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Abstract

Trypanosoma brucei is a medically important protozoan parasite that causes African sleeping
sickness in humans. Although disease treatment is possible, it is hindered by the limited
availability of effective drugs and the rapid emergence of drug resistance. It is, therefore,

important to identify novel drug targets for the development of new, more effective drugs.

Mitochondrial carrier family (MCF) proteins transport a wide range of key metabolites across
the mitochondrial inner membrane. They are important for the maintenance of key metabolic
pathways in all eukaryotic cells. In particular, the MCF proteins that have been implicated in
mitochondrial adenosine triphosphate (ATP) import appear to be essential for cell function
and survival due to their roles in defence against oxidative stress and in the provision of the
ATP required for mitochondrial electron transport and associated ATP production. Based on
their important physiological roles, mitochondrial nucleotide transporters are potential novel

drug targets.

The main aim of this thesis was to identify and functionally characterise the putative
mitochondrial nucleotide transporters in 7. brucei. Sequence analysis revealed that the T
brucei genome contains 5 MCF proteins: TbMCP1, TbMCP15, TboMCP16, TbMCP20 and
TbMCP23. The proteins were predicted to have roles in mitochondrial nucleotide transport
based on their homology to functionally characterised MCF proteins that transport nucleotides.
Of these TbMCPs, TbMCP1 has the highest sequence similarity to functionally characterised
mitochondrial flavin carriers and peroxisomal ATP/adenosine monophosphate carriers in other
eukaryotes, such as FIx1 in Saccharomyces cerevisiae. Sequence analysis further predicted
that TbMCP15 and TbMCP16 were closely related to mitochondrial adenosine diphosphate
(ADP/ATP) transporters, such as AAC2 in S. cerevisiae, whereas TbOMCP20 appeared to be
closely related to mitochondrial S-adenosylmethionine transporters, such as SAMS in S.
cerevisiae, and TbMCP23 appeared to be closely related to mitochondrial pyrimidine

transporters, such as S. cerevisiae RIM2.



Immunofluorescence microscopy was used to detect tagged recombinant TOMCP1, TbMCP15
and TbMCP20 and/or polyclonal antibodies were raised against these proteins. All of the
putative nucleotide transporters localised exclusively to the 7. brucei mitochondrion, which

supported the hypothesis that they perform mitochondrial transport functions.

RNA interference was used to knock down the expression of the TOMCPs to investigate their
effects on cell survival and growth. The expression of TOMCP1, TbMCP15, TbMCP16 and
TbMCP20 was essential for trypanosome survival, whereas knockdown of TbMCP23 did not
result in a growth phenotype in 7. brucei. These results indicated that TbMCP1, TbMCP15,
TbMCP16 and TbMCP20 fulfil key roles in the transport of essential metabolites, whereas
TbMCP23 plays a less important transport role or is redundant with other MCF proteins.

The putative transport functions of the TbMCPs were investigated by (1) functional
complementation studies using specific S. cerevisiae deletion strains lacking specific MCF
proteins and (2) mitochondrial ATP production assays in mitochondria isolated from wildtype
and MCF protein knockdown 7. brucei cell lines. Functional complementation studies in the
S. cerevisiae deletion strain A JL1 2 3urevealed that TOMCP15 expression restored the growth
of the strain on the non-fermentable carbon source glycerol. In addition, mitochondrial ATP
production assays revealed that TbMCP15-depleted 7. brucei mitochondria was able to
produce ATP from oxoglutarate. These results confirmed that TbOMCP15 most likely functions
as an ADP/ATP transporter in 7. brucei.

A similar approach was used to investigate the function of TbMCP20. Functional
complementation studies in the S. cerevisiae deletion strain ASAMS revealed that ToMCP20
expression restored the growth of this strain, which confirmed that TOMCP20 most likely

functions as a mitochondrial s-adenosylmethionine transporter in 7. brucei.

Unfortunately, the same investigative approach was not feasible for TOMCP1 and TbMCP23.
There are no suitable S. cerevisiae deletion strains with detectable phenotypes and both
TbMCPs have extremely low or non-detectable expression levels. However, experiments
revealed that metabolic flux measured as substrate (glucose and proline) consumption and
product (acetate, succinate and pyruvate) formation, was substantially increased in the
TbMCP1 knockdown compared to the WT 7. brucei cell line. These results suggested that
TbMCPI plays a key role in 7. brucei energy metabolism. The potential role of TOMCP1 in
mitochondrial nucleotide transport remains to be determined. Five potential mitochondrial

nucleotide transporters have been identified in 7. brucei: TOMCP1, TOMCP15, TbMCP16,
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TbMCP20 and TbMCP23. Of the identified transporters, TbMCP15 was confirmed to function
as a mitochondrial ATP/ADP transporter and TbMCP20 was shown to function as a
mitochondrial s-adenosylmethionine transporter, based on their abilities to restore the growth
of transporter-deficient yeast strains on non-fermentative carbon sources. Further research will
be required to determine the specific mitochondrial transport functions of the remaining
candidates. These findings provide vital information about mitochondrial metabolite transport

in T. brucei and provide a solid foundation for future novel drug development.
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Chapter 1: Introduction
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1.1 Trypanosoma brucei and African sleeping sickness

The parasite Trypanosoma brucei belongs to the order Kinetoplastida in the phylum Protozoa
(Moreira et al., 2004; Alvar et al., 2012). The kinetoplast, a large network of specialised
mitochondrial DNA, is the characteristic feature of the organism (Stuart et al., 2008). Mammals
can be infected by three subspecies of 7. brucei (Sutherland et al., 2015): T. b. gambiense,
which causes a chronic disorder that mostly affects individuals in Central and West Africa; 7.
b. rhodesiense, which causes East African sleeping sickness, a more acute disorder with greater
virulence (Sutherland et al., 2015); and 7. b. brucei, the subspecies present in most of sub-
Saharan Africa, which cannot infect humans because it is susceptible to lysis by trypanosome
lytic factor in the serum. 7. b. brucei typically causes a wasting disease in vertebrate animals
(Sutherland et al., 2015). The three subspecies of 7. brucei are transmitted by the tsetse fly,
which is commonly found in savannah and woodland regions. Around 50,000-70,000
infections occurred annually in Africa until 2005. However, the number of new cases dropped
to fewer than 10,000 in 2010, then to 2,804 cases in 2015, due to the efforts of the World Health
Organization (WHO), which now provides anti-trypanosoma medicines free of charge in

endemic countries (WHO, 2017).

Human African trypanosomiasis (HAT), or sleeping sickness, can be divided into two stages
or phases: the haemolymphatic stage, followed by meningoencephalitis. The first phase
involves the multiplication of the parasite in the spinal fluid, lymph and blood, thereby causing
extreme fatigue, muscle and joint pain, headache and fever (Barrett et al., 2003; Rodgers,
2009). The second phase involves the invasion of the central nervous system by the parasite
after it crosses the blood-brain barrier. Patients experience extreme disturbances in their
circadian rhythms, characterised by increased somnolence, which can lead to unconsciousness
and coma. The disease can cause death in the absence of the necessary treatment (Stich et al.,

2002; Kennedy, 2006; Jamonneau et al., 2012).

1.2 Morphology of 7. brucei

T. brucei is a motile, unicellular, eukaryotic organism. As shown in Figure 1.1, 7. brucei
contain the main organelles found in eukaryotic cells, such as mitochondria, Golgi bodies,
endoplasmic reticulum and a nucleus (Engstler et a/, 2004). A single flagellum, linked to the
body of the cell via an undulating membrane, is responsible for its motility. The flagellum
originates from the flagellar pocket, which is located near the kinetoplast. The kinetoplast, a

unique structure comprising mitochondrial DNA, is a characteristic feature of the organisms
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of the order Kinetoplastida (Engstler et al , 2004). T. brucei also contain a glycosome, which
is a peroxisome-like microbody responsible for the glycolytic and pentose phosphate
pathways, B-oxidation of fatty acids, purine salvage and the biosynthesis of pyrimidines
(Parsons et al., 2001). Furthermore, the mitochondria of trypanosomatids possess
extraordinary features (van Hellemond et al., 2005). Firstly, despite the fact that classically
studied cells have 5 to 10,000 mitochondria per cell, trypanosomatids have only a single,
large mitochondrion. Secondly, the DNA in a trypanosomatid has an atypical, highly
concatenated structure because it is stored in kinetoplasts. The replication of kinetoplast
DNA and mitochondrial division are linked to cell division (Gull, 2003). Another feature of
T. brucei is the expression of variant surface glycoprotein (VSG) on the cell surface, which
enables 7. brucei to protect itself by antigenic variation. 7. brucei can switch the type of
VSG on its surface via the selective expression of VSG genes and pseudogenes (Hall ef al.,
2013). The parasites make use of VSG to prolong their circulation in the blood, thereby
increasing the likelihood of transmission. VSG proteins are attached to the plasma
membrane by glycosylphosphatidylinositol (GPI) (Hall et al., 2013). In insect vectors, the
T. brucei surface coat includes procyclin (EP/GPEET), which provides protection against
the hostile insect intestinal environment. In addition, transcription in kinetoplastid
protoctista, accomplished via the trans-splicing of mRNA, differs from the paradigms of
eukaryotic gene expression. 7. brucei undergoes polycistronic transcription and its pre-
mRNA molecules are spliced into individual mRNAs (Hall ef al., 2013). Trans-splicing is a
special form of RNA processing in which the ends of two primary RNA transcripts are
joined. Trans-splicing was discovered by comparing the nucleotide sequences of the 5’ ends
of VSG mRNAs with the corresponding coding genes. A 39-bp-long spliced leader RNA
sequence (SL RNA) has been found in the first exon of the 5’ ends of mRNA molecules; it
is processed by RNA polymerase II (Hall et al., 2013).
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Figure 1.1. Schematic of the main organelles of 7. brucei. (Engstler ef al, 2004)

1.3 The life cycle of 7. brucei

T. brucei has a complex life cycle during which it adapts to different environments in its
hosts and vectors by adopting two replicative forms (Matthews et al., 2004; Vickerman,
1985). The bloodstream form (BSF) is found in mammalian blood and tissue fluids, whereas
the procyclic form (PCF) is found in the midgut of the tsetse fly. 7. brucei first infects the
midgut of its vector in its dividing midgut form through a blood meal. Then, it migrates via
the proventriculus to the salivary glands (Figure 1.2). This stage of its life cycle is known as
the epimastigote. A fraction of the parasites differentiates into the infective metacyclic form,
ready to be transferred upon insect bite into the bloodstream of mammalian species. The
parasite undergoes a series of adaptations, from slender to intermediate to stumpy form,
resulting in a stumpy form that is able to re-infect the fly vector after a blood meal (Figure
1.2). The slender form of 7. brucei, but not the stumpy form, is able to proliferate (Matthews
et al., 2004). At later stages of the infection, the parasite can infect the lymph and
cerebrospinal fluid of mammalian hosts. Although uncommon, 7. brucei can also be
transmitted via the exchange of body fluids or blood. Some factors, like cis-aconitase
(Matthews et al., 2004), can trigger the differentiation of trypanosomes from their BSF into
their PCF in vitro.
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Figure 1.2. Life cycle of T. brucei. The cycle starts when an individual is bitten by an infected tsetse fly, allowing the
metacyclic trypomastigote form of the parasite to enter the human blood. The non-dividing metacyclic forms
differentiate into dividing trypomastigotes, which are taken up by another vector. Inside the midgut of the vector, the
trypomastigotes differentiate into dividing procyclic trypomastigotes. These, in turn, convert to epimastigotes that travel
to the salivary gland of the insect vector. Finally, the epimastigotes replicate and give rise to metacyclic trypomastigotes,
which can be transmitted to human hosts (Centers for Disease Control and Prevention [CDCJ:
http://www.cdc.gov/parasites/sleepingsickness/biology.html).

1.4 Treatment of sleeping sickness

The strategy for treating sleeping sickness is determined by the infectious agent (i.e., 7. b.
gambiense or T. b. rhodesiense) and the stage of the disease (i.e., the haemolymphatic or
neurological phase) (Kennedy, 2004; Barrett et al., 2007; Rodgers, 2009). Eflornithine,
nifurtimox, suramin, melarsoprol and pentamidine are currently used to treat the disease
(Simarro et al., 2012). These drugs act against specific subspecies of the parasite in specific
phases. Suramin has been utilised since the 1920s for treating acute East African sleeping
sickness caused by 7. b. rhodesiense (Simarro et al., 2012). Pentamidine is effective against 7.
b. gambiense; it has been used since 1941 for the treatment of the first phase of West African
sleeping sickness (Steverding., 2010). Although pentamidine can destroy 7. b. gambiense, it

has been associated with cases of intense, adverse neurological events (Simarro et al., 2012).
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Melarsoprol can be used to treat the second phase of sleeping sickness caused by 7. b.
rhodesiense or T. b. gambiense as it is the only 7. brucei-specific drug capable of crossing the
blood—brain barrier. This organic arsenical-based drug has been used since 1949. However, it
is also associated with intense adverse reactions, including tachycardia, convulsions, coma and
heart failure, leading to a 5% mortality rate (Rodger et al., 2009; Steverding, 2010). The second
phase of sleeping sickness caused by 7. b. gambiense can be treated with eflornithine.
However, the parasite is less susceptible to this drug than nifurtimox as eflornithine inhibits
the ornithine carboxylase enzyme in the parasite and in humans. Furthermore, in humans, the
turnover rate for eflornithine is greater than that in the parasite (Matovu et al., 2003).
Nifurtimox can also be used to treat the second phase of 7. b. gambiense-related sleeping
sickness, but has been associated with adverse reactions in some cases. A combination of
eflornithine and nifurtimox is effective against the second phase of 7. b. gambiense-related
disease (Alirol et al., 2013). However, the development of drug resistance by 7. brucei has
been reported (Matovu et al., 2003).Therefore, it is important and urgent to find new drug

targets and drugs to continue the effective treatment of sleeping sickness.

1.5 T. brucei energy metabolism

Energy metabolism in trypanosomatids involves multiple subcellular compartments, including
the glycosome, the mitochondrion and the cytosol. Glycosomes are found only in members of
Kinetoplastea and Diplonema (Matthews et al., 2004) . They are microbody-like organelles
that contain the majority of enzymes in the glycolytic pathway (Figure 1.3 and Table 1.1). Via
10 steps, glycolysis converts one molecule of glucose into two molecules of pyruvate, two
molecules of adenosine triphosphate (ATP) and two molecules of reduced nicotinamide
adenine dinucleotide (NADH). The compartmentalisation of glycolysis in glycosomes
prevents metabolic interference by separating enzymes from cofactors, such as ATP and
NADH (Matthews et al., 2004). Net ATP is not generated in the glycosome, but in the cytosol,
when phosphoenolpyruvate is converted into pyruvate. Purine salvage also occurs in

glycosomes.
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Figure 1.3. Energy metabolism in the BSF of 7. brucei. Glc, glucose; TbHK, 7. 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; 1,3-BPGA, 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,
trypanosome alternative oxidase; UQ, ubiquinone; GPD, glycerol-3-phosphate dehydrogenase (Vonder et al.,
2009)

18



Table 1.1. The changes in metabolism during the life cycle of T. brucei. The PCF and BSF comprise the two
stages of the T. brucei life cycle.

>< PCF BSF
Preferred nutrients Proline and glucose Glucose
Main secreted end products Alanine, acetate and succinate Pyruvate,Glycerol
Main pathways of ATP Oxidative phosphorylation and Glycolysis
production glycolysis
Respiratory chain Active Inactive

There are multiple differences in the metabolic pathways utilised by the PCF and the BSF. In
the transition between the forms, the parasite adapts its morphology, surface composition and
metabolism (Matthews et al., 2004). In the T. brucei BSF, glucose is primarily metabolised to
3-phosphoglycerate (3-PGA) in glycosomes, then further degraded into the end product
pyruvate in the cytosol (Gull, 2003). In the BSF, ATP is obtained only by substrate-level
phosphorylation; mitochondria are notably smaller than in the PCF and lack key enzymes and
components of the Krebs cycle (Opperdoes et al., 1977;; Clayton & Michels, 1996 Michels et
al., 2000).

The T. brucei PCF has a more elaborate, net-like mitochondrion that can generate ATP both
from the substrate level and via oxidative phosphorylation (Michels et al., 2000; Coustou et
al., 2003; van Weelden et al., 2005). The NADH balance is maintained by the conversion of
oxaloacetate into succinate in the glycosomes of PCF trypanosomes (Besteiro et al., 2002;
Coustou et al., 2005). Nicotinamide adenine dinucleotide phosphate, on the other hand, is
produced by the PCF from both malic enzymes and via the pentose phosphate pathway
(Coustou et al., 2005). In the PCF, pyruvate, the end product of glycolysis, is not excreted but
further metabolised in the mitochondrion, where it is degraded to acetate or succinate as ATP
is generated (van Hellemond ef al., 1998; Riviere et al., 2004). Testing the intracellular levels
of components of the glycolytic and Krebs cycles in an aconitase-mutant strain revealed that
Krebs cycle enzymes are present in the PCF; however, they are not used in the full cycle for

energy generation, but for energy transduction (van Weelden et al., 2003).

19



The mitochondrial respiratory chain is essential for survival and growth (Figure 1.4 and Table

1.1). In addition to carbohydrate degradation, it is responsible for ATP generation via the

oxidation of amino acids, especially proline and threonine (Lamour ef al., 2005).
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Figure 1.4. A schematic diagram of energy metabolism in the 7. brucei PCF. Substrates are shown in
ovals and end products in boxes. The broad, shaded arrows in the background of the citric acid cycle are
active in the PCF. The broad, shaded arrow from pyruvate and oxaloacetate to citrate indicates the flux
in this part of the citric acid cycle, which is used in the transport of acetyl-CoA units from the
mitochondrion to the cytosol. The broad, shaded arrow from a-ketoglutarate to succinate represents the
part of the cycle that degrades proline and glutamate to succinate. The broad, shaded arrow from succinate
to malate indicates the part of the cycle that is used during gluconeogenesis. Abbreviations: AA, amino
acid; CL, II, IIT and IV, complex I, II, IIT and I'V of the respiratory chain; ¢, cytochrome c; Glu, glutamate;
a-KG, a-ketoglutarate; OA, oxoacid; Q, ubiquinone (van Hellemond et al., 2005)

20



1.6 The mitochondria of 7. brucei

Although the structure and function of the mitochondria in the PCF of T. brucei have been
studied, the mitochondria of the BSF of the parasite are still under investigation (Riviere &
Coustou, 2006; Schneider et al., 2007; Stephens et al., 2007; Panigrahi et al., 2009). As it
performs oxidative and substrate-level phosphorylation to produce ATP via the transfer of a
phosphate (-POs) group to adenosine diphosphate (ADP), the mitochondrion of the procyclic
parasite is a major supplier of ATP to the cell (Bringaud, Riviére & Coustou, 2006; Schneider
et al., 2007; Zikova et al., 2009). In addition to ATP generation, the mitochondria are
responsible for carbohydrate metabolism, the pentose phosphate pathway and maintenance of
the cellular redox balance (Bringaud, Barrett & Zilberstein, 2012). The mitochondrion in 7.
brucei is structurally identical to the mitochondria of other eukaryotes; it contains a
mitochondrial outer membrane (MOM), a mitochondrial intermembrane space (IMS), a matrix
and a mitochondrial inner membrane (MIM) (Panigrahi et al., 2008). The only difference is
that there is only one tubular mitochondrion in each 7. brucei, which resides along the whole
length of the parasite. This elongated mitochondrion can change both structurally and
functionally, depending on the environmental conditions in different hosts and on the presence
of different substrates in each environment (Matthews, 2005; Bringaud, Riviére & Coustou,
2006; Fenn & Matthews, 2007). The 7. brucei mitochondrion can form branches, leading to
the formation of a cellular network. This process is dependent on the phase of the parasite life
cycle (Schneider, 2001). In the case of the PCF of the parasite, most of its ATP is obtained
from proline degradation and substrate-level and oxidative phosphorylation in the
mitochondrion (Bochud-Allemann & Schneider, 2002; Schneider et al., 2007; Bringaud,
Barrett & Zilberstein, 2012). Van Hellemond et al. (2005) reported the existence of a functional
respiratory chain, which includes complexes I to IV, in the mitochondrion; the chain sustains
the cellular redox balance and produces ATP using ATP synthase. The cytochrome-
independent oxidase of the mitochondrion electron transport chain (trypanosome alternative
oxidase, or TAO) and the ATP synthase cooperate to sustain the redox balance inside the BCF
(Deramchia et al., 2014). These are the only known functions of the mitochondrion in the BSF.
It has been suggested that cytochrome c, the respiratory chain and the Krebs cycle are absent

from the BSF mitochondrion and have no role in ATP generation (van Hellemond et al., 2005).
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1.7 Mitochondrial carrier family proteins

Since the inner membrane of the mitochondrion is impermeable, specific transporters are
needed to transfer metabolites across the membrane (Schneider ef al., 2007). The majority of
the transporters expressed in the inner membranes of mitochondria belong to the mitochondrial
carrier family (MCF) (Nury et al., 2006). These proteins transport various metabolites, such as
iron, protons, amino acids, carboxylic acids, phosphate and nucleotides (Palmieri, 2004;
Palmieri et al., 2006; Kunji & Robinson, 2006; Colasante et al., 2009). Therefore, these
proteins participate in the majority of mitochondrial metabolic processes and constitute a
metabolic bridge between the cell and the mitochondrion (Palmieri, 2008; Kunji, 2004). MCF
proteins have a characteristic, highly conserved structure comprising repeats of three
homologous sequences. Their molecular masses range from 30-35 kDa (Millar & Heazlewood,
2003; Palmieri et al., 2006; Picault et al., 2004). Figure 1.5 shows the conserved structure of
an MCF protein, which consists of six transmembrane (TM) helices that are linked to the two
TM domains through a hydrophilic loop (Palmieri, 2004). Each odd-numbered hydrophilic
loop (M1b, M2b and M3bA) contains the conserved MCF signature sequence motif
PX[D/E]XX[K/R]X[K/R][20-30 residues][D/E]G[4-5 residues][ W/F/Y][K/R]G, in which ‘X’
refers to any amino acid (Palmieri, 2004). Another conserved canonical motif is present at
different substrate contact points downstream of the signature motifs (CPI, CPII and CPII;
Figure 1.5).

repeat | | repeat 2 | repeat 3

INTERMEMBRANE SPACE

INNER MEMBRANE

Hé

M1a

MITOCHONDRIAL MATRIX

h5-6 M3b @

Figure 1.5. Schematic presentation of the conserved structure of MCF proteins. C, C-terminal; N, N-terminal; h,
hydrophilic loop; H, transmembrane domain; MI-3a, first part of canonical signature sequence motif
(PX[D/E]XX[K/R]X[K/R]); M1-3b, second part of canonical signature sequence motif ([D/E]G[4-5
residues][W/F/Y][K/R]G). (Adapted from Colasante et al., 2009)
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To date, researchers have discovered more than 50 MCF proteins in plants and humans and
approximately 30 MCF proteins in yeast (Palmieri et al., 2000; Picault et al., 2004; Wohlrab,
2006; Haferkamp et al., 2012). Functional studies have revealed their roles in various cellular
mechanisms, such as DNA replication in mitochondria, the formation and degradation of amino
acids and energy generation. MCF proteins transport the pyruvate formed through glycolysis
to the mitochondrion, where it is converted to acetyl-CoA. The Krebs cycle then consumes
acetyl-CoA as a substrate (Hildyard & Halestrap, 2003). Similarly, two MCF proteins, the
phosphate carrier and the ADP/ATP carrier, transport inorganic phosphate and ADP,
respectively, from the cytosol into the mitochondrion. These two substrates are required for
ATP generation in the mitochondrion (Deramchia et al., 2014). Numerous MCF proteins are
essential for the exchange of Krebs cycle intermediates between the cytosol and the
mitochondrion, including the dicarboxylate carrier, which exchanges malate and succinate for
inorganic phosphate, sulphate and thiosulphate (Palmieri et al., 2009); the tricarboxylate
carrier, which transports citrate in exchange for malate or other anionic metabolites; and the
oxoglutarate/malate carrier, which exchanges 2-oxoglutarate for malate or other dicarboxylic
acids (Palmieri et al., 2009). Similarly, mitochondrial biosynthesis and the degradation of
amino acids are dependent on different MCF proteins for the transportation of substrates and
intermediates (Figure 1.6) (Kunji, 2004), including the citrulline/ornithine carrier, which
exchanges ornithine for citrulline (Fiermonte et al., 2003); the aspartate/glutamate exchanger,
which exchanges glutamate for aspartate (Fiermonte et al., 2002; Palmieri et al., 2006); 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). Amino acid
biosynthesis, as well as degradation inside the mitochondrion, requires several MCF proteins
for the transport of various intermediates and substrates (Kunji, 2004). For instance, the
oxoglutarate carrier exchanges oxoglutarate for oxoadipate, which is generated by the cytosolic
degradation of tryptophan and lysine. Glutamate is exchanged for aspartate by the

aspartate/glutamate exchanger (Fiermonte et al., 2002; Palmieri ef al., 2006).
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Figure 1.6. Schematic diagram of the probable roles of MCF proteins in the metabolic pathways of the
cell and mitochondrion. Red arrows indicate metabolic pathways, blue arrows indicate the direction
of transportation and green indicates energy-rich intermediates and cofactors. (Kunji, 2004)

Researchers have employed three strategies for studying MCF proteins and their roles in the
transportation of molecules. The first, extensively employed strategy is the reconstitution of
MCF proteins in synthetic liposomes, followed by analysis of the transportation of
radiolabelled substrates into proteoliposomes (Palmieri et al., 2006b; Palmieri, 2004; Picault
et al., 2002; Hoyos et al., 2003). However, this strategy is problematic as many reconstituted
proteins are unable or only poorly able to transport molecules due to issues related to

heterologous expression, purification, renaturation and refolding. Furthermore, correctly
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inserting and orienting the reconstituted protein in the liposome is difficult (Palmieri et al.,
2006b; Rigaud et al., 1995; Rigaud, 2006). In order to deal with these issues, certain MCF
proteins have been produced in prokaryotic cells, such as Escherichia coli, in which their
ability to transport radiolabelled substrates has been studied (Haferkamp et al., 2002; Tjaden
et al., 2004; Leroch et al., 2005). Numerous studies have proven that MCF proteins are not
post-translationally modified and are consequently capable of folding and integrating correctly
into the plasma membrane of E. coli (Geigenberger et al.,2001; Haferkamp et al., 2002; Leroch
et al., 2005; Tjaden et al., 2004;). A considerable limitation of this strategy is that it can only
be used to study the transporters of metabolites that are not transported by any native
transporters in E. coli. For instance, an ADP/ATP carrier can be studied using this strategy
(Colasante et al., 2009). Utilisation of Saccharomyces cerevisiae knockout strains that lack
particular MCF proteins has proven to be a more useful strategy (Palmieri et al., 2004). A
majority of the knockout yeast strains lacking MCF proteins can be grown on a fermentable
source of carbon, such as glucose, but are unable to grow on non-fermentable sources of
carbon, such as lactate or glycerol (Clemencon et al., 2008; Palmieri et al., 2006). However,
the complementation allows growth on non-fermentable carbon sources (Clemencon et al.,
2008; Babot et al., 2012). However, functional complementation cannot be employed for all
MCEF proteins because all knockouts do not give rise to an analysable growth defect (Babot et
al., 2012). In comparison to transport function in wild types, function may not be fully
complemented in a yeast strain lacking an MCF protein (Mayr et al., 2011; De Marcos Lousa
et al., 2002). Heterologous MCF proteins lack functional or yeast-specific mitochondrial
targeting signals, leading to problems with protein expression and targeting to the

mitochondrion (Palmieri al., 2006).

1.8  The MCF protein inventory of 7. brucei

The genome of 7. brucei (www.genedb.org) contains 26 genes that encode 24 MCF proteins.

These proteins are called TbMCP1-24 (Colasante et al., 2009). Sequence analysis and
reciprocal database searches have revealed that the 7. brucei proteins are genuine MCF
proteins. Notable amino acid similarity has been found between all 24 TbDMCPs and those from
S. cerevisiae and human (SLC25A). Moreover, all TbOMCPs contain three semi-conserved 100-
amino-acid protein domains that are essential for protein function. Each domain consists of the
conserved MCF signature sequence motif, with conserved amino acid residues located at a

specific distance from each other (Figure 1.5), and a pair of TM helices (Colasante et al., 2009).
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Immunolocalisation studies have revealed that all TbDMCPs localise to the mitochondria
(Colasante et al., 2006a; Colasante et al., 2009). Phylogenetic reconstruction (Chapter 2:
Materials and Methods) and reciprocal Basic Local Alignment Search Tool (BLAST) database
searches have illuminated the possible roles of TbMCPs. In MCF proteins, there are numerous
conserved amino acids downstream of the signature sequence. These amino acid residues have
been reported to play a part in the recognition of and binding with particular substrates (Kunji
& Robinson, 2006). As shown in Figure 1.5, these residues are mostly found in CPI-III. The
first amino acid of each CP appears six residues downstream of the conserved glycine. CPI-II1
are conserved in MCF proteins that are responsible for transporting similar substrates. CPII,
which may be involved in the discrimination between different substrates, contains the amino
acid sequence ‘G(IVLM)’ in nucleotide carriers, ‘(R/K)Q’ in phosphate carriers, ‘R(QHNT)’
in dicarboxylic acid carriers, ‘R(D/E)’ in amino acid carriers and ‘MN” in iron carriers (Kunji
& Robinson, 2006). The identification and comparison of CPI-III to previously characterised
sequences from higher eukaryotic organisms has allowed a more specific definition of their
putative functions (Colasante et al., 2006; Colasante et al., 2009). TbMCP6 has been studied
in the greatest detail. The function of TbMCP6 as an ADP/ATP or ATP-Mg/Pi exchanger was
suggested by phylogenetic reconstruction and sequence analysis (Colasante et al., 2006;
Colasante et al., 2009). When TbMCP6 was reconstituted in E. coli and exposed to o*?P-tagged
substrates, such as ADP, ATP and Mg, it did not transport the substrates. However, in
knockdown experiments, TbOMCP6 was found to be essential for the 7. brucei PCF. TbMCP6
deficiency negatively affects cytokinesis and kinetoplast division (Colasante et al., 2006).
Thus, TOMCP6 may be a mitochondrial nucleotide carrier similar to ATP-Mg/Pi and
ADP/ATP carriers (Colasante et al., 2006; Colasante et al., 2009). ToMCP5 and TbMCP15
have also been proposed to participate in ADP/ATP exchange in mitochondria. They may be
essential for PCF T. brucei energy metabolism (Colasante et al., 2009), which relies on
mitochondria for ATP generation at the substrate level, oxidative phosphorylation and proline
degradation (Bringaud et al., 2006; Schneider et al., 2007; Bochud-Allemann & Schneider,
2002). Importantly, one or more phosphate carriers is required for ADP/ATP carrier function
to ensure that the Pi used for mitochondrial ATP generation is replenished (Palmieri et al.,
2006). In 7. brucei, TOMCPS8 and TbOMCP11 have been proposed as the required mitochondrial
phosphate carriers (Colasante et al., 2009).

MCEF protein sequence analysis can aid in determining the role of a protein in transportation.

This functional analysis can be performed by: (1) determining the sequence similarity between
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the MCF proteins of 7. brucei and previously studied yeast and human MCF proteins, (2)
assessing the phylogenetic relationship between a TbOMCP sequence and other studied MCF
proteins, and (3) analysing substrate-specific CPs. CPs comprise conserved amino acid
sequences and may be involved in discrimination between different substrates. The
determination of substrate specificity based on these conserved sequences has proven difficult.
Given the great diversity of MCF proteins, the most helpful strategies for the functional
characterisation of MCF proteins include the metabolic analysis of knockout strains and the
reconstitution of proteins in artificial liposomes (Colasante et al., 2009). The present study will
focus on nucleotide carriers, which are the most abundant carriers in the mitochondria (Liu &
Chen, 2013). According to Liu and Chen (2013), MCF mitochondrial nucleotide transporters
(ANT) constitute the most abundant group of mitochondrial proteins. Nury et al. (2006) found
that the genes for ANTSs reside in the nuclear DNA. Moreover, the proteins are produced in the
cytosol, then transferred to mitochondria and inserted into the mitochondrial membrane. Brand
et al. (2005) reported that catalysis of ADP/ATP exchange is the major function of ANTs. The
ATP produced as a result of oxidative phosphorylation is sent to the cytosol to mediate various
functions. On the other hand, ADP is sent to the mitochondrial matrix to produce ATP. ANTs
exchange ADP for ATP. Moreover, ANTs participate in protein leakage. ANTs play a fatty
acid-dependent role in the protein leakage pathway and are responsible for half to two-thirds
of basal protein conductance (Brand et al., 2005). However, the mechanisms of conductance
are still unknown. Consequently, ANT can be responsible for low levels of uncoupling protein
and for reduced ATP generation (Desquiret et al., 2006). A number of isoforms of ANTs have
been identified in yeasts, plants and humans; the majority are well studied (Brand et al., 2005).

Analysis of the genome of 7. brucei strain TREU92 (http://www.genedb.org) revealed that the

sequences of genes encoding MCF proteins bore considerable resemblance to those for
nucleotide carrier proteins in the mitochondria of higher eukaryotes, such as humans (Table

1.2).
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Table 1.2. Genomic and functional homology between the MCF proteins of 7. brucei, yeasts and humans. Gene
sequences for 7. brucei MCF proteins were obtained from www.genedb.org and gene sequences for human
(SLC25A) and S. cerevisiae MCF proteins were obtained from www.ncbi.nlm.nih.go. (Colasante et al., 2009)

TbMCP | Gene ID Human homology Yeast Transport function
homology
1 Tb09.211.3200 SLC25A17 Y1A6 FAD carrier
4 Tb10.70.2290 Grave’s disease LEUS Unclear
carrier
5 Tb10.61.1810 AACI1 ANTI1 ADP/ATP
6 Tb.927.4.1660 AACI1 ANT2 Unclear
8 Tb.10.406.0470 PTP PIC2 Phosphate carrier
11 Tb.09.211.1750 PTP PIC2 Phosphate carrier
15 Tb.927.8.1310 AAC2 ANT2 ADP/ATP
16 Tb.927.7.3940 AAC4 ANT2 Unclear
20 Tb.10.61.2510 SAMC PETS8 (SAMS5) | S-Adenosylmethionine
23 Tb.927.5.1550 PNC RIM2 Pyrimidine nucleotide
carrier
1.9 The mitochondrial ADP/ATP carrier

The ADP/ATP carrier is one of the best-studied MCF proteins. It is abundantly expressed in

the MIM (Trezeguet et al., 2008; Klingenberg, 2008). The carrier is required for energy

metabolism in eukaryotic cells as it exports mitochondrial-generated ATP to the cytosol and,

in return, imports ADP from the cytosol to the mitochondrion. Thus, it supplies ADP to the

mitochondrion to maintain ATP generation (Klingenberg, 2008; Palmieri et al., 2006).

Cardiolipin, a lipid molecule exclusively present in the MIM, is required for the exchange of

ADP and ATP (Trezeguet et al., 2008). According to Palmieri et al. (2006), the ADP/ATP

carrier is also a component of the mitochondrial transition pore (MTP), which is required for
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the apoptotic pathway mediated by cytochrome c. The importance of the ADP/ATP carrier for
energy metabolism in eukaryotic cells is obvious in humans, as disruption of MCF protein
function results in severe diseases, such as cardiomyopathy and mitochondrial myopathy. The
lack of isoform 1 of the ADP/ATP carrier results in the deletion of large quantities of
mitochondrial DNA, as well as exercise intolerance, ptosis and progressive external
ophthalmoplegia (Kaukonen et al., 2000; Napoli et al., 2001). In addition to mutations of the
gene for the ADP/ATP carrier, disruptions in gene transcription or transference of the carrier
to the mitochondrion can cause Sengers syndrome and other problems, such as lactic
acidaemia, hypertrophic cardiomyopathy and exercise intolerance (Palmieri, 2004). Generally,
tissues with altered ADP/ATP carrier function demonstrate diminished energy generation and
oxidative phosphorylation (Dahout-Gonzalez et al., 2006; Palmieri, 2004). X-ray
crystallography has been used to study the structure of ATP/ADP carriers from different
organisms, such as Bos taurus ANT1 (Pebay-Peyroula et al., 2003) and S. cerevisiae AAC3
(Kunji & Harding., 2003). This structural analysis is also employed to predict the structures of
new MCF proteins (Palmieri et al., 2011).

A number of conserved amino acids are present in CPI-III of MCF proteins, where they are
responsible for selective binding to the substrates to be transported (Kunji & Robinson, 2006).
The carriers of similar proteins have similar CPs (Kunji & Robinson, 2006; Klingenberg et al.,
2008). In the ADP/ATP carrier, three conserved amino acids comprise CPI: arginine, threonine
and asparagine. Glycine and isoleucine constitute CPII, whereas CPIII contains only arginine
(Kunji & Robinson, 2006). Mutations in any of these CPs limit or prevent the function of the
carrier (Kunji & Robinson, 2006). In addition to the repeat sequences and conserved sequences,
the canonical hexapeptide sequence ‘RRRMMM’ is also present in the carrier, where it is

required for binding with ADP (Nury et al., 2006; Clemencon et al., 2011).

At least one gene that encodes a mitochondrial ADP/ATP carrier is present in the genomes of
all eukaryotes studied to date (Colasante et al., 2009). The genomes of higher eukaryotes
generally contain additional genes for different isoforms of the ADP/ATP carrier (Traba et al.,
2011; Loytynoja & Milinkovitch, 2001). A high degree of sequence similarity has been found
among these isoforms, which suggests they have been formed through gene duplication events
during evolution (Loytynoja & Milinkovitch, 2001). The human genome contains genes for
four isoforms of the carrier (Battini et al., 1987; Houldsworth & Attardi, 1988; Dolce et al.,
2005), as does the B. taurus genome (Powell et al., 1989). Three isoforms are present in the S.

cerevisiae genome (Kolarov et al., 1990b; Lawson & Douglas, 1988; Adrian et al., 1986).
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However, the genomes of protozoans generally contain only one isoform of the ADP/ATP
carrier (Tjaden et al., 2004; Williams et al., 2008; Chang et al., 2005). In higher eukaryotes,
gene expression of the different isoforms is tissue dependent (Powell et al., 1989; Dahout-
Gonzalez et al., 2006). The ADP/ATP carrier isoform 1 is found in skeletal muscle, the heart,
and, to a lesser extent, the brain (Stepien et al., 1992; Dolce et al., 2005); isoform 2 is found in
developing and differentiating tissues; isoform 3 is found in all tissues, but at varying levels of
expression; and isoform 4 is found only in the brain, testes and liver. In contrast to multicellular
eukaryotes, unicellular eukaryotes demonstrate simple ADP/ATP carrier gene expression, as it
is the only carrier encoded in the genome (Traba et al., 2011). Moreover, the expression of the
carrier isoforms is determined by environmental factors, such as the presence of substrates and
the types of metabolism linked to the substrates (Klingenberg, 2008). However, S. cerevisiae
has a different pattern of ADP/ATP carrier expression than other unicellular eukaryotes as it
has genes for three different isoforms, called ScAnc1-3 (Palmieri, 2004). The expression and
function of the ScAncl-3 isoforms are affected by environmental factors and the availability
of metabolic substrates (Palmieri, 2004). ScAnclp expression is down-regulated in a haem-
independent fashion in an anaerobic environment (Gavurnikova et al., 1996). In contrast,
ScAnc2p and ScAnc3p expression are dependent on haem availability. ScAnc2p is required
for aerobic yeast growth on non-fermentable sources, such as glycerol and lactate, and
ScAnc3p is needed for growth in anaerobic or fermentative environments (Betina et al., 1995;
Sabova et al., 1993; Palmieri et al., 2006). Thus, it can be postulated that different isoforms of
ScAncp have developed during evolution to allow the organism to adapt to varying energy
requirements in different environmental conditions by generating ATP from various substrates
through multiple mechanisms (Klingenberg ef al., 2008). T. brucei also demonstrates adaptive
energy metabolism in response to changes in substrates and environmental conditions,
particularly in response to the life cycles of its two hosts (Matthews, 2005; Bringaud et al.,
2006; Michels et al., 2006). The MCF protein inventory of 7. brucei (Table 1.2) includes
TbMCPS5 and TbMCP15. These two ADP/ATP carriers demonstrate considerable sequence
similarity to well-researched eukaryotic ADP/ATP carriers (Colasante ef al., 2009).

1.10  The mitochondrial pyrimidine nucleotide carrier

According to Franzolin et al. (2012), the pyrimidine nucleotide carrier is a multi-copy
suppressor in mitochondria. It can partly compensate for the growth defects in PIFI-null

mutants. PIFIp is a DNA helicase that is required to maintain mitochondrial DNA (Agrimi et
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al., 2014). The deletion of pyrimidine nucleotide carrier gene (RIM2) in yeast causes reduced
growth on non-fermentable carbon sources as a result of the loss of mitochondrial DNA (Van
Dyck et al., 1995). Numerous reports have suggested that pyrimidine (deoxy)nucleotides may
be transported by Pytlp. Pyrimidine nucleoside diphosphates are produced in S. cerevisiae
outside the mitochondria (Palmieri et al., 2009). Ribonucleotide reductases (Rnrlp-4p) and
nucleoside diphosphate kinase (Ynklp) are also found exterior to the MIM (Amutha et al.,
2003; Yao et al., 2003). RNA and DNA formation in mitochondria involve the incorporation
of pyrimidine (deoxy)nucleoside triphosphates (Py(d)NTPs). Py(d)NTPs are also essential for
the formation of the RNA primers that are required for the initiation of DNA repair and
replication. Thus, there must be a mechanism by which these molecules are transferred into
mitochondria. Numerous purine nucleotide carriers have been detected in mitochondria
(Froschauer et al., 2009), but they do not transport pyrimidine nucleotides. Pyrimidine
nucleotides are transported by Pytlp (Marobbio et al., 2006). Pytlp is responsible for the
hetero- and homo-exchange of all pyrimidine (deoxy)nucleotides and (deoxy)nucleosides.
Diphosphates and triphosphates are transported more quickly than monophosphates. However,
the transportation of pyrimidine deoxynucleotides occurs at a similar rate to that of the
corresponding nucleotides (Agrimi et al., 2014). Among the mitochondrial family proteins,
SL25A33 and SLC25A36 have been characterised as human pyrimidine nucleotide carriers,
whereas only one has been identified in S. cerevisiae (Agrimi et al., 2014; Palmieri et al.,
2003). The MCF protein inventory of 7. brucei (Table 1.2) includes a single pyrimidine
nucleotide carrier: TbMCP23. It also includes TbMCP6 and TbMCP1, which are carriers with
considerable sequence similarity to the pyrimidine nucleotide carriers of the extensively

studied higher eukaryotes (Colasante et al., 2009).

1.11  The mitochondrial S-adenosylmethionine carrier

S-Adenosylmethionine (SAM) is a methyl group donor involved in almost all methylation
mechanisms in cells. SAM is required for protein, RNA and DNA methylation (Palmieri ef al.,
2003). It is also involved in the formation of the biotin in yeast (Marquet ef al., 2001; Kumar
et al., 2002), ubiquinone (Bringaud, 2015) and lipoic acid (Sulo et al., 1993). The enzyme
required for the production of SAM, methionine adenosyltransferase, is found only in the
cytosol, not in the mitochondria (Palmieri ef al., 2003). However, mitochondria contain ample
SAM .Thus, SAM must be transported from the cytosol into mitochondria through a carrier
Palmieri et al., 2003).
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Purohit et al. (2008) studied the biochemical characteristics of SAM in the mitochondria of rat
livers. Mitochondria were found to be capable of storing SAM, the uptake of which can be
prevented by structural analogues of SAM, such as adenosyl-ornithine and S-
adenosylhomocysteine (SAHC). However, this carrier system has not been found in
mammalian cells. S-adenosylmethionine carrier (SAMC), on the other hand, is present in
human cells. Its kinetic properties, subcellular localisation and transport mechanisms indicate
that SAMC is comparable to the SAM carrier in the mitochondria of rat livers. SAMC appears
to transfer SAM into mitochondria. The transportation of SAM by carriers requires the efflux
of another substrate because SAMC works only through a counter-exchange mechanism.
SAHC, which is generated through a methylation reaction and subjected to hydrolysis in the
cytosol (Marobbio et al., 2003), can behave as a counter-substrate for SAM. This evidence
supports the conclusion that SAMC transports SAM into mitochondria in exchange for SAHC.
Prohibitin (PHB1) and subunits I and II of cytochrome c oxidase are post-translationally down-
regulated in mice lacking hepatic SAM synthetase (MATIA—/—). This effect has also been
observed in rat hepatocytes grown in media lacking methionine or containing cycloleucine (a
MAT1 inhibitor). The effects are known to be post-translational as there is no reduction in the
number of mRNA copies in these experiments (Santamaria et al., 2003). The lower levels of
PHBI1 were linked with reduced mitochondrial function (Santamaria et al., 2003). Since SAMC
is required for metabolism in mitochondria, it is present in all human tissues studied to date
and is widely present in eukaryotic cells (Palmieri et al., 2016). The SAMS (PETS8) gene in
yeast encodes the carrier of adenosylmethionine and renders yeast incapable of growing on
non-fermentable carbon sources, such as acetate and glycerol (Palmieri et al., 2006). Yeast
cells deficient in this gene cannot grow on minimal synthetic media containing fermentable
substrates, such as glucose or galactose, even if biotin is absent or the biotin precursor
dethiobiotin is present (Palmieri et al., 2003). Based on this observation, the role of SAMS was
thought to be (Bio2p) converted dethiobiotin to biotin and Bio2p inside the mitochondria,
(Kumar et al., 2002). Researchers postulated that SAMS was required for the export of biotin
or import of dethiobiotin. However, this possibility was eliminated through direct transport
assays using artificial liposomes. The likely reason for the biotin auxotrophy of SAMS is the
lack of SAM in mitochondria, which results in disruption of the conversion of dethiobiotin to
biotin. The MCF protein inventory (Table 1.2) of 7. brucei includes TbMCP20, an S-
adenosylmethionine carrier, which has considerable sequence similarity to the S-

adenosylmethionine carrier of other eukaryotic cells (Colasante et al., 2009).
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1.12  Aims of the project

MCEF proteins play important roles in cellular energy metabolism. The mitochondria of 7.
brucei play a crucial role in providing energy, in the form of ATP, to the cells. ATP is generated
in the mitochondria by oxidative and substrate-level phosphorylation, using inorganic
phosphate and ADP. ATP generated in the mitochondria of the pathogen must be exported
from the mitochondrial matrix to the rest of the cell and ADP and Pi must be imported from

the cytosol. This balance is required to maintain energy provision in the cells (Thompson et
al.,2011).

The focus of the present study was on nucleotide carriers, which are the most abundant carriers
in the mitochondria (Liu & Chen, 2013). The aim of the study was to functionally characterise
the mitochondrial ANTs of 7. brucei: TOMCP1 (homologue of FAD, chapter 3), TOMCP15
and TbMCP16 (homologue of ADP/ATP, chapter 4), TbMCP20 (homologue of SAMS,
chapter 5),and TOMCP23 (homologue of RIM2, chapter 6).

The sequences of the genes were first aligned with known mitochondrial carriers at the DNA
and protein levels and subjected to phylogenetic reconstruction. Protein localisation was
studied using immunofluorescence microscopy followed by western blotting. The phenotypes
of knockdown cell lines, generated by RNAI, and overexpressing cell lines were characterised
in vitro. Finally, the functions of the proteins of interest were examined using functional

complementation assays in yeast.
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Chapter 2: Materials and Methods
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2.1 Materials

Cell lines of T. brucei

T. brucei PCF449 and BSF449 were provided by Dr F Voncken.
Scientific Laboratory Suppliers

27-°C incubator

CO; incubator

Sigma -Aldrich Chemical Company, Poole, UK
Agar

Agarose gel

Ammonium persulfate

Antibiotic solution (Penicillin — Streptomycin — Neomycin Solution)
Bovine serum albumin (BSA)

Carboxyatractyloside

Coomassie Brilliant Blue R-250
4',6-Diamidino-2-phenylindole dihydrochloride (DAPI)
Electrophoresis power supply

Fish gelatin

Formaldehyde powder

Laemmli Lysis-buffer (2x)

LB broth medium

MEM-Pros medium

Phosphate-buffered saline (PBS)

Proline powder
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RNAzol®

Saline sodium citrate buffer

Sarkosyl

Tris base—acetic acid—ethylenediaminetetraacetic acid (EDTA) buffer
Triton™ X-100

TWEEN® 20

UVP, Cambridge, UK

UV transilluminator

Roche Applied Science, Burgess Hill, UK
Complete™ EDTA-free Protease Inhibitor Cocktail
Crysalon: Norton Company, London, UK

Silicon carbide

Stratagene, USA

Prime-It Random Primer Labeling Kit

EUROSCAREF resource centre, Frankfurt, Germany

Yeast S. cerevisiae strains BY4741 (MATa his3A1 leu2A0 met15SA0 ura3A0); YNLOO3c
(ASam-5: MATa his3A1 leu2A0 met15A0 ura3A0); ANC2 (J1-3U A); MATa his3-Al leu2-3
leu2-112 ura3-52 trp1-289)

Promega, Southampton, UK
Luciferase assay substrate (luciferin)
Luminescent Cell Viability Assay kits
NucleoSpin® Gel and PCR Clean-up

pET28 cloning vector
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pGEM-T Easy Vector System

pHD767 cloning vector

Tris-borate EDTA buffer (10x)

New England Biolabs, Hertfordshire, UK

Taq polymerase

T4 DNA ligase

Eurofins MWG, Wolverhampton, UK

Primers (Appendix 3)

Carl Zeiss, Welwyn Garden City, UK

Laser scanning microscope

Bio-Rad, Hemel Hempstead, Hertfordshire, UK
Polymerase chain reaction (PCR) thermal cycler
Electroporator

Electroporation cuvettes

Nitrocellulose membranes

Hybond™-N nylon membrane

Abcam, Cambridge, UK

Acetate assay kit

Rabbit polyclonal anti-goat (IgG) horseradish peroxidase (HRP)-conjugated antibody
Mouse polyclonal anti-goat (IgG) HRP-conjugated antibody
Tubulin monoclonal anti-rat antibody

Succinate assay kit

Rat polyclonal anti-goat antibody
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His-tag monoclonal anti-mouse antibody
Pyruvate assay kit

EZ Biolabs, Carmel, IN, USA
polyclonal anti-rabbit TbMCP20 antibody
Thermo Fisher Scientific, Paisley, UK
cDNA synthesis kit

Competent E. coli strain DH10B-T1
DNA ladder

DNA loading dye

DNase I

Enhanced chemiluminescence (ECL) detection kit

EDTA

Ethidium bromide

Glycerol solution

Magnesium chloride

Poly-lysine

QuantiTect® SYBR® Green RT-PCR kit
Sodium acetate

Sodium dodecyl sulphate (SDS)

Sodium hydroxide
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Fisher Scientific, Loughborough, Leicestershire, UK
Glycine

NaCl

Dithiothreitol (DTT) buffer
Tris base

Trichloroacetic Acid (TCA)
24-well culture plates

25-cm? tissue culture flasks
75-cm? tissue culture flasks
Haemocytometer chamber
MitoTracker™ Red CMXRos

Fast Digest enzymes
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2.2 Methods

2.2.1 Phylogenetic reconstruction and sequence analysis

Phylogenetic reconstruction was performed using phylogeny.fr software (available at
http//www.phylogeny.fr). Multiple sequence alignments were generated using Clustal Omega
(ClustalO) .Motif structures were added manually to protein sequence alignments using Adobe
[lustrator®. Phylogenetic trees were constructed using PhyML and visualised using TreeDyn.
BLASTP (http://blast.ncbi.nlm.nih.gov/Blast.cgi?’PAGE=Proteins) was employed to retrieve
similar protein sequences from trypanosomatids, plants, insects, fungi and mammals. The
retrieved protein sequences were then imported into ClustalO and aligned. Using the
neighbour joining method , a phylogenetic tree was drawn with the bootstrap set to 1000. Only
bootstrap values above 50% were shown (Colasante et al., 2009). After the phylogenetic tree

was generated, the groups were manually labelled using Adobe Illustrator®.
2.2.2 Plasmid construction

Plasmids were constructed by cloning specific genes into a number of different vectors using
standard molecular biology protocols (Appendix 4). For the growth experiments using RNA,
the plasmids included pHD676 + TbMCP1 RNAi, pHD676 + TbMCP15 RNAi, pHD676 +
TbMCP16 RNAi, pHD676 + TbMCP20 RNAi and pHD676 + TbMCP23 RNAi. For the
protein expression studies, the plasmids included pET28 + TbMCP15, pET28 + TbMCP16,
pET28 + TbMCP20 and pET28 + TbMCP23. For the mitochondrial localisation experiments,
the plasmids included pHD1484+TbMCPIl-cmyct, pHD1484+TbMCP15-cmyct and
pHD1484+TbMCP20-cmyc'. For the yeast complementation experiments, the plasmids
included pCM190 + TbMCPS5, pCM190 + TbMCP15, pCM190 + TbMCP16, pCM190 +
TbMCP20 and pCM190 + SAM-5.

2.2.2.1 PCR and primer design

The full-length sequences of the target genes were obtained from NCBI GenBank. The
forward and reverse primers (Appendix 4) were designed according to the target sequences
and synthesised by Eurofins MWG. A standard 50-ul PCR amplification reaction contained
10x Taq buffer (5 pl), ANTP mix (5 pl; 2 mM each), and 0.1-1 uM forward and reverse
primers (Appendix 3), 1-4 ul MgClz (25 mM stock), 10 pg—1 pg template DNA, 1.25 units of
Taq DNA polymerase and dH2O (to adjust the total volume to 50 ul). All components were

assembled on ice. After mixing the reactions for 10 seconds, the PCR tubes were transferred
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to a thermal cycler with a preheated 95 °C block. The thermocycling conditions for routine
reactions were initial denaturation at 95 °C for 5 minutes, followed by 30 to 35 cycles of
denaturation for 30 seconds at 95 °C, annealing for 1 minute at the appropriate annealing
temperature (Appendix 4), followed by primer extension for 1 minute at 72 °C. The reactions
were then completed by extension for 10 minutes at 72 °C and a final hold at 4 °C. When the
PCR reactions were complete, the DNA products were electrophoresed on a 1% (w/v) agarose

gel for size assessment or DNA purification.

2.2.2.2 Restriction enzyme digestion, ligation and transformation of E. coli

For restriction enzyme analysis or the creation of sticky DNA ends for ligation, restriction
enzymes and Fast Digest enzymes were used for digestion. The digested vectors or inserts
were purified by gel extraction and processed with a PCR clean-up kit. T4 ligase was used for
sticky-end ligation and PCR products were inserted directly into different cloning, including
pGEM-T Easy (for sequencing), and specific 7. brucei and E. coli expression vectors. The
ligation products were transformed into chemically treated competent E. coli DH10. Tubes of
DH10 competent E. coli cells were placed on ice and gently mixed for 10 seconds, then the
cells were carefully pipetted into transformation tubes on ice. Plasmid DNA (1-5 pl) or
ligation product (1 pg—100 ng DNA) was added to each tube of competent cells and carefully
flicked 4-5 times to mix the cells and DNA. The mixtures were incubated on ice for 30
minutes, then heat-shocked for 90 seconds at exactly 42 °C. The heat-treated mixtures were
left on ice for a further 2 minutes, then LB medium (450 pl; containing 10 g/l tryptone, 5 g/l
yeast extract, and 5 g/l NaCl) (Bertani, 2004) was added. After incubation at 37 °C for 30
minutes, the mixtures were spread on LB plates with selection antibiotics (100 pg/ml

ampicillin and 50 pg/ml kanamycin) and incubated overnight at 37 °C.

2.2.3 Down-regulation of the expression of a specific gene using RNAI

Parts of the open reading frames (ORFs) of the genes of interest were amplified from 7. brucei
Lister 449 genomic DNA using forward and reverse primers (Appendix 4). The amplified
DNA sequences were inserted into pHD676 and pHD1484 (Appendix 4). RNAi was used to
down-regulate the expression of specific genes. The antisense and sense transcripts of the
target genes were amplified using primers (Appendix 4) with restriction enzyme sites added

at both ends, then cloned into the transfection vectors pHD676 and pHD1484.
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2.2.4 T. brucei cell subculture and growth assessment

The parental 7. brucei PCF449 cell line and derived mutant cell lines were cultured in MEM-
Pros medium (Appendix 1) supplemented with 10% heat-inactivated FBS, haem (2.5 mg/ml
in 100 mM NaOH) and penicillin/streptomycin (final concentration, 100 units/ml penicillin
and 10 pg/ml streptomycin). The MEM-Pros medium (500 ml) was further supplemented with
0.5 M proline (5 ml). Strain BSF449 was cultured in HMI-9 medium (Appendix 2)
supplemented with 10% serum, penicillin/streptomycin (final concentration, 100 units/ml
penicillin and 10 pg/ml streptomycin), 50 mM L-cysteineHCI'H,O and 20 mM -
mercaptoethanol. The appropriate antibiotics were added depending on the different cell lines
and the various plasmids used for transfection (see section 2.2.2.2). The PCF449 cell lines
were cultured in a 27-°C incubator, whereas the BSF449 cell lines were cultured at 37 °C ina
5.0%-CO; incubator. The cells were subcultured (split) every 48 to 72 hours. The growth
experiments were performed by inoculating samples of 7. brucei from the stock cultures into
25-cm? culture flasks containing 10 mL culture medium supplemented with the corresponding
antibiotics. All growth experiments were performed in triplicate and as independent
experiments. The cell density of each flask was measured every 24 hours for at least five days

using a haemocytometer. The data collected were analysed using Microsoft® Excel.

2.2.5 T. brucei transfection

Before transfection, the RNAi plasmids were linearized by Not I digestion and DNA purified
and concentrated by precipitation using 70% (v/v) final concentration ethanol. The 7. brucei
cells (2x107) were subjected to centrifugation at 2,000 g for 10 minutes. The culture
supernatants of grown 7. brucei cultures were used as conditioned media to promote
trypanosome growth during recovery after transfection. The recovery media contained
conditioned medium (5 ml), fresh medium (5 ml), 5 mM glucose and maintenance antibiotics.
After centrifugation, the cell pellets were washed in approximately an equal volume of filter-
sterilised ZPFM or Cytomix (Appendix 5), then resuspended in ZPFM/Cytomix (500 pl). The
DNA (20 pl) and cells (500 pl) were transferred into 4-mm electroporation cuvettes and mixed
briefly. Subsequently, the samples were electroporated (capacitance, 25 pFD; resistance, 400
Q; and voltage, 1.7 kV). Then, the mixtures were transferred into culture media and incubated
overnight under normal culture conditions. On the second day post-transfection, the selective
antibiotics were added and the cultures were serially diluted in 24-well plates to select potential

clones. In the culture flasks, the selection antibiotics (Hygromycin and Blastidicin) were
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added and fresh media supplemented with selection antibiotics were prepared. For the
dilutions, transfected cells (1 ml) were added to the wells in the first row of each plate. Fresh
medium (0.5 ml) was added to the remaining 3 wells in each column. Then, in each column,
cells (0.5 ml) from the first row were mixed with the medium in the second row, then diluted
cells (0.5 ml) from the second row were mixed with the medium in the third row. Finally,
diluted cells (0.5 ml) from the third row were added to the last row of the plate. After serial
dilution, the 24-well plates were incubated for seven to ten days and checked for growth every
48-72 hours using the microscope. The wells containing viable after one week of antibiotic
treatment were considered positive and the cells were grown in tissue culture flasks for further

study (Colasante et al., 2009).

2.2.6 Analysis of mitochondrial subcellular localisation by immunofluorescence
microscopy

Microscopy coverslips were treated with poly-lysine (0.5 ml; 0.1 mg/ml) for 30 minutes at
room temperature without shaking. After three washes with an excess of water, the slides were
air-dried. Aliquots of T. brucei cultures (approximately 1x107 cells) were collected in 2.0-ml
Eppendorf tubes. For BSF449 cells, MitoTracker™ Red CMXRos was added at a final
concentration of 0.05 pM, then the cells were incubated in an open tube at 37 °C in a gassed
incubator (5% CO3) for 10 minutes. For PCF449 cells, MitoTracker™ Red CMXRos was
added at a final concentration of 0.5 pM and the cells were incubated in a tightly capped tube
at 27 °C for 10 minutes. Next, the cells were subjected to centrifugation at 2,000 g for 10
minutes, washed with the appropriate pre-warmed culture medium (10 ml) to remove residual
dye and incubated for 20 minutes with pre-warmed culture medium (without dye; 5 ml) to
incorporate the remaining dye in the cytosol into the mitochondria. Then, the cells were
pelleted, washed with PBS and fixed in freshly made 4% (w/v) paraformaldehyde. The tubes
were inverted three times and the cells were incubated for exactly 18 minutes without shaking.
After fixation, the cells were washed three times with excess PBS to remove the residual
paraformaldehyde. Then, the cells were resuspended in PBS, aliquoted onto treated coverslips
in 24-well plates and incubated overnight at 4 °C. The following day, the supernatants were
removed and the coverslips were incubated with 0.2% (w/v) Triton™ X-100 for 20 minutes at
room temperature to permeabilise the cells. After three washes with PBS, each coverslip was
covered in 0.5% (w/v) PBS and incubated for 20 minutes. Then, the coverslips were treated
with anti-myc primary antibody (1:500), incubated for 60 minutes on a shaker and washed

twice. The coverslips were incubated with the secondary antibody for 60 minutes. One drop
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of glycerol-based mounting medium with DAPI was applied to each slide, then the coverslips
with the cells were mounted on the slides and fixed with nail polish. The slides were stored in

the dark at 4 °C and analysed using a laser scanning confocal microscope within 2—3 days.

2.2.7 Analysis of mitochondrial subcellular fractionation

The T. brucei PCF449 cell line was grown to 5x10° cells/ml and harvested by centrifugation
at 2,000 g for 10 minutes. The cells were washed once in TEDS (50 ml; 25 mM Tris, | mM
EDTA, I mM DTT and 250 mM sucrose; pH 7.8). After centrifugation as above, the cell pellets
were resuspended in 1 volume of TEDS supplemented with Complete™ EDTA-free Protease
Inhibitor Cocktail and ground in a pre-chilled mortar with 1 volume of silicon carbide. The cell
lysates were subjected to centrifugation at 1,000 g for 10 minutes to remove the nuclei. The
supernatants were subjected to centrifugation at 5,000 g for 10 minutes to yield the ‘large
organelle’ fraction and the resulting supernatants were subjected to centrifugation at 33,000 g
for 25 minutes to yield the ‘small organelle’ fraction. Each organelle fraction was pooled,
diluted with TEDS, layered onto a 30%—60% (w/v) sucrose step gradient in 10 mM Tris-HCl
buffer (pH 7.5) with 1 mM EDTA and applied to a 70% (w/v) sucrose cushion. Centrifugation
was performed at 33,000 g for 1 hour at 4 °C. Aliquots (1 ml) were collected from the bottom
of the tubes by puncture. Samples (equal volumes) of each fraction were concentrated by TCA
precipitation and the precipitates were resuspended in denaturing SDS-polyacrylamide gel
electrophoresis (PAGE) buffer, then separated on a 12%-SDS-polyacrylamide gel. The
proteins were transferred to a Hybond™-P nylon membrane and detected with an antibody
against GIMS5 (glucosome integral membrane protein number 5) (Lorenz, 1998) for the
identification of glycosome-enriched fractions, an antibody against LPDH (lipoamide

dehydrogenase) (Schoneck, 1997) for the identification of mitochondria-enriched fractions.

44



2.2.8 SDS-PAGE and western blotting

SDS-PAGE was performed according to the Laemmli method (Laemmli, 1970). Briefly,
samples were prepared in Laemmli sample buffer (0.0625 M Tris-HCI [pH 6.8], 0.1% [v/v] B-
mercaptoethanol, 0.1% [w/v] EDTA and 0.1% [v/v] glycerol) and heated at 95 °C for 5
minutes. The samples were run on 12% denaturing polyacrylamide gels (running gel: 0.375 M
Tris-HCI [pH 8.0], 0.1% [w/v] SDS and 0.1% [w/v] ammonium persulfate; stacking gel: 0.125
M Tris-HCl [pH 6.8], 0.1% [w/v] SDS, 0.1% [w/v] ammonium persulfate and 4%
polyacrylamide). The gels were run at 200 V until the fronts reached the ends of the gels. For
western blotting, samples were separated by SDS-PAGE and transferred to nitrocellulose or
polyvinylidene fluoride (PVDF) membranes at 100 V for 50 minutes in Towbin buffer (48
mM Tris, 39 mM glycine and 20% [v/v] methanol; pH 8.3). The membranes were blocked
under shaking conditions in Tris-buffered saline with 0.1% TWEEN® 20 (TBST) and 5%
(w/v) skimmed milk at room temperature for 1 hour. Subsequently, the membranes were
incubated with the primary antibody in TBST containing 5% milk for 1 hour at room
temperature or overnight at 4 °C to improve the signal. After incubation, the membranes were
washed three times with excess TBST buffer (10 minutes/wash). The secondary antibody
incubations and washes were performed in conditions similar to those for the primary

antibodies. Proteins were detected with an ECL kit.
2.2.9 Heterologous protein expression, purification in E. coli and antibody generation

2.2.9.1 Expression vector cloning and isopropyl-p-D-thiogalactopyranoside induction

PCR was used to amplify the ORFs of the genes of interest, which were then cloned into the
pGEM T-easy vector for sequencing and later sub-cloned into the expression vectors pTrcHis
A or pET28a.To enable inducible expression upon isopropyl-B-D-thiogalactopyranoside
(IPTG) treatment, the plasmid constructs were transformed into the E. coli Rosetta™
2(DE3)pLysS and Lemo21(DE3) strains. Single colonies were inoculated into LB medium
containing ampicillin (100 pg/ml) and chloramphenicol (25 pg/ml) to form precultures. The
precultures were grown overnight at 37 °C, then diluted 1:20 dilution in LB medium and
cultured with constant shaking at 37 °C. When the absorbance of the samples at 600 nm reached
0.48-0.5, they were treated for 4—6 hours with IPTG (final concentration, 0.4 mM) to induce
protein expression. Following induction, aliquots (1 ml) were collected every hour to establish

a growth curve.
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2.2.9.2 Purification of inclusion bodies

After the induction of protein expression for 4 hours, the cultures were harvested by
centrifugation at 4,000 g for 10-20 minutes at 4 °C. One gram (wet weight) of cell pellet was
resuspended in 5 ml native resuspension buffer (50 mM Na3;POs [pH 8.0], 300 mM NaCl and
0.01% TWEEN® 20) supplemented with Complete™ EDTA-free Protease Inhibitor Cocktail,
0.2 mg/ml lysozyme and 5 unit/ul DNase, followed by incubation on ice for 30 minutes. The
cell lysates were passed twice through a French press (University of Hull) until the solutions
were clarified. Inclusion bodies were pelleted by centrifugation at 13,000 g for 30 minutes. The
supernatants and pellets were collected for SDS-PAGE. The inclusion bodies were resuspended
in resuspension buffer containing 2% Sarkosyl. Ni-NTA agarose (1 ml) was added to the
solubilised proteins (20 ml), the mixtures were stirred for 60 minutes at room temperature or
until the solutions had become translucent, then the solutions were applied to a Ni-NTA column
at 4 °C for protein binding. The supernatants containing unbound proteins or contaminants
were removed by centrifugation at 500 g for 5 minutes. Then, the Ni-NTA agarose was washed
twice to remove potential contaminants with a wash buffer (§ mM Na,HPO4, 286 mM NaCl,
1.4 mM KH>POy4, 2.6 mM KCI and 0.1% [w/v] sarkosyl; pH 7.4). Finally, protein was eluted
from the Ni-NTA with an elution buffer (§ mM Na;HPOs, 286 mM NacCl, 1.4 mM KH>POs,
2.6 mM KCI, 500 mM imidazole and 0.1% [w/v] sarkosyl; pH 7.4). The purified protein (3
mg) was loaded onto a prep gel, which was stained with Coomassie Brilliant Blue R-250, then
the bands were cut from the prep gel and sent to Thermo Fisher Scientific for polyclonal
antibody generation. The resultant antiserum was diluted 1:250 in 5% [w/v] skimmed milk and

used as a primary antibody for western blotting.

2.2.10 8. cerevisiae functional complementation
2.2.10.1 S. cerevisiae subculture media

S. cerevisiae strains were maintained on standard yeast extract peptone dextrose/glucose
(YPD) medium (1% [w/v] yeast extract, 2% [w/v] peptone, 2% [w/v] glucose and 2% [w/V]
agar). In order to test cell growth on different carbon sources, the glucose in YPD was replaced
with 3% [v/v] glycerol (resulting in YPG). Synthetic complete medium without uracil (0.67%
[v/v] yeast nitrogen base without amino acids and 1.4% [w/v] dropout medium supplements
(without histidine, leucine, tryptophan and uracil) supplemented with 60 mg/l leucine, 20 mg/1
tryptophan, 20 mg/1 histidine, 2% [w/v] agar and 2% [w/v] dextrose) was used for clone
selection after transfection. The plasmids containing the target genes were transformed into

the functional corresponding knockout strains using the C;H3LiO2/single-stranded carrier
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DNA method described by Gietz and Woods (2002). The yeast clones were maintained on

synthetic complete dextrose (glucose) medium without uracil.

2.2.10.2 S. cerevisiae growth complementation

Single colony was inoculated into starter cultures (5 ml YPD) and grown at 28°C—30°C with
shaking overnight. The next day, aliquots (1 ml) of the starter cultures were placed in cuvettes
and the absorbance of the cells at 600 nm was measured. Then, appropriate volumes of the
starter cultures were inoculated into the main cultures (20 ml appropriate medium) to achieve
an absorbance of 0.1 or 0.2, depending to the medium; the main cultures were performed in
triplicate for each experimental group. The absorbance of the cultures were measured every
3—4 hours until the cells reached stationary phase (absorbance values at 600 nm >1.5). The
absorbance data were analysed using Microsoft Excel. For the plate-based experiments on
solid media, the four dots of each culture had absorbance values at 600 nm of 1, 0.1, 0.01 and

0.001. The plate experiments were performed in triplicate.

2.2.11 Real-time reverse transcription PCR
2.2.11.1 Isolation of total RNA from 7. brucei

T. brucei (5107 cells) were collected by centrifugation at 12,000 g and lysed in RNAzol® (1
ml). Then, RNase-free water (0.4 ml) was added and the mixtures were shaken vigorously for
15 seconds. After standing at room temperature for 10 minutes, the supernatants containing
RNA were separated by centrifugation at 12,000 g for 15 minutes and transferred into RNase-
free 2.0-ml Eppendorf tubes. Then, 75% [v/v] ethanol (0.4 ml) was added to each to tube to
precipitate the RNA. The samples were subjected to centrifugation at 12,000 g for 8 minutes.
The white pellets on the sides and bottoms of the tubes that contained the RNA were washed
twice with 75% ethanol (0.5 ml) and subjected to centrifugation at 8,000 g for 3 minutes at
room temperature. The alcohol solution was removed completely with a pipette tip. Finally,
the RNA was solubilised in RNase-free water (30 pl) by vortexing for 2—5 minutes and the

RNA concentration was assessed with a spectrophotometer as the absorbance at 260 nm.
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2.2.11.2 First-Strand cDNA synthesis

Before cDNA synthesis, genomic DNA was removed by DNase I treatment. The RNA (2 pg)
was treated with 1 unit of DNase I (2 pl) in 10x reaction buffer with MgCl, (2 pl) and RNase-
free water (to achieve a total volume of 18 ul) at 37 °C for 30 minutes. The reaction was
terminated by adding 50 mM EDTA (2 pl) and incubating at 65 °C for 10 minutes. Then, an
equal volume of MgCl, was added to inactivate the EDTA. Next, First-Strand cDNA synthesis
reactions (total volume, 20 pl: 10 pl template RNA after genomic DNA removal, 1 pl random
primers, 4 pl 5% reaction buffer, 1 pl RiboLock RNase Inhibitor, 2 ul 10 mM dNTP and 2 pl
M-MuLV reverse transcriptase) were mixed. DNA synthesis was performed at 25 °C for 5
minutes, followed by 37 °C for 60 minutes. The reactions were terminated by incubation at 70

°C for 5 minutes.
2.2.11.3 Real-time reverse transcription-PCR

The mRNA samples were subjected to one-step real-time reverse transcription (RT)-PCR with
the QuantiTect® SYBR® Green RT-PCR Kit. The RNA isolation and genomic DNA removal
steps (sections 2.2.11.1 and 2.2.11.2) were followed by quantitative RT-PCR (0.5 pg
RNA/12.5 pl reaction). The RT-PCR primers (Appendix 3) designed for use at 55 °C yielded
the expected PCR product of 150 bp. The Cr values for the experimental samples (in triplicate)
were compared with those for the WT after normalising to the Cr for housekeeping genes

(tubulin or TERT) and the fold-changes in expression were calculated.

2.2.12 Northern blot analysis of ThMCP1 gene expression

Total RNA (20 pg) and mRNA (4 pg) were separated on a 1% denaturing formaldehyde-
agarose gel and blotted onto a Hybond™-N nylon membrane. The DNA probe for the
complete ORF of TbBMCP1 was labelled with a*?P-dCTP using the Prime-It® Random Primer
Labeling Kit. The membranes were pre-hybridised for 30 minutes at 60 °C in hybridisation
buffer (5% SSC, 0.1% [w/v] SDS, 5x Denhardt’s solution and 100 pg/ml denatured and
sheared salmon sperm DNA). After hybridisation at 60 °C overnight, the blots were washed
for 30 minutes in 10x SSC with 0.1% [w/v] SDS at room temperature, then for 45 minutes in
1% SSC with 0.5% [w/v] SDS at 42 °C, and for 30 minutes in 0.1x SSC with 0.2% [w/v] SDS
at 42 °C. Finally, the blots were exposed to X-ray film.
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2.2.13 Determination of substrate consumption and end product formation

T. brucei cells were cultured for 96 hours and cell density was determined every 24 hours. A
3-ml culture sample was collected to determine substrate (proline and glucose) consumption
and metabolic end product (acetate, succinate and pyruvate) formation. Prior to the assays, the
samples (3 ml) were deproteinated by adding 35% [v/v] perchloric acid (PCA; 100 ul). After
incubation on ice for 10 minutes, the samples were neutralised by the addition of neutralisation
solution (134 ul; 5 M KOH and 0.2 M MOPS). The protein precipitates were removed by
centrifugation at 11,000 g for 10 minutes and the protein-free supernatants were collected for
analysis. Glucose levels were determined using a glucose oxidase-based method (Bergmeyer
& Gawehn, 1974): the precipitated samples (100 pl) and glucose standard (100 pl; 91 mg/l)
were mixed with glucose detection reagent (2.5 ml; 100 mM phosphate buffer [pH 7.0], 1
mg/ml HRP, 10 units/ml glucose oxidase and 1 mg/ml 2,2'-azino-bis[3-ethylbenzthiazoline-6-
sulphonic acid]). The absorbance at 660 nm was determined after incubation at room
temperature for 30 minutes. The glucose concentrations in the samples were calculated using
a glucose calibration curve. The proline concentrations were determined using a standard
method (Shabnam et al., 2015). For the proline assay, the following solution was prepared: cell
culture sample (5 pl), water (95 ul), 3% [v/v] sulfosalicylic acid (100 pl), ninhydrin reagent
(200 pl; 125 mg ninhydrin, 3 ml 99% acetic acid and 2 ml 6 M phosphoric acid) and glacial
acetic acid (200 pl). The reaction was incubated for 1 hour at 95 °C. Then, the reaction was
incubated for 10 minutes on ice before toluene (400 pl) was added and the reaction mixture
was vortexed vigorously. The reaction mixtures (300 ul) were diluted with toluene (700 pl)
and their absorbances read at 520 nm. The proline concentrations of the samples were

calculated using a corresponding proline calibration curve.

The concentrations of the metabolic consumption and metabolic end product acetate, pyruvate
and succinate were measured according to the manufacturer’s protocol using acetate, pyruvate

and succinate determination kits (Abcam).
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2.2.14 Raising TbMCP1 polyclonal antiserum

The Protean program, included in the ‘Lasergene’ program package (DNASTAR), was used to
select the immunogenic peptide sequence in TbMCP1, e.g. the N-terminal amino acid residues
6 to 25 (HDKSTRQNTAPTSLSKAETK). The peptide (2 mg) was synthesised and coupled to
Keyhole Limpet Haemocyanin (KLH). Two guinea pigs were immunised with the peptide (150
ng) in complete Freund's adjuvant and received three individual boosts at three-week intervals
in incomplete Freund's adjuvant (150 ng peptide/boost). Finally, the guinea pigs were bled by
heart puncture. The peptide synthesis, KLH coupling and guinea pig immunisation were
performed by PEPTID.DE (Heidelberg, Germany). The specificity of the generated antiserum

was tested by western blot analysis.

2.2.15 Measurement of mitochondrial ATP production

Trypanosomes (1x108 cells) were collected by centrifugation at 1,500 g for 10 minutes. Then,
the cells were washed once with an equal volume of SoTE buffer (20 mM Tris-HCI (pH 7.5),
2 mM EDTA and 0.6 M sorbitol), resuspended in the same buffer (0.5 ml) and transferred to
1.5-ml Eppendorf tubes. The plasma membranes were permeabilised by adding pre-warmed,
room-temperature SoTE buffer with 0.016% digitonin (0.5 ml) to the cell suspensions and
inverting once. The reactions were incubated for exactly 5 minutes on ice, then immediately
subjected to centrifugation for 3 minutes at 8,000 g at 4 °C. After centrifugation, the
supernatants were removed and the pellets were washed twice with SoTE buffer (1 ml). The
pellets containing the mitochondrial fractions were resuspended in assay buffer (0.5 ml; 20
mM Tris-HCl [pH 7.4], 15 mM KH;PO4, 0.6 M sorbitol and 5 mM MgSOs) to assess
mitochondrial ATP production. Each mitochondrial ATP production assay consisted of a
mitochondria-enriched fraction (25 pl) in assay buffer (25 ul) with 20 pmol ADP and 2 mM a-
ketoglutarate. Three negative control groups were included: (1) a group treated with
carboxyatractyloside (final concentration, 5.2 uM), a highly selective inhibitor of cytosolic-
specific mitochondrial ADP/ATP carriers (Vignais et al., 1973), for 5 minutes at 30 °C prior
to the addition of the substrate; (2) an ADP group with ADP in the absence of the substrate);
and (3) a group without ADP or substrate to monitor background ATP. The mitochondrial ATP
production reaction was initiated by the addition of substrate. After incubation for 30 minutes
at 30 °C, the mitochondrial ATP production reaction was terminated by adding 10 mM Tris-
HCl and 1 mM disodium EDTA (pH 8.0; 10 pl) with 0.2% Triton™ X-100. The ATP

concentration was measured after adding the luminescent reagent (60 pl) of the Luminescent
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Cell Viability Assay. An ATP standard curve, ranging from 0 to 1,000 nM, was prepared using
the ATP assay buffer.
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Chapter 3: Sequence analysis and functional characterisation of
TbMCP1, a putative mitochondrial FAD carrier
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3.1 Introduction

Mitochondria play important roles in almost all aspects of the cell, including growth, apoptosis,
differentiation, the production of complex cellular substances, the regulation of cellular
signalling, and most importantly, the generation of cellular energy in the form of ATP (Stephen
and Douglas., 2012).

Similar to the mitochondria from other eukaryotes, also the 7. brucei mitochondrion requires
different cofactors and coenzymes for the functioning of its metabolic pathways. One of these
cofactors, e.g. flavin adenine dinucleotide (FAD), is required for the functioning of various
mitochondrial pathways in 7. brucei. Next to being a coenzyme for the mitochondrial acyl-
CoA dehydrogenase during [-oxidation, it also functions as a cofactor for pyruvate
dehydrogenase (E3), a redox carrier in mitochondrial oxidative phosphorylation (FADH?2), and
as a prosthetic group in succinate dehydrogenase (Colasante ef al., 2009).

FAD must be imported into the mitochondrion from the cytosol, since the mitochondrial inner
membrane is impermeable for charged molecules. This transport is facilitated by members of
the mitochondrial carrier family (MCF), which are located in the mitochondrial inner
membrane (Palmieri et al., 2009). Mitochondrial FAD (flavin) transporters have been
identified and functionally characterised for different eukaryotes, including the yeast
Saccharomyces cerevisiae (FLX1) and Homo sapiens (SLC25A17) (Palmieri et al., 2009)
The T. brucei genome contains 26 genes which encode for 24 different MCF proteins
(TbMCP1-24; Colasante et al., 2009). The identified 7. brucei MCF proteins have been
confirmed as part of this family by sequence analysis and reciprocal database searches
(BLASTP). Moreover, these TbMCPs share significant (~39%—-78%) amino acid sequence
similarity with previously characterised MCF proteins in S. cerevisiae and Homo sapiens
(Colasante et al., 2006; Colasante et al., 2009). A previously published study indicated that
one of the identified TbMCPs, e.g. TbMCP1, shows significant similarity to the functionally
characterised mitochondrial flavin transporters FLX1 and SLC25A17 (Colasante et al., 2006;
Colasante et al., 2009).

This chapter will address the results of the identification and functional characterisation of
TbMCP1, a putative mitochondrial FAD transporter of 7. brucei. First, the protein sequence of
TbMCP1 was analysed and compared to known and functionally characterised mitochondrial
carrier family proteins from other eukaryotes. The protein sequence was also subjected to
phylogenetic reconstruction. Second, immunofluorescence microscopy and subcellular

fractionation was used to confirm the exclusive mitochondrial localisation of TbMCPI.
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Northern blotting was performed to assess TbOMCP1 expression in two of the main life cycle
stages of 7. brucei, e.g. the bloodstream form (BSF449) and the procyclic (insect) form
(PCF449) of T. brucei. The importance of TbDMCP1 was assessed by down-regulating the
expression of TOMCP1 by RNAI and the analysis of 7. brucei growth under different culture
conditions. Finally, the consumption of metabolic substrates and the production of various
metabolic intermediates and end products was measured to determine if TbOMCP1 does play a

role in the energy generation in 7. brucei.
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3.2 Results

3.2.1 Phylogenetic reconstruction and sequence alignment of ThMCP1

Various approaches have been used to identify the putative transport functions of TbMCPs.
Phylogenetic reconstruction and reciprocal BLAST analysis revealed the similarities between
TbMCPs and the MCP proteins that have been functionally characterised in other eukaryotes
(Colasante et al., 2009). Human (SLC25A) and S. cerevisiae MCF proteins were functionally
characterised by physiological or genetic experiments focused on subgroups of substrates or in
in vitro proteoliposome-based transport assays (Palmieri et al., 2004; Palmieri et al., 2006).
The transport function of a carrier can be deducted from the conserved substrate contact points
CPI CPII and CPIII, which were previously shown to be essential for binding and transport of
the different substrates (Robinson and Kunji., 2006). Among the different substrate contact
points, CPIII is the most defining and conserved one in terms of substrate recognition, whereas
CPI and CPII can be more variable between MCF proteins transporting similar substrates
(Colasanate et al., 2018). MCF proteins require particular amino acids in the right position in
the substrate binding pockets in order to recognise a specific substrate (Robinson and Kunji.,
2006). The BLAST comparisons of yeast and human MCF proteins with TbMCP1 suggested
that the 7. brucei protein is homologous to the FAD carrier. In addition, the BLAST analysis
of TbDMCPI against the eukaryotic protein database (http:/www.ncbi.nlm.nih.gov) retrieved
potential mitochondrial flavin transporters from multiple species, such as FLX1 from S.
cerevisiae and PMP34 from mammals like Homo sapiens and Mus musculus. The predicted
function of TbOMCP1 as a mitochondrial flavin transporter was further assessed by phylogenetic
reconstruction (Saitou & Nei, 1987; Figure 3.1). The resulting of the phylogenetic tree revealed
that TbOMCP1 and homologous sequences from the trypanosomatids 7. cruzi and L. major
formed a separate clade, which was supported by high(>0.90%) bootstrap values.

Figure 3.1 also shows that TOMCP1 clustered within a group of sequences that encompasses
the two flavin carriers from S. cerevisiae and S. pombe (bootstrap value: 0.94%) and the
different peroxisomal ATP carriers found in mammals, Xenopus laevis and Candida boidinii
(bootstrap value: 0.99%). Bootstrapping involves repeating the phylogenetic analysis on a
random subset of the data; the reported value is the percentage of bootstrap replicates in which
the node appeared (Harrison., 2006). Thus, a bootstrap value of 0.99 means that the node is
well supported as it appeared in all bootstrap replicates. This essentially means that more than
0.99% of the 1000 different trees show the same node. The branching at this point is consistent

and reliable
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Moreover, BLAST analysis of the TbMCP1 sequence against the genome databases of the
related kinetoplastids 7. cruzi and L. major (accessible at http://www.genedb.org) revealed the
genes with high amino acid sequence similarity to TbOMCP1. These genes also appeared in
equivalent positions in a three-way alignment of the relevant 7. brucei, T. cruzi and L. major

chromosomes (El-Sayed et al., 2005).
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Figure 3.1. A phylogenetic tree depicting the relationship of TbMCP1 to other MCF proteins. The maximum
likelihood tree shows the evolutionary relationship between TbMCP1 in mammals (yellow), yeast (green) and
trypanosomatids (pink). The colours indicate the clustering of carriers with the same transport function. The bootstrap
values, located at each node, represent the percentages after resampling analysis of 1,000 iterations. Functionally
characterised FAD transporters (H.sapien (PMP34) and S.cerevisiae (FLX1) are labelled with “*’.
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TbMCP1 exhibits all of the conserved sequence and structural features characteristic of MCF
proteins (Figure 3.2). Its sequence consists of three conserved, repetitive, domains of
approximately 100 amino acids and each domain contains two transmembrane (TM) a-helices
and a canonical MCF protein signature sequence (Palmieri ef a/, 2004; Colasante ef al., 2009).
The MCF protein signature sequence is the hallmark of all MCF proteins: it comprises the
amino acid sequence ‘PX[D/E]XX[K/R]X[K/R][20-30 residues][D/E]G[4-5
residues][W/F/Y][K/R]G’, where ‘X’ represents any amino acid residue (Palmieri et al., 2012).
The first part of the motif, ‘PX[D/E]XX[K/R]X[K/R]’, is located at the C-terminal end of the
odd-numbered TM helices H1, H3 and H5, whereas the second part of the sequence,
‘[D/E]G[45 residues][W/F/Y][K/R]G’ is located after the amphipathic helices h1-2, h3—4 and
h5-6 (Figure 3.2). The conservation of the signature sequence in TbMCP1 was analysed by
comparing it with the corresponding signature sequences from S. cerevisiae and H. sapiens
(Figure 3.2). The majority of the amino acid residues in the first part of the signature sequence
(M1, M2 and M3) appeared to be conserved, including (1) the highly conserved proline (P)
found at the start of the M1, M2 and M3 motifs; (2) the conserved acidic amino acid residue,
either an aspartic acid (D) or glutamic acid (E), at position 3 of the same motifs; and (3) the
positively charged amino acid, either a lysine (K) or an arginine (R) (Figure 3.2A, B). In
contrast to the first part of the sequence signature, the second part of the signature sequence
was less conserved (Figure 3.2). The first two amino acids of the motif, ‘[D/E]G’, were not
well conserved and the number of amino acids (X) between ‘[D/E]G’ and ‘[W/F/Y][K/R]G’
also varied. The final glycine (G) of the motif, which confers flexibility to the loop that links
the two helices, was highly conserved in nucleotide carriers (Palmieri ef al., 2012). In MCF
proteins, the groups of conserved amino acids located downstream of each signature motif
participate in substrate discrimination, recognition and binding. The well-conserved CPI, CPII
and CPIII have been extrapolated for all MCF proteins that transport similar substrates (Kunji
& Robinson, 2006; Palmieri ef al., 2011). The protein sequence alignments revealed that CPI
(SAY) and CPII (IV) of the mitochondrial flavin carriers were conserved (Figure 3.2). Apart
from the signature features described above, additional amino acids were found to be
conserved, such as the glutamic acid (E) and histidine (H) located in helix 1 before M1a, as
well as the glycine (G) in CPI. In addition, the arginine (R) immediately before CPIII was
conserved in all species tested. In 2006, Kunji and Robinson identified two clusters of
conserved, highly symmetric residues in the MCF transporter proteins, which form salt bridge

networks. These salt bridge networks can open or close the passage to mediate substrate
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transport. The first clusters were found on H1, H3 and H5 on the matrix side of the transporter,
which consists of the PX[DE]XX[RK] motif, whereas the second cluster, which consists of the
[FY][DE]XX[RK] motif, is located on the cytoplasmic side of H2, H4 and H6. The matrix and
cytoplasmic networks can open or close the passage to mediate substrate transport (King et al

., 2016). The salt bridge networks were highly conserved among the aligned sequences (Figure
3.2).
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Figure 3.2. TbMCPI contains the characteristic amino acid sequence features of conventional MCF carriers and the functional
residues conserved in FAD carriers. A: Schematic representation of MCPs. The protein structure consists of six TM helices (H1-6)
linked by hydrophilic loops (h1-2, h3—4 and h5-6). M1a, M2a and M3a comprise the first segment of the signature sequence motif,
PX[D/EIXX[K/R]X[K/R], which is located at the end of the odd-numbered TM helices. M1b, M2b and M3b comprise the second
part of the motif, [D/E]G[#n residues][K/R]G, which is located at the end of each hydrophilic loop. B: Multiple sequence alignment
of TbOMCP1 and the corresponding human and yeast sequences. The amino acid sequences were aligned using Clustal Omega. H1—
H6 represent the six TM helices. CPI, CPII and CPIII are located next to TM H1, H3 and H6, respectively. Grey bands indicate
similar conserved amino acid residues.
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3.2.2 Knockdown of TbDMCP1 caused a growth defect in 7.brucei

Various approaches, including gene knockout or knockdown, can be used to study the effects
of the TOMCP1 gene on the growth of 7. brucei PCF449. In this experiment, the TOMCP1 gene
was knocked down using RNAi. RNA interference (RNAi) was used to determine whether
expression of TbMCP1 is essential for the growth and survival of 7. brucei. The resulting
growth phenotype can further give valuable information regarding the respective physiological
functions of TOMCP1. The expression of TbOMCP1 in 7. brucei was down-regulated (“knocked-
down”) by using an RNAi-approach (section 2.2.3). It was previously reported that the
introduction of single-stranded antisense RNA is not appropriate for the modification of 7.
brucei as the parasite can destroy the RNA during its growth phase (10 to 14 days) (Ng6 et al.,
1998). Thus, in this experiment, RNAi-approach is based on the expression of double-stranded
(sense + antisense) RNA molecules for TbMCP1, respectively, leading to a reduced or depleted

expression of the targeted protein in 7. brucei.

3.2.2.1 Knockdown-related plasmid construction

RNAi was performed by the simultaneous expression of the sense and corresponding antisense
RNA molecules of the targeted gene sequences (Appendix 4) (Bringaud et al., 2000). Primers
were designed to PCR amplify a 990 bp sense and an antisense version of the open reading
frames of TbMCP1. The primers included the unique restriction sites BamHI, Apal, and
Hind]lll, allowing the site-directed cloning of the sense and antisense DNA products in the 7.
brucei expression vector pHD676 (Appendix 5, section 5.1). The antisense primer for TobMCP1
gene was designed to include the BamHI and Apal restriction sites, whereas the primer for the
sense DNA fragment was designed to include the Apal and HindllI restriction sites. The sense
and antisense DNA PCR products were cloned in tandem and joined at the Apal site behind an
inducible 7. brucei promotor in the vector pHD676. Expression from the pHD676 vector will
lead to the formation of a double-stranded RNA molecule connected by a short single stranded
loop at the 3° end. Such a structure was shown to be more stable and more effective than a
single-stranded antisense RNA molecule for the down-regulation of expression in 7. brucei
(Ngb et al., 1998).

The resulting pHD676+TbMCP1(sense + antisense) RNAi construct was analysed by using
PCR, restriction enzyme digestion and gel electrophoresis to determine whether it contained
the correct DNA fragments in the right order. Positive clone was further sent for sequencing

(Eurofins MWG). The sequencing results confirmed that the used construct was indeed correct.
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The verified pHD676+TbMCP1 RNAI construct was used to transfect the 7. brucei cell line
PCF449 (section 2.2.5) and positive clonal cell lines were isolated. For comparison (same
genetic background), a T.brucei PCF449 cell line was generated containing an empty (no
insert) version of plasmid pHD676. Growth of the generated TbMCP1 RNAi and
PCF449+pHD676 cell lines was analysed in MEM-Pros medium (Appendix 1) containing 5
mM proline and 0.12 mM glucose as carbon sources. RNAi was induced by the addition of
tetracycline to the culture medium (section 2.2.4.2). Growth curves were plotted using

Microsoft® Excel (Figures 3.3).

Growth analysis of WT and tetracycline-induced pHD676 + TOMCP1 RNAi-
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Figure 3.3. Comparison of the growth phenotypes of “wildtype” T. brucei PCF449 (WT) and tetracycline-induced
pHD676+TbMCP1 RNAI cell lines in standard MEM-Pros medium containing 5 mM proline and 0.12 mM
glucose. Cultures were started with 1x10° cells/ml and counted every 24 hours for five days. The data points
represent the mean and standard deviation of three independent experimental replicates.

Upon induction with tetracycline, the TOMCP1 RNAI cell line presented a significant reduction
in growth when compared to the ‘wildtype” 7. brucei PCF449 cell line, suggesting that

TbMCPI protein is essential for growth and thus the survival of T. brucei.
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3.2.3 TbMCP1 is predominantly expressed in the PCF of 7. brucei

It was unknown if the life cycle stages of 7. brucei determined the expression of TbOMCPI.
Colasante et al. (2006 & 2012) reported that the expression of some TbMCPs is dependent on
the life cycle stage of the parasite. Northern blot analysis (Section 2.2.12) with the TbMCP1
OREF, produced a single hybridising band of approximately 2.0 kb, indicated that the levels of
TbMCP1 mRNA were similar in the BSF449 and PCF449 of T. brucei (Figure 3.4A).
Hybridisation with total RNA (20 pg) produced a weak signal (Figure 3.4A, lane 1), but a
stronger band was produced with poly(A)*-enriched RNA (4 ng; Figure 3.4A, lane 2). Based
on the rules for the prediction of mRNA processing in 7. brucei (Benz et al., 2005) and
assuming that the current annotation of the downstream ORF is correct, trans-splicing is
predicted at the AG dinucleotide at position 36 with a 3' untranslated region of 750 nucleotides.
This would produce a predicted polyadenylated RNA of approximately 2 kb, in agreement with
the measured size (Figure 3.4A).

The up-regulation of the expression of TOMCP1 in the PCF449 was confirmed at the protein
level by western blotting (Figure 3.4 B). An antibody against the N-terminus of TbMCP1
(Section 2.2.14) detected a band of the predicted size (35 kDa) in the PCF449 but not the
BSF449. However, the TOMCP1 antiserum also detected bands other than that for the ToMCP1
protein (Figure 3.5B), suggesting that the antiserum is not specific for ToOMCP1. Therefore,
apart from the expected (specific) 35kDa band, two other HMW bands reacted with the
antibody suggested that the raised antibody is not specific enough. Hence it cannot be used for
immunofluorescence microscopy( section 3.2.4). The expression in the two different life cycle
stages follows the same trend as seen for the mRNA ( much higher in PCF449, suggesting an

important function in this life cycle stage).
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Figure 3.4. TbMCP1 protein expression. A: Northern blot analysis of total RNA (20 ug; lane 1) and enriched
mRNA (4 pg; lane 2) from 7. brucei BSF449 and PCF449 probed with dCTP-labelled TbOMCP1 DNA. B: Western
blot of 7. brucei PCF449 and BSF449 samples with TbMCP1 antiserum. Each lane was loaded with an equal
number of cell equivalents (2x10%). The results represent five independent experiments.

3.2.4 TbMCP1 localised to the mitochondrion of 7. brucei PCF449

The subcellular localisation of TOMCP1 in the PCF449 of T. brucei was investigated using
immunofluorescence microscopy. Since the raised TbMCP1 antisera detected protein bands
other than that for TOMCP1, it could not be used to determine the localisation of TbMCPI.
Therefore, a recombinant myc-tagged version of TOMCP1 was expressed instead, allowing
the use of the commercially available myc antibodies.

3.2.4.1 Plasmid construction

The ORF of TbMCP1 was amplified by PCR using primers with added unique HindlIll and
BamHI restriction sites. The PCR product was cloned into the pPGEM®-T Easy vector and the
construct (10 ul ) was sequenced (Eurofins MWG). Then, the ORF of TbMCP1 was
subsequently cloned into the 7. brucei expression vector pHD1484 vector using the Hindlll
and BamHI restriction enzyme sites resulting in the pHD1484-TbMCP1-cmyc! construct. The
tetracycline inducible expression from pHD1484 will add a double myc-tag to the c-terminal
of TbOMCPI.

3.2.4.2 Subcellular localisation

The T. brucei PCF449 cell line was transfected with pHD1484-TbMCP1-cmyc! and expression
of the myc-tagged version of TOMCP1 was induced by addition of tetracycline (section 2.2.6).
Immunofluorescence microscopy was performed using a commercial available myc antibody
(Figure 3.5A). The immunofluorescence microscopy results showed a specific tubular shaped
staining of PCF 449 T. brucei when using the myc antibody, which recognises myc-tagged
TbMCPI. This staining pattern was identical to the one obtained for MitoTracker, which is
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used as a mitochondrial marker for 7. brucei. This result confirmed the mitochondrial
localisation of TOMCP1 in T. brucei PCF449.

The localisation of TbOMCP1 was further investigated by subcellular fractionation of 7. brucei
PCF449, followed by western blotting. TOMCP1 cofractionated with the mitochondrial marker
a-LPHD (Figure 3.5B, fractions 8—12) (Schonek, 1997). No TbMCP1 was detected in fractions
13-16 (Figure 3.5B), which contained the glycosome marker aGIMS5 (Lorenz, 1998). These
findings suggested that TbOMCP1 exclusively localises to the mitochondria of 7. brucei

PCF449.
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Figure 3.5. A: Immunofluorescent micrographs of WT and pHD1484-TbMCPlcmyct-transfected T.brucei
PCF449 cell lines. The MitoTracker (Mito; red), TobMCP1-myc antibody (green) and DAPI (blue) signals were
merged to form the overlay. The images represent three independent experiments. B: Western blot analysis of 7.
brucei PCF449 cell lysate fractions (15 pg/lane) separated on an iodixanol-sucrose gradient. The anti-LPDH
antibody was used to detect fractions containing mitochondria (Mito). The anti-GIMS5 antibody detected fractions
containing glycosome (Glyc). TbMCP1 was detected using the commercial anti-myc antibody. Fraction 1 is at
the top of the gradient and fraction 16 is at the bottom. The results are representative of seven independent
experiments.
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3.2.5 TbMCP1 over-expression increased metabolic flux

The phylogenetic reconstruction and sequences analysis (Section 3.2.1) suggested that
TbMCP1 is likely to be a FAD transporter. FAD is involved in energy generation as a cofactor
or prosthetic group for succinate dehydrogenase and pyruvate dehydrogenase and as a redox
carrier in mitochondrial oxidative phosphorylation (Besteiro et al., 2005). T. brucei uses
glucose, proline or a combination as its main substrate for ATP generation, during which
succinate, acetate, pyruvate, lactate and glycerol are formed as metabolic intermediates and
end products (Besteiro ef al., 2005). Therefore, in this study, substrate consumption and the
concentrations of metabolic intermediates and end products were quantified in 7. brucei
PCF449 and tetracycline-induced TbMCP1 cells to investigate if the over-expression of
TbMCPI1 altered trypanosome metabolism. The concentrations were measured in WT(cloned
in empty vector) and TbMCP1-over-expressing cells cultured in low- and high-glucose MEM-

Pros medium.

Therefore, the T.brucei PCF449 WT and TbMCP1-over-expressing strains grown in low- and
high-glucose media, the concentrations of proline and glucose that were consumed and the
concentrations of succinate, pyruvate and acetate that were formed were measured after 60
hours (Figure 3.6). In the high-glucose medium, the proline flux was slightly lower over time
for both strains than in the low-glucose medium (Figure 3.6A). Trypanosomes prefer to use
glucose rather than proline to produce energy; the presence of glucose represses proline
metabolism (Lamou er al., 2005). However, in the same medium, the TbMCP1-over-
expressing strain consumed almost 2.5 times more glucose than the WT cells. In contrast, in
the low-glucose medium supplemented with 10 mM proline, proline flux increased for the
TbMCP1-over-expressing strain but decreased for the WT over time (Figure 3.6B). Analysis
of the main metabolic end products suggested that the types of metabolic pathways used did
not change in the TbOMCP1-over-expressing trypanosomes, but that the rate of metabolism was
higher upon TbMCP1 over-expression (Figure 3.6A, B). In the high-glucose medium, the
production of acetate was approximately 2.6-fold higher by the TbMCP1-over-expressing cells
than by the WT cells, which paralleled the increase in glucose consumption. The results for the
other metabolites were similar (Figure 3.6A). In the low-glucose medium, a similar increase in
the specific flux of proline and its metabolites was observed. These results suggested that
TbMCP1 over-expression did not affect the pattern of metabolism, but resulted in the

uncoupling of growth and metabolism.
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Figure 3.6. The concentrations of the substrates consumed (glucose and proline) and the metabolic
end products (pyruvate, succinate and acetate) in cultures of WT (black) and TbMCP1-over-expressing (grey) 7.
brucei. A: Cultures in high-glucose MEM-Pros medium. B: Cultures in low-glucose/high-proline MEM-Pros
medium. The results are representative of two independents experiments.
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3.3 Discussion and Conclusion

TbMCPI1 is an MCF protein in 7. brucei. Its transportation of substrates across the
mitochondrial membrane still remains to be determined. Previous phylogenetic reconstruction
studies have suggested that TOMCP1 is a putative carrier for either ATP/AMP or mitochondrial
flavin (Colasante et al., 2006). The peroxisomal ATP/AMP carrier in humans has been
proposed to play an important role in supplying ATP for peroxisomal B-oxidation in
mitochondria via exchange for AMP (Palmieri et al., 2001; Lasorsa ef al., 2004). In yeast, the
FAD transporter have an important role in maintaining the normal activity of mitochondrial
FAD binding enzymes, including succinate dehydrogenase and lipoamide dehydrogenase
(Giancaspero et al., 2008). In this study, BLAST analysis suggested that TbOMCP1 is more
closely related to the yeast(FLX1) than the human (PMP34) FAD carrier, which was supported
by a high bootstrap value. In addition, the in-depth TOMCP1 amino acid sequence alignment
with yeast molecules indicated that the first of the signature motif were almost entirely

conserved, suggesting that TbOMCP1 is more likely FAD transporter.

The classification of TOMCP1 as a possible mitochondrial flavin carrier is partially based on
its similarity to yeast FLX proteins. FLX proteins play important roles in cellular flavin
homeostasis (Giancaspero ef al., 2015). However, TOMCP1 precise transport function is not
clear at this point and need further experiments such as transport assay experiment.

Nearly all functionally characterised MCF proteins localise to mitochondria however, a few do
localise to other cellular compartments. The Antlp gene in yeast localises to peroxisomes
although it has all of the conserved features of mitochondrial MCF proteins (Palmieri ef al.,
2001; Lasorsa et al., 2004). In addition, the AntIp gene plays an important role in the transport
of ATP into the peroxisome via exchange for cytosolic AMP; it may also play a role in lipid

biosynthesis (Palmieri et al., 2001; Lasorsa et al., 2004).

On the other hand, TbMCP6 has been identified as a putative ATP/Mg-Pi carrier in the
mitochondria of the BSF449 and PCF449 of T. brucei. Thus, regardless of the presence of
conserved sequences, it is essential to experimentally determine the localisation of each MCF
protein in 7. brucei. In this study, TbMCP1 was found to localise exclusively to the
mitochondria of the PCF449 of the trypanosome using immunofluorescence microscopy and
western blotting of 7. brucei subcellular fractions. A surplus of ATP is generated in

mitochondria by substrate-level or oxidative phosphorylation and ATP, ADP and AMP levels
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are equilibrated by adenylate kinases (Allemann et al., 2000; Coustou et al., 2005; Lamour et
al., 2005; van Weelden et al., 2005).

The expression of TOMCP1 mRNA and protein in different forms of the trypanosomes varied
dramatically. These findings are consistent with polycistronic transcription in trypanosomes,
which necessitates the regulation of gene expression at the post-transcriptional level (Daniels
etal.,2010). The observed variation in TbMCP1 expression in the BSF449 and PCF449 further
supported the substantial differences in the methods of ATP production in 7. brucei at its
various life cycle stages. The BSF depends mainly on glycolysis to generate ATP, whereas the
PCF449 uses a complex mechanism dependent on proline degradation through oxidative and
substrate-level phosphorylation (Tielens & van Hellemond, 1998; Hannaert et al., 2003a;
Chaudhuri et al., 2006; Michels et al., 2006; Tielens & van Hellemond, 2009).

TbMCP1 gene replacement and RNAi studies revealed that ATbMCP1 trypanosomes have
impaired growth compared to that of WT cells at high cell densities. This finding suggests that
TbMCPI is essential for the survival of the PCF449 of T. brucei, with a possible role in 7.
brucei kinetoplast division (Voncken et al., 2006). Knockout of the FLX1-encoding gene
(flavin transporter) in yeast resulted in respiratory deficiency under normal growth on
fermentable carbon sources but very poor growth on non-fermentable substrates (Turcotte et
al., 2009). The low concentration level of mitochondrial FAD in FLX1 knockout strains

suggested that FLX1 is included in flavin transporting (Turcotte et al., 2009).

The metabolites measurements, in the knock down strain revealed that, there is a change in
flux (2.5 times more substrate consumed and end product formed) but no differences in
concentration of different formed end products. This suggest that the metabolic pathways
themselves are not affected, but that most probably the linked energy production is affected.
The cells try to compensate for the lower energy production efficiency by pushing more
substrate through the metabolism, which will not help since there is not enough FAD in the
mitochondrion. That a knock down of an FAD carrier affects energy production is not
surprising at all as , FAD is an essential cofactor/coenzyme of enzymes/proteins involved in
the electron transport chain/OXPHOS and is an important electron carrier in the
mitochondrion. Less FAD suggests to the cell that there is a problem with energy production

and by ramping up the metabolic flux and it tries to compensate .
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So, in contrast to the FLX1 deficiency in yeast, TbMCP1 deficiency seemed to accelerate the
mitochondrial pathways in which flavin-dependent enzymes were involved. In yeast and
mammals, flavin mononucleotide (FMN) and FAD are synthesised from riboflavin. Both
flavins are essential cofactors of dehydrogenases and oxidases, which play a crucial role in
cellular bioenergetics. The homeostasis of flavin is regulated by a mitochondrial
riboflavin/FAD cycle, which includes the uptake of riboflavin into the mitochondria, its
conversion to FMN and FAD, and the recovery of riboflavin in flavoprotein degradation
(Giancaspero et al., 2015 et al). Moreover, FAD has different functions in metabolic pathways
, this include nucleotide biosynthesis , amino acid catabolism, DNA repair , electron transport,
beta oxidation of fatty acid and as synthesis of the cofactors such as CoA. In TCA cycle, FAD
bound the succinate dehydrogenase ( complex II in the electron transport chain) to catalyse the

oxidation of succinate to fumarate (Kim et al., 2013)

Close analysis of the 7. brucei genome (http://www.genedb.org; Berriman et al, 2005)
indicates that it contains a mitochondrial riboflavin kinase (7509.211.3420) that enables the
production of FMN from riboflavin, but lacks other enzymes of the mitochondrial
riboflavin/FAD cycle, such as FAD synthase, FAD pyrophosphatase and FMN
phosphohydrolase. Thus, riboflavin and FAD must be imported from the environment. The
MEM-Pros culture medium for the PCF449 of trypanosomes (Overath, 1986) contains 300 nM
riboflavin, which is comparable to the concentration in human serum (Hustad et al., 1999;
Hustad et al., 2000). The other flavins, FAD (up to 26 nM) and FMN (up to 3 nM), must be

derived from the supplemented serum.

AFLX1 yeast have a respiratory defect ,they undergo normal growth on fermentable carbon
sources, but very poor growth on non-fermentable substrates (Bafunno et al., 2004). Isolated
AFLX1 mitochondria can import riboflavin, FMN and FAD, but are unable to export FAD.
The mutants had lower mitochondrial FAD-dependent enzyme activities than the WT strain
(Bafunno et al., 2004).

In conclusion, the results of this study suggested that TbMCP1 is a flavin carrier that is essential
for T. brucei survival. The over-expression of TbMCP1 did not affect overall metabolism
patterns, but appeared to enhance flux through specific pathways. The role of TOMCPI as a
flavin carrier will further investigate using functional reconstitution experiments in the
following chapters. In particular, yeast functional complementation was used to determine if

TbMCPI1 could rescue the growth of AFLX1 yeast.
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Chapter 4: Sequence analysis and functional characterisation of
TbMCP15 and TbMCP16, putative mitochondrial ADP/ATP
carriers
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4.1 Introduction

The ADP/ATP carrier is one of the most abundant proteins in the mitochondrial inner
membrane (Kunji et al., 2016). This carrier plays an essential role in the cellular energy
metabolism by exporting ATP from the cytosol in exchange for ADP, an exchange that is vital
for the eukaryote energy metabolism (Palmieri et al., 2006). In all eukaryotes, the
mitochondrial ADP/ATP carrier exists as different isoforms, which have arisen by gene
duplication (Traba et al., 2011). In the yeast Saccharomyces cerevisiae, three different isoforms
(AACI, AAC2 and AAC3) exist, whereas in Homo sapiens four different isoforms are present
(hANTI1, hANT2, hANT3 and hANT4) (Palmieri et al., 2009). These different AAC isoforms
were shown to play different physiological roles (Palmieri ef al., 2016).

Reciprocal BLASTP analysis against sequences of known and functionally characterised
ADP/ATP carrier proteins from H. sapiens and S. cerevisiae revealed that the genome of 7.
brucei contains 3 putative ADP/ATP carrier-encoding genes, e.g. TbMCPS, TbMCP15 and
TbMCP16. One of these genes, here TbCMP5, was previously functionally characterised
(Colasante et al., 2009). Its gene product was shown to function as an ADP/ATP carrier, and
subsequent gene knockout studies revealed that TbOMCPS5 is essential for the survival of T.
brucei under specific cell culture conditions, e.g. with no glucose, but mainly proline as a
carbon source in the cell culture medium (Colasante et al., 2009). When grown in the absence
of glucose, 7. brucei is only capable of generating ATP through the degradation of proline by
oxidative phosphorylation, a process which exclusively takes place in the trypanosome
mitochondrion (Lamour et al., 2005; Coustou et al., 2008; Ebikeme et al., 2010). This process
requires the expression and full functionality of an ADP/ATP carrier in the mitochondrial inner
membrane in order to sustain the supply of ADP in exchange of ATP formed in the
mitochondrial matrix (Colasante et al., 2012). The aim of this chapter was to functionally
characterise the other two putative ADP/ATP carriers, e.g. TbMCP15 and TbMCP16, using an

approach similar to the one used in Chapter 3.

70



4.2 Results

4.2.1 Phylogenetic reconstruction and sequence alignment of TbMCP15 and TbMCP16

Sequence analysis of 7. brucei TbMCP15 revealed considerable sequence similarity to
prototypical AACs from higher eukaryotic organisms. Its sequence similarities with S.
cerevisiae and H. sapiens AACs was 45% and 47%, respectively. These are considered to be
high values for 7. brucei since MCF protein proteins, in evolutionary terms, are highly
divergent and only the few amino acids required for transport and substrate recognition are
conserved across most eukaryotes (Boudko et al., 2012). Other amino acids are far less
conserved apart from their role in maintaining the conserved secondary protein structure of the
transporter, including its 6 hydrophobic TM domains and the hydrophilic loops extending into
the mitochondrial matrix and inner membrane space.

The transport function of MCF proteins can be deducted from the conserved substrate contact
points CPI, CPII and CPIII, which were previously shown to be essential for binding and
transport of the different substrates (Robinson and Kunji., 2006). Among the different substrate
contact points, CPIII is the most defined and conserved one in terms of substrate recognition,
whereas CPI and CPII can be more variable (Colasante et al., 2018). Substrate recogntion
requires particular amino acids in the right position in the substrate binding pockets in order to
bind a specific substrate.

Detailed sequence analysis using the S, cerevisiae and H. sapiens AAC protein sequences for
comparison, showed that the substrate contact points CPI, CPII and CPIII, which are involved
in the binding of the substrates ADP and ATP, were partly conserved in TOMCP15 (Figure
4.1). All previously characterised AACs contain the conserved CPI sequence motif
‘RXXXTXXXN’, where X indicates any amino acid. However, TbMCP15 possesses an
‘SXXXVXXXH’ motif. Similarly, CPIIl from TbMCP15 was partly conserved. In all
characterised AACs, the ‘GI” amino acid duet in CPII is believed to constitute the hydrophobic
binding pocket. However, in TOMCP15, a semi-conserved ‘GS’ sequence motif replaced this
duet. Unlike the variants seen in CPI and CPII, CPIII was entirely conserved in TbMCP15
(Figure 4.2). The CPIII substrate-binding site is characterised by the presence of the positively
charged arginine (R) residue. Outside the substrate-binding sites, the ‘RRRMMM’ motif in the
M3 motif of TbOMCP15 has been replaced by ‘RRRMMI’. The ‘RRRMMM’ motif has been
recognised as a hallmark of all previously characterised AAC proteins. Hence, the ‘RRRMMI’
motifin TbMCP15 may behave similarly to the ‘RRRMMM’ motif in other prototypical AACs
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because the amino acid exchange is conservative; both the isoleucine (I) residue and the
methionine (M) are hydrophobic. The relative conservation of the prototypical AAC sequences
and the substantial sequence similarity between TbMCP15 and TbMCPS5 suggested that
TbMCP15 may function as an AAC.

In comparison to TOMCP15, TbMCP16 diverges to a greater extent from the sequences of the
prototypical AACs found in other organisms. As shown in Figure 4.1, TbMCP16 shares only
32% sequence similarity with S. cerevisiae and H. sapiens AACs. Regarding CPIII, TbMCP16
possesses a ‘SRRMQL’ motif instead of the typical ‘RRRMMM’ motif, meaning that the
uncharged but polar serine (S) residue has replaced the positively charged arginine (R) residue
at the first position. In addition, the positively charged glutamine (Q) has replaced the
hydrophobic methionine (M) residue at the fifth position. The ‘SRRMQL’ motif of TOMCP16
contains three positively charged amino acids as does the ‘RRRMMM’ motif (Figure 4.2).
Considerable disparities were found for the CPI and CPII substrate-binding sites of TbMCP16
and those of previously characterised AACs. In place of the conserved ‘RXXXTXXXN’ CPI
motif, TbOMCP16 contains the ‘LXXXAXXXE’ motif. However, a conservative substitution
has been identified in CPII. Prototypical, functionally characterised AACs contain the
conserved ‘GI’ duet. In TODMCP16, these amino acids have been replaced by alanine (A) and
valine (V), respectively (Figure 4.2). The substituted amino acids are hydrophobic, as are those
they replaced. However, the characteristic, positively charged arginine (R) residue of CPIII has

been replaced by the hydrophobic valine (V) residue in ToMCP16.

Considering the disparities in the substrate-binding sites and the low level of sequence
similarity between TbMCP16 and the other functionally characterised AAC proteins,
TbMCP16 was deemed unlikely to function as an AAC.
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Figure 4.1. The phylogenetic maximum likelihood tree of TbOMCP15, ToMCP16 and related MCF proteins with
separate clade clustering. The maximum likelihood tree depicts the evolutionary relationship between ToMCP15
and TbMCP16 in mammals (yellow), yeast (pink) and trypanosomatids (green). TbMCP15 is obviously clustring
with the ADP/ATP transporters from other organisms, whereas TbMCP16 sits on the out the group. The coloured
boxes indicate the clustering of carriers with the same transport function. The bootstrap values located at the nodes
represent the percentages obtained after resampling analysis of 1000 iterative data sets. Functionally characterised
mitochondrial ADP/ATP transporters (ANC “H.sapien” and AAC1-3 “S.cerevisiae” are labelled with *.
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Figure 4.2. Alignment of the TbMCP15 and TbMCP16 deduced protein sequences with comparable sequences from H.
sapiens and S. cerevisiae (AAC2). A: Schematic representation of the conserved structure of MCF proteins. The protein
structures consist of six TM helices (H1-6) linked by hydrophilic loops (h1-2, h3-4 and h5-6). M1a, M2a and M3a represent
the first segment of the signature sequence motif, PX[D/E]XX[K/R]X[K/R], located at the end of the odd-numbered TM
helices while M1b, M2b and M3b represent the second part of the motif, [D/E]G[#n residues][K/R]G, located at the end of
each hydrophilic loop. B: Multiple sequence alignment of TbOMCP15 and TbMCP16 with the human and yeast sequences.
The amino acid sequences were aligned using ClustalO. The substrate contact points CPI, CPII and CPIII are located next to
H1, H3 and H6, respectively. An asterisk (*) indicates positions with a single, fully conserved residue. A colon (:) signifies
conservative substitutions of similar amino acids. A period (.) indicates substitutions of weakly similar amino acids.
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4.2.2 Expression of TbOMCP1S5 rescued the growth of the S. cerevisiae deletion strain A

JL1 2 3u on a non-fermentative carbon source

The S. cerevisiae gene deletion strain AJL1 2 3u lacks all genes coding for mitochondrial
ADP/ATP carriers (Clemencon et al., 2008). As a consequence, this AAC-deficient yeast
strain is not able to grow on media containing non-fermentable (mitochondrial) carbon sources
such as glycerol or lactate, but instead can only grow on fermentative carbon sources such as
glucose (Clemencon et al., 2008). Growth of S. cerevisiae AJL1 2 3u on a non-fermentable
carbon source such as glycerol can be restored (rescued) by the expression of a functional
ADP/ATP carrier (Clemencon et al., 2008). In order to test whether TbOMCP15 or TbMCP16
could function as an ADP/ATP carrier, both 7. brucei MCF proteins were heterologous
expressed in the S. cerevisiae deletion strain AJL1 2 3u, followed by the analysis of the
resulting growth phenotype on different fermentable (glucose) and non-fermentable (glycerol)

carbon sources (section 2.2.10).

4.2.2.1 Plasmid construction using the yeast expression vector pCM190

The ORFs of TbMCP5, TbMCP15 and TbMCP16 were amplified by PCR (section 2.2.2.1).
The restriction sites for BamHI and Nofl were incorporated into the relevant primers to
facilitate the site-directed cloning of the PCR products. The PCR products were initially cloned
into the pPGEM®-T Easy TA cloning vector, which was used for sequencing (Eurofins MWG).
From the constructs verified as correct (no deviations in DNA sequence), the ORFs of
TbMCPS5, TbMCP15 and TbMCP16 were subsequently cloned into the yeast expression vector
pCM190, using the BamHI and Notl restriction enzyme sites to generate the plasmids pCM190
+TbMCPS5, pCM190+TbMCP15 and pCM190+TbMCP16.

4.2.2.2 Growth complementation experiment

The plasmids pCM190+TbMCP5, pCM190+TbMCP15 and pCMI190+TbMCP16 were
transfected into the S. cerevisiae gene deletion strain AJL.1 2 3u (section 2.2.10.2). In addition,
the empty pCM190 plasmid without insert was transfected into both the S. cerevisiae deletion
strain AJL.1 2 3u and the parental S. cerevisiae strain BY4741 (section 2.2.10.2). The resulting
yeast strain AJL1 2 3u transfected with TbOMCP5+pCM190 was used as a positive control
(Colasante et al., 2012), while the parental strain S. cerevisiae BY4741 transfected with the

empty plasmid pCM190 was used as the “wildtype” (WT) strain.
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The resultant yeast strains were grown on different carbon sources to examine the effects of
the gene complementation. On glucose medium (YPD), all of the yeast strains showed the same
growth as the WT strains (Figure 4.3). This was expected since under these conditions growth
is fermentative (glucose as carbon source) and not dependent on mitochondrial function.
However, in glycerol medium (YPG) where growth is reliant on mitochondrial function
(Palmieri et al., 2003), only pCM190+TbMCP5 (positive control) and pCM190+TbMCP15
were able to rescue growth to levels comparable to those of the WT S.cerevisiae BY4741 strain
containing the empty pCM190 plasmid. This in contrast to pCM190+TbMCP16, which was
not able to rescue growth of the S. cerevisiae gene deletion strain AJL1 2 3u on the non-
fermentable carbon source glycerol, suggesting that TbMCP16 most probably does not
function as a mitochondrial ADP/ATP exchanger (Figure 4.3).

pCMI90-WT
: pCMISO0+THMCPS
AJLI 2 3u
PCMI90=-ToMC1S
pCM1%0
+TLMCP16
B
ODS00nm OD60Cam
¥YPD medium YPG medium
265 ozs
2555
265 oz

E 255 E -
g o g oss
S 2.

2523

as i

2= 5 s

= > ~o = > o
=

Figure 4.3. The growth of the wildtype strain S. cerevisiae BY4741 (WT, containing empty pCM190 plasmid)
and the ADP/ATP carrier deficient S. cerevisiae strain AJL1 2 3u containing respectively pCM190+TbMCPS5,
pCM190+TbMCP15 and pCM190+TbMCP16, was analysed on different YPD (glucose) and YPG (glycerol)
culture media. A: Cells of the different S. cerevisiae strains were grown on solid YPD and YPG culture media by
spotting 10 ul of four sequential 10-fold dilutions of a starter culture with an ODeoonm of 1. B: Growth of the same
S. cerevisiae strains in liquid YPD and YPG culture media. Single colonies of the different strains were used to
inoculate 10 ml of liquid YPD and YPG medium. The liquid culture growth graphs represent the mean and
standard deviation of six independent experimental replicates.
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4.2.3 Knockdown of TbMCP15 and TbMCP16 caused growth defects in 7. brucei

RNA interference (RNAi) was used to determine whether expression of TbMCP15 and
TbMCP16 is essential for the growth and survival of 7. brucei. The resulting growth phenotype
can further give valuable information regarding the respective physiological functions of
TbMCP15 and TbMCP16. The expression of TbOMCP15 and TbOMCP16 in 7. brucei was down-
regulated (“knocked-down”) by using an RNAi-approach as described in chapter 3 (section
2.2.3). This RNAi-approach is based on the expression of double-stranded (sense+antisense)
RNA molecules for TOMCP15 and TbMCP16, respectively, leading to a reduced or depleted

expression of the targeted proteins in 7. brucei.
4.2.3.1 Knockdown-related plasmid construction

RNAi was performed by the simultaneous expression of the sense and corresponding antisense
RNA molecules of the targeted gene sequences (Appendix 4) (Bringaud et al., 2000). Primers
were designed to PCR amplify a 1050bp sense and an antisense version of the open reading
frames of TOMCP15 and TbMCP16, respectively. The primers included the unique restriction
sites BamHI, Apal, and Hindlll, allowing the site-directed cloning of the sense and antisense
DNA products in the 7. brucei expression vector pHD676 (Appendix 5, section 5.1). The
antisense primers for TOMCP15 and TbMCP16 genes were designed to include the BamHI and
Apal restriction sites, whereas the primers for the sense DNA fragments were designed to
include the Apal and Hindlll restriction sites. The sense and antisense DNA PCR products
were cloned in tandem and joined at the Apal site behind an inducible 7. brucei promotor in
the vector pHD676. Expression from the pHD676 vector will lead to the formation of a double-
stranded RNA molecule connected by a short single stranded loop at the 3’ end. Such a
structure was shown to be more stable and more effective than a single-stranded antisense RNA

molecule for the down-regulation of expression in 7. brucei (Ngo et al., 1998).

The resulting pHD676+TbMCP15 RNAi and pHD676+TbMCP16 RNAi constructs were
analysed by using PCR, restriction enzyme digestion and gel electrophoresis to determine
whether they contained the correct DNA fragments in the right order. Positive clones were
further sent for sequencing (Eurofins MWG). The sequencing results confirmed that the used

constructs were indeed correct.

The verified pHD676+TbMCP15 RNAi and pHD676+TbMCP16 RNAI constructs were used

to transfect the 7. brucei cell line PCF449 (section 2.2.5) and positive clonal cell lines were
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isolated. For comparison, and to maintain the same genetic background, a 7. brucei PCF449
cell line was generated containing an empty (no insert) version of plasmid pHD676. Growth of
the generated TbMCP15 RNAi, TbMCP16 RNAi, and PCF449+pHD676 (empty vector
control) cell lines were analysed in MEM-Pros medium (Appendix 1) containing 5 mM proline
and 0.12 mM glucose as carbon sources. RNAi was induced by the addition of tetracycline

(0.5pg/ml) to the culture medium (section 2.2.4.2). Growth curves were plotted using

Microsoft® Excel (Figures 4.4 and 4.5).
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Figure 4.4. Comparison of the growth phenotypes of “wildtype” T. brucei PCF449 (WT) and tetracycline-induced
pHD676+TbMCP15 RNAI cell lines in standard MEM-Pros medium containing 5 mM proline and 0.12 mM
glucose. Cultures were started with 1x10° cells/ml and counted every 24 hours for five days. The tetracycline was
added to the medium at the start of the experiment.The data points represent the mean and standard deviation of
three independent experimental replicates.
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Growth analysis of WT and tetracycline-induced pHD676 +
TbMCP16 RNAi-transfected T. brucei PCF449
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Figure 4.5. Comparison of the growth phenotypes of “wildtype” T. brucei PCF449 (WT) and tetracycline-induced
pHD676+TbMCP16 RNAI cell lines in standard MEM-Pros medium with 5 mM proline and 0.12 mM glucose.
Cultures were started with 1x10° cells/ml and counted every 24 hours for five days. The tetracycline was added
to the medium at the start of the experiment The data points represent the mean and standard deviation of six
independent experimental replicates.

Upon induction with tetracycline, both the TbMCP15 RNAi and TbMCP16 RNAi cell lines
presented a significant reduction in growth when compared to the ‘wildtype” (parental) 7.
brucei PCF449 cell line, suggesting that both TbOMCP15 and TbMCP16 proteins are essential
for growth and thus the survival of T. brucei. Growth of the induced 7.brucei TOMCP16 RNAi
cell line appeared to be more affected than growth of the induced TbOMCP15 RNAI cell line.

Unfortunately, no antibodies could be generated for the detection of TbOMCP15 and TbMCP16
protein in 7. brucei (see below, section 4.2.4). The depletion of TOMCP15 and TbMCP16 in
the respective 7. brucei RNAI cell lines was therefore examined by quantitative RT PCR. It is
expected that after the depletion of TbOMCP15 or TOMCP16 mRNA a similar depletion will
follow at the protein level, taking into account the reduction of existing TbMCP15 and
TbMCP16 protein through ongoing cell division and protein turnover/degradation. The
quantitative RT PCR results revealed that the TOMCP15 and TbDMCP16 mRNA levels were
approximately100-fold lower in the respective 7. brucei RNAI cell lines when compared to the
parental PCF449 cell line (wildtype control). This result confirmed an effective down-
regulation of TbOMCP15 and TbMCP16 expression in the different 7. brucei RNAi cell lines
(Figure 4.6), and a corresponding depletion of TbMCP15 and TbMCP16 protein was inferred.
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Figure 4.6. Relative mRNA levels of TbMCP15 and TbMCP16 in T. brucei PCF449 WT and tetracycline-
induced RNAI cell lines. The level of TbMCP15 and TbMCP16 mRNA in the WT cell line was set as
1. The results represent the mean and standard deviation of six independent experimental replicates each.

4.2.4 Protein expression and antibody generation

In order to detect TOMCP15 and TbMCP16 expression at the protein level, and to better
analysis the proposed function of these proteins, TbMCP15 and TbMCP16 were both
expressed in E. coli using the inducible protein expression vector pET28. The resulting
recombinant proteins were expected to contain an N-terminal His-tag, which can be used for

protein detection and purification. The purified protein will be used for antibody generation.

4.2.4.1 Plasmid construction

The ORFs of TbMCP15 and TbMCP16 were amplified by PCR and the products were digested
with the restriction enzymes EcoRI (forward primer) and X#ol (reverse primer). Then, the PCR
products were initially cloned into the pPGEM®-T Easy TA cloning vector and aliquots (10 pl)
were sent for sequencing (Eurofins MWG). Subsequently, the TOMCP15 and TboMCP16 ORFs
were cloned into the E. coli expression vector pET28 using EcoRI and Xhol, resulting in

pET28+TbMCP15 and pET28+TbMCP16.
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4.2.4.2 Protein expression

In order to produce adequate quantities of the proteins, the plasmids pET28+TbMCP15 and
pET28+TbMCP16 were transformed into the E. coli strain Lemo21 (DE3) (section 2.2.9).
Protein expression was induced with IPTG (0.4 mM final concentration)) Figures 4.7 and 4.8).
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Figure 4.7. TOMCP15 western blots probed with commercially available anti-His antibody (right) or stained with
Coomassie blue (left) to analyse protein expression. Cells were treated with IPTG (0.4 mM final concentration)
for 4 hours to induce the expression of TOMCP15 (calculated MW is 40 kDa). The protein ladder is shown in lane
1. Lane 2 contained a transformed cell sample prior to induction. Lane 3 shows protein expression after four of
induction. Each lane was loaded with 10 pg protein sample (10 pl) and the results represent seven individual
attempts at inducing expression of the recombinant his-tagged ToMCP15 .

81




:
X 130

250 "
wy 130 e
v 70 1 25

35°

15

L

Figure 4.8. TbMCP16 western blots probed with commercially available anti-His antibody (right) or stained with
Coomassie blue (left) to analyse protein expression. Cells were treated with IPTG (final concentration, 0.4 mM)
for 4 hours to induce the expression of TOMCP16 (calculated MW is 39 kDa). The protein ladder is shown in lane
1. Lane 2 contained a transformed cell sample prior to induction. Lane 3 shows protein expression four hours after
induction. Each lane was loaded with 10 pg protein. The results represent seven individual experiments attempts
at inducing expression of the recombinant his-tagged ToMCP16.

As Figures 4.7 and 4.8 clearly show, protein bands with the expected molecular weight size
were detected by western blotting for both TOMCP15 (predicted: 40 kDa) and TbMCP16
(predicted 39 kDa) the induction of expression in E. coli Lemo21 (DE3). Next to the expected
39 kDa band, an unexpected double protein band with a higher molecular weight (HMW) was
observed for TOMCP16 . This HMW proteins apparently contain a His-tag since they are
recognised by the anti-His antibody. The composition of the observed HMW double band is
however unclear. When comparing the western blot results to the corresponding CBB stained
SDS-PAGE gels, the by western blotting detectable TbMCP15 and TbMCP16 protein bands

are not discernible from other proteins, suggesting that their expression level is rather low.

Heterologous over-expressed membrane proteins have previously been shown to exist in the
cell as insoluble, inactive protein aggregates, also called inclusion bodies (Wingfield et al.,
2001; Rosano & Ceccarelli, 2014). A good initial step for the isolation of relatively “pure”
recombinant protein could be to isolate inclusion bodies after over-expression of the protein.
Therefore, the formation of inclusion bodies was assessed after the expression of the

recombinant TbOMCP15 and TbMCP16 proteins in E. coli Lemo21 (DE3) (section 2.2.9).
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However, no TbOMCP15/TbMCP16 containing inclusion bodies could be isolated suggesting
that, under the standard conditions used for expressing His-tagged TbMP15 and TbMCP16,

the proteins are not sufficiently over-expressed in the first place.

The enable a better detection of these apparently low-expressed proteins, and to reduce possible
aggregation of membrane proteins (with protein aggregates stuck in the gel and not being
transferred to the membrane), experiments were repeated using different sample preparation
conditions, such as the treatment (denaturation) of samples at a lower temperature (85 °C
instead of 95 °C) prior to loading, the use of cell lysis buffers containing higher concentrations
of SDS, and the use of larger sample volumes (20-35 pl) containing an overall lower protein
concentration (improved protein to SDS ratio). Unfortunately, the observed protein expression
levels were still not sufficient to allow protein isolation in large enough quantities for

Immunisation.

Next to pET28, other protein expression vectors, such as for example pTrcHisA, were used to
investigate if the used expression vectors had any effect on TbMCP15 and TbMCP16
expression. IPTG-inducible expression from pTrcHisA is driven by the Ptrc promoter and will
lead to the addition of a 6xHis-tag to the N-terminal end of the expressed protein.
Unfortunately, none of the tested expression vectors did improve the expression levels of either

TbMCP15 or TbMCP16.

The failure to expressed sufficient TbOMCP15 and TbMCP16 protein suggested that the
problem could maybe be related to the use of the full-length genes. It was observed that soon
after induction of protein expression the growth of the E. coli cells stopped, followed by some
cell lysis. Expression of full-length gene products could potentially have a deleterious effect
on the host cell if the protein and/or its function is toxic for the host cell. Therefore, expression
experiments were repeated, but now only expressing the N-terminal half of the full-length
ORFs of TbMCP15 and TbMCP16. Unfortunately, protein expression levels did not improve

and were still found to be not sufficient for immunisation.

Overall, our experiments suggest that E. coli is unable to express TbMCP15 and TbMCP16
under the standard conditions that were successfully used for the bacterial expression of MCF

proteins from other eukaryotes (Klingenberg, 2009).
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4.2.5 TbMCP15 localised to the mitochondria of 7. brucei PCF449

The subcellular localisation of TOMCP15 in the T. brucei PCF449 cell line was investigated
by immunofluorescence microscopy. Since there are no specific antibodies available for
TbMCP15, a recombinant myc-tagged version of TOMCP15 was expressed instead, allowing
the use of commercially available myc antibodies. TbMCP16 was excluded from this analysis
because it failed to complement the growth of the yeast deletion AAC AJL1 2 3u strain
(section 4.2.2), which suggested that TbMCP16 does not function as an AAC.

4.2.5.1 Plasmid construction

The ORF of TbMCP15 was PCR amplified using primers with added unique BamHI and
Hind1 restriction sites. The PCR product was cloned into the pPGEM®-T Easy vector and the
resulting construct was sequenced (Eurofins MWG). The ORF of TbMCPI5 was
subsequently cloned into the 7. brucei expression vector pHD1484 using the unique BamHI
and Hindlll restriction enzyme sites and resulting in the pHD1484-TbMCP15-cmyct
construct. The tetracycline-inducible expression from pHD1484 will add a double myc-tag to

the c-terminus of TbOMCP15.
4.2.5.2 Subcellular localisation

The T. brucei PCF449 cell line was transfected with pHD1484-TbMCP15-cmyc! and
expression of the myc-tagged version of TbOMCP15 was induced by addition of tetracycline
(section 2.2.6). Immunofluorescence microscopy was performed using a commercial

available myc antibody (Figure 4.9).
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Figure 4.9. Immunofluorescent micrographs of WT and pHD1484-TbMCP15cmyct-transfected 7. brucei PCF449
cell lines. The MitoTracker (Mito; red), myc antibody (green) and DAPI (blue) signals were merged to form the
overlay. The images represent three independent experiments.

The immunofluorescence results showed a specific tubular shaped staining pattern of PCF 449
T. brucei when using the TbMCP15 myc-tagged antibody. This staining pattern was identical
to the one obtained for MitoTracker, which is used as a mitochondrial marker (Colsanate et al.,
2006). Therefore, this result confirmed the mitochondrial localisation of TOMCP15 in 7. brucei
PCF449.
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4.2.6 TbMCP15 aided mitochondrial ATP production in the presence of ADP

To determine whether TOMCP15 is fully or partially responsible for mitochondrial ADP/ATP
exchange in 7. brucei, a mitochondrial ATP production assay was performed. The classical
approach to determine the metabolite exchange function of MCF proteins is the in vitro
reconstitution of natural or affinity-tagged purified carrier proteins in liposomes, followed by
transport assays using radiolabelled metabolites. This approach has been successful for the
functional characterisation of a large number of MCF proteins from mammals, yeasts and plants
(Picault et al., 2004; Palmieri et al., 2004; Palmieri et al., 2011). However, after numerous
attempts, this classical approach proved to be unsuccessful for MCF proteins from 7. brucei
(Diaz et al., 2009). Therefore, an alternative approach was used to assess the putative transport
function of TbMCP15. This alternative approach is based on a well-established, previously
published mitochondrial ATP production assay using 7. brucei mitochondria which were
enriched via digitonin fractionation (Schneider et al., 2007; Bochud-Allemann & Schneider,
2002). The obtained mitochondrial fraction is metabolically active and is able to synthesise
ATP upon the addition of ADP and mitochondrial metabolic substrates such as the Krebs cycle
intermediate oxoglutarate (a-ketoglutarate) (Allemann & Schneider, 2007). The mitochondrial
ATP production is further dependent on the presence of mitochondrial metabolite transporters
such as MCF proteins, which are responsible for mitochondrial ADP/ATP exchange (ADP
import and ATP export) and the exchange of other metabolic substrates and end products across

the semipermeable MIM (Besteiro et al., 2005).

4.2.6.1 ATP production assay

T. brucei cells were grown in standard MEM-Pros medium prior to the enrichment of
mitochondria by digitonin-mediated cellular permeabilisation. ATP production by
mitochondrial fractions (section 2.2.15) derived from 7. brucei PCF449 cells (WT) and
tetracycline-induced TbMCP15 RNAi cells was assessed in the presence of different
combinations of metabolic substrates and inhibitor. The Krebs cycle metabolic intermediate
a-ketoglutarate ( alternatively called oxoglutarate) was added as a substrate to the isolated
mitochondria in order to initiate oxidative phosphorylation via the Krebs cycle (Schneider et
al.,2007). ADP was added as a phosphorylation substrate for mitochondrial ATP production,
whilst the required inorganic phosphate was provided in the used assay buffer.
Carboxyactractyloside (CATR) was added to specifically inhibit the mitochondrial ADP/ATP

carrier (Peyroula et al., 2003). The inhibitor and the metabolic substrate used, allow the
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discrimination between ATP produced by substrate-level phosphorylation or oxidative
phosphorylation in the 7. brucei mitochondrion (Schneider et al., 2007). The production of

ATP was measured using a luciferase-based ATP detection kit (section 2.2.15).

4.2.6.2 Assessment of ATP production

In the control experiment, both ADP and oxoglutarate were added to the mitochondria-enriched
fraction obtained from the wildtype 7. brucei PCF449 cell line. As expected, ATP was
produced (Figure 3.10). This ATP production was ablated when either ADP or oxoglutarate
were omitted from the assay or the specific AAC inhibitor CATR was added in the presence
of both substrates (Figure 3.10). These results indicated that the isolated mitochondria are
functional and that the mitochondrial ATP production is dependent on the presence of both
ADP and oxoglutarate as the metabolic substrates, as well as the presence of a functional
ADP/ATP carrier. Addition of only oxoglutarate resulted in no ATP production, which is
expected since mitochondrial ATP production is dependent on the constant provision of new
ADP via the ADP/ATP exchanger. Addition of only ADP during the control experiment
resulted in the detection of only small amounts of ATP, which is probably derived from residual
ATP present in the isolated mitochondria. Similar experiments were performed for
mitochondrial fractions obtained from the TbMCP15-depleted 7. brucei cell line. The results
revealed that mitochondria from the TbMCP15-depleted 7. brucei cell line produced
significantly less ATP (about 75%) compared to the mitochondria from the parental (wildtype)
T. brucei PCF449 cell line (Figure 3.10). This result suggested that TbMCP15 is likely to be
responsible for about 25% of the observed ADP/ATP exchange activity in 7. brucei PCF449.
The remaining ADP/ATP exchange activity is probably the resulting from TbMCPS5, which
has previously been reported to function as the major ADP/ATP exchanger in the 7. brucei

mitochondrion (Colasanate et al., 2009).
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Figure 4.10. ATP generation by mitochondria isolated from WT PCF449 and TbMCP15 RNAi-expressing cells
lines grown in standard MEM-Pros medium with a-ketoglutarate (OXO) as a substrate. WT mitochondria were
able to generate ATP from a-ketoglutarate in the presence of ADP. The addition of carboxyatractyloside (CATR)
inhibited ATP generation. The results represent the mean and standard deviation of six independent experimental

done in duplicate.
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4.3 Discussion and Conclusion

BLASTP analysis and phylogenetic reconstruction revealed that TbOMCP15 and TbOMCP16 had
similar amino acid sequences to human and yeast AACs. AACs supplies ADP to maintain the
oxidative phosphorylation (Kim et al., 2010) .AACs play an important roles in the metabolic
processes which provide energy to the cells in the form of ATP (Haferkamp et al., 2002) .
T.brucei contains a single gene coding for the TbOMCP15 and TbMCP16. However, the
sequence alignments of TbMCP15 and TbMCP16 with the human and yeast transporters
revealed that only TbMCP15 contained the conserved motifs and transport-specific contact
points associated with AACs. TbMCP15 contained relatively conserved CPI and CPIII
sequences (Kunji & Robinson, 2006; Colasante et al., 2009), which bind with ADP and
neutralise its charge (Heidkamper et al., 1996; Kunji & Robinson, 2006). CPII, which
comprises the G[I/V/L/M] amino acid duet, has been found to be highly conserved in all AAC
proteins. Moreover, the “RRRMMM” sequence motif , which is conserved in all most AAC
proteins, was appeared to be modified in TOMCP15, revealing a “RRRMMI” motif instead.
The methionine (M) residue at position 6 of “RRRMMM” was replaced by isoleucine (1),
which they all are hydrophobic. Suggesting that the RRRMMI sequence motif in TOMCP15
possibly functions in the identical way as the RRRMMM sequence motif found on prototypical
AAC proteins. Therefore, based on the above described and also its significant homology to
TbMCPS, it can be said that TbOMCP15 appeared to be functions as an AAC in T. brucei . In
addition, TbOMCP15 localised to the mitochondria of PCF449 T. brucei, where a surplus of
ATP is generated by substrate-level or oxidative phosphorylation and where ATP and ADP are
equilibrated by adenylate kinases (Allemann et al., 2000; Coustou et al., 2005; Lamour et al.,
2005; van Weelden et al., 2005). Thus, TOMCP15 appeared likely to have a mitochondrial

transport function.

The amino acid sequence of TOMCP16 shared a lower degree of similarity to the human and
yeast AAC proteins. In particular, 3 out of 6 amino acids of the RRRMMM motifs are
conserved . TbOMCP16 contained the ‘SRRMQL’ motif instead of the conserved ‘RRRMMM’
motif. The positively charged (R) arginine at position one of this sequence motif has replaced
by serine (S) uncharged, whereas the methionine at position five replaced by glutamine which
is positively charged. Therefore, based on its dissimilar sequence motif and the different amino
acids substitution in the substrate contact points , TOMCP16 unlikely to function as an AAC

protein. In addition to that , because TbOMCP16 was clustering within the nucleotide carriers as
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shown by the phylogenetic tree, suggesting that, TbOMCP16 is most possibly involved in the

carrying of nucleotides or nucleotides-related substrate.

The non-conservative nature of the modifications suggested that they would influence the role
of the molecule in oxidative phosphorylation (Schneider ef al., 2007). The oxidative
phosphorylation activity of a yeast AAC was diminished to less than half after the mutation of
the first amino acid in the ‘RRRMMM’ motif (Heidkamper et al., 1996; Schneider et al., 2007).
During ADP/ATP exchange, the three negative charges of ADP are neutralised by the three
positive charges of the amino acids in the ‘RRRMMM’ motif (Heidkamper et al.,1996;
Schneider et al., 2007).

The functions of TbOMCP15 and TbMCP16 were analysed in functional complementation
experiments. A yeast AAC -deficient cell line (AJL1 2 3u) was induced to heterologously
express TbMCP15 or TbMCP16. Only TbMCP15 restored its growth on glycerol, as non-
fermentative carbon source. This finding indicated that TbOMCP15 is capable of rescuing
mitochondrial ADP/ATP carrier deficiency of yeast, as TOMCPS5 did (Colasanate et al., 2009);
suggesting that TbOMCP15, like TbOMCPS, acts as an ADP/ATP transporter. TbOMCP16 did not
restore the growth of the deficient strain. Unfortunately, there was no specific antibody
available for TbMCP16, which can prove the presence of TbMCP16 protein mitochondria. The
inability of TbMCP16 to restore ADP/ATP transport in the AJL1 2 3u cell line could be for
many reasons, such as, the heterologousely expressed TbMCP16 protein is not sufficiently
targeted to the yeast mitochondrion or may be TbMCP16 protein is too divergent to be used
for heterologous complementation studies in the yeast. Therefore, TOMCP16 was consistent
with its structural dissimilarity to ADP/ATP transporters and suggested the hypothesis that it
is not function as an AAC proteins. Interestingly, the down-regulation of either TbMCP15 or
TbMCP16 caused a growth defect, which indicated that both proteins are essential for the
survival of the PCF449 of T. brucei.

The expression of His-tagged TbOMCP15 and TbMCP16 differed in different heterologous
systems. When expression was induced via IPTG, the protein level in the cell determined
the expression of TOMCP15 and TbMCP16 proteins in E. coli Rossetta2 (DE3)-plysS and
E. coli Lemo21 strains. Their expression was analysed by Coomassie blue staining and
western blotting and. TbOMCP15 formed a distinct band, which was detected with the His-
tag antibody, of approximately 40 kDa. However, TbMCP16 was detected as two bands, this

could be due to incomplete processing or alternative post-translational modification in E.coli
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(Rosano et al., 2014). However, the exact reason of appearing double band is still not known
at this stage. Western blotting revealed that extremely small quantities of TbMCP15 and
TbMCP16, just over the limit of detection, were formed within 4 hours of IPTG induction.
Interestingly, the standard conditions that supported the expression of TbMCPI15 and
TbMCP16 in other eukaryotic cells were unsuitable for expression in E. coli Lemo21 and E.
coli Rosetta cells, which were unable to survive the formation of these 7. brucei MCF
proteins. Thus, the expression of 7. brucei TOMCP15 and TbMCP16 may be toxic for E.
coli cells. The experiments demonstrated that His-tagged TbDMCP15 and TbMCP16 are
formed after IPTG induction, but at very low levels. After IPTG-induced expression of the
proteins, the bacterial cells producing the proteins lost the ability to grow. Therefore, the two
proteins could be toxic to E. coli cells, which prevented the expression of sufficient protein
for analysis in several experiments. However, the exact reason for this failure is still unclear.
The failure of the TOMCP15 and TbMCP16 proteins to be expressed in E. coli under the
various conditions led to the hypothesis that the genes contain DNA codons that are rarely
used in E. coli Lemo21 (DE3) and Rosetta strains, which hampered their expression (Sharp
& Li, 1987). TbMCP15 and TbMCP16 may also be toxic to E. coli. The protein expression
results for TbOMCP15 and TbMCP16 varied substantially from the mRNA expression results.
This finding was suggested the important role of these proteins in PCF449 T.brucei. the
structural changes occur in the PCF, compare to BSF, of T.brucei play an important role in
the formation of its membrane and these membranes are of paramount importance in the
reconstitution of the carriers into liposomes. Therefore, due to the requirement for an isolated
purified protein. Changes in the methodological approach is necessary to facilitate a
successful analysis. Many factors play a role in the process of reconstitution and varying
results have been achieved experimenting with different strains of the E.coli (Seddon et al.,
2004). According to Gebert et al. (2011), some factors, like the redox state of the proteins
or the phospholipids, play substantial roles in the functional incorporation of proteins into
the membrane of the 7. brucei mitochondrion. The essential factors that dictate the
incorporation of 7. brucei proteins into the mitochondrial membrane have not been

established and must be further analysed.

The transport function of TbOMCP15 was examined in a mitochondrial ATP production assay.
In order to interpret the ATP production results, it is essential to understand the criteria for

ATP production in this assay. First, AACs are essential for importing ADP into the

91



mitochondria and exporting ATP. Substrate transporters must be functional to import the
exogenous metabolites into the mitochondria. Furthermore, if the carrier is functional as a
cotransporter or counter-transporter, the cofactor or counter-transport metabolite must be
available (i.e., it must be generated in the mitochondrial pathways from the added substrate).
In addition, the enzymes that generate ATP must be active. If ATP is produced by oxidative
phosphorylation through the electron transport chain, mitochondrial membrane potential is
required. ATP generated through substrate level phosphorylation must be catalysed by either
succinyl-CoA synthetase or acetate/succinate CoA transferase (the ASCT cycle). Finally, if
ATP is generated through the ASCT cycle, succinate must be provided in addition to the
testing substrate. Upon addition of a-ketoglutarate to the mitochondrial fractions, the
majority of ATP production was generated by substrate phosphorylation that converted
succinyl-CoA to succinate (Schenider et al., 2007). In this study, TbOMCP15-depleted T.
brucei generated less levels of ATP compared to PCF449 T.brucei . This finding was similar
to the previously published TbMCP5 (Colasanate et al., 2009). However, the slightly lower
production of ATP by the TbMCP15-depleted cells could be explained by the residue
TbMCPI1S5 or alternatively some ATP could be transporter by other 7.brucei mitochondrial
proteins. It can be stated that next to TbMCPS5, TbMCP15 plays an essential role in the
PCF449 T.brucei energy metabolism (Colasanate et al., 2009), when the proline is the main
sources for the ATP production in the mitochondria. TbMCP15 and TbMCP5 (Colasanate et
al., 2009) are both an ADP/ATP transporters in 7.brucei, while, TbMCP16 function as third
type of ADP/ATP is not clear at this point, as its assumed ADP/ATP transport function is
supported by BLASTP analysis but not phylogenetic reconstruction. The function of
TbMCP16 is more likely to be a specific to the PCF449 of T. brucei. Further research into
metabolic pathway regulation and signalling in all stages of the parasite lifecycle and in the

PCF449, in particular, is required to understand the role of TbMCP16 in T.brucei.

In conclusion, evidence in this chapter shows that TbOMCP15 is an ADP/ATP transporter, as
indicated by phylogenetic reconstruction and its ability to restore the growth of the AJL1 2
3u cell. TbMCP15 is more likely to be responsible for the ADP/ATP exchange activity in
T.brucei as indicated by mitochondria ATP transport assay. However, further functional
assays would provide additional insight into the functions of TbMCP15 and TbMCP16, as
would the measurement of TOMCP15 and TbMCP16 expression at the protein level.
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Chapter 5: Sequence analysis and functional characterisation of

TbMCP20, a putative SAMC
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5.1 Introduction

S-adenosylmethionine (SAM), a methyl group donor, is involved in almost all cellular
methylation processes occurring in eukaryotic cells, including the methylation of protein, RNA
and DNA (Palmieri et al., 2003). In addition to the methylation function, SAM also acts as a
metabolic intermediary required for the biosynthesis of biotin (Marquet et al., 2001; Kumar et
al., 2002), ubiquinone (Bringaud, 2015) and lipoic acid (Sulo et al., 1993) in the yeast
Saccharomyces cerevisiae. One of the enzymes required for the production of SAM, e.g.
methionine adenosyltransferases, does not exist in mitochondria and is found only in the
cytosol (Palmieri et al., 2006; Haferkamp et al., 2013). However, SAM can be bound in
significant quantities in mitochondria, suggesting that it has to be imported from the cytosol

into mitochondria through a carrier (Agrimi et al., 2003).

In human, SAMC was found to be expressed in all human tissues and also was shown to be
located in the mitochondria . The functional role of SAMC was shown to be the exchange of
cytosolic SAM for mitochondrial s-adenosylhomocysteine (Agrimi et al., 2004). Purohit et al.
(2008) showed that rat liver mitochondria are capable of storing SAM, and that the
mitochondria uptake of SAM can be stopped through the addition of structural analogues of
SAM, i.e. adenosylornithine and S-adenosylhomocysteine (SAH). The kinetic properties,
subcellular localisation and transport mechanisms of human SAMC indicated that it is

comparable to the SAMC in rat liver mitochondria (Agrimi et al., 2003; King et al., 2016).

The yeast genome contains the gene SAMS (PET8), which encodes the yeast s-
adenosylmethionine carrier (SAMS). SAMS yeast was overexpressed in bacteria and
reconstituted into liposomes and identified as a SAM transporter through transport experiments
using radiolabelled SAM (Agrimi et al., 2003). SAMS was also found to be targeted to the
yeast mitochondria as a fusion protein with green fluorescent protein. Moreover, SAMS
(PET8) was shown to be essential for yeast growth on media containing glycerol, acetate or
other non-fermentable carbon sources (Palmieri et al., 2006). In the absence of this gene, yeast
cannot be grown on a minimal synthetic medium with added galactose, glucose or other
fermentable sources of carbon in the absence of biotin or in the presence of the biotin precursor
dethiobiotin (Froschauer et al., 2013). Based on this finding, SAMS5 was initially presumed to
function as a biotin synthetase (Bio2p), which is responsible for the conversion of dethiobiotin

to biotin (Kumar et al., 2002). The exchange of dethiobiotin for biotin was postulated to require

94



SAM. However, this hypothesis was disproven by performing specific transport assays using

liposomes and radiolabelled SAM (Palmieri et al., 2006).

Sequence analysis of the TbDMCP inventory of 7. brucei revealed a significant amino acid
sequence homology between SAMS from S. cerevisiae and TbMCP20 (Colasante et al., 2009),
suggesting that TbMCP20 maybe functions as a mitochondrial s-adenosylmethionine
transporter in 7. brucei. Therefore, this chapter will address the results of the identification and

functional characterisation of TbMCP20, using a similar approach as in the previous chapters.
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5.2 Results

5.2.1 Phylogenetic reconstruction and sequence alignment of TbMCP20

Of the 24 MCF proteins that have been identified in 7. brucei (TbMCP1-24), TbMCP20 has
been identified as a homologue of the mitochondrial SAM transporters found in humans and
yeast (Colasante et al., 2009). The transport function of a mitochondrial carrier family protein
can be deducted from the conserved substrate contact points CPI CPII and CPIII, which were
previously shown to be essential for binding and transport of the different substrates (Robinson
and Kunji., 2006). Among the different substrate contact points, CPIII is the most defining and
conserved one in terms of substrate recognition, whereas CPI and CPII can be more variable
between MCF proteins transporting similar substrates (Colasanate et al., 2018). MCF proteins
require particular amino acids in the right position in the substrate binding pockets in order to
recognise a specific substrate (Boudko et al., 2012)

The TbMCP20 protein sequence was analysed by BLASTP analysis against mitochondrial
carrier family proteins from other eukaryotes (http:/blast.ncbi.nlm.nih.gov/). BLASTP

analysis not only retrieved similar TbMCP20-related sequences from other Kinetoplastida
species such as 7. b. gambiense, Trypanosoma equiperdum, Trypanosoma congolense and
Leishmania donovani, but also result TOMCP20 also demonstrated a similarity with the
mammalian homologue SLC25 in M. musculus and H. sapiens. Based on these findings, the
sequence of the TOMCP20 protein was analysed against genome databases for H. sapiens and
S. cerevisiae . When compared against the H. sapiens genome database, the TbMC20 protein
demonstrated the greatest similarity (0.97%) to the mitochondrial SAMC. This is considered
to be high values for 7. brucei since MCF proteins, in evolutionary terms, are highly divergent
and only the few amino acids required for transport and substrate recognition are conserved
across most eukaryotes (Boudko et al., 2012). Other amino acids are far less conserved apart
from maintaining the MCF protein structure, including its 6 hydrophobic TM domains and the
hydrophilic loops in between. Details sequence analysis using the S.cerevisiae SAMC protein
sequences revealed that the TbOMCP20 protein is homologous to the Pet8p (SAMS) transporter
of S. cerevisiae. After all related sequences were collected and aligned, a phylogenetic tree was
constructed with phylogeny.fr (Figure 5.1). phylogenetic analysis showed that TbMCP20
clustered with similar SAM transporters from other eukaryotes, such as SAMC from H.sapien
and SAMS S.cerevisiae proteins, supported by high bootstrap values at the nodes (Palmieri et
al., 2006). These findings suggest that TOMCP20 could be a mitochondrial SAM transporter.
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For a more in-depth sequence analysis, the amino acid sequence of TbMCP20 was aligned with
functionally characterised SAM transporters from yeast (SAMS), H. sapiens (SAMC) and
Arabidopsis thaliana (Palmieri et al., 2003; Palmieri et al., 2006). The results (Figure 5.2)
showed that TbMCP20 is clearly a MCF protein because of its conserved the structural
characteristics and conserved of MCF protein sequences and motives. Sequencing of
TbMCP20 revealed that it comprised 310 amino acids, resulting in a 34-kDa protein. SIX TM
domains were found in TbOMCP20. The protein structure includes six TM a-helices (H1-6),
similar to other MCF proteins (Colasante et al., 2009). The signature motif
‘PX[D/E]XX[K/R]X[K/R]’, where X represents any amino acid, is found in three out of six
TM domain (Aquila et al., 1987; Saraste & Walker, 1982). This motif is located at the ends of
H1, H3 and H5 (illustrated as M1, M2 and M3, respectively). Kunji and Robinson (2006) have
reported a group of conserved amino acids resides downstream of each MCF protein signature
motif. These conserved amino acids are involved in recognising and binding of substrates. CPI,
CPII and CPIII, the three highly conserved substrate contact points in MCF proteins, are
responsible for the transportation of similar substrates. When the sequences of mitochondrial
SAM transporters were aligned, it was evident that the three amino acids in CPI are conserved
‘YGL’ (Figure 5.2). In CPIII, the first amino acid is an arginine (R). The CPIII substrate-
binding site is characterised by the presence of a positively charged arginine (R) residue which
is also entirely conserved in TbOMCP20. The relative conservation of the prototypical SAMC
sequences and the substantial sequence similarity between TbMCP20 ,SAMC from H.sapien
and S.cerevisiae suggested that TbOMCP20 may function as an SAM transporter.
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Figure 5.1. The phylogenetic maximum likelihood tree of TOMCP20 and related MCF proteins with separate clade
clustering. The maximum likelihood tree depicts the evolutionary relationship between TbMCP20 in mammals
(yellow), yeast (pink) and trypanosomatids (green). The colours boxes indicate the clustering of carriers with the
same transport function. The bootstrap values located at the nodes represent the percentages obtained after
resampling analysis of 1000 iterative data sets. Functionally characterised SAM transporters (H.sapien ‘SAMC’
and S.cerevisiae ‘SAMSY’) are labelled with “*”,
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Figure 5.2. Alignment of the 7. brucei TbOMCP20 sequence with comparable sequences from H. sapiens, S.
cerevisiae (SAMS) and A. thaliana. A: Schematic representation of the conserved structure of MCF proteins. The
protein structure consists of six TM helices (H1-6) linked by hydrophilic loops (h1-2, h3-4 and h5-6). M1a, M2a
and M3a indicate the first segment of the signature sequence motif, PX[D/E]XX[K/R]X[K/R], located at the ends
of the odd-numbered TM helices, whereas M1b, M2b and M3b indicate the second part of the motif, [D/E]G[n
residues][K/R]G, located at the end of each hydrophilic loop. B: Multiple sequence alignment of TOMCP20 with
the human and yeast sequences. The amino acid sequences were aligned using ClustalO. The substrate contact
points CPI, CPII and CPIII are located next to H1, H3 and H6, respectively. An asterisk (*) indicates positions
with a single, fully conserved residue. A colon (:) signifies conservative substitutions of similar amino acids. A
period (.) indicates substitutions of weakly similar amino acids.
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5.2.2 Expression of TbMCP20 rescued the growth defect of the S. cerevisiae deletion strain

ASAMS on non-fermentative carbon sources

The S. cerevisiae gene deletion strain ASAMS lacks the gene coding for the mitochondrial
SAM carriers SAMS(Palmieri et al., 2003). As a consequence, this yeast deletion strain is not
able to grow on media containing non-fermentable (mitochondrial) carbon sources such as
glycerol or lactate, but instead can only grow on fermentative carbon sources such as glucose
(Palmieri et al., 2003). Growth of S. cerevisiae ASAMS5 on a non-fermentative carbon source
such as glycerol can be restored by the expression of a functional mitochondrial SAM carrier
(Palmieri et al., 2003). In order to test whether 7.brucei ToOMCP20 could function as a SAM
carrier, TbOMCP20 protein was heterologous expressed in the S. cerevisiae deletion strain
ASAMS, followed by the analysis of the resulting growth phenotype on different fermentable

(glucose) and non-fermentable (glycerol) carbon sources (section 2.2.10).
5.2.2.1 Plasmid construction using the yeast expression vector pCM190

The ORFs of TbOMCP20 (T. brucei) and SAMS (S. cerevisiae) were amplified by PCR (section
2.2.2.1). The restriction sites for BamHI and Notl were incorporated into the relevant primers
to facilitate the site directed cloning of the PCR products. The PCR products were initially
cloned into the pPGEM®-T Easy TA cloning vector, which was used for sequencing (Eurofins
MWG). From the constructs verified as correct (no deviation in DNA sequence), the ORFs of
TbMCP20 and SAMS were subsequently cloned into the yeast expression vector pCM190,
using BamHI and Nofl restriction enzyme sites to generate the plasmids , pPCM190+TbMCP20
and pCM190+SAMS.

5.2.2.2 Growth complementation experiment

The plasmids pCM190+TbMCP20 and pCM190+SAMS were transfected into the S. cerevisiae
gene deletion strain ASAMS (section 2.2.10.2). In addition, the empty pCM190 plasmid
without insert was transfected into both the parental S. cerevisiae BY4741 and the S. cerevisiae
deletion strain ASAMS strain (section 2.2.10.2). The resulting yeast strain ASAMS transformed
with SAMS5+pCM190 was used as a positive control (Palmieri et al., 2003), while the parental
strain S. cerevisiae BY4741 transformed with the empty plasmid pCM190 was used as the
“wildtype” (WT) strain.

The resultant yeast strains were grown on different carbon sources to examine the growth

effects of the gene complementation. On glucose medium (YPD), all of the yeast strains
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showed the same growth as the WT strain (figure 5.3). This was expected since under this
condition growth is fermentative and not dependent on mitochondrial function. However, in
the glycerol medium (YPG) where cell growth is more reliant on mitochondrial function
(Palmieri et al., 2003), recombinant TbMCP20 gene expression was able to rescue 45% of the
growth levels comparable to those of the WT S. cerevisiae BY4741 strain containing the empty
pCM190 plasmid. The introduction of SAMS into the ASAMS strain restored only 50% of
growth of the WT S. cerevisiae BY4741 strain containing the empty pCM190 plasmid (figure
5.3). This ability of heterologous expressed TbMCP20 to rescue the growth defect in the
ASAMS yeast strain suggested that expression of TbMCP20 gene complemented the transport
function of SAMS.
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Figure 5.3. Growth of WT S. cerevisiae and ASAMS5 on YPD and YPG media. A: YPG plates and YPD media
were inoculated with four dot dilutions of WT BY4741 cells and ASAMS cells transfected with empty pCM 190,
pCM190 + TbMCP20 or pCM190 + SAMS. The results represent five independent experiments. B: Growth
analysis of the cells in YPD and YPG liquid media. Single colonies from all cells lines were cultured in liquid
media and the rates of growth were recorded and plotted. The results represent the mean and standard deviation
of six independent experimental replicates.
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5.2.3 Knockdown of TbMCP20 caused a growth defect in 7. brucei

Similar to the previous chapters, TbOMCP20 was knocked down using RNAi approach by
expression of double-stranded RNA containing both sense and antisense RNA sequences of
TbMCP20, leading to a reduced or depleted expression of the targeted protein in 7. brucei. The
resulting growth phenotype can further give valuable information regarding the respective

physiological function(s) of TbMCP20.

5.2.3.1 Knockdown-related plasmid construction

RNAi was performed by the simultaneous expression of the sense and corresponding antisense
RNA molecules of the targeted gene sequences (Appendix 4) (Bringaud et al., 2000). Primers
were designed to PCR amplify a 1100 bp sense and an antisense version of the open reading
frame of TbOMCP20. The primer included the unique restriction sites BamHI, Apal, and HindIll,
allowing the site-directed cloning of the sense and antisense DNA products in the 7. brucei
expression vector pHD676 (Appendix 5, section 5.1). The antisense primer for TbMCP20 gene
was designed to include the BamHI and Apal restriction sites, whereas the primer for the sense
DNA fragment was designed to include the Apal and HindllI restriction sites. The sense and
antisense DNA PCR products were cloned in tandem and joined at the 4pal site behind an
inducible 7. brucei promotor in the vector pHD676. Expression from the pHD676 vector will
lead to the formation of a double-stranded RNA molecule connected by a short single stranded
loop at the 3° end. Such a structure was shown to be more stable and more effective than a

single-stranded antisense RNA molecule for the down-regulation of expression in 7. brucei

(Ngb et al., 1998).

The resulting pHD676+TbMCP20 (sensetantisense) RNAi construct was analysed by using
PCR, restriction enzyme digestion and gel electrophoresis to determine whether it contained
the correct DNA fragment in the right order. A positive clone was further sent for sequencing
(Eurofins MWG). The sequencing results confirmed that the used construct was indeed correct.
The verified pHD676+TbMCP20 RNAI construct was used to transfect the 7. brucei cell line
PCF449 (section 2.2.5) and positive clonal cell lines were isolated. For comparison (same
genetic background), a T.brucei PCF449 cell line was generated containing an empty (no
insert) version of plasmid pHD676. Growth of the generated TbMCP20 RNAi and
PCF449+pHD676 cell lines was analysed in MEM-Pros medium (Appendix 1) containing 5
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mM proline and 0.12 mM glucose as carbon sources. RNAi was induced by the addition of
tetracycline to the culture medium (section 2.2.4.2). Growth curves were plotted using

Microsoft® Excel (Figures 5.4).
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Figure 5.4. Comparison of the growth phenotypes of “wildtype” T. brucei PCF449 (WT) and tetracycline-induced
pHD676+TbMCP20 RNAI cell lines in standard MEM-Pros medium containing 5 mM proline and 0.12 mM
glucose. Cultures were started with 1x10° cells/ml and counted every 24 hours for five days. The data points
represent the mean and standard deviation of three independent experimental replicates.

Upon induction with tetracycline, the TbDMCP20 RNAi cell line presented a significant
reduction in growth when compared to the ‘wildtype” T. brucei PCF449 cell line, suggesting
that TbOMCP20 is essential for growth and thus the survival of T. brucei.

Unfortunately, no antibodies could be generated for the detection of TOMCP20 protein in 7.
brucei (see below, section 5.2.4). The depletion of TbMCP20 in the respective RNAI cell line
was therefore examined by quantitative RT PCR. It is expected that after the depletion of
TbMCP20 mRNA a similar depletion will follow at the protein level, taking into account a
reduction of protein levels through ongoing cell division and protein turnover/degradation. The
quantitative RT PCR results revealed that the TOMCP20 mRNA level was approximately100-
fold lower in the respective RNAI cell line when compared to the parental PCF449 cell line
(wildtype control).This result confirmed an effective down-regulation of TOMCP20 expression
in the 7. brucei RNAI cell line (Figure 5.5), and a corresponding depletion of TbOMCP20 protein

was inferred.
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Figure 5.5. Relative mRNA levels of TbMCP20 in 7. brucei PCF449 WT and tetracycline-induced RNAI cell
lines. The level of ToOMCP20 mRNA in the WT cell line was set as 1. The results represent the mean and
standard deviation of six independent experimental replicates each.

5.2.4 Protein expression and antibody generation

In order to detect TbOMCP20 expression at the protein level and to better analysis the propose
function of this protein, TbMCP20 protein was expressed in and purified from E. coli using the
inducible expression vector pET28. The resulting recombinant protein was expected to contain
an N-terminal His-tag, which can be used for protein detection and purification. The purified

protein will be used for antibody generation.

The ORF of TbMCP20 was amplified by PCR and the product was digested with the restriction
enzymes of BamHI (forward primer) and Hindlll (reverse primer). Then, the PCR product was
initially cloned into the pPGEM®-T Easy TA cloning vector and the resulting clones were sent
for sequencing (Eurofins MWG). Subsequentely, the verified ToMCP20 ORF was cloned into
the E. coli expression vector pET28 using BamHI and Hind]Il1l, resulting in pET28 + TbMCP20.

5.2.4.1 Protein expression

In order to produce adequate quantities of the protein, the plasmid pET28 + TbMCP20 was
transformed into the E. coli strain Lemo21 (DE3 (section 2.2.9). Protein expression was

induced with IPTG (final concentration; 0.4 mM; Figure 5.6).
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Figure 5.6. Western blots probed with commercially available anti-His-antibody (left) or stained with
Coomassie blue (right) to analyse protein expression after induction of TOMCP20 (35 kDa) with IPTG
(final concentration, 0.4 mM) for 4 hours. The protein ladder is shown in lane 1. Lane 2 contained a
transformed cell sample prior to induction. Lane 3 shows protein expression after four hours induction.
Each lane was loaded with 10 pg protein sample and the results are representative of three individual
attempts at inducing expression of the recombinant his-tagged TbMCP20.

The heterologous expression of proteins in E. coli can generate insoluble, inactive protein
aggregates called inclusion bodies (Rosano & Ceccarelli, 2014; Wingfield et al.,2001). A good
initial step for the isolation of “pure” recombinant protein could be to isolate inclusion bodies
after the recombinant expression of the TbMCP proteins. Therefore, the formation of inclusion
bodies was assessed after the expression of the recombinant TbMCP20 protein in E. coli strain
Lemo21 (DE3) (section 2.2.9). As shown in Figure 5.7, TbMCP20-His expression was
successfully induced and the protein was purified using Ni-NTA beads. However, both
TbMCP20-His and unbound proteins passed through the column and were collected in the
effluent (Figure 5.7). The Ni-NTA was washed three times to remove any residue, then eluted
three times with buffer that contained detergents to free His-tagged proteins from the column.
Only very limited amounts of protein were detected in the CL and the three wash samples,
which indicated that the protein binding step was efficient (Figure 5.7). In the three elution
samples, His-tagged protein was observed along with some degraded products. Approximately

one-third of the His-tagged protein remained in the Ni-NTA beads.
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Figure 5.7. TOMCP20 protein purification using a Ni-NTA column. Samples were collected at the various stages
of protein purification and loaded onto a Coomassie Brilliant Blue gel. Lane M: protein markers; CL: cell lysate
prior to loading on Ni-NTA agarose; W1, W2 and W3: proteins obtained after first, second and third washes,
respectively; E1, E2 and E3: proteins obtained after first, second and third elutions, respectively; Ni-NTA:
proteins obtained from the agarose following elution. The results represent two independent experiments.

The proteins were next quantified using standard protein quantification methods, like the BCA
protein assay. BSA was run at various concentrations as a standard alongside the protein
samples (figure 5.8) ; the densities of the target protein bands were compared against the BSA
bands on the Coomassie gel. The concentration of His-tagged protein in the 1:5 dilution of the
elution sample (fraction E1) exceeded 375 pg/ml and the concentration in the 1:10 dilution of
the elution sample was approximately 250 pg/ml (Figure 5.8). Approximately 3 mg of protein
(0.5 ml) was loaded on a gel and the gel slice containing the protein was sent to EZBiolab

(Carmel, IN, USA) for antibody generation in rabbits.

106



<D= P 1000 750 sO0O 375 250 125 825 E 15 E 1:-10
2so0o
S —
A =3O
rL=le]
by o =.-— _ - -
e
35 — —
- —
2=
10 e~

Figure 5.8. Quantification of the TbMCP20 protein concentration in the Ni-NTA elution fraction. BSA standards
(62.5 pg/ml to 1000 pg/ml) and the elution fraction were subjected to SDS-PAGE and stained with Coomassie
blue. The elutions containing TobMCP20-His were diluted 1:5 or 1:10 (E1:5 and E1:10). The gel represents three

independent experiments.

The antisera generated from two rabbits challenged with TOMCP20-His were tested in the
PCF449 and BSF449 T. brucei cell lines. The TbMCP20 antisera did not detect any bands in
either the PCF449 or BSF449 cell lines (Figure 5.9). Furthermore, no protein bands were
detected after testing different dilutions of the obtained TbMCP20 antisera. Moreover, we also
tested different variations including loading more protein/sample, reducing the denaturation

temperature in case this causes aggregation.
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Figure 5.9. Western blot of the 7. brucei PCF449 and BSF449 cell lines with TbOMCP20 antisera (dilution 1:100).
Each lane was loaded with 2x10° cells. The results are representative of three independent experimental replicates.
Lane M, protein markers

107



5.2.5 TbMCP20 localised to the mitochondria of 7. brucei PCF449

The subcellular localisation of TbOMCP20 in the PCF449 of T. brucei was investigated using
immunofluorescence microscopy. Since the raised TbOMCP20 antisera was unable to detect
TbMCP20 protein, a recombinant myc-tagged version of TbMCP20 was expressed instead,

allowing the use of commercially available myc antibodies.
5.2.5.1 Plasmid construction

The ORF of TbMCP20 was PCR amplified using primers with added unique BamHI and
Hind1 restriction sites. The PCR product was cloned into the pPGEM®-T Easy vector and the
construct (10 pl) was sequenced (Eurofins MWG). Then, the ORF of TbMCP20 was
subsequently cloned into the 7. brucei expression vector pHD1484 using the BamHI and
HindIll restriction enzyme sites and resulting in the pHD1484-TbMCP20-cmyc! construct.
The tetracycline inducible expression from pHD1484 will add a double myc-tag to the c-
terminus of TbMCP20.

5.2.5.2 Subcellular localisation

The T. brucei PCF 449 cell line was transfected with pHD1484-TbMCP20-myc'and expression
of the myc-tagged version of TbMCP20 was induced by addition tetracycline (section 2.2.6).
Immunofluorescence microscopy was performed using a commercial available myc antibody

(Figure 5.10).
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Figure 5.10. Immunofluorescent micrographs of WT and pHD1484-TbMCP20-cmyc'-transfected T.brucei
PCF449 cell lines .The MitoTracker (Mito; red), TbMCP20-myc (green) and DAPI (blue) signals were merged
to form the overlay. The results represent three independent experiments.

The immunofluorescence results showed a specific tubular shaped staining of PCF 449 T.
brucei when using the myc antibody, which recognises myc-tagged TbMCP20. This staining
pattern was identical to the one obtained for MitoTracker, which is used as a mitochondrial

marker for 7. brucei .This result confirmed the mitochondrial localisation of TbMCP20 in
PCF449 T. brucei.
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5.3 Discussion and Conclusion

In yeast and humans, SAM is required as a substrate for the production of polyamines
(Takahashi et al., 2010). In addition, SAM also functions as a methyl donor for nearly all
methylation reactions taking place in the mitochondrion (King et al., 2016). To fulfil this
function, SAM must be transported across the mitochondrial membrane from the cytosol to
sustain energy metabolism (Palmieri ef al., 2009). In yeast and humans, SAM was shown to
transported into the mitochondrial matrix by the MCF proteins SAMS and SAMC, respectively
(Palmieri et al., 2016).

In African trypanosomes, SAM is either formed from methionine via the s-adenosylmethionine
synthetase reaction or it can be imported directly from the host serum (Marobbio et al., 2003).
Either way, SAM needs to be imported into the 7. brucei mitochondrion. Colasante et al.
(2006) previously identified 24 mitochondrial carrier family proteins, e.g. TbOMCP1-24, which
catalyse the transport of various metabolites across the mitochondrial membrane in 7. brucei.
Of these T. brucei MCF proteins, only TbMCP20 was found to be significantly homologous to
SAMCs found in humans/mammals and SAMS yeast (Colasante et al., 2009). Therefore,
sequence aanalysis indicated that TbOMCP20 could be a s-adenosylmethyoinine transporter in

T. brucei.

It is essential to experimentally determine the localisation of each MCF proteins in 7. brucei.
Here therefore, TbMCP20 was found to localise exclusively to the mitochondria of the PCF449

T.brucei , where it appears to perform a mitochondrial transport function.

The function of TOMCP20 was also examined by functional complementation studies in yeast
using the SAM deletion strain ASAMS. The ASAMS S. cerevisiae strain was induced to express
heterologous TbMCP20, which restored its growth on glycerol as a non-fermentative carbon
source. This finding indicated that TbMCP20 is capable of rescuing mitochondrial SAMS5
carrier deficiency of yeast. Therefore, the successful complementation of the growth defect
caused by SAMS deficiency (Palmieri ef al., 2003) strongly supported the hypothesis that
TbMCP20 is probably fulfils a similar function as SAMC. Notably, the control experiment,
which involved the re-introduction of SAMS into the ASAMS strain, did not result in the
complete rescue of S. cerevisiae growth. This could be due to lower than endogenous
expression of the SAMS gene from the plasmid or detrimental SAMS over-expression (Agrimi

et al., 2003; Palmieri et al., 2006). Our results on the complementation study of the TbOMCP20
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on fermentative and non-fermentative carbon sources substrate suggested that SAM plays an
important role in the mitochondria for the cell life and also essential for respiratory growth

(Diaz et al., 2012).

DNA methylation, a type of epigenetic modification, is performed by DNA methyltransferases.
DNA methylation has been extensively studied in plants and mammals (Chen ef al., 2011).
However, information about this phenomenon in lower eukaryotes is incomplete as these
organisms pass through numerous lifecycle stages, which makes it difficult to reliably
determine their methylation status at any specific stage (Moore ef al., 2012). In mammals, most
methylated cytosine is found in cytosine—-phosphate—guanine, or CpG, dinucleotides (Li et al.,
2014). Relatively few studies about DNA methylation in eukaryotes like 7. brucei have been
published compared to the number of studies published on that process in mammals and plants
(Leeuwen et al., 2000). Methylcytosine has only been found in mammals, but Heino et al.
(2005) hypothesised that unicellular organisms contain methylcytosine. methylcytosine in 7.
brucei was suggested to be involved in the silence of the transcriptional genes repression.
However, other possibilities role of the methylcytosine in 7. brucei require attention as well
(Militello et al., 2008). In 7. brucei the modified DNA base is named Base J (Militello ef al.,
2008). Base J, or B-D-glucosyl-hydroxymethyluracil, is a modified DNA base that can be
substituted for thymine in the nuclear DNA of kinetoplastid parasites such as 7. brucei. Its role
in silencing specific genes in 7. brucei is reminiscent of the role of methylated cytosine in
higher eukaryotes (Leeuwen ef al., 2000).

TbMCP20 gene replacement and RNAi studies revealed that ATbMCP20 trypanosomes have
impaired growth compared to that of PCF449 T.brucei cells at high cell densities. This finding
suggests that TOMCP20 is essential for the survival of the PCF449 of T. brucei, with a possible

detrimental effect role in 7. brucei cytokinesis and kinetoplast division (Voncken et al., 2006).

TbMCP20 antibody generation and immunoblotting were performed. However, the generated
antisera did not detect the TbMCP20 protein in 7. brucei BSF449 or PCF449. The failure of
the antisera to bind could be due to: (1) the short boost times in the host rabbits or (2)
insufficient binding affinities of the TbOMCP20 antisera. Protein expression of 7. brucei genes
is developmentally regulated at the mRNA level (Kramer., 2012). The expression of the tagged
TbMCP20 protein is consistent with post-transcriptional regulation of TOMCP20 at the mRNA
level, which is common in trypanosomatids due to their reliance on polycistronic transcription,

trans- dsplicing and polyadenylation (Liang ef a/, 2003). However, the depletion of mRNA did
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not necessarily imply down-regulation at the protein level since low mRNA copy number can

be sufficient to promote protein expression.

In conclusion, TbMCP20 is the only homologue among the 7. brucei MCF proteins to a
mitochondrial SAM transporter. It proved to be essential for 7. brucei growth. The introduction
of TbMCP20 into yeast ASAM-5 cells restored their growth defect. For future studies , the
following experiments are suggested to be included. First of all, concerning antibody
generation, more elution steps or larger volume of elution buffer should be applied. If the same
problem turns up again, more powerful detergent or higher concentrations should be tested.

Also SAM transport assays, should be conducted to elucidate the function of TbMCP20.
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Chapter 6: Sequence analysis and functional characterisation of

TbMCP23: a putative pyrimidine nucleotide carrier
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6.1 Introduction

Kinetoplastida parasites, including important pathogens such as Trypanosoma and Leishmania
species, they both have pyrimidine biosynthesis and salvage mechanisms ( De Koning ef al.,
2005). The pyrimidine nucleotide carrier has been reported to be a multi-copy mitochondrial

suppressor (Marobbio et al., 2006).

Deoxyuridine 5'-triphosphate (dUTP) nucleotidohydrolase has also been confirmed as a drug
target in the pyrimidine pathway. Inhibition of the enzyme through RNAi-mediated
knockdown diminishes the growth rate of the organism. It also results in the toxic accumulation
of dUTP in cells, leading to DNA breaks (Castillo-Acosta et al., 2008). Sienkiewicz et al.
(2008) reported lethal effects of dihydrofolate reductase-thymidylate synthase knockdown in
T. brucei, except in the presence of high levels of thymidine in vitro. In another study, when
an enzyme from the pyrimidine biosynthesis pathway, dihydroorotate dehydrogenase, was
knocked down using RNAI and cells were grown with limited scope for pyrimidine salvage,
the BSF of the parasite demonstrated extremely reduced growth (Arakaki et al., 2008). In
pyrimidine-insufficient conditions in vitro, L. donovani requires uridine monophosphate

(French et al., 2011).

Some of the 7. brucei enzymes that are involved with the pyrimidine interconversion pathways
(salvage and de novo pathways) have proven to be promising drug targets (Leija et al., 2016).
Thus, several drug targets have been identified in the pyrimidine metabolic system of African
trypanosomes. Although researchers have discovered high-affinity transporter molecules for
uridine (TbU2) and uracil (TbU1) in the PCF of the parasite (Gudin et al., 2006), knowledge
about pyrimidine transporters in the BSF remains scarce. The shortage of data related to the
transportation of pyrimidine in the BSF prevents the development of chemotherapies that target

the pyrimidine pathways.

T. brucei TbMCP23 shares conserved sequences with the yeast mitochondrial pyrimidine
carrier Rim2 (Yoon et al., 2011). In this chapter, due to time constraints, preliminary
experiments on TbMCP23 were performed, including sequence analysis, TbMCP23 RNAI cell
line generation and growth phenotype detection. The protein was also heterologous expressed

in E. coli to facilitate antibody generation.
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6.2 Results

6.2.1 Phylogenetic reconstruction and sequence alignment of TbMCP23

Among the 24 MCF proteins identified in 7. brucei (TbMCP1-24) ,TbMCP23 is a homologue
of the previously characterised pyrimidine carrier SLC25 in human mitochondria (Colasante
et al., 2009). The protein sequence of TbMCP23 was subjected to BLAST analysis

(http://blast.ncbi.nlm.nih.gov/) against the genome database. The greatest sequence similarity

was found with sequences belonging to species of Kinetoplastida, such as 7. b. gambiense and
T. b. cruzi. The protein also demonstrated similarity to mammalian SLC25, including that of
M. musculus. The sequence of the TbMCP23 protein was also analysed against the genome
databases of H. sapiens and S. cerevisiae. When compared against the H. sapiens genome
database, the TbMCP23 protein demonstrated the greatest similarity with the mitochondrial
pyrimidine transporter SLC25A33. Results from the BLAST analysis also showed that
TbMCP23 demonstrated homology to the yeast Rim?2 protein . After the related sequences were
collected and aligned, phylogeny.fr was used to form a phylogenetic tree (Figure 6.1). Due to
their highly conserved sequences, the trypanosomes formed a distinct clade. This clade was
closely related to the mammalian SLC25 and yeast Rim2 proteins, which have been
characterised as mitochondrial pyrimidine transporters (Hildyard & Halestrap, 2003; Van Dyck
et al., 1995; Marobbio et al., 2006; Da-R¢ et al., 2014). These results implied that TbMCP23

could be a mitochondrial pyrimidine transporter.

As TbMCP23 appeared to be a potential pyrimidine transporter, its sequence was aligned with
PNCI1, Rim2 and homologues from Leishmania. Furthermore, the structural sequence features
of TbMCP23 were analysed. Sequence alignment of TbMCP23 with homologues from L.
major, S. cerevisiae Rim2 and H. sapiens PNC1 showed that TbMCP23 contained all of the
conserved sequences and structural features of MCF proteins (Figure 6.2). TOMCP23 consists
of 310 amino acids and has a predicted protein size of 34 kDa. TbMCP23, like other MCF
proteins, comprises of three repetitive domains and each domain contains two TM a-helices.
The signature sequence motif ‘PX[D/E]XX[K/R]X[K/R]’, where ‘X’ represents any amino
acid residue (Aquila et al., 1987; Saraste & Walker, 1982), can be found at the ends of HI,
H3 and HS5 (labelled M1, M2 and M3). There were four exceptions to the conservation of the
signature sequence motif. First, the [D/E] in M2 was replaced by a nonpolar phenylalanine
(F; see TbOMCP23 and L. major homologue) or tryptophan (W; see Rim2 and PNCI1). This

polar mutation is known to result in a different pyrimidine transport mechanism (Palmieri et
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al., 2016). In addition, in the M3 of trypanosomatids (represented by 7. brucei and L. major),
the [D/E] was replaced by asparagine (N), the first [K/R] was replaced by methionine (M) and
the second [K/R] was replaced by histidine (H), which falls in the positively charged amino
acid group. Similarly, the second signature motif ‘[D/E]G[4-5 residues][W/F/Y][K/R]G’

(labelled M1, M2 and M3) was also conserved, except for the first two amino acids in M1.

In MCF proteins, the groups of conserved amino acids located downstream of each signature
motif participate in substrate discrimination, recognition and binding. The three well-
conserved substrate contact points CPI, CPII and CPIII are shared by MCF proteins that
transport similar substrates (Kunji & Robinson, 2006). As shown by the protein sequence
alignments of the mitochondrial pyrimidine carriers (Figure 6.2), the three amino acids of CPI
are relatively conserved. The first amino acid in CPI was either a hydrophobic alanine (A) in
trypanosomatids or a hydrophobic glycine (G) in yeast and human, the second amino acid was
a hydrophilic serine (S) or hydrophobic alanine (A) in yeast, and the third amino acid was
either a tyrosine (Y) in trypanosomatids or asparagine (N) in yeast. For CPII, the first glycine
(G) was conserved in all four sequences, as Kunji predicted. The second amino acid varied as
a positively charged arginine (R), hydrophilic serine (S) or hydrophobic isoleucine (I). The
positively charged arginine (R) in CPIII is involved in phosphate binding (Kunji & Robinson,
2006).
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Figure 6.1. The phylogenetic tree of TbOMCP23 and related MCF proteins, which clustered in separate clades. The
maximum likelihood tree shows the evolutionary relationship between TbMCP23 in mammals (yellow), yeast
(pink) and trypanosomatids (green). The colours indicate the clustering of the carriers with the same transport
function. The bootstrap values located at the nodes represent the percentages obtained after resampling analysis
of 100 iterative data sets.
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Figure 6.2. Alignment of the TbOMCP23 sequence with comparable sequences from L. major, S. cerevisiae Rim2
and H. sapiens PNCI. A: Schematic representation of MCPs. The protein structure consists of six TM helices
(H1-6) linked by hydrophilic loops (h1-2, h3-4 and h5-6). M1la, M2a and M3a indicate the first segment of the
signature sequence motif, PX[D/E]XX[K/R]X[K/R], located at the end of the odd-numbered TM helices, whereas
MI1b, M2b and M3b indicate the second part of the motif, [D/E]G[# residues][K/R]G, located at the end of each
hydrophilic loop. B: Multiple sequence alignment of TbMCP23 with related human and yeast proteins. Amino
acid sequences were aligned using ClustalO. The substrate contact points (CPI, CPII and CPIII) are located next
to TM HI1, H3 and H6, respectively. An asterisk (*) indicates positions which have a single, fully conserved
residue. Colon (:) signifies conservation between groups of strongly similar residues. Period (.) stands for
conservation between groups of weakly similar residues.
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6.2.2 Knockdown of TbMCP23 slightly increased growth compared to 7. brucei

As described on the previous chapters, RNAi approach was used to Knockdown TbMCP23.
RNA interference (RNAi) was used to determine whether expression of TbMCP23 is essential
for the growth and survival of 7. brucei. The resulting growth phenotype can further give
valuable information regarding the respective physiological functions of TbMCP23.The
expression of TbMCP23 in 7. brucei was down-regulated (“knocked-down”) by using an
RNAi-approach as described in the previous chapters (section 2.2.3). This RNAi-approach is
based on the expression of double-stranded (sense+antisense) RNA molecules for ToMCP23,

leading to a reduced or depleted expression of the targeted protein in 7. brucei.

6.2.2.1 Knockdown-related plasmid construction

RNAi was performed by the simultaneous expression of the sense and corresponding antisense
RNA molecules of the targeted gene sequences (Appendix 4) (Bringaud et al., 2000). Primers
were designed to PCR amplify a 1000 bp sense and an antisense version of the open reading
frames of TbMCP23.The primer included the unique restriction sites BamHI, Apal, and
Hind]lll, allowing the site-directed cloning of the sense and antisense DNA products in the 7.
brucei expression vector pHD676 (Appendix 5, section 5.1). The antisense primer for
TbMCP23 gene was designed to include the BamHI and Apal restriction sites, whereas the
primer for the sense DNA fragment was designed to include the Apal and Hindlll restriction
sites. The sense and antisense DNA PCR products were cloned in tandem and joined at the
Apal site behind an inducible 7. brucei promotor in the vector pHD676. Expression from the
pHD676 vector will lead to the formation of a double-stranded RNA molecule connected by a
short single stranded loop at the 3’ end. Such a structure was shown to be more stable and more
effective than a single-stranded antisense RNA molecule for the down-regulation of expression

in 7. brucei (Ng6 et al., 1998).

The resulting pHD676+TbMCP23 (sensetantisense) RNAi construct was analysed by using
PCR, restriction enzyme digestion and gel electrophoresis to determine whether they contained
the correct DNA fragments in the right order. Positive clones were further sent for sequencing
(Eurofins MWG). The sequencing results confirmed that the used constructs were indeed

correct.
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The verified pHD676 +TbMCP23RNAI construct was transfected into the 7. brucei cell line
PCF449 (section 2.2.5) and positive clonal cell line was isolated. For comparison (same genetic
background), a T.brucei PCF449 cell line was generated containing an empty (no insert)
version of plasmid pHD676. The growth of the TbMCP23 RNAI cell line was analysed in
MEM-Pros medium (Appendix 1) containing 5 mM proline and 0.12 mM glucose after
treatment with tetracycline (section 2.2.4.2). The growth phenotype outcomes were plotted on

graph using Microsoft® Excel software (Figure 6.3).

Growth analysis of WT and tetracycline-induced pHD676 + TbMCP23
RNAi PCF449 cells
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Figure 6.3. Comparison of the growth phenotypes of the WT T. brucei PCF449 and tetracycline-induced
TbMCP23 RNAi-transfected cell line in standard MEM-Pros medium with 5 mM proline and 0.12 mM glucose.
Cultures were started with 5x10° cells/ml and counted every 24 hours for five days. The values represent the
mean and standard deviation of six independent experimental replicates.

Therefore, the TOMCP23 RNAI cell line grew at a slightly higher cell density than the WT T.
brucei PCF449, which suggested that TOMCP23 is not essential for 7. brucei survival at this
stage. However, this need to be confirmed by doing quantitative RT-PCR to show that there is
no TbMCP23RNA left or an antibody against TbMCP23.
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6.2.3 Protein expression and antibody generation

In order to detect TOMCP23 expression at the protein level, and to better characterise the
proposed function of this protein, TbMCP23 was expressed in E. coli using the inducible
expression vector pET28. The resulting recombinant protein were expected to contain an N-
terminal His-tag, which can be used for protein detection and purification. The purified protein

will be used for antibody generation.
6.2.3.1 Protein expression

The isolated pET28+TbMCP23 construct was transformed into Lemo21 E. coli cells, in which
protein expression was induced. As shown in Figure 6.4, a band of the predicted size for
TbMCP23-His (~34 kDa) was observed after Coomassie blue staining and confirmed by
blotting with the anti-His antibody.The result indicated that TbDMCP23 was successfully

expressed after IPTG induction.
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Figure 6.4. Western blots probed with a commercially available anti-His antibody (WB) or stained with
Coomassie blue (CBB) to analyse protein expression after induction of ToMCP23 (34 kDa) expression with
IPTG (final concentration, 0.4 mM) for four hours. The protein ladder is shown in lane M. Lane 0 contained a
protein sample prior to induction. Lane 4 contained a protein sample after four hours of induction. Each lane
was loaded with 10 pg protein. The results represent four individual experiments.
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6.2.3.2 Protein purification

TbMCP23 was heterologously expressed in and isolated from E. coli cells and purified using
Ni-NTA beads. In this study, TbMCP23-His and unbound proteins passed through the column
and were collected in the flow-through (FT) sample. After the application of the cell lysate,
the Ni-NTA was washed three times to remove possible impurities, then eluted twice using
elution buffer with detergents to remove His-tagged proteins from the column. As shown in
Figure 6.5A, no protein was detected by western blotting of the FT or three wash samples,
which indicated that the protein binding step was efficient. This finding was also supported
by the Coomassie Brilliant Blue staining results, which revealed multiple bands in the FT
samples and suggested the successful removal of the majority of impurities (Figure 6.5B).
After two elutions, sufficient protein for assessment was released along with some degraded
products, but approximately one-third of the protein remained in the Ni-NTA beads. These

results may be due to an insufficient volume of elution buffer or low elution buffer efficiency.
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Figure 6.5. TbMCP23-His protein purification using a NiNTA column. The protein was purified using a
standard Ni-NTA column procedure. The samples from the various steps were collected and probed by
western blotting (A; WB) and Coomassie Brilliant Blue staining (B; CBB). M: protein markers; FT: flow-
through sample; W1, W2 and W3: three continuous washes; E1 and E2: elutions one and two; Ni-NTA:
Ni-NTA bead slurry. For western blotting, the anti-His antibody was used to detect the target protein. The
Coomassie stain was used to demonstrate the purity of the samples from the different steps.
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6.3 Discussion and Conclusion

In this chapter, the preliminary steps for the identification and characterisation of TbMCP23
were performed. Sequence alignment of TbMCP23 with the mitochondrial pyrimidine
transporters from other species and the resultant phylogenetic tree indicated that TbOMCP23 is
a potential nucleotide transporter, likely for pyrimidines. In this study, TbMCP23 knockdown
via RNAI did not cause a growth defect. In Drosophila, however, the TbOMCP23 homologue
drim2 double knockout presented some growth defects at the larval stage, a marked defect at
the pupal stage and was unable to survive at the adult stage, but no growth defects were
observed when only one of the gene copies was depleted (Da-Ré et al., 2014). A similar growth
defect was found in yeast (Van Dyck et al., 1995). These contradictory results suggest that
either a small percentage of the TbMCP23 mRNA is sufficient for cell growth or that
TbMCP23 is not essential for cell growth, which further implies the expression of alternative
transporters in 7. brucei. However, the depletion of mRNA is not necessarily related to the
down-regulation of the protein, since low copy numbers of mRNA can be sufficient for protein
expression. Thus, a His-tagged protein/anti-His antibody system for the detection of the
TbMCP23 protein was developed. The system was validated by the heterologous expression
of TbMCP23-His protein in E. coli and successful detection of the protein after binding to a
Ni-NTA column.

In future studies, the method can be optimised to facilitate the generation of an anti-TbMCP23
antibody, a greater proportion of the protein could be retrieved from the beads by adding elution
steps or using a larger volume of elution buffer. If the protein still remained bound to the Ni-
NTA beads, a more powerful detergent or higher concentration of the current detergent should
be tested. To resolve the discrepancy with the growth defects in the gene knockouts from other
species, conventional gene double-knockout 7. brucei lines could be generated to achieve
100% gene deficiency. Furthermore, the generation of a TbMCP23-over-expressing, myc-
tagged cell line is recommended. The over-expressing cell line could be used to determine the
cellular localisation of TbMCP23 by immunofluorescence microscopy and to examine
potential growth phenotypes. Functional experiments, such as nucleotide production
assessment or pyrimidine transport assays, could be conducted to reveal the function of

TbMCP23.
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Chapter 7 : General discussion and conclusion
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7.1 Discussion

MCEF proteins are crucial for cells as they play an important role in the maintenance of the
ADP/ATP balance and are involved in the regulation of the the mitochondrial-cytoplasmic
redox state. These proteins are also required to transport the essential metabolic intermediates
produced by the Krebs cycle in the mitochondria to the rest of the cell. The flux control exerted

by these proteins on several metabolic pathways has been well studied (Palmieri et al., 2014).

Mitochondria play important roles in almost all aspects of the cell, including growth, apoptosis,
differentiation, the production of complex cellular substances, the regulation of cellular
signalling, and most importantly, the generation of cellular energy in the form of ATP (Stephen
and Douglas., 2012). The same is true in 7. brucei, although mitochondrial ATP generation
seems to be occurs only in the PCF of the organism (Schneider et al., 2007). The Krebs cycle
does not supply ATP in T. brucei as it does in other organisms (van Weelden et al., 2003).
Moreover, ATP is generated in mitochondria mostly through oxidative and substrate-level
phosphorylation, for which proline is used as the substrate for degradation (Bochud-Allemann
& Schneider, 2002; Bringaud et al., 2012). In the mitochondrion of the PCF of the parasite,
oxidative phosphorylation occurs due to the proton-motive force via a mechanism that involves
a proton-pumping ATP synthase complex, TAO and the electron transport chain (functional

complexes [-1V) (Deramchia et al., 2014).

The genome of 7. brucei contains 26 genes that encode 24 distinct MCF proteins: TbOMCP1—
24 (Colasante et al., 2009). Sequence analysis and reciprocal database searches have
demonstrated that these 7. brucei proteins belong to the mitochondrial carrier family. Sequence
similarity (39%—78%) has been observed between MCF proteins from 7. brucei and other
eukaryotes, such as S. cerevisiae yeast and humans. Moreover, all TOMCPs contain three semi-
conserved protein domains comprising 100 amino acids each. A conserved MCF signature
sequence motif and a pair of TM helices are present in each domain (Colasante et al., 2009).
Therefore, to gain better understanding of the unique 7.brucei metabolism, this study was
aimed to functionally characterise the putative mitochondrial nucleotide transporters TbOMCP1,

TbMCP15, TbMCP16, TOMCP20 and TbMCP23.

BLASTP analysis and phylogenetic reconstruction showed that the TOMCPs in this study were
homologous to the carriers that have been characterised in humans and yeast.
Sequence analysis of TbOMCP1 suggested that this MCF protein is homologous to previously

functionally characterised flavin adenine dinucleotide (FAD) carriers from multiple species,
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such as FLX1 from S. cerevisiae and PMP34 from mammals like Homo sapiens (Palmieri et
al.,2009). FLX1 of the yeast was showed that it transports riboflavin, as well as FAD. In yeast
and human, FAD is essential cofactors of dehydrogenases and oxidases, which play a crucial
role in cellular bioenergetics (Giancaspero et al., 2009). The homeostasis of flavin is regulated
by a mitochondrial riboflavin/FAD cycle, which involves the uptake of riboflavin into the
mitochondria and conversion to FAD, and the recovery of riboflavin in flavoprotein
degradation (Bafunno et al., 2004). Knockout of the FLX1-encoding gene (flavin transporter)
in yeast resulted in respiratory deficiency under normal growth on fermentable carbon sources
but very poor growth on non-fermentable substrates (Turcotte et al., 2010). TbOMCP1 gene
replacement and RNA studies revealed that ATDMCP1 trypanosomes have impaired growth
compared to that of WT cells at high cell densities. This finding suggests that TbOMCP1 is
essential for the survival of the PCF449 of T. brucei. In contrast to the FLX1 deficiency in
yeast, TbMCP1 deficiency seemed to accelerate the mitochondrial pathways in which flavin-
dependent enzymes are involved.

FAD is suggested to play various roles in 7. brucei, it is act as a coenzyme for mitochondrial
acyl-CoA dehydrogenase during B-oxidation, a cofactor for pyruvate dehydrogenase (E3), a
redox transporter in mitochondrial oxidative phosphorylation (FADH?2) and a prosthetic group

in succinate dehydrogenase (Colasante et al., 2009).

The expression level of TOMCP1 protein is higher in PCF than BSF which. The various mRNA
and protein expression levels of FAD carrier are also found in human tissues: high in liver,
pancreas and kidney but low in brain, heart, skeletal muscle and lungs (Agrimi et a/,. 2012).
On the other hand, many mitochondrial-related proteins (Colasante et al. 2006; Saas et al.
2000; Pefia-Diaz et al. 2012) have presented a life-cycle regulatory expression pattern: highly
expressed in PCF and low expression level or absent in BSF in 7. Brucei, which is related to

the repressed mitochondrial function in BSF (Bringaud et al. 2015).

The potential role of TbOMCP1 in energy metabolism was assessed by measuring glucose and
proline consumption and succinate, acetate and pyruvate production. The results were
consistent with previous findings in the field that (1) glucose, when present, is the preferred
carbon source for 7. brucei PCF449 compared with proline (Lamour et al., 2005) and (2)
succinate is not the end product in 7. brucei PCF449 and can be converted to acetate or fed

into gluconeogenesis after glucose has been completely depleted through the pathway (from

126



fumarate to malate, pyruvate, phosphoenolpyruvate and glyceraldehyde 3-phosphate) (van
Weelden et al., 2005; van Hellemond et al., 2005). The results of this study indicated a
considerable increase in specific metabolic flux during the metabolism of proline or glucose.
This implied that TOMCP1 gene knockdown caused uncoupling of cellular growth and
catabolism and up-regulation of flux via various metabolic mechanisms, thereby allowing cells

to survive.

TbMCP15 and TbMCP16 are homologous to mitochondrial ADP/ATP carrier. Sequence
analysis indicated that TOMCP15 of T. brucei has considerable sequence similarity with
prototypical AACs in higher eukaryotic organisms. Its considerable amino acid sequences
similarities with yeast and human AACs were 45% and 47%, respectively. MCF protein
sequence analysis can aid in determining the role of a protein in transportation. This functional
analysis can be performed by: (1) determining the sequence similarity between the MCF
proteins of 7. brucei and previously studied yeast and human MCF proteins, (2) assessing the
phylogenetic relationship between a TbMCP sequence and other studied MCF proteins, and
(3) analysing substrate-specific CPs. CPs comprise conserved amino acid sequences and may
be involved in discrimination between different substrates. Detailed sequence analysis based
on human and yeast AACs showed that CPI, CPII and CPIII, which are conserved in all AACs
were partly conserved in TOMCP15. The ‘RRRMMM’ hallmark, which is conserved in AACs,
was modified in TbMCP15 to ‘RRRMMI. The methionine at position 6 of ‘RRRMMM’ is
replaced by isoleucine, which are both hydrophobic, it can be assumed that they have the same
function. Therefore, the findings of this study suggest that TbMCP15 is more likely to be
functions as a T. brucei AAC. However, TbMCP16 shared fewer conserved motifs with known
AACs; it contained the ‘SRRMQL’ motif in place of the conserved ‘RRRMMM’ motif.
Mutation of the first amino acid in the ‘RRRMMM’ motif of a yeast AAC limited the oxidative
phosphorylation activity of the AAC to less than half that of proteins with the WT sequence
(Miiller et al., 1996; Heidkamper et al., 1996; Colasante et al., 2009). Given the disparities in
their substrate binding sites and the low degree of sequence similarity between TbMCP16 and

other functionally characterised AAC proteins, TOMCP16 is unlikely to function as an AAC.

AAC:s supply ADP to the mitochondrion in order to sustain oxidative phosphorylation (Kim
etal.,2010). S. cerevisiae has three AAC isoforms (AAC1, AAC2 and AAC3) with substantial
homology to 7. brucei proteins . Just as the yeast genome encodes multiple AAC isoforms,

the human genome contains four paralogous genes that encode different isoforms of AAC
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proteins (Kim et al., 2010). These isoforms are termed hANT1, hANT2, hANT3 and hANTA4.
In humans, the different AAC isoforms are expressed at varying levels in different tissues.
hANT3, for instance, is expressed in all tissues at differing levels. Heart and skeletal muscle
express hANT1 and differentiating and developing tissues express hANT2. However, hANT4
is expressed only in the liver, testis and brain (Stephen et al., 1992; Dolce et al., 2005; Kim et
al., 2010).

In yeast and humans the ADP/ATP carriers cannot function without the phosphate carrier (Pi)
and are further part of the important mitochondrial permeability transition pore complex (Dolce
et al., 2005).AAC in T.brucei is not stable component of the respiratory supercomplex III+IV
or the ATP synthases but its function as a physical separate entity in this organism(van
Hellemond et al., 2005). The transport function of TbMCP15 was further examined using a
mitochondrial ATP production assay. In order to facilitate the interpretation of the ATP
production results, the criteria for ATP production using this assay are described. First, AACs
are essential for importing ADP into and exporting ATP from the mitochondria. Next, a
substrate transporter must be functional to import metabolites into mitochondria. Furthermore,
if the carrier is functional as a cotransporter or counter-transporter, the cofactors or counter-
transport metabolites must be available after generation from the exogenously added substrate
via mitochondrial pathways. The activities of enzymes that generate ATP are also required. In
addition, if ATP is produced by oxidative phosphorylation through the electron transport chain,
mitochondrial membrane potential is required. On the other hand, ATP generation through
substrate-level phosphorylation must be catalysed by either succinyl-CoA synthetase or the
ASCT cycle. Finally, if ATP is generated through the ASCT cycle, succinate must be provided
in addition to the test substrate. Upon the addition of a-ketoglutarate to mitochondrial fractions,
the majority of ATP production occurs through substrate-level phosphorylation to convert
succinyl-CoA to succinate (Schneider et al., 2007). In this study, the levels of ATP produced
by ATbMCP15 mitochondria was less than those produced by PCF449 T. brucei. However, the
slight decrease in ATP production by ATbMCP15 cells could be interpreted as the result of (1)
the depletion of a transporter for a-ketoglutarate (TbMCP15) or (2) down-regulation of the
activities of the required enzymes by TbMCP15 knockdown. Also this result suggested that
TbMCP15 is likely to be responsible for about 25% of the observed ADP/ATP exchange
activity in 7. brucei PCF449. The remaining ADP/ATP exchange activity is probably the
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resulting from TbMCPS, which has previously been reported to function as the major

ADP/ATP exchanger in the 7. brucei mitochondrion (Colasanate et al., 2009).

In yeast and humans, AACs play vital roles in the metabolic processes that provide energy to
cells and in mechanisms like apoptosis and programmed cell death (Trindade ef al., 2016).
According to Kiihlbrandt (2015), these phenomena occur in the membrane of a large
mitochondrion where microdomains are responsible for the formation of channels by proteins.

This is enables the dispersal of substrates, which, in turn, ablates prompt metabolic shifts.

According to Silvester et al. (2017), cell membranes contain microenvironments that include
AACs and other proteins, which can form channels and in which the proteins interact.
Irrespective of its activity, structural changes in an AAC like TbOMCP15 may occur upon the
addition of a myc tag, which could result in inadequate recognition of other proteins and,
ultimately, affect signalling. Thus, tagging a protein can affect the transportation of
metabolites and intermediates (Claypool, 2009). Many protein complexes include AACs,
which interact with other proteins and lipids. Therefore, the ways to avoid these
complications or the best method to interpret findings that have these caveats, by using
various methods, like mitochondrial assays, have been applied to study carrier activity. The
mitochondrial assay is the gold standard for the analysis of the activity of a carrier like
TbMCP15; however, an isolated purified protein is required for the assay. The structural
changes that occur in the PCF, compared to the BSF, of T. brucei play an essential role in
the formation of its membranes. These membranes are of paramount importance in the
reconstitution of the carriers into liposomes. Due to the requirement for an isolated purified
protein, a change in the methodological approach is necessary to facilitate a successful
analysis. According to Klingenberg (2001), there were many hurdles to expressing AACs
from Neurospora crassa in E. coli. Many factors play a role in the process of reconstitution
and varying results have been achieved experimenting with different strains of the same
bacterium. Some of the critical factors for protein production have been studied. According
to Madeo et al. (2009), insect cells can be used to express eukaryotic membrane proteins,
including mitochondrial carrier proteins. However, since the formation and composition of
the microdomains that contain AACs in 7. brucei have not been previously studied, the
expression of 7. brucei proteins in insect cells has been unsuccessful. According to Gebert
et al. (2011), some factors, like the redox state of the proteins or the phospholipids, play

substantial roles in the functional incorporation of proteins into the membrane of the T.
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brucei mitochondrion. The essential factors that dictate the incorporation of 7. brucei
proteins into the mitochondrial membrane have not been established and must be further

analysed.

A great deal of research into the mitochondrial membranes of 7. brucei remains to be done,
so the materials extracted in this study can be of great value. Utilising the extracted
mitochondrial fractions in alternative assays would add to the existing evidence on
TbMCP1S5. This can be achieved via the following methods: Firstly, Reconstitution with the
mitochondrial-enriched portions using the "fused membranes" approach (van der Giezen et
al.,2002). After separating the mitochondrial-enriched fractions by disparity centrifugation,

the fractions could be subjected to constant or alternating isopycnic gradient centrifugation.

Secondly, purification of sufficient amounts of the protein for reconstitution. Natural protein
purification is a difficult, sensitive technique that will require time to perfect. Wang et al.
(2008) used various procedures to isolate AACs from beef heart mitochondria. Natural
conditions have been used for the purification of the natural protein. 7. brucei mitochondrial-
enriched fractions have been used for the purification of natural proteins (Claypool et al.,
2009). Other procedures, like hydrophobic (phenyl or octyl sepharose) chromatography in
combination with gel filtration chromatography, may also be used for protein isolation from

this parasite.

Many studies have investigated how AACs work and their roles in various cellular processes.
AACs participate in the respiratory chain and the mitochondrial transition pore and have a
relationship with the phospholipid cardiolipin. Thus, the possibility that TbOMCP15 interacts
with other MCF proteins should be investigated, as should its possible role in 7. brucei
metabolism. The organelles of 7. brucei differ from those of other species and only the

relationship with the phosphate carrier has been studied in yeast (Traba et al., 2009).

The function of TbOMCP16 is not yet clear. TbOMCP16 appears to differ from the classical AACs,
so its role in a broader array of metabolic pathways, beyond those associated with classical
AACs, should be investigated to identify its specific role. The function of TOMCP16 is likely
to be specific to the PCF449 of T. brucei. Further research into metabolic pathway regulation
and signalling in all stages of the parasite lifecycle and in the PCF449, in particular, is required

to understand the role of TbOMCP16 and other proteins with uncharacterised functions.
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TbMCP20 is the only 7. brucei gene that showed sequence similarity to SAMCs from other
eukaryotes. It shared the greatest similarity with sequences from Kinetoplastida species such
as T. b. gambiense, Trypanosoma equiperdum, Trypanosoma congolense and Leishmania
donovani. ToOMCP20 also demonstrated similarity with the mammalian homologue SLC25 in
M. musculus and H. sapiens. Moreover, TbMC20 protein demonstrated the greatest similarity
to the mitochondrial SAM-5 transporter in S. cerevisiae. These findings implied that TOMCP20

could be a mitochondrial SAM transporter.

SAM carriers act as methyl donors for all methylation mechanisms in the mitochondria and
must be transported through the mitochondrial membrane from the cytosol for energy
metabolism (Palmieri et al., 2009). In yeast and humans, SAM is required as a substrate for the
production of polyamines . In addition, SAM also functions as a methyl donor for nearly all
methylation reactions taking place in the mitochondrion (Takahashi et al., 2010). To fulfil this
function, SAM must be transported across the mitochondrial membrane from the cytosol to
sustain energy metabolism (Palmieri ef al., 2009). In yeast and humans, SAM was shown to
transported into the mitochondrial matrix by the MCF proteins SAMS and SAMC, respectively
(Palmieri et al., 2016).

SAMS in yeast, renders the organism capable of growth on media containing glycerol, acetate
or other non-fermentable carbon sources (Palmieri et al., 2006). In the absence of this gene,
the yeast cannot be cultured on a minimal synthetic medium with added galactose, glucose or
other fermentable sources of carbon in the absence of biotin or in the presence of the biotin
precursor dethiobiotin (Froschauer et al., 2013). Based on this finding, SAMS5 was presumed
to function as a biotin synthetase (Bio2p), which is responsible for the conversion of
dethiobiotin to biotin (Kumar et al, 2002). In trypanosomes, SAM is obtained from
methionine by synthesis using SAM synthetases (Marobbio et al., 2003). SAMC appears to
transfer SAM into mitochondria. The transportation of SAM by carriers requires the efflux of
another substrate because SAMC works only through a counter-exchange mechanism. SAHC
in rat for example, which is generated through a methylation reaction and subjected to
hydrolysis in the cytosol can behave as a counter-substrate for SAM (Marobbio ef al., 2003).
This evidence supports the conclusion that TbMCP20 transports SAM into mitochondria in
exchange for SAHC.
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Sequence analysis indicated that TbOMCP23 is a potential pyrimidine carrier in the 7. brucei
mitochondrion. The homologous yeast pyrimidine transporter RIM2 has been found to
cotransport nucleotides with iron (Yoon et al., 2011; Froschauer et al., 2013). No growth
defect was observed for the TOMCP23 RNAi-transfected cells.Suggesting that TbMCP23 is
not essential for PCF 449 T.brucei survival. The requirement for TbOMCP1, TbMCP15,
TbMCP16, TbMCP20 and TbMCP23 for parasite growth in standard MEM-Pros medium was
tested in knockdown cells generated via RNAi. TbMCP1, TbMCP15, TbMCP16 and
TbMCP20 were essential for the growth of 7. brucei PCF449, as indicated by growth defects
in the knockdown cell lines. The growth defects caused by these genes suggested that these
proteins play a critical role in the parasite. Therefore, as these proteins are essential for the
parasite survival , they could be a potential drug targets for human African trypanosomiasis.
Problems is however that the host (humans) also have such carriers. The advantage could be
that they are highly divergent which maybe could help to find specific inhibitors.. Therefore,

further modifications should be made to existing drugs to facilitate specific targeting.

Unexpectedly, knockdown of TbMCP23 did not cause a growth defect. Interestingly,
knockdown of the Drosophila TOMCP23 homologue drim2 caused some growth defects at the
larval stage, significant defects at the pupal stage and prevented survival at the adult stage (Da-
Re et al., 2014). Alternatively, TOMCP23 may not be essential for PCF449 T. brucei cell
growth, which would imply that 7. brucei expresses alternative transporters. To address the
lack of correspondence between mRNA and protein expression, antibodies were raised for the

detection of TOMCP15, TbMCP16, TbMCP20 and TbMCP23.

In addition to in silico gene identification and in vitro functional characterisation, antibody
generation protocols were performed and heterologous protein expression of TbMCP15,
TbMCP16, TbMCP20 and TbMCP23 was assessed. Only TbMCP20 could be sufficiently
expressed, purified and used to generate a specific antibody. However, the resultant antibody
could not detect the TbMCP20 protein in 7. brucei BSF449 and PCF449. This failure to detect
TbMCP20 suggested it is a low-abundance protein that falls below the expression level
detectable by western blotting.

The functions of TbMCP15, TbMCP16 and TbMCP20 were confirmed by successful
functional yeast complementation experiments. This experiment is based on testing the growth

of the interesting genes/proteins into the corresponding yeast knockout strains, and the growth
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phenotypes on media containing fermentative (glucose) and non-fermentative (glycerol)
carbon sources are measured. Therefore, 1) TOMCP20 restored the growth of the yeast cell line
ASAM-5 on the non-fermentative carbon source glycerol. The successful complementation of
the ASAM-5 growth defect strongly supported the function of TbOMCP20 as a yeast SAMC
(Palmieri et al., 2003). 2) Heterologous expression of TOMCP15, in the yeast AAC AJL1 2 3u
cell line restored its growth on glycerol as a non-fermentative carbon source. This result
indicated that TOMCP15 can rescue the activity of an AAC knockout strain and is, thus, likely
an ADP/ATP transporter. TbOMCP16 complementation did not restore cell growth, which
indicated that TbDMCP16 is not an AAC. Cell growth assays on media containing non-
fermentative substrates as the sole energy and carbon sources (such as glycerol) are a
convenient method for testing mitochondrial function. The lack of the growth on non-

fermentable media can be due to either nuclear or mitochondrial mutations.

The mitochondrial localisation of TbMCP1, TbMCP15 and TbMCP20 was revealed by
immunofluorescence microscopy using commercial anti-myc antibodies since there were no
specific, selective antibodies for TbOMCP15 and TbMCP1 and the anti-TbMCP20 antibody was
unable to detect the protein in 7. brucei BSF449 and PCF449. The mitochondrial localisation
of TbOMCP1, TbMCP15 and TbMCP20 supported their roles in mitochondrial transport.

7.2 Conclusion

The findings of this study indicated that TbOMCP1 is a mitochondrial flavin carrier, TbOMCP15
is an AAC, and TbMCP20 is a mitochondrial SAMC, whereas the role of TbOMCP16 is not yet
clear. Sequence analysis and phylogenetic construction suggested that TbMCP23 is a potential

pyrimidine carrier, but its function remains to be validated through functional characterisation.

The findings in this study can be validated through additional experiments. For example, yeast
complementation experiments can validate the substrate transport functions of TOMCP1 and
TbMCP23. Therefore, to obtain direct evidence for TOMCP1 as a FAD carrier and TbMCP23
as RIM2 carrier, TbMCP1/TbMCP23 heterologous expression in a yeast mitochondrial
FAD/Rim2-deleted strain and the growth phenotype on fermentative and non-fermentative

carbon sources of these strain should be measured.

Nucleotide transport or production rate assays are needed to obtain direct evidence for the
functions of the TbMCPs. To study the MCF proteins transport function, the approach is

containing the isolation or purification of each metabolite transporters through affinity column
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chromatography, then reconstitution into the liposomes, following by determining of its
transport kinetics and substrate specificity through metabolite transport assay (Palmieri et al.,

2010).

Gene knockout of TOMCP23 is also recommended, this method is using to generate the target
gene replacement method (Voncken et al. 2003) to replace the two endogenous copies by
antibiotic resistant cassettes , i.e neomycin (NEO) and blasticidin (BSD) cassettes. Moreover,
the mitochondrial ATP production assays in the resulting strains to establish if ATP production

from a variety of mitochondrial substrates is completely abolished.

This study used a combination of approaches to examine and characterise the mitochondrial
nucleotide carriers in 7. brucei. The findings of this study suggest the presence of a previously
unknown collaborative system of mitochondrial nucleotide transporters in 7. brucei. This
means that these TbOMCPs have redundant (overlapping) functions. One TbMCP could maybe
transport the same substarte as another TOMCP,but with less affinity. And transport functions
are connected, like for example ADP/ATP carrier and the phosphate carrier, since the

phosphate required for ATP production and it will be apart of the metabolic network.

understanding the physiological role and transport function of each TbMCP will give us
essential information whether these TbOMCPs maybe can be used as a drug target for the much
needed development of novel chemotherapeutic agents/drugs. It also gives important
information about the unique metabolic pathways present in 7. brucei and how these pathways
and the flux through these pathways are controlled by these transporters. Since 7. brucei is
rather unique and different from other eukaryotes, all information is new and will increase our
knowledge of these unique (and deadly) parasites. This knowledge is also transferable to other
related kinetoplastid parasites, like for example Leishmania, which detrimentally affects
millions of people each year. Therefore, the findings lay a solid foundation for future research

into and the development of novel interventions for African sleeping sickness.
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Appendix

Appendix 1: illustrated the different components of MEM-pros media

Ingredients Quantities: gram/ 10L
KCl 4.0
CaCL; x 2H>0O 2.65
MgSO4 x TH20 2.0
NaH,PO4 x H,O 1.40
NaCl 68.0
HEPES 71.40
L-CYs-Cys 0.24
L-Arg-HCl 1.26
L-His-HCl x H>O 0.42
L-GIn 2.92
L-Lys 0.73
L-Leu 0.52
L-lle 0.52
L-Thr 0.48
L-Met 0.15
L-Phe 1.0
L-Try 0.10
L-Val 0.46
L-Tyr 1.0
L-Pro 6.0
Adenosin 0.12
Ornithin-HC1 0.10
Phenol red (pH indicuter) 0.1
MEM non-essential amino acids 100 ml
(Sigma)

MEM vitamins (Sigma) 100 ml

HEPES is used to prepare a salt solution in 4L of water and NaOH is used as a buffer to
maintain the pH at 7.4. In the prepared solution, solid materials were added for dissolution.
The final volume is made up to 10 litters using ultra-pure water. Then the media was stored at

4 °C in 450 ml aliquots.
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A2 Protocols A3-1 SDM-79 media

mM MW  gram  vol. (ml) product code
Dulbecco’s  modified Custom-made : 3.50 Gibco 23800
Eagle medium (DMEM) pyridoxal, not NOT 31600-083
powder pyridoxine
Medium 199, Hank salt 1.00 Gibco 10012-037
Glucose 1H20 5.5 198  0.55 Riedel de Haén 16301
HEPES 33.6 238.3 4.00 Gibco 11344-033
MOPS 23.9 209.3 2.50 Duchefa M1502
NaHCO:3 23.8 84.0 1.00 Sigma S-5761
Adenosine 0.037 267.2 0.005 Sigma A9251
Guanosine 0.035 283.2 0.005 Sigma G6752
D(+)-glucosamine HC1 ~ 0.23 215.6 0.025 Sigma G4875
Folic acid 0.009 441.4 0.002 Sigma F7876
p-Aminobenzoic acid 0.011 175.2 0.001 Sigma A0254
D(+)-biotin 0.82 2443 0.1 mg Merck 124514
uM
Amino-acids
L-alanine 2.24 89.1 0.10 Merck 101007
L-arginine HCI 0.47 210.7 0.050 Sigma A5131
L-methionine 0.47 149.2 0.035 Sigma M9625
L-phenylalanine 0.48 165.2 0.040 Aldrich P1 700-8
L-proline 5.21 115.1 0.30 Sigma P0380
L-serine 0.57 105.1 0.030 Aldrich S260-0
Taurine 1.28 125.1 0.080 Sigma T0625
L-threonine 2.94 119.1 0.175 Sigma T8625
L-tyrosine 0.55 181.2 0.05 Sigma T3754
500
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Dissolve in ca. Y5 of final volume, then add following solutions:

mM MW gram volume product code
(ml)
MEM amino acid solution 50X 4.0 Gibco 11130-
036
MEM non-essent. AA solution 3.0 Gibco 11140-
100X 035

Adjust to pH 7.3 using NaOH, adjust to final volume and stir for 2-3 h. Filter sterilise (use a

0.2 m cellulose acetate membrane-filter) and dispense in sterile flasks in usable portions

(generally 5x100 ml) and store these at 4 °C. Prior to use, add to 100 ml medium the following

compounds:
mM MW gram  volum  product code
(ml)
Foetal bovine serum 11.1 Gibco-BRL (lot. nr. 40q2021k)
([710%) 10270-106
Hemin stock solution 0.22
Penicillin/Streptomycin solution 0.22 Roche 1074440

(500%)

Prepare the Hemin stock solution by dissolving 0.10 g Hemin in 40 ml NaOH, 50 mM. Stirr

at least 30 minutes, filter sterilise (use a 0.2 [Jm cellulose acetate membrane-filter), and make

aliquots of 1.1 ml in sterile eppendorfs. Store at -20 °C.
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Appendix3. Illustrated the genbank associated to the different TbOMCPs in this study.
Genbank (gb), EMBL (emb) or Swissprotein (sp) accession numbers for TbOMCP1 were:

HsapGDC, Homo sapiens sp P16260; BtauGDC, Bos taurus sp Q01888; ScerLEUS,
Saccharomyces cerevisiae NP_011865; CeleGDC, Caenorhabditis elegans NP _492333;
ScerADT]1, S. cerevisiae emb_CAA89766; TbruAAC, Trypanosoma brucei gb AAC23561;
HsapADTI1, H. sapiens sp P12235; HsapADT2, H. sapiens sp P05141; ScerMRS4, S.
cerevisiae sp P23500; ScerMRS3, S. cerevisiae sp P10566; ScerSAMS, S. cerevisiae
NP 014395; BtauMPCP, B. Taurus sp P12234; HsapMPCP, H. sapiens sp_Q00325;
ScerPic2, S. cerevisiae NP_010973; ScerMirl, S. cerevisiae NP_012611; HsapCMC2, H.
sapiens sp_QO9UJSO; HsapCMCI1, H. sapiens sp 0O075746; HsapGHCIl, H. sapiens
sp_Q9HI936; ScerTXTP, S. cerevisiae NP_014914; SpomTXTP, Schizosaccharomyces pombe
NP 594262; RnorTXTP, R. norvegicus sp P32089; HsapTXTP, H. sapiens sp P53007;
ScerACRI, S. cerevisiae sp P33303; ScerODCI1, S. cerevisiae NP_015191; HsapODC, H.
sapiens sp_Q9BQTS; HsapORNI1, H. sapiens NP _055067; HsapORT2, H. sapiens
sp_QI9BXI2; RnorMCAT, R. norvegicus sp P97521; HsapMCAT, H. sapiens sp_0O43772;
CeleDIF1, C. elegans sp Q27257; NcraspARGI1, N. crassa sp_Q01356; HsapUCPI1, H.
sapiens sp_P25874; BtauUCP1, B. taurus sp_P10861; RnorDIC, R. norvegicus NP_5969009;
HsapDIC, H. sapiens sp Q9UBX; HsapM2OM, H. sapiens NP_003553; BtauM20OM, B.
taurus sp_P22292; NtabDIC-TX, Nicotiana tabacum emb CAC84545; ScerPMT, S.
cerevisiae NP_012802; ScerGGTI1, S. cerevisiae sp P38988; SpomFLX, S. cerevisiae
NP _595541; ScerFLX1, S. cerevisiae sp_P40464; MmusPMP34, Mus musculus sp_070579;
HsapPMP34, H. sapiens sp 043808; XlaePMP34, Xenopus laevis emb CAC21237;
CboiPMP47A, Candida boidinii sp_P21245; HsapAPC, H. sapiens NP_077008; OcunMCSC,
Oryctolagus cuniculus gb AAB69156; HsapMCSC, H. sapiens NP _443133; AthaMCSC,
Arabidopsis thaliana emb CAB8792; ZmayBT1, Zea mays sp P29518; TvagHMP31,

Trichomonas vaginalis gb AAF27626; MCP1, T. brucei Tb09.211.3200.
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Genbank (gb), EMBL (emb) or Swissprotein (sp) accession numbers for TbMCP20 were
TbMCP20 NP 10612510  Leishmania  donovani ~ XP 003863430.1,Danio  reri
NP _001025314.1, Caenorhabditis elegans NP 501552.1,Mus musculus NP 080531.2,
Saccharomyces cerevisiae S288c NP _014395.3, Homo sapiens NP_775742.4, Drosophila
melanogaster NP _651415.1, Glycine max chloroplastic isoform X1 XP 014618821.1 ,
Arabidopsis thaliana NP_001328265.1, Glycine maxchloroplastic/mitochondrial-like isoform
X2 XP 006580311.1, Homo sapiens mitochondrial carrier protein isoform X1
XP 016861160.1, Arabidopsis thaliana S-adenosylmethionine carrier 2 NP_564436.4, Homo
sapiens mitochondrial carrier protein isoform X2 XP 006713019.1, Mus musculus
mitochondrial carrier protein isoform X4 XP 006506583.1, Homo sapiensmitochondrial
carrier protein isoform X6 XP_011531630.1.

Genbank (gb), EMBL (emb) or Swissprotein (sp) accession numbers for TOMCP15 were
Trypanosoma brucei MCP15 gb|AAZ12901.1; Trypanosoma cruzi mitochondrial carrier
protein (putative) gb|[EAN87637.1; Leishmania infantum ADP/ATP carrier-like protein
emb|CAM65622.1; Leishmania major ADP/ATP carrier-like protein emb|CAJ07014.1;
Leishmania braziliensis ADP/ATP carrier-like protein emb|CAM41671.1; Ajellomyces
dermatitidis gb|[EEQ78320.1; Tetrahymena thermophila ADP/ATP carrier protein 1
gb|EEQ78320.1; Arthroderma gypseum gb|EFQ98049.1; Zygosaccharomyces rouxii
emb|CAR29621.1;  Neocallimastix  frontalis  hydrogenosomal =~ ATP/ADP  carrier
gb|AAN04660.1; Drosophila melanogaster ANT2A gb|AAF47956.1; Drosophila melanogaster
ANT?2B gb|AAO41648.1; Schizosaccharomyces japonicus Ancl gb[EEB06978.1; Toxoplasma
gondii gbl[EEB04619.1; Bos taurus 25 member 6 sp|P32007.3; Ovis aries SLC25A6
gb|ACC93605.1; Lepeophtheirus salmonis ADP/ATP carrier protein 3 gb|ACO12488.1; Homo
sapiens SLC25A5 gbl/AAH68199.1; Saccharomyces cerevisiae Aac3p tpg|DAA07205.1;

Arabidopsis thaliana AAC3 NP _194568.1.
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Genbank (gb), EMBL (emb) or Swissprotein (sp) accession numbers for TbOMCP16 were
Oikopleura dioica emb|CBY13776.1; Neocallimastix frontalis gb|]AAN04660.1; Drosophila
melanogaster stress-sensitive B, isoform A NP 511109.1; Drosophila melanogaster stress-
sensitive B, isoform B NP_727450.1; Drosophila melanogaster stress-sensitive B, isoform C
NP_727448.1; Drosophila melanogaster stress sensitive B, isoform D NP _727449.1; Callithrix
jacchus ADP/ATP translocase 4 XP_002745417.1; Rana rugosa dbjjBAA36507.1; Xenopus
tropicalis SLC25A5 emb|CAJ82932.1; Bos taurus 25 member 31 sp|Q2YDDOI.1; Ixodes
scapularis gb|[EEC13826.1; Talaromyces stipitatus gb/EED20116.1; Trypanosoma cruzi
ADP/ATP carrier putative 1 gb[EAN90730.1; Trypanosoma cruzi ADP/ATP translocase
putative 2 gb/|EAN90731.1; Leishmania infantum ADP/ATP mitochondrial carrier-like
emb|CAM66663.1; Leishmania major ADP/ATP mitochondrial carrier-like emb|CAJ03149.1;
Leishmania braziliensis ADP/ATP mitochondrial carrier-like emb|CAM37567.1; Neurospora
crassa gb|[EAA33965.1; Candida dubliniensis emb|CAX41441.1; Leishmania major 1
emb|CAJ07106.1; Tetrahymena thermophila ADP/ATP carrier protein 1 gb[EAR94678.1;
Lepeophtheirus salmonis ADP/ATP carrier protein 3 gb|]ACO12488.1; Schistosoma japonicum

emb|CAX78321.1; Arabidopsis thaliana ADP/ATP translocase-like gb|] AAM65037.1

The GenBank (gb), EMBL (emb) and Swissprotein (sp) accession numbers for TbMCP23
(Tb927.5.1550) alignments were as follows: TbMCP23 (gb_ AAX70434.1); T.b.gambiense,
Trypanosoma brucei gambiense XP_011773360.1; T.congolense, Trypanosoma congolense
emb_CCC90444.1; T.cruzi, Trypanosoma cruzi gb EKG06478.1; Lpanamensis, Leishmania
panamensis gb_AIN96737.1; L.major, Leishmania major emb CAJ03236.1; Bos taurus
SLC25A33, Bos taurus XP_010821400.1; Sus scrofa SLC25A33, Sus scrofa
XP_003127586.4; Homo sapiens PNCI1, Homo sapiens NP _115691.1; Ailuropoda
melanoleuca SLC25A33, Ailuropoda melanoleuca XP_015676906.1; Mus musculus
SLC25A33, Mus musculus NP_081736.2; Rattus norvegicus SLC25A33, Rattus norvegicus
gb EDL81173.1; S.cerevisiae Rim2, Saccharomyces cerevisiae gb EGAT76005.1; S.cerevisiae
Yia6bp NAD+ transporter, Saccharomyces cerevisiae gb EGA86348.1; Z.mays YELOO6W,
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Zea mays gb ACN33438.1; A.thaliana folate transporter, Arabidopsis thaliana
emb CAHG65737.1; H.sapiens folate transporter, Homo sapiens gb  AAG37834.1; C.glabrata
FAD carrier, Candida glabrata gb KTA96224.1; A.nidulans folate carrier, Aspergillus
nidulans tpe CBF70867.1; C.immitis deoxynucleotide carrier, Coccidioides immitis
gb KMU78566.1; C.posadasii folate/deoxynucleotide carrier, Coccidioides posadasii
gb EER29041.1; M.gypseum FAD carrier, Microsporum gypseum XP_003171754.1;
T.tonsurans folate carrier, Trichophyton tonsurans gb_ EGD96496.1; T.rubrum folate carrier,
Trichophyton rubrum gb_ KMQA42387.1; T.errucosum folate carrier, Trichophyton verrucosum
gb OAL68854.1; H.sapiens PNCI1, Homo sapiens NP 115691.1; H.sapiens thiamine
pyrophosphate carrier, Homo sapiens NP _068380.3; A.thaliana ATP-Mg/Pi transporter,
Arabidopsis thaliana emb _CAB87921.1; H.sapiens graves disease carrier protein, Homo
sapiens NP_001311242.1; H.sapiens calcium-binding mitochondrial carrier SCaMC-3, Homo
sapiens NP_077008.2; H.sapiens calcium-binding mitochondrial carrier protein SCaMC-1,
Homo sapiens NP_037518.3.
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Appendix 4. . [llustrated the different primers used in this study.

Primer Name Sequence Annealing Temp.
used
MCPS5EcoFor ggcGAATTCatgacgcggataaaaagcgggaaccgg 55°C
MCP5StopBamRev gcGGATCClttaattcgatctgegecactccacataaatgg 68°C
MCP15EcoFor ggcGAATTCatggttggtggcatggtgaggage 55°C
MCPI15StopBamRev | gccGGATCCttaggcagecggtaaaaaccacatatagagtac 68°C
MCP16EcoFor g2cGAATTCatggatcacgatcaactatacgactctcec 55°C
MCP16StopBamRev | cgcGGATCCttaaacggcccagaaatggegatgcagttccag 55°C
MCP15SForH ggAAGCTTacatatcggtgeagtcccte 55°C
MCP15SRevXH caCTCGAGcegcgctaaaggagatgtggage 55°C
MCP15ASForB caGGATCCacatatacggtgcagtcccte 55°C
MCP15ASRevXH cgAAGCTTtecctcgagggtagtcgegagagagaacctg 68°C
MCP16SForH ggAAGCTTaacgttactggccaccgtag 55°C
MCP16SRevXH caCTCGAGccacgtagttcgtcactattgtg 55°C
MCP16ASForH caggatccAAGCTTactggccaccgtag 68°C
MCP16ASRevXH cgaagctttccCTCGA Gtttcaccgteatecttgtea 68°C
MCPExpXHFor ggcCTCGAGgttggtggcgatggtgaggage 55°C
MCPI15ExpEcoRev gctGAATTCtcaggcagecggtaaaaaccacatatagagtgac 68°C
MCP16ExpBamFor 22cGGATCCgatcacgatcaactatacgactctcce 55°C
MCP16ExpEcoRev cgcGAATTCtcaaacggcccagaaatggegatgeagttccag 55°C
MCP15ClaFor ggaTCGATAtggttggtggcgatggtgag 55°C
MCP15NotRev gagcggecgcetcaggeagecggtaaaaaccatatag 55°C
MCP16BamFor 2cGGATCCatggatcacgatcaactatcgactcte 55°C
MCP16NotRev gecgeggecegetcaaacggeccagaaatggegatg 55°C
MCPI15partCForXH | cttCTCGAGagtcegtgtgatctttatgattatcgt 68°C
MCP15partNRevEco | caagaattcttcaataatcataaagatcacacggactacg 68°C
MCPIl6partCForBam | cttGGATCCaagtccaaaaatcctgacaaggatga 55°C
MCPIl6partNRevEco | caagaattcttagtcatccttgtcaggatttttggacttc 55°C
MCP20stopBamRev | ggacggaagcttatggactegtttgtggcaggtgeggcg 55°C
MCP20StHinFor ggacgg AAGCT Tatggactgtttgtggcaggtgcggeg 55°C
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MCP20ASForBam getGGATCCcatgcagggagaaaacagtgg 55°C
MCP20SForHin ggtAAGCTTatgcagggagaaaacagttgg 55°C
MCP20ASRevApa gttgggcccggtacttcagtgaagtaactc 55°C
MCP20SRevApa ctcgggeccctcacctgtecaagceataatg 55°C
NtSaANC2BamFor gGGATCCatgtcttccaaacgcccaagt 55°C
NtScANC2ClaRev ggatcgataatcaaaaagttagattccttetttg 55°C
MCP15ShClaFor ggatcgatatggagtctctgaggcacccaacg 55°C
MCP15ShwoNtClaF | GTATCGATTGTGTTCAGAAGTGTTGCTTATG 55°C
MCP5woNtEcoF ggaattcttaattggtggtgtegetgecggtttate 55°C
MCP15ShEcoFor ggaattcatggagtctgaggcacccaacg 55°C
MCP15ShwoNtEcoF | ggaattcttatgtgttcagaagtgttgcttatg 55°C
MCP15StoClaRev gatcgatttaggcagccggtaaaaaccacatatagagtg 55°C
MCP16woNtEcoF GGAATTCTTATTGATCGTAACGTTTGCGCAG 55°C
NtScANC2EcoRev cgaattcaatcaaaaagttagattccttetttg 55°C
NtScANC2HinFor gcAAGCTTatgtcttccaacgeccaagt 55°C
NtScANC2stEcoFor | gagaattcatgtcttccaacgcccaagtcaaac 55°C
NtScANC2StopBamR | gaGGATCCttatttgaacttcttaccaaacaagatc 55°C
ScSAMS5StaEcoFor cgaattcatgaatacttttttctttccttgctaagtgg 68°C
ScSAMSstopBamRev | gggatccttacgetctcatttct GGATCCgttgg 68°C
MCP20staBamFor caggatGGATCCactcgtttgtggcaggtgcggeg 55°C
MCP20StoHinRev gcaAAGCT Tttatttttcatggaaacgataacaactacaataacgac 55°C
SAMS5BamFor caggatccatgaatactttttttctticttgctaagaagtggcg 68°C
SAMS5stopHinRev gcaA AGCTTttacgctctcatttctccagecgttggggaaacttttcg 68°C
MCP20HinRev gcaAAGCTTtttcatggaaacgataacaactacaataac 55°C
MCP20BamFor caggatccGGATCCgtttgtggcaggtgcggeg 55°C
MCP23AS5B accagaaGGATCCacctgccattgcggcttgtg 68°C
MCP23ASRevAp catGGGCCCgttgtaaggataagagacggtg 68°C
MCP23S5H accagAAGCTTcaacctgccattgeggcettgtg 68°C
MCP23SRevApa catGGGCCCgttgtaaggataagagacggtg 68°C
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MCP23BamFor ggacggGGATCCaccatggcactcccgacatcgeatgt 68°C
MCP23HindRev gcgAAGCTTttatgegggagegecaagaaacaacgg 68°C
MCP23qPCRFor ccaatattgtgggtcggttc 55°C
MCP23qPCRRev ctaccgcgacagatgtcaga 55°C
TERTqPCRFor gagcgtgtgacttccgaagg 55°C
TERTqPCRRev aggaactgtcacggagtttge 55°C
MCP15qPCRFor attcgtagtttctggegteg 55°C
MCP15gPCRRev attgatgcatatgtggcggc 55°C
MCP16qPCRFor aacgttactggcaccgtag 55°C
MCP16qPCRRev cacagcgtcagttaaaagacc 55°C
MCP20qPCRFor atgcagggaaaacagtgg 55°C
MCP20gPCRRev ctgegcaggttcetgtgttg 55°C
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Appendix 5. Plasmid maps and cloning strategies

5.1 Plasmid map of pHD676

(11) Sacl BstXI (44)
{9) Eco53kI

(6090) Pwull NotI (274)

EcoRY (425)

(5501) AlwNI
Agel (711)
Acc651 (714)
Kpnl ({718)
Yy Nsil (784)
PfIMI (590)
BglII (989)
[tet operator
HindIII (1133)
PspOMI (1143)
~ - Apal (1147)
— Mlul (1149)

Hpal (1163)
BamHI (1167)

A
h

17 prom

(5022) AhdI

{4799) Fspl —

— PaeR7I - PspXI - TliI - XholI (1516}

pHD676
~ Bsml (1540)

6131 bp

T BsiWI (1776)
Sl (1814)

(4217) Sspl
Pshal (1970)

(3983) Pfol

BfuAl - BspMI (2256)
AsiSI (2307)

Rsrll (2351)
Ndel (2393)

(3819) EcoNI

(3607) Sgral
{3600) Nael
(3598) NgoMIV

{3403) BsrGI
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5.4 Plasmid map of pET28a

{173) HindIII ‘BamHI (198)
‘ thrombin site

95 terminator | ﬁ o /

A T e
/ ~ 6xH; ta /
/ ~ His g (Qe ,;;;

pET28a
5369 bp
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5.5 Plasmid map of pGEM-T- EASY

Xmnl 2009
Scal 1890 \Nael 2707
f1 ori
pr
pGEM"“-TEasy  jacZ
Vector
(3015bp)

ori

174

Apal
Aatll
Sphi
BstZl
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BstZl
Notl
Sacll
EcoRl

Spel
EcoRl
Notl
BstZl
Pstl
Sall
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BstXl
Nsil

T spe

1 slarl

14
20
26
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43
49
52

64
70
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1473VAO5_E6A

186



5.6 Plasmid map of pCM190

Eco R 1(2)
Sma 1(143)
[ sac 1(234)
,1"' ,‘f / sal 1(267)
LR 0923)\\ { ! / tTA transactivator
Pvu | (7897) I ¥ba | (1028)

Sac 1(1144)

Neo | (1344)

CMY promoter
/)Cho 1 (1807)

/ ADH1 terminator
/ Pyu | (2040)
TetO operator (Seven repests
sac |(2340)
" Ken 1(2346)

CYC1 promoter

“\:\-\ Bam H | (2508)
|\ o 12535

/
/

2 micron

Cla 1(6212) _

URAZ
o
Nco | (5505)

Eco RV(5433) | Nt 1 (2542) MCS
Pst | (2560)
"". CYC1 terminator
Pwvu |(4446)# pMB1 ori l"l
ampR Pyvu 1l (3007) |
Hin d 11l (2824)
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Appendix 6. ZPFM and Cytomix protocol

ZPFM (Zimmerman's Post Fusion Medium): 132 mM NaCl, 8 mM KCI, 8 mM Na;HPOs, 1.5
mM KH>PO4,1.5 mM MgAc-4H>0, 90 uM Ca(OAc); pH 7.0, filter-sterilized and stored at

4 °C.
Cytomix:
EGTA p.H. 7.6 2 mM
KCl 120 mM
CaCl; 0.15 mM
IK;HPO4/KH,2PO4 p.H 7.6 10 mM
HEPES p.H 7.6 25 mM
MgCl:-6H:0 5mM
Glucose (Dextrose) 0.5%
BSA 100 ug/ml
“Hypoxanthine 1 mM

1 Prepare 10x KzHPO4/KH2PO4 p.H 7.6 by mixing g8.66 ml 1 M K2HPO4 with 1.34 ml 1 M

KH2P04 in 90 mls HzO.

2 Same 100x as for HMI-9 (13.6 mg/ml in 0.1 M NaOH).
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Appendix 7. Sequences of genes related to this study

ThMCPI1

MDATLHDKSTRQNTAPTCLSKAETKPSIHAAAGLLGASISTAMFYPLDALRTQMHV
CKGGDVNQLSSLRQVVRQKGLRRLYAGFAVSVTSYGIGWGAYMAVFKSVQQNLSA
YVSSNQIGGGSGSAKSGSVTAGCNVLSGCAAAITTGTVVTPLCVIRTRQQLFDGSNG
AKPQNCWQGFKAIVENEGCGALMRGMIPQILIMGNTIIQMAIYEELRHYIVEQKIQPT
SFDVALISSVSKAVASALFNPIEVVRTRLQDKRNCTSPEYRSMTVGLRTIWRTEGIRG
LYRGVWVNLCRVVPTTSVSFILYEKFLAILSHHNARRAACLPLVAD

TbMCPI5

MVGGDGEEPGLQRQAKRALGDPLPLDNEMESEAPNDFSNDPSDNISVQSLQVACVQ
KCCLCTIVAPLDRIKFVMQCQKELQRTGVLDRTFRSSWHCFRCIHSIEGIRSFWRGNL
VQVGSLLPVTAAHMLLGGPMQMWVYNNFPRGFPFGHSAATYASILCGALAVSAVS
YPLEFARFRLAVDLRRSPCDLYDYRHSLAFFAQSVFSEAPHLLYAGFGLYVTGSIIYG
VMYTGLTQQVLSRLPSEPGGYTATVVQVGAGVGVSAVSTLGLHPLDTMRRRMMIA
VTMDGLRYASARHCFHHILSTEGIAGFYRGAAFTMVRMVYISSLYMWFLPAA

ThbMCP16
MDHDQLYDSPQSAKDSLLDMTALLIVTFAQRAVMAPSYRVTLLATVEGELVREGRL
PPKGFGGVFGCIKRLY VKEGVRSFFRGLLTDAVLSLPATVVENISSTLVSFALQVAIPV
RLVESMNPWTYLTLSLSSTSAAVLLATPATGLHSTIVINYVADIVAPVPSEKSKNPDK
DDGENNKEIKEGEKGGEESYRYATATEAVASIFRRWGFSGFYRCIGADAIAVFLYRG
TYYYGLQLLPSTLHNRFPYGISRCLAVVAGFLTQPFEVVSRRMQLTASSTTGRRYKG
MLHCARTIVAEEGYTALWAGMQARLLVTCVGVAVLELHRHFWAV

ThbMCP20
MDSFVAGAAAGLVVDFTLYPIDTIKTRLQSRDGFRRAGGFVGVYRGLSAVAIGSVPS
GAAFFVGYDLTKRALLGEDDGQSDVTYAGRKQWQLASQATAAVVGETTASCIRVPI
EMLKQRLQAGQHRNLRSALVHITHGVTPGVATDTAPTSMRVRGIPNLLSGIPVMLLR
DVPFAVIQMLCYEALKVALHTDRRPHYLPLCGALGGATAAFITTPLDLLKTRIMLGQ
VSSPRAGRPKKLSVVCGALQELLHEVPRPTDRWGPMQRFFRGAVPRVTWISIGGSVF
FTTYEVVRRYCSCYRFHEK

189



ThMCP23
MALPTSHVVQTPKRQEYLASCLSGCVAGVCSTCVINPLDTVRVRLSVSRSATGKAHR
SLLYTVRDLFEGGIVHAFSRGLSANLMASLPSNGIYLPTYRCIKDQLSSAGVNQNVQP
ATAACGAVCVTNTILGPIFLVRTRVQVNEKLTVRQTFRDVLKHEGFSGFYRGTMTNI
VGRFVEEGLFWSIYELLKRLSNEASFKGSSNFFLTSVAVASLSAVAKIAATTVSYPYN
VVMNHMRSVSYVTGKPEYERIMPTIRHIYYQDGIPGFYKGLAPQLLRSTLSKAVQIYS
FELAMFIYFSTVQRPVVSCAPA
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