot analysis revealed that expression
of the glycosomal TbAK?2 is 2.8-fold upregulated in BSF T. brucei, indicating a more
important role in this life cycle stage of the parasite. This result correlates well with
the crucial role of the glycosome in the BSF energy metabolism (Michels et al.,
2006). However, the general accepted model is that there is no net ATP synthesis in
this organelle, with glycolysis-derived ATP primarily produced in the cytosol
(Michels et al., 2006). If no net ATP-production occurs in the glycosome, why would
this organelle then require a phosphoarginine/arginine kinase-dependent energy
buffering system? The T. brucei glycosome further contains several adenylate
kinases, which were proposed to play a role in the maintenance of the glycosomal
ATP/ADP balance and the removal of AMP by the reversible conversion of ATP and
AMP to 2 molecules of ADP (Ginger et al., 2005). The presence of both adenylate
kinase and ThAK2 and in BSF and PCF glycosomes implicates that under certain
conditions either a surplus or deficit of ATP can exist in this organelle, which again
could be counter-balanced by the presence of a phosphoarginine/arginine kinase

energy buffering system.

Northern blot analysis revealed further a significantly up-regulated expression of the
cytoplasmic ThAK3 (1.5-fold) and flagellar TbAK1 (2.5-fold) in PCF T. brucei,
suggesting a more prominent role of both TbAK isoforms in this life cycle stage of
the parasite. PCF T. brucei is primarily depending on ATP-generation in the
mitochondrion (van Hellemond et al., 2005, Bringaud et al.,, 2006). The
mitochondrial ATP is exported to the cytosol via the ATP/ADP-carrier, which is

located in the mitochondrial inner membrane (Colasante et al., 2009). In the cytosol,
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ATP could be converted to phosphoarginine by the cytoplasmic ThAK3 to serve as a
highly mobile cellular energy carrier and local energy buffer. T. brucei is a flagellate
protozoan and is depending on its flagellum for cell motility, cell division and
survival (Ralston et al., 2009). Flagellar mobility consumes significant quantities of
ATP and provision of the more bulky ATP across the T. brucei flagellum is rather
difficult due to the flagellar length, compact protein structure, and the narrow
connection between flagellum and cytosol (Nevo and Rikmenspoel, 1970, Mitchell et
al., 2005, Fridberg et al., 2007). The T. brucei flagellum contains further enzymes
that are normally associated with the mitochondrial and glycosomal energy
metabolism, such as enolase, pyruvate kinase, phosphoglycerate mutase, and
adenylate kinase (Ginger et al., 2005, Hart et al., 2009, Oberholzer et al.). These
enzymes are proposed to function in the maintenance of the flagellar energy
homeostasis (Mitchell et al., 2005, Ginger et al.,, 2005). The channelling of
phosphagens between mitochondrion and flagellum was previously described for
spermatozoa of the sea urchin Strongylocentrotus purpuratus, with mitochondrial and
flagellar creatine kinases representing respectively ATP source and ATP sink
(Tombes and Shapiro, 1985). Also the phosphoarginine system of P. caudatum was
reported to be involved in the supply of energy to the cilia (Noguchi et al., 2001).
Here, we propose a similar spatial energy-buffering system for T. brucei, with the
cytosolic TbAK3 acting as a phosphoarginine source and the flagellar ThbAK1

providing ATP to fuel flagellar motility.

An important function of the phosphagen/ phosphagen kinase system is the provision
of energy in periods of increased energy-demand or during energy fluctuations
(Ellington, 2001, Wallimann et al., 1992). Increased expression of TcCLB.507241.30

in T. cruzi epimastigotes or the heterologous expression of the same phosphagen
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kinase in either Escherichia coli or Saccharomyces cerevisiae resulted in a
substantially increased resistance to oxidative challenging compounds (Canonaco et
al., 2002, Pereira et al., 2003, Canonaco et al., 2003). Vice versa, an increased
cellular arginine kinase activity was measured upon exposure of T. cruzi
epimastigotes to hydrogen peroxide (Miranda et al., 2006). These findings suggested
an important role of the phosphoarginine/arginine kinase system in oxidative stress
response, a process that inherently consumes substantial amounts of ATP and
eventually can lead to ATP-depletion (Tiwari et al., 2002, Agalakova and Gusev,
2012). Also the different developmental stages of the exclusively extracellular
parasite T. brucei are constantly exposed to oxidative stress, predominantly as a result
of the innate immune response of its different hosts, but also as a consequence of its
own unusual, partly aerobic fermentative, energy metabolism (Krieger et al., 2000,
Turrens, 2004, MacLeod et al., 2007b, Macleod et al., 2007a, Saleh et al., 2009). In
particular BSF T. brucei lives in an environment, i.e. the mammalian bloodstream, in
which oxidative stress factors are highly abundant (Turrens, 2004). It is therefore not
surprising that BSF T. brucei is far more resistant (about 20-fold) against an oxidative
challenge with hydrogen peroxide than PCF trypanosomes. Measurement of total
arginine kinase activity indeed revealed a substantially higher specific arginine kinase
activity in BSF T. brucei, which correlated well with its increased capacity to
withstand oxidative stress. Similar to T. cruzi, a substantially increased oxidative
stress resistance was observed upon the increased expression of the different ThAK
isoforms in PCF T. brucei. Vice versa, PCF T. brucei became highly sensible to
oxidative stress upon RNAI and complete depletion of all of its arginine kinase
activity. Overexpression of TbAKs in BSF T. brucei, however, did not result in the

expected increase in oxidative stress resistance, but lead to an overall inhibition of
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trypanosome growth under standard culture conditions. A possible explanation for
this phenomenon could be that an increased expression of arginine kinase disturbs the
cellular ATP/ADP ratio: BSF T. brucei already displays about 3-fold more arginine
kinase activity than PCF trypanosomes, and an even further increase of this activity

could potentially affect its cellular availability of ATP.

A number of important questions are remaining, which require further investigation.
For example, why does T. brucei express 3 different arginine kinase isoforms with
specific subcellular localisations, whereas the related kinetoplastid T. cruzi contains
only a single cytoplasmic arginine kinase? Or, what is the individual contribution of
each TbAK isoform to the spatial energy-buffering system of T. brucei? Is each of the
different TbAK isoforms required for trypanosome survival (growth) and/or
differentiation? Future research will focus on the depletion of the individual ThAK
isoforms by gene deletion in the different life cycle stages of T. brucei in order to

gain more insight into their specific physiological roles.
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Discussion

The mitochondrion plays an important role in the cellular energy (ATP) provision of
virtually all eukaryotes (Henze and Martin, 2003). This also includes Trypanosoma
brucei, although the importance of mitochondrial ATP production in this parasite
seems to be restricted to mainly the procyclic form (Bochud-Allemann and Schneider,
2002;Schneider et al., 2007). Its TCA (Krebs) cycle does not contribute to ATP
production in the conventional way (van Weelden et al., 2003), and mitochondrial
ATP is mainly produced by substrate level and oxidative phosphorylation using the
amino acid proline as the main energy-providing substrate (Bochud-Allemann and
Schneider, 2002;Bringaud et al., 2012). Oxidative phosphorylation is in PCF T.
brucei driven by the proton motive force generated by the electron transport chain
(functional complexes I-1V) and terminal alternative oxidase (TAQO), and the proton-
pumping ATP-synthase complex located in the mitochondrial inner membrane
(Njogu et al., 1980). To maintain the cellular energy provision, the produced ATP has
to be exported from the mitochondrial matrix in exchange for ADP and Pi from the
cytosol. It has been shown in this PhD thesis that in PCF T. brucei this exchange is
facilitated by two MCF proteins, i.e. the ADP/ATP carrier TOMCP5 (Chapter 1) and
the phosphate carrier ToOMCP11 (Chapter I1I) located in the mitochondrial inner

membrane.

The MCF inventory of T. brucei includes next to TbMCP5 another putative
ADP/ATP carrier, i.e. TOMCP15, with significant sequence similarity to ThOMCP5
and functionally characterised ADP/ATP carriers from other eukaryotes (Chapter I1)
(Colasante et al., 2009). Comprehensive sequence analysis confirmed that TOMCP5

contains canonical ADP/ATP carrier sequence features (Colasante et al., 2009;Kunji,
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2004), whereas they are not conserved in ToOMCP15. Heterologous expression in the
ANC-deficient yeast strain JLIA2A3u" (Clemencon et al., 2008) revealed that only
ThMCP5 was able to restore its growth on the non-fermentable carbon source lactate.
These results suggest that TOMCP15 does not function as a classical ADP/ATP
carrier. Subsequent transport studies using TbMCP5-complemented JLIA2A3u
mitochondria confirmed that TbMCP5 has similar biochemical properties and
ADP/ATP-exchange kinetics as Anc2p, the prototypical ADP/ATP carrier of S.
cerevisiae (Chapter Il, (Pena-Diaz et al., 2012)). Immunofluorescence microscopy
and western blot analysis confirmed further that TbMCP5 is exclusively
mitochondrial and is differentially expressed with 4.5-fold more TOMCP5 present in
the procyclic form then in the bloodstream form. Silencing of TOMCP5 expression in
PCF T. brucei revealed that this ADP/ATP carrier is essential for parasite growth,
particularly when depending on proline for energy generation. Moreover, ADP/ATP-
exchange in isolated PCF T. brucei mitochondria was eliminated upon depletion
TbMCP5, which indicated that TOMCP5 is the main or even the only ADP/ATP
exchanger present in the PCF T. brucei mitochondrion. The mitochondrial transport
function and physiological role of TOMCP15 remains unclear at this point, and

requires further investigation.

Next to the phosphate carrier TOMCP11, the T. brucei MCF protein inventory
includes another putative phosphate carrier, i.e. ToOMCP8, with significant sequence
similarity to ToOMCP11 and functionally characterized phosphate carriers from other
eukaryotes (Chapter I11) (Colasante et al., 2009). Expression analysis (MRNA level)
revealed however that TOMCP8 is not expressed in BSF or PCF T. brucei. This in
contrast to ToOMCP11, which is expressed in both life cycle stages, with 2.5-fold more

TbMCP11 present in the procyclic form. Analysis of the ToOMCP11-depleted BSF
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ATbMCP11 and PCF TbMCP11-RNAi cell lines revealed that this phosphate carrier is
not required for growth of the BSF, but that it is essential for the growth of PCF T.
brucei. Depletion of TbMCP11 (TbMCP11-RNAi) resulted in loss of the
mitochondrial membrane potential and the ablation of mitochondrial ATP production
in PCF T. brucei. Expression of ToMCP11 in the phosphate carrier-deficient S.
cerevisiae deletion strain AMirlAPic2 (Hamel et al., 2004) partly restored its growth
on the non-fermentable carbon sources lactate and glycerol. TOMCP11 expression
further restored swelling of the phosphate carrier-deficient AMirlAPic2 and T. brucei
TbMCP11-RNAi mitochondria in a phosphate-dependent fashion, confirming its
predicted phosphate transport function. The level of functional complementation of
the mitochondrial phosphate transport function in yeast was dependent on the
presence of a host-specific mitochondrial targeting sequence in ToMCP11. Overall,
these results confirmed that TOMCP11 functions as the main or even the only

mitochondrial phosphate carrier in PCF T. brucei.

The increased TOMCP5 and TbMCP11 levels, and the fact that both MCF proteins
are essential in PCF T. brucei, is in agreement with the important role of the
mitochondrion in this life cycle stage, i.e. the provision of ATP to the rest of the cell.
This implies that in PCF T. brucei, TOMCP5 most probably mainly functions in the
export of mitochondrial ATP to the cytosol, while TOMCP11 most probably functions

in the import of cytosolic phosphate into the mitochondrial matrix.

In contrast to PCF T. brucei, the BSF trypanosome relies exclusively on glycolysis
and a concomitant ATP-production in the cytosol of the parasite (Michels et al.,
2000;0pperdoes, 1987). Its mitochondrion lacks a functional respiratory chain and

key enzymes of the TCA cycle (van Hellemond et al., 2005), and has reduced ATP-
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synthase levels in comparison to PCF T. brucei (Schnaufer et al., 2005;Brown et al.,
2006). This argues for a less significant role of the BSF mitochondrion in cellular
ATP provision, and in agreement with this, significantly lower levels of TOMCP5
(Chapter 1l) and phosphate carrier TOMCP11 are present in its mitochondrion
(Chapter I11). Depletion of the mitochondrial ATP-synthase activity in BSF T. brucei
by RNA interference revealed an essential role of this enzyme in the maintenance of
the mitochondrial membrane potential (Schnaufer et al., 2005;Brown et al., 2006).
This in turn implies a mitochondrial requirement for ATP, which drives the proton-
pumping function of the ATP-synthase. The ADP/ATP carrier ToMCP5 could fulfill
this function and play an important role in the import of cytosolic glycolysis-derived
ATP into the mitochondrial matrix of BSF trypanosomes. Such import would not
only support the maintenance of the mitochondrial membrane potential, but would
also provide energy for essential anabolic metabolism in the BSF mitochondrion (van
Hellemond et al., 2005). That TbMCP5 plays such a physiological role in BSF T.
brucei has still to be proven, but preliminary experiments showed that BSF T. brucei
ceased its growth and mitochondrial ATP-production upon the addition of the specific
ADP/ATP carrier inhibitor carboxyatractyloside (not shown in this thesis), which
suggests an essential role of TOMCPS5 in this life cycle stage. The ADP formed in the
mitochondrial matrix will be exported during ADP/ATP exchange, whereas the fate
of the formed Pi, which also has to be exported from the mitochondrial matrix, is still
unclear at this point. The double knockout of ToOMCP11 had however no effect on
BSF growth, which suggests that this phosphate carrier is not required in this life
cycle stage (Chapter I11). Whether this mitochondrial phosphate export is driven by a
different MCF protein or is maybe even not required at all, is not clear at this point

and requires further investigation. Preliminary experiments showed further that this
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phosphate transport function is certainly not taken over by the putative phosphate
carrier ToMCP8, which is the only other predicted phosphate carrier in the T. brucei
MCF protein inventory (Colasante et al., 2009). Its expression is however not
induced/up-regulated in the TOMCP11-deficient BSF and PCF T. brucei cell lines
(not shown in this thesis). The transport function and physiological role of ToMCPS,
and whether TOMCP8 is expressed in a different life cycle stage of T. brucei or is
only expressed under specific environmental conditions, remains unclear at this point

and is subject to further investigation.

The cellular energy homeostasis in virtually all eukaryotic cells is dependent on a
phosphagen energy-buffering system, which in periods of high-energy demand or
energy supply fluctuations can provide the cell with essential ATP (Ellington, 2001).
The phosphoarginine/arginine kinase-dependent energy buffering system of the
kinetoplastid parasite Trypanosoma brucei consists of three highly similar arginine
kinase isoforms, i.e. TbAK1-3 (Chapter 1V). Localisation studies using recombinant
myc-tagged protein versions revealed that each isoform is located in a specific
subcellular compartment of T. brucei: TbAK1 is exclusively found in the flagellum,
TbAK2 in the glycosome, and TbAK3 in the cytosol of the parasite. The flagellar
location of ThAK1 is dependent on a 22 amino acid long N-terminal extension, which
apparently functions as a flagellar targeting signal in T. brucei. The glycosomal
location of TbAK2 is in agreement with the presence of a conserved peroxisomal
targeting signal, the C-terminal tripeptide ‘SNL’ (Sommer and Wang, 1994;Amery et
al., 1998). TbAKS3 lacks any apparent targeting sequences and is accordingly located

in the cytosol of the parasite.
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Expression analysis revealed that each TbAK isoform is differentially expressed in
BSF and PCF T. brucei, while the total cellular arginine kinase activity was 3-fold
higher in BSF trypanosomes. The differential expression of the ThAK1-3 isoforms
and their different subcellular locations in T. brucei indicates a substantial change in
the temporal and spatial energy requirements during parasite differentiation. The
expression of the flagellar arginine kinase TbAK1 and cytosolic arginine kinase
ThAKS3 was significantly up regulated in PCF T. brucei, suggesting an increased
arginine kinase activity in the parasite’s cytosol and flagellum. PCF trypanosomes
initially develop and multiply in the midgut of the tsetse fly, after which they migrate
through the peritrophic membrane into the ectoperitropic space, followed by the
proventriculus, the foregut, and finally the salivary glands (Matthews et al.,
2004;Ralston et al., 2009). This migration of PCF T. brucei in the Tsetse fly requires
significant motility, which in turn implies the constant provision of sufficient ATP to
the flagellum (see (Ralston et al., 2009) references therein). Since no ATP is
produced in the flagellum (Ralston et al., 2009), it is reasonable to assume that
TbAK1 is predominantly working in the ATP-forming direction, i.e. converting
phosphoarginine and ADP into arginine and ATP, thereby fuelling flagellar motility.
In PCF T. brucei, the mitochondrion is the predominant source of ATP (Kohl and
Bastin, 2005), which is exported to the cytosol by ToMCP5 (Chapter II). In the
cytosol, ATP will be either directly consumed or temporary stored as
phosphoarginine, which is catalysed by the cytosolic arginine kinase ThAKS.
Phosphoarginine can subsequently diffuse to the flagellum and fuel motility through

ATP provided by TbAK1 activity.

Expression analysis revealed further that in BSF T. brucei the glycosomal arginine

kinase ThbAK2 was abundantly expressed (Chapter 1V). In BSF T. brucei, ATP is
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predominantly produced by glycolysis (Michels et al., 2000;0Opperdoes, 1987). The
latest metabolic model suggests a balanced ATP production and consumption in the
glycosome, with net ATP primarily produced in the cytosol (Bakker et al., 1997). In
addition, it has been shown that no ADP/ATP exchange takes place in the glycosome
(Bakker et al., 1997). The physiological function of TbAK2 in the glycosome is not
clear at this point, apart from the formation of a putative glycosomal energy buffering
system. It is feasible that under certain physiological conditions either a surplus or
deficit of ATP can exist in the glycosome (van Weelden et al., 2005). The resulting
glycosomal ADP/ATP imbalance would negatively affect the glycolytic pathway in
the glycosome, and the survival of the BSF parasite. The presence of a
phosphoarginine/arginine kinase (TbAK2) energy buffering system in the glycosome
would prevent this. The T. brucei glycosome contains further several adenylate
kinases, which catalyse the reversible conversion of AMP and ATP to 2 molecules of
ADP (Opperdoes et al., 1981). The removal of the waste product AMP is essential
since its accumulation would inhibit biosynthesis. The presence of both adenylate
kinases and ThAK2 in the BSF glycosome argues for the existence of a glycosomal
energy buffering system, which most probably plays an important role in the

maintenance of the glycosomal ATP/ADP balance.

Overexpression of TbAK1-3 particularly improved PCF T. brucei growth during
oxidative challenges with hydrogen peroxide, whereas elimination of the total cellular
arginine kinase activity by RNA interference significantly affected PCF growth under
standard culture conditions and was even lethal in the presence of hydrogen peroxide.
These results suggested that the phosphoarginine/arginine kinase system plays an
important role in oxidative stress response. The different developmental stages of T.

brucei are constantly exposed to oxidative stress as a result of the innate immune
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response of its different hosts, but also as a consequence of its own unusual, partly
aerobic fermentative energy metabolism. In particular the mammalian bloodstream is
highly abundant in oxidative stress factors (Turrens, 2004). Measurement of total
cellular arginine kinase activity indeed revealed a substantially higher specific
arginine kinase activity in BSF T. brucei, which correlated well with its substantially

increased capacity to withstand oxidative stress.

In addition, I have done the mitochondrial proteomics analysis for both bloodstream
and procyclic form Trypanosoma brucei. The results showed most enzymes required
for TCA cycle were found in the mitochondrion of both bloodstream and procyclic
form Trypanosoma brucei. Furthermore the mitochondrial ATP production assay has
been done with different substrates for TCA cycle. The preliminary results showed
that the bloodstream form of T.brucei still produced a certain amount of ATP
although at much lower levels compare with procyclic form T.brucei. These results
need to be repeated to gain a reliable estimate of mitochondrial ATP production assay
in the bloodstream form of T.brucei. In the future, depletion of ToMCP5 in the
bloodstream form Trypanosoma brucei could be done for further studying the

mitochondrion function in bloodstream form T.brucei.

Conclusions

The mitochondrial carrier family proteins TOMCP5 and ThMCP11 are essential for
the maintenance of the energy homeostasis in T. brucei by facilitating respectively
ADP/ATP-exchange and phosphate transport in its mitochondrion. T. brucei contains
in addition an essential phosphoarginine-dependent energy buffering system

consisting of multiple arginine kinase isoforms (TbAK1-3) in different subcellular
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compartments. This system plays a key role in the maintenance of the energy

homeostasis in the different life cycle stages of T. brucei.
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Appendix 1, medium used for T.brucei culture

1. MEM-Pros (Minimum Essential Medium for procyclic Trypanosomes)

Proline-free MEM-Pros medium

g/5L
CaCl,. 2H,0 1.375
KCI 2.0
MgSO,. 7H,0 2.0
NaCl 34.0
NaH,PO,. H,O 0.70
HEPES 35.70
L-Arginine-HCI 0.63
L-Cystine 0.12
L-Glutamine 1.46
L-Histidine-HCI. H,O 0.21
L-Isoleucine 0.26
L-Leucine 0.26
L-Lysine 0.365
L-Methionine 0.075
L-Phenylalanine 0.50
L-Threonine 0.24
L-Tryptophane 0.05
L-Tyrosine 0.50
L-Valine 0.23
Adenosin 0.12
Ornithin-HCI 0.10

Non-essential amino acids

mg/5L
Glycine 37.50
L-Alanine 44.50
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L-Asparagine 66.00
L-Aspartic Acid 66.50
L-Glutamic Acid 73.50
L-Serine 52.50

Components of proline-free MEM-Pros medium are dissolved in 4 L ultra-pure H,O.
pH is adjusted to 7.4 with 10M NaOH. 50 mL MEM-Vitamins, 50 mg Phenol Red
and 20ml X5 non-essential amino acids are then added to the solution. pH is adjusted
to 7.4 again and the medium is brought to 5 L volume with ultra pure H,O. After
filter-sterilizing, the medium is divided in 450 mL aliquots in sterile glass bottles and
placed at 4°C. Before use, phleomycin (0.5 pg/ml), FCS (10%), haemin (7.5 pg/ml),

Penicillin/Streptomycin (50 units/ml) and proline (5mM) are filtered to each bottle.

2. HMI-9 medium. (Bloodstream trypanosomes culture medium)

g/10L

Iscove’s modified Dulbecco’s medium | 176.6

(Gibco-BRL #42200)

Sodium bicarbonate 30.24
Hypoxanthine 1.36
Sodium pyruvate 1.10
Thymidine 0.39
Bathocuprone sulfate 0.28

Components are mixed and adjusted to pH 7.5 with 10M NaOH. The medium is
filter-sterilized, divided in 450 mL aliquots in sterile glass bottles and kept at -20°C.
Before use, the medium in each bottle is completed with 50 mL FCS, 2.5mL 100mM
L-Cysteine solution (prepared just before use), 7 ul B-mercaptoethanol, 5 pl
phleomycin (20 mg/ml stock) and 5 mL Penicillin/Streptomycin stock (stock
concentration, 5000 U/mL, 5mg/mL).
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3. SDM-79/80 medium (for procyclic form trypanosomes)

Amount/10L
MEM (Earl’s) Powder 70.0¢g
Media 199 powder 20049
50 x MEM essential amino acids 80.0 ml
100 x MEM non-essential a.a. 60.0 ml
Glucose (Anhydrous) 10.0 g (depleted for SDM 80)
HEPES (sodium salt) 80.0g
MOPS (free acid) 50.09
Sodium Bicarbonate 20.0 ¢
Sodium pyruvate 109
DL- Alanine 2000 mg
L-Arginine 1000 mg
L-Glutamine 3000 mg
DL-Methionine 700 mg
L-Phenylalanine 800 mg
L-Proline 6000 mg
DL-Serine 600 mg
Taurine 1600 mg
DL-Threonine 3500 mg
L-Tyrosine 1000 mg
Guanosine 100 mg
Folic acid 40 mg
D(+)glucosamine hydrochloride 500 mg
p-Aminobenzoic acid 20 mg
Biotin 2 mg
BME vitamin solution 100 x 100 ml

Components are mixed and brought to 10 L. pH is adjust to 7.4 with 10M NaOH.
The medium is filter-sterilized, divided in 450 mL aliquots in sterile glass bottles and
kept at 4°C. Before use, the medium in each bottle is completed with 10% FCS, 50

units/ml Penicillin/Streptomycin.

240



Appendix 2, medium used for yeast culture.

1. YNB - yeast nitrogen broth medium

Amount/L
Yeast nitrogen base without amino acids 6.7¢
10 x yeast synthetic dropout solution (containing all standard amino | 100ml

acids with 76 mg/L concentration except Leucine with 380mg/L,
adenine 18 mg/L, inositol 76 mg/L and p-aminobenzoic acid 8 mg/L)

(Sigma)

Add water (for making plate add 2% agar) and adjust the pH to 5.8, and autoclave.

After the medium cool to about 55 °C, then add sterile glucose to 2%.

2. YPD- yeast extract peptone dextrose medium

Concentration

Yeast extract 1% (wi/v)
Peptone 2% (w/v)
Glucose 2% (Wiv)

3. YPG - yeast extract peptone glycerol medium

Concentration

yeast extract 1% (wi/v)
peptone 2% (w/v)
glycerol 3% (wiv)

4. YPL — yeast extract peptone lactate medium

Concentration

yeast extract 1% (wiv)
peptone 2% (W/v)
lactate 2% (wiv)

Adjust the pH to 5.5 using KOH, then autoclave.
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Appendix 3, yeast strains used for transformation

Statin name

genotype

Saccharomyces cerevisiae BY4741
(kindly provided by Dr. Johannes
A. Mayr)

MATa,; his3A 1; leu2A 0; metl5A 0; ura3A 0

Saccharomyces cerevisiae | Source strain is W303 (Mata leu2-3,112 his3-

JL1A2A3u” (from Dr. Ludovic | 11 ade2-1 trpl-1 ura3-1). JL-1-3 (W303-1B

Pelosi) ancl:LEU2 anc2::HIS3 anc3::URA3) s
derived from W303. JL1A2A3u” (JL-1-3
Aanc2::HIS3 A[269-975]anc3) is derived
from JL-1-3

Saccharomyces cerevisiae strain | Source strain BMAG64 is a diploid

AmirlApic2 (kindly provided by
Dr. Johannes A. Mayr)

homozygous for ade2-1, ura3-1, his3-11,-15,
Atrpl, leu 2-3,-112. MIR1, a 933-bp Hincll
fragment was replaced by a 1162 bp Pvull
fragment carrying the TRP1 gene. For PIC2, a
913 bp Bglll-Pstl fragment was replaced by a
2751 bp Nsil-BamHI fragment carrying the
LEU2 gene. Trp + or Leu + diploids were
depleted for single mutant strain. Double
mutant strain was constructed by crossing the

two single mutants.
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