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Abstract
African Animal Trypanosomiasis (AAT) is a debilitating disease affecting livestock in sub-Saharan
Africa. AAT is caused by protozoan parasites of the genus Trypanosoma, with T. congolense
being the species primarily associated with chronic infections in cattle. Chemotherapy and
chemoprophylaxis are the primary means of controlling this disease, however the lack of a
detailed understanding of the metabolism of livestock trypanosomes (compared to the more
intensively studied T. brucei) remains a significant barrier to the identification and development
of adequate drug compounds. A comprehensive understanding of the parasites’ growth
requirements in vitro is crucial to successful drug development. Recent data suggests that the
various trypanosome species implicated in AAT may exhibit differences in metabolic activity.
Identifying such differences is necessary in order to culture parasites in a stable, biologically
relevant manner, which will allow for a rational, targeted approach to the development of
chemotherapeutic compounds.
This thesis is an exploration of the metabolic characteristics of one livestock trypanosome
species in particular, T. congolense. A recent study employing omics technologies has brought to
light numerous interesting differences in the metabolism of this trypanosome species compared
to T. brucei, particularly with respect to mitochondrial metabolism. For instance, metabolomics
and transcriptomics datasets suggest that the generation of acetate (a mitochondriallyproduced end-product of glucose degradation) may be much more highly active in T.
congolense compared to T. brucei. The production of acetate was therefore chosen as a starting
point for the work outlined in this thesis. First, the production and release of this molecule was
compared in T. congolense and T. brucei. The carbon sources which contribute to its synthesis
were then interrogated using nuclear magnetic resonance spectroscopy (NMR). These data
added a degree of functional validation to previously published omics data, but also provided an
unexpected finding: pyruvate, as well as glucose and L-threonine is taken up in large amounts
and converted to acetate.
Pyruvate has traditionally been considered the primary waste product of bloodstream form
trypanosomes, therefore its uptake and degradation was chosen as a focus for further
experiments. Based on previously published studies involving the procyclic form of T. brucei, it
was hypothesised that in T. congolense the uptake and degradation of pyruvate may be linked
to the generation of cellular ATP. A simple assay was developed in order to test this hypothesis.
The results showed that supplementation of pyruvate results in ATP production and motility in
BSF T. congolense (but not BSF T. brucei) even in the complete absence of glucose – a major
difference between the two species. Further iterations of this experiment were then performed,
and showed that ATP could also be produced using malic acid as a substrate, and that the
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utilisation of these two carbon sources in the absence of glucose was entirely dependent on
buffer composition.
Using recently developed genetic methods, the enzyme pyruvate dehydrogenase (PDH) was
then repressed in T. congolense by generating an RNA interference (RNAi) cell line. These RNAi
experiments demonstrated that PDH is an essential gene in T. congolense, and that repressing
its expression results in sustained decreases in growth, as well as reductions in cellular ATP. The
metabolic consequences of PDHE2 RNAi were further explored using a combination of NMR and
liquid chromatography mass spectrometry (LCMS). Results from these experiments showed
increases in glycolytic intermediates such as phosphoenolpyruvate, as well as significant
increases in a metabolite putatively identified as lipoic acid, implying that the repression of PDH
may have broad metabolic implications. In combination, these data strengthen existing
observations that BSF T. congolense exhibit metabolic activities that are distinct from T. brucei.
The emerging picture is of an approach to carbon source utilisation that is more flexible than
originally thought, where glucose intermediaries can be taken up and re-used for energy
generation. These findings are therefore of importance to the on-going refinement of relevant
culturing methods for livestock trypanosomes.

Lay Summary
Mitochondria are often likened to batteries, or referred to as the ‘power-house of the cell’.
Another way to think of them is like engines. Engines need to burn fuel to create energy so that
the vehicle can move. Likewise, trypanosomes require energy so that they can survive and
proliferate. Cars require a particular kind of fuel – petrol or diesel – depending on what kind of
engine is used. Similarly, trypanosomes require certain kinds of fuel (e.g. glucose or proline), at
different stages of their life cycle. Trypanosoma brucei, the causative agent of Sleeping Sickness,
quickly consumes glucose whilst occupying the host bloodstream, breaking it down by a process
called glycolysis. Indeed, glycolysis has, in other organisms, been described as a ‘turbo-charged’
pathway. But just as different vehicles require different fuels depending on their engine, it
seems that different trypanosome species require different nutrients in order to survive and
multiply. If a Formula 1 car, or MotoGP bike was filled with regular unleaded petrol, the engine
would sputter and complain. Likewise, if we tried to grow a trypanosome species in the wrong
kind of growth medium, they would wither and die.
The aim of this thesis was to try and understand the mitochondria of livestock trypanosomes, in
particular Trypanosoma congolense. T. congolense are relatively closely related to T. brucei, but
their metabolism is far less understood. Recent evidence suggests that they may take a different
approach to energy generation. Like T. brucei, they also seem to rely heavily on glucose, but
their end-products (or ‘emissions’) are different, suggesting that they burn it in a more
complete fashion, unlike T.brucei, which secretes partially combusted end-products (primarily
the 3-carbon molecule pyruvate). Different trypanosome species can be thought of, therefore,
as different sorts of vehicle; T. brucei with a two stroke engine which rapidly consumes fuel,
emitting unburned hydrocarbons, whereas T. congolense could be considered as possessing a 4stroke engine, carrying out a more complete burn, emitting acetate (a 2-carbon molecule; the
ultimate end-product of glucose degradation). Using a fairly straightforward ‘emissions-testing’
approach to studying T. congolense, I reached the conclusion that central carbon metabolism in
this trypanosome is far more flexible than previously thought, with parasites being able to take
up and re-use partially oxidised end-products of glucose metabolism. The ability of T.
congolense, but not T. brucei, to use pyruvate and malate to generate energy points to the
importance of developing biologically-relevant culture conditions. Furthermore, these findings
may provide some insight into strategies used by different trypanosome species simultaneously
occupying the same host (co-infection).
The experiments outlined here highlight several important differences in the approach of T.
congolense to metabolism compared to T. brucei. The significance of this knowledge is in its
application to our ability to cultivate these parasites; the better we are able to grow them in the
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laboratory, the more we can find out about how they function. The connection between the
refinement of culture conditions and real-world health outcomes is evidenced by our progress
combatting Human African Trypanosomiasis (HAT; caused by T. brucei), with cases dropping
from 9, 878 in 2009 to 992 in 2019. The development of new drugs has been instrumental to
this steep decline, and has been heralded as a major global health success story, with
elimination of HAT now in sight. For the time being however, African Animal Trypanosomiasis
(AAT) remains a major global health burden, with our limited ability to reliably culture the
causative species of AAT restricting our understanding of how best to combat them. With
elimination of HAT in sight, there is now an opportunity to exploit the impressive array of
knowledge relating to T. brucei by adapting these techniques to other trypanosome species
such as T. congolense and T. vivax. Once these species can be reliably cultured in the laboratory,
we can begin to understand how their engines work and, hopefully, how to make them stop.
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1 GENERAL INTRODUCTION

General introduction | 2

1.1 Trypanosomes as a pathogen
African trypanosomes are vector-borne haemoparasites of vertebrate animals, of the genus
Trypanosoma. Trypanosome infections cause the disease trypanosomiasis, which is known as
Sleeping Sickness in humans (Human African Trypanosomiasis; HAT), and as Nagana in animals
(Animal African Trypanosomiasis; AAT), representing a risk to both humans and animals in some
37 sub-Saharan countries (http://www.fao.org). Pastoral agriculture is one of the most
important human activities in sub-Saharan Africa, therefore trypanosome infections occurring
amongst livestock herds are debilitating, with an estimated 3 million cattle dying from the
disease annually (http://www.fao.org). Due to the fact that cattle farming is of such great
cultural and economic importance in sub-Saharan Africa, AAT continues to place a serious
constraint on public health in the region, with recent estimates suggesting a cost of US$4.5
million in East Africa alone (Auty et al, 2015). While cases in humans continue to decline to the
extent that elimination is being discussed (Franco et al, 2020; Barrett, 2018) the contribution of
animal agriculture to African economies is sufficiently large that AAT is effectively a barrier to
prosperity and development in many regions. It has therefore been argued that a shift in focus,
toward the understanding the species of trypanosome responsible for causing infections in
livestock animals, is a necessary part of both enhancing our knowledge of trypanosome biology
and dealing with the wider global health burden (Morrison et al, 2016).

1.1.1 The Trypanosome species implicated in AAT
All pathogenic African trypanosome species belong to the Salivaria group (Haag et al, 1998), socalled as transmission to the mammalian host is occurs via the saliva of a blood-sucking
arthopod vector. Most valuable domestic animals including bovines, caprines, equids, camelids
and suids are susceptible to trypanosome, with cattle infections having a particularly high social
and economic impact in endemic regions (Meyer et al, 2016; Kristjanson et al, 1999). In cattle,
AAT is primarily caused by Trypanosoma congolense and Trypanosoma vivax, with some cases
being caused by T. b. brucei (Giordani et al, 2016). Mixed infections are also common,
accounting for up to 25% of cases (Silvester et al, 2017; Auty et al, 2012; Cox et al, 2010). The
disease can be both acute and chronic, and in the absence of treatment, results in a wasting
disease causing high morbidity, mortality and infertility (Leach & Roberts, 1981; Clausen et al,
1993; Dagnachew et al, 2015). Parasites are transmitted from animal to animal through the bite
of the Tsetse fly (Glossina spp.), the same vector responsible for transmitting human African
trypanosomiasis, caused by T. brucei rhodesiense and T. b. gambiense (Barrett et al, 2003). In
animals, however, trypanosomes can be also transmitted by fomites and mechanical vectors
including biting insects such as horseflies (Tabanus spp.) and stable flies (Tabanus spp.), and in
the case of T. evansi, vampire bats (Desquesnes et al, 2013). Mechanical transmission of T.
congolense and T. evansi has been shown under experimental conditions (Desquesnes & Dia,
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2003; Sumba et al, 1998). This capacity for mechanical transmission has led T. vivax and T.
evansi beyond the tsetse transmission zone of sub-Saharan Africa, now affecting animal
industries in Asia and South America (Jones & Dávila, 2001; Desquesnes et al, 2013a; Büscher et
al, 2019). Similarly, T. b. equiperdum is not reliant upon any arthropod vector, instead being
sexually transmitted between equines, allowing its geographic distribution to extend from
Africa to parts of Western Europe including Italy (Gizaw et al, 2017). It has been suggested that
T. evansi may also show some capacity for sexual transmission (Büscher et al, 2019).

Figure 1.1.1 The distribution of livestock trypanosome species in Africa

Modified from Giordani et al, 2016.

1.1.2 Life cycle
The various trypanosome species involved in AAT exhibit some variation in their life cycle, host
range and pathology. T. congolense and T. vivax are exclusively pathogens of animals, whereas
T. brucei is an animal pathogen which has evolved to infect humans on multiple independent
occasions (Capewell et al, 2015). T. congolense and T. brucei exist as procyclic forms (PCF) in the
tsetse fly midgut, before migrating to the proventriculus and salivary glands, respectively (figure
1.1.2). Here, parasites develop further into epimastigotes, then metacyclic trypomastigotes
which are primed for infection of the vertebrate host. T. vivax, by contrast, has no procyclic
stage in the insect midgut, instead developing into epimastigote forms within the tsetse
proboscis (Jackson et al, 2015). This somewhat simplified life cycle has meant that transmission
of T. vivax is not limited to the tsetse fly vector, with this species also being transmitted
mechanically by other biting insects (Desquesnes & Dia, 2003; Ooi et al, 2016).

General introduction | 4

Figure 1.1.2 Variation in development within the tsetse fly vec tor amongst livestock
trypanosome species

Figure adapted from Jackson et al, 2015. Stages of development are abbreviated as follows:
1) ingestion of parasites from the bloodstream; 2) migration to the midgut and differentiation
to procyclic forms; 3) Migration to the proboscis (T. vivax), proventriculus (T. congolense) or
salivary glands (T. brucei) and development into epimastigotes; 4) Differentiation into
metacyclic trypanosomes. P = proboscis, PV = proventriculus, MG = mid-gut, SG = salivary
glands.

As the tsetse fly takes a bloodmeal from a T. brucei-infected host, metacyclic trypomastigotes
are injected into the host intradermally, before entering draining lymph nodes, and ultimately
disseminating through the bloodstream (Vickerman, 1985; Caljon et al, 2016; Alfituri et al,
2020). Here, parasites proliferate rapidly as ‘slender’ bloodstream forms (BSF). A recent
addition to this model is the discovery that T. b. brucei also inhabits other areas within the host
including skin and adipose tissue, where parasites may reside for extended periods (Capewell et
al, 2016; Trindade et al, 2016; Tanowitz et al, 2017). T. congolense, by contrast, is found
exclusively within the vascular system, binding to endothelial cells and circulating erythrocytes
through their flagellum (Banks, 1980). During infection with T. brucei, trypanosomes exist either
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as the proliferative slender morphotype, or quiescent ‘stumpy’ forms, which are preadapted for
uptake by the insect host (Gruszynski et al, 2006; Jensen et al, 2009; Briggs et al, 2021).
Differentiation of BSF to slender forms, arrested in G0/G1 phase, is density-dependent, with
parasites responding to a stable low molecular weight molecule (stumpy-induction factor; SIF)
in a process analogous to bacterial quorum sensing (reviewed by Rojas & Matthews, 2019).
Stumpy forms are non-proliferative in the bloodstream (although they do exhibit a limited
metabolic capacity; (Dewar et al, 2018)), surviving preferentially in the tsetse midgut. Here,
parasites transform into procyclic trypomastigotes (PCF), multiplying by binary fission, before
transitioning to epimastigotes and progressing to the salivary glands, where they will transform
to mammal-infective metacyclic trypomastigotes.
Morphological heterogeneity is much more limited in BSF T. congolense by contrast, and while
reports of pleomorphism exist (Nantulya et al, 1978; Akoda et al, 2008), more recent evidence
suggests that a morphologically distinct stumpy form does not occur in this species (Silvester et
al, 2018). BSF T. congolense is therefore considered as being essentially monomorphic, although
changes in gene expression occurring between ascending and peak parasitaemia are indicative
of preparation for transmission, albeit with a different pattern than observed in T. brucei
(Silvester et al, 2018). In the fly, PCF T. congolense divide rapidly in the midgut before
proceeding to the proventriculus (there is no migration to the salivary glands as in T. brucei),
accumulating as a dense population of elongated trypomastigotes (figure 1.1.3) before
migrating to the mouth parts (Peacock et al, 2012). Parasites subsequently invade the
hypopharynx, where metacyclics are produced, occurring in as little as 19 days following the
infected bloodmeal (Peacock et al, 2012, 2018).
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Figure 1.1.3 The T. congolense life cycle

Stages in the life cycle of T. congolense. Figure created using data presented in Peacock et al,
2012

1.1.3 Antigenic variation
A characteristic feature of African trypanosome infections is antigenic variation, which in
trypanosomes occurs due to rapid switching of the variant surface glycoprotein (VSG) coat, a
dense monolayer covering the entire cell (Cross, 1975). Antigenically distinct sub-populations of
slender forms arise following changes in the expression of VSG genes, meaning that parasites
can evade the host immune response, thereby sustaining parasite infection (Mugnier et al,
2016). Canonically, this sequence of events was thought to give rise to ‘waves of parasitaemia’,
with a procession of antigenically distinct variants emerging over time (Matthews et al, 2015;
McCulloch et al, 2017). However, more recent studies suggest that the process is more
nuanced; it now seems clear that during chronic infections many VSGs are expressed
simultaneously, with certain VSG populations occurring at a greater or lesser frequency (Hall et
al, 2013; Mugnier et al, 2015). It has been suggested this strategy restricts the number of
slender forms, thereby preserving the available VSG repertoire and prolonging host survival
(therefore increasing the likelihood of transmission).
In T. brucei and T. congolense, the process of VSG-switching occurs via segmental gene
conversion (Hall et al, 2013; Robinson et al, 1999). T. vivax, on the other hand, lacks sequence
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repeats that facilitate the recombinatory approach to antigen-switching and possesses a muchreduced antigen repertoire when compared to T. brucei and T. congolense (Silva Pereira et al,
2020). The mechanistic model of antigenic variation in African trypanosomes, therefore,
continues to be reviewed, since differences in approach to antigen variation utilised by the
various species of African trypanosome might contribute to differences in virulence,
transmission and epidemiology between species.

1.1.4 Control strategies for AAT
Control of AAT either takes the form of vector control strategies (e.g. the use of insecticides or
traps aimed at controlling the tsetse vector) or the administration of trypanocidal compounds
to control the parasite (Holmes, 2013; Giordani et al, 2016). In general, the latter approach is
more typical in most poorer, rural areas where AAT is endemic. The application of
chemoprophylactic and/or chemotherapeutic treatment strategies can, if managed correctly,
limit immediate losses and restricts the transmissible trypanosome reservoir (Welburn et al,
2015). However, the selection of veterinary trypanocides available for such treatment is fairly
limited, and a heavy reliance on a relatively small number of drug compounds has inevitably
resulted in the appearance of resistant parasite strains in the field (Geerts et al, 1999;
Delespaux & de Koning, 2007). Of the currently licenced therapies, by far the most frequently
used for treatment of AAT are diminazene aceturate and isometamidium chloride (Holmes et al,
2004), which are described in more detail in the following sections.

1.1.4.1 Diminazene
Diminazene, a diamidine-containing compound, is curative and cannot used prophylactically
(Peregrine & Mamman, 1993; Giordani et al, 2016), being applied frequently for infections in
cattle, sheep and goats, due to its effectiveness against T. congolense and T. vivax, and its
relatively low toxicity (Giordani et al, 2016). It is also now understood that diminazene is
significantly less potent against T. congolense than T. brucei, since T. congolense lacks an
orthologue of the TbAT1 transporter which drives rapid uptake in T. brucei (Munday et al,
2013). Although a putative TbAT1-like transporter was identified in T. congolense and
associated with resistance (Delespaux et al, 2006), no consistent pattern emerged between the
frequency of the implicated TbAT1 allele and resistance to diminazene in T. congolense. It was
later elucidated that the gene in question (misnamed as TcoAT1) did not facilitate the uptake of
diminizene, but rather the nucleosides inosine and adenosine (Munday et al, 2013). Until fairly
recently, resistance to diminazene has been difficult to induce experimentally in T. congolense,
although a recent study has suggested that uptake of the drug in this species proceeds via
multiple low affinity mechanisms, including folate transporters, since expression of T.
congolense folate transporters in diminazene-resistant T. brucei clones highly sensitized the
latter species to diminazene treatment (Carruthers et al, 2021). It was also posited as part of the
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same study that resistance in T. congolense is correlated with reductions in mitochondrial
membrane potential (ΔΨM), although the question of whether reduced ΔΨM is a cause or
indirect consequence of diminazene resistance in this species remains under investigation.

1.1.4.2 Isometamidium
The other primary chemical used for treatment of AAT is the phenanthridine isometamidium
chloride (trade names Trypamidium, Samorin). Isometamidium (ISM) is often used alternately
with diminazene (referred to as a sanative pair), since cross-resistance to both drugs is rare
(Giordani et al, 2016). Unlike diminazene however, ISM has both curative and prophylactic
properties, and has become the primary choice for chemoprophylactic use since the
trypanocide quinapyramine was discontinued due to its high toxicity and tendency to produce
severe reactions in animals (Peregrine, 1994; Desquesnes et al, 2013a). ISM is a hybrid
molecule, with veterinary formulations typically containing a mixture of phenanthridine
compounds: isometamidium chloride hydrochloride, the positional red isomer, positional blue
isomer and the disubstituted compound (Igoli et al, 2015). The red and blue isomers display
reduced trypanocidal activity in vitro and in vivo (Sahin et al, 2014), therefore guidelines state
that commercial products must contain isometamidium at a proportion of at least 55%, with the
other components not exceeding 40% of total material (Sutcliffe et al, 2014).
In the field, ISM is used to treat T. congolense and T. vivax infections, and is often used
sequentially with diminazene, to prevent the likelihood of cross resistance occurring. Resistance
to both drugs has been reported by some (Ainanshe et al, 1992; Codjia et al, 1993) but not
others (Gray et al, 1993; Joshua et al, 1995), and it has been suggested more recently that
resistance to both agents is more likely to have occurred separately (Giordani et al, 2016). ISM
displays intrinsic fluorescence, which has allowed for the observation that the drug
preferentially accumulates within the mitochondrion (Zilberstein et al, 1993; Wilkes et al, 1995).
The trypanocidal acitivity of ISM may be owed to its accumulation at this site, since
mitochondrial DNA (stored in trypanosomes as a large, concatenated network known as the
kinetoplast; kDNA; see section 1.3.2.4) is critical for survival of trypanosomes of all life cycle
stages (Dewar et al, 2018). The exception to this are naturally-occurring dyskinetoplastic
trypanosomes such as T. b. evansi, which lack a complete kDNA network, and show
considerable resistance to ISM (Gould & Schnaufer, 2014), along with strains of T. brucei which
lack a functional kinetoplast following serial laboratory passage with the sub-lethal
concentrations of ethidium bromide (Schnaufer et al, 2002).
In T. congolense, kinetoplast loss has not been observed in the field, nor has it been possible to
induce a lack of reliance on kDNA through serial laboratory passage. Similar to diminazene, a
correlation was observed between reductions in ΔΨM and resistance to ISM in T. congolense
(Wilkes et al, 1997a). In the same study, decreased accumulation of ISM was also induced by
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incubation with the F1Fo ATP synthase inhibitor oligomycin A, hence it was implied that the
mechanism for ISM resistance is shared between T. congolense and T. brucei. However, a
genomic analysis of ISM resistance in T. congolense found there to be no significant changes in
genes encoding, or related to the mitochondrial F1Fo-ATP synthase when ISM-sensitive and ISMresistant clones were compared (Tihon et al, 2017), which does not suggest that in T.
congolense there is a clear link between reduced ΔΨM and ISM-resistance, as has previously
been shown in T. brucei (Dean et al, 2013; Gould & Schnaufer, 2014; Baker et al, 2015).
Alternately, ΔΨM may well be implicated in ISM resistance in T. congolense, but the actual
mechanism of ΔΨM generation may not involve ATP synthase (this topic will be explored in
more detail in section 1.3.2.4). It was instead proposed by Tihon et al. that a multi-modal route
to drug resistance may occur in T. congolense, where mutations in genes encoding various
transporters and other unidentified transmembrane proteins may lead to resistance.

1.2 Cell biology and organelles
1.2.1 General overview
The general morphology of the species principally implicated in AAT are shown in figure 1.2.1. T.
congolense is physically smaller than the other two species, measuring 9-22 µm in length,
compared to 20-30 µm and 28-26 µm for T. brucei and T. vivax, respectively (Vickerman, 1969,
1985; Hendry & Vickerman, 1988). T. brucei, T. vivax and T. congolense all possess a
conventional nucleus as well as a kinetoplast (mitochondrial DNA-containing organelle; see
ahead) single mitochondrion and flagellum. Historic accounts describe a ‘undulating
membrane’, which is related to the movement of the flagellum, which in T. brucei is notably
more conspicuous than in T. congolense and T. vivax (Langousis & Hill, 2014). The flagellum is
attached the entire length of the cell, emerging from the flagellar pocket at the cell posterior
(Matthews, 2005; Field & Carrington, 2009). The flagellar pocket is an invagination of the
plasma membrane found close to the basal body and is a major site of exo and endocytosis
(Overath & Engstler, 2004). Studies in T. brucei have shown that the flagellar pocket is also
involved in the internalisation of host antibody, with immunoglobulin-VSG complexes moving
toward the posterior pole facilitated through forward-swimming, where they are endocytosed
(Engstler et al, 2007) . Swimming is achieved through a flagellar wave that is initiated anteriorly
at the flagellar tip, which travels to the base (Weiße et al, 2012). The flagellum itself is
comprised of an axonemal structure with a paraflagellar rod (Vaughan & Gull, 2003; Portman &
Gull, 2010).
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Figure 1.2.1 morphology of livestock trypanosome species

Variation in morphology between BSFs of the major livestock trypanosome species; K =
kinetoplast; N = nucleus; F = flagellum; UM = undulating membrane. Figure from Giordani et
al., 2016

1.2.2 kDNA
Also physically attached to the basal body is the parasites’ complement of mitochondrial DNA,
contained in a large, concatenated network known as the kinetoplast, or kDNA (Shlomai, 2004).
Linking the kDNA to the basal body is the tripartite attachment complex (TAC), a set of filaments
which connects the proximal end of the basal body to a specialised area of the outer
mitochondrial membrane (Vaughan & Gull, 2016). This connection remains throughout the life
cell division, with replication of kDNA occuring concurrently with duplication of the basal body
(Woodward & Gull, 1990). The kDNA itself is comprised of so-called maxicircles and minicircles,
with the former containing protein-encoding genes, and ribosomal RNAs (Shapiro, 1993; Lukeš
et al, 2002), and the latter containing guide RNAs (gRNAs), which serve as templates in the RNAediting of maxicircle transcripts (Feagin et al, 1988; Hendriks et al, 2000). Minicircle populations
are heterogenous, with each of the 371 minicircles identified in T. brucei encoding two to five
gRNAs, with gRNAs encoded on one minicircle editing one or more maxicircle genes (Pollard et
al, 1990; Cooper et al, 2019). Genes encoded in kDNA include multiple subunits of respiratory
complexes I and IV, and one subunit of both complex III and complex V (Cooper et al, 2019).

1.2.3 Organelles
1.2.3.1 Glycosomes
All members of the order Kinetoplasta possess specialised organelles called glycosomes. These
are peroxisome-like organelles in which the first steps of glycolysis are compartmentalised
(Opperdoes, 1988; Michels & Opperdoes, 1991; Hannaert et al, 2003). In bloodstream form T.
brucei, around 50 glycosomes (measuring ~0.27 µm across) are found clustered throughout the
cell body, increasing to around 120 per cell during proliferation (Opperdoes et al, 1984; Tetley &
Vickerman, 1991; Hughes et al, 2017). T. congolense and T. vivax also contain large numbers of
glycosomes across all life cycle stages studied (Vickerman, 1969; Dwinger et al, 1988; Jackson et
al, 2015), but the functions and biogenesis of these organelles have been mostly studied in T.
brucei to date (Allmann & Bringaud, 2017; Haanstra et al, 2016).
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Initially, these cellular compartments were not identified as ‘peroxisome-like’ due to the lack of
catalase activity (Opperdoes et al, 1984), but it was later established that glycosomes contained
enzymes involved in the first steps of ether lipid synthesis, a peroxisomal pathway in eukaryotes
(Opperdoes, 1984). Similarly to peroxisomes, glycosomes are surrounded by a single membrane
and undergo a similar process of biogenesis (Parsons et al, 2001; Moyersoen et al, 2004). It is
therefore assumed that glycosomes originated from peroxisomes, however in stark contrast to
the latter, the majority of protein content within the former organelle was accounted for by
glycolytic enzymes (around 90% in BSF T. brucei; (Allmann & Bringaud, 2017)), hence their being
named glycosomes (Opperdoes & Borst, 1977). The reasons for compartmentalisation of
glycolysis in trypanosomes will be discussed in detail in section 1.3.1. Glycosomes are also the
site of succinic fermentation reactions, as well as the oxidative branch of the pentose
phosphate pathway (PPP), purine salvage and pyrimidine biosynthesis (Allmann & Bringaud,
2017).
Glycosomes are, therefore, dynamic cellular components, functioning alongside other celluar
compartments. It has recently been established, for example, that contact sites, coordinated
proliferation and a sharing of physiological functions occurs between these organelles (Fransen
et al, 2017; Shai et al, 2018). Turnover of glycosomes occurs rapidly through autophagy of
redundant organelles and synthesis (through fission) of different ones (reviewed by Haanstra et
al, 2016). The protein content of glycosomes is also highly variable, depending on both life
cycle stage and environmental conditions (Bauer et al, 2013). The ability to rapidly re-organise
the repertoire of core glycolytic and gluoconeogenic enzymes within these compartments
therefore results in considerable metabolic flexibility, allowing trypanosomes to switch between
various environmental and nutritional conditions.

1.2.3.2 Mitochondrion
Another interesting feature of trypanosomatids is that each cell contains a single
mitochondrion, together with a single mitochondrial nucleoid (kinetoplast). In T. brucei, the
shape and size of the mitochondrion alters depending on the life cycle stage of the parasite
(Vickerman, 1965; Priest & Hajduk, 1994; Jakob et al, 2016). In the bloodstream form, the
mitochondrion is an unbranched, thread-like structure lacking cristae and the majority of
cytochrome complexes necessary for oxidative phosphorylation (Priest & Hajduk, 1994). In this
life cycle stage, the mitochondrion stretches along the entire cell body from anterior to
posterior, replicating through branch and loop structures and finally separating during
cytokinesis (Jakob et al, 2016). Since each cell contains just one mitochondrion, the biogenesis
of this organelle must be tightly integrated into the cell cycle. Segregation of kinetoplasts is
driven by the basal bodies, which are connected to kDNA via the tripartite attachment complex
(TAC) (Ogbadoyi et al, 2003). Segregation of replicated mitochondrial genomes occurs during
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nuclear S-phase, resulting in cells with two kinetoplasts and one nucleus (2K1N) (Woodward &
Gull, 1990). Following mitosis and immediately prior to cytokinesis, cells now contain two copies
of mitochondrial and nuclear genomes (2K2N).
In contrast to the thread-like structure observed in the bloodstream form of T. brucei, the
mitochondrion in the insect form is enlarged, with the inner mitochondrial membrane
possessing multiple cristae, since energy generation by oxidative phosphorylation occurs in this
life cycle stage (Hellemond et al, 2005a). Unlike ‘classical mitochondria’ such as those from
mammals, which degrade pyruvate into CO2 through the tricarboxylic acid cycle (TCA) producing
reducing equivalents (NADH and FADH2), trypanosomes degrade glucose in an incomplete
fashion, resulting in fermentation-like products such as acetate and succinate (Millerioux et al,
2012b; Besteiro et al, 2002). It has therefore been suggested that the mitochondria of
trypanosomes resemble an intermediate between aerobically-functioning mitochondria seen in
mammals and anaerobically-functioning mitochondria observed in parasitic helmiths (Tielens &
Van Hellemond, 1998; Hellemond et al, 2005a).

1.2.3.3 Mitochondrial protein and tRNA import
Since only a small fraction of mitochondrial proteins are encoded within kDNA, many nuclearlyencoded proteins must be imported into the mitochondrion. In the majority of eukaryotes,
TOM40 (Translocase of the Outer Membrane) is the mitochondrial outer membrane import
channel that serves as the only means of protein entry into mitochondria (Neupert, 1997; Voos
et al, 1999). However, trypanosomatids lack this protein import system (Pusnik et al, 2011).
Instead, membrane translocation is facilitated by ATOM (Archaic Translocase of the Outer
Membrane), which bears resemblance to the Omp85 family of bacterial translocases (Harsman
et al, 2012). The protein translocation system of the inner mitochondrial membrane in T. brucei
is also unique; it possesses only one TIM (Translocase of the Inner Membrane) complex, unlike
the two TIM complexes common to most eukaryotes.
Another unique aspect of trypanosomatid mitochondrial biology is that the mitochondrial
genome is devoid of tRNA genes (Tan et al, 2002; Aeby et al, 2010; Shikha & Schneider, 2020).
tRNAs in trypanosomes must therefore be imported from the cytosol. In T. brucei, it was shown
that the protein import pore ATOM40 acts as a tRNA and as well as a protein-conducting pore,
and this occurs independently of the two protein import receptors ATOM46 and ATOM69 (Mani
et al, 2016). By depletion of individual subunits it was recently found that it is possible to
uncouple the import of matrix proteins and tRNAs in T. brucei, even they are imported from the
same mitochondrial subcompartment (Shikha et al, 2020). An ‘alternate import model’ has
therefore been proposed, where the import of tRNAs and proteins occur through the same
translocation pores, but cannot do so simultaneously.
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1.3 Metabolism in Trypanosoma brucei
The metabolism of African trypanosomes has attracted a great deal of interest, largely driven by
the need to develop chemotherapeutic strategies for treating trypanosomiasis (Verlinde et al,
2001; Haanstra et al, 2017). Such studies have long since highlighted the various unusual
metabolic hallmarks exhibited by trypanosomes, perhaps most notably their peculiar approach
to carbohydrate metabolism, which was identified by the 1950s (Ryley, 1956; von Brand, 1950;
von Brand & Tobie, 1959). Due to its importance as a human pathogen and long-established
methods for culturing the organism under laboratory conditions, T. brucei (typically lab-adapted
strains such as Lister 427 and EATRO1125) has been the focus of the majority of these studies,
with metabolic studies of other trypanosome species being relatively rare. Studies of
Leishmania parasites have primarily focused on L. major and L. mexicana (both responsible for
causing cutaneous Leishmaniasis), with no current indications that carbohydrate metabolism
differs significantly between either species (Michels et al, 2021), although species-differences in
amino acid metabolism have been observed (Westrop et al, 2015). For T. cruzi, the causative
agent of Chagas disease, the majority of studies concern parasites of the TbI group (discrete
typing unit; DTU), with a few papers focussing on the TcII DTU. It is unclear based on available
evidence whether metabolic differences exist between the seven currently identified DTUs or
strains (Zingales et al, 2012; Zingales, 2018).
By contrast, there is growing evidence to suggest that significant metabolic diversity exists
between species of African trypanosome, especially in the area of mitochondrial metabolism
(Steketee et al, 2021). Differences in the degradation of glucose and its derivatives between T.
congolense and T. brucei (with respect to the organisation of glycolytic as well as mitochondrial
pathways), will be explored in detail in the following two chapters. Before highlighting those
differences, the metabolic scheme for T. brucei will be discussed.

1.3.1 Glycolysis
Whilst in the host bloodstream, the proliferation of T. brucei depends on a continued supply of
glucose. The classical view of energy metabolism in T. brucei states that the parasites’ ATP
requirements are fulfilled entirely the uptake and compartmentalisation of glucose within
glycosomes, where high rates of glycolysis result in the production of ATP along with the
excretion of pyruvate as the primary waste product (Ryley, 1956; Haanstra et al, 2012). In T.
brucei, the enzymes carrying out the first 7 steps of glycolysis (from hexokinase; HXK to
phosphoglycerate kinase; PGK) are contained within glycosomes, with proper
compartmentalisation of these enzymes being essential for the survival of the parasite (Teusink
et al, 1998). The last 3 enzymes of the pathway (phosphoglycerate mutase, enolase and
pyruvate kinase) are found cytosolically (Opperdoes & Borst, 1977). The net production of ATP
coupled to glycolysis therefore occurs in the cytosol, through the activity of pyruvate kinase
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(PYK), with 2 molecules of ATP being generated for every molecule of glucose in the presence of
oxygen.

Figure 1.3.1 Glycolysis and acetate production in BSF T. brucei

Figure reproduced from Michels et al, 2021. Released end products of glucose metabolism
are shown in white font on a red background, products of L-threonine metabolism are shown
against a green background. Enzymes are: 1, hexokinase; 2, glucose-6-phosphate isomerase;
3, phosphofructokinase; 4, aldolase; 5, triose-phosphate isomerase; 6, glycerol-3-phosphate
dehydrogenase; 7, glyceraldehyde-3-phosphate dehydrogenase; 8, phosphoglycerate kinase
C; 9, phosphoglycerate mutase; 10, enolase; 11, pyruvate kinase; 12, alanine
aminotransferase; 13, phosphoenolpyruvate carboxykinase; 14, glycosomal malate
dehydrogenase; 15, cytosolic fumarase; 16, glycosomal NADH-dependent fumarate
reductase; 17, pyruvate dehydrogenase complex; 18, acetyl-CoA thioesterase; 19,
acetate:succinate CoA-transferase; 20, succinyl-CoA synthetase; 21, rotenone-sensitive NADH
dehydrogenase (complex I of the respiratory chain); 22, mitochondrial FAD-dependent
glycerol-3-phosphate dehydrogenase; 23, rotenone-insensitive NADH dehydrogenase; 24,
alternative oxidase; 25, FoF1-ATP synthase; 26, ADP/ATP carrier; 27, L-threonine
dehydrogenase; 28, AKCT, 2-amino-3-ketobutyrate CoA-transferase.

T. brucei differs from other organisms, where the activity of HXK and PFK is typically regulated
by their products (Nwagwu & Opperdoes, 1982; Cronin & Tipton, 1985). In trypanosomes,
glycolytically-produced ATP is unavailable to HXK and PFK, meaning these enzymes respond to
the glycosomal ATP/ADP ratio rather than the (higher) cytosolic one (Michels et al, 2006). This
prevents glycolytically-produced ATP from increasing the flux through these enzymes beyond
the capacity of enzymes further downstream, which would result in a hexose phosphates
accumulating to toxic levels. Indeed, a computer-model was used to demonstrate that the
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sequestration of glycolytic enzymes in T. brucei provides protection from the potentially
dangerous ‘turbo’ design of glycolysis (Bakker et al, 1997). It was also shown that in procyclic
trypanosomes (where glucose is dispensable when the amino acid proline is available),
depletion of the glycosomal import protein PEX-14 was lethal only in the presence of glucose,
further indicating that glycosomes provide BSF parasites with the protection necessary to carry
out the very high rates of glucose consumption that occur in the host bloodstream (Haanstra et
al, 2008).
Along with levels of ATP, the consumption and production of reducing equivalents within the
glycosome are also tightly balanced (Hammond et al, 1985; Opperdoes, 1987). During aerobic
glycolysis, NADH formed by the glyceraldehyde-3-phosphate dehydrogenase (G3PDH) reaction
is reoxidised by routing electrons to a mitochondrial membrane-associated glycerol-3phosphate oxidase (GPO) system (figure 1.3.1). This glycolytic ‘detour’ allows trypanosomes to
avoid depletion of NAD+ within the glycosome. The glycerol-3-phosphate:dihydroxyacetone
shuttle is comprised of an FAD-dependent glycerol-phosphate dehydrogenase (GPDH) along
with the single subunit plant-like trypanosome alternative oxidase (TAO), catalysing the
reduction of O2 to H2O (Opperdoes & Borst, 1977; Guerra et al, 2006), with TAO serving as the
terminal oxidase in both BSF and stumpy form parasites (Bienen et al, 1991a). When O2 is
limiting, part of the glucose can be converted to equimolar amounts of glycerol and pyruvate,
yielding only 1 molecule of ATP (by the glycerol kinase reaction) for every molecule of glucose
(Ryley, 1956; Haanstra et al, 2012). Decreases in the production of ATP either through
anaerobiosis or repression of TAO result in prolonged growth and eventual cell death in BSF T.
brucei (Helfert et al, 2001; Haanstra et al, 2011). BSF are also sensitive to inhibition of TAO by
salicylhydroxamic acid (SHAM), with treatment with this inhibitor resulting in cell death within
24 hours (Helfert et al, 2001). During glycolysis, ATP that is invested intra-glycosomally by HXK
and PFK catalysed reactions is regenerated by the ATP-producing reaction catalysed by
phosphoglycerate kinase (PGK; figure 1.3.1).

1.3.1.1 Differences in glycolysis between BSF and PCF T. brucei
Expression of PGK, which catalyses the conversion of 1,3-bisphosphoglycerate to 3phosphoglycerate (Colasante et al, 2007) is developmentally regulated in T. brucei, with BSF and
PCF cells expressing glycosomal and cytosolic isoforms, respectively (Blattner et al, 1998). In PCF
cells, the balance of glycosomal ATP/ADP and NADH/NAD+ balances are achieved through the
upregulation of ATP-producing phosphoenolcarboxykinase (PEPCK) and pyruvate phosphate
dikinase (PPDK) enzymes during the production of succinate (Besteiro et al, 2002). In the socalled glycosomal succinate branch, cytosolically-produced phosphoenolpyruvate (PEP) is
redistributed to the glycosome, where converted to succinate through two NADH-dependent
dehydrogenases, malate dehydrogenase (MDH) and the glycosomal fumarate reductase (FRDg).
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Through this pathway, equilibria of both NADH/NAD+ and ATP/ADP are maintained, with the
latter being achieved through the activities of PEPCK and PPDK. The difference in strategies
used for maintaining balance within glycosomes between BSF and PCF parasites is evident from
comparing their released end-products, where excreted pyruvate predominates in BSF, while
succinate and acetate are the primary waste products of PCF (Bringaud et al, 2006a; Creek et al,
2015).
Several other striking differences exist between glucose metabolism in PCF and BSF T. brucei.
Whilst the expression of glycosomal and cytosolic glycolytic enzymes is downregulated in
general (reviewed by Szöör et al, 2020), some glycosomal enzymes are upregulated, including
PEPCK, PPDK, MDH and FR (Opperdoes et al, 1981; Broman et al, 1983; Bringaud et al, 1998;
Besteiro et al, 2002). Furthermore, BSF and PCF express different (80% sequence homology)
transporters for the facilitated exchange of glucose across the plasma membrane, with BSF
expressing the relatively low affinity THT1 transporter, and PCF expressing the higher affinity
THT2 transporter (Bringaud & Baltz, 1993; Barrett et al, 1995, 2). A strong upregulation in
mitochondrial metabolism occurs in PCF, including the pyruvate dehydrogenase complex, TCA
cycle enzymes and a complete cytochrome-containing electron transport chain (Urbaniak et al,
2012; Zíková et al, 2017).

1.3.1.2 Acetate production in BSF and PCF T. brucei
In PCF, PEP produced in the cytosol during glycolysis may re-enter the glycosome to be
converted to malate and succinate, or, via malate, can move from the glycosome into the
mitochondrion for the production of acetate (Rivière et al, 2004); see figure 1.3.2. Pyruvate can
also enter the mitochondrion directly, via the specific mitochondrial pyruvate carrier (MPC; see
section 1.3.1.3). Once inside the mitochondrial matrix, pyruvate is oxidised by the pyruvate
dehydrogenase complex (PDH), resulting in the formation of acetyl-CoA. In addition to pyruvate,
the amino acid L-threonine contributes to acetyl-CoA production, (Cross et al, 1975; Linstead et
al, 1977), and was shown to be the main source of acetate production in PCF T. brucei
(Millerioux et al, 2012b).
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Figure 1.3.2 Glycolysis, acetate and succinate production in PCF T. brucei

A scheme for the production of acetate and succinate in PCF T. brucei. Acetate and succinateproducing pathways are highlighted in green and blue, respectively. Pyruvate originating
from PK activity can enter the mitochondrion directly, of may first be generated from malate
through malic enzyme activity. G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; DHAP,
dihydroxyacetone phosphate; Gly-3P, glycerol-3-phosphate; G-3-P, glyceraldehyde-3phosphate; 1,3,BPGA, 1,3-bisphosphoglyceraldehyde; 3-PGA, 3-phosphoglycerate; PEP,
phoshoenolpyruvate. Enzymes: PGK, phosphoglyerate kinase; PK, pyruvate kinase; ENO,
enolase; Ala TR, alanine aminotransferase; PEPCK, phosphoenolpyruvate carboxykinase;
MDH(g), glycosomal malate dehydrogenase; MDH(m), mitochondrial malate dehydrogenase;
FR, fumarate reductase; FH, fumarate hydratase; ME(c), cytosolic malic enzyme, PDH,
pyruvate dehydrogenase; ACH, acetyl CoA thioesterase; ASCT, acetate:succinate CoA
transferase; TDH, threonine dehydrogenase; ACKT, 2-amino-3-ketobutyrate CoA-transferase.

The majority of this acetyl-CoA is converted into acetate by the mitochondrial acetate:succinate
CoA transferase (ASCT) and acetyl-CoA thioesterase (ACH) (Rivière et al, 2004; Millerioux et al,
2012b). This occurs through the acetate:succinate CoA transferase/succinyl-CoA synthetase
(ASCT/SCoAS) cycle, where ATP can be generated independently of oxygen and an
electrochemical gradient (Tielens & Van Hellemond, 1998; Mochizuki et al, 2020b). In this cycle,
the CoA moiety of acetyl-CoA is passed by ASCT to succinate, resulting in succinyl CoA and
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acetate (1.3.2). The succinyl CoA provides a substrate for the ATP-producing enzyme SCoAS
(1.3.2). Unlike ASCT, ACH shows no CoA transferase activity, therefore only acetate produced by
ASCT, and not ACH, is coupled to the production of ATP (Millerioux et al, 2012b).

Figure 1.3.3 ATP production through the ASCT/SCoAS cycle

ASCT; acetate:succinate CoA transferase; SCoAS; succinyl CoA synthetase

The importance of this cycle was first recognised in PCF T. brucei, in which a TbASCT null mutant
showed hypersensitivity to oligomycin, an F1/Fo ATP synthase inhibitor, demonstrating that ATP
production through ASCT/SCoAS becomes essential when oxidative phosphorylation is impaired
(Millerioux et al, 2012b). ATP production through ASCT/SCoAS has also been demonstrated in
BSF T. brucei, although in this case it was hypothesised that ATP produced by this pathway is
used to facilitate the maintenance of mitochondrial membrane potential by providing substrate
for the reverse activity of ATP synthase (Mochizuki et al, 2020b) (see section 1.3.2.3). A second
function of the production of acetate is its contribution to the de novo synthesis of fatty acids,
through the trypanosomatid acetate shuttle (Rivière et al, 2009; Millerioux et al, 2018), in which
mitochondrially-derived acetate is converted back to acetyl-CoA in the cytosol by acetyl-CoA
synthetase (AceCS). It was subsequently also shown that acetate production is an essential
process in BSF T. brucei, since repressing the activity of PDH was lethal in a threonine
dehydrogenase (TDH) deficient background, or when L-threonine was omitted from the culture
medium (Mazet et al, 2013). Therefore, it was concluded that, the mitochondrial production of
acetyl CoA through the oxidation of pyruvate or threonine, albeit relatively minor in BSFs, is
essential for both life cycle stages.

1.3.1.3 The uptake of pyruvate into the mitochondrion
The uptake and regulation of pyruvate into mitochondria represents a metabolic branch point,
either being catabolised in the cytosol (e.g. to lactate in mammalian cells) to or entering the
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mitochondrion to fuel oxidative phosphorylation (Vanderperre et al, 2015; Rampelt & van der
Laan, 2015). Mitochondrial pyruvate import is enabled by the specific mitochondrial pyruvate
carrier (MPC), located in the inner mitochondrial membrane. The biochemical features of the
MPC were characterised in the 1970s; pyruvate is symported into the mitochondrion with one
proton, with the transport being driven by ΔpH (Papa et al, 1971; Halestrap, 1978). The MPC is
comprised of two hydrophobic proteins, MPC1 and MPC2, both of which are essential for
pyruvate transport (Bricker et al, 2012; Herzig et al, 2012).
Pyruvate has long been considered the ultimate end-product of glucose metabolism in BSF T.
brucei, with the majority being released through specific plasma membrane transporters
(Sanchez, 2013). However, the discovery that acetate production is an important process in BSF
as well as PCF T. brucei (Mazet et al, 2013) prompted further study of mechanisms of
mitochondrial pyruvate transport in trypanosomes. Homologs of MPC1 and MPC2 (TbMPC1 and
TbMPC2) were identified in T. brucei, which were shown to be required for pyruvate uptake and
glucose-derived acetate production (Štáfková et al, 2016). However, residual glucose-derived
acetate production remained in cells lacking the tbmpc gene as well as cells treated with the
specific MPC inhibitor UK5099, prompting the authors to suggest that other routes for the entry
of pyruvate into the mitochondrion may exist, such as broad-specificity monocarboxylate
transporters (Butz et al, 2004). Curiously, growth of ΔTbMPC1 BSF mutant could not be rescued
by supplementation with the alternative acetate precursor L-threonine (Stafkova et al, 2016). It
was hypothesized that in BSF, pyruvate import may serve a purpose other than acetyl-CoA
generation, such as the synthesis of alanine by the essential alanine amino transferase
(Spitznagel et al, 2009). However, a direct link between pyruvate import to mitochondrial
alanine availability in BSF has not been demonstrated, and other hypotheses about the
function(s) of acetate generation in this life cycle stage have since arisen, such as the provision
of ATP to fuel ATPase activity necessary for the creation of ΔψM in this life cycle stage
(Mochizuki et al, 2020).

1.3.2 Energy generation in the absence of glucose
As described, the amino acid threonine can be used as a substrate for mitochondrial acetate
production, being degraded into equal quantities of acetate and glycine (Linstead et al, 1977). In
fact, threonine is the most rapidly degraded amino acid when PCF are grown in vitro in the
semi-defined SDM-79 medium (Lamour et al, 2005; Brun & Schönenberger, 1979). However,
ATP production from threonine alone is not sufficient to sustain in vitro growth (Lamour et al,
2005).

1.3.2.1 The utilisation of proline
When grown in SDM-79, PCF make efficient use of glucose, excreting succinate and acetate as
end products, with smaller amounts of lactate and CO2 (Besteiro et al, 2002; van Weelden et al,

General introduction | 20

2003). But in the tsetse midgut, glucose is scarce, becoming transiently available following a
bloodmeal. Tsetse flies are well-adapted to metabolise amino acids, generating ATP through the
catabolism of proline (Bursell, 1963, 1966). Proline is preferentially degraded to alanine in flight
muscle cells, with the latter used for the cyclical regeneration of proline (Mantilla et al, 2017). A
constant supply of proline is maintained thereby within the fly haemolymph.
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Figure 1.3.4 Proline metabolism in PCF T. brucei

Figure adapted from Lamour et al, 2005. Predicted metabolic fluxes at various enzymatic
steps are shown by different arrow thicknesses. Dashed arrows indicate steps expected to be
active at low levels, or not at all, during growth in standard (glucose-rich) media. Note, the
conversion of proline-derived malate to pyruvate by mitochondrial malic enzyme (as
suggested by Villafraz et al, 2021) has been added (step 31a). Abbreviations: AOB, amino
oxobutyrate; C, cytochrome c; Cit, citrate; CoASH, coenzyme A; DHAP, dihydroxyacetone
phosphate; GLU, glutamate; Gly-3-P, glycerol 3-phosphate; IsoCit, isocitrate; 2Ket, 2-
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ketoglutarate; OA, 2-oxoacid; Oxac, oxaloacetate; γSAG, glutamate γ-semialdehyde; SucCoA,
succinyl-CoA; UQ, ubiquinone pool. Enzymes are as follows: 21, pyruvate dehydrogenase
complex; 22, acetate:succinate CoA-transferase; 23, acetyl CoA thioesterase; 24, succinyl-CoA
synthetase; 25, citrate synthase; 26, aconitase; 27, isocitrate dehydrogenase; 28, 2ketoglutarate dehydrogenase complex; 29, succinate dehydrogenase (complex II of the
respiratory chain); 30, mitochondrial fumarase; 31, mitochondrial malate dehydrogenase;
31a, mitochondrial malic enzyme; 32, proline dehydrogenase; 33, pyrroline-5 carboxylate
dehydrogenase; 34, glutamate aminotransferase; 35, glutamate dehydrogenase; 36, lthreonine dehydrogenase; 37, acetyl-CoA:glycine C-acetyltransferase; 38, glycerol-3phosphate oxidase; 39, rotenone-insensitive NADH dehydrogenase; 40, alternative
oxidase; 41, F0/F1-ATP synthase; I-IV, complexes of the respiratory chain.

Proline, therefore, represents a major source of carbon and energy for procyclic trypanosomes
in vivo (ter Kuile, 1997; Lamour et al, 2005; Mantilla et al, 2017). First, proline is oxidised to
glutamate by proline dehydrogenase and pyrolline-5-carboxylate dehydrogenase (steps 32 – 33,
figure 1.3.4), with repression of these steps resulting in arrested growth in glucose-depleted
media and abolished tsetse infections (Lamour et al, 2005). Proline-derived glutamate is then
used to generate ɑ-ketoglutarate (ɑ-KG), through partial TCA cycle activity (figure 1.3.4) via the
CO2-producing ɑ-ketoglutarate dehydrogenase (ɑ-KGDH) and ATP-generating SCoAS, resulting in
the production of succinate (van Weelden et al, 2003; Coustou et al, 2008; Spitznagel et al,
2009). Succinate can then enter the electron transport chain via Complex II (see ahead), for
energy generation through OXPHOS. Malate can be converted to pyruvate by cytosolic and
mitochondrial malic enzymes (Allmann et al, 2013) which can enter into acetate production as
described above (with ATP production occurring through ASCT/SCoAS), or, along with
glutamate, transaminated and excreted as alanine.
Therefore, PCF T. brucei display three modes of energy generation, being OXPHOS using prolinederived succinate as the primary substrate (type I; Figure 1.3.5), or SLPHOS arising from TCA
cycle activity (type II; Figure 1.3.5) or the ASCT/SCoAS cycle (type III; Figure 1.3.5). The extent to
which PCF T. brucei utilises these pathways for ATP generation is highly dependent on
environmental conditions. It was shown that when glucose is abundant, the oxidation of proline
is truncated, with respiratory complexes II, IV and V becoming of reduced significance to energy
generation (Coustou et al, 2008). On the other hand, energy generation through SLPHOS is
essential under glucose-rich conditions, with SCoAS being essential for ATP production (BochudAllemann & Schneider, 2002). Further complexity has been added to this picture by the finding
that glucose intermediaries (succinate, alanine, pyruvate, malate and ɑ-KG) are consumed by
PCF under physiological concentrations of proline (Villafraz et al, 2021). In that study, full TCA
cycle activity was demonstrated by the conversion of malate to succinate by both reducing and
oxidative branches of the TCA cycle, challenging the current view that the TCA cycle in PCF is
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incomplete, consisting of anaplerotic reactions only (Hellemond et al, 2005a). Furthermore,
succinate, malate and ɑ-KG stimulated growth of the parasite in the presence of 2 mM proline,
showing that PCF can simultaneously exploit amino acids whilst ‘recycling’ derivatives of glucose
metabolism to meet energy requirements in vivo.

Figure 1.3.5 Mitochondrial ATP production in T. brucei

Scheme for the production of ATP within the mitochondrion in PCF T. brucei Figure
reproduced from Bochud-Allemann and Schneider, 2002. Three pathways for ATP production
are indicated: oxidative phosphorylation (I), acetate production (II) and TCA cycle (III). Note,
ATP production in II and III occurs via SCoAS participating in either the TCA cycle (as in II) or
acetate production through the ASCT/SCoAS cycle (as in III). Enzymes are shown in italics:
PDH, pyruvate dehydrogenase; KDH, ⍺-ketoglutarate dehydrogenase; SDH, succinate
dehydrogenase; SCoAS, succinyl CoA synthetase

1.3.2.2 The respiratory chain in T. brucei
In a typical respiratory chain, reduced NADH is oxidised to NAD+ by compex I, the
NADH:ubiquinone oxidoreductase. This is the largest complex of the respiratory chain, with the
movement of electrons through the complex providing energy for the translocation of protons
across the inner membrane space (IMS; Janssen et al, 2011). The electrons reduce ubiquinone
to ubiquinol, with 4 protons being pumped per 2 electrons (Janssen et al, 2011).
The presence of Complex I in T. brucei is somewhat controversial (Verner et al, 2011; Surve et
al, 2012). Although the complex has been detected in both BSF and PCF (Fang et al, 2001; Surve
et al, 2012), knock-out of key electron-transferring components did not result in a growth
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defect or decrease in mitochondrial membrane potential (ΔψM) in PCF, however, a minor
decrease in NADH oxidation was observed (Verner et al, 2011). In contrast, no decrease in
NADH oxidation was seen in BSF (Surve et al, 2012), therefore the reason(s) for expending
energy in the biogenesis of this large complex in either life cycle stage remains unclear.
Treatment with the Complex I inhibitor rotenone led to reductions in respiration in BSF and PCF
(Beattie et al, 1994; Beattie & Howton, 1996; Fang et al, 2001), and effects on ΔψM were
observed in stumpy BSF (Bienen et al, 1991). However these effects may be explained by offtarget effects of high concentrations of rotenone used in those studies on other mitochondrial
dehydrogenases (Hernandez & Turrens, 1998).
T. brucei also possesses an alternative, rotenone-insensitive NADH:ubiquinone oxidoreductase,
NDH2, also present in bacteria, plants and fungi (Fang & Beattie, 2002; Surve et al, 2017). NDH2
catalyses the transfer of electrons from NADH to ubiquinone without pumping protons out of
the matrix (Matus-Ortega et al, 2011). In BSF T. brucei, repression of NDH2 resulted in only a
modest decrease in growth, however knockdown in a Complex I deficient background led to a
stronger growth defect. Reductions in acetate excretion were observed upon NDH2 knockdown,
therefore it was suggested that NDH2, while not essential, plays some role in maintaining
NADH/NAD+ balance within the mitochondrion.
Complex II, or succinate dehydrogenase (SDH), is an enzyme of the tricarboxylic acid (TCA) cycle
that catalyses the conversion of succinate to fumarate via a covalently bound flavin adenine
dinucleotide (FAD). Here, electrons are transferred through Fe/S centres reducing ubuiquinone
(Maklashina & Cecchini, 2010), the similar redox potentials of metal cofactors means that no
proton translocation is linked to the activity of this complex (Ackrell, 2000). Complex II is
dispensable in PCF T. brucei under glucose-rich conditions, but becomes essential when glucose
is limiting (Coustou et al, 2008), when proline metabolism, of which succinate is an
intermediate, is required for mitochondrial ATP production.
In a classical respiratory chain, Ubiquinol is reoxidised by Complex III, the bc1 complex. Electrons
passing through Fe/S centres and heme groups drive the translocation of protons across the
IMS with 4 protons being translocated per 2 electrons. Electrons are shuttled by the mobile
cytochrome c from Complex III to the terminal oxidase, Complex IV, where electrons pass
through metal ion centres to the O2 electron sink (Belevich & Verkhovsky, 2008). Complex IV
translocates 2 protons per 2 electons, with 2 protons being used during the reduction of O2 to
H2O in the matrix (Kaila et al, 2010). Complexes III and IV appear to play traditional roles in the
PCF T. brucei respiratory chain, with knockdown of subunits from both complexes resulting in
decreases in ΔψM and reductions in growth (Horváth et al, 2005; Gnipová et al, 2012). In BSF,
expression of mitochondrially-encoded cytochrome b is extremely low (Michelotti & Hajduk,
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1987) and Complex IV is absent, with mitochondrial and nuclearly-encoded transcripts being
downregulated (Mayho et al, 2006; Priest & Hajduk, 1994).

1.3.2.3 The role of Complex V in BSF T. brucei
Complex V of the respiratory chain, the F1Fo ATP synthase is a multi-subunit complex arranged
as two moieties, a hydrophobic Fo domain which is embedded in the mitochondrial membrane
and a hydrophilic F1 domain, which extends toward the mitochondrial matrix. The Fo functions
as an ion channel, whereas the F1 domain contains active sites for ATP synthesis/hydrolysis. ɑ
and β subunits alternate around the the central 𝛾 subunit, which links F1 and Fo moieties
(Abrahams et al, 1994). As protons move down their concentration gradient through the Fo
segment into the mitochondrial matrix, aspartate 61 within subunit c is protonated and
deprotonated, driving the rotation of the c ring (Girvin & Fillingame, 1995). A complete (360o)
rotation of the c ring causes a full rotation of 𝛾 within the ɑ/β hexamer, yielding 3 molecules of
ATP per complete rotation (Stock et al, 1999).
Complex V can operate in both directions, either facilitating the generation of ATP, or acting in
reverse as an ATPase, with ATP hydrolysis being well-documented in yeast and bacteria
(Schairer & Haddock, 1972; Kanner & Gutnick, 1972; Yamamoto et al, 1973). In the latter
scenario (e.g. during anaerobiosis and/or a lack of activity of proton pumping complexes I,III and
IV) the Fo part acts as a proton pump in order to generate ΔψM. The energy for this activity is
provided by ATP hydrolysis by F1, allowing protons to be moved against their concentration
gradient.
Such is the case in BSF T. brucei, where in the absence of ATP production through oxidative
phosphorylation, cV operates in reverse to maintain ΔψM (Nolan & Voorheis, 1990, 1992;
Schnaufer et al, 2005). Although a functional respiratory chain is not active in BSF T. brucei,
maintenance of ΔψM remains essential. It was demonstrated that knockdown of the ɑ subunit
of cV in BSF T. brucei produced reductions in ΔψM a few hours before the appearance of a
growth defect (Schnaufer et al, 2005). The lethality of ΔψM loss in BSF is likely a consequence of
its deleterious effect on mitochondrial function and biogenesis, for example through impaired
protein import (Bertrand & Hajduk, 2000; Priest & Hajduk, 1996). The lethal effect of cV loss in
BSF, along with the essentiality of kDNA in this stage (Schnaufer et al, 2001) indicates that the
kDNA-encoded A6 subunit is essential in this life cycle stage.
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Figure 1.3.6 Mitochondrial membrane potential in T. brucei

Three differing models for maintaining ΔΨm in PCF, BSF and DK T. brucei. In PCF (a),
complexes III and IV pump protons into the inner-membrane space, driving ATP production
through complex V. In BSF (b), complex V is not used for ATP production and functions in
reverse, hydrolyzing ATP, serving as a proton pump. In DK and AK trypanosomes (c), the
kDNA-encoded F1 part of complex V is missing, and the AAC (ADP/ATP translocase)
establishes ΔΨm by exchanging ADP3- with ATP4- from the cytosol. Figure reproduced from
Jansen et al, 2008.

The source of ATP required for the ATPase activity observed in BSF T. brucei was originally
thought to be provided by import of cytosolic ATP through the ATP/ADP translocase (AAC),
although it has recently been suggested that ATP produced through the mitochondrial
ASCT/SCoAS cycle may in fact represent a more likely candidate (Mochizuki et al, 2020).
However, some uncertainty is provided by the fact that a T. brucei strain chemically-induced to
generate ΔψM independently of cV showed an increased sensitivity to Bongrekic acid, an
inhibitor of the AAC (Dean et al, 2013; Dewar et al, 2018).

1.3.2.4 Dyskinetoplastic trypanosomes
Certain subspecies of T. brucei are characterised by partial (dyskinetoplastic; DK) or complete
(akinetoplastic; AK) loss of functional kDNA (Schnaufer et al, 2002; Lun et al, 2010). T.
equiperdum, causing a sexually-transmitted disease of horses, typically exhibits substantial
maxicircle deletions and a loss in minicircle diversity (Lai et al, 2008) whilst T. evansi
(responsible for surra in various mammals) do not possess a maxicircle and are frequently
akinetoplastic (Schnaufer et al, 2002). DK BSF trypanosomes have also been induced under
laboratory conditions with the use of DNA-intercalating dyes such as acriflavine (Stuart, 1971)
and non-intercalating drugs such as hydroxystilbamidine and berenil (Ono & Inoki, 1975;
Hajduk, 1978).
Early observations of the growth profiles of chemically-induced (e.g. with acriflavine or ethidium
bromide) trypanosomes showed a large decrease in cell number, followed by the appearance of
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viable daughter cells with disrupted kDNA (Hajduk, 1979). RNAi knockdown of topo II gene
expression (necessary for kDNA replication) resulted in growth inhibition and kDNA loss in PCF
T. brucei (Wang & Englund, 2001). Furthermore, it was demonstrated that silencing the
expression of the a subunit of the mitochondrial F1-ATP synthase complex is lethal in both BSF T.
brucei and T. evansi (Schnaufer et al, 2005). Also identified was a mutation in the nuclearlyencoded 𝛾 subunit of the F1, which seemed to circumvent the need for mitochondrial gene
expression in a chemically induced DK T. brucei form. It was later revealed that single point
mutations in subunit 𝛾 were capable of compensating for complete physical loss of kDNA, by
enabling DK trypanosomes to generate ΔψM independently of the kDNA-encoded Fo part (Dean
et al, 2013).
Mutations in the nuclearly-encoded 𝛾 subunit in DK trypanosomes circumvent the need for
gene products encoded in the kinetoplast, such as subunit A6. For example, it was shown that
tolerance of mtDNA loss could be conferred in the yeast K. lactis harbouring the gene encoding
the 𝛾 subunit of the F1 moiety from a DK strain of T. brucei (Schnaufer et al, 2005). Similar to
certain species of yeast (e.g. S. cervisiae, K. lactis) which can tolerate mtDNA due to the lack of
oxidative phosphorylation (Clark-Walker et al, 1997), DK and AK trypanosomes utilise the
electrogenic ADP/ATP carrier (AAC) to produce ΔψM (Schnaufer et al, 2005; Dean et al, 2013);
figure 1.3.6. Negative charge is created within the mitochondrial matrix due to the import of
cytosolic ATP4- and export of mitochondrial ADP3-, with the direction of ATP4-/ADP3- exchange
being driven by differences in substrate concentration (Clark-Walker & Chen, 2001; Schnaufer et
al, 2005). According to the current model for ΔψM generation in DK trypanosomes, this
continued electrogenic exchange by AAC is achieved through increased ATP hydrolysis by a
mutated F1 part (Schnaufer et al, 2005; Dean et al, 2013). However, precisely how ATP/ADP
balance is achieved within the mitochondrion of AK/DK trypanosomes requires further study,
especially since alternative sources of intra-mitochondrial ATP (such as acetate production)
have been recently suggested (Mochizuki et al, 2020).

1.3.3 Other aspects of T. brucei metabolism
The key differences between the mammalian infective and insect forms of the parasite have
been studied for many years; it is well known that the slender bloodstream form of the parasite
has a metabolism which is geared toward energy production through glycolysis, whilst procyclic
cells utilise various sugars and amino acids from their environment, with more of an emphasis
on mitochondrial metabolism (Tielens & Van Hellemond, 1998; Hellemond et al, 2005; Bringaud
et al, 2006).

1.3.3.1 The utilisation of fatty acids and glycerol as carbon sources
Whilst most of the principles above remain upheld, the view that mitochondrial activities in BSF
T. brucei are essentially quiescent has recently been challenged, as it is now clear that the
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mitochondrion is the site of various essential metabolic processes throughout the entire life
cycle (Mazet et al, 2013; Creek et al, 2015; Mochizuki et al, 2020). It has also recently been
established that T. brucei occupies a variety of anatomical niches other than the bloodstream,
including the skin and adipose tissue (Capewell et al, 2016; Tanowitz et al, 2017; Trindade et al,
2016). It was demonstrated that adipose tissue represents a major reservoir during
experimental infection of mice, with parasites being found in gonadal adipose tissue at ten-fold
higher levels than other solid organs (Trindade et al, 2016; Machado et al, 2021). Parasites
isolated from adipose tissue were found to be transcriptionally distinct from bloodstream
forms, and could utilise the fatty acid myristate (C14:0) and other beta-oxidation intermediates
(Trindade et al, 2016).
ATP production using glycerol as a substrate has also confirmed in BSF by culturing parasites in
glucose-free media containing the competitive glucose-uptake inhibitor N-acetyl-glucosamine
(Pineda et al, 2018) or by depleting glucose transporters THT1 and THT2 by RNAi (Kovářová et
al, 2018). Interestingly, net ATP production in these parasites was considered to be equivalent,
since the rate of glycerol consumption was twice that of glucose, C3 and C6 molecules,
respectively (Pineda et al, 2018). Therefore the metabolism of T. brucei whilst occupying the
mammalian host is now acknowledged as being considerably more adaptable than previously
thought, with parasites reprogramming their metabolism to meet a range of nutritional
environments.

1.3.3.2 Gluconeogenesis
Gluconeogenesis is an important process for PCF T. brucei, since part of their life cycle occurs in
conditions where glucose may be entirely absent. During this process, seven of the ten
glycolytic enzymes that catalyse reversible reactions function in reverse to generate hexose
phosphates. Glucose-6-phosphate (G6P) is required for the pentose phosphate pathway (PPP)
to generate NAPDH, a key component of cellular redox homeostasis in trypanosomes (Fairlamb
et al, 1985; Krauth-Siegel & Comini, 2008). The generation of NADPH in PCF T. brucei occurs
though the PPP and the NADP+-dependent malic enzyme (MEc), with gluconeogenesis forming
G6P for the PPP. T. brucei also possess a mitochondrial isoform of malic enzyme (MEm), which is
essential in PCF (Allmann et al, 2013). Although MEc was shown to be non-essential, its
simultaneous depletion alongside G6PDH was lethal, demonstrating the dual contribution of
MEc and PPP to NAPDH production (Allmann et al, 2013).
Under low-glucose conditions, malate and pyruvate derived from proline serve as
gluconeogenic substrates, with malate serving as a substrate for MEc. Pyruvate can be rerouted to the glycosome to be converted by pyruvate phosphate dikinase (PPDK) into
phosphoenolpyruvate (PEP) (Allmann et al, 2013; Deramchia et al, 2014). PEP can also be
produced from malate via the glycosomal malate dehydrogenase (MDH) and
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phosphoenolpyruvate carboxykinase (PEPCK), and gene deletion experiments showed that
PPDK and PEPCK are redundant in gluconeogenesis. It has been suggested that the relative flux
of MEc/PPDK (NAPDH-producing) and MDH/PEPCK (NADH-producing) pathways may be
dictated by the cellular NADPH requirement, for instance through the degree of oxidative stress,
or demand for biosynthetic processes (Ghozlane et al, 2012). The formation of G6P from PEP
proceeds via a pathway that is the reverse of glycolysis, with the enzyme F1,6BPase catalysing
the reverse reaction of PFK, at the expense of glycosomal ATP. It was shown that the deletion of
F1,6BPase did not completely abolish parasite growth, or the incorporation of proline-derived
carbon into G6P, therefore it was suggested a gluconeogenic route may exist bypassing this
enzyme (Wargnies et al, 2018). Although mostly characterised in PCF, evidence for
gluconeogenesis in BSF T. brucei has also recently been provided, with two studies reporting
gluconeogenic activity in BSF parasites propagated in glycerol (Kovářová et al, 2018; Pineda et
al, 2018).

1.3.3.3 Lipid metabolism in T. brucei
Lipids constitute around 8-11% of the dry weight of T. brucei (Richmond et al, 2010), and
trypanosomes in general exhibit a number of differences in lipid metabolism when compared to
other eukaryotes (Smith & Bütikofer, 2010). Whereas fatty acids are typically synthesized by
type I and type II synthetases in the majority of eukaryotes, T. brucei generates the majority of
fatty acids using a system of 4 microsomal elongases (ELO) (Patnaik et al, 1993; Lee et al, 2006).
A FAS II pathway also occurs within the mitochondrion, with acetyl-CoA being being derived
from from oxidation of pyruvate and threonine (Stephens et al, 2007). Glucose, acetate and
threonine serve as precursors for fatty acid synthesis (via the production of acetyl-CoA), with
leucine contributing only to sterol synthesis in the tsetse fly midgut stage of the parasite
(Millerioux et al, 2018). Myristate (C14) is the primary product of FAS the bloodstream form of
T. brucei (being required for VSG synthesis), whereas stearate (C18) is the predominant fatty
acid produced in the procyclic form (Morita et al, 2000; Morita & Englund, 2001).
Membranes in T. brucei are composed of all major phospholipid and sphingolipid classes seen in
other eukaryotes, being synthesized de novo or formed from precurors obtained from the host
(Smith & Bütikofer, 2010). Phosphotidylcholine (PC) and phosphotidylethanolamine (PE)
comprise 40-60% and 10-20% of phospholipid mass in T. brucei, respectively, with choline and
ethanolamine being taken up from the environment being incorporated into the Kennedy
pathway to generate PC and PE (Smith & Bütikofer, 2010). Another major function of lipid
formation in bloodstream form trypanosomes is the biosynthesis of
glycosylphosphotidylinositol (GPI), which serves to anchor VSGs to the cell membrane
(Ferguson, 1999; Martin & Smith, 2006). Massive amounts of myrisate are required for
incorporation into GPIs (considerably more than needed for other fatty acids) with the
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requirement for myristate being met by de novo synthesis, since this fatty acid is not abundant
in the host bloodstream (Morita et al, 2000). Extracellular myo-inositol can be used to a limited
extent for GPI biosynthesis, although myo-inositol is also synthesized de novo, with the ratelimiting step being the isomerisation of gluose 6-phosphate to 1-D-myo-inositol-3-phosphate,
catalysed by the enzyme 1-D-myo-inositol-3-phosphate synthase (INO1), which is essential in
bloodstream T. brucei (Martin & Smith, 2006a, 2006b).
Lipids also serve an important role in the formation of enzyme cofactors in trypanosomes. For
example, lipoic acid [(R)-5-(1,2-dithiolan-3-yl)pentanoic acid] is an enzyme precursor which
attaches covalently to various multienzyme complexes in trypanosomes including pyruvate and
alphaketoglutarate dehydrogenases (PDH, ⍺-KGDH), branched-chain ⍺-ketoacid dehydrogenase
(BCDH) and the glycine cleavage complex (GCV) (Spalding & Prigge, 2010). PDH, ⍺-KGDH and
BCDH are large protein complexes containing many copies of E1, E2 and E3 subunits (Perham,
2000). The amino-terminal region of each E2 subunit contains one or more lipoylation domains,
which contain an attachment site for lipoate. During catalysis, the intramolecular disulfide bond
of lipoate cycles between oxidised lipoamide and reduced dihydrolipoamide (Perham, 2000).
Lipoate can be obtained synthesized de novo from an octanoylated precursors, or scavenged
from the environment by ligation of lipoic acid to target proteins (Morris et al, 1995). T. brucei,
similar to other kinetoplastids T. cruzi and L. major encodes a single lipoate ligase, lipoate
synthase and octanoyl transferase (Spalding & Prigge, 2010). It is not currently believed that
lipoate scavenging occurs in T. brucei, as protein lipoylation could not be restored by in vitro
supplementation with lipoic acid or octanoate in trypanosomes where FAS II activity was
repressed by RNAi (Stephens et al, 2007). Despite this, very little is known about lipoylation
pathways in other kinetoplastids, and the potential for uptake of lipoic acid in other
trypanosome species cannot be ruled out.

1.4 Metabolism in T. congolense
The great majority of metabolic studies of African trypanosomes have been carried out using T.
brucei. A handful of studies carried out in the 1950s found investigated the metabolism of T.
congolense isolated directly from the blood (Agosin & von Brand, 1954; Ryley, 1956; Fulton &
Spooner, 1959), as well as ‘culture form’ (procyclic) parasites (von Brand & Tobie, 1959). These
early investigations, which also included T. vivax, found several metabolic differences between
BSF T. congolense and T. brucei. Firstly, BSF T. congolense consumed glucose at lower rates than
T. brucei, excreting acetate as a primary end-product, rather than pyruvate. Succinate was
detected in minor amounts, or not at all (Agosin & von Brand, 1954). Oxygen consumption was
found to be significantly reduced by SHAM, and this inhibition could be augmented slightly by
the addition of the complex IV inhibitor cyanide (Agosin & von Brand, 1954). However in a
separate study, cyanide had no effect on respiration in T. congolense, and even slightly
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increased respiratory rate in T. vivax (Fulton & Spooner, 1959). It was suggested that the
variability in the effect of cytochrome inhibitors such as cyanide in BSF parasites was due to the
difficulty of removing contaminating host leukocytes during differential separation (Fulton &
Spooner, 1959; Vickerman, 1969). Inhibition of respiration using sodium azide (which inhibits
complex IV and V) was equally variable in T. congolense, but actually increased upon complete
removal of host leukocytes (Fulton & Spooner, 1959). No conclusion was drawn regarding the
reason for this azide sensitivity, although at the time, mechanisms for ΔΨM in BSF
trypanosomes (see section 1.3.2.3) were not fully understood. The activity of complex V in BSF
T. congolense was partially addressed in a later study investigating resistance to isometamidium
(ISM), where it was observed that oligomycin reduced ΔΨM and also the uptake of ISM - an
indication that ΔΨM might operate by similar mechanisms to BSF T. brucei (Wilkes et al, 1997).
A detailed microscopic analysis of bloodstream form T. congolense found the morphology of the
mitochondrion and kinetoplast to be broadly similar to that of T. brucei (including the threadlike appearance of the mitochondrion), except for the notable appearance of cristae, therefore
bearing some resemblance to T. vivax, in which cristae are reportedly found at all times during
the bloodstream phase (Vickerman, 1969). The same study found evidence of NADH diaphorose
activity in BSF T. congolense (indicated by the transfer of electrons from NADH2 to a tetrazolium
salt), therefore it was argued that the mitochondrion may be the site of at least some electron
transport activity. This now seems unlikely, given the lack of evidence for complex I activity in
trypanosomes, although the observed activity could have been due to NDH2 (see section
1.3.3.2).
Earlier studies of procyclic T. congolense also reported excretion of acetate, but alongside
higher levels of pyruvate and succinate (von Brand & Tobie, 1959). Respiration in PCF T.
congolense was shown to be sensitive to SHAM and cyanide, as well as fluorocitrate and
arsenite, the latter being inhibitors of aconitase and PDH, respectively (von Brand & Tobie,
1959). Glucose metabolism was revisited in PCF T. congolense in the 1990’s, and a metabolic
scheme for the major pathways involved in glucose catabolism was proposed (Obungu et al,
1999; Figure 1.4.1).
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Figure 1.4.1 Scheme for acetate and succinate production in PCF T. congolense

Pathways of acetate and succinate production from glucose, as suggested in Obungu et al,
1999. Due to the low observed activity of pyruvate kinase, it was hypothesized that pyruvate
formed from malate through the NADP+-dependent cytosolic malic enzyme (step 3) accounts
for the majority of flux through the acetate pathway. Enzymatic reactions are numbered as
follows: 1, phosphoenolpyruvate carboxykinase; 2, malate dehydrogenase; 3, cytosolic malic
enzyme; 4, pyruvate dehydrogenase; 5 acetate:succinate CoA transferase; 3a, fumarase; 4a,
fumarate reductase.

In this study, the activities of various glycolytic and mitochondrial enzymes were measured, and
it was noted that, unlike T. brucei, the activity of pyruvate kinase was low. Instead, high
activities were measured for PEPCK, MDH, cytosolic malic enzyme (MEc) and PDH. It was
therefore proposed that the flow of carbon from glucose to acetate proceeded from
phosphoenolpyruvate to oxaloacetate, malate, pyruvate then acetate, with the conversion of
malate to pyruvate being catalysed by the cytosolic NADP-dependent malic enzyme (Figure
1.4.1; also see section 1.3.3.2). Again, complex I activity was claimed in this study, as respiration
could be inhibited using 30 μM rotenone, although this effect was only seen when cells were
first permeabilised. Complex II activity was suggested as respiration could be inhibited by high
concentrations (25 mM) of the SDH inhibitor malonate. Complexes III and IV were inhibited by
approximately 39% and 54% by antimycin and cyanide, respectively. Together, these data
seemed to make a stronger case for TCA cycle and electron transfer than in BSF T. congolense.
In summary, these earlier studies found distinct differences between the metabolism of T.
congolense and T. brucei in mammalian and insect stages, the primary of which being the
excretion of acetate as a primary end-product. A similarity to T. brucei was found in the
tendency towards reduced TCA cycle and electron transport activity in BSF compared to PCF
cells. BSF parasites were found to be sensitive to SHAM, as well as azide with little convincing
evidence of TCA cycle or cytochrome activity. Both BSF and PCF produced acetate as a primary

General introduction | 33

end-product of glucose metabolism (unlike T. brucei), with PCF cells showing evidence of
electron transport (and presumably ATP generation through oxidative phosphorylation).
Although the excretion of glucose-derived acetate had also been observed in other
trypanosome species including T. brucei, an interesting distinction was that pyruvate originated
from malate, rather than phosphoenolpyruvate, via malic enzyme activity. No detailed model
was proposed for the generation of acetate (from glucose or other precursors) in T. congolense.
Since the 1990’s, no other attempt was made to study T. congolense metabolism in detail.
However, this was changed with the publication of a very comprehensive study of central
carbon metabolism in BSF T. congolense (Steketee et al, 2021). For the first time, state of the art
transcriptomic and metabolomic approaches were used to compare core metabolic functions in
BSFs of T. congolense and T. brucei, allowing for a global comparison of cellular processes
between both species. In the 3 – 4 years preceding the publication of that study, a raft of
metabolic differences emerged between the two species, which in turn led to the core
questions to be asked by the current thesis (specific aims will be laid out in section 1.5). Distinct
differences were identified in nucleotide, amino acid and fatty acid metabolism between the
two species, but perhaps the most striking difference was with respect to the utilisation of
glucose. Stable isotope-probing experiments showed a marked tendency for BSF T. congolense
to oxidise glucose into succinate, malate and acetate (although the latter molecule was not
identified with the analytical platform used). Along with transcriptomic evidence which
indicated higher levels of expression of pyruvate dehydrogenase (PDH) subunits, the picture
emerged of a metabolic scheme where pyruvate is further oxidised (to acetate) rather than
excreted as an end-product, as in T. brucei. A minimal culturing medium was designed for BSF T.
congolense (analogous to Creek’s minimal medium; Creek et al, 2013), referred to as ‘Steketee’s
congolense medium’ (SCM) for use in metabolomics and drug sensitivity assays, as well as some
of the experiments described throughout the current thesis.

1.4.1 The development of culture methods for BSF T. congolense
The in vitro culture of T. brucei has been refined over many years, leading to significant
advances in our understanding of trypanosome biology (Cayla et al, 2019; Matthews, 2015). By
contrast, our ability to culture BSFs of other trypanosome species such as T. congolense and T.
vivax has been sorely lacking. In general, insect-stage trypanosomes are easily maintained in
axenic culture, which includes procyclics of T. congolense (Gibson et al, 2017; Kay et al, 2019).
BSFs have historically been more challenging to culture in vitro, without having to resort to
using feeder cell monolayers (Hirumi et al, 1977). Until the 1990’s, continuous cultivation of BSF
T. congolense without a feeder layer was not possible, with one strain (TREU1627) being
amenable to continuous culture, using bovine aortic endothelial cells as a monolayer (Ross et al,
1985). Several years later, through painstaking work, Hirumi and Hirumi established that it was
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possible to culture two strains of T. congolense (IL3000 and ILNat3.1) without a supporting
feeder layer, if parasites were supplemented with L-cysteine, thymidine and bathocuproine
sulfonate (Hirumi & Hirumi, 1991, 1994). Of these two strains, IL3000 proved to be more
adaptable to in vitro culture, and remains the only T. congolense strain that can be maintained
in stable culture in its bloodstream form for extended periods of time.
In 2010, Coustou et al reported that the whole T. congolense life cycle could be completed in
vitro, and methods for achieving long-term BSF cultures were laid out (Coustou et al, 2010).
Differences between this medium (TcBSF-1) and media used for serial propagation of BSF T.
brucei (e.g. HMI-9/HMI-11) is the preference shown by T. congolense for goat serum over fetal
calf serum. Another difference would be the preference of T. congolense parasites to be
incubated at 34o, as opposed to 37o for BSF T. brucei. The biological basis for these differences
has not yet been established, and remains under investigation. Despite initial difficulties with
achieving genetic modification of BSF T. congolense (Coustou et al, 2010), the development of
TcBSF-1 as a reliable culture medium ultimately enabled the successful implementation of RNAinterference (RNAi) methodologies in BSF T. congolense 10 years later (Awuah-Mensah et al,
2021). Since then, a minimal medium analogous to Creek’s minimal medium (Creek et al, 2013)
has been developed (SCM-6), which supports long-term culture of BSF T. congolense IL3000
while omitting unnecessarily high concentrations of many nutrients, thereby representing a
more appropriate medium for metabolomics and drug sensitivity experiments (Steketee et al,
2021).

1.5 Aims of this thesis
The general aim of this thesis was to explore potential differences in mitochondrial metabolism
between BSF T. congolense and T. brucei, with a particular focus on acetate production.
Specifically, the intention was to use a combination of functional methods (e.g. drug sensitivity
assays) together with targeted metabolomics approaches (e.g. 1H-NMR) to characterise
mitochondrial acetate production in BSF T. congolense, which was predicted on the basis of
omics data as being a highly important pathway in the mammalian form of this parasite.
In particular, the following questions were asked at the outset of this work:
1. Do BSF T. congolense exhibit heightened levels of acetate production compared to T. brucei?
Do BSFs of these two species actually show differences in the production and/or secretion of
this metabolite? Furthermore, are there differences in the precursors utilised for acetate
production in each species?
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2. Is mitochondrial acetate production an essential pathway in BSF T. congolense? Can BSF T.
congolense survive when a key component(s) of the acetate pathway (e.g. PDH) is blocked, and
if not, what are the cellular consequences of its repression?
3. What is the purpose of acetate production in BSF T. congolense? If acetate production is
indeed essential to BSF T. congolense, what purpose(s) could this pathway serve?
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2 ACETATE PRODUCTION IN BLOODSTREAM FORM
TRYPANOSOMA CONGOLENSE
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2.2 Introduction and hypotheses
As already outlined, earlier studies on the metabolism of BSF T. congolense in vitro showed the
main end-products of carbohydrate metabolism to be acetate and pyruvate, together with trace
amounts of succinate, lactate and glycerol (Agosin & von Brand, 1954; von Brand & Tobie,
1959). A later investigation of glucose catabolism in procyclic form (PCF) T. congolense found
evidence for respiration resulting from NADH:ubiquinone oxidoreductase (complex I, or cI), the
trypanosome alternative oxidase (TAO) and complex III (cIII), being sensitive to rotenone, SHAM
and antimycin, respectively (Obungu et al, 1999). The same study also reported high activities of
phosphoenolpyruvate carboxykinase (PEPCK), malate dehydrogenase (MDH) and pyruvate
dehydrogenase (PDH) enzymes, but the activity of pyruvate kinase (PK) was found to be much
lower (5.7 nmoles/min/mg protein compared to 61.3 nmoles/min/mg protein for PEPCK). The
authors thereby proposed a metabolic scheme (see Figure 1.4.1 in chapter 1) whereby the
majority of glucose-derived pyruvate, succinate and acetate resulted from activities of these
enzymes along with a highly active NADP+-dependent malic enzyme, catalysing the reversible
conversion of glucose-derived malate to pyruvate in the cytosol. This would represent a major
difference in glucose catabolism compared to PCF and BSF T. brucei, where the majority of
pyruvate is formed in the cytosol by PK (Smith et al, 2017, Creek et al, 2015).
Since the aforementioned studies, no further attempt has been made to study glucose
catabolism or the biological function(s) of the formation of acetate, pyruvate and succinate in
any life cycle stage of T. congolense. In T. brucei, by contrast, the production of acetate within
the mitochondrion has received much attention. The formation of acetate from glucose-derived
acetyl-CoA has been attributed to two mitochondrial enzymes: acetate:succinate CoA
transferase (ASCT,) and acetyl-CoA thioesterase (ACH) (Van Hellemond et al, 1998; Rivière et al,
2004). It was then discovered that the ASCT reaction results in ATP generation, while ACH does
not (Millerioux et al, 2012). The function(s) of this mitochondrial ATP production is still under
discussion (Dewar et al, 2018; Mochizuki et al, 2020). Additionally, acetate was found to
contribute to de novo fatty acid synthesis, through the trypanosomatid acetate shuttle (Rivière
et al, 2009), in which mitochondrially-derived acetate is converted back to acetyl-CoA in the
cytosol by acetyl-CoA synthetase (AceCS) feeding the synthesis of fatty acids and sterols
(Millerioux et al, 2018). This is also thought to be the primary role of acetate formation in BSF T.
brucei, in which the simultaneous repression of the acetyl CoA-forming PDH and threonine
dehydrogenase (TDH) was found to be lethal (Mazet el al, 2013).
Unlike T. brucei, acetate production in T. congolense has not been revisited (using state-of-theart tools) in any detail. Earlier reports describe significant excretion of this metabolic endproduct, which, along with a high observed activity of PDH (at least in PCF T. congolense)
suggest that acetate formation is of particular importance to this trypanosome species (Agosin
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& von Brand, 1954; von Brand & Tobie, 1959; Obungu et al, 1999). Currently ongoing
investigations into the major differences in central carbon metabolism between BSF T.
congolense and BSF T. brucei would appear to support this. For example, recent transcriptomics
analyses of BSF T. congolense demonstrated that genes involved directly in the production of
acetate (e.g. PDH e1α and e2 subunits, ASCT; Figure 2.2.1) are upregulated relative to T. brucei
(Steketee et al, 2021). Metabolomics (LC-MS) data from the same study demonstrated that,
along with upregulated expression of acetate pathway components, pyruvate does not
accumulate in spent medium over a 56-hour period (unlike T. brucei), instead undergoing an
initial decrease in abundance before stabilising. Along with the higher levels of mitochondrial
pyruvate carrier protein (MPC2) expression that was observed, this suggests a higher flux of
glucose-derived acetate production in T. congolense, along with the possibility of pyruvate
uptake. A simplified overview of the major pathways involved in acetate production is shown in
Figure 2.2.2.

Figure 2.2.1 Expression of acetate pathway components in T. congolense and T. brucei

Relative differences in mRNA expression of genes associated with acetate production between
BSF T. congolense and T. brucei, adapted from Steketee et al, 2021 (in vitro and ex vivo expression
is shown by black and blue bars, respectively).

It was not possible to directly estimate the relative amount or rate of acetate released by BSF T.
congolense in the aforementioned study, since acetate, along with its precursor molecule
acetyl-CoA, are not easily detected using LC-MS. An alternative platform is 1H-NMR, which has
been frequently used to quantitate excreted acetate, derived from both glucose and other
carbon sources such as L-threonine in PCF and BSF T. brucei (reviewed by Bringaud et al, 2015).
Using stable isotope approaches, such studies have provided estimates of quantities of acetate
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produced from the degradation of glucose and L-threonine, however this has typically been
performed in a minimal buffer (PBS containing 2.5 g/L NaHCO3) under non-proliferative
conditions. It was therefore decided to utilise the recently developed minimal medium SCM-6
(Steketee’s Congolense Medium; Steketee et al, 2021) to compare the rate of acetate released
under equivalent in vitro growth conditions in T. congolense and T. brucei, before employing
NMR methodologies to assess relative contributions of glucose and other carbon sources to
acetate synthesis in T. congolense. SCM-6 bears some resemblance to Creek’s Minimal Medium
(CMM), in that it was developed as an appropriate medium for metabolomics and drug
sensitivity assays, being lower in concentrations of glucose (5 mM versus the ~20 mM in
variations of HMI media, e.g. HMI-11) and many other media components such as amino acids
which are not completely exhausted during normal growth in vitro (Creek et al, 2013).

Figure 2.2.2 – Predicted scheme for acetate production in BSF T. congolense

Major enzymatic reactions predicted to be involved in the generation of acetate from
pyruvate and threonine. The activities of enzymatic steps involved in steps 1 – 8 (shown
black) have been experimentally confirmed in BSF T. brucei (Mazet et al, 2013). Steps 9 – 13
(coloured grey) show possible alternative routes for the generation of pyruvate, of which
there is some evidence in PCF T. brucei and PCF T. congolense (Millerioux et al, 2012, Obungu
et al, 1999). 1, pyruvate kinase; 2, pyruvate dehydrogenase; 3, threonine dehydrogenase; 4,
2-amino-3-ketobutyrate coenzyme A ligase; 5, acetyl-CoA thioesterase; 6, acetate:succinate
CoA-transferase; 7, succinyl-CoA synthetase; 8, acetyl-CoA synthetase; 9, pyruvate phosphate
dikinase, 10, phosphoenolpyruvate carboxykinase, 11; malate dehydrogenase; 12, cytosolic
malic enzyme; 13, mitochondrial malic enzyme. MPC1/MPC2 = mitochondrial pyruvate carrier
1,2. DHAP = dihydroxyacetone phosphate; G3P = glyceraldehyde 3-phosphate; PEP =
phosphoenolpyruvate; AOB = 2-amino-3-oxybutyrate; AcCoA = acetyl-CoA.

Based on available gene expression data (summarised in Figure 2.2.1), I hypothesise that BSF T.
congolense will show a heightened sensitivity to chemical inhibition of the acetate pathway
relative to BSF T. brucei. In particular, the increased expression of MPC2 and PDH subunits
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relative to T. brucei (Figure 2.2.1) suggests a greater reliance on the mitochondrial uptake and
oxidation of pyruvate, and it is therefore expected that BSF T. congolense will show a
heightened sensitivity to pharmacological inhibition of these activities (e.g. UK5099, arsenite)
compared to BSF T. brucei, along with a decreased sensitivity to inhibition of AceCS, which in T.
brucei, links the production of acetate to fatty acid synthesis (Figure 2.2.2). I also hypothesise
that, when cultured under equivalent conditions in minimal media, BSF T. congolense produces
a significantly higher quantity of acetate than BSF T. brucei, which will be excreted at higher
rates in vitro. The high quantities of acetate produced by T. congolense should be readily
detectable using 1H-NMR, along with other dicarboxylic glucose-end products such as succinate
and malate, which have been shown by LC-MS experiments to be excreted at significantly
greater levels in T. congolense relative to T. brucei (Steketee et al, 2021). Acetate is expected to
originate primarily from the degradation of glucose, although the differing rates of glucose
consumption and pyruvate efflux previously observed between the two species may indicate a
greater flexibility for carbon source uptake and utilisation in T. congolense. Since the expression
of TDH was not found to be upregulated in T. congolense relative to T. brucei, I hypothesise
that, instead of threonine, environmental pyruvate, and possibly other carbon sources available
in the mammalian host (e.g. pyruvate, propionate), could contribute directly to acetate
production in T. congolense. This seems plausible since pyruvate is more frequently detected in
the ruminant bloodstream than threonine (Nozière et al, 2010; Luke et al, 2020) and is likely to
be present at even higher concentrations during a sustained co-infection with both T. brucei and
T. congolense.
To summarise, the work in this chapter aims to answer the following questions:
1. Does chemical inhibition of acetate pathway in T. congolense suggest an increased reliance
on this mitochondrial activity when compared to T. brucei?
2. Do BSF T. congolense and BSF T. brucei release acetate at different rates under equivalent
growth conditions in vitro?
3. Aside from glucose, which other carbon sources may contribute to acetate production in T.
congolense?

2.3 Materials and methods
2.3.1 Trypanosome cell lines and culture
For all experiments in section 2.5, the T. congolense IL3000 BSF strain (Bienen et al, 1991) was
used (originally received from Theo Baltz, University of Bordeaux). Cells were grown in SCM-6
minimal medium (formulation in Table 5.1; Appendix A) containing 10% adult goat serum (GS;
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Gibco), in a 34oC incubator with 5% CO2. Cells were maintained at densities between 5x104 and
4x106 cells/mL, in either 75 cm3 or 175 cm3 vented flasks and kept for a maximum of 30
passages. Cells were passaged every 2-3 days by repeatedly aspirating using a 10 mL pipette to
detach adherent parasites, before transferring them to fresh growth medium. For experiments
involving T. brucei, the monomorphic Lister 427 BSF strain was used, and was grown in SCM-6
medium containing 10% fetal bovine serum (Gibco) at 37oC with 5% CO2, in either 75 cm3 or 125
cm3 vented flasks. Cells were maintained at densities between 2x103 – 2x106 cells/mL.

2.3.2 Drug sensitivity assays
To determine drug sensitivities in T. congolense and T. brucei, the Alamar blue assay (Räz et al,
1997) was performed with minor modifications. Briefly, 100 μl of the test compound was
serially diluted (1:1) 24 times into SCM-6, into a 96-well plate (Greiner Bio-One white, flatbottom chimney well microplates), with the last well serving as a drug-free control. An equal
volume of BSF T. congolense (grown to mid-log phase, i.e. no greater than 3 x 106 cells/ml) in
SCM-6 supplemented with 10% adult goat’s serum was added to each well, giving a final
concentration of 2.5 x 105 cells/ml. BSF T. brucei (also grown to mid-log phase, i.e. no greater
than 2 x 106 cells/ml) were added to a final concentration of 2 x 104 cells/ml. For T. brucei, SCM6 with 10% FBS was used. Plates were incubated at 34oC (T. congolense) or 37oC (T. brucei), 5%
CO2 for 72 hours, after which 20 μl 0.49 mM resazurin sodium salt in PBS was added to each
well. The plates were then incubated for a further 24 hours. Fluorescence was measured with a
Synergy HX microplate reader, using excitation and emission filters of 530 nm and 590 nm,
respectively. EC50 values were derived from a variable slope non-linear regression using Prism
8.4.3 software.

2.3.3 Determination of the rate of acetate secretion in T. congolense
and T. brucei
Acetate was measured using the Acetate Colorimetric Assay Kit (Sigma MAK-086). In this
proprietary coupled enzyme assay, acetate in the sample is converted into an intermediate in
the presence of the acetate enzyme and substrate provided. This intermediate reduces the
probe to a coloured product, the absorbance of which can be measured at 450 nm. This
absorbance is proportional to the amount of acetate in each sample. The provided protocol for
this kit was followed directly. 5 μL of each supernatant sample was added to 45 μL acetate assay
buffer and transferred to a 96-well plate. To each well, 50 uL reaction mixture (consisting of 2
μL enzyme, 2 μL substrate, 2 μL probe, 2 μL ATP and 42 μL assay buffer) was added. Plates were
incubated at room temperature for 30 minutes. Absorbance was measured at 450 nm, using a
Synergy HX microplate reader. Background levels of acetate present in the growth medium
(SCM-6 containing GS or FBS for T. congolense and T. brucei, respectively) were calculated and
subtracted from experimental values accordingly. A range of supernatants were also assayed as
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above but omitting the acetate enzyme mixture, to ensure no background signal resulted from
ADP and NADH present in experimental samples. Standards were prepared by dissolving Na
acetate in SCM-1 (the basal medium used to prepare SCM-6; Table 5.2; Appendix A) and
preparing duplicate wells at 0, 2, 4, 6, 8 and 10 nmol/well. Molar acetate concentrations in
experimental samples were then calculated in Microsoft Excel using a four-parameter nonlinear
equation. Rates of acetate production were calculated with RStudio (Version 1.0.136 – 20092016 RStudio, Inc.) using a custom script provided by Dr Fiona Achcar (University of Glasgow).

2.3.4 Nuclear magnetic resonance experiments: preparation of cell
supernatants for analysis
For NMR experiments described in section 2.4.2 – 2.4.4, BSF T. congolense were grown to a
density no greater than 3x106 parasites/mL in SCM-6 medium supplemented with 10% GS. Cells
were harvested by centrifugation (900 x RCF, 10 minutes), resuspended in NMR buffer
(Dulbecco’s phosphate buffered saline supplemented with 5 g/L NaHCO3, pH 7.4) and washed in
the same buffer a further 3 times (900 x RCF, 10 minutes). Cells were then adjusted to a density
of 1x107 parasites/mL in NMR buffer and added to a 6-well plate at volumes of 5 mL cell
suspension per well. Cells were supplemented with 4 mM [U-13C]-D-glucose alone (Sigma), or
alongside 4 mM unlabelled L-threonine (Sigma). Cells were incubated in a 34oC incubator with
5% CO2 for 6 hours. Cells were monitored microscopically at regular intervals to ensure motility
was maintained throughout the course of the experiment. After the incubation, 1 mL of parasite
suspension was aspirated using a p1000 pipette, transferred to a 1.5-mL Eppendorf tube, and
centrifuged for 5 minutes (1200 x RCF). Cell-free supernatants (550 μL each) were then
collected, transferred to a fresh screw-cap 1.5-mL tube containing 50 μL deuterium oxide (D2O;
Sigma) and stored at -80oC pending analysis by NMR. For experiments involving T. congolense
and T. brucei (section 2.4.5.2), supernatants were prepared exactly as stated above, with the
exception that for both species, cells were seeded at densities of 5x106 cells/mL in 24-well
plates in 2-mL volumes and incubated for a maximum of 4 hours. Throughout the incubation
period, cells of each species were checked microscopically to ensure equivalent survival
(assessed as live, motile cells) between treatments.

2.3.5 2D NMR experiments
2D 1H/13C HSQC experiments were performed at 800 and 200 MHz on Bruker Avance
spectrometers, and were acquired using standard BRUKER TopSpin 3 pulse sequences,
hsqcedetgpsisp2.3 and hsqcdietgpsisp.2. Eight scans were accumulated into 512 complex points
and t1 and t2 acquisition times of 23 and 160 ms were used together with the relaxation time of
1.6 s. The total experimental time per experiment was 4 hours. To identify metabolites, crosspeaks were selected using the manual peak picking function in Topspin 4.1.1. Resulting F1 and
F2 chemical shifts were then tabulated (see Table 5.3; Appendix A) and searched against the
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Human Metabolome Database (https://hmdb.ca) and Biological Magnetic Resonance Data Bank
(https://bmrb.io) metabolite libraries, with 13C HSQC library selected; 1H and 13C tolerances set
to 0.05 and 0.10, respectively. Metabolite peaks with a low number of library matches, or which
matched drugs or other synthetic compounds (e.g. omeprazole), were omitted from further
study. The remaining list of compounds was checked against the known literature of metabolic
studies involving trypanosomatids to confirm the most likely occurring metabolites. Signal-tonoise ratios (SNRs) were calculated based on peaks identified in representative 1D spectra using
the SINO functionality in Topspin 4.1.1. Metabolites which could be reliably confirmed by
inspection of the corresponding 1D spectra (i.e. acetate, succinate, pyruvate, alanine and
malate) were selected for further study in subsequent semi-quantitative 1D 1H-NMR
experiments.

2.3.6 1D NMR experiments
1H

NMR spectra were recorded on an 800 MHz Bruker AVANCE III spectrometer equipped with a

5 mm triple-resonance TCI cryoprobe. Measurements were done at 25°C using the following
parameters: acquisition and relaxation times of 2 and 8 s, respectively, water suppression by
presaturation applied during the relaxation delay using an r.f. field of B1/2=75 H. A 33° flip angle
was used and 64 scans accumulated using a spectral width of 20 ppm. The overall acquisition
time was 11 minutes per spectrum. 64 k points were zero filled once and line broadening of 0.3
Hz was applied during processing. Editing of 13C and 12C attached protons was achieved by using
a spin echo-sequence optimised for 1JCH of 125 Hz and set for 1/J evolution. A 180-degree 13C
pulse was applied on alternate scans on- and off-resonance. This change was followed by the
phase of the receiver resulting in the addition of either signal from the 13C- or 12C-attached
protons in separate experiments. The relaxation and acquisition times were 3s and 2s,
respectively and 96 scans were accumulated in each spectrum. The identified metabolites were
integrated using intser functionality of Topspin 3.5 and corrected for proton number in order to
determine relative concentrations.

2.3.7 Statistical analyses
All statistical analyses in section 2.4 were performed using GraphPad PRISM (version 8.4.3).

2.4 Results
2.4.1 Response to chemical inhibition of mitochondrial metabolism in
BSF T. congolense and T. brucei
The findings outlined in previous studies suggest different approaches to glucose utilisation are
used by T. congolense and T. brucei (Agosin & von Brand, 1954, Obungu et al, 1999). The
production of acetate has been highlighted in the majority of reports on T. congolense to date,
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with the study by Obungu et al. offering the most detailed metabolic scheme for glucose
degradation and energy generation so far in this species. Although the framework provided by
Obungu and co-workers focusses only on the PCF of T. congolense, recent transcriptomic and
metabolomic evidence supports the idea that acetate production is also a key mitochondrial
activity in BSF of T. congolense (Steketee et al, 2021).
Several key areas of mitochondrial metabolism including acetate production were therefore
probed in T. congolense and T. brucei by measuring the lethality of a selection of metabolic
inhibitors, using the Alamar blue method (Raz et al, 1997). It should be noted that the medium
currently used for long-term propagation of BSF T. congolense (TcBSF-1; Coustou et al, 2010)
contains 20% adult GS (compared to 10% in SCM-6), and HMI-11, routinely used to cultivate BSF
T. brucei, contains in excess of 20 mM glucose (compared to 10 mM in SCM-6), both of which
could give rise to pharmacological and biochemical activities that lack relevance in vivo.
Therefore, the recently developed minimal medium SCM-6 (formulation in Figure 5.1, Appendix
A) was used for these experiments in an effort to ensure that both species were cultivated in an
equivalent biochemical environment, and to control for potential attenuation of drug activities
by serum and other nutrients, reported by others (Creek et al, 2013). The inhibitory
concentrations (EC50 values) calculated for a selection of inhibitory compounds in SCM-6 are
presented in Table 2.4.1.
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Table 2.4.1 – comparative analysis of sensitivity to mitochondrial inhibitors in BSF T.
congolense and T. brucei

Data presented are mean EC50 with standard deviation of at least 3 independent experiments

Of the compounds tested, T. congolense showed an increased sensitivity (~1.9-fold relative to T.
brucei; table 2.4.1) to inhibition of the trypanosome alternative oxidase (TAO) by
salicylhydroxamic acid (SHAM). A reliance on TAO in BSF T. congolense is consistent with recent
transcriptomics data, as well as previous studies (Bienen et al, 1991, Steiger et al, 1977),
suggesting that TAO functions as the terminal oxidase in this lifecycle stage of this species. To
explore the response to inhibition of components of the electron transport chain, rotenone and
antimycin A were used, inhibitors of NADH dehydrogenase (complex I) and cytochrome bc1
(complex III), respectively. T. congolense were 3 - 4-fold more resistant to treatment with
rotenone than T. brucei. This result was slightly unexpected given that previous studies have
highlighted the potential for complex I activity in T. congolense (Bienen et al, 1991; Obungu et
al, 1999), however its interpretation can only be limited, since complex I activity in
trypanosomes is controversial, and micromolar concentrations of rotenone may well impair
other enzymes including fumarate reductase (Hernandez & Turrens, 1998).
The survival of T. congolense and T. brucei when incubated with antimycin A was not
significantly different. This is in agreement with recent transcriptomics evidence, that suggests
that like T. brucei, BSF T. congolense do not appear to express complex III (Steketee et al, 2021).
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T. congolense were 5 – 6-fold more sensitive to treatment with oligomycin A, which collapses
mitochondrial membrane potential in BSF T. brucei (Schnaufer et al, 2005; Eze et al, 2016).
However, no species-difference was observed in sensitivity to Carbonyl cyanide-ptrifluoromethoxyphenylhydrazone (FCCP), a protonophore which collapses mitochondrial
membrane potential by well documented mechanisms (Vercesi et al, 1992), resulted in no
significant difference between species. Therefore the higher toxicity of oligomycin in T.
congolense may be the result of off-target effects. It is not clear at this point whether ATP
synthase plays a role in ATP production in BSF T. congolense, or whether it assists with the
maintenance of mitochondrial membrane potential through ATP hydrolysis, as is the case for T.
brucei (Schnaufer et al, 2005). No difference was observed in sensitivity to azide, an inhibitor of
the F1-ATPase and cytochrome c oxidase (complex IV). It remains to be seen whether this
inhibitor affects the mitochondrial proton gradient (this will be addressed section 3.3.1 of the
following chapter).
Sensitivity of the acetate pathway was assessed by inhibiting both the mitochondrial uptake and
oxidation of pyruvate (using UK5099 and sodium arsenite, respectively), and of the utilisation of
threonine, using tetraethyl thiuram disulphide (TETD) and the quinazolinecarboxamide
compound QC1 (Alexander et al, 2011). Of these, T. congolense showed a modest yet
reproducible increase in sensitivity to treatment with UK5099 (82.1 ± 8.8 μM compared to 130.0
± 5.0 μM in T. brucei, p = 0.0091), implying that the mitochondrial uptake of pyruvate is of
greater importance to the former species. Treatment with sodium arsenite, which inhibits PDH
by binding to sulfhydryl groups of dihydrolipoamide (Bergquist et al, 2009) did not result in
difference EC50 values between species. This could either be an indication that sufficient levels
of acetate production can be maintained through the oxidation of alternative carbon sources
present in SCM-6 (e.g. L-threonine), or, more likely, the lethality occurred as a consequence of
multiple off-target effects exerted by arsenite, as observed in vitro (Repetto et al, 1994, Koehler
et al, 2014). T. congolense were 12 – 13-fold more sensitive to exposure to the TDH inhibitor
TETD, however treatment with QC1, which has previously shown selective activity against TDH
over other dehydrogenases (Alexander et al, 2011) resulted in the opposite trend, with T.
congolense being 3.9-fold more resistant than T. brucei. To question the essentiality of the
incorporation of acetate into fatty acids in both species, an inhibitor of acetyl-CoA synthetase
was used (AceCS inhibitor; 1-(2,3-di(thiophen-2-yl)quinoxalin-6-yl)-3-(2-methoxyethyl)urea). T.
congolense showed a significantly lower sensitivity to this compound compared to T. brucei
(57.7 ± 15.2 μM compared to 7.1 ± 2.4 μM; 8.1-fold difference), strengthening the observation
that acetate is excreted in the former species, rather than being incorporated into fatty acid
synthesis, which has been shown to be essential for survival in BSF and PCF of T. brucei.
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However it should be stressed that it is not known at this point whether this compound
efficiently inhibits AceCS in trypanosomes.
Incubation of either species with malonate (an inhibitor of succinate dehydrogenase; SDH),
atractyloside (an inhibitor of ATP/ADP exchange) and fluorocitric acid (an aconitase/TCA cycle
inhibitor) did not result in lethality at sub-toxic concentrations of the drug solvent (DMSO or
ethanol). It can therefore be concluded that these targets are not essential to BSF of either
species, or that the activities of these targets were not sufficiently inhibited at the
concentrations tested.
In summary, a comparison of inhibition of mitochondrial targets in both species resulted in
significant differences, indicative of differences in mitochondrial metabolism between the BSF
stages of the two species. T. congolense did not show an enhanced sensitivity to rotenone,
antimycin A or azide, suggesting that similar to T. brucei, TCA cycle and electron transport chain
activities are repressed while occupying the mammalian bloodstream. Increased sensitivity to
inhibition of pyruvate exchange by UK5099, as well as decreased sensitivity to inhibition of
acetyl CoA synthetase are consistent with the production and subsequent efflux of glucosederived acetate, in agreement with earlier reports (Agosin and von Brand, 1954, von Brand,
1959). The EC50 values for these two inhibitors are consistent with recent transcriptomics
experiments, which show that MPC2 and AceCS mRNAs are expressed at higher and lower
levels, respectively, in T. congolense relative to T. brucei (Steketee et al, 2021). Chemical
inhibition of PDH and TDH using arsenite, TETD and QC1 was harder to interpret. The
contributions of PDH and TDH to acetate production will be explored in more detail in the
following sections.

2.4.2 The rate of acetate secretion in BSF T. congolense and T. brucei
To determine the rate of acetate released by BSF T. congolense during in vitro culture, wild-type
T. congolense (IL3000 strain) was grown in the minimal medium formulation SCM-6 with 10%
adult GS, a modified form of the recently developed Creek’s Minimal Medium (Creek et al,
2013; see table 6.1 / Materials and Methods section 2.3.3 for further details) over a 27-hour
period. For comparison, BSFs of T. brucei strain Lister 427 were cultivated using identical media,
with the exception of 10% FBS in place of GS. The monomorphic Lister 427 strain was selected
in order to avoid potential metabolic changes (including increases in acetate production) which
have been associated with differentiation into short stumpy forms (Smith et al, 2017). Acetate
concentrations were then determined in cell-free supernatants using a coupled enzyme assay
with the colorimetric product being proportionate to the acetate present (see methods section
2.3.3 for details). The rate of acetate released by each species (expressed as nmol/min/108 cells)
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was estimated according to the concentrations of acetate detected and corrected for the
number of cells counted at each timepoint.
Three experiments using different seeding densities were conducted to compare acetate
secretion in both species (Figure 2.4.1). When seeded at 1x105 cells/mL, T. congolense cultures
reached a final density of 5.16x105 ± 0.86x105 cells/mL after a 27-hour period (Figure 2.4.1 A),
representing an estimated doubling time of 11.4 hours. T. brucei flasks seeded at 1x105 cells/mL
reached a final density of 1.44 x106 ± 0.14x106 cells/mL by 27 hours, representing a doubling
time of 7.0 hours. In this first experiment (hereafter referred to as ‘experiment 1’), the rate of
acetate excreted by T. congolense was determined as 62.4 ± 23.3 nmol/min/108 cells, compared
to 16.6 ± 11.4 nmol/min/108 cells in T. brucei (Figure 2.4.1 B). Since T. congolense only reached
a density of ~5 x 105 cells/mL in the first experiment, a further experiment (‘experiment 2’) was
conducted with seeding densities for both species increased to 2x105 cells/mL. In experiment 2,
T. congolense reached a maximum density of 1.16x106 ± 3.2x104 cells/mL over 27 hours, with a
calculated rate of acetate secretion of 181.7 ± 18.3 nmol/min/108 cells, 15-fold higher than that
of T. brucei (12.1 ± 2.3 nmol/min/108 cells; Figure 2.4.1 C and D), suggesting that T. congolense
rapidly increase acetate production as cells enter the exponential part of the growth phase.
A final experiment (‘experiment 3’) was conducted, with seeding densities adjusted to support
growth of both species over a more extended period (56 hours). In this experiment, flasks were
seeded at 1x105 cells/mL for T. congolense and 4x103 cells/mL for T. brucei. Counting and subsampling were performed at 0, 8, 24, 32, 48 and 56 hours. Under these conditions, T.
congolense reached a maximum density of 3.81x106 ± 7.67x105 cells/mL by 56 hours, compared
to T. brucei which reached 4.27x106 ± 3.72x105 cells/mL (Figure 2.4.1 E). By 56 hours, the
concentration of acetate present in T. congolense supernatants had reached 2.72 ± 0.11 mM,
compared to 0.17 ± 0.02 mM for T. brucei. Rates of acetate released over this period were 118.6
± 16.6 nmol/min/108 cells and 9.12 ± 0.7 nmol/min/108 cells for T. congolense and T. brucei,
respectively (Figure 2.4.1 F).
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Figure 2.4.1 – Rates of acetate excretion in BSF T. congolense and T. brucei

Rates of acetate excretion in experiment 1 (A and B), experiment 2 (B and C) and experiment
3 (E and F). Acetate detected in T. congolense and T. brucei spent medium along with cell
counts are shown in panels A, C and F (T. congolense and T. brucei in red and blue,
respectively) with solid lines showing detected acetate and dashed lines cell number at each
time point. Panels B, D and F show calculated rates of acetate excretion in each species
(mean ± standard deviation). * denotes significance at p = 0.0123 (experiment 1); ****
denotes significance at p = <0.0001 (experiments 2 and 3), determined using an unpaired Ttest.

In each of these experiments, the rate of acetate released by T. congolense in vitro was
significantly higher than T. brucei (3.7-fold in experiment 1, 15-fold in experiment 2; 13-fold in
experiment 3). These results indicate that acetate is released continuously at high levels by BSF
T. congolense throughout the growth period. Experiments 2 and 3 indicate that cells enter into
very rapid acetate production and/or excretion as the cells enter into log-phase growth. In
contrast, in T. brucei cultures acetate was either detected at very low levels (experiments 1 and
2) or not detected at all until 32 hours (experiment 3), with the a 3.5-fold increase occurring
between 48-56 hours (compared to a 1.4-fold increase for acetate released by T. congolense
over the same period). This may reflect alterations in metabolic flux possibly arising from the
exhaustion of media components (e.g. glucose) together with cellular stress following the
population reaching maximum carrying capacity (generally accepted as being around 2-3x106
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cells/mL for BSF T. brucei). However, it should be added that this assay may need to be
optimised further for accurate quantification of the very low levels of acetate secreted by BSF T.
brucei. Finally, it is also important to mention that these experiments only measure secreted
acetate, and do not allow an absolute assessment of cellular acetate production, which would
also include incorporation into other biomolecules (e.g. fatty acids/sterols; see Millerioux et al,
2018).

2.4.3 Identification of acetate and other glucose-derived end-products
secreted by BSF T. congolense
To identify glucose-derived end-products secreted by BSF T. congolense, a 2D 1H/13C
heteronuclear single-quantum correlation spectroscopy (HSQC) experiment was performed. For
this experiment, 2x107 logarithmically growing parasites were harvested, washed and incubated
for 6 hours in NMR buffer (PBS/HCO3, pH 7.3; methods adapted from Mazet et al, 2013, Creek
et al, 2015) supplemented with 4 mM [U-13C]-D-glucose, for 6 hours. After the incubation
period, cells were centrifuged and supernatants transferred to -80oC pending NMR analysis. The
production of heterocorrelated 1H and 13C spectra allowed for the unambiguous identification
of metabolites, including those secreted at low levels which may not have been easily
identifiable using 1D 1H-NMR alone. Metabolite identities were further confirmed by comparing
resonances to established online databases such as the Biological Magnetic Resonance Bank
(BMRB) and Human Metabolome Database (HMDB; see methods section 2.3.5 for full details),
as well as previously published studies involving NMR analysis of trypanosome secreted endproducts (e.g. Mazet et al, 2013, Creek et al, 2015).
Example 2D spectra from two independent replicates of this experiment are shown in Figure
2.4.2. The most readily identifiable glucose-derived metabolite detected was acetate (crosspeak
intensities shown in Figure 2.4.2, inset). The cross-peaks shown in Figure 2.4.2 (1H and 13C
resonances of 1.91 and 26.09 ppm, respectively) correspond with the methyl group directly
bonded to the alpha carbon (Cα) of the acetate molecule (also shown in Figure 2.4.3 AError!
Reference source not found.). The proton attached to the beta carbon (Cβ), in this case is not
NMR-active, both because of the deuterated solvent used in this experiment (resulting in a
deuterated carboxy group, i.e. COOD rather than COOH), and because acetate is likely secreted
by trypanosomes in its anionic form (Bringaud et al, 2015, Uzcategui et al, 2018).
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Figure 2.4.2 – Major glucose-derived metabolites detected by 2D NMR

Partial 2D 1H, 13C correlated spectra of T. congolense supernatant from a representative sample (two
replicate samples were acquired in total), showing the major metabolites detected in the low ppm alkyl
and aliphatic regions. 13C (F1) and 1H (F2) resonances are shown on the Y and X axes, respectively. Crosspeaks for each metabolite are circled and labelled, with chemical shifts and cross-peak intensities (shown
in arbitrary units) shown in the inset.

The second most abundant signal was the dicarboxylic acid succinate, identified by 1H and 13C
resonances of 2.4 and 37.02 ppm, respectively (Figure 2.4.2). Due to its symmetrical nature, the
two CH2 groups of the succinate molecule result in a single peak (shown in Figure 2.4.3). Like
acetate, succinate is likely to be in fully deprotonated form under physiological conditions, so no
further 1H resonances are detected.
In addition to acetate and succinate, pyruvate was also detected, with 1H and 13C resonances of
2.37 ppm and 29.26 ppm respectively. The 1H resonance observed at 2.4 ppm relates to the
methyl group directly bonded to the Cα. Malate was also detected at lower intensities, with 1H /
13C

cross peaks at 2.673 ppm / 45.5 ppm and 3.303 ppm / 73.3 ppm (Figure 2.4.2), and a weak

single 1H resonance at 2.367. The amino acid L-alanine was also detected (Figure 2.4.2). The side
chain of alanine is a methyl group, directly bonded to the Cβ, with a 1H resonance of 1.482 ppm
(cross peak at 1.482 ppm / 19.1 ppm). The 1H resonance is split into a doublet due to the
presence of the alpha proton (Hα), which itself appears as a quadruplet peak at 3.788 ppm
(cross-peaks at 3.788 ppm / 53.7 ppm). Protons associated with the NH2 and carboxy groups of
alanine are not visible due to the deuterated solvent.
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2.4.4 Investigation of glucose and threonine utilisation for acetate
production in BSF T. congolense
To assess the relative contribution of acetate production from L-threonine in BSF T. congolense,
parasites were incubated with 4 mM each of labelled glucose and unlabelled L-threonine, or
with 4 mM of labelled glucose alone, and 1D spectra were analysed by 1H-NMR. Resonances
from protons that are directly bonded to NMR-active 13C (i.e. glucose-labelled) nuclei result in
‘satellite’ signals, which are equidistant to resonances produced by 12C-attached protons.
Examples of 13C and 12C attached signals are shown in Figure 2.4.3. Resonances were then
integrated and the ratios of 13C-enriched to non-enriched peaks were used to determine
relative glucose-labelling for acetate, succinate and pyruvate. Malate was found at very low
concentrations and therefore not considered for these semi-quantitative analyses. Relative
concentrations of acetate, succinate and pyruvate, along with the percentage glucose
enrichment, are shown in Figure 2.4.4. Statistical analyses were not attempted here, since in
this pilot experiment only two replicates were used for this experiment.
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Figure 2.4.3 – Overview of 1 H-NMR spectra

Detail of 1D 1H-NMR spectra from BSF T. congolense incubated with 4 mM 13C labelled glucose
and 4 mM unlabelled threonine. Labelled and unlabelled resonances (coloured red and blue,
respectively) corresponding with CH3 regions of acetate and pyruvate and CH2 regions of
succinate are shown in A, as well as chemical structures for these metabolites, with NMR-active
protons highlighted in blue. Signals from 13C-attached (glucose-labelled) protons are shown in B
(B = acetate; fully labelled, C = succinate; partially labelled). Editing of 12C and 13C signals was
optimized by using a spin-echo sequence optimized for 1JCH coupling of 125 Hz and set for 1J/H
evolution. As acetate is fully labelled, the signal is split into a doublet of doublets with JCH
coupling constants of 127.5 Hz and 6.1 Hz, respectively (B). A = acetate, P = pyruvate, S =
succinate

When [U-13C]-glucose was presented as the only carbon source, the predominant metabolites
detected were acetate, succinate and pyruvate, excreted at an approximate ratio of 12:3:1,
respectively (Figure 2.4.4 A). Acetate was formed almost entirely from glucose, visible as two
doublets with chemical shifts at 1.81 and 1.95 ppm and a central 12C resonance at 1.89 ppm
(Figure 2.4.3 A and B), with the latter representing unlabelled acetate originating from an
unidentified internal carbon source. The observed coupling pattern (i.e. doublet of doublets;
1JCH

= 127.1 Hz, 2JCH = 6.1 Hz; Figure 2.4.3 B) indicates that both carbons of the acetate

molecule originate from glucose. The abundance of glucose-enriched acetate confirms that BSF
T. congolense possesses an active pyruvate dehydrogenase complex (PDH), which catalyses the
conversion of glucose-derived pyruvate to acetyl-CoA in the mitochondrion (see Figure 2.2.2).
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Succinate was also detected, with a 12C resonance at 2.38 ppm and 13C satellites at 2.30 ppm
and 2.45 ppm (Figure 2.4.3 C). These signals suggest an intact succinate shunt in BSF T.
congolense, which in T. brucei results from the activities of malate dehydrogenase (MDH),
fumarate hydratase (FH) and fumarate reductases (FR); (Besterio et al, 2002). It should,
however, be noted that the current experiment cannot distinguish the proportions of succinate
produced by mitochondrial or glycosomal isoforms of FH and FR enzymes. Smaller quantities of
glucose-derived pyruvate were also detected, with 13C satellites visible at 2.26 ppm and 2.42
ppm, flanking the 12C singlet (Figure 2.4.3 A), suggesting that in T. congolense the majority of
glucose consumed enters the mitochondrion (i.e. as pyruvate or malate) for conversion to
acetyl-CoA rather than excreted (unlike BSF T. brucei; Mazet et al, 2013).

Figure 2.4.4 – Relative contributions of glucose and L-threonine to acetate

Relative levels of excreted acetate, succinate and pyruvate detected from parasites incubated
with 4 mM [U-13C]-glucose with or without 4 mM unlabelled L-threonine (A). Fractional
glucose enrichment for each metabolite is also shown, calculated by integrating singlets and
the sum of surrounding 13C satellites for each compound. B shows fold-differences (GT/G) in
detected levels of each metabolite following the addition of threonine. Data presented are
mean metabolite integral ± standard deviation, n=2.

Parasites incubated with glucose and L-threonine released acetate, succinate and pyruvate at a
ratio of 26:7:1, respectively, with 12C and 13C acetate peaks increasing by 2.1 and 1.4-fold,
respectively (Figure 2.4.4). The observable increase in unlabelled acetate suggests a
mitochondrial threonine degradation pathway mediated by threonine dehydrogenase (TDH)
and 2-amino-3-ketobutyrate coenzyme A ligase (ACKT; see Figure 2.2.2). The degradation of
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threonine via this route results in equimolar quantities of acetate and glycine in T. brucei
(Linstead et al, 1977); however, no glycine peak (~3.54 ppm) could be detected in our study. The
addition of threonine also led to an increase in the total succinate abundance (1.6-fold increase;
Figure 2.4.4 B). However, although glucose-derived succinate signals were elevated 2-fold,
unlabelled succinate decreased to 0.8-fold of the level produced when cells were provided with
glucose alone. Despite this, the overall increase in succinate resulting from the addition of
threonine reduced the total acetate:succinate ratio from approximately 4:1 to 3:1. Compared to
glucose-alone, decreased pyruvate resonances were recorded when cells were provided with Lthreonine, with 12C and 13C signals falling by 8% and 75%, respectively (Figure 2.4.4 B) which,
together with increases in glucose-derived acetate, indicate that the addition of L-threonine
may somehow enhance the mitochondrial degradation of glucose-derived pyruvate.

2.4.5 Identification of alternative carbon sources used for acetate
production in BSF T. congolense
As shown in Figure 2.4.4, the provision of threonine appeared to contribute directly to acetate
in T. congolense, although this contribution was minor in comparison to that made by glucose,
despite the amino acid being supplied at concentrations significantly in excess of those found in
the mammalian bloodstream (~150 – 200 μM; Schmidt et al, 2016). Therefore, other potential
carbon sources were investigated for their potential to contribute to acetate production in BSF
T. congolense. Propionate, a volatile fatty acid, accumulates at high levels in the bloodstream of
ruminants as a by-product of ruminal bacteria (Bergman, 1990). Pyruvate is the main excretory
end-product of BSF T. brucei (Creek et al, 2015), and along with other ketoacids is likely to reach
millimolar levels in the host bloodstream during an active trypanosome infection (McGettrick et
al, 2016). Therefore, pyruvate could plausibly represent an exploitable carbon source during
mixed trypanosome infections, which account for a significant proportion of documented cattle
infections (Paguem et al, 2019). The amino acid proline was also included due to its significance
as a carbon source in multiple areas of metabolism in other trypanosomatid species (Bringaud
et al, 2012).
For this experiment, [U-13C]-D-glucose was presented at 4 mM, alongside 4 mM 12C propionate,
pyruvate, proline or L-threonine. Levels of excreted acetate were again determined using 1HNMR as described in section 2.4.3, with the proportion of glucose-labelled and unlabelled
acetate being calculated using integration of the central acetate resonance to its 13C satellites
signals. Parasite viability across the various treatments was monitored microscopically at
regular intervals. The results from this experiment are shown in Figure 2.4.5.
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Figure 2.4.5 – Contribution of alternative carbon sources to acetate production in T.
congolense

The relative contributions of 4 mM [U-13C]-D-glucose and the alternative carbon sources
propionate, pyruvate or L-threonine (all provided at 4 mM in 12C-labelled form) to total levels
of secreted acetate (A). Equally-scaled spectra (offset to assist with visualisation) from
representative samples are shown in the overlay in B (A13 and A12 represent glucoselabelled and unlabelled acetate, respectively). Data in (A) are mean + standard deviation, n =
3. Significant differences compared to the glucose-alone treatment in either total acetate
(black asterisks) percentage or unlabelled acetate (white asterisks) are denoted by * for p =
<0.05 and ** for p = <0.01, respectively.

Similar to results outlined in section 2.4.4, providing parasites with 4 mM L-threonine in
addition to 4 mM glucose resulted in large increases in both labelled (i.e. glucose-derived) and
unlabelled acetate released, with total acetate reaching a quantity approximately 1.6-fold
greater than in the glucose-alone treatment (Figure 2.4.5 A; p = 0.003). However, the ratio of
glucose-labelled to unlabelled acetate did not change significantly (p = 0.223). These results
again indicate that threonine either enhances metabolism indirectly (e.g. through enhancing
survival and therefore metabolic activity), or is able to stimulate acetate production through the
presence of as yet unidentified relationship(s) that may exist between mitochondrial and
glycosomal enzymes, such as TDH and PEPCK, as previously suggested for PCF T. brucei in
Millerioux et al, 2018.
Neither proline nor propionate led to significant alterations (either an increase or a decrease) in
the amount of acetate secreted. The addition of propionate did result in an increase in
unlabelled acetate relative to glucose-labelled acetate, although this difference was not
statistically significant (p = 0.281). Relative integration of acetate in the glucose & proline
treatment could not be calculated because of overlapping signals in the area of interest (Figure
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2.4.5 B). However visual inspection of the relevant spectra did not suggest any discernible
differences in either the quantity of acetate produced or the degree of glucose-labelling,
suggesting that even with equivalent concentrations of proline and glucose, glucose remains the
preferred carbon source, as reflected in the absence of any significant shift in the quantity or
proportions of its most abundantly labelled end-products (acetate and succinate). It was also
not possible to maintain viable parasites (judged by their lack of motility) by substituting
glucose for proline (data not shown), again suggesting that proline does not play a major role in
energy-generation in BSF T. congolense.
Providing parasites with a combination of 4 mM pyruvate and 4 mM glucose resulted in a 1.4–
1.5-fold increase in the total quantity of acetate secreted compared to the glucose-alone
treatment (Figure 2.4.5 A and B, p = 0.02). The percentage of unlabelled (12C pyruvate-derived)
acetate was approximately 49%, compared with 15% in the glucose-alone treatment, suggesting
that in BSF T. congolense, significant exchange of environmental pyruvate can occur across both
plasma and mitochondrial membranes, with acetate subsequently being released as the
metabolic end-product. Small but consistent increases in unlabelled succinate occurred when
pyruvate was added, which could reflect an increased requirement for the production of
mitochondrial NAD+ (e.g. through mFH and mFR) to support NAD+-dependent PDH activity. An
alternative (or co-occurring) explanation would be that cytosolic pyruvate can be re-routed to
the glycosome where it is converted to PEP by pyruvate phosphate dikinase (PPDK), thereby
entering into the glycosomal succinate branch (Deramchia et al, 2014).
Spectra were also generated for T. congolense provided with 10 mM [U-13C]-glucose and 1 mM
unlabelled pyruvate, analogous to concentrations found in SCM-6 medium. In this experiment,
pyruvate-derived acetate accounted for 73.4±9.0% and 63.1±9.8% of total acetate after 1 and 3
hours, respectively (Figure 2.4.6 A and B), confirming that rapid uptake of pyruvate with
subsequent conversion to acetate occurs even in the presence of 10-fold greater concentrations
of glucose. As well as substantial increases in the release of pyruvate-derived acetate,
considerable increases in the efflux of excess glucose-derived pyruvate were also observed (e.g.
Figure 2.4.6 B). This could suggest that in T. congolense, the conversion of environmental
pyruvate to acetate represents a kind of metabolic ‘short-circuit’, occurring rapidly enough to
exceed the flux of glucose-derived acetate, which is limited by the rate of glucose degradation
within the glycosome.
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Figure 2.4.6 – Levels of acetate from parasites provided with 10 mM glucose and 1 mM
pyruvate

The above show levels of acetate secreted when BSF T. congolense were provided with 10
mM [U-13C]-glucose and 1 mM unlabelled pyruvate. The data shown in (A) represent the total
acetate secreted at 1 and 3 hours, respectively, with the degree of incorporation from
pyruvate indicated by the blue portions of the columns. Example spectra are shown in (B),
with 1h and 3 h resonances shown in blue and red, respectively. Glucose-derived metabolites
(A = acetate, P = pyruvate, S = succinate) are suffixed with 13 (e.g. A13); unlabelled
metabolites are suffixed with 12 (e.g. A12). Data shown in (A) are mean ± standard deviation,
from two independent determinations.

2.4.6 Comparison of acetate production in T. congolense and T. brucei
In order to compare the major outputs identified in the above experiments with another
trypanosome species, the previously described experiments were repeated, this time including
BSF T. brucei (Lister 427 strain). 1H-NMR has previously been utilised to analyse glucose-derived
metabolites (e.g. acetate, succinate and malate) in this T. brucei strain (reviewed by Bringaud et
al, 2015), as well as to confirm ability of BSF parasites to generate acetate mitochondrially
through the uptake and degradation of L-threonine (Mazet et al, 2013).

2.4.6.1 Refinement of NMR incubation conditions
Before carrying out an NMR experiment to compare metabolic outputs in both T. congolense
and T. brucei, survival and acetate production were monitored by incubating both parasite
species in NMR buffer (detailed in section 2.3.5 - 2.3.7) supplemented with 4 mM glucose, to
validate that both species remained viable for the duration of the experiment. Viability was
monitored using a haemocytometer, and relative acetate concentrations were determined
using the acetate colorimetric assay detailed in section 2.3.2. Two seeding densities (1x107 and
5x106 parasites/mL) and three incubation times (3, 4 and 5 hours) were tested. The composition
of the NMR buffer itself was not altered for two reasons; firstly, to ensure comparability with
conditions used in already published experiments involving BSF T. brucei, and secondly, because
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the addition of media supplements aimed at improving growth would likely result in unwanted
resonances in the spectral areas of interest. The results of this experiment are shown in Figure
2.4.7. In both T. congolense and T. brucei, viability declined over the course of the experiment,
with no proliferation occurring in either species. In T. congolense, survival was greatest when
cells were seeded at 5x106 cells/mL, with 4.35±0.21x106 cells being recovered after 3 hours
(Figure 2.4.7 A; dashed line). Viability then fell to 3.95±0.23x106 and 3.40±0.71x106 after 4 and
5 hours, respectively. Acetate concentrations rose 1.2-fold between hours 3 and 4, then
stabilised (solid lines, Figure 2.4.7 A), suggesting that the majority of acetate was secreted
within 4 hours. Poorer survival was observed when cells were seeded at 107 cells/mL, with the
number of viable parasites falling to 7.65±0.35x106 and 5.70±0.70x106 cells/mL after 4 and 5
hours, respectively. This was accompanied by a sudden increase in acetate between 4 and 5
hours (Figure 2.4.7 A). A similar trend was observed in T. brucei, with a 2.5-fold increase in
absorbance occurring between 3 and 4 hours with 107 cells/mL, compared to a 1.8-fold increase
with 5x106 cells/mL (Figure 2.4.7 B, solid line). Since unpredictable rises in acetate production
seemed to correlate with worsened cell survival in both species, it is possible that in both cases
acetate production and excretion may increase under conditions of cellular stress, which could,
for example, occur due to a lack of essential nutrients in the NMR buffer. Therefore, in
subsequent NMR experiments, both parasite species were incubated at a density of 5x106
cells/mL for a maximum of 3 hours in order to ensure that metabolites such as acetate were
excreted at levels reflective of stable in vitro growth, and not augmented by factors relating to
poor survival.
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Figure 2.4.7 – Comparison of T. congolense and T. brucei survival in NMR buffer

Survival (dashed lines) and secreted acetate (solid line) in T. congolense (panel A) and T.
brucei (panel B) incubated in NMR buffer (PBS with 5 g/L NaHCO3), supplemented with 4 mM
glucose, for 3 - 5 hours, when seeded at 107 and 5x106 cells/mL (denoted by blue and black
lines, respectively). Relative acetate was detected using same the colourimetric assay
described in section 2.4.2. Data shown are mean ± standard deviation, n = 4.

2.4.6.2 Comparison of excreted acetate and other glucose-derived endproducts in BSF T. congolense and T. brucei
To directly compare acetate production in BSF T. congolense and T. brucei, parasites were
grown to mid-log phase (~2x106 cells/mL) and incubated using conditions outlined in section
2.4.5.1. For this experiment, parasite species were incubated in 4 mM [U-13C]-D-glucose
supplemented with either 4 mM unlabelled L-threonine (condition ‘GT’), pyruvate (‘GP’), or all
three carbon sources (‘GTP’). Supernatants from cells provided with no carbon source were also
collected, along with cell-free controls for each treatment, and analysed by 1H-NMR, with the
experiment being repeated independently 3 times.
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Figure 2.4.8 – Overview of primary glucose end-products in BSF T. congolense and BSF T.
brucei

Overlay of representative spectra (n = 3) from T. congolense (red) and T. brucei (blue)
incubated with 4 mM [U-13C]-D-glucose and 4 mM unlabelled L-threonine. Major metabolites
are shown with the following abbreviations: A13/A12: glucose-derived and unlabelled
acetate; P13/P12: glucose-derived and unlabelled pyruvate; S13/S12: glucose-derived and
unlabelled succinate; Ala13: glucose-derived alanine.

The results of these experiments are presented in Figure 2.4.8 – 2.4.11. The NMR spectra
shown in Figure 2.4.8 demonstrate that, as expected, acetate and pyruvate are the primary endproducts of glucose metabolism in BSF T. congolense and BSF T. brucei, respectively. As
predicted, acetate was detected in T. congolense supernatants at levels on average 10-fold
greater than T. brucei across all treatment groups (Figure 2.4.9, left panel). In agreement with
previous experiments, the addition of L-threonine, pyruvate or a combination of both carbon
sources increased total acetate secreted by T. congolense, relative to glucose-alone treatment
(p = 0.01 for GT, p = 0.0024 for GP, p = 0.036 for GTP), with no significant difference in total
acetate abundance between GT, GP and GPT groups (Figure 2.4.9, left panel). The ratio of
unlabelled to glucose-derived acetate significantly increased in GP and GTP groups compared to
glucose alone (p = 0.011; GP, p = 0.0296; GPT) but this was not the case for the GT treatment,
which again demonstrates uptake of pyruvate and conversion to acetate in T. congolense, with
L-threonine boosting the overall amount of acetate released, without contributing to it directly.
The rise in glucose-derived succinate secreted by T. congolense in GT and GTP treatments
(Figure 2.4.9, right panel) could be a reflection of heightened activities of PEPCK and MDH, the
expression of which could be stimulated by TDH-dependent acetate production, although
confirming this hypothesis would require significant further study.
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Figure 2.4.9 – Acetate and succinate production in BSF T. congolense and BSF T. brucei

Relative levels of glucose-derived or unlabelled acetate (left panel) and succinate (right panel)
detected in T. congolense and T. brucei supernatants. G = 4 mM [U-13C]-D-glucose with or
without 4 mM L-threonine (GT), 4 mM pyruvate (GP) or L-threonine and pyruvate (GTP). Data
shown are mean ± standard deviation, n = 4. Significant differences (for each treatment
versus the glucose-only control) in total metabolite levels (black asterisks) or for unlabelled
metabolite only (white asterisks) are indicated, with * denoting p = <0.05, and ** denoting p
= <0.01.

In T. brucei, by contrast, the provision of L-threonine, pyruvate or a combination of both carbon
sources resulted in no statistically significant increase in either the total abundance of acetate,
or in the ratio of labelled to unlabelled acetate detected (Figure 2.4.9, left panel). This conflicts
with a report that L-threonine leads to direct increases in secreted acetate detectable by 1HNMR (Mazet et al, 2013). This could be due to the considerable variation associated with
acetate integral values recorded for T. brucei in the present study, which are a consequence of
the lower signal to noise ratio (SNR) for the 12C and 13C acetate integrals relative to those found
in T. congolense spectra. While visual inspection of T. brucei spectra do indicate a tendency for
the 12C acetate resonance to increase (relative to its glucose-labelled satellites) upon the
addition of L-threonine and pyruvate (Figure 2.4.10), it is probable that due to the trace level of
its secretion, accurate determination of acetate synthesis in BSF T. brucei by NMR requires cell
densities greater than those used in this experiment, which would theoretically improve SNRs.
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Figure 2.4.10 – Acetate secreted by T. congolense and T. brucei in various treatments

NMR spectra for [U-13C]-D-glucose-derived and unlabelled acetate (shown as A13 and A12 in panels A)
secreted by T. congolense (blue) and T. brucei (red) in various treatments: A, 4 mM glucose (G); B, 4 mM
glucose and 4 mM threonine (GT); C, 4 mM glucose and 4 mM pyruvate (GP); D, 4 mM glucose, 4 mM
threonine and 4 mM pyruvate (GPT). Spectra are from a representative replicate (n = 4).

Differences between T. congolense and T. brucei in levels of other [U-13C]-D-glucose-derived
metabolites, including malate, alanine and pyruvate, are presented in Figure 2.4.11. Nonglucose-derived alanine and malate were not considered for these analyses due to peak overlap
with threonine and pyruvate signals, respectively. In the case of T. brucei (but not T.
congolense), pyruvate is excreted alongside significant quantities of alanine (represented by a
doublet at 1.46 ppm with satellites at 1.52 and 1.37 ppm), consistent with multiple earlier
reports (Zikova et al, 2017, Mazet et al, 2013). In contrast, glucose-derived malate (2.37 ppm
and 2.67 ppm) was detected at approximately 3.5–6-fold greater levels in T. congolense samples
compared to T. brucei (Figure 2.4.11), probably resulting from increased activity of glycosomal
and/or mitochondrial succinate pathways which are expressed at higher levels in T. congolense
relative to T. brucei (Steketee et al, 2021). Comparisons of other secreted molecules including
glycerol (detected in T. congolense supernatants by 2D NMR) were not attempted due to
overlapping glucose resonances in the areas of interest.
In order to provide an estimate of differences in the consumption of carbon sources provided
during this experiment, 13C glucose, 12C L-threonine and 12C pyruvate integrals were compared
between T. congolense and T. brucei. Across all treatments, glucose integrals were on average
0.8-fold lower in T. brucei spectra (Figure 2.4.11), which is consistent with increased glucose
consumption in T. brucei relative to T. congolense. In T. brucei, the apparent consumption of
threonine (GT and GTP groups) occurred without statistically significant increases in the amount
of threonine-derived acetate. This could be a reflection of increased conversion of cytosolic
acetate to acetyl-CoA by acetyl-CoA synthetase (AceCS), which, at least at the mRNA level,

Acetate production in bloodstream form Trypanosoma congolense | 64

shows greater expression in BSF T. brucei relative to T. congolense (Steketee et al, 2020;
preprint). In contrast, 12C pyruvate integrals (calculated for GP and GTP treatments only) were
consistently 1.2-fold greater in T. brucei relative to T. congolense, adding further evidence that
pyruvate is consumed by the latter species. These calculations are complicated by the fact that
even when 13C glucose is the only available substrate, T. brucei continues to secrete small
amounts of non-enriched pyruvate, which could exaggerate the difference observed between
species. However, a comparison of 12C pyruvate resonances between T. brucei supernatants
relative to the relevant media-only control (GP and GTP) showed that even with the natural
contribution of 12C pyruvate secreted by T. brucei, unlabelled pyruvate integrals were decreased
slightly relative to the media-only control, suggesting that, to a minor extent, some uptake
occurs in T. brucei. Since pyruvate supplementation did not result in significant acetate
secretion in this species, it is likely that pyruvate is incorporated into other pathways (e.g. Creek
et al, 2015), or is released as alanine.

Figure 2.4.11 – Comparison of various glucose end-products secreted by BSF T. congolense vs.
T. brucei

Summary of log2-fold differences (calculated as T. congolense integrals /T. brucei integrals) in
major glucose-derived metabolites (‘outputs’) in the two parasite species, identifiable by 1HNMR. G = 4 mM [U-13C]-D-glucose with or without unlabelled 4 mM L-threonine (GT), 4 mM
pyruvate (GP) or L-threonine and pyruvate (GTP). Differences in recorded levels of the
provided carbon sources (‘inputs’), i.e. glucose, threonine and pyruvate present at the end of
the incubation are also shown, with negative and positive values denoting increased or
decreased consumption of each carbon source respectively. Data are mean ± standard
deviation, n = 3.
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In summary, the NMR experiments outlined above demonstrate the following: BSF T.
congolense secrete acetate, succinate, and smaller quantities of malate (all predominantly
formed from glucose) at significantly higher levels than BSF T. brucei, where pyruvate and
alanine are the principal end-products. The presence of threonine appears to stimulate glucosederived acetate production by an indirect mechanism in T. congolense, unlike BSF T. brucei,
where it is a preferred carbon source for acetate production. In T. congolense but not T. brucei,
pyruvate can be taken up rapidly from the extracellular environment and converted into
acetate, which is secreted as an end-product.

2.5 Discussion
2.5.1 Response to chemical inhibition of mitochondrial metabolism in
BSF T. congolense and T. brucei
Treatment of BSFs of T. congolense and T. brucei with a selection of established small molecule
inhibitors of mitochondrial activities resulted in differences indicative of divergent
mitochondrial metabolism in these species. As predicted, significant differences were observed
to inhibition of the acetate pathway, although these differences were more minor than
anticipated, e.g. in the case of UK5099 (pyruvate transport) and arsenite (PDH), or difficult to
interpret, e.g. in the case of TETD and QC1 (both TDH). The decreased sensitivity of T.
congolense to QC1 along with increased sensitivity to inhibition of mitochondrial pyruvate
uptake (UK5099) suggests that in T. congolense, glucose, rather than threonine, is likely to make
the greater contribution to acetate. The lower-than-expected potency of UK5099 in T.
congolense could be explained if other glucose intermediates such as oxaloacetate and/or
malate are able to enter the mitochondrion passively (bypassing the mitochondrial pyruvate
carrier) to be reconverted to pyruvate, providing a substrate for PDH. It should also be
mentioned that in T. brucei, UK5099 is also thought to act inhibit pyruvate transport at the
plasma membrane (Wiemer et al, 1995), and a second, UK5099-insensitive route for
mitochondrial pyruvate uptake is thought to exist (Štáfková et al, 2016). The entry of pyruvate
and other glucose-derivatives into the mitochondrion in T. congolense will require further study.
Both species shared a low sensitivity to compounds targeting components of the TCA cycle and
electron transport chain (e.g. antimycin A, malonate, fluorocitric acid). T. congolense showed
less sensitivity than T. brucei to rotenone, implying a lack of reliance on complex I. However, it
should be noted here that complex I activity in trypanosomes has been the subject of some
debate (outlined by Opperdoes and Michels, 2008), and rotenone has been shown to inhibit
other enzymatic activities at high concentrations, including fumarate reductase (Hernandez &
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Turrens, 1998). Furthermore, oxidation of NADH in T. congolense could occur via an alternative
NADH ubiquinone oxidoreductase (‘NDH2’), which has been linked to acetate production in T.
brucei (Surve et al, 2017). To summarise, these results appear to illustrate that in common with
T. brucei, T. congolense displays repression of various mitochondrial activities while occupying
the mammalian bloodstream. The most striking difference was observed at the level of acetate
production.
A major limitation of these drug sensitivity data are that the specificity of at least some of these
inhibitors is not currently known in trypanosomes. It would be beneficial as part of future
studies to test the effect of these compounds on enzymatic activities in cell lysates, as well as
taking direct measurements of uptake in isolated mitochondria as well as whole cells.

2.5.2 The rate of acetate secreted by BSF T. congolense and T. brucei
The metabolomic and transcriptomic analyses outlined in Steketee et al, 2021, along with
earlier studies (Agosin & von Brand, 1954; von Brand & Tobie, 1959; Obungu et al, 1999),
indicated potential differences in metabolic pathways utilised by BSF T. congolense and T.
brucei, respectively, in particular, acetate production (see Figure 2.2.1). This was clearly
confirmed in the differential rate of acetate excreted by each species, with T. congolense
consistently excreting acetate at a rate approximately 10-15-fold higher than that observed for
T. brucei. The rate of acetate excretion presented for BSF T. brucei in SCM-6 is in good
agreement with estimates provided by Mazet et al 2013, despite differences in experimental
methodologies used (1H-NMR by Mazet and co-workers as opposed to the commercial assay kit
used in the present study). The large species differences observed here suggest that acetate is
the ultimate end-product of glucose metabolism in BSF T. congolense, with re-uptake or
recycling of this metabolite being unlikely. The results outlined in section 2.4.1 would appear to
reflect this, since acetate accumulates in a manner which correlates highly with increasing cell
densities over the 56-hour period. Furthermore, the fact that the Steketee et al 2021 study
found the expression of AceCS mRNA in T. congolense to be approximately 0.6-fold the levels
observed for T. brucei (both in vitro and ex vivo; Figure 2.2.1) indicates that in this species,
excess acetate is released into the extracellular environment, rather than being re-converted to
acetyl-CoA in the cytosol to serve as a precursor for fatty acid synthesis, although the extent to
which the latter occurs in T. congolense still requires experimental validation.
It is important to note here that the rates of acetate accumulating in spent media cannot be
taken as an absolute indication of overall acetate production (or its essentiality to either
species), since these experiments cannot account for acetate that is further incorporated into
other biomolecules such as fatty acids and/or sterols. This is a particularly important caveat
when considering T. brucei, in which acetate has been identified as a major precursor for fatty
acid and sterol biosynthesis in the procyclic form (Millerioux et al, 2018). On the other hand,
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preliminary lipidomics data indicate very low levels of incorporation of glucose into fatty acids in
BSF T. congolense (unpublished; communication from P. Steketee), which along with lower
expression of AceCS further that in this species, acetate resulting from the degradation of
glucose is released as a final end-product, rather than being incorporated into other
biosynthetic pathways.

2.5.3 The production of acetate from glucose, threonine and other
carbon sources in BSF T. congolense
2.5.3.1 NMR as a platform for metabolic studies in BSF T. congolense
The results outlined in sections 2.4.3 – 2.4.6 demonstrate that NMR can be used effectively to
study the major glucose-derived end-products in BSF T. congolense. Glucose-enriched and nonenriched acetate and succinate were easily detected, with the experimental conditions used
here providing ample signal-to-noise ratios (SNRs) for the integration of these compounds. The
generation of 2D spectra allowed for the unambiguous confirmation of metabolites which were
secreted at much lower levels, including malate, alanine and glycerol. Caution should be applied
when quantitating these metabolites (i.e. through peak integration), due to lower SNRs as well
as the potential for being obscured by overlapping signals associated with glucose and other
buffer components (e.g. in the case of glycerol). Alternative metabolomics methodologies such
as LCMS or HPLC (e.g. Creek et al, 2015, Stafkova et al, 2018) may provide a more robust means
of studying these and other metabolites. These considerations are also important in relation to
commonly used software packages which automate the process of peak-picking and metabolite
assignment, likely resulting in erroneous identifications. For example, an analysis of T.
congolense spectra using Chenomx (Chenomx NMR Suite; version 8.6) resulted in the
identification of 358 metabolites (data not shown), many of which were either common solvent
impurities such as ethanol or simply not present in the sample. Nevertheless, since acetate and
succinate appear to be the primary metabolic end-products of BSF T. congolense, NMR provides
an excellent tool to monitor changes in their relative abundance and degree of glucoselabelling, as well as the utilisation of various other carbon sources that may contribute to their
synthesis.
Results outlined in section 2.4.6.1 indicate that survival of both T. congolense and T. brucei in
the NMR buffer used in this and other studies is generally poor, especially beyond 4 hours. As
previously mentioned, the components of this buffer were left unaltered, in order to maintain a
valid comparison between this and already published NMR studies (e.g. Mazet et al, 2013, Creek
et al, 2015). Further NMR studies of T. congolense would benefit from improved buffer design
(e.g. by altering buffer osmolarity, levels of NaHCO3 or phosphate used), in order to promote
viability.
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2.5.3.2 The utilisation of glucose, threonine and other carbon sources
for acetate production in BSF T. congolense
The results from NMR experiments outlined in sections 2.4.3 – 2.4.5 demonstrate that glucose
is the major source of acetate in T. congolense. These results also confirmed that some
utilisation of L-threonine is possible in this species, although the contribution was fairly minor,
even when the amino acid was provided at higher-than physiological concentrations (4 mM
compared to ~150 – 200 μM; (Schmidt et al, 2016)). Although the addition of threonine led to
up to two-fold increases in the quantity of acetate detected by NMR (e.g. Figure 2.4.4 B), the
overall quantity of acetate produced from threonine was fairly small in comparison to the
contribution from glucose. Instead, threonine consistently led to increases in glucose-derived
acetate (Figure 2.4.4 and 2.4.5). One possible explanation for this observation is a synergistic
relationship between threonine-stimulated TDH activity and the expression of glycosomal
enzymes like PEPCK, such has previously been proposed for PCF T. brucei (Millerioux et al,
2013). Threonine could also enhance survival by contributing to the production of
trypanothione, which plays an important role in protection against oxidative and chemical stress
(Fairlamb et al, 1985, Krauth Siegel et al, 2003). For example, in the study by Millerioux et al.
(2013), a significant amount of threonine-labelled glycine was found to be incorporated into
trypanothione by LCMS, with around 25% of trypanothione molecules being 15N-enriched. The
degradation of threonine has previously been shown to produce equimolar amounts of acetate
and glycine in PCF T. brucei (Linstead et al, 1977). However, glycine (visible in 1H-NMR spectra as
a singlet adjacent to threonine doublet at 4.295 ppm) was not identified in T. congolense
spectra in the present study. Together with the fact that threonine consumption did not lead to
significant quantities of threonine-derived acetate in BSF T. congolense (unlike PCF and BSF T.
brucei), the likelihood of this amino acid being of metabolic significance in the mammalian
bloodstream, where it is found at micromolar concentrations, seems fairly low.
The overall trend towards a preference for glucose-derived acetate production in BSF T.
congolense is consistent with in vivo gene expression data reported by Steketee et al, (2021),
where transcripts encoding PDH subunits e1α, e2 and e3 and the mitochondrial pyruvate carrier
MPC2 were detected at 3 - 4-fold higher levels than in T. brucei, with the expression of TDH and
AKCT being downregulated by approximately ~0.6 fold (Figure 2.2.1). Species differences were
less pronounced ex vivo, likely an indication that, along with other mitochondrial activities,
acetate production increases as T. brucei begins to undergo differentiation to stumpy forms in
the bloodstream (Van Grinsven et al, 2009, Smith et al, 2017, (Dewar et al, 2018)). Higher levels
of PDH and MPC2 expression in T. congolense also provide an explanation for the very high
levels of acetate produced from supplemented pyruvate (e.g. Figure 2.4.5 and 2.4.6). In T.
brucei, uptake of pyruvate across the plasma membrane occurs via high affinity pyruvate
transporters TbPT1 – TbPT5 (Sanchez, 2013). The physiological function of these permeases in
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BSF appears to be pyruvate efflux, since expression of TbTP genes is upregulated ~13-fold in BSF
compared to PCF parasites (Brems et al, 2005; Jensen et al, 2009). In the study by Steketee et al,
(2021), orthologues for all 5 transporters were found in the T. congolense transcriptome, with
their expression being moderately higher (1.7-fold in vitro; 2.6-fold ex vivo) than T. brucei
(Steketee et al, 2021). Since T. congolense excretes negligible amounts of pyruvate relative to T.
brucei, the function of these transporters in the former species could be the reverse situation
(i.e. the uptake of extracellular pyruvate), alternately they could serve some other role.
Uptake of pyruvate across the mitochondrial outer membrane (MOM) occurs via a single
mitochondrial porin related to the conserved voltage-dependent ion channel (VDAC) (Pusnik et
al, 2009) and is then actively transported across the mitochondrial inner membrane (MIM) by
the MPC1/MPC2 homodimer (Štáfková et al, 2016). The T. congolense genome contains an
orthologue of MPC2, but not MPC1 (Steketee et al, 2021). This seems counter-intuitive
considering the heightened capacity for pyruvate utilisation suggested by the experiments in
the current study. It has been shown experimentally that MPC1 and MPC2 are critical for
pyruvate import in other trypanosome species (Ŝtáfková et al, 2016, Negreiros et al, 2021). It is
possible that alternative, uncharacterised routes for the transport of pyruvate across the MIM
may exist in T. congolense, and major structural differences in the pyruvate carrier cannot be
ruled out. Equally, it could be the case that other glucose-derivatives such as malate or
oxaloacetate are imported into the mitochondrion, and are converted there into pyruvate by
mME, providing a substrate for PDH. For the time-being however, the apparent absence of
MPC1 in T. congolense is mysterious, and requires further investigation.
A recent study of PCF T. brucei found that excreted pyruvate, along with other glucoseintermediates such as malate and succinate, can be taken up and re-utilised once glucose is
depleted (Villafraz et al, 2021). In this study, the ‘recycling’ of partially oxidised end-products
observed in T. brucei was likened to the ‘acetate-switch’, a phenomenon described in bacteria
(reviewed by Wolfe, 2005). Here, preferred carbon sources such as glucose are consumed,
followed by the import and re-utilisation of the end-products of their fermentation (e.g.
succinate), which offer a usable energy source once the primary carbon source is exhausted. In
the study by Villafraz et al, glucose-derived acetate continued to be secreted even when glucose
was depleted, with net production of pyruvate ceasing after 1 h of incubation. These trends
bear some similarity to the results reported for BSF T. congolense, which show that pyruvate is
readily consumed, yet does not accumulate in spent culture media (Steketee et al, 2021),
presumably due to its being imported to the mitochondrion for the production of acetate.
However, the NMR data from the present study show that in T. congolense, supplemented
pyruvate is taken up with immediate effect and preferentially converted to acetate, even when
glucose concentrations outweigh pyruvate by a factor of 10:1 (Figure 2.4.6). This indicates that
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BSF T. congolense rapidly respond to environmental pyruvate regardless of the concentration of
glucose present.
With the exception of a study of amino acids in the tsetse fly (Balogun, 1974), little to nothing is
currently known about the availability of carbon sources such as pyruvate in the insect host. It
is, however, considered likely that T. congolense will encounter fluctuating pyruvate
concentrations while in the bovine bloodstream (Foroutan et al, 2020; Malheiros et al, 2021).
Pyruvate is also detectable in the bloodstream of other ruminant species, and a study of
Yankassa sheep infected with T. congolense found that serum pyruvate in infected animals
decreased by approximately 50% relative to healthy controls, which could be ameliorated by
treatment with the trypanocide diminazene (Neils et al, 2007). In that study, it was suggested
that host utilisation of pyruvate may increase upon infection, however, the potential uptake
and metabolism of pyruvate by infecting parasites was not considered. Circulating pyruvate may
also become significantly elevated during co-infection with other trypanosome species
(Coleman & von Brand, 1957; Grant & Fulton, 1957). The significant uptake and utilisation of
pyruvate demonstrated by NMR experiments in section 2.4 of this study may therefore indicate
that T. congolense has adapted the ability to exploit host-derived pyruvate and/or pyruvate
excreted by other trypanosomes during mixed infections, which account for a considerable
number of recorded cases in the field (Kihurani et al, 1994, Auty et al, 2008, Moti et al, 2015).

2.6 Outlook and further questions
Acetate is both produced and excreted at very high levels in BSF T. congolense when compared
to BSF T. brucei. The lower level of AceCS mRNA expression in T. congolense relative to T. brucei,
in combination with a decreased sensitivity to chemical inhibition of this enzyme do not suggest
that acetate production supports lipid biosynthesis in this species. The exact role(s) played by
this mitochondrial pathway in T. congolense is yet to be defined. However, it seems likely that a
large proportion (possibly all) of the acetate produced is excreted, suggesting that in this case,
the molecules formed during the various enzymatic reactions in this pathway (e.g. NADH, ATP)
may be more important than the end-product (acetate), suggesting roles relating to
mitochondrial redox balance and/or ATP generation. In contrast to BSF T. brucei, BSF T.
congolense, may feasibly utilise acetate production as an alternative strategy for the generation
of cellular ATP, which could be beneficial under certain environmental conditions. For example,
the ability to rapidly recycle glucose derivatives such as pyruvate might be advantageous if
lower concentrations of glucose are encountered, as recently argued for PCF T. brucei (Villifraz
et al, 2021). On a more fundamental level, ATP production through mitochondrial acetate
production might actually be the primary energy-generating pathway in BSF T. congolense (even
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under glucose-rich conditions), in stark contrast with BSF T. brucei, in which energy generation
is entirely cytosolic.
It has recently been argued that in BSF T. brucei, as well as acetate production being important
for fatty acid biosynthesis (Mazet et al, 2013), the production of ATP arising from the
ASCT/SCoAS cycle could supply ATP to fuel the hydrolase activity of complex V, thereby
facilitating the generation of mitochondrial membrane potential (Mochizuki et al, 2020). It is
not currently known whether mitochondrial membrane potential is maintained by the same
mechanism in BSF T. congolense. However, the results detailed in section 2.4 of this study,
together with the heightened expression of acetate pathway components including ASCT and
SCoAS (Steketee et al, 2021) suggest that in T. congolense, ATP produced via the production of
acetate could feasibly be exchanged with the cytoplasm in order to fulfil cellular energy
requirements. This poses the following questions: does acetate production in T. congolense
demonstrably lead to significant ATP production? If so, does this mean that BSF T. congolense
can also generate cellular energy using the various substrates shown in section 2.4 to contribute
to acetate production (pyruvate and threonine)? How is mitochondrial membrane potential
maintained in BSF T. congolense? The following chapter will attempt to address these questions.
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3 PYRUVATE UTILISATION IN BLOODSTREAM FORM
TRYPANOSOMA CONGOLENSE
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3.2 Introduction and hypotheses
Chapter 2 showed that acetate is produced and secreted at significant levels by BSF T.
congolense, but not T. brucei. Transcriptomics and metabolomics analyses detailed in Steketee
et al, 2021, suggest that the production of acetate, while essential to both species, may serve
different underlying purposes. In T. brucei, the importance of acetate production is thought to
derive from its contribution to fatty acid synthesis. However, considering the high rate of
acetate excretion seen in T. congolense, together with the lower level of expression of acetyl
CoA synthetase, it seems unlikely that the synthesis of fatty acids is heavily reliant on acetate
formation in this species. Instead, the final product of this mitochondrial activity may be less
important than the various reactions that lead to its formation, for instance through the
generation of ATP or reducing equivalents. For example, if linked to the ASCT/SCoAS cycle, the
production of acetate could result in a significant quantity of ATP production (Millerioux et al,
2012; Tielens et al, 2010; Mochizuki et al, 2020), which would represent a stark difference in
strategies used for energy generation by T. congolense and T. brucei whilst occupying the host
bloodstream.
Furthermore, if mitochondrial membrane potential is achieved through the same or similar
mechanisms to those observed in BSF T. brucei, this ATP could serve as a substrate for the
reverse activity of the F1 ATPase, as has been suggested for T. brucei in a recent study
(Mochizuki et al, 2020). A study by Wilkes et al, 1997, demonstrated that decreases in sensitivity
to the drug isometamidium were associated with decreased mitochondrial membrane potential
in BSF T. congolense (Wilkes et al, 1997). It was also shown that oligomycin A, a specific inhibitor
of the Fo part of ATP synthase, decreased the accumulation of isometamidium within the
mitochondrion, suggesting that, like BSF T. brucei, BSF T. congolense uses complex V for the
maintenance of mitochondrial membrane potential, rather than ATP production (Schnaufer et
al, 2005; Nolan & Voorheis, 1992). However, if the amount of ATP generated by substrate level
phosphorylation (SLPHOS) in BSF T. brucei is sufficient to maintain the rotary function of
complex V, then it is unlikely this is the sole function of SLPHOS in T. congolense, since acetate
(provided its production is linked to the synthesis of ATP) is excreted at rates at least 10-fold
seen in T. brucei (see chapter 2; section 2.4.2).
The experiments in this section will first seek to address the question of how mitochondrial
membrane potential is potentiated in BSF T. congolense, by comparing the capacity of various
mitochondrial inhibitory compounds to dissipate mitochondrial membrane potential in both
species. If no significant differences are identified, it can be assumed that ATP synthase does
not play a major role in energy generation in BSF T. congolense, as is the case for BSF T. brucei
(Hellemond et al, 2005; Tielens et al, 2010; Bringaud et al, 2006). Based on results from the
small amount of literature devoted to topic, together with gene expression analyses outlined in
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Steketee et al, 2021, it is hypothesised that both species use the same, or similar mechanisms to
maintain mitochondrial membrane potential. In this scenario, ATP produced primarily by the
cytosolic pyruvate kinase enzyme in T. congolense could be supplemented by ATP generated
through mitochondrial activities such as the ASCT/SCoAS cycle (Steketee et al, 2021). The
exchange of ATP between the mitochondrion and cytosol would represent a major metabolic
difference between BSF T. congolense and BSF T. brucei, since the mitochondrial generation of
ATP in the latter species is thought at this point to serve intra-mitochondrial activities only
(Mochizuki et al, 2020).
Since the expression of ASCT and SCoAS are significantly higher in BSF T. congolense than T.
brucei, it is also hypothesised that the significant uptake of pyruvate and the resultant
formation of acetate which is observable by NMR (outlined in the previous chapter; section
2.4.3) will be associated with measurable increases in cellular ATP. This capacity for pyruvate
uptake and ATP production is expected to be unique to BSF T. congolense, since BSF T. brucei
excrete pyruvate as the ultimate end-product of glucose degradation, and supplementation of
high concentrations of pyruvate in this species could itself be toxic, resulting in impaired cellular
function and survival (Wiemer et al, 1995). Since the formation of acetate from both glucose
and pyruvate is dependent on the activity of pyruvate dehydrogenase, it is also hypothesized
that this enzyme complex is essential to BSF T. congolense. The silencing of PDH by RNAi is
therefore predicted to lead to impairments in growth and survival in vitro. Using a combination
of NMR and LC-MS will allow for a detailed appraisal of the consequences of PDH repression,
which is expected to shed light on the role(s) of acetate production in this species. If the primary
role of PDH in BSF T. congolense is to facilitate ATP-linked acetate production via the formation
of acetyl-CoA, it is hypothesized that significant reductions in ATP will be observable upon
induction of RNAi. LC-MS and NMR experiments are also expected to reveal alterations in
related metabolites such as pyruvate, malate, succinate, which are likely to change in response
to PDH repression.
To summarise, this chapter will address the following core questions:
1. Do BSF T. congolense and T. brucei use similar or different mechanisms to maintain
mitochondrial membrane potential?

2. Is the significant quantity of pyruvate uptake detailed in chapter 2 associated with ATP
production in BSF T. congolense?

3. Is pyruvate dehydrogenase an essential gene in BSF T. congolense, and what are the
metabolic consequences of its repression?
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3.3 Materials and methods
3.3.1 Trypanosome cell lines and culture
As for experiments in section 2.4, the T. congolense IL3000 BSF strain (Bienen et al, 1991) was
used (originally received from Theo Baltz, University of Bordeaux). Cells were grown in SCM-6
medium (detailed in table 5.1, Appendix A) containing 10% adult goat serum (Gibco), in a 34oC
incubator with 5% CO2. Cells were maintained at densities between 5x104 and 4x106 cells/mL, in
either 75 cm3 or 175 cm3 vented flasks, and kept for a maximum of 30 passages. Cells were
passaged every 2-3 days by repeatedly aspirating using a 10 mL pipette to detach adherent
parasites, before transferring them to fresh growth medium. For experiments involving T.
brucei, the monomorphic Lister 427 BSF strain was used, and was grown in SCM-6 medium
containing 10% fetal bovine serum (Gibco) at 37oC with 5% CO2, in either 75 cm3 or 125 cm3
vented flasks. Cells were maintained at densities between 2x103 – 2x106 cells/mL. For RNAi
experiments (see section 3.3.5 for further details), the T. congolense single marker (TcoSM) line
was used (Awuah-Mensah et al, 2021), kindly provided by Bill Wickstead (University of
Nottingham). These cells were passaged in TcBSF-1 medium as descried in Coustou et al, 2010.

3.3.2 Determination of mitochondrial membrane potential using
Mitotracker
3.3.2.1 Flow cytometric measurement of ΔѰM in BSF T. congolense
In order to measure mitochondrial membrane potential in BSF T. congolense, the commercial
probe Mitotracker Red (CMX-Ros Special Packaging; Invitrogen) was used. Logarithmicallygrowing cells (grown in SCM-6) were harvested by centrifugation at 900 x g, and adjusted to a
density of 2x106 cells per mL. Cells were aliquoted into volumes of 1 mL in hinge-cap Eppendorf
tubes and incubated in the presence or absence of the following inhibitors: oligomycin A; from 1
– 100 μM from a 100 mM stock in ethanol; sodium azide; from 250 – 1000 μM from a 100 mM
stock in H2O; Antimycin A; 50 μM from a 10 mM stock in ethanol, or FCCP; 20 μM from a 50 mM
stock in DMSO. Cells were then transferred to a 34oC incubator for a period of 30 minutes, then
stained with a final concentration of 50 nM Mitotracker, with tube lids left open, for a further
period of 20 minutes, following which samples were centrifuged for 10 minutes at 900 x g and
then resuspended in 0.5 mL SCM-6. Cells were then fixed by immediately adding 0.5 mL ice-cold
PBS containing 4% formaldehyde, before being transferred to refrigeration at 4oC pending
analysis by flow cytometry on a BD LSR Fortessa X20 instrument. Mitotracker staining intensity
was measured using a BD LSR Fortessa flow cytometer equipped with a 561 nm laser.
Mitotracker (EX/EM = 579/599 nm) fluorescence was detected using the PE channel. A
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maximum of 10,000 events were recorded, gating for intact (judged by FSC-A and SSC-A), single
cells (judged by FSC-A and FSC-H). Drug-induced changes in mitochondrial membrane potential
were calculated by comparing the median Mitotracker staining intensity of drug-treated cells
with untreated control cells.

3.3.2.2 Fluorescence microscopy
For microscopic visualisation of Mitotracker-stained cells used in the above assay, fixed samples
in volumes of 1 mL were centrifuged at 1200 x g for 5 minutes and resuspended in
approximately 200 μL PBS. The cell suspension was then spread across the surface of frosted,
poly-L-Lysine-coated microscope slides and briefly air-dried and mounted with Prolong Diamond
Antifade mountant (Thermo Fisher), using 1.5 (0.17 mm) coverslips. Samples were cured for
either 1-2 hours or overnight at 4oC, before being viewed using a Leica DMLB upright
fluorescence microscope (using a 100x Plan Apochromat 1.4 NA objective) fitted with a Thorlabs
CMOS camera. Images were acquired under non-saturating conditions, with different samples
being imaged using equal exposure times. Image acquisition was performed using
Micromanager 1.4 software.

3.3.3 Motility analysis
Motility of trypanosomes was determined using videos of live trypanosomes processed in
IMARIS, essentially as described in Alfituri et al, 2019. Live cells, incubated in a 24-well plate
with various treatments, were viewed with a Zeiss Axiovert 25 inverted microscope (using a
Zeiss 20x 0.4 NA Plan Neofluar objective) fitted with a Zeiss Axiocam 503 camera. Subsequent
movie files (approximately 1 minute in length, 8 frames/s) were then processed using IMARIS
8.1.2 software (Bitplane; Oxford Instruments), which uses an inbuilt algorithm to track each
individual cell. Trypanosome speed (the maximum value of each cell’s speed on a given track)
and displacement length (the distance between each cell’s first and last position) were
calculated for 90 cells over a total of 50 frames. Columns not sharing a letter (i.e. ’a’ or ‘b’) are
significantly different at the level of p = <0.01, which was determined using a one-way ANOVA
with post-hoc Bonferonni-corrected T-tests (calculated in Graphpad PRISM version 8.0;
Graphpad Software Inc., California, USA).

3.3.4 Measurement of cellular ATP
Cellular ATP was measured using the Celltiter-Glo assay (Promega). WT BSF T. congolense cells
were grown to mid-log phase in SCM-6, then collected by centrifuging at 900 x g for 10 minutes.
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Cells were then washed a further 3 times by discarding supernatants and replacing with the
relevant pre-warmed buffer (either PBS/NaHCO3, SCM-1 or mSCM-6), in order to remove
residual glucose and other potential carbon sources. Cells were then adjusted to a density of
2x106 cells per mL in each buffer and separated into 1 mL volumes in screw-cap Eppendorf
tubes. 4 mM of each carbon source (glucose, pyruvate, malate or threonine) was added to each
tube with or without 10 µM UK5099 (prepared from a 100 mM DMSO stock). Tubes were briefly
mixed by inversion, and cells were transferred to solid black 96-well plates in 100 µL volumes,
using three triplicate wells per treatment condition. Plates were then transferred to a 34oC
humidified incubator for a period of 1 hour. After 1 hour, plates were removed and 100 µL
CellTiter-Glo reagent was added to each experimental well using a multichannel pipette, with
repeat aspiration to ensure cell lysis. Plates were incubated for a further 10 minutes in the dark
to allow luminescence signal to stabilise, before being measured using a Cytation 5 Imaging
Reader; BioTek). An ATP standard was prepared by 12 serial 2-fold dilutions of an ATP solution
prepared in the appropriate experimental buffer (PBS/NaHCO3, SCM-1 or mSCM-6) from a
starting concentration of 100 nM and run with each plate to enable quantification of ATP
concentrations and ensure the assay was performing optimally. Data were exported to
Microsoft Excel and further analysed using Graphpad PRISM 8 software (version 8.0; Graphpad
Software Inc., California, USA).

3.3.5 Construction of PDHE2 RNAi line
3.3.5.1 Primers and plasmids
The PDHE2 RNAi line was constructed using the BSF T. congolense single marker (TcoSM) line
described in Awuah-Mensah et al, 2021. This cell line constitutively expresses the Tet repressor
protein and T7 RNA polymerase and is maintained in 0.25 µM puromycin. The PDHE2 specific
RNAi vector was constructed using the T. congolense-specific p3T7-TcoV construct (AwuahMensah et al, 2021). Primers carrying HindIII (5’-AAGCTT-forward) or FseI (5’-GGCCGGCCreverse) restriction sites were used to amplify a 576 bp section of the PDHE2
(Tc.A.H_IL3000.200400; dihydrolipoamide acetyltransferase; see Appendix) gene; fwd:

GCAAGCTTACATGGTGCAAGGTTGAAAC, rev: GGCCGGCCGAGATAGTAGTGAG
GAATC), using a HiFi polymerase master mix (New England Biolabs). Primers were designed
using the online Primer3 tool (primer3.ut.ee) and were blasted against the T. congolense IL3000
genome to ensure the intended product was uniquely generated without any off-target hits.
The resulting amplicon was cloned into the pGEM-T easy vector (Promega), and Sanger
sequencing was carried out (DNA Sequencing & Services; University of Dundee) to confirm the
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correct sequence identity. Constructs were then double-digested using HindIII and FseI enzymes
and ligated into the p3T7-TcoV vector using a T4 DNA ligase kit (Promega). The resulting plasmid
was linearised by digestion with NotI, and purified by ethanol precipitation before being
transfected into TcoSM cells.

3.3.5.2 Transfections
Transfections and selection of PDHE2 RNAi clones was carried out according to methods
previously outlined (Awuah-Mensah et al, 2021). 4x107 logarithmically-growing TcoSM cells
(grown in HMI-93) were centrifuged at 900 x g for 10 minutes. Supernatants were discarded
leaving approximately 0.5 – 1 mL residual medium, which was transferred to 1 mL Eppendorf
tubes, which were centrifuged at 1200 x g for a further 10 minutes. Cells were washed using
pre-warmed transfection buffer (90 mM sodium phosphate, 5 mM KCl, 0.15 mM CaCl2, 50 mM
HEPES, pH 7.3), and resuspended in 100 µL of the same buffer. 12 µg of linearised RNAi plasmid
in 10 µL (or a negative control consisting of 10 µL transfection buffer only) was added to
electroporation cuvettes (Sigma), then 100 µL of cells was added. Electroporation was carried
out using the Z-001 programme on a Nucleofactor II (Lonza). Cells were then transferred to
vented flasks containing 20 mL HMI-93 (without any selective antibiotics) and incubated
overnight in a 34oC incubator. Independent clones were then selected by plating cells out in 200
µL volumes in flat-bottomed, 96-well plates at dilutions of 1:50, 1:100 and 1:200 in HMI-93
containing 0.25 µg/mL puromycin and 0.2 µg/mL neomycin. Plates were monitored using an
inverted microscope, with resistant cells appearing from approximately 5-14 days. Resistant
clones were then transferred into fresh medium containing selective antibiotics, being passaged
every 2-3 days.

3.3.6 Validation of RNAi efficacy by qRT-PCR
3.3.6.1 RNA extraction
To determine the efficiency of RNAi-mediated knockdown of PDHE2 transcripts in each clone,
1x107 cells were collected at 0, 24 and 48 hours by centrifuging at 900 x g for 10 minutes in 15
mL Falcon tubes. Supernatants were discarded and the residual ~1 mL material was transferred
to 1 mL screw-cap Eppendorf tubes and centrifuged again (1200 x g, 5 minutes). Supernatants
were again discarded, and pellets were resuspended in 1 mL TRIzol reagent (Invitrogen), then
transferred to -80oC. To extract total cellular RNA, the following procedure was followed:
samples in TRIzol were thawed on ice, then 200 µL chloroform was added, before shaking
vigorously for 15 seconds, incubating at RT for 3 minutes, and centrifuging for 15 minutes at
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12,000 x g at 4oC. The aqueous, RNA-containing phase was then extracted carefully using a p200
pipette (~400 µL being withdrawn per sample), and added to a tube containing 0.5 mL
isopropanol supplemented with 1 µL Glycoblue (Invitrogen) to aid pellet visualisation. Samples
were mixed by inverting, then precipitated at RT for 10 minutes and centrifuged at 12,000 x g
for 10 minutes. RNA pellets were washed in 75% ethanol by centrifuging at 12,000 x g for 10
minutes at 4oC. Pellets were then air dried before being dissolved in 30 µL RNase-free water.
RNA yield and purity was determined using a Nanodrop 2000 spectrophotometer (Thermo
Scientific), and samples were adjusted to 100 ng/µL.

3.3.6.2 Real-time quantitative PCR (RT-qPCR)
PDHE2 transcript levels were determined using qPCR. RNA was extracted as detailed above and
converted to cDNA using the High Capacity cDNA RT kit (Applied Biosystems) using 10 µL of RNA
per reaction (1 µg RNA). Three sets of qPCR primers were designed using the online Primer 3
tool (www.primer3.ut.ee), with a maximum product length of 200 bp, ensuring that the product
did not lie inside the ~580 bp fragment used in the RNAi vector. qPCR reactions were prepared
using the SensiFast SYBR HiRox kit (Bio-line), using 2 µL cDNA template per 20 µL reaction.
Cycling conditions were as follows: 95oC, 120 s, 95oC, 5 seconds, 62oC, 10 seconds, 72oC, 20
seconds, with steps 2-4 repeating for a total of 40 cycles. All qPCR assays were performed using
a Rotor-Gene Q instrument (Qiagen). Primer efficiencies for each pair were determined by
serially diluting WT T. congolense IL3000 genomic DNA and plotting against Log10 Ct values. The
following primer pair, calculated as having 93.8% efficiency, was used for subsequent RNAi
validation experiments: fwd: ATCATTAAGGCAGTGGCAC, rev: TGAACTCGTGTGGCTGGA.
Normalised transcript levels were calculated using the ΔΔCt method (Livak & Schmittgen, 2001)
usingTERT as as the endogenous control, with the following previously published primers, fwd:
TTTCGCCCTCGTTTTCCTCA, rev: AGAAATCACGACCACACGCT (Tihon et al, 2017).

3.3.7 1H-NMR experiments
To prepare samples for NMR analysis, PDHE2 RNAi clones 1 and 2, along with the TcoSM line,
were grown in duplicate flasks containing TcBSF-1 (Coustou et al, 2010) modified with selective
antibiotics, with or without 1 µg/mL tetracycline, for a period of 48 hours. Cells were then
harvested by centrifuging at 900 x g for 10 minutes, followed by a total of 3 washes in
PBS/NaHCO3, pH 7.35. Cells were then added to a 24-well plate in 2 mL volumes (2x107 cells /
well) amended with 4 mM glucose with or without 4 mM L-threonine, and incubated for a total
of 2 hours. For the UK5099 experiment, BSF T. congolense WT cells were prepared in exactly the
same manner, but were incubated with or without 10 µM UK5099. Samples were checked
microscopically over the course of the 2 hour incubation, after which they were then
transferred to 1 mL Eppendorfs, and centrifuged for 5 minutes at 1200 x g. 550 uL cell-free
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supernatant was withdrawn from each tube, to which 50 uL of a 12 mM deuterated DSS-d6
solution was added (1 mM final concentration). Samples were then transferred to -80oC
pending NMR analysis. Thawed samples were analysed by 1H-NMR, with spectra being recorded
exactly as outlined in chapter 2, section 2.4.6, Acquisition of spectra from UK5099-treated cells
(section 3.4.4.1) was carried out by George Peak, all other acquisitions were performed by
Lorna Murray and Dusan Uhrin at the BioNMR Unit (School of Chemistry, University of
Edinburgh).

3.3.8 Metabolomic analysis of intracellular metabolites
3.3.8.1 Liquid Chromatography Mass Spectrometry
Intracellular metabolites were detected in PDHE2 RNAi induced and non-induced samples using
liquid chromatography mass spectrometry (LC-MS) at the Glasgow Polyomics facility.
Hydrophilic interaction liquid chromatography (HILIC) was carried out on a Dionex UltiMate
3000 RSLC system (Thermo Fisher Scientific, Hemel Hempstead, UK) using a ZIC-pHILIC column
(150 mm × 4.6 mm, 5 μm column, Merck Sequant). The column was maintained at 40°C and
samples were eluted with a linear gradient (20 mM ammonium carbonate in water and
acetonitrile) over 26 minutes at a flow rate of 0.3 mL per minute. The injection volume was 10
μl and samples were maintained at 5°C prior to injection. For the MS analysis, an Orbitrap
Fusion (Thermo Fisher Scientific) was operated in polarity switching mode and the MS settings
were as follows: Resolution 120,000; AGC 2e5; m/z range 70–1000; Sheath gas 40; Auxiliary gas
5; Sweep gas 1; Probe temperature 150°C; Capillary temperature 325°C. For positive mode
ionisation: source voltage +4.3 kV. For negative mode ionisation: source voltage -3.2 kV. S-Lens
RF Level 60.00%. The instrument was calibrated to standard operating parameters prior to
sample run. To enhance calibration stability, lock-mass correction was also applied to each
analytical run. To assist with metabolite identification in experimental samples, a set of
authentic metabolite standards (provided by Glasgow Polyomics) was run prior to the sample
set.

3.3.8.2 Metabolomics data processing
RAW spectra were converted to mzXML files (mzML for fragmentation data) using the
msconvert R package. peakML files were then the created and peaks picked using the Centwave
function of XCMS (Smith et al, 2006). The resulting files were further processing using mzMatch
for peak matching and annotation, and exported in a tabular format to be further processed in
IDEOM, using default settings. IDEOM is an Excel-based platform, allowing for automated
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identification of metabolites based on exact mass and retention time, with putatively-identified
metabolites annotated with confidence levels and pathway information drawn from online
databases such as KEGG (Creek et al, 2012). Metabolites automatically rejected by IDEOM were
manually checked by myself (with assistance from Pieter Steketee) for false rejections. For
analysis of 13C glucose-enriched metabolites, the ‘Isotope Search’ IDEOM macro was used,
which provides the relative abundance of the detected heavy isotope peak as a ratio of the
unlabelled peak in each specified sample (Creek et al, 2012).

3.3.8.3 Statistical analysis of metabolomics data
The above metabolite data were exported from IDEOM in a tabular format and statistically
analysed using Metaboanalyst version 4.0, an open-source online tool allowing for statistical
analysis of metabolomics data (Chong et al, 2019). Data was log-transformed and pareto-scaled
for PCA, PLS-DA and volcano plots (and associated T-tests). Pareto-scaling (a scaling technique
commonly used in metabolomics) scales data by dividing each variable by the square root of its
standard deviation, which aims to limit the contribution of high variance peaks without losing
important information concerning the structure of the data (van den Berg et al, 2006).
Significantly changing metabolites occurring between PDHE2 RNAi-induced, non-induced or WT
samples were detected using the Volcano function in Metaboanalyst, using a fold-change
threshold of 1.2, which produced a list of metabolites increased or decreased by a factor of at
least 1.2-fold, including associated raw and FDR-adjusted P values. Figures exported from
Metaboanalyst in .SVG format were further edited in the open-source vector graphics software
Inkscape version 1.1 (https://inkscape.org).

3.3.9 Statistical analyses
With the exception of LC-MS metabolomics data, all other statistical analyses in section 2.4
were performed using Graphpad PRISM (version 8.4.3).

3.4 Results
3.4.1 The effect of metabolic inhibitors on mitochondrial membrane
potential in BSF T. congolense
The precise mechanisms underlying the maintenance of ΔΨM in T. congolense have so far not
been precisely determined, and as such it has been difficult to determine whether decreases in
ΔΨM are directly involved in, or an indirect consequence of resistance to the trypanocides
diminazene and ISM (Carruthers et al, 2021; Wilkes et al, 1995, 1997). In order to probe the
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mechanisms involved in ΔΨM generation in BSF T. congolense, a series of experiments was
conducted monitoring the response to a range of classical mitochondrial inhibitors with wellestablished mitochondrial targets.
To achieve the above, a series of experiments were carried out, utilising the commercially
available dye Mitotracker Red. Mitotracker probes are fixable, cell permeable, cationic dyes
containing a thiol-reactive chloromethyl moiety, that diffuse passively across the cell
membrane, accumulating in energized mitochondria (Gökerküçük et al, 2020). As well as
Mitotracker, tetramethylrhodamine ethyl ester (TMRE), was also tried, with Mitotracker proving
less prone to photobleaching. Therefore, Mitotracker Red (CMX Ros; Invitrogen) was used for
subsequent experiments, providing specific mitochondrial staining at a concentration of 50 nM
(Figure 3.4.1).

Figure 3.4.1 BSF T. congolense stained with Mitotracker

Mitotracker-stained BSF T. congolense exhibiting a single, tubular mitochondrion (upper panel; A –
D). Nuclear and kinetoplast DNA were stained with Hoechst 33342 (lower panel). 1K1N cells are
shown in A; 1K2N cells are shown in B and C, 2K2N cells are shown in D. Scale = 10 μm.

In preliminary experiments, cells were pre-incubated with varying concentrations of oligomycin
A (OM) for 30 minutes before being stained with Mitotracker, and incubated for a further 20
minutes. Cells were then washed, fixed and Mitotracker intensity was measured the following
day by flow cytometry. Mitotracker signal intensity was measured in intact, singlet cells (gating
strategy shown Figure 3.4.2 A and B). The results of this experiment showed that Mitotracker is
well retained following fixation in T. congolense, as shown by a ~100-fold increase in signal
intensity relative to unstained cells, with the fluorescence signal decreasing by approximately
70% when cells were incubated with FCCP (Figure 3.4.2 C). Treatment with oligomycin resulted
in a dose-dependent decrease in ΔΨM, with concentrations of 10, 50 and 100 µM resulting in
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28.12%, 44.83% and 81.9% reductions in fluorescence relative to the untreated control. Cells
were also incubated with varying concentrations of ethanol and DMSO (the solvents used to
prepare stocks of oligomycin and FCCP, respectively), which did not result in any loss of
fluorescence relative to the untreated control (Figure 3.4.2 E and F).
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Figure 3.4.2 Gating strategy and Mitotracker fluorescence profiles

Gating strategy (A – B) and fluorescence profiles for fixed WT T. congolense incubated with
FCCP (C), oligomycin A (D), DMSO (E) and ethanol (EtOH; F). The intact gate in (A) was
determined using forward and side scatter as indications of cell size and granularity. Doublet
cells were excluded by gating on forward scatter area and width (B).
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This assay was then used to make comparisons between the response of bloodstream forms of
T. congolense and T. brucei to oligomycin, Na azide and bongkrekic acid. Antimycin A (an
inhibitor of complex III) was also included. Results of 3 independent experiments are shown in
Figure 3.4.3 A – C, with summary statistics shown in Table 3.4.1.
Again, oligomycin led to significant dose-dependent reductions in ΔΨM in T. congolense, leading
to reductions in Mitotracker intensity of 36.5%, 84.3% and 93.3% when applied at 10 µM, 50
µM and 100 µM, respectively (table 3.4.1; Figure 3.4.3 A – C). ΔΨM in T. brucei was more
resistant to oligomycin treatment, with statistically significant reductions only occurring at 100
µM (Table 3.4.1; Figure 3.4.3 A – B). Although a similar dose-dependent reduction in ΔΨM
occurred in T. brucei, effects were inconsistent at concentrations lower than 100 µM. In one
experiment, T. brucei became hyperpolarized with 10 µM OM, resulting in a high degree of
variability (see Figure 3.4.3 B). Incubation with Na azide led to significant reductions in ΔΨM in
both species, although a concentration of 1000 µM was necessary to produce significant
reductions in T. congolense (47.97 ± 5.98% of untreated cells, P = 0.0074; Table 2.4.1).
Nevertheless, the ability of both oligomycin and azide to reduce ΔΨM T. congolense and T.
brucei indicates that cV is not involved in ATP synthesis in the BSF of either species. Treatment
with 80 µM bongkrekic acid appeared to show a mild depolarizing effect in both species, with
the effect being greater in T. brucei, although this was non-significant in either species (Figure
3.4.3; Table 3.4.1).
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Figure 3.4.3 Effect of inhibitors on ΔΨM in T. congolense and T. brucei

Changes in mitochondrial membrane potential (as measured by Mitotracker fluorescence) upon
treatment with oligomycin A, azide, bongkrekic acid and antimycin. Data in panel A (mean ± SD of
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3 independent experiments) are expressed as % Mitotracker fluorescence intensity relative to the
untreated control. Data in panel B are representative fluorescence profiles from one of the three
individual experiments. Panel C shows representative images from the same experiment (scale =
10 µm). The same camera exposure time was used across all images. FCCP = Trifluoromethoxy
carbonylcyanide phenylhydrazone; OM = oligomycin A; AZ = sodium azide; BA = bongkrekic acid

Table 3.4.1 Summary statistics for the fixed cell ΔΨM assay

Data (fluorescence levels as a percentage of the fluorescence in the untreated control) are mean ±
standard deviation (SD) of three independent experiments. P values were calculated using
unpaired T-tests performed in Graphpad PRISM.
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To summarise, inhibitors of the FO and F1 parts of cV, oligomycin and azide, both led to the
depolarization of mitochondrial membrane potential in BSF T. congolense and T. brucei.
Generally, the measurement of drug-induced changes in ΔΨM in fixed cells lacked sensitivity,
evident from the large degree of variation between independent experiments. Unfortunately,
time did not permit for the assay to be developed further. Nevertheless, when these results are
considered alongside previous reports which have also shown oligomycin-induced loss of ΔΨM
in BSF T. congolense (Wilkes et al, 1997), the generation of ATP by cV seems unlikely in the
bloodstream form of this species. Generally, the pattern of results seen here reinforces a model
whereby any ATP arising from mitochondrial pathways in BSF T. congolense is more likely to
originate from SLPHOS (most likely through the ASCT/SCoAS cycle) rather than oxidative
phosphorylation.

3.4.2 Comparison of ATP production from pyruvate and other carbon
sources
Results in section 2.4 of the previous chapter suggest that in BSF T. congolense, but not T.
brucei, significant quantities of environmental or glycolytic pyruvate are taken up and converted
into acetate, which is released. Two mitochondrial enzymes are responsible for the production
of acetate from acetyl-CoA - ACH and ASCT, with the latter, but not the former, being implicated
in ATP production in conjunction with SCoAS (Millerioux et al, 2012). Recent transcriptomics
evidence has suggested that in BSF T. congolense, ASCT and SCoAS (but not ACH) are expressed
at higher levels relative to T. brucei (Steketee et al, 2021). Together with high levels of
expression of MPC2 and PDH subunits, it is therefore hypothesized that acetate production
from pyruvate (i.e. glucose-derived or environmental) is linked to significant levels of ATP
production. The extent of acetate produced from environmentally supplied pyruvate, occurring
even in 10-fold higher concentrations of glucose, suggest that the extent of this ATP production
could be considerable. The following experiments were therefore conducted to investigate the
capacity for pyruvate to be used as a sole carbon source.

3.4.2.1 Preliminary investigations of effect of buffer composition on
motility using pyruvate as a sole carbon source
The question of whether pyruvate can lead to ATP production was addressed by monitoring
cellular motility in a range of carbon sources. In these preliminary experiments, motility was
used as a proxy for ATP production since flagellar motility in trypanosomes depends upon ATPdependent dynein motor proteins (reviewed in Langoussis and Hill, 2014). Logarithmicallygrowing cells were harvested from culture medium (HMI-93), washed 3 times in PBS, then
resuspended in a range of glucose and serum-free buffers, including PBS (with or without 5 g/L
NaHCO3), and modified versions of the SCM-6 minimal medium. NaHCO3 was included in these
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experiments due to its inclusion in NMR buffer (e.g. experiments outlined in section 2.4 of the
current work, also Mazet et al, 2014, Creek et al, 2015, Besteiro et al, 2004). In NMR
experiments outlined in the previous chapter, it was observed that BSF T. congolense, when
washed away from glucose-rich media (e.g. HMI-93, TcBSF-1 or SCM-6) quickly lose motility
once resuspended in PBS / NaHCO3 (lacking glucose). This motility is not restored until at least 5
minutes after glucose is re-added. Therefore, viability in the various treatments was initially
judged by assessing the capacity for cells to recover motility (using light microscopy) after being
removed from culture medium and resuspended in buffers containing equal concentrations of
pyruvate or glucose.

Pyruvate utilisation in bloodstream form Trypanosoma congolense | 90
Table 3.4.2 Conditions required for use of pyruvate as sole carbon source

Overview of experimental conditions under which BSF T. congolense exhibit (‘Y’) or do not exhibit
(‘N’) motility using 1 mM pyruvate (‘P’) as a sole carbon source. No motility is observed in PBS,
regardless of the presence or absence of NaHCO3, pyruvate, or supplemented amino
acids.Glucose (first column) was provided at 1 mM.
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The results of these preliminary experiments are summarised in Table 3.4.2. When cells were
incubated in PBS, cells regained motility approximately 5 minutes after being supplied with 1
mM glucose. No motility was observed in cells provided with 1 mM pyruvate. This remained
unchanged regardless of whether NaHCO3 was provided. The experiment was repeated, but
using modifications of SCM-6 medium. The first variation (referred to as ‘mSCM-6’ in Table
3.4.2) by omitting serum, glucose, pyruvate and threonine from SCM6 (Table 5.2, Appendix A).
Surprisingly, when cells were resuspended in mSCM-6, the provision of pyruvate at 1 mM led to
significant motility, appearing from around 3 - 5 minutes. The degree of motility was not
observed to differ from that of cells provided with 1 mM glucose in the same medium. Cells
provided with no carbon source in m-SCM6 remained non-motile. Because mSCM-6 contains a
number of amino acids such as glutamine and proline that could conceivably assist with energy
generation, a further version of this media was prepared, lacking in any amino acids. This buffer,
‘SCM-1’, contains only essential salts, buffering agents and ions (Table 5.2, Appendix A). In this
buffer, the provision of 1 mM pyruvate led to significant motility after 5 minutes, regardless of
the presence or absence of amino acids. The degree of motility was again judged as being
equivalent to cells provided with 1 mM glucose. Again, cells provided with neither glucose nor
pyruvate did not regain motility. The same experiment was repeated again, using SCM-1
prepared without NaHCO3. No difference was observed, showing that this utilisation of pyruvate
was not affected by the presence or absence of NaHCO3. It was therefore concluded that SCM-1
(but not PBS) supports cellular energy generation from pyruvate alone, with the ATP generation
being significant enough to support a high degree of motility. The activities leading to this
pyruvate-derived energy generation readily occur in the absence of glucose, serum, amino
acids, or NaHCO3. The same experiments were also repeated with BSF T. brucei (data not
shown), which showed no motility when incubated with pyruvate alone (see next section),
regardless of the buffer used, signifying major differences between the two species in their
capacity to generate ATP in the absence of glucose.

3.4.2.2 Validation of motility using pyruvate as a sole carbon source
using a microscopic motility assay
To further validate these findings, BSF T. congolense and T. brucei were incubated in SCM-1
containing 1 mM glucose, 1 mM pyruvate, or no carbon source, and filmed after 1 hour using an
inverted brightfield microscope. Motility was assessed using IMARIS software, which uses an
inbuilt algorithm to track each individual cell (as described in Alfituri et al, 2018). Maximum cell
speed and displacement length are shown in Figure 3.4.2. After 1 hour, the T. congolense
displayed an equivalent swimming speed when incubated with pyruvate and glucose, with no
significant difference between either treatment (Figure 3.4.4; upper left panel). The average
displacement length of cells was significantly greater when cells were provided with pyruvate,
compared to glucose-alone and SCM-1 only treatments (Figure 3.4.4; upper right panel). In T.
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brucei, by contrast, significant motility was only observed in the presence of glucose (Figure
3.4.4; lower left and lower right panels). Examples of the source video data used for these
analysis are available here: https://figshare.com/s/be8473896e287f8f984a

Figure 3.4.4 Motility of T. congolense and T. brucei using pyruvate

Motility of T. congolense (red) and T. brucei (blue) incubated in SCM-1 supplemented with 1 mM
glucose, 1 mM pyruvate or no carbon source (SCM-1 only). Live cells were recorded viewed with a
Zeiss Axiovert 25 microscope fitted with a Hamamastu digital camera. Subsequent movie files (1
minute long, 8 frames/s) were then processed using IMARIS software, which uses an inbuilt
algorithm to track each individual cell. Trypanosome speed (the maximum value of each cell’s
speed on a given track) and displacement length (the distance between each cell’s first and last
position) were calculated for 90 cells over a total of 50 frames. Columns not sharing a letter (i.e.
’a’ or ‘b’) are significantly different at the level of p = <0.01, which was determined using a oneway ANOVA with post-hoc Bonferonni-corrected T-tests.

These results further confirmed that in the complete absence of glucose, serum and amino
acids the provision of pyruvate results in measurable cellular motility in T. congolense, but not
T. brucei. Given the significant uptake of pyruvate and conversion to acetate already observed
in BSF T. congolense by NMR (detailed in section 2.4 of the previous chapter), it is thereby
hypothesized that the capacity to generate energy without glucose results from the
mitochondrial production of acetate (mediated by PDH) with ATP production occurring at the
level of the ASCT/SCoAS cycle (Figure 1.3.2 and 1.3.3) This metabolic capability occurs readily in
SCM-1, but not phosphate-buffered saline, indicating that the involved metabolic activities are
strongly conditional upon buffering environment. SCM-1 can be regarded as more
physiologically-relevant culturing system for measuring such metabolic activities because unlike
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PBS, it contains the same buffering components, ion concentrations and osmolarity used in
various other trypanosome culture systems (e.g. HMI-based media).

3.4.2.3 Measurement of ATP using pyruvate as a sole carbon source
These findings were developed further, by measuring total cellular ATP produced under a
variety of different buffering conditions. A commercial bioluminescent ATP detection kit was
used to measure ATP in live cells (modified from Sykes & Avery, 1998). It was first ascertained
that ATP could be measured in whole cells, and that the quantity of ATP detected correlated
with the number of living cells present. BSF T. congolense were grown to mid-log phase in HMI93, counted and adjusted to a density of 107 cells/mL, before being serially double-diluted into a
96-well plate. ATP was measured immediately using the CellTiter-Glo assay (Figure 3.4.5). ATP
concentration correlated linearly (R2 = 0.999) with cell density in the range of 2.5x105 – 7.8x104
cells/well, corresponding with 398.58 ± 28.82 nM ATP per million cells (i.e. 39.58 ± 2.88 fmol per
cell; Figure 3.4.5 B & C). Therefore, for subsequent assays, 2x105 cells in 100 µL medium were
added to each well.
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Figure 3.4.5 Performance of CellTiter-Glo assay in measuring cellular ATP in live BSF T.
congolense.

Panel A shows the linear relationship between cells (plated in a range from 0 – 106 cells/well) and
detected levels of ATP. A subsection of these data is plotted in B (cell densities ranging from 0 –
2x105 cells/well), which showed a greater degree of linearity than ‘A’, as indicated by the higher
R2 value (inset), which informed experimental conditions for subsequent ATP experiments. Panel
C shows calibration of the assay by determining luminescence readings from a dilution series of
ATP dissolved in SCM-1 buffer.

ATP production from pyruvate and glucose was then compared in a selection of buffers. Cells
were incubated in PBS / NaHCO3 (i.e. the NMR buffer used in experiments outlined in the
previous chapter), mSCM-6 and SCM-1 with combinations of glucose, pyruvate and L-threonine
being supplemented at 4 mM (mirroring the concentrations used in NMR experiments
described in section 2.4), with or without 10 µM UK5099, a specific inhibitor of the
mitochondrial pyruvate carrier (Halestrap, 1976, 1978; Bricker et al, 2012). Whole cell ATP was
measured after 1 hour, using the CellTiter-Glo assay. The results of these experiments are
shown in Table 3.4.3. These preliminary data were generated in order to determine optimal
buffering conditions for further, more detailed experiments (described in the following section),
and were therefore not repeated more than once, hence no statistical analyses were
attempted.
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Table 3.4.3 ATP production in PBS, SCM-6 and SCM-1

ATP detected in whole BSF T. congolense cells when incubated with 4 mM glucose, with or without 4
mM pyruvate, 4 mM pyruvate alone or 4 mM L-threonine in either PBS/NaHCO3, SCM-1 or mSCM-6.
Also shown is the degree of inhibition of ATP upon incubation with 10 µM UK5099. Decreases or
increases in ATP (expressed as % change compared to untreated cells in each buffer) are shown in
blue and red respectively.
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Levels of ATP measured in cells provided with 4 mM glucose were 87.12 ± 1.65 nM
(PBS/NaHCO3), 110.91 ± 1.94 nM (SCM-1) and 145.04 ± 1.22 nM (mSCM-6). When glucose and
pyruvate were added in combination, ATP was detected at 79.87 ± 1.39, 68.97 ± 0.07 and
115.81 ± 4.43 nM in PBS/NaHCO3, SCM-1 and mSCM-6 respectively. Therefore, in SCM-1 and
mSCM-6 (and to a lesser extent, PBS/NaHCO3) the provision of glucose and pyruvate together
appears to result in a decrease in cellular ATP. As expected, PBS/NaHCO3 did not support ATP
production from pyruvate alone, corresponding with the lack of motility observed under these
conditions. By contrast, cells incubated with SCM-1 and SCM-6 supplemented with 4 mM
pyruvate produced 84.45 ± 3.71 and 107.87 ± 1.05 nM ATP respectively (approximately 76% and
74% of the equivalent glucose-alone values), demonstrating that BSF T. congolense is capable of
significant levels of ATP production in the absence of glucose. The provision of 4 mM threonine
also resulted in ATP production, with 17.32 ± 0.07, 29.83 ± 1.439 and 23.67 ± 2.13 nM ATP being
produced in PBS/NaHCO3, SCM-1 and mSCM-6, respectively (approximately 19.8%, 26.8% and
16% of the equivalent glucose-alone values). As a control for baseline ATP production in each
buffer, cells were also incubated without any carbon source. ATP produced under these
conditions was low; approximately 1-2% of ATP produced in the glucose-only treatment in
PBS/NaHCO3 and SCM-1. ATP was higher (~7% of ATP produced from glucose-alone) in mSCM-6,
demonstrating that that baseline survival in this buffer was greater than in SCM-1 and
PBS/NaHCO3.

The uptake and utilisation of pyruvate was probed in these experiments with the addition of
UK5099. UK5099 is widely acknowledged as a specific inhibitor of the mitochondrial pyruvate
carrier, inhibiting pyruvate translocation by irreversibly binding to a thiol group on the carrier
(Halestrap, 1976). Treatment with this inhibitor led to reductions of between 16 – 44% in overall
ATP when parasites were incubated in glucose-alone, or a combination of glucose and pyruvate,
with the extent of inhibition varying across the buffers (Table 3.4.3). This activity was far from
uniform, since UK5099 caused a moderate increase (9.95%) in ATP in cells provided with glucose
and pyruvate in SCM-1 (Table 3.4.3). When pyruvate was the only available carbon source,
UK5099 led to 90.1% and 81.5% reductions in ATP in SCM-1 and mSCM-6 media respectively.
The almost complete inhibition of ATP produced in the pyruvate-alone treatment, together with
the lack of inhibition when cells were incubated with threonine (a slight increase in ATP from
threonine-alone was observed in UK5099-treated cells in all buffers; Figure 3.4.8), suggest this
compound is highly specific as an inhibitor of mitochondrial pyruvate import.

3.4.2.4 The effect of PBS on ATP production from pyruvate
As part of these preliminary experiments, the apparent inhibitory effect of the PBS/NaHCO3
buffer on pyruvate-specific ATP production was investigated further. It was firstly hypothesized
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that the presence of phosphate in PBS might inhibit the reactions necessary for pyruvate
utilisation, for example through the formation of intracellular phosphates which can interfere
with enzyme regulation (Bovaird et al, 1982; Schmidt et al, 2016; Raineri et al, 2019). Phosphate
was added to SCM-1 using serial dilutions of NaH2PO4, or NaH2PO4 and KH2PO4, neither of which
inhibited ATP production from pyruvate even at the highest concentrations used (Figure 3.4.6 A
and B respectively). The removal of HEPES (an extracellular buffer) from SCM-1 also did not
affect the cells’ ability to utilise pyruvate for ATP production (Figure 3.4.6 C), ruling out pH
stabilisation as the limiting factor. Next, the presence or absence of ions was considered, since
Mg2+ and Ca2+ are known to be involved in the regulation of enzymes including the PDH complex
(Midgley et al, 1987) and are contained in SCM-1 but not PBS/NaHCO3. The removal of Mg2+ and
Ca2+ from SCM-1 resulted in decreased ATP in cells incubated with pyruvate, but an increase in
those provided with glucose (Figure 3.4.6 D). The decrease in ATP in cells supplemented with
pyruvate was accompanied by a loss of motility. However, the addition of these ions to
PBS/NaHCO3 did not permit the sole utilisation of pyruvate in this buffer (Figure 3.4.6 E).
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Figure 3.4.6 Effect of phosphate, Mg 2+ and Ca 2+ on ATP production from pyruvate
Experiments conducted as part of the optimisation of buffering conditions for measuring ATP production
from pyruvate. Panel A shows relative ATP produced by cells incubated with glucose or pyruvate in SCM-1,
prepared with a limiting dilution series of phosphate, up to a maximum concertation equivalent to the level
contained in Dulbecco’s PBS (1X PO4-). Panel B shows an experiment using only NaH2PO4-, with neither
experiment showing any inhibition in ATP. Panels C – D show relative ATP detected in cells incubated in SCM1 prepared with or without HEPES (A), or with or without Mg2+ and Ca2+ ions. Panel E shows the presence or
absence of divalent cations makes no difference to ATP production from glucose and pyruvate when cells are
incubated in PBS/NaHCO3. For all experiments, data shown are mean relative ATP with SD, calculated from 3
technical replicates per experiment.

Puzzlingly, NMR results from the previous chapter demonstrate that high levels of acetate are
produced from pyruvate (when provided alongside glucose) in PBS/NaHCO3. It could be that
acetate generation is able to proceed in a manner uncoupled to ATP production (e.g. through
ACH activity only). The biochemical properties of this buffer (e.g. ion concentration or
osmolarity) might for example interfere with enzymatic reactions involved in the ASCT/SCoAS
cycle. A reduction in mitochondrial ATP production may explain the lower capacity for ATP
production from glucose in PBS/NaHCO3 compared to SCM-1 and mSCM-6 (Table 3.4.3).
Ultimately, the exact factor(s) prohibiting ATP production in PBS/NaHCO3 could not be
identified here, but this topic certainly merits further investigation, especially given the
frequent use of PBS-based buffers in metabolic studies of trypanosomes (Besteiro et al, 2002;
Rivière et al, 2004; Mazet et al, 2013).
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3.4.2.5 The utilisation of glucose, pyruvate and malate for ATP
production
Based on the above experiments, SCM-1 was selected as the most appropriate buffer for
measuring ATP production in BSF T. congolense, due to its minimal composition and lack of
apparently inhibitory properties associated with PBS/NaHCO3. A further series of experiments
were then performed to assess ATP production from pyruvate, along with glucose, malate and
threonine. Malate was included as it has previously been suggested that in PCF T. congolense,
acetate is derived from glycosomally-produced malate, which could be converted to pyruvate
by cytosolic or mitochondrial isoforms of malic enzyme, thereby providing a substrate for PDH
(Obungu et al, 1999; Allmann et al, 2013). It is therefore hypothesized that in BSF T. congolense,
supplementation with malate alone, similar to pyruvate, would lead to ATP production through
mitochondrial substrate level phosphorylation. In these experiments, mitochondrial pyruvate
import and PDH activity were targeted using UK5099 and 6,8-Bis(benzylthio)octanoic acid
(hereby referred to as CPI-613) respectively. CPI-613 is a lipoate analogue, which inhibits PDH
through a range of mechanisms including lipoate-responsive phosphorylation (and thereby
inactivation) of the PDHe1α subunit (Zachar et al, 2011, Bingham & Zachar, 2012). The results of
these experiments are shown in Figure 3.4.7 and table 3.4.4.
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Table 3.4.4 Effect of UK5099 and CPI-613 on ATP production from glucose and its derivatives

Summary statistics table showing ATP measured in whole BSF T. congolense incubated with a variety
of carbon sources (all supplied at 4 mM) in SCM-1. G = glucose, P = pyruvate, M = malate, T = Lthreonine, N = SCM-1 only. Data are expressed as mean with SD calculated using data from three
independent experiments. Column 1 (‘% of G’) shows ATP produced from each carbon source as a
proportion of ATP produced using 4 mM glucose alone, with column 4 showing the P value calculated
using an unpaired student’s T-test. Percentage inhibition of ATP produced caused by 10 µM UK5099
and 10 µM CPI-613 are also shown, along with P values computed using unpaired T-tests. Differences
were considered statistically significant if p = <0.05. ns = non significant.
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Figure 3.4.7 ATP production from glucose, malate and threonine

Normalised ATP detected in cells indubated with glucose, pyruvate, malate or threonine with or
without UK5099 or CPI-613. Data shown are mean with SD of 3 independent experiments.

When incubated with glucose-alone, ATP levels were significantly inhibited by UK5099 (18.05 ±
3.28% inhibition, P = 0.00008; Table 3.4.4 Figure 3.4.7), suggesting that mitochondrial import of
pyruvate plays a significant role in the generation of cellular ATP. Incubation with the lipoate
analogue CPI-613 led to 64.6 ± 3.50% inhibition (P = 0.000001; Table 3.4.4), suggesting that this
ATP production in glucose-rich conditions is highly dependent on mitochondrial dehydrogenase
activity (most likely PDH). It should be noted here that the succinyl-CoA-forming alphaketoglutarate dehydrogenase complex (⍺-KGDH) can also be inhibited by CPI-613 (Stuart et al,
2014). In this case, however, it is assumed that PDH-mediated oxidation of pyruvate is the
primary target, as BSF T. congolense expresses α-KGDH at low levels (i.e. equivalent to, or lower
than BSF T. brucei; Steketee et al, 2021) and no upstream sources of αKG (e.g.
proline/glutamine) were provided in this experiment. As before, a combination of glucose and
pyruvate resulted in significantly lower levels of ATP (approximately 64% of the glucose-alone
treatment; Table 3.4.4, Figure 3.4.7), although in this case ATP levels were not significantly
affected by UK5099. The loss of UK5099-sensitivity when glucose and pyruvate are combined
(mirroring previous results shown in Table 2.4.3) are not easily explained. It is possible that
when mitochondrial import is blocked, excess pyruvate is re-routed to the glycosome to be
converted to PEP by PPDK, as this enzyme shows high levels of expression in BSF T. congolense
(Steketee et al, 2021). This could lead to the generation of glycosomal malate (through the
activities of PEPCK and MDH), which could enter the mitochondrion independently of
MPC1/MPC2 and be converted to pyruvate, resulting in the generation of acetate, with ATP
generation occurring through the ASCT/SCoAS cycle. This is supported by the fact that, despite
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the loss of sensitivity to UK5099, ATP production is still strongly inhibited by CPI-613 (57.31%
inhibition; Table 3.4.4, Figure 3.4.7).
As before, cells provided with pyruvate-alone produced high levels of ATP, not significantly
different to the glucose-alone treatment (Table 3.4.4, Figure 3.4.7). The production of ATP from
pyruvate-alone was 91.5 ± 2.9% sensitive to UK5099, and 88.3 ± 3.2% sensitive to CPI-613,
strongly suggesting that the ATP produced under these conditions is dependent upon the
mitochondrial uptake of pyruvate and its subsequent conversion to acetyl-CoA by PDH. The
specificity of both inhibitors is in this case evidenced by the lack of any discernible effect on ATP
produced in the threonine-alone treatment (~30% reduction in ATP was observed with CPI-613,
but this was highly variable and therefore not statistically significant). The nearly total inhibition
by both drugs when pyruvate is the sole substrate indicate that any compensatory mechanisms
(e.g. occurring in the glucose and pyruvate condition) are not possible when glucose is
completely absent, perhaps due to downregulation of key glucose catabolic enzymes that may
result from low substrate concentrations, and/or subsequent imbalance of glycosomal reducing
factors. A combination of pyruvate and malate relieved inhibition by UK5099, but not CPI-613
(Table 3.4.4, Figure 3.4.7). As hypothesized, significant quantities of ATP were also produced
when malate-alone was provided (accompanied with significant motility), with relative values of
66.25 ± 25.15 compared to 95.75 ± 6.04 in the glucose-only treatment. ATP production from
malate-alone was decreased by 40.3% and 70.1% upon incubation with UK5099 and CPI-613
respectively, suggesting that the involved activities are partially dependent on mitochondrial
pyruvate import, and highly dependent upon PDH activity. It is therefore possible that pyruvate
can be re-formed from malate by both cytosolic and mitochondrial malic enzyme isoforms in
BSF. T. congolense.
Lastly, a combination of glucose and threonine led to equivalent levels of ATP production to the
glucose-alone treatment (Figure 3.4.4), although this was consistently more UK5099-sensitive
(29.62% inhibition compared to 18.05% in the glucose-alone treatment). This trend is
complementary to NMR data presented in chapter 2, again suggesting that threonine may
indirectly boost the production of glucose-derived acetate. The increased UK5099-sensitivity
could be explained if, for example, PEPCK activity is upregulated in the presence of threonine, as
previously suggested in PCF. T. brucei (Millerioux et al, 2012).

3.4.3 Inducible knockdown of pyruvate dehydrogenase
The above experiments point toward a very high capacity for mitochondrial ATP generation
through the mitochondrial oxidation of pyruvate. NMR experiments outlined in chapter 2, in
combination with results summarised in section 2.4.2, suggest that this activity is the result of
acetate generation, mediated by the PDH complex. Therefore, unlike in BSF T. brucei, PDH is
hypothesized to be a critical component of glucose degradation, and therefore, survival, in BSF
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T. congolense, marking a major metabolic divergence between the two species. Although
acetate production is apparently essential in BSF T. brucei, the differences appear to be that in
BSF T. congolense, flux through PDH is much higher, and TDH may have much less relevance as
an alternative pathway. To explore the essentiality of PDH, and the consequences of its
repression, a tetracycline-inducible knockdown line was constructed, using RNA-interference
(RNAi) techniques recently developed in T. congolense. A schematic representation of the
reactions catalysed by the E1, E2 and E3 subunits of the PDH complex is given in Figure 3.4.8.

Figure 3.4.8 The reaction catalysed by pyruvate dehydrogenase

Summary of the sequential reactions involved in the oxidative decarboxylation of pyruvate by
subunits E1, E2 and E3 of the pyruvate dehydrogenase complex, resulting in the formation of
acetyl CoA, CO2 and NADH. The E1 subunit carries out the decarboxylation of pyruvate with the
cofactor thiamine pyrophosphate (TPP) carrying out a nucleophilic attack on the keto group of
pyruvate, forming an intermediate from which CO2 is cleaved (step I). This is followed by the
reductive acetylation of lipoyl groups tethered to the E2 subunit (step II). The E2 subunit then
catalyses the transfer of an acetyl moiety to CoA, forming acetyl CoA (step III). Finally, electrons
from the dihydrolipoyl moieties of E2 are transferred to FAD, and then NAD+ by the E3 subunit,
regenerating lipoamide.

The E2 subunit of the PDH complex catalyses the formation of acetyl CoA by transferring the
acyl moiety from acetyl-dihydrolipoamide to CoA (Patel et al, 2014; Figure 3.4.8, reaction II).
The PDHE2 subunit was chosen for this study (rather than the E1⍺ or E1β subunits), as its
repression by RNAi was previously characterised in BSF T. brucei (Mazet et al, 2013).
To construct the PDHE2 knockdown line, the ‘single marker’ BSF T. congolense IL3000 line was
used (Awuah-Mensah et al, 2021), so named after the BSF T. brucei single marker ‘2T1’ line
(Alsford & Horn, 2008). This cell line (generously provided by Bill Wickstead, University of
Nottingham) constitutively expresses the bacterial tetracycline repressor protein (TetR) and T7
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bacteriophage RNA polymerase (T7RNAP) from the tubulin locus in T. congolense, accomplished
by replacing the TUBB CDS with the single marker construct pTcoSM (Figure 3.4.9 A),
maintained under puromycin selection. To construct the PDHE2 RNAi line, TcoSM cells were
transfected with the p3T7-coV vector, which was modified to contain a fragment of T.
congolense PDHE2 gene (TcIL3000.A.H_2000400; dihydrolipoamide acetyltransferase; Figure
3.4.9 B). Cloning of a 576 bp fragment of T. congolense PDHE2 into p3T7-coV was confirmed by
PCR using fragment-specific primers (Figure 3.4.9 C). The resultant vector, p3T7-CoV-PDHE2,
was used to transfect TcoSM cells. The integration of p3T7-CoV-PDHE2 confirmed by PCR of
genomic DNA from puromycin/neomycin-resistant cells, using primers spanning the PDHE2
fragment to the NeoR gene, producing a ~2 kb amplicon (Figure 3.4.9 D). Three clones showing
stable growth in the HMI-93 medium amended with puromycin and neomycin were selected for
further study.

Figure 3.4.9 Construction of the T. congolense PDHE2 RNAi line

Schematic representations of the architecture and integration of RNAi constructs. Panel A shows
the insertion of T7 RNA polymerase (T7RNAP) and TetR coding regions at the beta-tubulin locus,
resulting in the TcoSM line, which constitutively expresses T7RNAP and TetR. TcoPFR1 and
TcoPFR2 are the intergenic regions between copies of the native T. congolense IL3000 PFR1 and
PFR2 arrays, respectively. PAC confers resistance to puromycin. Panel B shows the tetracycline
responsive RNAi construct, which integrates at the transcriptionally silent VSG-encoding
minichromosome locus of TcoSM. Panel C shows amplification of the 576 bp PDHE2 target
fragment from the 3T7-TcoV plasmid, used to confirm successful ligation of the target sequence
into the RNAi vector. Panel D shows confirmation of integration of the RNAi cassette in nine
independently raised neomycin-resistant clones (lanes 1 – 9; 10 and 11 [WT T. congolense gDNA
and linearised p3T7-CoV-PDHE2) are negative and positive controls, respectively] from genomic
DNA harvested approximately 2 weeks following transfection. For this PCR, a ~2 kb region was
amplified using primers spanning the target PDHE2 fragment into the NeoR region. Figures A and
B are reproduced from Awuah Mensah et al, 2021.
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To analyse the effect of PDH knockdown on in vitro growth in BSF T. congolense, clones 1 – 3
were grown in HMI-93 with or without 1 μg/mL tetracycline, for a period of 10 days. Cumulative
growth curves for each PDHE2 RNAi clone alongside the parental (TcoSM) cell line are shown in
Figure 3.4.10. In each clone, induction led to a sustained growth restriction, starting between 24
and 48 hours post-induction. The growth phenotype associated with PDH-knockdown was
sustained for the entirety of the experiment, suggesting little or no capacity for evasion of RNAi
over the 10-day period.

Figure 3.4.10 Effect of PDHE2 RNAi on in vitro growth

Cumulative growth of PDHE2 RNAi clones 1, 2 and 3, alongside the parental (TcoSM) cell line with
or without 1 µg/mL tetracycline, measured for a period of 10 days. Each data point is the mean of
two replicate counts performed for each cell line / condition at each timepoint.

Confirmation of knockdown efficiency was carried out using qPCR using primers targeted to a
region outside of the sequence used in the RNAi-vector. Normalised transcript levels of the
three clones at 24, 48 and 72 hours (calculated using the double-delta Ct method using
telomerase reverse transcriptase; TERT, as a control gene) are shown in Figure 3.4.11. Clones 1,
2 and 3 showed a strong degree of knockdown (between 50 – 70%) by 24 hours, which
increased to a maximum of 80 – 85% at 48 hours. In clones 1 and 2, but not clone 3, transcript
levels appeared to rise moderately by 72 hours. Overall, it was concluded that RNAi efficiency in
the three independently generated cell lines reached at least the level described for other BSF
T. congolense RNAi lines (Steketee et al, 2021, Awuah-Mensah et al, 2021).
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Figure 3.4.11 Validation of PDH knockdown by qPCR

Normalised PDHE2 transcript counts in PDHE2 RNAi clones 1 – 3 from 1 – 3 days post induction,
determined using qPCR. Normalised expression levels were calculated using the double-delta Ct
method with TERT being used as the control gene. qPCRs were conducted using 3 technical
replicates for each clone.

For further experiments, it was decided to induce cells for a maximum period of 48 hours, to
avoid complications caused by secondary effects, and because transcript levels did not decrease
further from this point onwards. When induced for periods longer than 3 days, cells became
difficult to cultivate (e.g. in the quantities required for metabolomics experiments), due to
slowed growth and an accumulation of cell debris, making cells difficult to enumerate
accurately using a haemocytometer. Clone 3 in particular, whilst showing a similar reduction in
transcript levels to clones 1 and 2 upon knockdown, showed extremely sporadic growth, and
was not amenable to growth at volumes larger than 10 mL. Anecdotally, it was also noticed that
this particular clone exhibited some degree of hypermotility (regardless of induction status and
passage number) when compared to clones 1 and 2 and WT cells. Unfortunately, the unreliable
growth of this clone prevented its inclusion in metabolomics and transcriptomics experiments
outlined in the following sections, meaning these phenotypic differences could not be explored
further.
To summarise, a PDHE2 RNAi line was successfully generated using techniques recently
optimised for BSF T. congolense. Based on the severe growth phenotype exhibited by three
independently-raised RNAi clones on induction, it is evident that PDH activity is essential for
normal growth in vitro. This marks a significant difference compared to BSF T. brucei, in which
repression of PDH results in only a mild or non-existent growth effect, so long as an alternate
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source of acetate production (i.e. L-threonine) is supplied in the growth medium (Mazet et al,
2013). Several unsuccessful attempts were made to transfer clones 1 – 3 to SCM-6 in order to
perform subtractive media experiments (for instance the omission of L-threonine, which would
be expected to result in an even stronger growth defect). However, RNAi clones typically
survived for only 1 – 2 passages in this medium. By contrast, the parental TcoSM line could be
stably propagated in SCM-6, therefore it was concluded that the PDHE2 RNAi clones in
particular appear to be poorly adapted to withstanding minimal culturing conditions.
Subsequently, for the experiments described in section 3.4.4 onwards, PDHE2 RNAi clones 1 – 3
together with the TcoSM cell line were cultured in the TcBSF-1 medium (Coustou et al, 2010).

3.4.4 Metabolomic analysis of PDH knockdown cell lines
3.4.4.1 NMR analysis of the effect of PDH knockdown on secreted
metabolites
An H-NMR analysis was performed to investigate the effect of PDHE2 RNAi on excreted acetate,
succinate and pyruvate. Two independent PDHE2 RNAi clones (clone 1 and clone 2) were grown
in TcBSF-1 in the presence or absence of tetracycline for 48 hours. Cells were then incubated in
NMR buffer using conditions outlined in chapter 2 (section 2.4.6), with 4 mM glucose, with or
without 4 mM threonine. Metabolite concentrations, determined using deuterated sodium
trimethylsilylpropanesulfonate (DSS-d6) as an internal standard, are presented in Table 3.4.5.
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Table 3.4.5 Effect of PDHE2 RNAi on excreted acetate, succinate and pyruvate

Overview of acetate, succinate and pyruvate (quantified by 1H-NMR; expressed as nmol/min/108
cells) secreted by PDHE2 RNAi clones 1 and 2 induced or non-induced for a period of 48 hours.
Cells were provided with 4 mM glucose (upper) or glucose with 4 mM L-threonine (lower) and
incubated for a period of 3 hours. Values for the relevant WT (TcoSM; grown for 48 hours without
tetracycline) are also shown. Data shown are mean with SD of two replicate flasks per individual
cell line. Fold-increases and decreases in a particular metabolite (+tet /-tet) are shown in red and
blue, respectively.
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Acetate derived from glucose was detected at significantly reduced levels in clones 1 and 2
(detected at 0.54 and 0.65-fold levels compared to non-induced cells, respectively) indicating
that RNAi-mediated repression of PDH after 48 hours was sufficient to significantly impair, but
not abolish, acetate production in both clones (Table 3.4.5. Figure 3.4.12). Glucose-derived
succinate was also affected, being secreted at significantly lower levels in both clones (0.63-fold;
clone 1, and 0.81-fold; clone 2), possibly reflecting a decrease in mitochondrial NADH required
for the conversion of fumarate to succinate by mFR. In both clones, decreases in acetate and
succinate were accompanied by significant increases in secreted pyruvate, which was detected
at 3.63-fold and 3.94-fold levels of uninduced cells in clones 1 and 2, respectively (Table 3.4.5).
In addition to pyruvate, alanine was also detected at elevated levels in both clones upon
induction (Figure 3.4.13). These results indicate that the majority of pyruvate which cannot
enter into acetyl-CoA production due to repression of PDH is excreted from the cell, with some
proportion being converted to alanine by AAT in the cytosol.
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Figure 3.4.12 Effect of PDHE2 RNAi and UK5099

Representative spectra showing alterations in secreted acetate, pyruvate and succinate in PDHE2
RNAi clones 1 and 2 (C1 and C2) incubated in the presence or absence of tetracycline for 48 hours
when incubated with 4 mM 13C glucose only (G) or 4 mM 13C glucose with 4 mM L-threonine (GT).
For comparison, spectra from a separate experiment where WT T. congolense were incubated
under similar conditions but treated with the mitochondrial pyruvate carrier inhibitor UK5099 are
shown in the lower left and right panels. Complete data from these experiments is shown in table
3.4.5 (PDHE2 RNAi) and 3.4.6 (UK5099).

When threonine was added alongside glucose at equal concentrations, minor increases (~1.2fold of uninduced cells; Table 3.4.5) were seen in threonine-derived acetate excreted by both
clones after PDH repression, suggesting some capacity for upregulation of TDH activity when
PDH is repressed. Although significant, the contribution of threonine to overall acetate
production was relatively minor, since the total amount of acetate excreted (derived from both
glucose and threonine) was still reduced by 30 – 35% in each clone. It is therefore evident that
any upregulation of TDH is not sufficient to compensate fully for the reduction in PDH activity,
even when threonine provided at levels 4-5-fold higher concentrations than commonly used in
standard media (4 mM compared to the 0.8 mM found in HMI-9). Similar to cells provided with
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glucose only, major increases in the pyruvate efflux were observed (3.72 and 3.67 – fold
increases in clones 1 and, respectively; Table 3.4.5). Acetate formed from glucose was
unchanged on the addition of threonine, but the efflux of glucose-derived pyruvate was
increased, which, alongside results in chapter 2, may indicate a stimulatory effect of threonine
on glycolysis. In clone 1, induced cells provided with threonine secreted succinate at
significantly lower levels, although the reduction was slightly less when compared to cells
provided with glucose only (0.82-fold reduction compared to 0.61-fold in the glucose-alone
treatment). Total succinate was not significantly reduced in clone 2 upon induction, perhaps an
indication that minor increases in the degradation of threonine are able to increase available
NADH for mFR-catalysed succinate production.

3.4.4.2 NMR comparison of effects of PDHE2 RNAi and UK5099
For comparison, a separate experiment was performed to determine the effect of inhibiting the
mitochondrial pyruvate carrier with UK5099 on excreted acetate, succinate and pyruvate. WT
BSF T. congolense IL3000 cells were incubated in 4 mM 13C glucose with or without 4 mM
threonine, in the presence or absence of 10 μM UK5099, and NMR samples were prepared and
analysed as for the previous experiment. A summary of results from this experiment is shown in
Table 3.4.5.
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Table 3.4.6 Effect of UK5099 on excreted acetate, succinate and pyruvate

Overview of acetate, succinate and pyruvate (quantified by 1H-NMR; expressed as nmol/min/108
cells) secreted by WT T. congolense incubated in the presence or absence of the UK5099. Cells
were provided with 4 mM 13C glucose (‘G’; upper) or 13C glucose with 4 mM L-threonine (‘GT’;
lower) and incubated for a period of 3 hours. Data shown are mean with SD of three replicate
flasks. Fold-increases and decreases in a particular metabolite (UK5099/no drug) are shown in red
and blue, respectively.
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When cells were incubated with glucose only, UK5099-treatment decreased glucose-derived
acetate by approximately 75% (Table 3.4.6). The large reduction in secreted glucose-derived
acetate in UK5099-treated cells again confirms that this drug is an effective inhibitor of
mitochondrial pyruvate import. As was the case for PDHE2 RNAi, glucose-derived pyruvate was
also excreted at 2.5 – 3.0-fold increased levels in UK5099-treated cells. Glucose-derived
succinate was also decreased by almost 2-fold (6.67 ± 0.24 nmol/min/108 cells compared to
13.18 ± 0.61 nmol/min/108 cells in untreated cells; P = <0.0001). Supplementing cells with 4 mM
threonine led to an approximately 2-fold increase in unlabelled acetate suggestive of a capacity
for upregulation of threonine degradation in response to a limitation in the supply of
mitochondrial pyruvate. However, despite the increase in threonine-derived acetate, overall
excreted acetate was still significantly reduced by approximately 57% in the presence of the
inhibitor. The addition of threonine also did not alleviate the reduction in glucose-derived
succinate, decreasing by approximately 30-35% in UK5099-treated cells. As for the PDHE2 RNAi
experiment, the amino acid alanine was detected at higher levels upon UK5099 treatment,
indicative of large-scale increases in alanine-aminotransferase activity in response to the
inhibitor (Figure 3.4.13). It appears therefore, that when the production of acetate is repressed
(whether through the mitochondrial import of pyruvate, or its oxidation), excess pyruvate is
disposed of through a combination of direct efflux and alanine formation.

Figure 3.4.13 Changes in alanine excretion following PDHE2 RNAi/UK5099 treatment

Representative 1H-NMR spectra showing increases in alanine (Ala) excreted by PDHE2 RNAi clones
1 and 2 (upper left and right) after 48 hours induction. For comparison, spectra from WT cells
incubated with the mitochondrial pyruvate carrier inhibitor are shown (lower panel), which also
undergo significant increases in excreted alanine.
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In summary, these data show that both UK5099 treatment and PDHE2 RNAi lead to a somewhat
similar metabolic profile, where the secretion of acetate and succinate are significantly limited,
occurring alongside increases in pyruvate efflux as well as alanine formation. A visual
comparison of spectra from both experiments is provided in Figures 3.4.12 and 3.4.13.
According to these data, some capacity for the upregulation of threonine uptake and
degradation exists when pyruvate oxidation is reduced by either repressing PDH activity (PDHE2
RNAi) or the import of pyruvate into the mitochondrion (UK5099). However, it does not seem as
though threonine-derived acetate production can be upregulated to a level which can
sufficiently compensate for the loss of glucose-derived acetate production in BSF T. congolense,
since the overall amount of acetate released is still significantly decreased, even when cells are
supplied with millimolar concentrations of threonine. The sustained growth retardation in
PDHE2 knockdown clones (Figure 3.4.10) suggests that repression of this enzyme complex is
more lethal than simply restricting mitochondrial pyruvate import, since lethality with UK5099 is
only reached using almost 10-fold higher concentrations than those necessary to abolish
acetate formation according to these NMR analyses (the EC50 for UK5099 was measured as 82.1
µM using the Alamar blue assay; Table 2.4.1). With the important caveat that the longer-term
stability of UK5099 in the growth medium was not determined, it may be possible for cells to
circumvent the blockage of mitochondrial pyruvate import, for example by re-generating
pyruvate within the mitochondrion from other glucose-derivatives whose import does not
depend on the MPC, such as malate and oxaloacetate.

3.4.4.3 Investigation of effect of PDH knockdown on the intracellular
metabolome using LC-MS
To determine the effects of PDH knockdown on the T. congolense intracellular metabolome, an
untargeted liquid chromatography mass spectrometry (LC-MS) metabolomics experiment was
performed. Similar to the NMR analysis in section 2.4.4.2, PDHE2 RNAi clones 1 and 2 and
parental cell lines were grown in the presence or absence of tetracycline and harvested at 48
hours post-induction for metabolomics analysis. Because a relatively large amount of material is
required for cell pellet metabolomics (1x108 cells in 5 µL per sample), several attempts were
made to grow PDH clones to sufficient densities (particularly the induced samples which show
slowed growth by 48 hours) before the experiment was actually performed. Since neither clone
grew optimally in SCM-6 medium, TcBSF-1 was used, supplemented with [U-13C] glucose, to
allow for an analysis of any effects of PDH knockdown on glucose incorporation. Harvesting 108
cells proved challenging, particularly in the RNAi clones, which showed slow growth resulting
from a combination of PDH knockdown and the larger volumes used in order to generate
enough material (WT BSF T. congolense typically shows a reduced growth rate when seeded in
volumes upwards of 30 mL; personal communication, P. Steketee). It was therefore agreed in
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consultation with Glasgow Polyomics that 5x107 cells per sample would be sufficient for
identification of the majority of core metabolites.
Two identical experiments were performed, (experiment 1; days 1 - 3, and experiment 2; days 2
- 4; Table 3.4.7). The experiments were arranged in this way due to the time-consuming nature
of detaching and counting/adjusting large volumes of BSF T. congolense culture; it was decided
that staggering the experiment in this way would help to prevent any lag in the cell-quenching /
metabolite extraction phase of the experiment, where brisk processing is necessary to maintain
equivalence between samples. Unfortunately, in the first of these two experiments, PDHE2
RNAi clone 1 showed a stronger growth reduction than anticipated upon induction, resulting in
a maximum cell yield of 2.5x107 cells/sample, compared to the 5x107 cells/pellet recovered
from all other samples (Table 3.4.7), which was considered during subsequent analyses. LC was
carried out using hydrophilic interaction liquid chromatography (HILIC), followed by MS analysis
using the Orbitrap Fusion platform, operated by Erin Manson at Glasgow Polyomics. Raw data
were then analysed by Pieter Steketee (who carried out XCMS processing in R) and myself, using
the IDEOM metabolomics package (Creek et al, 2014).
Table 3.4.7 Experimental setup for PDHE2 LCMS experiment

Overview of sample setup for PDHE2 LCMS experiment. ‘tet’ in the sample name indicates
that cells were incubated with 1µg/mL tetracycline for 48 hours.
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IDEOM identified a total of 680 putative metabolites across all samples. Total ion
chromatograms (TICs; for metabolites detected on positive and negative polarities) for all
samples are shown in Figure 3.4.14, which show that intensities for clone 1 induced in
experiment 1 are considerably lower than for other samples (C1_tet_1 and C1_tet_2; figure).
The most likely explanation for this is the low amount of cell material submitted. However, for
unknown reasons, low metabolite intensities were also detected in the pooled QC (quality
control; Figure 3.4.14), therefore these samples are currently being re-analysed by Glasgow
Polyomics.

Figure 3.4.14 Total ion chromatograms measured across all samples

Total ion chromatograms (TICs) showing summed metabolite intensities for negative (top) and
positive ions (bottom) across all samples. Samples C1_tet_1, C1_tet_2 and pooled QC samples are
unusually low (reasons not yet defined at the time of writing) and are therefore in the process of
being re-acquired by Glasgow Polyomics.

Metabolites with a solvent blank contribution of greater than 5% (calculated as a proportion of
the median intensity of each metabolite detected across experimental samples) were omitted
from downstream statistical analyses (98 in total). A list of omitted metabolites can be found in
Table 5.4, Appendix B. Metabolites putatively identified as cis-aconitate and adenosine were
returned to the dataset, but it should be noted that they were also detected in the extraction
solvent, with blank contributions of 12.7% and 16.6%, respectively. Also detected in the
extraction solvent were the detergents Triton X-100 and sodium dodecyl sulfate (blank
contributions of 125.5% and 52.6%, respectively), indicative of glassware contamination, which
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should be noted for future metabolomics experiments. Lastly, tetracycline hydrochloride,
detected only in induced samples, was removed prior to any statistical analyses.
Multivariate analyses
In order to find metabolites, or groups of metabolites, altered by PDHE2 knockdown, two data
analysis strategies (multivariate and univariate statistical analyses) were used. First, multivariate
analyses were performed, with the results summarised in Figure 3.4.15 A - D. To determine the
overall structure of the data, a principal component analysis (PCA) was performed. In the
resulting PCA plot (Figure 3.4.15, A), samples showed no particular clustering based on grouping
(i.e. PDH, PDH +tet or WT; overlapping confidence intervals shown in red, green and blue,
respectively). A weak separation on PCA2 was noted, with samples appearing to segregate on
the day of extraction, rather than cell line or experimental group.
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Figure 3.4.15 Multivariate analysis of LCMS data

A principal component analysis (PCA) plot is shown in panel A (PC1 vs. PC2). Panel B provides an
overview of PC 1 – PC5; PC4 vs. PC2, PC3 and PC5 are highlighted in red as some degree of group
separation was noted along these components. A 2D scores plot is shown for PC4 vs. PC5 in panel
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C, with loadings for this analysis shown in panel D. Panel E shows a PLS-DA plot generated for the
same data, with metabolites contributing most strongly to the model displayed in panel F. VIP
(Variable Importance in Projection) scores are an estimate of the importance of each variable in
the model, with VIP scores >1 being considered important in a given model

The day of extraction appears to have had a large effect on the resulting data, despite identical
media, serum and extraction buffer were used for both experiments, which was not anticipated
and should be noted for similar experiments conducted in the future. Clone 1-induced samples
from experiment 1 (C1_tet_1 and C1_tet_2) appear as outliers, presumably resulting from
technical issues experienced during sample preparation and/or analysis. For completeness,
these samples were included for multivariate analyses, but were removed for univariate
analyses (see next section for justification). Despite poor clustering on PC1 and PC2, an
examination of 5 principal components showed some clustering according to treatment group
on PC4 vs. PC2, PC3 and PC5 (Figure 3.4.15 B). A 2D scores plot is shown for PC4 vs. PC5 in
Figure 3.4.15 C, in which induced clones separate from PDH non-induced and WT samples on
PC4. The small amount of variation explained by PC4 (5.6%; shown on the X-axis, Figure 3.4.15
C) suggests that strong fluctuations in a relatively small group of metabolites are responsible for
driving the clustering observed in PDHE2 RNAi-induced cells. The loadings for this PCA plot are
shown in Figure 3.4.15 D. Highlighted are putatively-identified metabolites 6-thio-octanoate, a
precursor of lipoic acid, and derivatives of glycine (N-butyrylglycine, capryloylglycine) as well as
metabolites relating to nucleotide metabolism, such as GMP and UTP. γ-glutamyl-γaminobutyraldehyde, an intermediary metabolite of the putrescine degradation II pathway in T.
brucei, also appeared to contribute strongly to separation on PC4 (Figure 3.4.15 C - D).
Using the same data, a partial least squares – discriminant analysis (PLS-DA) was also performed
(Figure 3.4.15 E). PLS-DA is a supervised clustering analysis frequently used for metabolomics
datasets, where data dimensionality is reduced by searching for differences between groups,
rather than individual samples (Ruiz-Perez et al, 2020). When a PLS-DA analysis was applied to
the dataset, samples showed a strong separation based on grouping (rather than extraction
date) with PDHE2 RNAi-induced samples segregating away from PDHE2 RNAi non-induced and
WT samples, which clustered together (Figure 3.4.15 E). The exception were samples relating to
clone 1 from day 1 (labelled C1_tet_1 and C1_tet_2 in Figure 3.4.15 E), which, again, appeared
as outliers. The 30 metabolites with the highest VIP scores (Variable Importance in Projection
scores; i.e. metabolites contributing most strongly to the model) for this analysis are shown in
Figure 3.4.15 F, with several of these metabolites being shared by the PCA loadings plot shown
in Figure 3.4.15 C-D. Amongst these metabolites are 6-thio-octanoate, γ-glutamyl-γaminobutryaldehyde, and various derivatives of glycine, such as N-butyrylglycine, all of which
were over-represented in PDHE2 RNAi-induced samples compared to non-induced and WT cells
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(Figure 3.4.15 F; detailed information in Table 3.4.8). The observed increases in 6-thiooctanoate suggest that repression of PDH may affect the synthesis of lipoic acid, a major
component of the PDH complex (Figure 3.4.8; also see Spalding & Prigge, 2010, Stephens et al,
2007, Lee et al, 2007). PDHE2 RNAi-induced cells also showed an accumulation of metabolites
relating to the pentose phosphate pathway (PPP) such as deoxyribose, D-ribose-5-phosphate,
and octulose-8-phosphate, as well as increases in various metabolites relating to nucleotide
metabolism including AMP, GMP and uracil, suggesting that knockdown of PDH may result in
effects on PPP activity and the synthesis of nucleotides. As anticipated, metabolites relating to
glucose / pyruvate metabolism were also over-represented in PDHE2 RNAi-induced samples,
with increases in pyruvate, phosphoenolpyruvate and sn-glycerol-3-phosphate relative to noninduced and WT cells (Figure 3.4.15 F), with these effects presumably resulting from a reduced
ability to convert pyruvate to acetyl-CoA, leading to accumulation of intracellular pyruvate.
Increases in phosphoenolpyruvate may indicate a decrease in the conversion of
phosphoenolpyruvate to pyruvate by pyruvate kinase (PK), possible occurring through product
inhibition. PLS-DA analysis also identified relative increases in L-histidinal in PDHE2 RNAiinduced samples. L-Histidinal is an intermediary in the synthesis of L-histidine, and its increase is
less easily explained as a consequence of PDH repression.

Table 3.4.8 Validation of PLS-DA model

Validation of PLS-DA model. Q2 is an estimate of the predictive ability of the model and is
calculated via cross-validation (CV). The Q2 value is based on the evaluation of the error between
the predicted categorical variable ŷ and the known y. Good predictions will have a Q2 value closer
to 1 (and similar to the R2 value). It is possible to have negative Q2, which indicates that the model
is not at all predictive or is over-fitted (Szymańska, et al, 2012).
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Table 3.4.9 Information relating to putatively identified metabolites which contributed
strongly to the PLS-DA model.

RT = retention time. Pathways were assigned using the KEGG database (www.KEGG.jp).
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To summarise, a combination of PCA and PLS-DA analyses enabled the identification of a range
of metabolites altered upon PDH knockdown. Amongst these were 6-thio-octanoate, several
metabolites involved in glycolysis including pyruvate and phosphoenolpyruvate and a number
of metabolites relating to PPP and nucleotide metabolism. Direct interpretation of supervised
methods such as PLS-DA is not without risk (Henseler, 2018), since models can be over-fitted,
with random noise being used to force groups apart. In this particular analysis, the Q2 and R2
values for two components were 0.66 and 0.41, respectively (Table 3.4.8), indicating of
substantial level of predictive accuracy (Henseler et al, 2009, Symanska et al, 2012).
Therefore, provided certain caveats are considered, these analyses were a useful means of
identifying broad metabolic changes occurring in PDHE2 RNAi-induced cells. In combination
with NMR data from the previous section, these analyses suggest that clones 1 and 2 appear to
respond very similarly to knockdown, both exhibiting elevated levels various metabolites
including 6,8,-thio-octanoate, γ-glutamyl-γ-aminobutryaldehyde, various derivatives of glycine
(possibly arising from increased threonine oxidation), as well as PEP and pyruvate. Both clones
also showed an accumulation of PPP metabolites such as deoxyribose, D-ribose-5-phosphate,
and octulose-8-phosphate. Lastly, it should again be noted that a large degree of variation
occurred as a consequence of performing the experiment across two days. While improving the
manageability of the sample preparation / extraction part of the experiment, this approach
appears to have contributed considerably to sample variability and should therefore be avoided
for similar metabolomics experiments in the future.
Univariate analyses
To further validate findings generated using multivariate analyses, univariate statistical analyses
were also performed, using the same list of 584 metabolites identified using IDEOM. Since
multivariate analyses showed a tendency for samples to cluster based on day of extraction, and
problems were experienced in generating sufficient material for clone 1-induced samples in
experiment 1, only samples from the second experiment were used for these analyses (see
Table 3.4.7). To achieve an adequate sample size for robust statistical analysis, clone 1 (n = 2)
and clone 2 (n = 2) induced samples were combined into one group (‘PDHE2 RNAi +tet’; n = 4)
and were compared to equivalent non-induced cells from both clones (‘PDHE2 RNAi -tet’; n = 4)
or to the WT.
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Figure 3.4.16 Volcano plot of significantly changing metabolites upon PDHE2 knockdown

Metabolites significantly increased (red) or decreased (blue) upon induction of PDHE2 RNAi. 1 = 6thio-octanoate, 2 = diethyl sulfide, 3 = Methylumbelliferone glucorinidate (AMP?), 4 = Nbutyrylglycine, 5 = gamma-Glutamyl-gamma-aminobutyrlaldehyde, 6 = deoxyribose, 7 = LHistidinal, 8 = Uracil, 9 = AMP, 10 = pyruvate, 11 = phosphoenolpyruvate, 12 = 3-Butynoate, 13 =
O-Acetylcarnitine, 14 = ATP, 15 = L-Glutamate, 16 = UTP, 17 = D-alanyl-D-Alanine, 18 = OPropanoylcarnitine
.

Metabolites undergoing significant change upon knockdown were identified by carrying out
multiple T-tests using a fold-change threshold of 1.2, computed using the online analysis tool
Metaboanalyst (www.metaboanalyst.ca). A volcano plot with highlighted metabolites of
interest is shown in Figure 3.4.16. A list of significant hits, including both raw and FDR-adjusted
P values from these analyses, is shown in Table 3.4.10. The metabolites undergoing the most
significant change in PDHE2 RNA-induced cells were diethyl sulfide (C4H10S) and 6-thiooctanoate (C8H16O2S), with Log2 fold-change values of 2.6 and 2.9 compared to non-induced and
WT cells, respectively (adjusted P = 0.0049 and 0.001, respectively; Table 3.4.10). According to
IDEOM, diethyl sulfide co-elutes within the same basepeak as 6-thio-octanoate, therefore this
metabolite may represent a fragment of the latter. It should be noted that lipid species are not
detected optimally using the methodology used here (LC-MS with ZIC pHILIC columns), because
hydrophobic compounds can elute prior to resolution during chromatography. However, with
this caveat in place, it is highly possible that these two metabolites are related to lipoic acid,
given its particular relevance to the functioning of PDH complex (Patel et al, 2014).
The detection of lipoic acid precursor molecules suggests that in BSF T. congolense, this
molecule is synthesized, either using glucose-derived acetyl-CoA, or other media-derived
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sources (e.g. goat serum, which is rich in C:8 fatty acids, which can be utilised directly for lipoic
acid synthesis in other organisms; Hermes & Cronan, 2009). Furthermore, a metabolite
putatively identified as (S)-acetyldihydrolipoamide was increased in PDHE2 RNAi-induced
samples, approximately doubling in intensity compared to non-induced and WT cells, although
this difference was non-significant. A metabolite identified as 2’methoxythiamin pyrophosphate
(likely TPP; a cofactor of PDHe1α; Patel et al, 2014) was detected at increased levels in induced
cells, particularly when compared to the WT (Table 3.4.10). Increases in these metabolites are
perhaps suggestive of a regulatory response that could occur under high concentrations of
intracellular pyruvate and a decreased mitochondrial acetyl-CoA pool. Indeed, O-acetylcarnitine
(potentially the form in which acetyl-CoA is stored within the mitochondrion; Klein et al, 1982,
Gilbert & Klein, 1984) was significantly decreased in induced compared to non-induced cells
(Log2FC of -1.488, adjusted P = 0.0199). Depending on the source(s) of lipoic acid, the decrease
in mitochondrial acetyl CoA could be the singular consequence of a reduction in pyruvate
oxidation, and/or increased flux of acetyl CoA into lipoic acid synthesis. The regulation of PDHE2
biosynthesis in BSF T. congolense, including the source(s) of lipoic acid, is therefore a topic that
merits further, detailed investigation.
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Table 3.4.10 Metabolites significantly changing after PDHE2 knockdown

Putatively identified metabolites undergoing significant change in PDHE2 RNAi-induced clones
versus non-induced and WT. Columns titled ‘p-adj’ indicate FDR-corrected P values. Metabolic
pathways were assigned to metabolites using the KEGG database (www.KEGG.jp).
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Deoxyribose also underwent significant increases in PDHE2 RNAi-induced cells when compared
to non-induced and WT cells (Log2FC of 1.7, adjusted P = 0.019; Log2FC of 2.2, adjusted P =
0.019; Table 3.4.10). Significant increases in other pentose phosphate pathway intermediaries
were also detected, including D-Ribose 5-phosphate and octulose 8-phosphate, although these
changes were statistically significant (i.e. an FDR-corrected P value of <0.05) only when
compared with the WT (Table 3.4.10). Nevertheless, increases in these metabolites, especially
when viewed alongside other PPP-related metabolites identified using alternative multivariate
approaches (Table 3.4.9), suggest that increases in PPP activity occur as a result of RNAimediated repression of PDHE2. In T. brucei, PPP activity provides a major source of NADPH
(Cordeiro et al, 2009, Allman et al, 2013). However, significant changes were not found in NADP
or NADPH in response to PDHE2 knockdown. It is not clear in this instance whether the
observed increased PPP activity is required to replenish cellular NADPH (e.g. as a consequence
of increases in oxidative stress caused by metabolic disruption following knockdown), or is
simply a consequence of a build-up of glycolytic intermediates, since most glycolytic enzymes
(including PK, PGK and PEPCK) catalyse reversible reactions. Another source of NADPH,
characterised in T. brucei, is provided by the reversible conversion of malate to pyruvate by the
cytosolic malic enzyme (Allman et al, 2013). An accumulation of cytosolic pyruvate upon PDH
knockdown could theoretically result in the reverse, NADPH-consuming reaction, potentially
placing increased demand on the PPP for NADPH generation. No significant differences in
intracellular malate were detected in the current dataset, however this metabolite may be
further consumed by a range of pathways (Villafraz et al, 2021).
In addition to PPP metabolites, other metabolites changed significantly in PDHE2 RNAi-induced
cells. Reductions in several fatty acid species were detected in RNAi-induced versus noninduced cells, although these differences were not significant when induced cells were
compared to the WT (Table 3.4.10). As already mentioned, the analytical platform used here is
not ideal for detection of fatty acids, therefore further experiments are necessary to define the
importance of PDH to fatty acid synthesis in T. congolense, especially given the significance of
acetyl-CoA synthesis to FAS in BSF T. brucei (Mazet et al, 2013). Substantial increases in Lhistidinal occurred in RNAi-induced cells (Log2FC of 1.6 compared to non-induced, adjusted P =
0.019; Log2FC of 2.6 compared to WT, adjusted P = 0.019; Table 3.4.10). Increases in L-histidinal
were also detected by the PLS-DA analysis (Table 3.4.9), alongside uracil, also detected by
multivariate and univariate analyses (Log2FC of 1.539, adjusted P = 0.05; comparison 1; Table
3.4.10). The PLS-DA analysis also showed increases in AMP and GMP, which, together with
changes in uracil levels, could again reflect alterations in pentose phosphate pathway activity.
Alternatively, reductions in cellular ATP levels caused by PDHE2 knockdown could result in
increases in monophosphate nucleotides, and, although reductions in ATP were detected
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following PDHE2 knockdown in this experiment (Figure 3.4.18), they were not statistically
significant.
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Figure 3.4.17 Effects of PDHE2 knockdown on glucose metabolism in BSF T. congolense

Metabolites shown were measured using LCMS, apart from excreted metabolites (shown in hatched
box) which were quantified using 1H-NMR. Boxplots show mean of clones 1 (n = 2) and 2 (n = 2; n =
4 total) with minimum and maximum values. 1,3-BPGA = 1,3, bisphosphoglyceraldehyde, 3-PGA = 3phosphoglyceraldehyde, PEP = phosphoenolpyruvate. FAS, (fatty acid synthesis); LA (lipoic acid).
FAS and LA synthesis are shown with blue and red arrows, denoting potential decreases and
increases suggested by LCMS data

A separate experiment to specifically measure ATP was carried out, using PDHE2 RNAi clones 1,
2 and 3 (assayed using the Celltiter-Glo assay detailed in section 3.4.2) and is presented in
Figure 3.4.17. It should be noted that this experiment was conducted several weeks before the
LC-MS samples were prepared, when clone 3 was still in stable passage. The results of this
experiment (discussed here due to their relevance to this section) clearly show reductions in
cellular ATP in PDHE2-induced clones supplemented with glucose and/or pyruvate, but not
threonine. Clone 3, which unfortunately could not be reliably propagated and was therefore not
analysed by LC-MS, shows a different pattern, apparently generating more ATP from glucose
upon knockdown, perhaps representing some adaptation to PDHE2 repression, for instance by
increasing ATP generation through pyruvate kinase activity.

Figure 3.4.18 Cellular levels of ATP in PDHE2 RNAi clones

Relative decreases in cellular ATP in PDHE2 RNAi clones 1 – 3 in 48 hour induced cells (plotted as
percentage of non-induced). Data are mean with standard deviation of 3 independent repeats per
clone.

To summarise, a combination of univariate and multivariate analyses of LC-MS data identified
precursors of lipoic acid, pentose phosphate pathway intermediates and derivatives of glycine
in response to PDHE2 knockdown (see Figure 3.4.17 for summary of the key changes detected
and their predicted effects). The latter may be a result of increased threonine degradation in
PDHE2 RNAi-induced cells (see NMR data; section 2.4.4.1). Significant reductions in fatty acids
were detected in induced compared to non-induced cells, although as already discussed, certain
caveats must be acknowledged regarding the type of analytical platform used to reliably detect
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lipids. In particular, the synthesis of lipoic acid (a cofactor of PDH) in T. congolense, which has
not been explored in detail, demands further attention. The data shown here suggest that
lipoic acid synthesis may be under metabolic control, perhaps being stimulated under certain
conditions, for example high intracellular pyruvate and a reduction in the acetyl CoA pool. These
hypotheses should be tested in future using further, targeted experiments. The significant
increases in pentose phosphate pathway intermediaries occurring in PDH RNA-induced cells
cannot be easily explained without further experiments, but could be necessary to fulfil an
increased demand for NADPH. While LC-MS data did not detect significant differences in ATP
(unfortunately, ADP was not detected), direct measurement of cellular ATP levels revealed
reductions following induction as being a possible candidate for the growth repression seen in
PDHE2 RNAi-induced cells.
Changes in labelling from glucose following PDHE2 knockdown
To determine whether knockdown of PDHE2 had any effect on the incorporation of glucose into
downstream metabolites, a labelling analysis was performed using IDEOM. The algorithm used
by IDEOM determines the number of possible isoptomers a molecule can have (based on the
number of carbons), then calculates the mass difference between heavy and light isotopes (13C
and 12C in this case) in order to calculate relative isotope abundance (Creek et al, 2012). The
results given here therefore represent a relative (though not quantitative in absolute terms)
comparison of glucose incorporation between RNAi-induced and non-induced samples. A
labelling search was carried out across all putatively detected metabolites, with selected
metabolites of interest relating to carbohydrate, nucleotide and amino acid metabolism shown
in Figure 3.4.19. Metabolites undergoing significant change between induced and non-induced
samples but did not map to a specific pathway are also shown.
In general, no clear pattern emerged between induced and non-induced samples, with the same
list of 215 metabolites (from a total of 680) showing glucose-labelling. Metabolites involved in
carbohydrate metabolism (including glycolysis and the pentose phosphate pathway) were
investigated and are shown in Figure 3.4.19 A. Both induced PDHE2 RNAi clones showed
decreases in labelled glucose and glucose-6-phosphate as well as increases in
phosphoenolpyruvate (Figure 3.4.19 A). Whereas deoxyribose showed a similar labelling pattern
in both clones regardless of induction status, increases in glucose-labelled D-ribose 5-phosphate
occurred in clone 1, but not clone 2 (Figure 3.4.19 A). 3 and 8 carbon-labelling from glucose was
also detected in the sugar phosphate molecule octulose-8-phosphate (O8P), with a slight
reduction in 3-carbon labelling being noticed in induced compared to non-induced samples. The
absence of 5 carbon-labelling in O8P contrasts with another study which shows extensive 5
carbon-labelling from glucose in this metabolite, as well as other related metabolites as
nonulose 8-phosphate, not detected in the present study (Creek et al, 2015). Whether this
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signifies a species difference in sugar phosphate remodelling or is related to limitations of the
analytical platform used in the present study not clear based on the current data.
A selection of metabolites involved in nucleotide metabolism is also shown (Figure 3.4.19 B).
Both induced clones showed an increase in 5 carbon-labelled GDP and UMP when compared to
non-induced. In clone 1, but not clone 2, 5 carbon-labelled S-ribosyl-L-homocysteine was
observed upon induction. The fact that glucose-labelled D-ribose 5-phosphate was found to
increase in clone 1 but not clone 2 upon induction may signify that this particular clone shows a
stronger tendency for upregulation of PPP activity than clone 2, or merely exhibits a stronger
knockdown phenotype (although RNAi efficiency was similar in both clones when measured by
qPCR (see section 3.4.3).
Significantly changing metabolites mapping to pathways related to amino acid metabolism
revealed some differences between induced and non-induced cells. O-acetyl-carnitine appears
to undergo a reduction in glucose-labelling in induced cells (both clones; Figure 3.4.19 D), which
is consistent with a reduced contribution of glucose to the mitochondrial acetyl-CoA pool.
Interestingly, γ-glutamyl-γ-aminobutyraldehyde, which is significantly increased in RNAi-induced
cells, is uniquely 4 carbon-labelled in induced compared to non-induced cells, with the latter
showing 2 carbon-labelling only (Figure 3.4.19 D). The appearance of 4 carbon-labelling in cells
where PDHE2 is repressed may indicate the presence of an uncharacterised pathway(s) which
may participate in the disposal of excess pyruvate (or other glucose-derivatives). Finally, 4
carbon-labelling was detected in metabolite putatively identified as 6-thio-octanoate (Figure
3.4.19 D). Both clones showed an apparent reduction in glucose-labelling intensity in this
metabolite upon induction (Figure 3.4.19 D). Since this metabolite is significantly overrepresented in RNA-induced cells, a reduction in glucose-labelling may signify that C:8
containing molecules which might serve as precursors for lipoic acid may be salvaged from the
growth medium. Another 8-carbon metabolite putatively identified as DL-amino-octanoic acid
also underwent a reduction in glucose-labelling intensity in RNAi-induced, compared to noninduced cells (Figure 3.4.19 D).
To summarise, minor differences in the relative abundance of glucose-labelling distribution
were noticed in both clones after induction of PDHE2 RNAi, however no clear pattern was
found. Incorporation of glucose-derived carbon into PEP appeared to increase somewhat in
RNAi-induced cells, whilst unlabelled glucose 6-phosphate appeared to increase. Decreases in
glucose label abundance in O-acetyl-carnitine are consistent with a reduction in the acetyl-CoA
pool, which may be explained by the repression of PDH activity, and, possibly, a slight increase
in acetyl-CoA derived from L-threonine (as suggested by NMR data in section 3.4.4.1). Lastly, 6thio-octanoate, whilst increasing significantly in abundance, showed a reduction in glucoselabelling in both clones upon induction.
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Figure 3.4.19 Labelling of metabolites from U- 13 C-glucose in PDHE2 RNAi clones

Relative levels of glucose-enrichment in a selection of metabolites involved in carbohydrate (A) and
nucleotide (B) metabolism in PDHE2 RNAi induced vs. non-induced cells (left and right panels,
respectively). Panels C – D show glucose labelling patterns in metabolites significantly altered in
abundance between PDHE2 RNAi induced and non-induced cells. These metabolites are again
organised by KEGG pathway map; carbohydrate metabolism in (C), amino acid metabolism in (D),
and finally metabolites that did not map to a particular metabolic pathway are shown (E).

3.5 Discussion
3.5.1 The maintenance of ΔΨM in BSF T. congolense
Results from chapter 2 of this thesis highlighted the very high levels of acetate production
occurring in BSF T. congolense compared to BSF T. brucei, suggesting the possibility for
mitochondrial ATP production through the ASCT/SCoAS cycle. This would mark a major
difference between BSFs of the two species, with T. brucei producing almost all ATP in the
cytosol. A key question arising from this regards the role of complex V (cV) in BSF T. congolense
– does it serve to synthesise, or hydrolyse ATP? Currently, answering this question is not
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straightforward, since previous evidence for cristae in BSF T. congolense points toward oxidative
phosphorylation (Vickerman, 1969), while a later account found that chemical inhibition of cV
resulted in loss of ΔΨM, suggesting that, like BSF T. brucei, cV operates in reverse (Wilkes et al,
1997).
Drug sensitivity experiments outlined in the previous chapter show that BSF T. congolense is
particularly sensitive to oligomycin (Table 2.4.1). Oligomycin targets the membrane anchoring
Fo part of cV, inhibiting the flow of protons from or into the intermembrane space (Racker,
1963, 1964; Kagawa & Racker, 1966). In BSF T. brucei, the flow of protons through the Fo part
into the intermembrane space plays an essential role in maintaining ΔΨM, since protonpumping complexes III and IV are highly repressed in this lifecycle stage (Schnaufer et al, 2005,
Mitchelloti & Hajduk, 1987, Mayho et al, 2006, Priest & Hajduk, 1994). In PCF T. brucei,
inhibition of cV results in hyperpolarization, since protons pumped into the IMS by complexes III
and IV are not returned to the matrix, resulting in an increase in net negative charge (Gnipovà et
al, 2015).
Results in section 3.4.1 show that in T. congolense, inhibition of cV using oligomycin decreased
ΔΨM by 35 – 93% at concentrations of 10 – 100 µM. These results are in agreement with the
study by Wilkes et al, that found a dose-dependent decrease in ΔΨM following treatment with
oligomycin (Wilkes et al, 1997). Furthermore, treatment with Na azide (which inhibits the F1
part of cV) also decreased ΔΨM in both species, although the effect was only statistically
significant in T. congolense at the higher of the two concentrations used (1000 µM; Table 3.4.1).
Both T. congolense and T. brucei showed variable responses to treatment with bongkrekic acid
(BA). BA is an inhibitor of the AAC, which has previously shown to selectively decrease ΔΨM in
BSF T. brucei, presumably by impairing the import of ATP and thereby starving cV of its
substrate (Schnaufer et al, 2005). A overall tendency toward depolarization was seen in both
species, and although the effect was greater in T. brucei, in neither species did it reach statistical
significance (Table 3.4.1).
It has recently been suggested that in BSF T. brucei, ATP generated within the mitochondrial
matrix through the ASCT/SCoAS may be sufficient to supply cV with ATP (Mochizuki et al, 2020).
If this is indeed the case, reductions in ΔΨM following BA exposure might be the consequence
of the depletion of mitochondrial ADP (therefore limiting ATP production through SLPHOS),
rather than ATP. Indeed, repression of the AAC through RNAi in PCF T. brucei resulted in
dramatic reductions in cellular ATP; it was therefore argued that the AAC must be the only
carrier responsible for mitochondrial ADP import (Gnipovà et al, 2015). On the other hand, AAC
RNAi resulted in only partial (50%) reductions in mitochondrial ATP, suggesting that ATP can
enter the mitochondrion via an alternative, AAC-independent route. In reality, it may be the
case that BSF and PCF of both species possess some flexibility regarding the source of ATP for
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hydrolysis by cV; either being produced by SLPHOS, or imported from the cytosol, depending on
environmental and nutritional conditions. Under either scenario, an imbalance of mitochondrial
ADP/ATP will ultimately stall the activity of cV, thereby decreasing ΔΨM.
It is important to address the limitations of the flow cytometric assay described in section 3.4.1.
Generally, this method of measuring drug-induced changes in ΔΨM lacked sensitivity, evident
from the large degree of variation between independent experiments. Additionally, whilst
treatment with the protonophore FCCP did consistently reduce Mitotracker uptake, the result
was somewhat weaker than anticipated (60% and 80% reduction of fluorescence in T.
congolense and T. brucei, respectively; Table 3.4.1). Unfortunately, time did not permit for the
assay to be developed further, for instance by titrating inhibitor concentrations or measuring
ΔΨM at a wider range of timepoints. Furthermore, the potential for changes in ΔΨM arising
from cell death (e.g. caused by off-target effects) should also be acknowledged here. During
optimisation, Mitotracker-stained T. congolense treated with various inhibitory compounds
were observed using live epifluorescence microscopy, to verify that loss of ΔΨM was not simply
a result of cell death. Cells lacking ΔΨM were still actively motile (data not shown), suggesting
that depolarization of the mitochondrial membrane is not immediately lethal in T. congolense.
Unfortunately these cells were not observed for periods longer than 30 - 40 minutes (the time
frame used for flow cytometry experiments detailed in section 3.4.1), but incorporating
measurements of cell viability, for instance by measuring cellular ATP and/or motility will be
important for future experiments aimed at measuring changes in ΔΨM in vivo. Ultimately,
developing an in organello assay in T. congolense (e.g. using Safranin O in isolated mitochondria
or digitonin-permeabilised cells) will yield more precise information (Vercesi et al, 1991, 1992,
Huang et al, 2013). These data could also be strengthened with application of recentlydeveloped molecular methods in BSF T. congolense (Awuah-Mensah et al, 2021; Steketee et al,
2021). For example, the generation of a cV RNAi line in BSF T. congolense, (e.g. by targeting the
ɑ subunit of the F1-ATPase, as in Schnaufer et al, 2005) will be particularly helpful in this regard.
With the above caveats in place, results from section 3.4.1 suggest that, cV does play a role in
maintaining ΔΨM in BSF T. congolense. Sensitivity to direct inhibition of cV using oligomycin and
azide resulted in ΔΨM loss in both species. Loss of ΔΨM will impair various mitochondrial
functions, including the import of pyruvate, which enters the mitochondrion through proton
symport (Vanderheyden et al, 2000, Nolan & Voorheis, 2000). This could explain the increased
sensitivity profile of T. congolense to this drug relative to BSF T. brucei, reflected by a lower EC50
determined using the Alamar blue assay (Table 2.4.1 of chapter 2). Based on these and other
results (Wilkes et al, 1997) it is likely that mitochondrial ATP production occurring in BSF T.
congolense, therefore, originates from substrate level phosphorylation (e.g. using pyruvate as a
substrate) through the ASCT/SCoAS cycle, rather than oxidative phosphorylation.
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3.5.2 The production of ATP using pyruvate as a sole carbon source
Results from ATP production experiments outlined in section 3.4.2 demonstrate that BSF T.
congolense shows a great degree of flexibility in the pathways used for ATP production. Unlike
BSF T. brucei, large quantities of cellular ATP, of a scale sufficient to fuel cellular motility, can be
produced when glucose is totally absent, from the glucose-derivatives pyruvate and malate.
This is in stark contrast to BSF T. brucei, which die rapidly when starved of glucose, and cannot
be revived when pyruvate and malate are supplemented (see supplementary video material:
https://figshare.com/s/222d2e54cf8b28b1eb3b).
Interestingly, the ability of T. congolense to use pyruvate as a sole carbon source was entirely
dependent upon buffer composition – being totally absent in buffers containing PBS.
Unexpected difficulties in inducing pyruvate-stimulated ATP production in PCF T. brucei have
also been reported by others, where it was found that a combination of pyruvate and succinate,
but not pyruvate alone, resulted in ATP production (Bochud-Allemann & Schneider, 2002).
Some experiments were conducted in the present study in an attempt to elucidate the reasons
for this. First, the presence or absence of Mg2+ and Ca2+ was first investigated (these ions being
present in SCM-1, but not PBS; Table 3.5.1), due to their role in the regulatory
phosphorylation/dephosphorylation of PDH (Taylor & Halperin, 1973; Rutter et al, 1989).
Mitochondrial Ca2+ transport via the mitochondrial calcium uniporter (MCU) has been
confirmed in T. cruzi and T. brucei (Docampo & Vercesi, 1989, Vercesi et al, 1992), and in T. cruzi
it was demonstrated that Ca2+-stimulated pyruvate dehydrogenase phosphatase activity was
essential for normal growth and energy metabolism (Lander et al, 2018). However, neither the
addition of Ca2+ to PBS, or its omission from SCM-1 led to differences in ATP production in T.
congolense (at least in the short-term experiments carried out in section 3.4.2). The potential
for inhibitory effects caused by phosphate in PBS was next investigated. The presence of
phosphate (in the form of NaH2PO4) in buffer used to incubate bovine spermatocytes led to
reductions in O2 consumption and motility, and phosphate has also been found to inhibit
mitochondrial metabolism through the formation of calcium phosphate granules (Salisbury &
Nakabayashi, 1957; Malyala et al, 2019). However, concentrations of phosphate up to 5000
mg/L did not have any inhibitory effect of the ability of T. congolense to utilise pyruvate in SCM1.
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Table 3.5.1 Formulations of SCM-1 and PBS used in this study

The inhibitory effect of PBS on pyruvate utilisation seen in this study, therefore remains
mysterious. One factor which was not experimentally tested was the osmotic strength of both
buffers. Compared to SCM-1, PBS has a considerably higher osmolarity (310 mOsmol-1
compared to 266 mOsmol-1 in SCM-1). The effects of osmotic stress on metabolism in
trypanosomatids have been documented previously (Walsh & Blum, 1992; Docampo et al,
2011). However, this does not explain why the ability of T. congolense to utilise pyruvate was
selectively affected by PBS, with motility and ATP generation remaining intact in the presence of
glucose. A clue may be provided by another study, which found that buffers containing higher
chloride concentrations inhibited the adenine nucleotide translocase (AAC) as well as solute
carriers including the ɑ-KG/malate exchanger (Wollenmann et al, 2017). This is backed up by
other studies showing that chloride inhibits the AAC by preventing adenine nucleotides from
reaching their binding sites (Gropp et al, 1999; Krammer et al, 1999). Inhibition of the AAC,
and/or the exchange of solutes including malate, may well provide a more specific explanation
for the diminished ability to utilise pyruvate for ATP production in PBS, which contains higher
levels of chloride than SCM-1. Ultimately, the reasons for the dramatic differences noticed
between these two buffers cannot be elucidated without considerable further experimental
work. The capacity for certain buffer formulations to stimulate or repress metabolic pathways
is, as discussed above, fairly well-documented in other organisms. This underlies the need to
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carefully select an appropriate incubation medium for further metabolic studies in T.
congolense (and other trypanosome species).
ATP production with pyruvate as a sole carbon source was almost completely abolished by 10
µM UK5099 (~80-90% inhibition; Table 3.4.3). UK5099 is an alpha-cinnamate compound which
inhibits the mitochondrial pyruvate carrier, and also exerts effects on plasma membrane
monocarboxylate transporters (Halestrap, 1975, 1976). It is therefore difficult to conclude based
on results from section 3.4.2 whether the inhibitory effect of UK5099 in T. congolense is
occurring at the plasma membrane or mitochondrial inner membrane, or both. Three studies in
particular have examined the effects of this inhibitor on pyruvate transport in trypanosomes. In
the first of these studies, it was concluded that UK5099 must act on the plasma membrane
level, because treatment with the inhibitor led to reduced pyruvate uptake (Ki = 49 µM),
pyruvate efflux from preloaded cells was inhibited, and because intracellular pH dropped in the
presence of UK5099 (Wiemer et al, 1995). In a separate study, 10 µM and 250 µM UK5099
repressed the uptake of pyruvate in yeast expressing the T. brucei monocarboxylate transporter
TbPT0 by 40% and 90%, respectively, providing a further clue that UK5099 interferes with
pyruvate transport at the plasma membrane level (Sanchez, 2013). Evidence for an effect on the
mitochondrial pyruvate carrier was provided in the study by Ŝtávková et al, in which roughly
50% inhibition of pyruvate uptake into wild type PCF T. brucei mitochondrial isolates was
reported using 200 µM UK5099 (Ŝtávková et al, 2015).
It should however be mentioned that the concentrations of UK5099 required to achieve
inhibition of pyruvate import in the above-mentioned studies were generally higher than those
used in the current thesis (10 µM). For example, in the study by Wiemer et al, 1 mM UK5099
was required to achieve the maximum reported uptake of pyruvate (around 80% uptake
inhibited), and, although a moderate decrease in cellular pH was recorded with 50 µM UK5099,
intracellular pyruvate was actually decreased relative to the control at this concentration
(Wiemer et al, 1995). By contrast, the almost complete reduction in ATP observed in T.
congolense when pyruvate was the only carbon source (80 – 90% inhibition of cellular ATP using
10 µM UK5099; Table 3.4.3) cannot be easily explained if UK5099 were exerting a partial
blockage of pyruvate import at the plasma membrane level. It seems more likely that the
inhibitor is exerting a specific effect on the specific mitochondrial pyruvate carrier protein
(MPC1/MPC2), which may be augmented by additional activity at the plasma membrane level.
This would be in line with other studies, which have reported that in other organisms, the
compound acts specifically on the MPC at low micromolar concentrations (Divakaruni et al,
2013, 2017, Veliova et al, 2020).
Surprisingly, no orthologue has been found for TbMPC1 (Tb927.9.3780) in the T. congolense
genome (Steketee et al, 2021), which is itself confusing, since it has been established that in
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both T. brucei and T. cruzi, both MPC1 and MPC2 are mandatory for the uptake of pyruvate into
mitochondria (Ŝtávková et al, 2015, Negreiros et al, 2020). This raises the question of whether
the MPC complex is even operational in T. congolense, or perhaps exhibits major structural
differences to T. brucei. For example, one study has reported that MPC2, when in its native lipid
environment can serve as an autonomous pyruvate carrier by forming homo-oligomers
(Nagampalli et al, 2022). However, if this were the case in T. congolense, the high degree of
sensitivity to UK5099 would still be difficult to explain, since MPC1, but not MPC2 has been
shown to be the true target of cinnamate compounds such as UK5099 (Bricker et al, 2012, Colca
et al, 2013). Perhaps a more likely scenario is that the lack of MPC1 represents a genome
misannotation. Solving this apparent discrepancy will be of key importance going forward.
It is unclear at this point the extent to which BSF T. congolense use mitochondrial versus
cytosolic routes of ATP production (with the latter occurring through the activity of pyruvate
kinase; PK) in glucose-rich conditions. 10 µM UK5099 significantly inhibited cellular ATP when
glucose was the only carbon source, although the extent of inhibition was less than predicted
(around 17%). Alone, this finding suggests that mitochondrial pyruvate import, while
contributing to ATP production, is dispensable, so long as PK can compensate to generate
cellular ATP. However, UK5099 targets the import of pyruvate rather than its oxidation within
the mitochondrion, and pyruvate may be synthesized within the mitochondrion via
mitochondrial malic enzyme (Aranda et al, 2006, Leroux et al, 2011). For reasons outlined
above, another inhibitor, CPI-613, was included in these studies, in order to provide direct
inhibition of PDH. CPI-613 is a lipoic acid analogue which has been investigated as an anticancer agent (Zachar et al, 2011; Stuart et al, 2014). This compound inhibits PDH by imitating
lipoate catalytic intermediates which activate regulatory pyruvate dehydrogenase kinases
(PDKs) that inhibit the PDH E1ɑ subunit by phosphorylation (Roche et al, 2001, 2003). Although
CPI-613 has not been tested in trypanosomes to date, regulation of PDH through regulatory
kinase and phosphatase enzymes was found to be essential in T. brucei and T. cruzi, and
evidence suggests that T. cruzi is susceptible to treatment with other lipoate analogues (Lander
et al, 2018, Vacchia et al, 2018).
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Figure 3.5.1 Structure of lipoate analogue CPI-613

The structure of CPI-613, shown alongside biogenic forms of lipoate in PDH. Figure
reproduced from Zachar et al, 2011

Incubation of BSF T. congolense with 10 µM CPI-613 resulted in a pattern suggestive of the
specific inhibition of PDH, since ATP production from pyruvate-alone was decreased by 83% in
the presence of the inhibitor, while ATP when L-threonine was supplied as the sole carbon
source was not significantly affected. The complementary effects of CPI-613 and UK5099 on ATP
production from pyruvate-alone, therefore, provides further evidence that the necessary
pathways are mitochondrial in origin. Inhibition of ATP when glucose was the sole carbon
source was higher with CPI-613 compared UK5099 (62% compared to 17%). A potential
explanation for this is that glycolytic intermediates (e.g. malate or oxaloacetate) might enter the
mitochondrion, bypassing the MPC, allowing the conversion of malate to pyruvate (i.e. by
mitochondrial malic enzyme; mME), thereby providing the substrate for PDH. The entry of
malate into the mitochondrion would not be affected by UK5099, since malate enters the
mitochondrion through antiport with aspartate or ɑ-KG (Colasante et al, 2018, Borst, 2020).
Indeed, incubation of BSF T. congolense with malate led to high levels of ATP production
(around 70% of the ATP generated from glucose-alone; Figure 3.4.7). This ATP production was
inhibited partially by both CPI-613 and UK5099 (49% and 30%, respectively), suggesting that BSF
T. congolense can indeed reform pyruvate from malate. It is impossible based on these findings
to ascertain the extent to which cytosolic and mitochondrial ME isoforms are involved in this
conversion. However, the weaker effect of UK5099 compared to CPI-613 (70% of ATP
production from malate was insensitive to UK5099) is suggestive of significant mME activity,
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because the entry of pyruvate formed by cME would in theory be blocked by UK5099. These
findings are consistent with the metabolic scheme for glucose catabolism in PCF T. congolense
laid out by Obungu et al, where malic enzyme activity was high, while measured activity of PK
was low. This would differ from the scheme presented for BSF T. brucei, in which the small
amount of pyruvate entering the mitochondrion originates directly from PK activity (Mazet et al,
2013).

Figure 3.5.2 Possible sources of pyruvate for PDH

Possible sources of mitochondrial pyruvate are numbered 1 – 4, points of inhibition by
UK5099 and CPI-613 shown in red. 1, direct uptake from media; 2, pyruvate is produced by
cME in the cytosol; 3, pyruvate is produced by PK in the cytosol; 4, pyruvate is produced by
mME in the mitochondrion. PEP = phosphoenolpyruvate, cME = cytosolic malic enzyme, mME
= mitochondrial malic enzyme

In T. congolense, the pyruvate serving as a substrate for PDH may therefore be generated by a
number of routes. A summary of these (based on data from ATP experiments outlined in section
3.4.2) is shown in Figure 3.5.2, with possible entry points for pyruvate into the PDH complex
being numbered 1 - 4. In scenario 1, pyruvate is taken up directly from the environment and
enters the mitochondrion via MPC. In 2 and 3, pyruvate is formed in the cytosol, from PK and
cME, respectively, entering the mitochondrion via MPC1/2. In scenario 4, malate (generated
glycosomally or imported from the extracellular environment) enters the mitochondrion, where
it is converted to pyruvate via mME. Whereas routes 1 – 3 can be inhibited by blocking
mitochondrial pyruvate uptake (e.g. using UK5099), scenario 4 represents an MPC-independent
route. A fifth possibility (not depicted) is the entry of extracellular pyruvate into glycosomes,
where it can be converted to malate via PPDK and MDH. Although this in theory represents a
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UK5099-insensitive route, it can be assumed that this does not occur when glucose is absent,
since ATP is almost completely abolished by UK5099 when pyruvate is the sole carbon source.
This strategy may be utilised in the presence of glucose though, since cells incubated with a
combination of glucose and pyruvate consistently showed resistance to UK5099 treatment
(Table 3.4.3, Figure 3.4.7). In reality, it is likely that these pathways may be used in a flexible
manner, being governed by environmental and nutritional conditions. For example, under
conditions of oxidative stress, increased NADPH demand might favour the conversion of
glucose-derived malate to pyruvate by cME (strategy 2 in Figure 3.5.1). Based on the
considerable level of ATP produced from malate, it is probable that BSF T. congolense displays a
similar degree of metabolic flexibility as previously proposed for PCF T. brucei, in which flux
distribution between acetate and succinate branches is mediated by the extent of malic enzyme
activity (Gholzane et al, 2012, Allmann et al, 2013). It is also therefore likely that expression of
cytosolic and mitochondrial malic enzymes is essential for BSF T. congolense, as is the case for
PCF T. brucei (Coustou et al, 2008, Allmann et al, 2013), which makes this enzyme an interesting
candidate for further RNAi studies.
In a broader sense, the availability of glucose and other carbon sources within the host
environment is also likely to contribute to the metabolic flux distributions discussed above. It
was recently reported that glucose intermediates including pyruvate, malate, ɑ-KG and
succinate are taken up and ‘recycled’ by PCF T. brucei under low glucose conditions (Villifraz et
al, 2021). Utilisation of glucose intermediates may become important in the biochemicallychallenging environment of the tsetse host. There are certain similarities between those
findings and the results outlined in this thesis, although several distinctions can be made. Firstly,
only pyruvate, malate and, to a lesser extent, threonine led to significant levels of ATP
production in BSF T. congolense. During preliminary experiments, succinate and proline were
also tested, but cells incubated with these carbon sources did not exhibit any motility and
ultimately remained non-viable under the conditions (data not shown). In the case of proline,
this is not surprising, because this amino acid is not expected to be of any relevance to the
energy metabolism of bloodstream form trypanosomes. Secondly, in contrast to the study by
Villifraz et al, in which evidence was provided for the existence of a complete TCA cycle in PCF T.
brucei, there is no current evidence that such pathways are operational in BSF T. congolense, in
which the utilisation of malate and pyruvate seem to revolve around canonical glycolytic
pathways. Thirdly, although it is conceivable that the exploitation of glucose intermediates such
as malate and succinate may become important for PCF within the context of the tsetse vector,
there is no immediate relevance of these carbon sources within the host bloodstream, where a
continued supply of glucose is available. The uptake of malate in BSF T. congolense therefore,
while possible under experimental conditions, may well be of limited biological relevance, and

Pyruvate utilisation in bloodstream form Trypanosoma congolense | 146

perhaps can be thought of as a metabolic ‘short circuit’. On the other hand, it is likely that high
concentrations of pyruvate will be encountered during co-infection with T. brucei. Serum
pyruvate concentrations were also found to decline in sheep infected with T. congolense (Neils
et al, 2007), perhaps an indication that this carbon source is actively exploited in vivo, especially
as in ruminants, pyruvate concentrations are variable (Foroutan et al, 2020, Hart et al, 2018).
Furthermore, results from chapter 2 demonstrated that pyruvate was readily taken up and
converted to acetate even when glucose was supplied at 10-fold higher concentrations (10 mM
glucose vs. 1 mM pyruvate; Figure 2.4.6).
The results discussed above are hypothesized based on results from relatively simple assay
designed to measure cellular ATP production across a range of carbon sources. In no way can
these results be used to unambiguously confirm the presence or absence of specific metabolic
pathways in T. congolense. It will be necessary going forward use assays such as this to
complement a combination of molecular and metabolomic approaches, as has been done so
effectively for T. brucei (e.g. see review by Bringaud et al, 2015). In the meantime, certain
limitations are worth considering in relation to the ATP data outlined in section 3.4.2. Firstly, the
assay detects total cellular ATP, making it impossible to precisely determine the exact site of
ATP production. An alternative would be to measure ATP production in mitochondrial
preparations, using methods previously described in T. brucei (Bochud-Allemann & Schneider,
2002). Secondly, the assay lacks a measurement of viability across different treatments,
meaning it is difficult to distinguish between reductions in ATP resulting from specific inhibition
(e.g. of PDH) or death following a combination of stressors which may include off-target effects
and the generation of ROS. This could be addressed by building an additional marker of viability
into the assay, for example by measuring propidium iodide uptake before and after drug
treatment.
A third consideration is the validation that the intended drug target is being inhibited.
Interpretation of the effects of UK5099, in particular, is challenging due the lack of certainty
regarding its primary site of action (i.e. the plasma membrane, mitochondrial inner membrane,
or both). CPI-613, while the subject of numerous studies in mammalian cells, has not been
tested in trypanosomes, therefore its specificity as an inhibitor of PDH in trypanosomes has not
been confirmed. Being a lipoate analogue, this compound also inhibits α-KGDH (Stuart et al,
2014). ⍺-KGDH activity was found to be high in PCF T. congolense cell lysates (Obungu et al,
1999), creating the possibility that CPI-613-sensitive ATP production from pyruvate-alone
results at least in part from the ⍺-KGDH -catalysed conversion of αKG to succinyl-CoA. This
pathway is active in both PCF and stumpy form T. brucei, which can readily exploit αKG as an
energy source (Villifraz et al, 2021, Dewar et al, 2018). Unfortunately, time did not permit for
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this carbon source to be tested with BSF T. congolense, therefore, participation of ⍺-KGDH in
the generation of ATP from pyruvate for the time-being cannot be ruled out.

3.5.3 Inducible knockdown of PDH
The propensity for acetate to be formed at such high levels in BSF T. congolense suggests that
the oxidation of pyruvate through PDH must be highly essential, especially if this process makes
a significant contribution to cellular ATP. Therefore, an RNAi line was generated, in which the E2
component of PDH (dihydrolipoamide acetyltransferase; TcIL3000.A.H_000020400.1_1) was
targeted for inducible knockdown using the recently developed p3T7-TCoV RNAi vector. As
predicted, knockdown of PDHE2 in BSF T. congolense resulted in severely limited growth, with
growth effects appearing between 24 – 48 hours. Three independently-raised RNAi clones were
generated, with efficacy of knockdown (measured using qPCR) reaching a maximum of 75 – 80%
two days following induction. This level of knockdown was greater than anticipated based on
initial reports, although reductions in transcript level with using system have so far been quite
variable, ranging from 50 – 70% (Awuah-Mensah et al, 2021, Steketee et al, 2021).
The sustained growth defect upon PDHE2 knockdown shows that oxidation of pyruvate is
essential for BSF T. congolense. In PCF T. brucei, knockdown of the E1ɑ subunit of PDH resulted
in only a moderate growth phenotype when cells were grown in glucose-rich media (SDM-79),
even though in organello assays showed that SLPHOS through the ASCT cycle in PDHE1ɑ RNAiinduced cells was essentially abolished (Bouchud-Allemann & Schneider et al, 2002). On the
other hand, a combination of PDH knockdown with knockdown of ɑ-KGDH, which converts ɑ-KG
to succinyl-CoA in the TCA cycle, led to a severe growth phenotype, suggesting that
mitochondrial SLPHOS through SCoAS (which participates in both ASCT/SCoAS and TCA cycles) is
an essential activity for PCF T. brucei. In the present study, RNAi of PDH alone led to a
pronounced growth phenotype in BSF T. congolense (even with lower RNAi penetrance than
possible in T. brucei). This would imply that BSF T. congolense lacks the same level of metabolic
flexibility of PCF T. brucei, where a loss of PDH activity can be compensated for by ɑ-KGDH, or
vice versa. Although ɑ-KG was not tested for its potential to contribute to ATP production in
section 3.4.2, it can be assumed that the potential for ɑ-KGDH activity in BSF T. congolense is
low, especially since expression levels of this enzyme complex were not significantly different
when compared to BSF T. brucei (Steketee et al, 2021). Therefore, an impairment in cellular ATP
production is a candidate for the growth explanation seen upon repression of PDH in the
current study. This is backed up by the fact that ATP production from glucose was significantly
inhibited by in PDHE2 RNAi-induced cells (Figure 3.4.18).
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Another possible explanation for the growth defect caused by PDHE2 RNAi is an effect on fatty
acid biosynthesis. Although knockdown of the same PDH subunit had little to no effect on
growth in BSF T. brucei, simultaneously blocking threonine oxidation either through knockout of
TDH or omission of threonine from the growth medium was lethal (Mazet et al, 2013). It was
concluded that the mitochondrial acetyl-CoA pool must make an essential contribution to de
novo biosynthesis of fatty acids, further shown by the lethal effect of knocking down expression
of acetyl-CoA synthetase (AceCS) in BSF cells (Mazet et al, 2013). This enzyme is essential for the
cytosolic conversion of mitochondrially-produced acetate into acetyl-CoA, which is also an
essential process in PCF T. brucei (termed the ‘acetate shuttle’; Riviere et al, 2009). Acetyl-CoA
is incorporated into FAs following conversion to malonyl-CoA (Klein & Linstead, 1976, van
Weelden et al, 2005), an important donor molecule in both ELO and type II (mitochondrial) FAS
pathways. Reductions in acetyl-CoA through repression of PDH, TDH or AceCS are thought to
affect both systems (Lee et al, 2006, Stepehens et al, 2007), with the mitochondrial FAS making
an estimated 10% contribution to cellular fatty acid production (Stephens et al, 2007). Although
significant further work is required to understand how FAS operates in T. congolense, there is
no current evidence to suggest that the acetate shuttle is an important process in BSFs of this
species, which show lower levels of expression of AceCS, as well as decresed sensitivity to
chemical inhibition of this pathway compared to T. brucei (Steketee et al, 2021; section 2.4 of
this study). The impact of PDH knockdown on FAS (if any) is, based on the current evidence,
impossible to estimate.
One unanticipated finding was the difficulty in propagating PDHE2 RNAi clones in minimal
medium (SCM-6), regardless of induction status. This could have been due to a problem with
the particular batch of SCM-6, however the TcoSM and WT T. congolense lines grew normally in
the same medium, implying that the effect was specific to clones carrying the PDHE2 RNAi
vector. Leaky expression is a possible explanation for this, and might also explain the difficulty in
maintaining RNAi clone 3 in stable passage. SCM-6 differs from TcBSF-1 and HMI-93 in a number
of ways, the most obvious of which being a lower glucose concentration (10 mM compared to
the 20 mM in HMI-93), which might diminish cell growth if ATP production through SLPHOS is
already impaired. Another possibility is that the RNAi clones showed an increased sensitivity to
G418 in SCM-6, perhaps due to the lower levels of goat serum (10% serum compared to the
20% contained in TcBSF-1 and HMI-93). T. congolense carrying the p3T7-TcoV vector are
currently selected using 0.2 µg/mL G418, compared to T. brucei which can be maintained in far
higher concentrations of the same antibiotic (2 – 5 µg/mL for BSF and 15 – 25 µg/mL for PCF;
Chaves et al, 1999, Mantilla et al, 2017, Schenk et al, 2021). G418 has been shown
experimentally to bind serum albumin (Liu et al, 2010, Keswani et al, 2010, Sharifi et al, 2017),
so an underlying sensitivity to this drug might theoretically be amplified by incubating cells
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under minimal conditions. This could be easily tested by transferring PDHE2 RNAi clones to
SCM-6 without any selective antibiotics, although unfortunately time did not permit for this in
the current study.
Inducible knockdown of PDHE2 in BSF T. congolense resulted in a sustained growth effect,
despite lower levels of RNAi efficiency than observed in T. brucei. This suggests that the PDH
complex serves an essential function(s) in BSF T. congolense, and cannot be compensated for by
the oxidation of threonine, or ɑ-KG, as reported in BSF and PCF T. brucei, respectively (Mazet et
al, 2013, Bochud-Allemann et al, 2002). The essential contribution of mitochondrial acetate
production to FAS has been well-established in T. brucei (Riviere et al, 2009, Millerioux et al,
2012, Millerioux et al, 2018) and it is not possible to ascertain based on the current data
whether or not the same applies in T. congolense. However, data in the current work suggest
that PDH activity in T. congolense is strongly linked to mitochondrial ATP production
(presumably through the ASCT/SCoAS cycle), therefore this is the most likely explanation for the
growth defect upon PDH knockdown. Indeed, when assayed using the luminescence ATP assay
outlined in section 3.4, two of the three PDHE2 RNAi clones showed reduced ATP production
from glucose, and all three clones were significantly inhibited in their ability to produce ATP
using pyruvate as the sole carbon source (Figure 3.4.18).
There are various ways in which data generated involving these cell lines could be strengthened.
Investigating the potential for leaky expression and/or possible pleiotropic effects caused by
PDH knockdown will be very important when conducting further related experiments. For
example, cell cycle analyses could be carried out in parallel with measurements of cell growth,
for instance by monitoring uptake of propidium iodide by flow cytometry. Measuring the
expression of PDHE2 on the protein level will also provide important additional validation of
specific target ablation.

3.5.3.1 NMR analysis of excreted metabolites upon PDHE2 RNAi
In order to examine changes to the pattern of secreted metabolites upon PDHE2 knockdown,
levels of acetate, succinate and pyruvate secretion in PDHE2 RNAi clones were measured using
the NMR assay described in chapter 2 of this thesis. As predicted, after two days of induction,
RNAi clones 1 and 2 secreted significantly lower levels of glucose-derived acetate compared to
non-induced cells. The reduction in acetate was somewhat lower than predicted (0.54-fold and
0.65-fold of non-induced levels for clones 1 and 2, respectively), based on qPCR data which
showed reductions of PDHE2 mRNA of at least 70% 48 hours following induction. It is possible
that there was some attenuation of RNAi occurred over the 3 – 4 weeks between generating
these clones and performing the NMR assay. A loss of RNAi efficiency due to continuous
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passage and freeze thawing was already reported during development of this RNAi vector
(Awuah-Mensah et al, 2021). In spite of this, a sizeable reduction in secreted acetate was
observed in these cells, which apparently cannot be compensated for by supplementation with
threonine, since overall secretion of acetate was still reduced despite supplementation with
high levels (4 mM) of this amino acid.
Although decreases in acetate were more moderate than expected, both PDHE2 RNAi clones
showed pronounced increases (3 – 4 fold compared to non-induced cells) in efflux of pyruvate
upon induction. Depending on how efficiently excess pyruvate is secreted from the cell, an
accumulation of pyruvate might acidify the cytosol, as previously observed in T. brucei where
pyruvate efflux was blocked using UK5099 (Wiemer et al, 1995). However, no significant
changes in morphology (such as cell swelling observed in T. brucei unable to excrete pyruvate;
Wiemer et al, 1995) could be discerned in PDHE2 RNAi-induced cells. Raised levels of cytosolic
pyruvate might also, through product inhibition, inhibit the conversion of glycosomallyproduced malate into pyruvate by cME. In theory, this could result in excess malate being
shunted toward glycosomal succinate production, but this apparently does not occur, since
NMR showed that glucose-derived succinate decreased, in tandem with acetate, in PDHE2
RNAi-induced cells. Another possibility is that cells might redirect glucose carbon through the
PPP. This activity might be particularly crucial if an elevated requirement for NADPH (e.g.
through the metabolic disruption caused by PDHE2 knockdown) cannot be fulfilled by cME due
to an accumulation of the enzyme’s product (pyruvate) in the cytosol.
Treating cells with the pyruvate transport inhibitor UK5099 resulted in a highly similar metabolic
phenotype to PDHE2 RNAi, with secreted acetate and succinate undergoing major decreases,
alongside increased pyruvate efflux. This is highly suggestive of the presence of MPC1 in T.
congolense, because if inhibition only occurred at the plasma membrane (the only available
target for UK5099 if MPC1 were not expressed) then the drug could not logically produce such
effects. If anything, glycolytic pyruvate would be prevented from leaving the cell - the opposite
of what is actually observed. Even though acetate production was more severely repressed with
UK5099 treatment compared to PDHE2 RNAi (~75% compared to ~40% reduction), increases in
the release of pyruvate were not as dramatic as seen in PDHE2 RNAi. The most likely
explanation for this is that pyruvate export across the plasma membrane in T. congolense is
partially blocked by UK5099, as noted by others (Halestrap, 1975, Wiemer et al, 1995, Sanchez
et al, 2013). The inhibition must be incomplete, however, (at least at the concentrations used in
this study; 10 µM), since pyruvate is still actively removed from the cell, indicated by a 3-fold
increase in excretion compared to untreated cells. Again, these results are more suggestive of a
mitochondrial site of action, because while pyruvate transport across the plasma membrane
can still proceed, the production of acetate, necessitating the activity of MPC1/2, is heavily
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inhibited (~75% reduction compared to untreated cells). UK5099 might exert greater or lesser
activity on plasma membrane and mitochondrial targets depending on the concentration used.
In the current thesis, 10 µM UK5099 strongly repressed pyruvate transport (as well as pyruvatederived ATP production; section 3.4.2) in whole cells, which is significantly lower than
concentrations used in other studies, even those that utilised in organello methods (Wiemer et
al, 1995, Ŝtávková et al, 2016, Negreiros et al, 2021).
Overall, the combined NMR analysis of PDHE2 RNAi and UK5099 treatment provided validation
that PDHE2 resulted in specific target ablation (albeit somewhat weaker than expected), and
also seemed to suggest the presence of MPC1 in T. congolense. Going forward, results gathered
using inhibitory compounds such as UK5099 can be strengthened by taking advantage of
molecular methods recently published (or currently in development) in T. congolense such as
RNAi and CRISPR (Awuah-Mensah et al, 2021, Beneke et al, 2017, Beneke & Gluenz et al, 2019).
For example, since T. congolense seems to exhibit a high degree of flexibility for both
transporting and generating pyruvate (Figure 3.5.1), the ability to simultaneously repress key
targets on the molecular level (for instance by creating a dual RNAi lines) will be particularly
helpful in this respect, especially if combined with relatively simple but effective NMR
methodologies such as those outlined here.

3.5.3.2 LCMS analysis of intracellular metabolites
On the one hand, the NMR data discussed above provided some clear insight into the metabolic
consequences of inhibiting the metabolism of pyruvate in T. congolense – the production, and
secretion of acetate is reduced, and substrate of the PDH complex, pyruvate, is excreted from
the cell. However, the central position of PDH within glucose metabolism in T. congolense
makes it likely that the consequences of knocking down this complex are far-reaching. It was
hoped that using untargeted metabolomics approach (LCMS in this case), would shed light on
the essential nature of PDH in T. congolense, and perhaps bring forward some potential
explanations for the growth defect resulting from PDHE2 RNAi, which does not mirror the
situation in BSF or PCF T. brucei when the same enzyme is repressed.
The most significant putatively-identified metabolite changing upon knockdown of PDHE2 was
6-thio-octanoate, which accumulated at high levels in both RNAi-induced clones relative to noninduced and wild type cells. Octanoic acid (C8) is a precursor of lipoic acid (LA) biosynthesis in
trypanosomes and other organisms, with LA being an essential cofactor for not just PDH but
also ɑ-KGDH and the glycine cleavage system (Stephens et al, 2007, Spalding, 2010, Falkard et
al, 2013). It is not immediately clear why LA would dramatically increase in response to
knockdown of PDH, but there are at least two possible explanations. The first explanation is a
build-up of lipoic acid derived from PDH itself, resulting from loss of activity of the E2 subunit.
LA cycles through three oxidation states as part of the PDH reaction: lipoamide, acyl-lipoamide
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and dihydrolipoamide. It is not possible to say precisely which of these species is being detected
with the LCMS platform used in the current study, but it can be assumed that blocking the
dihydrolipoamide acetyltransferase/PDHE2 reaction would result in an accumulation of acetyllipoamide (with concomitant reductions in the product of the E2 reaction, acetyl-CoA, which
may indeed occur, based on decreased detection of O-Acetylcarnitine in PDHE2 RNAi-induced
cells; Figure 3.4.17). Flux through PDH is actually governed by relative levels of lipoamide in its
acylated and reduced forms, since their accumulation signals saturation of the complex,
stimulating the PDKs, which in turn inactivate the whole complex through the phosphorylation
of the E1ɑ subunit (reviewed in Roche et al, 2001, 2003). Indeed, this is the mechanism by
which LA analogue CPI-613 (which appears to inhibit pyruvate oxidation in T. congolense, see
section 3.4) is thought to inhibit PDH in cancer cells (Zachar et al, 2011, Stuart et al, 2014).
Therefore, if these regulatory mechanisms are active in T. congolense, there is potential for a
self-amplifying effect of inhibition of PDHE2. However, if this were the case one might expect a
much greater reduction in acetate production than what was actually observed by NMR (~3040% reduction versus non-induced / wild type cells; see section 3.4.4.1).
A second potential explanation for increases in 6-thio-octanoate following PDHE2 knockdown is
an increase in LA synthesis and/or scavenging of octanoic acid from the growth medium. Such a
response could, for example, be triggered by environmental cues such as elevated intracellular
concentrations of pyruvate, which might in turn increase the requirement for LA, needed to
provide the lipoyl domains of PDH. In T. cruzi for example, lipoylation of the PDHE2 subunit was
found to be strongly influenced by the concentration of glucose contained in growth medium
(Vacchia et al, 2018). In the same study, the lack of specific transporter for octanoic acid was
taken to indicate the absence of a LA salvage pathway in T. cruzi, similar to T. brucei, in which LA
is synthesised de novo, depending on mitochondrial type II FAS (Stephens et al, 2007). While T.
brucei has long been known to scavenge other various other lipids from the host environment
(reviewed by Smith & Bütikofer, 2010), it was recently suggested that T. congolense might
display a higher potential for fatty acid salvage, based on a pattern of increased resistance to
drugs targeting FAS (Steketee et al, 2021). Indeed, an increased requirement for exogenous C8
might explain why BSF T. congolense can only be stably propagated if supplemented with 20%
goat serum, which is known for being particularly rich in octanoic acid. No strong basis for this is
provided by gene expression data though, as genes involved in LA synthesis (lipoic acid synthase
and dihydrolipoamide dehydrogenase) are similarly expressed in T. congolense and T. brucei
(Steketee et al, 2021). On the other hand, scavenging of LA has been reported in Leishmania
major, as well as the Apicompexan parasite Toxoplasma gondii both of which can also
synthesize LA de novo (Bissett et al, 2009, Crawford et al, 2006). Therefore, de novo synthesis of
LA and uptake of precursors from the environment need not be mutually exclusive, and the
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latter could be accelerated under certain environmental conditions, providing a possible
explanation for the pronounced increases in 6-thio-octanoate measured upon PDHE2
knockdown in the current study.
Another interesting finding from the LCMS experiment was the apparent accumulation of PPP
metabolites (particularly deoxyribose, D-ribose 5-phosphate and octulose-8-phosphate) in
PDHE2 RNAi-induced cells. The most straightforward explanation for this is an increase is
cellular stress, creating extra demand for NADPH (an important source of electrons for
trypanothione reduction). Flux through PPP is rapidly elevated in response to oxidative stress,
being activated by increased levels of NADP (Maugeri et al, 2003, Maugeri & Cazzulo et al,
2004). Extra NADPH would also be required to support LA synthesis, if indeed this process is
accelerated upon PDHE2 knockdown (Lee et al, 2007). The two major sources of cytosolic
NADPH in trypanosomes are the PPP, and cytosolic malic enzyme (Allemann et al, 2013). The
extent to which these two pathways contribute to NADPH homeostasis and management of
oxidative stress in T. congolense is currently unknown, but in a situation where cME is either not
active, or is inhibited (e.g. through higher than normal concentrations of pyruvate), the PPP
would represent the only source of NADPH in stressed cells. The accumulation of D-ribose 5phosphate (the final product of the oxidative branch) in PDHE2 RNAi-induced cells would
appear to support this.
Increases in PEP and 3-phosphoglycerate were also observed, perhaps even suggesting that that
some of this activity is fed by gluconeogenic flux, possible for example if excess pyruvate were
re-routed to glycosomes and converted to PEP by PPDK, which is highly expressed in T.
congolense (Steketee et al, 2021). This might represent a further strategy to remove excess
pyruvate from the cytosol (alongside simple efflux), but would be energetically
disadvantageous, especially if ATP production through other routes (e.g. the ASCT/SCoAS cycle)
was already repressed. Gluconeogenic pathways can operate BSF T. brucei even in the presence
of glucose (Korářová et al, 2018), and it is likely that if some cycling between glycolysis and
gluconeogenesis occurs in T. congolense as an indirect response to PDHE2 RNAi, that the
energetic cost imposed by reduced ASCT/SCoAS activity might be worsened. Although LCMS
data did show a tendency toward reductions in ATP levels following knockdown, these were not
statistically significant. However some indirect evidence for depletion of cellular ATP is provided
by the fact that AMP was detected at higher levels in PDHE2 RNAi-induced cells, perhaps
indicating higher levels of adenylate kinase activity, perhaps stimulated by an increased
ADP:ATP ratio (Camara et al, 2015).
It was hoped that the analysis of PDHE2 RNAi using an untargeted LCMS would provide a
greater degree of insight into the cellular consequences of disrupting pyruvate metabolism in T.
congolense. A key benefit of choosing untargeted metabolomics approaches is the amount of
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unbiased data generated. There are, however, some drawbacks inherent to such
methodologies. For example, only a subset of metabolites can be confirmed using authentic
standards, with remaining identifications being putatively assigned, with various degrees of
confidence. The successful identification of certain groups of metabolites depends on the
analytical method chosen (LCMS with ZIC-pHILIc columns, in this case). It can be said in our case
that the method chosen was suitable for detecting the sort of metabolites that would likely
fluctuate in response to PDH knockdown, i.e. glycolytic intermediates, carboxylic acids and
amino acids. However, potential changes in non-polar molecules and fatty acids are less likely to
be detected using this platform, therefore changes in lipid metabolism following PDH
knockdown in T. congolense cannot be meaningfully analysed without using specialised
lipidomic approaches (Richmond et al, 2010). By the same token, a high degree of caution must
also be applied to the identification of 6-thio-octanoate in the present study. However, the fact
that this metabolite was increased in two independently-raised RNAi clones, together with the
central relevance of LA and its intermediates to the specific subunit of PDH being knocked
down, are a strong indication that the identification is probably genuine.

3.6 Outlook and further questions
In this chapter, the potential for ATP generation through the acetate pathway was explored,
along with the essentiality of PDH. Even though pyruvate uptake was anticipated based on NMR
data from chapter 2, the utilisation of pyruvate for ATP production in the complete absence of
glucose was relatively surprising, raising various questions. How is this rapid uptake of pyruvate
facilitated? Do T. congolense indeed express MPC1, or do they transport pyruvate by some
unconventional mechanism(s)? Can parasites sustain this activity for longer periods of time, or
does it represent a metabolic dead end?
Taking advantage of the growing molecular toolkit being developed in T. congolense will be key
to answering such questions. In the short to medium term, the construction of further RNAi
lines will be key in this respect. A logical next candidate for knockdown will be ASCT, which will
provide the necessary confirmation that mitochondrial acetate production results in ATP
generation. Also, mechanisms for pyruvate transport and/or synthesis (involving MCT-1, MPC2,
cME/mME and AAT) should be investigated in detail. The ability to repress combinations of
these targets (for example through dual RNAi) if possible, will be particularly useful, especially
given that pyruvate available to PDH can come from a variety of internal and external sources.
A key finding of the current study is the PDH complex is essential in T. congolense for normal
growth in vitro. This sets T. congolense apart from BSF and PCF T. brucei, where knockdown of
PDH alone is not detrimental to growth. Some common ground is found with T. cruzi, in which
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mitochondrial import of pyruvate, along with activation of PDH via Ca2+ influx driven by the
MCU, are essential for respiration, infectivity and intracellular replication (Negreiros et al, 2021,
Lander et al, 2018). This merits an investigation of the MCU in T. congolense, as well as the Ca2+sensitive pyruvate dehydrogenase phosphatase which activates PDH. Based on the central
position of PDH within the T. congolense metabolic scheme, it is highly possible that these
regulatory mechanisms are key to survival and bioenergetics in this species. Furthermore, the
synthesis of lipoic acid (an essential PDH cofactor) in T. congolense will be another important
avenue to explore. In T. cruzi, LA metabolism has been suggested as a putative
chemotherapeutic target, being sensitive to inhibition using LA analogues (Vacchina et al, 2018).
LA analogues also display selective toxicity against cancer cells (Zachar et al, 2011, Stuart et el,
2014), and one such molecule (CPI-613) seems to show specific activity against pyruvate
oxidation in BSF T. congolense (section 3.4.2 of this thesis). Lastly, an intermediate of LA
putatively-identified as 6-thio-octanoate was significantly enriched in T. congolense PDHE2
RNAi-induced cells (section 3.4.4.3 of this thesis). Together, these facts provide justification for
an in depth investigation of LA metabolism in T. congolense, especially given that high levels of
acetate production through PDH (of which LA is a crucial component) appear to be of central
importance in the BSF of this parasite.
A direct relationship between ΔѰM and acetate production is likely, due to the mitochondrial
import of pyruvate being dependent on proton symport (Vanderheyden et al, 2000). Therefore,
factors contributing to ΔѰM in BSF T. congolense were explored in this thesis. Further evidence
was given for the participation of ATP synthase (functioning in the reverse direction) in the
generation of ΔѰM, supporting previous findings (Wilkes et al, 1997). It is therefore possible
that repressing ΔѰM majorly affects ATP generation in BSF T. congolense. This may in part
explain the apparent lack of dyskinetoplasty observed in T. congolense (although it is possible
that unrecorded instances have occurred in the field). On the other hand, some degree of ΔѰMloss is apparently permitted in T. congolense, since reductions in ΔѰM have been reported in
field and laboratory-induced drug resistant strains (Wilkes et al, 1997, Carruthers et al, 2021,
Sutherland et al, 1992). This creates the possibility that drug-resistant parasites could reorganise their metabolism to withstand long-term reductions in ΔѰM. Gene expression studies
and/or NMR methods similar to those employed in this thesis would be useful in identifying
potential differences between drug-resistant and sensitive cells.
Clearly, there are a range of possible avenues to explore related to mitochondrial metabolism
and energy generation in BSF T. congolense. Pursuing any of these areas will require a
combination of molecular methods with carefully designed functional assays. It will also be
important to confirm (where possible) whether the metabolic traits identified in the IL3000 T.
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congolense strain hold true in other T. congolense isolates, and that important findings (such as
the essentiality of PDH) are also tested in vivo.
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4 SCOPE OF THIS THESIS
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The general aim of this thesis was to identify differences in mitochondrial metabolism between
BSF T. congolense and T. brucei. Data collected during the last century provided strong clues
that the metabolism of both species is distinctly different. However, as the focus on T. brucei
intensified, the pace of studies involving other livestock trypanosomes, including waned. Since
the development of adequate tools for the stable culture of BSF T. congolense (Coustou et al,
2010), the central carbon metabolism, particularly with respect to mitochondrial pathways, has,
to the best of my knowledge, not been explored in any detail. A recent comparative
metabolomic and transcriptomic study of T. congolense and T. brucei has highlighted several
differences (see section 2.2 of chapter 2 for further information), providing both new insights
and corroborating findings from the 1950s which suggested that BSF T. congolense metabolizes
glucose at a lower rate than T. brucei, degrading it into acetate rather than pyruvate.
Based on these findings, characterising patterns of acetate secretion in both species seemed
like an appropriate starting place. NMR was chosen as the primary methodology for detecting
acetate, and techniques were adapted from other studies in T. brucei (Riviere et al, 2004, Mazet
et al, 2013). Clear differences were seen between species using these methods, although it
became apparent that for NMR studies in T. congolense to be expanded, experimental
conditions (such as buffer composition) will need to be further refined, to suit the survival
needs of T. congolense under minimal conditions.
The main objective of those experiments was to test the hypothesis based on recent omics data
that BSF T. congolense produced large quantities of acetate, as in the PCF stage (Obungu et al,
1999). Those initial NMR experiments provided both expected and unexpected findings – BSF T.
congolense indeed produced acetate as the major end-product of glucose metabolism. Also, as
predicted, the amino acid L-threonine could be taken up and metabolised to acetate, although
rather than becoming the primary substrate for acetate production, its presence seemed only to
boost flux through the glucose catabolic pathway. Another unexpected outcome was that BSF T.
congolense, but not T. brucei readily consumed and formed acetate from supplemented
pyruvate.
Based on those findings, I assumed that oxidation of pyruvate (presumably occurring
mitochondrially through the PDH activity) must be of critical importance to BSF T. congolense
for normal growth in vitro. Furthermore, since the formation of acetate through the
ASCT/SCoAS cycle is linked to ATP production in PCF T. brucei, it seemed likely that in T.
congolense, the degradation of pyruvate within the mitochondrion leads to energy generation.
In some respects this was easy to prove, since supplying starving cells with pyruvate led to
motility within a few minutes (unlike T. brucei which remained amotile). I attempted to
formalise this observation by developing an assay for the detection of ATP in whole cells
supplied with pyruvate, glucose and other carbon sources. Although evidence for ATP
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production from pyruvate-alone quickly followed, the picture also became more complicated,
and the effects of UK5099, a specific inhibitor of mitochondrial pyruvate uptake, were not
always easy to explain (see section 3.3.2). Hopefully these experiments will provide some initial
clues which will be useful for planning further investigations, and also provide some motivation
to develop more refined approaches which will be necessary for elucidating exactly which ATPproducing pathways are active in BSF T. congolense.
Midway through this study, it became possible to utilise RNA interference (RNAi) as a tool for
studying BSF T. congolense. This represented a major step forward, having previously been
successfully utilised in PCFs only (Coustou et al, 2010). Based on the evidence gathered through
NMR and ATP assays, I decided to generate a PDH line, hypothesising that this enzyme would
prove essential in BSF T. congolense, marking a major difference between BSFs of T. brucei, in
which its repression is possible as long as threonine is provided (Mazet et al, 2013). I was able to
successfully generate 3 independent PDHE2 RNAi clones, which all showed a sustained growth
defect upon tetracycline-induced inhibition of PDH, suggesting that the enzyme complex is
essential in BSF T. congolense, as expected. Unfortunately, only two of the three clones were
amenable to continued in vitro culture, and for unknown reasons, they could not be sustained
in minimal media. However, various insights were gained through an NMR analysis of these
cells, namely, that acetate excretion was significantly reduced, and efflux of pyruvate increased.
The results were phenocopied by treating WT cells with the pyruvate transport inhibitor
UK5099.
Finally, to look deeper into the effects of PDH inhibition, an untargeted metabolomics (LCMS)
experiment was undertaken. It was hoped that these data might provide some further
explanation for the observed growth effects of PDH knockdown. The resulting data provided no
clear answers, although distinct metabolic signatures were identified in each RNAi clone upon
PDH knockdown. Intracellular pyruvate were higher in induced cells, as were several glycolytic
intermediates including PEP. Also elevated were metabolites related to PPP activity, which
might reflect an increased demand for NADPH. The most significant hit was a metabolite
putatively identified as 6,8,thio-octanoate, which may suggest that PDH repression led to
perturbations of lipoic acid synthesis (see section 1.3.3.3).
Hopefully the data provided here will provide a useful starting point for further, more detailed
analyses of mitochondrial metabolism in BSF T. congolense, especially now that molecular
techniques can now be fully exploited in the mammalian form of this parasite.
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Appendix A
Table 5.1 – formulation for SCM-6 minimal medium

Appendices | 162

Table 5.2 – formulation for mSCM-6. The first 6 ingredients (shown in italics) comprise SCM -1
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Table 5.3 – Metabolites identified in T. congolense supernatants by 2D NMR

2D NMR cross peak coordinates were searched using the 13C, 1H HSQC search facility on the
HMDB (hmdb.ca/spectra/nmr_two_d_search). A tolerance of ±0.05 ppm was set for X and &
axes. 1H and 13C (F2 and F1) chemical shifts are shown in columns 1 and 2, with candidate
metabolite name and HMDB assignment in column 3.
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Appendix B
Table 5.4 – metabolites omitted from PDHE2 LCMS dataset due having a solvent blank
contribution of greater than 5%
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Table 5.5 – Putatively identified metabolites undergoing significant change in PDHE2 RNAi induced clones versus non-induced and WT. Columns titled ‘p-adj’ indicate FDR-corrected P
values. Metabolic pathways were assigned to metabolites using the KEGG database
( www.KEGG.jp ).
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