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Abstract
Eukaryotic cells are highly complex and contain many organelles. One of the defining features
of eukaryotes is the mitochondrion, which is a remnant of the endosymbiotic event that gave
rise to this domain of life. This Thesis features mitochondrial ggenome inheritance systems and
highlights the systems found in Trypanosoma brucei, a member of the understudied Discoba
supergroup. Mitochondrial genome inheritance has been studied since many years. However,
how the replicated mitochondrial genomes are segregated during cell division is not well
understood. In human and yeast cells, which are comparatively closely related species
classified as Opisthokonta in the supergroup Amorphea, mitochondrial genomes are packed in
nucleoids which are trafficked along cytoskeletal structures. Similar principles may apply to the
mitochondria of land plants, which belong to the supergroup Archaeplastida, although there are
also clear differences. Outside of these two supergroups, the mitochondrial genome
segregation system of T. brucei is the only one that has been thoroughly investigated. T. brucei
has a single mitochondrion with a genome that is condensed into a single nucleoid, known as
the kinetoplast. The kinetoplast is segregated during cell division by basal body movements.
This is made possible by a protein complex that connects the two structures: the tripartite
attachment complex (TAC). The TAC consists of at least nine subunits, each present in several
hundred to a few thousand copies. The role, localization, and direct interaction partners of the
nine TAC subunits are well known. This Thesis contains two studies focusing on the TAC. The
first one highlights the contact site between the outer and inner mitochondrial membranes of
the TAC and the second focuses on the assembly of the mitochondrial outer membrane TAC
modaule. A third study, which is not related to the TAC, reports the discovery of a novel pathway

regulating mitochondrial DNA replication.

The first study focuses on TAC60 and p166, two TAC subunits located in the outer and inner
mitochondrial membranes, respectively. Previous studies have shown that these proteins
interact directly to form a unique and permanent contact site between the outer and inner
mitochondrial membranes that is essential for TAC function. Our goal was to characterize this
interaction at a molecular level. We identified the interaction domains down to the amino acid
level. Our results suggest that hydrophobic interfaces are at the core of this membrane contact
site. This was an unexpected finding, as the interaction domains in both proteins contain well

conserved charged amino acids.

In the second study we investigated the assembly of the mitochondrial outer membrane TAC

module. This module is the most complex of the three TAC modules. It contains five subunits:



pATOM36, TAC40, TAC42, TAC60, and TACE5. Although the TAC assembles de novo and
unidirectionally from the basal body towards the kinetoplast, the subunits of the mitochondrial
outer membrane TAC module do not strictly follow this order. In this study, we identified four
detergent-soluble assembly intermediates, which can be grouped into two classes. One class
contains an oligomeric TAC40 subcomplex, as well as two more complicated TAC40-, TAC42-,
TAC60-containing subcomplexes which likely originate from a shared assembly pathway. The
second class contains a single subcomplex containing pATOM36 and TAC65. Our results
suggest that the largest assembly intermediate from the first class merges with the assembly
intermediate of the second class to form the mitochondrial outer membrane TAC module. In

addition, we show that the N-terminal domain of TAC60 is essential for this last step.

The third study focuses on kinetoplast DNA maintenance and replication and is unrelated to the
TAC. The kinetoplastis an intricate DNA network containing two classes of circular DNA
molecules, maxicircles and minicircles. We identified a novel pathway relevant for maxicircle
level regulation in T. brucei, comprising the three proteins MaRF11, TbPam16, and TbPam18.
Notably, TboPam16 and TbPam18 are orthologs of proteins involved in mitochondrial protein
import in other lineages. Our findings revealed that in trypanosomes, these proteins have
acquired lineage-specific functions. Together with the newly discovered MaRF11 protein, they
contribute to the regulation of maxicircle replication by yet unknown, life cycle stage-specific
pathways. Interestingly, TbPam16 and TbPam18 are mitochondrial inner membrane proteins

and this localization is essential for their function in maxicircle maintenance and/or replication.



1. Introduction

1. Introduction

1.1 Eukaryogenesis and the endosymbiotic theory

Planet earth formed around 4.54 billion years ago [1]. Habitable environments, such as surface
water pools and solid crusts, may have formed around 4.3 billion years ago [2]. Recent research
suggests that early ecosystems emerged rapidly. Although these ecosystems were likely
species-rich, it is widely accepted that all modern cellular life shares a single ancestor: the Last
Universal Common Ancestor (LUCA) (Figure 1) [3]. LUCA is thought to have evolved around 4.2
billion years ago and was likely an anaerobic prokaryotic acetogen [4]. The precise timing of the
divergence leading to the three domains of life—Bacteria, Archaea, and Eukarya—is less
certain. However, Bacteria may have originated from an ancestral lineage around 3.4 billion
years ago, while the archaeal lineage likely emerged around 2.8 billion years ago (Figure 1) [5].
The origin of eukaryotes remained unclear until the early 21 century, when genetic analyses
revealed that Archaea are a paraphyletic group, which includes the eukaryotes [6].
Consequently, Eukarya are now recognized as the youngest of the three domains that likely

emerged shortly after the Great Oxidation Event, around 2.0-1.8 billion years ago (Figure 1) [7].
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Figure 1. Phylogenetic history of extant cellular life. This phylogenetic tree illustrates the
evolutionary history of Bacteria, Archaea, and Eukarya with a spotlight on the emergence and
radiation of the Eukarya. Numbers and length of nodes and branches have been placed
arbitrarily. The temporal emergence of the labelled lineages is shown to scale. The tree displays
only endosymbiotic events that resulted in extant lineages and does not include transient
events or the role of non-cellular life. Numbered events are: Emergence of the mitochondrion
(1), the chloroplasts (2), secondary and more complex plastids (3), the chromatophore (4), and
nitrogen-fixing organelles (5) which gave rise to diazotrophic eukaryotes that are independent of
organic nitrogen. LUCA: last universal common ancestor, LECA: last eukaryotic common
ancestor.




1.1 Eukaryogenesis and the endosymbiotic theory

The Bacteria, Archaea, and Eukarya have been the widely accepted three domains of cellular
life for several decades [8, 9]. However, genetic research has revealed that only Bacteria and
Archaea qualify as fundamental domains, while Eukarya represent a distinct lineage with an
evolutionary origin that is still being debated. This complex evolutionary path is known as
“eukaryogenesis”, the origin of complex cellular life and all modern eukaryotes [10, 11].
Although many hypotheses have been proposed, including scenarios in which viruses play a
critical role [10-12], the process remains poorly understood. Nevertheless, it is evident that a
key event was the metabolic enslavement of an endosymbiotic Bacterium, the early
mitochondrion, by an archaeal host cell (Figures 1 & 2) [13]. Although the idea that
mitochondria originated through endosymbiosis was first proposed in the early 20™ century, it
did not gain broader acceptance until 1967, when the “endosymbiotic theory” was
repopularized [14]. As a result, mitochondria are now considered a defining feature of
eukaryotic cells. Importantly, the few extant lineages that lack mitochondria have been shown
to be descendants of organisms that have lost mitochondria secondarily. This supports the view

that Eukarya are a monophyletic group that share a single common ancestor [15, 16].

The currently widely accepted stages of eukaryogenesis state that eukaryotes arose from an
Archaea of the Asgard superphylum [17, 18], which entered into a symbiotic relationship with an
Alphaproteobacterium (illustrated in figure 1) [19]. However, it remains unclear whether Eukarya
are a sister group to modern Asgard Archaea, or if they are phylogenetically nested within this
superphylum [20]. Similarly, the precise evolutionary origin of the Alphaproteobacterium
involved in this event is still unresolved [21, 22]. A major point of debate is precisely when during
eukaryogenesis the endosymbiont was incorporated, especially whether the host cell had
already developed a nucleus, and what the initial mutual benefits were [23]. The supply of
excess energy of the endosymbiont to the host may have been a central aspect [24]. However,
the metabolic route by which this energy may have been provided is unknown. One attractive
possibility is the hydrogen metabolism [25]. Additionally, the Great Oxidation Event, which

predates eukaryotic radiation, likely impacted eukaryogenesis significantly [26].

Although many questions about the endosymbiotic theory and the origin of eukaryotes remain
debated, it is well established that the mitochondrion is derived from a free-living Bacterium.
Furthermore, the mitochondrion is not the only eukaryotic organelle with such an origin.
Throughout evolutionary history, eukaryotes have repeatedly engulfed endosymbionts, some of
which have been retained and transformed into organelles in several lineages that emerged
since the Last Eukaryotic Common Ancestor (LECA) (Figure 1). Endosymbiotic events can be

categorized as primary endosymbiotic events, where the endosymbiont is of bacterial origin, or
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1. Introduction

as secondary or higher-order endosymbiotic events, where endosymbionts are eukaryotes
containing organelles from earlier endosymbiotic events. Additionally, serial endosymbiosis
describes endosymbiotic events occurring in host cells that already contain organelles derived
from endosymbiosis [27]. Notable examples of organelles that arose through serial (secondary)
endosymbiosis include chloroplasts, chloroplast-derived secondary or higher-order plastids,

chromatophores, as well as nitrogen fixing organelles and endosymbionts (Figure 2).

Primary endosymbiosis Mitochondrion Serial primary endosymbiosis Chloroplast & Chromatophore

Mitochondrion

@ ~b B8

Mitochondrion

Nucleus Chloroplast/

Chromatophore

Secondary endosymbiosis Secondary plastids

Nucleomorph

Secondary Non-photosynthetic

plastid secondary plastid
(e.g. apicoplast)
ﬂ ﬁ
Nucleomorph
loss

Figure 2. Illustrations of primary and secondary endosymbiosis. The top left panelillustrates
the primary endosymbiosis resulting in the mitochondrion. Whether the host cell contained a
nucleus is debated. The top right panel displays the serial primary endosymbiotic uptake of a
Cyanobacterium-like cell by an eukaryote giving rise to primary plastids like chloroplasts and
chromatophores. The bottom panelillustrates a secondary endosymbiosis where a eukaryotic
host cell takes up a chloroplast-containing eukaryote giving rise to secondary plastids. The
nuclear genome of the eukaryotic endosymbiont is termed the nucleomorph, which in some
lineages has been lost. The loss of photosynthetic activity of the secondary plastid can give rise
to organelles with diverse functions such as the apicoplast. Images adapted from [28].

1.2 Endosymbiosis-derived eukaryotic organelles
The following chapters will explore the origin, evolution, and function of eukaryotic organelles
that emerged through endosymbiosis. Particular emphasis will be placed on one of these
organelle’s defining features: their genomes. The focus will be on how these organellar genomes

are maintained and segregated during cell division.

1.2.1 Mitochondrion and mitochondria-derived organelles
Mitochondria have been retained in almost all eukaryotic lineages and have likely greatly
contributed to the complexity and diversity of modern eukaryotes [10, 29]. Extant eukaryotes

are highly adapted organisms that thrive in nearly every habitat. The use and demand for



1.2.1 Mitochondrion and mitochondria-derived organelles

mitochondrial activities in these organisms is consequently highly diverse, which has driven the
evolution of specialized mitochondria. In some groups, such specializations have continued to
a point where the resulting organelles hardly resemble classical mitochondria, two such

examples are hydrogenosomes and mitosomes (Figure 3) [30].

Figure 3. Transmission electron microscopy images of mitochondria and mitochondria-
derived organelles. (A) Mitochondrion with well-developed cristae. Image adapted from [31].
(B) and (C) a hydrogenosome and a mitosome which lack cristae. Images adapted from [32].

Despite their long coevolution with the eukaryotic host cell, all mitochondria, as well as
mitochondria-derived hydrogenosomes and mitosomes, still share some traits with their free-
living relatives. Notably, these organelles are surrounded by two membranes, known in
mitochondria as the mitochondrial outer membrane (OM) and inner membrane (IM). These
membranes have been inherited from the Alphaproteobacterium [14]. Mitochondria also
contain their own genome and possess the machinery necessary for transcription and
translation. However, this genome has been drastically reduced over time, and has been
completely lost in most hydrogenosomes and mitosomes [30]. Importantly, rather than
disappearing, a large proportion of the endosymbiont’s genes has been transferred to the
nuclear genome of the host cell (Chapter 1.3.1) [33-35]. Consequently, the majority of
mitochondrial proteins, and all proteins of hydrogenosomes and mitosomes, are synthesized in
the cytosol of the eukaryotic cell and imported into the organelles (see chapter 1.5.1.1) [36, 37].
Notably, this gene transfer process has occurred independently in the different eukaryotic

lineages since the divergence of LECA and continues even in modern eukaryotes [35, 38].

Hydrogenosomes and mitosomes are highly specialized organelles found in most eukaryotic
supergroups [30]. This suggests that these organelles evolved independently from mitochondria
multiple times, raising questions about how hydrogenosomes and mitosomes should be
defined. Both organelle groups have been studied mostly in model organisms of two genera:
Trichomonas, for hydrogenosomes, and Giardia, for mitosomes [30]. Trichomonas and other

organisms, where hydrogenosome-Llike organelles have been found, are anaerobic eukaryotes
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which have streamlined organelles allowing the generation of ATP by substrate-level
phosphorylation in the absence of oxygen. This process generates hydrogen gas [39].
Interestingly, the ability to generate hydrogen gas rather than water during oxidative
phosphorylation has since also been described in classical mitochondria, which may help to
explain why hydrogenosomes have evolved in several unrelated lineages [40]. Mitosomes, in
contrast, are unique among mitochondria-related organelles in that they do not produce ATP.
Their essential function is the biosynthesis of iron-sulfur clusters, a vital metabolic role
inherited from their mitochondrial ancestor [41]. Due to their highly streamlined functions,
hydrogenosomes and mitosomes have greatly reduced proteomes [42, 43], and reflected by the
absence of oxidative phosphorylation processes, both organelle groups typically lack crista-
folds on their IM (Figure 3BC) [44, 45]. The lack of an organellar genome in most
hydrogenosomes and mitosomes lowers some evolutionary constraints that act during cell
proliferation and segregation. Nevertheless, these organelles cannot form de novo and must be
properly segregated during cell division. This segregation is coordinated by dynamin-like

proteins, which play a crucial role in their biogenesis and distribution [44, 46, 47].

Mitochondria share the essential pathways for iron-sulfur cluster biogenesis with
hydrogenosomes and mitosomes [41]. But in addition, mitochondria have also been shown to
play a role in controlling reactive oxygen species, calcium signalling, lipid biogenesis and
trafficking, apoptosis, and energy production [48-50]. Unlike hydrogenosomes and mitosomes,
mitochondria have cristae in their IM, which are critical for oxidative phosphorylation (Figure 3A)
[51]. This process drives and consumes the electrochemical gradient of the mitochondrial IM
[52]. For many years, mitochondrial research was largely limited to some species of the
Animalia and Fungi, resulting in a narrow view of mitochondrial diversity. However, findings over
the past few decades have revealed that mitochondria are far more diverse than once thought.
They can exist as numerous rod-shaped organelles, as dynamic networks that undergo
continuous fission and fusion, or in a few lineages even as single large organelles [47, 49, 53,
54]. Like hydrogenosomes and mitosomes, mitochondria cannot form de novo and have to be
evenly segregated during cell division. In most organisms, dynamin-like proteins mediate
mitochondrial fission [47, 55, 56]. However, to which extent and how mitochondrial segregation
is controlled is in most cases not well understood and the same applies to the inheritance of the

mitochondrial genomes (Chapter 1.3.3).



1.2.2 Chloroplasts and chloroplast-derived plastids

1.2.2 Chloroplasts and chloroplast-derived plastids
Chloroplasts and chloroplast-derived plastids can be traced back to a single primary
endosymbiotic event (Figures 1&2). While some studies date this event to around 900 million
years ago [57-59], other results suggest an origin of the chloroplast as early as 1.9 billion years
ago [60-62]. It is thought that the chloroplast evolved from a Cyanobacterium similar to the
extant species Gloeomargarita lithophora. This Cyanobacterium became an endosymbiont in
the common ancestor of green algae and land plants (Chloroplastida), red algae (Rhodophyta)
and glaucophyte algae (Glaucophyta) [57-59, 63-65]. This early photosynthetic organelle must
have greatly increased the fithess of its host cell, giving rise to phototrophic eukaryotic life. The
impact of the early plastid is reflected in the numerous secondary, tertiary, and even higher-
order endosymbiotic events that followed the emergence of the first plastid and allowed the
horizontal transfer of phototrophy to at least five extant monophyletic eukaryotic supergroups.
Interestingly, not all plastids retained their photosynthetic function. In some lineages, plastids

became non-photosynthetic, as seen in the apicoplast of the Apicomplexa [28, 57].

1.2.2.1 Chloroplasts and plastids of land plants and green, red, and glaucophyte algae
Chloroplasts and chloroplast-like organelles found in modern land plants, green algae, red
algae, and glaucophyte algae are primary organelles that share a monophyletic origin [57].
Although textbooks often depict chloroplasts as oval-shaped structures to reflect their bacterial
ancestry, their morphology is highly variable [66]. Chloroplasts are enclosed by two organellar
membranes, both of which have been inherited from their cyanobacterial ancestor [67].
Photosynthesis occurs in special compartments of the chloroplast stroma called thylakoids
(Figure 4A) [68]. Thylakoids are internal membranes that form diverse shapes where the
photosystem and the chloroplast ATP synthase complexes are localized. Similar to the IM of
mitochondria, the thylakoid membranes are polarized and this membrane potential is used to
generate ATP in the stroma of the chloroplast. This energy is used by enzymes of the Calvin

cycle to generate glucose and other metabolites [69].

In addition to photosynthetic chloroplasts, a variety of chloroplast-like organelles have evolved,
particularly in land plants (Figure 4B) [70]. These organelles enable the land plants to form
highly specialized, organ-like tissues. Proplastids are undifferentiated plastids that contain all
components to develop into chloroplasts or other types of plastids. They are typically found in
undifferentiated cells and gametes. During germination, proplastids first differentiate into
etioplasts which are non-photosynthetic plastids and later into functional chloroplasts

provided they are exposed to light. In non-photosynthetic tissues, however, proplastids give rise
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to specialized storage plastids. Examples include: starch-storing amyloplasts, lipid- and
terpenoid-synthesizing and -storing elaioplasts, and protein-storing proteinoplasts. Specialized
plastids can also develop from active chloroplasts. These include chromoplasts, which
accumulate colouring carotenoids, and gerontoplasts, which are non-photosynthetic and

linked to senescence processes [70].

B

Etioplas‘t/ Proplastid
@ \I:o light

Gerontoplast

Amyloplast  Elaioplast Proteinoplast

Figure 4. Chloroplast morphology and development of chloroplasts and specialized
plastids in land plants. (A) Transmission electron microscopy image of a land plant chloroplast
with prominent thylakoids. Image adapted from [71]. (B) Illustrations of plastid types and their
development in land plants. Images adapted from wikiwand.com.

Chloroplasts and chloroplast-like organelles contain their own genomes and are capable of
both transcription and translation. However, many plastid genes have been lost or transferred to
the nuclear genome during evolution, resulting in highly reduced plastid genomes.
Consequently, chloroplasts and chloroplast-like organelles, similar to mitochondria, depend
heavily on the import of proteins encoded by nuclear genes [72]. In some hon-photosynthetic
lineages, plastid genomes have even been lost completely [73, 74]. Nevertheless, the majority
of cells containing chloroplasts or chloroplast-like organelles face the challenge of inheriting

functional copies of these organelles with intact genomes to daughter cells during cell division.

Similar to the genomes of Cyanobacteria, the chloroplast genome is organised into nucleoids,
which are compact, protein-bound DNA structures that typically contain multiple copies of the
chloroplast genome [75]. A single chloroplast often contains several hucleoids that are
distributed throughout the stroma and have been shown to associate with thylakoids [76, 77].
Proteomic studies of nucleoids have identified numerous associated proteins, many of which
are unlikely to have originated from the ancestral Cyanobacterium. These proteins include
enzymes involved in DNA replication and transcription, as well as those potentially responsible

for DNA packaging and the anchoring of nucleoids to thylakoids [78, 79]. Despite progress in
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understanding nucleoid structures, the mechanisms by which replication and, most critically,
segregation of nucleoids are accomplished during cytokinesis remain unknown [77, 80]. Only a
few enzymes, such as DNA gyrases, recombinases, and holiday junction resolvases, have been
linked to nucleoid separation [81-83]. It has been proposed that the connection to the thylakoid
membrane may provide a segregation mechanism [84]. However, live cell imaging studies have
revealed that chloroplast nucleoids likely dissolve, or at least evenly distribute within the
stroma, during chloroplast division [85, 86]. However, the factors that mediate this process
remain unknown [77, 85, 86]. Although most Archaeplastida species contain multiple
chloroplasts per cell, each containing several nucleoids, it is expected that their inheritance is
controlled rather than random. This is particularly evident in certain Chlamydomonas species,
which are unicellular organisms that contain only a single chloroplast. Through insertional
mutagenesis, a C. reinhardtii strain with a single chloroplast nucleoid per cell has been
generated [87]. This strain displayed unequal chloroplast nucleoid segregation, possibly
because the replicated nucleoid could not dissociate during cytokinesis [85]. Due to their single
chloroplast, Chlamydomonas may become a valuable model organism to study chloroplast

nucleoid inheritance.

1.2.2.2 Apicoplast and plastids from secondary and more complex endosymbiosis
Plastids have been transferred horizontally across eukaryotic supergroups through numerous
secondary, tertiary, and even more complex endosymbiotic events (illustrated in figure 1).
Today, secondary plastids are found in species belonging to the supergroups TSAR, Haptista,
Cryptista, and Discoba [28]. These lineages are extremely species-rich, with an estimated one

million extant species existing [88, 89].

Plastids that originated through secondary or higher-order endosymbiosis have a particularly
complex biogenesis. While primary plastids have two organellar membranes, secondary
plastids have four; two inner membranes derived from the primary plastid, and two outer
membranes derived from the eukaryotic endosymbiont (primary host) and from the secondary
host cell, after phagocytosis (see figure 2). As a result, the transport of metabolites and
macromolecules into and out of secondary plastids is much more complex than for primary
plastids [90]. Given the immense species diversity, many of these transport processes remain

poorly understood.

Secondary or higher-order symbiosis results in a cell containing at least four genomes: the
nuclear and mitochondrial genome of the secondary host, and the nuclear and plastid genomes

of the eukaryotic endosymbiont (Figure 5) [91]. Similar to the transfer of plastid genes to the
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host’s nuclear genome observed in primary plastids, nuclear genes of the eukaryotic
endosymbiont are often either transferred to the nuclear genome of the secondary host or are
simply lost [92-96]. Consequently, the nuclear genome of the eukaryotic endosymbiont
becomes highly reduced and is referred to as a nucleomorph. Maintaining and particularly
segregating both the secondary plastid genome and the nucleomorph during cytokinesis is
likely to be highly complex. Early studies have shown that nucleomorphs lack mitotic spindles
and segregate prior to plastid division [97-99]. More recent studies have further revealed that
nucleomorph-encoded genes are transcribed in a cell cycle-independent manner, yet
nucleomorph replication and secondary plastid division are both controlled by the secondary
host cell [100]. Despite these insights, the molecular mechanisms governing these intricate

processes remain largely unknown.

Figure 5. Transmission electron
microscopy image of Bigelowiella
natans, a unicellular algae species
with secondary plastids. The cell
contains three secondary plastids (PL)
and two nucleomorphs (NM).
Additionally annotated compartments
are the host cell nucleus (N) and the
mitochondrion (MT). The secondary
host-derived organellar membranes are
highlighted in green. Image adapted
from [101].

In one example of a non-photosynthetic secondary plastid, the apicoplast from the
Apicomplexa, the nucleomorph has been lost entirely [28]. Interestingly, recent research
revealed that the Apicomplexa are polyphyletic, and apicoplast-like plastids evolved in at least
three independent events [102, 103]. As expected from a secondary plastid, the apicoplast is
surrounded by four membranes [104]. Despite lacking photosynthetic activity, apicoplast-like
plastids have been retained likely due to their contribution to isoprenoid biogenesis and, in
some lineages, the synthesis of tetrapyrroles and fatty acids [105]. Research on apicoplasts has
primarily focused on a few model organisms, including the causative agents of malaria
(Plasmodium spp.), toxoplasmosis (Toxoplasma spp.), and cryptosporidiosis (Cryptosporidium
spp.). These organisms typically possess a single apicoplast that is closely associated with the

cell’s single mitochondrion [106, 107]. While the mechanisms of apicoplast division are not well
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understood, it is known that apicoplast division is synchronized with the cell cycle and may
involve the centrosome [104, 106]. Like most plastids, the apicoplast contains a highly reduced
genome that encodes only a few protein-coding and RNA genes [108, 109]. However, the reason
for the apicoplast genome retention is unclear. One hypothesis found that only two essential
genes are encoded by the apicoplast genome. Interestingly, these two genes have already been
transferred to the nucleus in other secondary plastid-containing lineages. This raises the
possibility that the apicoplast genome could be lost eventually [105]. As in other plastids, the
apicoplast genome is organized in nucleoids. In Toxoplasma gondii, the apicoplast has a single
nucleoid which contains around 25 copies of the genome [110]. The replication and segregation
of the genome are synchronized with the nuclear cell cycle and, similar to chloroplasts, a DNA
gyrase is essential for nucleoid segregation [110, 111]. However, the molecular mechanisms of

these processes remain unknown.

1.2.3 Chromatophore of Paulinella
Beyond the primary plastids of extant Archaeplastida (Chapter 1.2.2.1), a separate
endosymbiotic event led to the establishment of primary plastids within a monophyletic group
of unicellular free-living photoautotrophic amoebae of the genus Paulinella [112, 113]. These
unique plastids, known as chromatophores, evolved from a cyanobacterial ancestor closely
related to modern Synechococcus or Prochlorococcus species approximately 90 to 140 million
years ago (illustrated in figure 1) [114]. Hence, chromatophores are relatively young organelles,
making Paulinella spp. valuable model systems to study the early stages of organellogenesis

[115].

Paulinella spp. contain two chromatophores, each of which is surrounded by two membranes
and an intermediate peptidoglycan wall. The IM and the peptidoglycan wall are likely derived
from the original cyanobacterial endosymbiont, while the OM is thought to be host-derived
[116]. Chromatophore maintenance is tightly coordinated with the nuclear cell cycle (Figure 6).
During cell division, each daughter cell inherits a single chromatophore, which only divides after
cytokinesis. This coordination implies a complex level of nuclear control. Recent studies have
identified around 200 nuclear-encoded proteins that may be involved in regulating

chromatophore maintenance and division [117].
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Figure 6. Cell cycle stages of Paulinella
spp. Illustrations highlighting the
morphology and segregation of
chromatophores during the cell cycle of
Paulinella spp. Illustrations adapted
from [118].

Chromatophores

Compared to other organelles, chromatophores have relatively large, gene-rich genomes.
Genome sequencing efforts of three Paulinella species have revealed that chromatophores
encode around 900 genes. When compared to free-living Cyanobacteria, this suggests that
modern chromatophores retain around 25% of their ancestral genes [119, 120]. Interestingly,
comparative analyses indicate that, when these species diverged around 60 million years ago,
the chromatophore genome had already shrunk to about 35% of its original size [120]. This rapid
gene loss may have been a crucial step in allowing the host cell to gain control over the
endosymbiont [121]. As with other organelles, some originally chromatophore-encoded protein
genes have been transferred to the host’s nuclear genome, and the chromatophore now makes
use of these proteins through protein import [122]. Interestingly, similar to what has been
hypothesized for mitochondria and chloroplast-derived plastids, some of these nuclear-
encoded, chromatophore-targeted proteins appear to have originated from Bacteria other than
the cyanobacterial ancestor [123]. Since genome reduction is likely still ongoing, the
chromatophore’s current ~1 Mb circular and single-chromosome genome is expected to

continue losing genetic information over time [120].

Chromatophores contain a single copy of their genome [118]. This implies the presence of a
precisely controllable chromatophore genome segregation system. The chromatophore
genome encodes orthologs of most genome segregation factors known from Cyanobacteria
[119]. However, genome segregation in Cyanobacteria remains poorly understood, and the

segregation of the chromatophore genome in Paulinella spp. has not yet been studied.
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1.2.4 Nitrogen-fixing endosymbionts and organelles: Diazoplast and Nitroplast
Nitrogen fixation is a highly energy-demanding process that is widespread in Bacteria and
Archaea, but rare among eukaryotes [124, 125]. However, in recent evolutionary history, a few
algae species have acquired nitrogen-fixing endosymbionts, allowing diazotrophic lifestyles
(illustrated in figure 1) [125, 126]. Some of these endosymbionts have undergone metabolic
adaptations and depend on the import of proteins from their host cell. Therefore, they are now
classified as early-stage organelles and have been named nitroplasts and diazoplasts [127,
128]. The ability of nitroplasts and diazoplasts to fix atmospheric nitrogen is likely to be a

significant advantage for their hosts [128, 129].

Nitroplasts, also known as UCYN-A, have been described as Candidatus Atelocyanobacterium
thalassa [130]. These are found in prymnesiophyte algae and have been extensively studied in
cultured strains of Braarudosphaera bigelowii, a marine algae species with a global distribution
(Figure 7AB) [131, 132]. The origin of this endosymbiosis has been dated to approximately 91
million years ago, and the persistence of nitroplasts in modern species suggests a stable long-
term relationship [133], although some B. bigelowii cultivars have been observed to eventually
lose their nitroplasts [134]. Nitroplasts retain much of the morphology typical to free-living
Cyanobacteria and are enclosed within a host-derived membrane. Despite this, they have
experienced extensive gene loss and have lost the ability to perform photosynthesis, rendering
them dependent on the host cell for survival [135, 136]. Nitroplasts acquire essential proteins
from the host cell by protein import. Interestingly, the imported proteins are of host cell origin
and organellar gene transfer from the nitroplast to the host cell nucleus has not been detected

[128].
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Figure 7. Nitroplast and diazoplast. (A) Braarudosphaera bigelowii cell captured by light
microscopy. Image adapted from [137]. (B) B. bigelowii cell imaged by transmission electron
microscopy. The cell contains a single nitroplast (E). Further organelles are labelled: Nucleus
(N), mitochondria (M), secondary plastids (P). Image adapted from [134]. (C) Rhopalodia gibba
cell imaged by light microscopy that contains two diazoplasts. Image adapted from [138].

B. bigelowii cells harbour a single nitroplast that proliferates in synchronization with the host
cell (Figure 7AB) [134]. The division of the nitroplast occurs at a similar time in the cell cycle as
the mitochondrial fission, but before secondary plastid and nuclear segregation. However, how
the processes are temporally controlled and how the single nature of the nitroplast can be

maintained are unknown [128].

In contrast to nitroplasts, diazoplasts have so far been generally classified as endosymbionts
rather than organelles. They occur in diatoms of the genera Rhopalodia and Epithemia, both
members of the Rhopalodiaceae [139]. The endosymbiotic event that gave rise to diazoplasts is
estimated to have occurred around 35 million years ago. Their ancestral lineage is closely
related to that of nitroplasts, as well as to modern Cyanobacteria of the genera Crocosphaera
and Zehria [139, 140]. Like nitroplasts, diazoplasts have retained much of the morphology of
their free-living ancestors and are enclosed within a host-derived membrane [127, 141].
However, reflecting their relatively recent origin, the metabolic integration between the host and
endosymbiont is less advanced compared to that seen in nitroplasts or other established
organelles. Like nitroplasts, diazoplasts have lost key genes required for photosynthesis. This

loss, which results in low oxygen levels inside the endosymbiont, allows them to fix nitrogen
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continuously throughout the day and night. This is in contrast to free-living Crocosphaera
species which can fix nitrogen only at night [129]. Recent research has identified honfunctional
diazoplast-to-nucleus DNA transfers and six nucleus-encoded proteins have been localized in
the proteome of the endosymbiont [127]. Should this be confirmed, the diazoplast could be

considered an early-stage organelle rather than an endosymbiont.

Epithemia spp. contain one or two diazoplasts which are divided prior to cytokinesis (Figure 7C)
[129, 139]. The presence of diazoplasts in several extant species of two genera suggests that

diazoplast inheritance is stable and well controlled [127].

1.3 Mitochondrial genomes
Eukaryotes are highly diverse. Around two million species have been described, butitis
estimated that around 8.7 million species exist [142, 143]. Eukaryotes are currently grouped into
eight to nine supergroups and some additional lineages [144, 145]. Reflecting this vast diversity
and approximately two billion years of partly independent evolution, mitochondrial genomes
have undergone remarkable diversification. As a result, modern mitochondrial genomes vary
significantly in size, gene content, gene expression strategies, and even in their genetic codes. In
addition, different lineages exhibit striking differences in the organization of mitochondrial

genomes and their modes of inheritance [146].

1.3.1 Mitochondrial genome content
A unifying feature of mitochondrial genomes is their highly reduced genetic content. While free-
living Bacteria typically require a minimum of around 400 protein-coding genes [147],
mitochondrial genomes may encode as few as one or two up to as many as 67 [148-150]. This
drastic reduction is possible because mitochondria rely heavily on the import of proteins from
the host cell, which enabled the transfer of many mitochondrial genes to the nuclear genome,
or their complete loss. Notably, the mitochondrial genome of the LECA likely contained only
slightly more genes than the most gene-rich mitochondrial genomes found today [151-153].
However, since LUCA, widespread and simultaneous losses and transfers of genes have
occurred in multiple independently evolving lineages. Interestingly, these losses or transfers of
mitochondrial genes were not random, suggesting that certain protein-coding genes are

inherently more likely to be retained in the mitochondrial genome [154].

A central question is why the transfer or loss of mitochondrial genes is beneficial. Several
hypotheses have been proposed to explain this phenomenon, focusing on factors such as

endosymbiotic control, metabolic efficiency, energetic advantage, and genome protection. The
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widespread loss of mitochondrial genes is likely due to their redundancy, as many have been
functionally replaced by nuclear-encoded genes of eukaryotic origin or by genes acquired
through horizontal gene transfer [154]. A notable example is the mitochondrial phage-derived
RNA polymerase found in most eukaryotes [155, 156]. From a bioenergetic perspective, the loss
of redundant genes is advantageous, as it reduces the energetic cost of gene maintenance and
expression [157]. However, also the transfer of genes to the nuclear genome provides a
bioenergetic advantage, which is partly explained by the high copy number of mitochondrial
genomes (chapter 1.3.2) [157]. Beyond energy savings, gene transfer also enables more precise
metabolic and functional regulation of the organelle by the host cell. Furthermore, it has been
hypothesised that nuclear genes are more stable than organellar genes. Mitochondrial DNA is
particularly vulnerable to two major genetic threats: Damage from reactive oxygen species
produced during oxidative phosphorylation, and the accumulation of harmful mutations due to
limited genetic recombination, following the Muller’s ratchet [154]. This DNA protection
hypothesis has been the most widely used explanation for mitochondrion-to-nucleus gene
transfers in the past. However, the bioenergetic benefit hypothesis is currently the most
prominent explanation. Unlike genome protection, which may only provide long-term
advantages at the population level, bioenergetic efficiency directly increases the fitness of

individual organisms likely making it a stronger selective force for gene transfer [158].

Despite the benefits of reducing or even eliminating the mitochondrial genome, almost all
eukaryotes have mitochondria with their own small genomes. The reasons for the retention are
a subject of much debate. Some hypotheses propose that keeping certain genes within the
mitochondrion allows for faster metabolic adaptation [159]. In organisms with many
mitochondria per cell, local gene expression would enable precise control of individual
mitochondria. Another often-discussed hypothesis is that some mitochondrial genes encode
proteins that may be harmful outside the mitochondrion or could be difficult to import into the
organelle. This hypothesis is supported by large-scale comparative studies of mitochondrial
genomes, which have identified high protein hydrophobicity as a key factor influencing gene
retention [154, 158, 160-162]. Highly hydrophobic proteins could aggregate in the cytosol or at

any point during protein import and thus not allow the gene transfer.

1.3.2 Mitochondrial genome organization
Mitochondrial genomes can be circular, linear, or even branched linear molecules [163]. The
entire genome can be encoded on a single DNA molecule or it can be split into multiple or even

thousands of DNA molecules [163]. In some lineages, such as Animalia and Fungi,
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mitochondrial genomes tend to be streamlined and compact, rarely exceeding 50 kb in length
[146]. In contrast to that, mitochondrial genomes of land plants (Embryophyta) are typically
much larger due to the presence of long non-coding regions, with some genomes exceeding 10
Mb [146, 164]. Consequently, the size of the mitochondrial genome in these species exceeds
even that of most free-living Bacteria, despite encoding only a small number of genes. At the
opposite extreme, certain members of the Alveolata possess some of the smallest known
mitochondrial genomes, with sizes around 6 kb and only a few encoded genes [53]. Notably, this
vast diversity in genome size and structure does not correlate with the phylogenetic

relationships or the biology of species [146].

Mitochondrial genomes are typically organized in nucleoids, a trait inherited from the bacterial
ancestor [165]. Mitochondrial nucleoids have primarily been studied in model organisms such
as yeast, humans, and, to a lesser extent, higher plants [166-170]. In these species, a single
mitochondrion can contain anywhere from one to several dozen nucleoids (Figure 8). Apart from
some core proteins, nucleoids are highly heterogeneous in their protein composition and
mitochondrial DNA copy number, even within a single mitochondrion [171]. Nucleoids typically
contain one or a few copies of the mitochondrial genome [167, 168, 172]. Many proteins have
been found to localize within nucleoids, although the roles of many of them remain unclear
[167, 169]. Key proteins are high-mobility group (HMG)-containing proteins that bind DNA and
facilitate a histone-like DNA compaction [173]. Other nucleoid-associated proteins are involved
in DNA replication, repair, and transcription [167, 169]. However, significant variability in
nucleoid structure, both between species and even within individual mitochondria, makes it
challenging to define a universal nucleoid model. While many species exhibit what can be
considered “typical” nucleoids, some lineages have evolved far more complex mitochondrial
genome architectures. One of the most extreme examples is the kinetoplast of the

Kinetoplastida, which contains thousands of interlinked DNA molecules (chapter 1.5.2).
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Figure 8. Mitochondrial
DNA compactionin
nucleoids. (A) Image of a
bovine heart mitochondrion
captured by transmission
electron microscopy. Three
visual nucleoids are framed
by white boxes. (B) A picture
illustrating a reconstruction
of the image shown in (A)
where cristae are coloured
blue and nucleoids green.
Images adapted from [174].

1.3.3 Mitochondrial genome inheritance

Faithful inheritance of the mitochondrial genome is essential for proper cellular function. This
process relies on precise DNA replication and the division and equal segregation of

mitochondrial nucleoids during both mitochondrial fission and cell division.

Mitochondrial DNA replication relies on nuclear-encoded DNA polymerases, which appear to
have been independently acquired multiple times throughout eukaryotic evolution. In several
model organisms within the Opisthokonta, the primary mitochondrial DNA polymerase is of
bacteriophage origin [175, 176]. In contrast, other lineages such as the Chloroplastida and
Kinetoplastida utilize Bacteria-derived polymerases [177, 178]. Notably, recent studies suggest
that many species likely use multiple mitochondrial DNA polymerases, though their specific
roles are not fully understood [178, 179]. Nevertheless, while mitochondrial DNA replication
certainly requires precise host cell control, the replication itself may be not fundamentally

different from the replication of nuclear or bacterial DNA.

The division and segregation of mitochondrial nucleoids are crucial processes that occur prior
to or during mitochondrial fission and cell division. Different eukaryotes have evolved a variety
of distinct and highly specialized systems to manage these steps. Interestingly, these
mechanisms cannot be traced back to the alphaproteobacterial ancestor. Extant
Alphaproteobacteria utilize a dedicated chromosome segregation system known as the parABS
system [180]. However, no mitochondrial orthologs of parABS components have been found.
Instead, eukaryotes have developed entirely new systems to ensure the proper division and
inheritance of mitochondrial nucleoids. The following chapters discuss some of the

characterized nucleoid division and segregation factors in mammals, budding yeast, and land
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plants. Chapter 1.5.3 and subsequent sections will discuss the unique mechanisms used by

Trypanosoma brucei.

1.3.3.1 Mammals (Mammalia)
Mammalian mitochondria typically contain a small number of nucleoids [181], with each
nucleoid likely housing a single copy of the mitochondrial genome [172, 181]. The mitochondrial
DNA is compacted by several factors, most notably by the highly abundant HMG-box protein
TFAM, which also functions as a transcription factor [182, 183]. Mammalian cells possess
dynamic mitochondrial networks, where the organelles constantly undergo fission and fusion
events [184]. This high degree of structural plasticity makes it difficult to precisely track the
movement and segregation of nucleoids. However, early evidence that nucleoids are not
located in the matrix but are bound to the IM, suggested a key role of the IM and cristae in

nucleoid trafficking [185].

Recently, the interplay of the mitochondrial hucleoid with the IM-bound mitochondrial contact
site and cristae organizing system (MICOS), the OM protein Miro1, and KIF5B, a microtubule-
associated motor protein, has been demonstrated in an elegant study using super-resolution
microscopy in living cells (Figure 9) [186]. This study proposed that mitochondrial nucleoids
interact with the MICOS at the IM. Notably, the mechanism behind the IM association is not well
known and many other proteins have also been proposed to facilitate this connection [185,
187]. The MICOS complex interacts with Miro1 which resides in the OM. Finally, itis the
interaction of Miro1 with KIF5B that connects the mitochondrial nucleoids to microtubule
filaments and that facilitates their active transport and segregation during dynamic
mitochondrial tubulation [186]. Additionally, Miro1 is associated with ER—-mitochondria
encounter structures (ERMES), which are known to define mitochondrial fission sites. Hence,
the ER also contributes to the spatial distribution and segregation of nucleoids [188]. Together,
these findings emphasize that mammalian mitochondria form dynamic networks, in which IM-
bound nucleoids are actively positioned and segregated through their connections to

microtubules and to the endoplasmic reticulum [186].
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Microtubul Figure 9. Nucleoid trafficking system in
icrotupuie mammalian cells. Illustration depicting the
factors involved in nucleoid-IM association

and microtubule-mediated trafficking in
mammalian cells.

Nucleoid

Mitochondrion

1.3.3.2 Yeast (Saccharomyces cerevisiae)
Saccharomyces cerevisiae is arguably the most extensively studied model organism for
mitochondrial biogenesis. During active growth and proliferation, S. cerevisiae typically
contains one or a few large, tubular mitochondria. In contrast, during the stationary phase, the
cells have many but much smaller mitochondria [167]. Stationary cells grown under aerobic
conditions may contain around 141 nucleoids each likely holding one or two copies of the
mitochondrial genome (Figure 10A). Under anaerobic conditions, however, stationary-phase
cells contain only an average of seven aggregated nucleoids, each of which contains around 20
copies of the genome (Figure 10B) [189]. Mitochondrial DNA is compacted by the ARS-binding
factor 2 (Abf2), a yeast ortholog of the mammalian TFAM, which organizes the DNA into a
chromatin-like structure [190, 191]. Nevertheless, yeast nucleoids comprise over 35 distinct

proteins, and DNA compaction has been observed even in Abf2-depleted strains [167, 192].
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Figure 10. Nucleoids in S. cerevisiae. Fluorescence microscopy images visualizing the DNA
(nuclear and mitochondrial) of each an S. cerevisiae cell grown in aerobic (A) or anaerobic (B)
conditions. Arrows point at individual nucleoids, the nuclear DNA is indicated (N). Images
adapted from [167].

Several lines of evidence suggest that nucleoid trafficking and segregation mechanisms are
conserved between yeast and mammals [167]. Mitochondrial nucleoids in S. cerevisiae are also
IM-associated, but the molecular details of this connection are not known. Studies have shown
that nucleoids are transported along microtubules and actin filaments, guiding them toward
daughter buds in dividing cells. This process likely supports the controlled inheritance of the

mitochondrial genome, but the precise mechanisms remain unclear [167, 193-196].

In yeast, the Ca2+-binding Miro GTPase Gem1, the ortholog of mammalian Miro1, plays arole in
the ERMES complex [197]. As in mammalian cells, ERMES helps to define sites of mitochondrial
fission and contributes to the division and segregation of mitochondrial nucleoids [198]. The

underlying processes are, however, not known.

1.3.3.3 Land plants (Embryophyta)
Mitochondrial biogenesis and particularly the inheritance of mitochondrial genomes is still
poorly understood in eukaryotic lineages outside of the Opisthokonta. However, studies in land
plants, especially in model organisms such as Arabidopsis thaliana, Nicotiana tabacum, and
Vigna radiata, have provided valuable insights into alternative mechanisms. Cells of land plants
typically contain several hundred mitochondria that undergo frequent fission and fusion events
(Figure 11A) [199]. Each mitochondrion contains typically a single nucleoid, although
mitochondria lacking nucleoids can be readily observed (Figure 11B) [200, 201]. This

observation suggests that mitochondrial genome segregation in land plants may not be tightly
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regulated and could occur in a largely stochastic manner [202]. Interestingly, this heterogeneity
in mitochondrial genome copy numbers appears to be reversible. Massive mitochondrial fusion

events, which were reported during germination in A. thaliana, may serve to homogenize the

mitochondrial population [203].

Figure 11. Mitochondrial trafficking and fission in land plants. (A) Fluorescence microscopy
image of a Nicotiana tabacum cell showing actin filaments (green) and mitochondria (red). The
inset on the bottom right shows a magnification. Image adapted from [204]. (B) Time course
observations in seconds of mitochondrial fission in N. tabacum. Mitochondria are shown in red,
mitochondrial DNA in yellow. Mitochondrial fission frequently produces mitochondria without
detectable DNA (indicated by arrow head). Images adapted from [201].

The structure and composition of land plant mitochondrial nucleoids are not well understood.
In A. thaliana, several proteins have been associated with nucleoid formation [205, 206]. One
key factor appears to be the ATPase Family AAA Domain-Containing Protein 3 (ATAD3), as its
absence leads to the disruption of mitochondrial nucleoids [206]. Notably, ATAD3 is likely a
mitochondrial IM protein, suggesting a link between mitochondrial nucleoids and the IM in land
plants as well [206]. Supporting this idea, a study in Vigna radiata also reported IM association
of mitochondrial nucleoids and proposed possible connections to the OM and cytoskeletal
elements [166]. Additionally, mitochondrial distribution in N. tabacum has been shown to
depend on actin filaments (Figure 11A) [204]. Despite these findings, the mechanisms of
mitochondrial and nucleoid trafficking and segregation in land plants remain largely

uncharacterized and require further investigation.
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1.4 Trypanosoma brucei
Trypanosoma brucei is a hemoflagellate protozoan that is naturally found in the tropical regions
of sub-Saharan Africa. T. brucei occurs within the distribution range of tsetse flies (Glossina
spp.), which serve as the transmission vectors for this mammalian pathogen. Tsetse flies feed
on the blood of a wide range of mammals, most of which are suitable hosts for T. brucei,
contributing to the high prevalence of the species. Unfortunately, two host groups are
particularly vulnerable to tsetse fly bites and subsequent T. brucei infections: Humans and their
domesticated livestock [207]. If left untreated, infections in either group can be fatal. The
ongoing interaction between the pathogen and human populations has significantly impacted
the recent history of African civilisations [208]. A lack of understanding of disease origins,
transmissions, and treatments caused epidemic-like outbreaks in several countries in the late
19" and the early and late 20" century alongside the massive agricultural impact [209].
Consequently, the biology of T. brucei reached into the focus of researchers and physicians,
aiming to prevent disease outbreaks and cure patients. These efforts have been successfulin
recent years, with several countries reporting the elimination of T. brucei-borne diseases [209-
211]. Additionally, research has revealed that T. brucei and its relatives are only distantly related
to many eukaryotic model organisms [144]. As a unicellular organism with unique cellular
features, such as a single mitochondrion, T. brucei has become a valuable model for studying
fundamental processes in eukaryotic cells and for exploring the evolutionary origins of

eukaryotes [212].

Interestingly, some relatives of T. brucei are pathogens affecting humans, livestock, or crops. T.
cruzi, for example, is the causative agent of Chagas disease in Latin America [213]; several
Leishmania species are responsible for various forms of leishmaniasis [214]; and Phytomonas
species can infect agricultural crops, reducing plant health and crop yields [215]. Beyond these
well-known pathogens, the Trypanosomatidae are remarkably diverse. Several hundred species
have been described, all of which are obligate parasites [216]. Hence, trypanosomatids likely

play crucial ecological roles which we have yet to understand.

1.4.1 Trypanosoma brucei as a pathogen
The evolutionary origin of T. brucei remains unclear. One proposed model suggests that T. brucei
descended from a free-living bodonid species [207]. These bodonid ancestors likely invaded
ancient insect species during the Mezozoic era, as suggested by a fossil dated to ~110 million
years ago [217]. The emergence of blood feeding insects later allowed the monoxenous

parasites to alternate between different hosts in a dixenous life cycle [218]. While the
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hypothesized Mesozoic origin indicates a Gondwanan emergence of the lineage, it is unclear
whether the transition to blood feeding insect hosts and the adaption of a dixenous lifestyle
occurred before or after the breakup of the supercontinent [207]. What is clear, however, is that
both T. brucei and its vector, the tsetse fly, were initially retained only in today tropical sub-
Saharan Africa. This suggests a long co-evolutionary history between T. brucei and hominids,
including humans, whose radiation started in this region [219]. Consequently, humans, as well
as most African mammals, have evolved defence mechanisms against T. brucei[219, 220].
However, since the Holocene epoch, several events possibly linked to the emergence of highly
populated human civilisations have resulted in the emergence of certain T. brucei ecotypes that
can evade human immune defences. Under traditional Linnaean binomial nomenclature, these
ecotypes were historically classified as separate species or subspecies [207]. However, modern
genetic analyses have shown that these classifications lack monophyly and exhibit insufficient
genetic divergence to justify their classification as distinct species [207, 221-227]. In the
following paragraphs, the recently proposed ecotype nomenclature by Lukes et al. is used [207].
In subsequent chapters, unless otherwise specified, the term T. brucei will refer to the ecotype

T. brucei forma brucei (T. brucei f. brucei).

T.b. f. brucei T.b. f. gambiense

T. b. f. rhodesiense
T. b. f. gambiense
T. b. f. brucei

T. b. f. equiperdum Q

T. b. f. evansi

T. b. f. equiperdum and
T. b. f. evansi

s
N
A i

T. b. f. rhodesiense

Figure 12. T. brucei ecotypes. Summary of natural occurrences and transmission mechanisms
of the five currently accepted ecotypes of T. brucei. Illustration adapted from [207].
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1.4.1 Trypanosoma brucei as a pathogen

T. bruceif. brucei refers to the ecotype that is widely distributed across tropical sub-Saharan
Africa. It is likely that this form is the original ecotype, which co-evolved with hominids and
native African wildlife (Figure 12) [207, 219]. Over the course of this long co-evolutionary
relationship, many host species have developed effective defence mechanisms against
infections. Notably, the human defence mechanism stems from a plasma protein, the
apolipoprotein-L1 (APOL1), which is a trypanolytic molecule [228]. In contrast, most
domesticated mammal breeds have not evolved such defences, making them highly
susceptible to T. brucei f. brucei. Infections in livestock can result in a disease known as Nagana
that often leads to severe outbreaks and devastating livestock losses for farmers and pastoral

communities [229].

Recent events, likely taking place in the last 10’000 years, have given rise to four divergent T.
brucei ecotypes: T. brucei f. gambiense, T. brucei f. rhodesiense, T. brucei f. evansi, and T. brucei

f. equiperdum (Figure 12) [207].

T. bruceif. gambiense and T. brucei f. rhodesiense are human-infective ecotypes transmitted by
tsetse flies. While most African wildlife species show a degree of tolerance to these parasites,
their ability to infect humans stems from their resistance to the human trypanolytic protein
APOL1 [209, 219]. In humans, infections with these ecotypes cause human African
trypanosomiasis (HAT), commonly known as ‘sleeping sickness’. There are two forms of the
disease: West African HAT, caused by T. brucei f. gambiense, and East African HAT, caused by T.
bruceif. rhodesiense [209]. West African HAT is the more prevalent form, accounting for 98% of
reported cases in recent years [230]. The east African HAT has a much lower prevalence, but

infections are more severe and end fatal if untreated in most cases [231].

T. bruceif. evansiand T. brucei f. equiperdum are ecotypes which have lost the dixenous
lifestyle [207]. Mutations in the ATP synthase have allowed these ecotypes to partially or fully
lose their mitochondrial genomes, rendering them unable to proliferate outside a mammalian
bloodstream [232, 233]. Consequently, these parasites are not dependent on a specific
transmission vector and instead switch between hosts through mechanical transmission. In
tropical sub-Saharan Africa, tsetse flies, which feed multiple times per day, may still serve as
incidental vectors. However, other blood-feeding animals can also transmit the parasites in a
similar manner [234, 235]. Notably, T. brucei f. equiperdum is primarily transmitted through
direct contact during the mating of host animals, setting it apart from other T. brucei ecotypes
[236]. These adaptations have enabled both ecotypes to spread far beyond the natural range of

tsetse flies. Today, they have been reported in numerous regions across both the Old and New
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1. Introduction

Worlds (Figure 12) [207, 235]. While T. brucei f. equiperdum is restricted to equids, T. brucei f.
evansi is a pathogen of many domesticated and wild mammals, and although human infections
have been reported, they are exceptional [234-237]. Infections in these species cause diseases
known as surra (T. brucei f. evansi) and dourine (T. brucei f. equiperdum) which are often fatal

[234, 236].

T. brucei makes use of remarkable strategies to evade the host’s immune system responses. As
eukaryotic organisms, their metabolism is similar to that of the host, making it difficult to find
chemotherapeutics with high specificity. Lack of specific treatments, combined with difficulties
in controlling the tsetse fly vector, likely contributed to the resurgence of T. brucei-related
epidemics in the late 1990s [209]. However, recent advances have led to the development of
new and promising drugs, some of which are already in use. These treatments have played a
significant role in reducing disease prevalence and have supported the successful elimination

of HAT in several countries in recent years [207, 210, 230].

1.4.2 Life cycle
The dixenous lifestyle of T. brucei demands a considerable metabolic and morphological
adaptability and flexibility. Unsurprisingly, the parasite undergoes dramatic changes in its
transcriptome and proteome during the transitions between hosts, including a complete

replacement of its surface coat [238-240].

Tsetse fly Mammal

Slender bloodstream

Epimastigote
Flagellum

Mitochondrion Nucleus

"
Kinetoplast \

Stumpy bloodstream

Procyclic

Figure 13. T. brucei life cycle. Illustrations of the main life cycle stages of T. brucei. Arrows
indicate the progression between forms and closing loop circles indicate the proliferative life
cycle stages. Illustration adapted from [241].

27



1.4.2 Life cycle

The proliferative type of the parasite in the mammalian bloodstream is known as the long
slender bloodstream form (Figure 13) [242]. These cells express a cell coat consisting of
variable surface glycoproteins [243]. These proteins are highly immunogenic and trigger strong
host immune responses, leading to characteristic fever spikes that correlate with parasitaemia
levels [244]. However, this surface coatis very dynamic and T. brucei is able to generate a
seemingly unlimited diversity of the variable surface glycoprotein by genetic recombination and
transcriptional control [245-247]. As a result, the host immune system can only target a subset
of parasites at any given time, as each parasite has only a single VSG type, making a complete
clearance nearly impossible. Long slender bloodstream form cells express and secret
oligopeptides, the stumpy inducing factors, which are sensed through a quorum sensing
pathway [248-250]. As a result, high parasitaemia triggers the formation of short stumpy
bloodstream form parasites, a non-dividing stage arrested in the G, phase of the cell cycle
(Figure 13) [251]. These parasites display metabolic adaption required to invade the
gastrointestinal system of the tsetse fly, where they are taken up to during a blood meal of the
insect. Once inside the fly, short stumpy forms shift their metabolism to adapt to the glucose-
poor environment of the midgut and differentiate into the proliferative procyclic form (Figure 13)
[252]. These cells display a completely remodelled surface coat consisting of two types of
procyclins: EP and GPEET [253, 254]. Procyclic form cells migrate from the midgut toward the
salivary glands, undergoing morphological transitions, including a switch to a surface coat
dominated by EP procyclins [254]. The invasion of the proventriculus is associated with
proliferative epimastigotes which carry yet another surface coat characterized by brucei
alanine-rich proteins (BARP) (Figure 13) [255]. Epimastigotes then undergo an asymmetrical cell
division to produce a non-dividing form that eventually migrates to the salivary glands [256].
There, they undergo metacyclogenesis, which includes another asymmetrical division that
generates mammalian-infective metacyclic trypomastigotes (Figure 13) [257]. Notably, the
metacyclic cells are already coated with the variable surface glycoprotein, a preadaptation for
the invasion of the mammalian bloodstream [252]. Finally, embedded in the tsetse fly’s salivary
gland secretion fluids, the metacyclic trypomastigotes are transmitted to a new mammalian
host during a blood meal. Once inside the host, they transform into the proliferative long slender

bloodstream form, thus completing the life cycle.
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1.5 Mitochondrion of Trypanosoma brucei
The mitochondria of T. brucei and its kinetoplastid relatives are remarkable organelles that have
repeatedly surprised researchers throughout the history of mitochondrial research. One
particularly striking discovery was that, unlike most known eukaryotes, kinetoplastids harbour a
single mitochondrion, an unusual feature that raised significant interest in the biogenesis of this

organelle [49].

The following chapters will explore some of the most remarkable aspects of mitochondrial
biogenesis in T. brucei, with a special focus on the structure and inheritance of its unique

mitochondrial genome, the kinetoplast.

1.5.1 Mitochondrial biogenesis of Trypanosoma brucei
T. brucei harbours a single mitochondrion throughout its entire life and cell cycle. Given the
parasite’s highly specialized life stages, it’s not surprising that the role of the mitochondrion in

cellular metabolism changes significantly, especially between life cycle stages [258].

During the procyclic stage, T. brucei primarily uses proline, and when available glucose, as
energy sources. ATP is generated through both oxidative phosphorylation and substrate-level
phosphorylation within the mitochondrion [259-262]. By contrast, in the bloodstream stages, T.
brucei exploits the constant abundance of glucose in the host’s blood, relying mainly on
substrate-level phosphorylation linked to glycolysis that occurs partly in specialized
peroxisomes called glycosomes [258, 263, 264]. As a result, the procyclic form derives a
significant proportion of its energy from mitochondrial activity, whereas the bloodstream forms
produce little to no energy in the mitochondrion [258]. Despite this reduced role in energy
production, the mitochondrion remains essential in bloodstream forms since it is the sole site
of iron-sulfur cluster biosynthesis and also contributes to calcium signalling, fatty acid
metabolism, and amino acid metabolism [49, 265, 266]. However, the morphology of the
mitochondrion in procyclic and bloodstream form parasites is vastly different [267]. In the
procyclic form, the mitochondrion is large and highly branched, with well-developed cristae on
the IM to support active oxidative phosphorylation. In contrast, the bloodstream forms have a

smaller tubular mitochondrion with fewer cristae [264, 267].

Despite these metabolic and morphological differences between these life cycle stages,
fundamental processes required for mitochondrial biogenesis must be continuously active. In T.

brucei, such processes are the import of mitochondrial proteins and tRNAs, mitochondrial gene
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1.5.1.1 Protein import

expression, including extensive mRNA editing, and the maintenance of the mitochondrial

genome.

1.5.1.1 Protein import

In recent years, the mitochondrial proteomes of various eukaryotes have been characterized.
Interestingly, despite vast differences in lifestyles the general sizes of mitochondrial proteomes
are remarkably similar across distantly related species, even between single-celled and
multicellular organisms [268-271]. However, the mitochondrial genomes of all known
eukaryotes encode only a few protein genes (chapter 1.3.1). Hence, mitochondria rely on
excessive protein import of nuclear encoded and cytosolically translated protein precursors.
Interestingly, despite the monophyletic origin of mitochondria [272, 273], the protein import

machineries of mitochondria differ substantially across eukaryotic supergroups [274-276].

In yeast and humans, mitochondrial protein import has been studied in detail. Both organisms
possess five distinct pathways to import precursor proteins [36]. In depth characterization of
the mitochondrial protein import in T. brucei has shown that trypanosomes and their relatives
use five nearly identical import routes, although the involved systems sometimes show only

very limited orthology (Figure 14) [274].

One of the five protein import routes describes the import of a relatively small group of
mitochondrial proteins, the a-helical-anchored OM proteins (Figure 14). Interestingly, this
import route is the most diverse mitochondrial protein import pathway and substantial
differences have been reported even between yeast and human, which belong to the same
eukaryotic supergroup [36]. Taken together, three evolutionary unrelated insertase systems, the
MIM complex of yeast [277], the MTCH1/MITCH2 duo of human [278], and pATOM36 of
trypanosomes [279] have been shown to insert a-helical proteins into the OM. Despite no
sequence homology, the MIM complex and pATOM36 could even be functionally interchanged

highlighting the convergent evolution of this import route [280].
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Figure 14. Mitochondrial protein import pathways of T. brucei. Schematic illustration of the
main translocases and import machineries of the five discussed import pathways. OM:
mitochondrial outer membrane, IM: mitochondrial inner membrane, TMD: a-helical
transmembrane domain. Illustrations adapted from [281].

Essentially all yeast and human mitochondrial proteins are initially imported by the translocase
of the outer membrane (TOM) complex into the intermembrane space [36]. An orthologous
translocase has been identified in T. brucei, which has been termed the atypical TOM (short
ATOM) complex (Figure 14) [282]. However, the two machineries contain several subunits which
have been acquired independently and thus cannot be traced back to a single origin [282]. It is
widely accepted that the main translocation pore subunits Tom40 and ATOM40, as well as the
complex organizing subunits Tom22 and ATOM14 are orthologous [274]. In contrast, neither of
the two ATOM complex receptor subunits nor any of three subunits involved in the regulation of
the complex have orthologs in the human or yeast TOM complexes [274]. Nevertheless, some if
not all of the unrelated subunits may be functional analogs, which is also supported by the
identical count of unique subunits of the TOM and ATOM complexes [283, 284]. The human and
yeast TOM complexes have almost identical molecular structures [285-287]. Consequently, the
molecular structure of the ATOM complex will have to get solved to evaluate how similar the

architectures of the TOM and ATOM complexes are.

All mitochondria contain a small number of B-barrel OM proteins [288]. The import route of this
protein class is well conserved [275]. B-barrel OM protein precursors are imported by the ATOM
complex into the intermembrane space. After the translocation, B-barrel OM precursor proteins

are stabilized by small TIM chaperones (Figure 14). T. brucei has six such chaperones [289],
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although one of them may have a nhoncanonical function [290], and all are likely orthologs of
yeast small TIM chaperones [282]. However, the trypanosomal process of B-barrel protein
precursor stabilization by small TIM chaperones has not been studied yet [282]. OM insertion of
B-barrel protein precursors is performed by the well conserved sorting and assembly machinery
(SAM) complex (Figure 14). In yeast and human, the SAM complex consists of a central
insertase, Sam50, and two peripheral capping factors, Sam35 and Sam37 [291]. In T. brucei, the
ortholog, Sam50 (formerly annotated as Tob55), has been shown to function likewise [292]. An
ortholog of Sam35 is encoded in the genome of T. brucei, while a Sam37 gene is absent.
However, the function of the Sam35 ortholog has not yet been investigated [282]. The SAM

complex may therefore differ from the yeast or human complex but more research is needed.

Despite consisting of unrelated subunits, the TOM and ATOM complex facilitate essentially
identical import pathways [282]. Apart from the import of B-barrel OM precursor proteins, the
translocation across the OM of all precursors of intermembrane space, IM, and matrix proteins
is facilitated by these complexes (Figure 14). Many intermembrane space proteins are
characterized by intramolecular disulfide bonds formed between cysteine side chains [293].
These disulfide bonds are introduced post import and are essential for the protein stability and
function. In T. brucei, the sulfhydryl oxidase TbErv1 is essential for the catalysis of this oxidation
[271, 294]. Erv1 enzymes are well conserved among eukaryotes, however, in yeast Erv1 depends
on the interplay with the mitochondrial intermembrane space import and assembly protein 40
(Mia40) for reoxidation [274]. The redox cycle of T. brucei may be Mia40-independent as an
ortholog of this gene could not be detected, however, the substitution of the function by a yet

unknown enzyme cannot be ruled out [274].

The fourth and fifth mitochondrial protein import routes use, in addition to the ATOM complex, a
second translocase, the translocase of the inner membrane (TIM) complex (Figure 14) [282].
Trypanosomes have a single TIM complex that is essential for the biogenesis of all nuclear-
encoded IM and matrix proteins [295]. This is in great contrast to yeast or human systems, and
likely also to the ancient system of LECA, which possess two distinct TIM complexes dedicated
to the fourth and fifth import pathways [36, 282]. The fourth pathway is the route taken mainly by
the large class of mitochondrial metabolite carrier proteins (MCP) [282]. These are a-helically
anchored integral membrane proteins, the majority of which have six such domains. These
overall hydrophobic MCPs are challenging import substrates and therefore require chaperones
in the intermembrane space to prevent protein aggregation [282]. Hence, in T. brucei, MCP
import depends on the ATOM complex, the small TIM chaperones in the intermembrane space,

and the single TIM complex [295].
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The fifth mitochondrial protein import pathway is the route taken by matrix proteins or IM
proteins with generally only a single a-helical transmembrane domain (Figure 14). This pathway
is well conserved and most of the substrates are characterized by an N-terminal presequence,
an amphipathic a-helix of variable length with a positive charge [296]. This presequence is
recognized by receptors of both the ATOM and TIM complexes and is likely the reason for the N-
to-C-terminal import of the precursor proteins [282, 297]. The TIM complex subunit of T. brucei
that is responsible for protein precursor translocation is a yeast Tim22 ortholog [295, 298]. In
yeast, which have two different TIM complexes, Tim22 is part of the TIM22 complex that is
responsible for the IM insertion of MCPs [299]. Hence, the ability of the single T. brucei TIM
complex to facilitate the import of both substrate classes, MCPs and presequence containing
proteins, is unusual and suggests a gain of function of this Tim22 ortholog [295]. Indeed, it was
shown that the TIM complex in T. brucei does require additional factors for the translocation of
presequence containing proteins [295, 300]. After import, the presequence is cleaved by the

conserved matrix processing peptidase [301].

Protein import into the mitochondrion, especially across the IM, requires energy. The import of
presequence containing proteins is facilitated by the ATP-dependent presequence translocase-
associated motor (PAM). The PAM of T. brucei is unusual and lacks some of the orthologs found
in other systems [302]. Interestingly, two of these orthologs, TbPam16 and TbPam18, are
essential J-domain proteins in procyclic T. brucei, but they are neither structurally nor
functionally associated with mitochondrial protein import [302]. Instead, TbPam27, a non-
orthologous euglenozoan-specific J-domain protein has taken over their function [302]. This
homologue replacement in the PAM may have been an important step allowing the TIM22-like
TIM complex of T. brucei to gain the ability for presequence containing precursor protein import

[274].

1.5.1.2 tRNA biogenesis
Mitochondrial translation, like all translation systems, requires a full set of tRNAs and their
respective aminoacyl-tRNA synthetases. However, the mitochondrial genome of T. brucei does
not encode any tRNAs [303]. Instead, all mitochondrial tRNAs are nuclear-encoded and must
getimported from the cytosol [304-306]. This is a situation comparable with mitochondria of
other eukaryotic groups. However, in some lineages, most prominently in some Animalia, Fungi,
and Embryophyta, mitochondrial genomes encode complete sets of mitochondrial tRNAs. [307,

308].
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Multiple lines of evidence from T. brucei and other trypanosomatids have led to the conclusion
that these organisms source mitochondrial tRNAs from the cytosolic pool of mature and
aminoacylated tRNAs [309, 310]. These tRNAs are targeted to the mitochondrion by the
eukaryotic translation elongation factor 1 alpha (eEF1a) [311]. In T. brucei, mitochondrial tRNA
import is mediated by the same main translocase complexes responsible for protein import, the
ATOM and TIM complexes [312]. However, several subunits essential for protein import are not
required for tRNA import. For instance, within the ATOM complex, neither of the two receptor
subunits involved in protein precursor recognition are necessary for tRNA translocation [313].
Similarly, for translocation across the IM, only the core TIM complex is required and all
accessory components associated with the import of presequence containing proteins,
including the PAM, are dispensable [314]. The fact that tRNA import is independent of the PAM
raises questions about the driving force behind this process, particularly given that tRNA and
protein import occur independently [313]. Importantly, the required energy may not be
exclusively intramitochondrial, as tRNA translocation across the OM and IM appears to be

coupled [314].

T. bruceiimports aminoacylated tRNAs into its mitochondrion [310]. However, to maintain
efficient translation, the mitochondrion requires aminoacyl-tRNA synthetases to recharge
tRNAs. All mitochondrial aminoacyl-tRNA synthetases are encoded in the nucleus, and
interestingly, with only three exceptions, a single gene gives rise to both the mitochondrial and
the cytosolic synthetase [271, 315]. This dual targeting requires stable pools of the same
enzyme to be maintained in both compartments. In the case of the isoleucine aminoacyl-tRNA
synthetase, this is achieved by alternative trans-splicing of the primary transcript introducing a
presequence into the open reading frame of some mRNAs only [316]. In Leishmania tarentolae,
another trypanosomatid, some aminoacyl-tRNA synthetase genes are known to contain internal
mitochondrial targeting signals and alternative splicing results in mitochondrially targeted or
cytosolically retained enzymes [315]. Despite the shared genes for most mitochondrial and
cytosolic aminoacyl-tRNA synthetases in T. brucei, the mitochondrial synthetases required to
charge the tRNAs decoding the tryptophan, aspartate, and lysine codons are distinct from their
cytosolic counterparts and are encoded in independent nuclear genes [317-319]. The reasons
for mitochondria-specific aminoacyl-tRNA synthetases vary. In the case of the tryptophanyl-
tRNA synthetase, the demand arises from the ‘UGA’-STOP codon reassignment to a tryptophan
codon in the mitochondrion, but not in the cytosol where the canonical genetic code is used
[320]. However, since the nuclear genome encodes a single tryptophan decoding tRNA gene,

the mitochondrial population of this tRNA has to be modified by a C->U modification which
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affects the recognition by the cytosolic tryptophanyl-tRNA synthetase. Hence, mitochondria
require a specific tryptophanyl-tRNA synthetase which recognizes the modified anticodon loop
of the tRNA [319]. The needs for mitochondria-specific aspartyl-tRNA and lysyl-tRNA
synthetases are less well known. In the case of aspartyl-tRNA synthetase, the mitochondrial
tRNA may contain a specific nucleotide modification that requires a dedicated enzyme for
charging [318]. The mitochondrial lysyl-tRNA synthetase is activated only upon mitochondrial
import by a C-terminal cleavage, suggesting a possible cytosolic misfunction of the enzyme

[317].

Another unique feature of mitochondrial tRNA biogenesis in T. brucei involves the tRNA required
for translation initiation and methionine codon decoding. Bacterial and eukaryotic translation
initiation is fundamentally different in the way that Bacteria use tRNAs carrying formylated
methionine, a strategy also employed by mitochondria [321]. Interestingly, T. brucei has only a
single gene encoding the methionyl-tRNA synthetase responsible for charging both the
cytosolic and mitochondrial elongator methionine tRNAs. Hence, to generate the translation
initiator tRNA, the mitochondrion requires a formyltransferase. This enzyme formylates a
subpopulation of the charged methionine tRNAs effectively converting them into functional
initiator tRNAs [322]. Hence, this methionyl-tRNA of T. brucei is used in three pathways, for the
translation elongation in the cytosol and in the mitochondrion, and for translation initiation in
the mitochondrion. Despite this unusual versatility of this tRNA, the recognition of the initiator
tRNA by the mitochondrial initiation factor 2 and the post-translational removal of the formyl

group are more conserved [323, 324].

1.5.1.3 RNA editing
The mitochondrial genome of T. brucei has an unusual bipartite organization containing two
types of circular DNA molecules, maxicircles and minicircles. Maxicircles encode a few
classical but also some so called protein cryptogenes, while minicircles encode short RNA
molecules, the guide RNAs (gRNAs) (see also chapter 1.5.2.1). Highly complex RNA editing
reactions, guided by gRNAs, allow the insertion and deletion of uridylates converting transcripts
of cryptogenes into translatable protein genes. While the generic process of transcript editing
may be employed by many organisms, this RNA editing performed by T. brucei and its relatives

is excessive and shapes the mitochondrial transcriptome greatly [325, 326].

The maxicircles of T. brucei encode six classical protein genes and twelve cryptogenes [49, 327,
328], whose primary transcripts lack translatable open reading frames. To become translatable,

these transcripts require insertions and deletions of variable numbers of uridylates at strictly
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defined positions. This RNA editing is directed by gRNA molecules and is carried out by a highly

specialized protein complex known as the editosome [326, 329, 330].

gRNAs are short ~30-60 nucleotides long molecules. The editing processes require hundreds of
distinct gRNAs which are, with only two maxicircle-encoded exceptions, all encoded on
minicircles [331-334]. gRNAs base pair with pre-edited transcripts to guide the RNA editing
reactions and the non-hybridizing part provides the information of how many uridylates will be
inserted or deleted [333, 335]. These reactions are very complex and in total more than 70
proteins have directly or indirectly been associated with RNA editing [326]. Recent structural
studies of the active editosome have significantly advanced our understandings of these
processes. One key discovery was that the gRNA-transcript recognition is initiated by
ribonucleoprotein complex remodelling processes rather than by direct base pairing between

the RNA molecules [336].

RNA editing is essential for creating open reading frames in transcripts derived from
cryptogenes. In addition, a process known as alternative RNA editing can expand the
transcriptome by generating novel open reading frames [337-339]. Six cryptogenes are believed
to have the potential for dual coding, and one alternatively edited transcript has been studied in
detail (see Chapter 1.5.3.3) [338, 339]. Studying alternative RNA editing is challenging, as it
requires de novo mRNA or, ideally, protein sequencing. However, recent advances in de novo
protein sequencing technologies may soon make it possible to investigate the scope and

functional relevance of alternative RNA editing [340, 341].

1.5.1.4 Mitochondrial ribosome

Mitochondrial ribosomes (mitoribosomes) have been derived from a bacterial ribosome [342].
However, mitoribosomes have undergone substantial changes and are highly adapted to the
translation of the small mitochondrially encoded proteome. Structural insights in
mitoribosomes of various organisms revealed not only the many differences to bacterial
ribosomes but also the great variability between organisms of different eukaryotic groups [342-

346].

The structure determination of the mitoribosome of T. brucei revealed an unexpected ribosomal
morphology [327]. The trypanosomal mitoribosome contains significantly shortened ribosomal
RNAs, the 9S and 12S rRNAs, with a total length of 1’796 nucleotides, compared to total 4’566
nucleotides in Escherichia coli [327, 347]. This reduction is likely compensated for by the

drastically increased mitoribosomal protein content. In total, the mature trypanosomal
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mitoribosome contains 127 proteins, compared to ~55 in E. coli [327, 347]. Consequently, the
protein to RNA ratio of the T. brucei mitoribosome is 6:1, which is significantly higher than the

2:1 ratioin E. coli or the 1:2 ratio of mammalian mitoribosomes [327, 347, 348].

The high protein content of the whole mitoribosome, and especially of the small subunit, is
responsible for another unexpected structural property; the “small” subunit is larger than the
“large” subunit [327, 349]. Some mitoribosomal proteins of T. brucei are not typically associated
with ribosomes. Furthermore, an additional previously unknown mitochondrially encoded

mitoribosomal protein has also been discovered [327].

Overall, the mitoribosome of T. brucei is unique and likely highly adapted to the lifestyle and
mitochondrial biogenesis of this parasite. The high protein content of the trypanosomal
mitoribosome suggests a protein, rather than RNA-based architecture found in other organisms

and their mitochondria [327].

1.5.2 Kinetoplast

The kinetoplast and the kDNA are the functional counterparts of mitochondrial nucleoids and
the mitochondrial DNA, respectively, of eukaryotes outside the Kinetoplastida lineage. Similar
to the classical mitochondrial genomes of other eukaryotes, the kDNA provides all the genetic
information coding for a small subset of mitochondrial protein and RNA genes. However, in
kinetoplastids, this information is distributed on two types of DNA molecules, maxicircles and
minicircles (see also Chapter 1.5.1.3). While the full phylogenetic diversity of the Kinetoplastida
remains unresolved, differences in kinetoplast morphology and organization exist at the genus
level (Figure 15) [216]. These differences have led to the classification of various kDNA network
structures, including the classical disk-shaped eukinetoplast, the prokinetoplast, the

pankinetoplast, the megakinetoplast, and the polykinetoplast (Figure 15A) [350].
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1.5.2.1 Eukinetoplast

The eukinetoplast describes the kDNA network of species of the Trypanosomatidae (Figure 15)
[350]. These networks contain, depending on the species, around 25 maxicircles and 5000
minicircles which are interlocked among themselves and with each other to form a single planar
elliptical network measuring ~1 ym in diameter [350]. Maxicircles within a species are generally
identical, whereas minicircles exhibit significant diversity, with their numbers varying even
between strains [351, 352]. The size of maxicircles typically ranges from 20-64 kb [353] and, in T.
brucei, encode (crypto)genes of 18 mitochondrial proteins, as well as 9S and 12S mitochondrial
ribosomal RNAs [49, 327, 328]. In contrast, minicircles are much smaller ranging from 0.5-10 kb
with usually constant lengths within one species. They encode one or a few guide RNAs [353,
354]. Hence, despite their small size the minicircles account for ~90% of the KDNA mass
making the mitochondrial genome approximately 10 Mb [355]. The kDNA is condensed by
histone-like proteins [356]. Unlike other circular DNA molecules, minicircles are not
supercoiled [178]. A notable feature of eukinetoplast minicircles is the presence of a conserved

twelve nucleotide long sequence known as the “universal minicircle sequence” (UMS). This
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sequence is recognized by UMS binding protein 1 (UMSBP1), which is essential for minicircle
replication [357]. Minicircle replication involves the release of the molecules from the network
and the reattachment at the periphery of the kinetoplast, the so called antipodal sites [178].
However, the mechanisms regulating this process remain poorly understood. A mathematical
modelling study suggested that minicircle segregation may occur randomly, accompanied by
frequent genetic exchange [358]. Unlike minicircles, maxicircles remain within the network
during replication [359]. The eukinetoplast is physically tethered to the basal body of the
flagellum, enabling controlled segregation of the KDNA networks after replication. Interestingly,
recent research has identified kDNA networks with morphological similarities to the

eukinetoplast of trypanosomatids in two species of the Allobodonidae (Figure 15) [360].

1.5.2.2 Prokinetoplast
Kinetoplasts classified as prokinetoplasts have been described in Bodo saltans, a species
belonging to the Bodonidae, the sister family of the Trypanosomatidae (Figure 15) [216]. Based
on the evolutionary history of Kinetoplastida, it is believed that the prokinetoplast of B. saltans
may represent an ancestral form of the eukinetoplast found in the Trypanosomatidae [350]. Like
the eukinetoplast, the prokinetoplast contains both maxicircles and minicircles. However, the
prokinetoplast is significantly less concatenated [361]. The maxicircles of B. saltans are ~70 kb
long and likely encode rRNA genes as well as (crypto)genes of mitochondrial proteins though
they have not yet been fully sequenced [362]. The minicircles, which are about 1.4 kb in length,
closely resemble those of trypanosomatids and encode two guide RNAs each. Additionally, they
contain a ~350 nucleotides long conserved region with a sequence similar to the UMS [361].
However, neither the replication of the maxicircles nor of the minicircles in B. saltans have been
studied and their sorting and segregation mechanisms are unknown. The prokinetoplast is
located near the basal body of the flagellum, but it is unclear whether the two structures are
physically tethered, as seen in the eukinetoplast of trypanosomatids [350]. Beyond the
Bodonidae, kDNA networks with morphological similarities to the prokinetoplast have also been
identified in species from several other groups. These include certain genera within the
Neobodonidae, Rhynchomonadinae, Cryptobiidae, Trypanoplasmatidae and the Perkinselidae

of the Prokinetoplastida (Figure 15) [216].

The Bodonidae and Trypanosomatidae belong to the orders Eubodonia and Trypanosomatida,
respectively, which are sister orders of the Parabodonida. Currently, the Parabodonida contains
two families: Cryptobiidae and Trypanoplasmatidae (Figure 15). In each of these families, the

kinetoplast architectures of one species have been analyzed, leading to the identification of two
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distinct kDNA structures: the pankinetoplast of Cryptobia helicis and the megakinetoplast of

Trypanoplasma borreli (Figure 15) [216, 350].

1.5.2.3 Pankinetoplast
In C. helicis, the pankinetoplast occupies most of the mitochondrial matrix [363]. Similar to the
prokinetoplast, its KDNA is not arranged in a concatenated network [364]. Instead, the ~8400
minicircles occur mostly as monomeric, and for minicircles unusual, supercoiled molecules.
They are ~4.2 kb in size but it is uncertain whether they encode guide RNAs. The replication of
the minicircles may, as in the other kinetoplast types, start on conserved UMS-related
sequences [364]. The maxicircles of C. helicis are approximately 43 kb long, and the only two
protein-coding genes identified so far do not require RNA editing [364]. Additionally, kDNA
networks with morphological similarity to the pankinetoplast of C. helicis were also described in

species of some genera of the Allobodonidae and Neobodonidae (Figure 15) [216].

1.5.2.4 Megakinetoplast

The megakinetoplast has so far been exclusively observed in species of the genus
Trypanoplasma (Trypanoplasmatidae) [216, 350]. In these species, the kKDNA is dispersed
throughout a large region of the mitochondrial matrix and is likely arranged in a loose network
[363]. Interestingly, the “minicircles” in Trypanoplasma may be linear molecules of
approximately 70 kb length, each encoding an average of 23 putative guide RNAs. In contrast,
the maxicircles are ~42 kb and encode rRNAs as well as protein coding (crypto)genes. Hence,
the KDNA of the megakinetoplast has a distinctive architecture so far not found in any species

outside the genus Trypanoplasma [365].

1.5.2.5 Polykinetoplast

The four types of kDNA networks discussed above all may be described as single nucleoid
mitochondrial genomes. However, KDNA networks that form multiple globular bundles have
also been identified. These were first characterized as polykinetoplasts in two species of the
genus Dimastigella (Rhynchomonadinae) (Figure 15) [366]. In Dimastigella spp.
polykinetoplasts are distributed across various discrete locations within the matrix. Similar to
the prokinetoplast of Bodo saltans, the minicircles, ranging from ~1.2to 1.5 kb in length, are
mostly monomeric and not supercoiled. No data on maxicircles is available to date [366].
Following the initial discovery, polykinetoplasts were also reported in Cruzella marina
(Neobodonidae) where minicircles are ~2 kb long and exist as relaxed circular molecules. In this

species, ~95% of minicircles occur as monomers, ~4% as dimers, and ~1% as tri- or tetramers
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[367]. Due to similarities in minicircle organization, it has been proposed that the
polykinetoplast represents an ancestral form of the prokinetoplast found in B. saltans [350].
Polykinetoplast-like networks have also been described in species of the two genera
Desmomonas and Jarrelia which both have an uncertain phylogenetic origin in the
Metakinetoplastida. Additionally, similar kinetoplast architectures have been reported in
species belonging to the Ichthyobodonidae in the Prokinetoplastida order [216] and two further
prokinetoplastid species with uncertain phylogenetic placement may also possess such kDNA

networks [368].

1.5.3 Kinetoplast segregation — tripartite attachment complex
Members of the Kinetoplastida, except for species with polykinetoplasts, have mitochondrial
genomes which are condensed in a single structure. This organization resembles the
condensation of nuclear DNA within the nucleus, necessitating precise control over kDNA
replication and segregation [369, 370]. Unfortunately, in kinetoplastids with pro-, mega-, or
pankinetoplasts, the mechanisms for maintaining the mitochondrial genome remain largely
unexplored. As a result, little is known about the kinetoplast inheritance in these organisms.
Only in the well-studied trypanosomatids, the replication and segregation of the eukinetoplast,
hereafter referred to simply as the kinetoplast, have been well characterized. In these
organisms, the kDNA replication and segregation are tightly linked to the cell cycle (Figure 16)
[350].

1KIN 1Kgiy TN 2K1N 2K1Ngiv 2K2N

Figure 16. Temporal coordination of kDNA and nuclear DNA replication and segregation.
Images from left to right display both kDNA and nuclear DNA in T. brucei cells during progressive
cell cycle stages. Dotted lines mark the periphery of the cell body. K: kDNA, N: nuclear DNA, div:
dividing. Images adapted from [371].

Throughout the life cycle and cell cycle of trypanosomatids, the kinetoplast remains physically
linked with the basal body of the single flagellum [372]. This linkage is essential for the precise
segregation of the replicated kinetoplast to the daughter cells during cytokinesis. The
replication of both mini- and maxicircles is coordinated with the nuclear cell cycle through

largely unknown pathways [178]. During replication, the minicircles are released from the KDNA
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network and the daughter minicircles are reattached at the antipodal sites. The consequence of
this process is the complete removal of minicircles from the central region of the kinetoplast
which exposes a structure known as the “Nabelschnur” [371]. This structure contains the
replicated maxicircles, which are segregated last, and recent discoveries propose that the
“Nabelschnur” is a protein-dominated structure [373-375]. The probasal body matures to a
basal body with a new flagellum concurrently with KDNA replication. Thereby, the new mature
basal body is directly tethered to the replicated kinetoplast, a connection already established in
the probasal body stage [369]. Once all cell cycle checkpoints are passed, flagellar motion
contributes to the separation of the basal bodies. This separation resolves the “Nabelschnur?,
leading to the segregation of the duplicated kDNA networks into daughter cells [178]. However,
the exact mechanisms behind basal body separation remain poorly understood. In T. brucei,
cytokinesis occurs in an unusual manner, with the division plane positioned between the
duplicated flagella along the longitudinal axis of the cell [376]. While various of the complex
flagellar structures have been linked to the positioning of this division plane [377, 378], the
involved proteins and their functions are not yet fully characterized. Recently, a triplet of
proteins localizing to the microtubule quartet, a structure associated with the base of the
flagellum, was characterized. All three proteins play a critical role in basal body segregation and
significantly influence cytokinesis [379-382]. These discoveries underscore the importance of
flagellar separation in cytokinesis and highlight the microtubule quartet’s essential role in basal

body segregation.

In 1991, researchers demonstrated that kinetoplast segregation in trypanosomes is indirectly
controlled by the basal bodies [383]. This is made possible by the TAC, a unique structure that
physically tethers the basal and probasal body to the kinetoplast, thereby determining the
latter’s position within the cell (Figure 17) [372, 384]. The TAC is a mega-Dalton-sized protein
complex likely containing thousands of subunits. The complex appears in electron microscopy
as the name giving tripartite structure. Within the cytosol, the TAC region is characterized by a
ribosome-depleted zone, where filaments extend from the basal and probasal body toward the
OM. The OM and IM appear in closer proximity in the region of the TAC and the IM does not form
cristae. On the matrix side of the IM, another set of filaments extends toward the kDNA network.
The three substructures were first observed by Ogbadoyi et al., who proposed naming them
exclusion zone filaments, differentiated mitochondrial membranes, and unilateral filaments
(Figure 17) [384]. More than two decades later, after the identification of most of the subunits,
the tripartite nature of the TAC was redefined to reflect its molecular composition and

biogenesis. The TAC is now recognized as having three molecular modules: the cytosolic TAC
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module, the OM TAC module, and the inner TAC module (Figure 18) [369]. Despite significant
progress in understanding the TAC, some fundamental questions remain. While most TAC
subunits may have been identified, the exact nature of the connections to both the basal body

and the kDNA remain unresolved [369].

B

Flagellum

Basal body

Y

Kinetoplast

Figure 17. TAC morphology. (A) Transmission electron microscopy image of the basal body-
kinetoplast interphase of a T. brucei cell. Black brackets mark the basal body, the exclusion
zone filaments, and the unilateral filaments (top to bottom). The image was adapted from [384].
(B) Structural interpretation of the image in (A) using TAC illustrations by Ogbadoyi et al. EZF:
exclusion zone filaments, DM: differentiated mitochondrial membranes, ULF: unilateral
filaments, OM: mitochondrial outer membrane, IM: mitochondrial inner membrane. Drawings
adapted from [384].

The TAC is present throughout the entire cell cycle. As the probasal body matures and the kDNA
is replicated, a new TAC assembles to connect these structures [369, 370]. Furthermore, the
TAC remains nearly unchanged between the procyclic and bloodstream forms of T. brucei, the
only two life stages that can be cultured [369, 370]. Interestingly, most TAC subunits are
upregulated by up to two folds in the bloodstream form, though the reason and significance
remain unknown [239, 240]. The TAC is expected to occur in all life cycle stages without major

changes, however this has not yet been thoroughly investigated.

The primary function of the TAC is to connect the basal and probasal body to the kinetoplast,
enabling the co-segregation of the latter during cytokinesis [369, 370, 385]. Disrupting TAC
integrity significantly impacts kinetoplast segregation. However, TAC absence does not interfere
with cytokinesis, suggesting that the TAC is not involved in a cell cycle checkpoint [386]. When
the TAC is disrupted, a characteristic mis-segregation pattern occurs: one daughter cell lacks

kDNA, while the other retains an over-replicated kinetoplast. Interestingly, this over-replicated
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kinetoplast remains attached to the basal body, indicating that the TAC has a low turnover rate.
In procyclic T. brucei, cells without kDNA can continue proliferating for a few cell cycles,
eventually leading to populations where most cells lack kDNA, while a minority accumulates
over-replicated kDNA networks, sometimes exceeding the size of the nucleus. In some cases,
TAC disruption does not result in complete kinetoplast mis-segregation; instead, daughter cells
may retain small fragments of the kDNA network [369, 370, 385]. In some bloodstream form T.
brucei strains which can tolerate the loss of the mitochondrial genome [233], the TAC is
nonessential for cell growth and proliferation [387, 388]. The long-term absence of the TAC in
these cells results in populations lacking any detectable KDNA, so called akinetoplastic cells
and populations, likely because cells with over-replicated kinetoplasts possess a reduced cell

fitness [388].

In addition to its role in kinetoplast segregation, the TAC also passively determines the position
of the posterior region of the mitochondrion [264]. Furthermore, some of its subunits may play a
direct or indirect role in kDNA maintenance. In TAC-depleted cells, replicated minicircles are
not reattached at the antipodal sites but around the periphery of the kDNA network resulting in
globular over-replicated kinetoplasts [385, 386]. Additionally, several kDNA maintenance
factors have been shown to rely, at least partially, on the TAC for proper localization [389, 390].
However, since the connection between the inner TAC module and the kinetoplast remains

unresolved, the significance of these findings has yet to be fully determined.

1.5.3.1 Modules and their subunits
The discovery and morphological characterization of the TAC by Ogbadoyi et al. initiated the
search for subunits. The first protein formally characterized as a TAC subunit was p166, a
subunit of the inner TAC module. Since then, several additional subunits have been
characterized and linked to kinetoplast segregation, although some only partially localize to the
TAC. To distinguish “core” TAC components, Schneider & Ochsenreiter established a set of
criteria. To qualify as a core TAC subunit, a protein must (i) localize between the basal or
probasal body and the kDNA in the living cell and on the purified flagellum, (ii) upon depletion
cause a kinetoplast segregation but not replication defect in any life cycle stage, (iii) be
nonessential for cytokinesis in natural or engineered akinetoplastic strains of bloodstream form
T. brucei[370]. Currently, nine proteins are classified as core TAC subunits. Of these, one
belongs to the cytosolic TAC module, five to the OM TAC module, and three to the inner TAC
modaule (Figure 18) [369, 391].
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Basal/probasal body

OM module Cytosolic module
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Figure 18. Composition of molecular TAC modules. The model does neither represent
subunits sizes in relative scale nor their stoichiometry. The range of the molecular TAC modules
as defined by Aeschlimann et al. are indicated on the right. Morphological subdomains
previously defined by Ogbadoyi et al. are indicated on the left (EZF: exclusion zone filaments,
DM: differentiated mitochondrial membranes, ULF: unilateral filaments). OM: mitochondrial
outer membrane, IM: mitochondrial inner membrane.

Cytosolic TAC module

The cytosolic TAC module is a filamentous structure that connects the basal and probasal body
to the OM [369]. Surprisingly, p197 is the only core TAC subunit so far identified in this module
(Figure 18) [369, 381, 392]. P197 contains three domains: the N-terminal domain, the central
(repeat) domain, and the C-terminal domain [392]. The first full genome sequencing of T. brucei
suggested that the central domain contains approximately 3.5 identical repeats, each 175
residues long, making up a predicted protein size of 197 kDa [393]. However, a later cDNA
sequence suggested the presence of more than 26 repeats, though no reads spanning the entire
repeat region were found [394]. The most recent genome sequencing, using long-read
techniques, identified ~35.3 near-identical repeats in both p197 alleles, increasing the
predicted protein size to 880 kDa [395]. Given its large size, it is not surprising that an early
ultrastructure expansion microscopy study in T. brucei was able to spatially separate the N- and
C-terminal domains, localizing them to the OM and basal/probasal body, respectively [392].

This study also showed that the N-terminal domain interacts with TAC65 at the OM, while the C-
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terminal domain interacts with as yet unknown protein(s) at the base of the basal and probasal
body. Interestingly, phylogenetic comparison of T. brucei p197 to orthologs in other
trypanosomatids revealed that only the N- and C-terminal domains show some sequence
homology while the central domains vary substantially in length and composition [392]. While
the N- and C-terminal domains anchor the protein to the OM and basal/probasal body,
respectively, the central domain determines the distance between the OM and the basal body
[392] and was proposed to function as a molecular spring, allowing dynamic movement of the

basal and probasal body relative to the mitochondrion and kinetoplast [396].

Besides p197, a protein likely associated with the cytosolic TAC module is the misleadingly
named kinetoplastid-membrane protein-11 (KMP11). KMP11 is well conserved among
Kinetoplastida and was initially thought to be a cell membrane protein [397]. However, later
studies identified it as a component of the basal body and the flagellum, where it plays a crucial
role in cell division, likely by contributing to basal body separation [398]. More recently, KMP11
has been found to associate with p197, particularly with its central repeat domain [399].
However, determining the exact role of KMP11 in kinetoplast segregation remains challenging,
as cytokinesis defects occur within a day after its depletion, preceding any detectable

kinetoplast mis-segregation [399].

OM TAC module
The N-termini of the p197-filaments of the cytosolic TAC module connect the basal and
probasal body to a morphologically unique region of the mitochondrion, known as the OM TAC
module [369]. This module exhibits an unexpected complexity, consisting of five unique
subunits (Figure 18). Four of these proteins are membrane-embedded, while TAC65 is thought
to be a peripheral membrane protein attached to the cytosolic side of the OM [369, 370]. TAC65
interacts with the N-terminal domain of p197, anchoring the cytosolic TAC module filaments to
the OM [392]. TACG65 is associated with the OM by interacting with the peripherally associated
ATOM36 (pATOM36) [279]. However, the specific domains of TAC65 involved in these
interactions, as well as the extent to which TAC65 is associated with or possibly even partially
embedded in the OM, remain unknown. pATOM36 is an integral membrane protein with multiple
a-helical transmembrane domains and the only core TAC subunit with a dual localization and
function [279]. In addition to functioning as an OM TAC module subunit, pATOM36 is an
insertase for a subset of OM proteins including some subunits of the ATOM complex (see also
Chapter 1.5.1.1). It is therefore essential for ATOM complex assembly [279, 400]. Unlike all other

core TAC subunits, pATOMS36 is essential for mitochondrial biogenesis in akinetoplastic cells
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[279]. It has been reported that pATOM36 has two a-helical transmembrane domains and that
the C-terminus faces the cytosol [279, 280]. However, structure predictions with the AlphaFold3
model suggest the presence of five putative transmembrane a-helices. Apart from pATOMS36,
the OM TAC module contains a second a-helical transmembrane protein, TAC60 [401]. Unlike
TAC65 and pATOM36, the secondary and tertiary structures of TAC60 have been studied in
detail. TAC60 is anchored in the OM by two transmembrane a-helices (residues ~121-141 and
~238-258), creating a loop exposed to the intermembrane space (residues ~142-237) [401].
Hence, the remaining cytosol-exposed N-terminal as well as C-terminal domains are ~120 and
~295 residues long, respectively. Interestingly, while the N-terminal domain is essential for TAC
integration and function, the C-terminal domain, comprising more than half of the protein, is
dispensable in procyclic form T. brucei [401]. TAC60 was identified due to its stable interaction
with TAC40 and TAC42, two B-barrel membrane proteins and subunits of the OM TAC module
[387, 401]. TAC40 belongs to the voltage-dependent anion-selective channel (VDAC)-like
protein family, while TAC42 is a unique, kinetoplastid-specific B-barrel protein. Interestingly,
neither TAC40 nor TAC42 function as essential OM transporters for metabolites, as both are
dispensable for the growth of akinetoplastic T. brucei strains [387, 401]. This makes them the
first known mitochondrial integral membrane B-barrel proteins with a structural rather than a
transport role. Their B-barrel structure suggests that they are of bacterial origin [369]. However,

no direct orthologs of either of the two proteins could be identified in extant Bacteria.

Inner TAC module

The inner TAC module is a filamentous structure that connects the OM TAC module to the KDNA
[369]. The connection between the OM TAC module and the inner TAC module is formed by
p166 binding to the intermembrane space-exposed loop of TAC60 (Figure 18) [402]. p166 was
the first TAC subunit identified, but it was initially unclear whether the protein is anchored in the
IM [386]. However, a later study showed that p166 is targeted to the IM by a presequence and
that p166 has a single a-helical transmembrane domain close to the C-terminus (residues ~
1440-1462) [402]. As a result, most of the protein is exposed to the matrix, while only the ~39
residues of the very C-terminus reach into the intermembrane space, where p166 directly binds
to TAC60 [402]. Although the matrix domain of p166 has not been analysed in detail, a yeast
two-hybrid screen suggested that a domain of p166 that binds to TAC102 is between residues
71-210[403]. Together with p166, TAC102 likely contributes to the formation of the filamentous
structures of the inner TAC module, which are visible by electron microscopy. Like p166,
TAC102 localizes between the basal body and the kinetoplast throughout the cell cycle, though

it appears to be positioned closer to the kinetoplast than p166 (Figure 18) [388, 404]. Unlike
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p166, TAC102 does not have an N-terminal presequence but may instead contain targeting
signals in its C-terminal region. Additionally, the C-terminal domains of TAC102 may interact
with TAC53 or a kinetoplast-associated structure, while the N-terminal domain is likely involved
in binding to the matrix domain of p166 [404]. TAC53 is a protein that has previously been
characterized as a kDNA maintenance factor [405], but the TAC-association has been
discovered only recently [391]. TAC53 fulfils all requirements of a core TAC protein, but
interestingly, localizes to the TAC in a cell cycle-dependent manner. It has been proposed that

TAC53 may be the most basal body distal TAC subunit [391].

1.5.3.2 TAC-kDNA connection
None of the core TAC subunits are DNA-binding proteins, suggesting that the TAC does not
directly link the basal body to the kDNA. Instead, it likely connects to an intermediate structure
that anchors the kinetoplast. This structure may be referred to as the “kinetochore-like

structure” of the kDNA [369].

TAC53 is the core TAC subunit located closest to the kinetoplast, in the region of the postulated
kinetochore-like structure [391]. Although the direct interaction partners of TAC53 within this
structure remain unknown, several proteins have been associated with the putative
kinetochore-like region. One such protein is the TAC-associated protein 110 (TAP110) [406].
Unlike all other core TAC subunits, TAP110 is not essential for cell growth or kinetoplast
segregation, suggesting functional redundancy within the kinetochore-like structure. TAP110
localizes to a distinct site between TAC102 and the kinetoplast. Notably, TAP110 remains
associated with the TAC even in the absence of the kinetoplast. Whether TAP110 binds directly
to DNA is still unknown [406]. Apart from TAP110, an HMG-box-containing protein termed
TbmtHMG44 as well as a protein named kDNA-associated protein 68kDa (TbKAP68) have been
identified as subunits of the kinetochore-like structure [390]. Unlike TAP110, both TomtHMG44
and TbKAPG68 are essential for kDNA maintenance; however, their deletion leads to the loss of
kDNA rather than mis-segregation. These two proteins have been shown to interact in vitro,
though their functional relationships to TAP110, TAC53, or TAC102 remain unclear. Purified
TbKAPG68 exhibits nonspecific DNA-binding activity, making it the first TAC-associated protein
with a potential role in anchoring the TAC to the kDNA [390]. In summary, the current model of
kinetoplast segregation in T. brucei describes the TAC as a filamentous structure composed of
nine core subunits, connecting the basal and probasal body to a kinetochore-like structure at

the kinetoplast. This latter structure includes at least three proteins, TAP110, TomtHMG44, and
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TbKAP68, though further research is needed to fully understand how the TAC is linked to the
kDNA.

1.5.3.3 Other proposed TAC-associated proteins

In addition to the TAC subunits introduced in chapter 1.5.3.1, four other proteins have been
previously associated with the TAC and/or linked to kinetoplast segregation [370]. However, the
TAC association of some of these proteins appears to be life cycle stage-dependent, and none
of them were identified in proteomic screens targeting TAC subunits [391]. Additionally, a
common characteristic of all core TAC subunits is that kinetoplast segregation defects occur
one or afew cell cycles post protein depletion but before the onset of the growth defect [404].

Notably, none of the following proteins exhibit such a phenotype.

One protein previously proposed as a cytosolic TAC module subunitis TBCCD1, a T. brucei
protein belonging to the tubulin-binding cofactor C family. TBCCD1 has been reported to
localize to the basal and/or probasal body, the Golgi bi-lobe, and the anterior end of the cell
body [407]. Additionally, weak signals have been detected in the flagellar attachment zone.
Depleting TBCCD1 results in a growth defect that begins after one day, with kinetoplast mis-
segregation observed two days post depletion [407]. However, it remains unclear whether this
mis-segregation is a primary or secondary effect. Typically, core TAC subunits do not cause
growth defects until at least three days post depletion, whereas kinetoplast segregation defects

appear within the first day.

An enigmatic potential TAC subunit of the IM is the protein product of an alternatively edited
transcript of the cytochrome oxidase subunit 3 (Cox3) with the name alternatively edited protein
1 (AEP-1) [339]. The alternative editing generates an open reading frame coding for a 59 residues
long novel N-terminal domain followed by the C-terminal 155 residues of Cox3 [408]. AEP-1 was
located in the mitochondrion with an enrichment near the kinetoplast. There, it is positioned
between the kDNA and the antigen recognized by BBA4, which resides in the cytosolic TAC
modaule, without directly overlapping with either structure [339]. Structural modelling based on
bovine Cox3 suggests that AEP-1 may contain up to five transmembrane a-helices, while
predictions using the latest AlphaFold model propose four. The nuclear expression of
mitochondrion-targeted N-terminal domains of AEP-1 has been shown to cause dominant-
negative growth defects, accompanied by kinetoplast segregation defects. Furthermore, in vitro
studies have demonstrated that AEP-1 can bind DNA. Taken together, these findings suggest

that AEP-1 could function as an IM subunit of the TAC [339]. However, the natural occurrence of
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T. brucei f. evansi strains with minicircle-only kinetoplasts, so called dyskinetoplastic cells

[409], suggest that, if AEP-1 is involved in the TAC, it is not essential for its function [410].

The a-ketoglutarate dehydrogenase component E2 (a-KDE2) is a Krebs cycle enzyme that has
been shown to have a moonlighting role in kinetoplast segregation in bloodstream form
Trypanosoma brucei [411]. In both the procyclic and bloodstream life stages, a-KDE2 localizes
to the mitochondrion. However, in the bloodstream form, it is specifically detected at the
antipodal sites of the kinetoplast, even in purified flagella [411]. Although the Krebs cycle is
inactive in bloodstream form T. brucei, and the enzymatic function of a-KDE2 is also
inactivated, its depletion is lethal for the parasite. Cells lacking a-KDE2 exhibit a growth
retardation starting two days after knockdown induction, with kinetoplast segregation defects
appearing three days post induction. Based on these findings, a-KDE2 has been proposed to
play a significant role in the TAC [411]. However, its function in the procyclic form remains
elusive. Additionally, as with TBCCD1, it cannot be ruled out that the observed kinetoplast
segregation defect is a secondary effect since the analysis was conducted one day after the

onset of the growth defect.

Finally, the mitochondrial acyl carrier protein (ACP), a protein involved in fatty acid and lipid
biogenesis, has been functionally linked to the TAC. In bloodstream form T. brucei, ACP
depletion is lethal, with kinetoplast mis-segregation occurring before any signs of impaired
growth [412]. These findings could imply a possible effect of mitochondrial membrane
composition on TAC biogenesis, since ACP depletion affects lipid biogenesis. However, a
follow-up study, summarized in the bachelor’s thesis of Siri Speck at the University of Bern,
found no evidence linking this kinetoplast segregation defect to disruptions in the assembly of
TACA40, p166, or TAC102 [413]. While an effect of membrane composition on TAC biogenesis
cannot be ruled out, the observed kinetoplast mis-segregation following ACP depletion in

bloodstream form parasites is likely a secondary effect.

The four proteins discussed above have been structurally and/or functionally linked to
kinetoplast segregation. In addition, several proteins have been proposed as TAC subunits
based primarily on their cellular localization. Notably, all of these proteins have been identified

and characterized in follow-up studies of the TrypTag project [414, 415].

One of these proteins is TbHD52, an ortholog of the human sterile a motif and histidine-aspartic
acid domain-containing protein 1 (SAMHD1) [416]. TbHD52 was proposed as a “TAC middle”
subunit, placing it alongside the established subunits of the OM TAC module [417]. However,

TbHD52 was characterized previously as an essential enzyme for pyrimidine homeostasisin T.
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brucei. Cells depleted for TbHD52 were reported to have strong defects in genomic integrity, cell
cycle progression, as well as nuclear DNA and kinetoplast segregation. These effects, however,
were primarily linked to pyrimidine auxotrophy, as near-normal cell growth could be restored by
supplementing 0.6 mM exogenous thymidine [416]. Additionally, while the same study
confirmed the mitochondrial localization of TbHD52, no enrichment at the TAC or kinetoplast

was observed. Therefore, TbHD52 is unlikely a component of the TAC.

Apart from TbHD52, Pyrih et al. proposed 13 subunits for the “TAC proximal to
kinetoplast/kinetoplast” region, four of which had not been associated with this region before
[417]. While none of the four proteins were studied in detail before, there is currently no strong
evidence for their TAC association, as they have not been identified in proteomic screens aiming

to identify TAC subunits [391].

The TrypTag project further identified the protein product of Tb927.4.2780 as a putative subunit
of the cytosolic TAC module [414]. In a follow up study, the localization of the protein to the TAC
was confirmed, and it was named TAC86 [418]. Given its possible localization in the cytosolic
TAC module, it was postulated that TAC86 may be one of the hitherto unknown antigens
recognized by the BBA4 or Mab22 antibodies, although this was not directly investigated [418].
However, while it is known that the epitopes recognized by BBA4 and Mab22 depend on p197 for
TAC localization [388], or may be part of p197 itself, the putative TAC86 has not been detected in
p197-based TAC depletion experiments [391]. Therefore, until the biochemical association of
the putative TAC86 with the TAC and a role in kinetoplast segregation can be shown, the protein

product of Th927.4.2780 should not be classified as a TAC subunit.

1.5.3.4 Biogenesis and assembly
The discoveries of core TAC subunits over the past two decades have significantly advanced our
understanding of this unique structure. In particular, studies on the effects of the depletion of
individual subunit have initiated a new area of research focused on TAC assembly and

biogenesis.

A key aspect of TAC biogenesis is the sorting of subunits to the structure [369]. Subunits such as
p197 and TAC65, whose precursors are synthesized in the cytosol, may reach the TAC through
simple diffusion. A similar mechanism might apply to matrix subunits like TAC102 and TAC53,
which are also translated in the cytosol and then imported into the mitochondrial matrix before
possibly diffusing to the distal end of the inner TAC module. In contrast, membrane-bound

subunits face more complex challenges. These proteins must diffuse laterally along the two-

51



1.5.3.4 Biogenesis and assembly

dimensional planes of the mitochondrial membranes to reach the TAC [369]. For the IM-bound
p166, this process is complicated by mitochondrial cristae. The B-barrel proteins TAC40 and
TAC42 depend on the ATOM complex and Sam50 for OM insertion [387, 401], while TAC60
depends only on the ATOM complex [271]. The mechanism of OM insertion of pATOM36 has not
yet been elucidated [369]. The presequence of p166 suggest a mitochondrial import by the
ATOM complex, followed by IM insertion through the TIM complex [402]. However, to date, all of
these import processes are believed to occur all over the mitochondrial membranes, as no
evidence of co-translational or spatially restricted protein import has been observed in T.
brucei. Elucidating the mechanisms behind the highly specialized sorting processes remains an

important topic for future research.

TAC assembly has been studied extensively, revealing that it proceeds (i) de novo and (ii) in a
polar fashion, from the (pro)basal body toward the kinetoplast (Figure 19) [388]. Evidence for the
de novo assembly comes from observations in T. brucei strains that tolerate the loss of the
kDNA [233]. In these strains, the TAC was shown to fully reassemble even after more than 15
generations of p197 depletion [388]. The polar assembly is supported by many experiments
showing that the depletion of any TAC subunit has no effect on subunits located closer to the
basal body but causes the delocalization of all subunits nearer to the kinetoplast. Interestingly,
subunits not integrated into the TAC are not degraded, likely due to their accumulation in stable
assembly intermediates. Notably, the polar assembly model does not fully apply to TAC65.
Despite its proximity to the basal body and its direct interaction with p197, TAC65 requires the

presence of all OM TAC module subunits for proper TAC assembly [388].

Basal
bodies
p197
OM TAC
module
(0] 17 p——— oM oM oM
M IM
p186 TAC102
TAC53

Figure 19. Hypothetical de novo TAC assembly stages. Illustrations (A-D) show the progressive
de novo polar assembly of the TAC in a hypothetical setting where no TAC was preexisting on the
mature basal body. The structures that are newly assembled in every step are illustrated in
green color. OM: mitochondrial outer membrane, IM: mitochondrial inner membrane.
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1.5.3.5 Refinement of TAC architecture
Structural features of the TAC have been studied since the complex was discovered. For many
years, only electron microscopy images were available to examine its architecture [384]. While
these images significantly advanced our understanding of the TAC and its role in kinetoplast
segregation, it was not until recent developments in ultrastructure expansion

immunofluorescence microscopy that additional structural details became accessible [419].

Ultrastructure expansion microscopy is a technique in which a crosslinked biological sample is
embedded in a swellable polymer gel, allowing the sample to physically expand [420]. Unlike
conventional approaches that enhance resolution through optical improvements, this method
improves resolution by enlarging the sample itself. Although the technique increases resolution
by several fold, one potential drawback is the risk of non-physiological sample distortion [420].
However, due to the TAC’s resistance to non-ionic detergents, it was proposed that this
structure might withstand expansion without significant distortion, making it a good subject for
this imaging method [419]. Using ultrastructure expansion microscopy, it was shown that p197
is C-terminally anchored to the basal and probasal body, while the N-terminus connects to the
OM TAC module [392]. Furthermore, the same study postulated that the TAC is best described
as a hollow cylinder or cone. These observations were confirmed in a recent study that applied
ultrastructure expansion microscopy across all TAC modules [391]. Additionally, it was
observed that a complete TAC forms on the probasal body even before kinetoplast duplication,
suggesting that there are two TACs per kinetoplast [391]. However, future research will be

necessary to validate these findings in non-expanded cells.
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2. Aim of the Thesis
Mitochondrial genome segregation in trypanosomes is mediated by the TAC which has been
best studied in T. brucei. Recent research concluded that likely all core TAC subunits have been
identified [391]. Nevertheless, apart from a few structural aspects and the basic understanding
of its assembly, the biogenesis of the TAC has yet to be thoroughly investigated. Chapter 3.1
highlights the subdomain of the TAC that results in the contact site between the mitochondrial
OM and IM. The goal of this chapter was to determine how such a membrane contact site is
formed, including the characterization of the molecular interactions. Chapter 3.2 targets the
most complex molecular TAC module, the OM TAC module, whose assembly pathways we
aimed to elucidate. Chapter 3.3 is an additional, TAC-unrelated chapter, where the aim was to

characterize the functions of TbPam16 and ToPam18.
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Molecular characterization of the permanent
outer-inner membrane contact site of the
mitochondrial genome segregation complex
in trypanosomes
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Switzerland, 2 Graduate School for Cellular and Biomedical Sciences, University of Bern, Bern, Switzerland

* andre.schneider@unibe.ch

Abstract

The parasitic protozoan Trypanosoma brucei has a single unit mitochondrial genome linked
to the basal body of the flagellum via the tripartite attachment complex (TAC). The TAC is
crucial for mitochondrial genome segregation during cytokinesis. At the core of the TAC, the
outer membrane protein TAC60 binds to the inner membrane protein p166, forming a per-
manent contact site between the two membranes. Although contact sites between mito-
chondrial membranes are common and serve various functions, their molecular architecture
remains largely unknown. This study elucidates the interaction interface of the TAC60-p166
contact site. Using in silico, in vitro, and mutational in vivo analyses, we identified minimal
binding segments between TAC60 and p166. The p166 binding site in TAC60 consists of a
short kinked a-helix that interacts with the C-terminal a-helix of p166. Despite the presence
of conserved charged residues in either protein, electrostatic interactions are not necessary
for contact site formation. Instead, the TAC60-p166 interaction is driven by the hydrophobic
effect, as converting conserved hydrophobic residues in either protein to hydrophilic amino
acids disrupts the contact site.

Author summary

Mitochondria are surrounded by two membranes and essential for nearly all eukaryotes.
Contact sites between the two membranes are important for mitochondrial function.
However, most contact sites are dynamic making their molecular architecture challenging
to study. The tripartite attachment complex (TAC) of parasitic protozoan Trypanosoma
brucei connects its compact mitochondrial genome with the basal body of the flagellum.
This couples the segregation of the replicated mitochondrial genome to the old and new
basal body. The TAC contains permanent contact sites formed by the outer membrane
protein TAC60 and the intermembrane space-exposed C-terminus of p166 of the inner
membrane. We have used it as a model for a prototypical contact site. AlphaFold predic-
tions and in vitro binding assays identified a small region in the intermembrane space
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region of TAC60 that binds p166 forming contact sites. I vivo expression of various
TAC60 and/or p166 mutants followed by immunoprecipitations demonstrates that con-
tact site formation is driven by the hydrophobic effect and independent of the conserved
charged amino acids present at the TAC60-p166 interface. The TAC is unique to Kineto-
plastids, understanding the molecular architecture of the TAC60-p166 contact site could
therefore inform the development of drugs that disrupt this critical interaction.

Introduction

All organisms need to segregate their replicated genomes to their daughter cells during cell
division. Within eukaryotes the same applies for mitochondria and plastids, which evolved
from bacteria and have retained an own genome essential for their function [1]. The genome
of mitochondria is organized in a number of discrete DNA-protein complexes, termed nucle-
oids, which in Opisthokonts such as mammals and fungi are distributed all over the organelle
and associated with the mitochondrial inner membrane (IM) [2-4]. However, the molecular
nature and exact architecture of the nucleoid-IM interactions is still unclear. This is different
for the single mitochondrion of the parasitic protozoan Trypanosoma brucei and its relatives,
which contains a single unit and highly concatenated genome termed kinetoplast DNA
(kDNA) [5-7]. It consists of two genetic elements, maxicircles (22 kb, 35 copies each) and
minicircles (1 kb, ca. 5000 copies each), which form a single large disk-shaped nucleoid. The
kDNA is constitutively linked to the tripartite attachment complex (TAC) - a physical struc-
ture which extends across the IM and the outer membrane (OM) to the basal body (BB) of the
single flagellum (Figs 1A and S1). The function of the TAC is to link the segregation of two sin-
gle unit structures, the kDNA and the BB [5,8,9]. Thus, segregation of the replicated kDNAs is
coupled to the segregation of the old and the new flagellum prior to cytokinesis. The single
unit nature of the KkDNA requires that its replication is coordinated with the nuclear cell cycle
and BB segregation [10].

The highly unusual trypanosomal TAC can serve as a paradigm for a mitochondrial nucle-
oid that is constitutively attached to the IM and that extends to a cytoskeletal structure in the
cytosol, the BB [11,12]. Intriguingly, the TAC has some resemblance to the mitotic spindles
that segregate nuclear chromosomes in both open and closed mitosis [8]. The TAC and the
spindle are both filament-based structures and extend, although in opposite directions, from
the same type of microtubule (MT)-organizing centers: the BB (in case of the TAC) and the
centriole (in case of the spindle). The BB and the centriole are homologous structures sharing
many of the same subunits [13]. However, while the spindle filaments consist of M Ts, the fila-
ments of the TAC are much smaller, consisting of a single protein (p197) in the cytosol [14-
16] and the protein pair (p166/TAC102) in the mitochondrial matrix [17-19]. The nuclear
membrane-embedded spindle pole body in organisms showing closed mitosis serves as a plat-
form to link the intranuclear spindle MTs to the cytosolic astral MTs [20]. A conceptually sim-
ilar platform is formed by the four integral OM TAC subunits which link the cytosolic to the
intramitochondrial TAC filaments [8].

The TAC consists of eight known essential subunits and can be subdivided into three
molecular modules [8]. The outermost “cytosolic module” links the BB to the “OM module”.
It is made up of p197, a very large protein of approximately 670 kDa which contains approxi-
mately 26 tandem repeats of 175 aa in length [14-16]. The innermost “inner module” links the
kDNA disk in the matrix to the IM. It comprises the kDNA-proximal TAC102 which interacts
with the region corresponding to aa 71-210 of the a-helical p166 [17,19,21]. p166 forms
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Fig 1. AlphaFold2 predicts TAC60-p166 interaction. (A) Model depicting the OM (outer membrane)-IM (inner membrane) contact site formed by TAC60 and
p166 within the TAC (tripartite attachment complex). KkDNA, kinetoplast DNA. (B) Depiction of the TAC60 (N-terminal 270 aa, purple) and p166 (C-terminal 34
aa, green) segments used as AlphaFold2 inputs. Structure prediction confidence (n = 5) is displayed as the predicted IDDT (local Distance Difference Test) per aa.
TMD, transmembrane domain (C) Structural prediction of TAC60-p166 interactions from three angles. The following TAC60 regions are depicted in purple: L93-
E270 (left), S87- E270 (middle), and S90-E270 (right). The TAC60 region E175-L198 predicted to fold into a kinked o-helix that binds to the C-terminus of p166 is
highlighted in yellow. The C-terminal p166 segment D1466-L1499 is shown in green. (D) Schematic representation of the predicted interaction sites between
TAC60 and p166 based on the AlphaFold2 model.

https://doi.org/10.1371/journal.ppat.1012635.9001

filaments in the matrix, is anchored in the IM via a single C-terminal transmembrane domain
(TMD) and contains a 34 aa C-terminal region exposed to the intermembrane space (IMS)
[17]. The central and most complex TAC subdomain is the OM module. It comprises the
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peripheral OM protein TAC65 which interacts with both p197 of the cytosolic module and the
integral OM protein pATOM36 [22,23] (S1 Fig). Intriguingly pATOM36, in addition of being
an essential TAC subunit, is required for the biogenesis of a subset of a-helically anchored OM
proteins [23,24]. The OM module contains three more integral membrane proteins: two beta
barrel proteins, TAC40 and TAC42, as well as TAC60 [22,25]. The latter has two TMDs and its
N- and C-termini face the cytosol [22]. The short IMS-exposed loop of TAC60 interacts with
the C-terminus of p166 and thus connects the “OM module” with the “Inner module” [17].

The overarching principle of TAC biogenesis is a polar assembly of its subunits starting at
the BB. Thus, depletion of a BB-proximal TAC subunit prevents assembly of all downstream
TAC components [26]. How the 5 subunits of the “OM TAC module” are assembled is less
clear. There is evidence that they form distinct assembly intermediates in the OM membrane
independently of all other TAC subunits [8].

Here we have characterized the interaction between p166 and TAC60 on the molecular
level. Using a combination of i silico, in vitro, and in vivo assays we identified which amino
acids and structural features are critical for this interaction. The p166-TAC60 interaction is
central for the understanding of TAC formation as it initiates the polar assembly of the TAC
“inner module” that is guided by the “OM membrane module” [8]. Moreover, the
p166-TAC60 interaction serves as a rare example of a permanent contact site between the IM
and OM [27,28].

Results
AlphaFold2 predicts TAC60-p166 interaction

It has previously been shown that the N- and C-termini of the integral OM TAC subunit
TACG60 are exposed to the cytosol, indicating that the sequence segment between the two
TMDs (aa 142-237) must face the IMS [22]. Moreover, the only TAC subunit integral to the
IM is p166. While most of p166 is exposed to the mitochondrial matrix, the protein has a single
TMD near its C-terminus that is followed by a 34 aa C-terminal extension reaching into the
IMS (Fig 1A and 1B). Immunoprecipitations have shown that this C-terminal extension is
essential for the interaction with TAC60 and thus for cell growth [17]. To characterize the
TAC60-p166 interaction in more detail the sequences corresponding to the C-terminal trun-
cated variant of TAC60 (TAC60AC283), which was previously shown to be fully functional
[22], and the C-terminal 34 aa of p166 (p166 C-tail) were used as inputs for an in silico analysis
using the AlphaFold2 model (Fig 1B) [29, 30]. The confidence of the structure prediction (pre-
dicted local Distance Difference Test, IDDT) for TAC60 was rather mediocre between 20%
and 60% (Fig 1B) and the two predicted TMDs did not align very well. However, a one-to-one
interaction between the p166 C-tail and TAC60AC283 was predicted by the model (Fig 1C).
The region interacting with the p166 C-tail corresponded to the TAC60 segment E175-L198.
This was a plausible prediction as the interacting segment of TACG60 is located right in the cen-
ter of the IMS loop (Fig 1D). Moreover, it also included the region where the structure of
TAC60 was predicted with highest confidence. The AlphaFold2 model furthermore suggested
that only the C-terminal half of the p166 C-tail might be involved in the TAC60 interaction.

Microarray of TAC60 peptides defines p166 C-tail binding site

To confirm the AlphaFold2 prediction experimentally, an in vitro protein interaction study
was performed using a TAC60 peptide microarray. To that end the p166 C-tail was recombi-
nantly expressed in E. coli and purified by immobilized metal affinity chromatography using
an N-terminal 6x His tag (S2 Fig). The purified p166 C-tail was directly labelled with a fluoro-
chrome and incubated with the peptide microarray immobilized on a glass surface. The
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microarray consisted of 179 overlapping 20 aa long purified synthetic peptides covering the
entire TAC60 protein (Fig 2A). The resulting pattern of fluorescent signals was detected by a
sensitive microarray scanning system and visualized by heat map analysis (Fig 2B). The heat
map showed that the p166 C-tail could bind to five sets of peptides each covering a distinct
region of TAC60. Two of these regions corresponded to TAC60 domains that are exposed to
the cytosol. Moreover, the C-terminal one locates to a region that is dispensable for TAC func-
tion [22]. Two further hotspots for p166 C-tail binding are within, or overlap with, the TMDs.
Thus, these four p166 C-tail binding sites cannot be physiologically relevant as in vivo they are
not accessible for binding to the IMS-exposed C-tail of p166 (Fig 2B). However, one set of pep-
tides that bound to the p166 C-tail, encompassing the TAC60 sequence Q178-M194, mapped
to the center of the IMS-exposed loop of TAC60. This is essentially the same region of TAC60
(E175-L198) that was predicted to bind to the p166 C-tail according to the AlphaFold2 analysis
(Fig 1C) and is in line with the known topologies of TAC60 and p166 (Fig 1A).

TAC60-p166 interacting regions are conserved within Kinetoplastids

Homologues of TAC subunits, as the TAC itself, are exclusively found within the Kinetoplas-
tids. S3 Fig shows a plot depicting the Shannon’s entropy, a measure for the divergence of each
position, of a multiple sequence alignment of TAC60 and p166 orthologues from a phylogenet-
ically broad and balanced selection of 12 and 11 Kinetoplastid species, respectively. (B. saltans
was excluded from the p166 alignment as its orthologue could not be confidentially identified
in this species). Low Shannon’s entropy values correspond to a high homology, whereas high
values indicate high degree of divergence. Overall, the two proteins are only moderately con-
served in the different species. However, the T. brucei TAC60 region (E175-L198) and the
p166 C-tail region (D1466-L1499) which based on structure predictions and biochemical

purified
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B T1AC60 TMD1 TMD2
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Fig 2. Microarray of TAC60 peptides defines p166 C-tail binding site. (A) Microarray setup for the in vitro peptide-protein interaction screen: 179 overlapping 20 aa
long peptides of TAC60 were immobilized on a microarray. Interaction with the fluorophore-linked recombinant p166 C-tail was quantified. (For details and purification
of the p166 C-tail see S2 Fig). (B) Top, domain structure of TAC60. TMD, transmembrane domain; IMS, intermembrane space. Bottom, corresponding heat map
depicting the binding affinity of the p166 C-tail protein towards TAC60 peptides. The TAC60 segment Q178-M194 marks the minimal p166 binding site in the IMS
domain of TAC60, which is in agreement with the domain identified in the AlphaFold2 structure model.

https://doi.org/10.1371/journal.ppat.1012635.9002
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methods (Figs 1C and 2B) interact with each other are highly conserved (S3 Fig, yellow shad-
ing). The same is the case for the TMDs of both proteins (S3 Fig, grey shading).

In a next step we zoomed into the putative TAC60 and p166 interacting region of T. brucei
and compared it with other Kinetoplastid species. The sequence logo in Fig 3A depicts the T.
brucei TAC60 region (E175-L198) together with the corresponding region of TAC60 ortholo-
gues of the same species listed in S3A Fig. The analyzed TAC60 region contains four invariant
residues: basic R181, the helix breaker P185, acidic E189, and hydrophobic L196. Moreover,
positions 177, 180, 184, 188 and 192 are in all species occupied by hydrophobic amino acids.
Thus, the T. brucei TAC60 segment interacting with the p166 C-tail is highly conserved across
all analyzed Kinetoplastids. In addition, the AlphaFold2 model (Fig 1C) together with helical
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Fig 3. TAC60-p166 interacting regions are conserved within Kinetoplastids. (A) Sequence logo of a multiple sequence alignment (MSA) depicting the T. brucei TAC60
region (E175-L198) together with the corresponding region of TAC60 orthologues of 12 Kinetoplastid species (S3A Fig). The T. brucei sequence is depicted in filled letters
and indicated at the bottom of the logo. Numbers refer to the T. brucei TAC60. (B) as in (A) but an MSA depicting the T. brucei p166 region D1479-L1499 is shown.
Broken lines indicate a region containing insertion and or deletions in some Kinetoplastid species. (C) Helical wheel projections of the T. brucei TAC60 segments
E175-L184 (left) and S186-L198 (middle) that are connected by P185. Helical wheel projection of the T. brucei p166 segment P1488-L1499 (right). Conserved aa and aa
from conserved hydrophobic positions are encircled in black. Hydrophobicity is indicated from violet (hydrophilic) to yellow (hydrophobic).

https://doi.org/10.1371/journal.ppat.1012635.9003
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wheel projection analyses (Fig 3C) suggest that a feature shared by all Kinetoplastid TAC60
proteins is that this region folds into two short amphipathic o-helices that are separated by the
invariant P185.

The p166 C-tail sequence logo in Fig 3B depicts the T. brucei p166 C-tail region
(D1479-L1499) aligned with the C-tail regions of p166 orthologues of the same species ana-
lyzed in S3B Fig. Overall the p166 C-tail region is less conserved than the TAC60 segment it
interacts with. Note that the alignment contains some gaps due to small insertions and dele-
tions relative to the T. brucei sequence (5S4 Fig). The region mostly affected is indicated by bro-
ken lines in Fig 3B. However, the C-terminal 8 aa of T. brucei p166 (except for the last one
which is absent in some species) are conserved (S4 Fig). This sequence contains a conserved
basic amino acid (mostly R) at position 1492 and an invariant D1495. Moreover, positions
1493/1494/1497 and 1498 contain exclusively hydrophobic amino acids in all Kinetoplastids.
Similar to what was observed for TAC60, AlphaFold2 and helical wheel analyzes suggest that
the C-terminal 12 aa of T brucei p166 fold into a short o-helix, the amphiphilic nature of
which is conserved in all Kinetoplastids (Fig 3C).

In vivo system to monitor TAC60-p166 interactions

Which features of the TAC60 region (E175-L198) and the p166 C-tail region (D1466-L1499)
are important for their mutual interaction? To find out we devised an in vivo system allowing
pulldown experiments to test whether mutations in the binding domains of either of the two
proteins interfere with the TAC60-p166 C-tail interaction.

The system is based on a tetracycline-inducible RNAI cell line that targets the TAC60
mRNA region (nucleotides 1220-1629) encoding the C-terminal part of the protein (Fig 4A
and 4B). Note that the efficiency of the RNAi was monitored in cell lines that in addition to
expressing the mutant TAC60 variants also expressed an in situ tagged endogenous allele of
TACG60 carrying a C-terminal myc-tag (insets in left panels of Fig 4B and 4C). However,
growth curves and immunoprecipitations were done in transgenic cell lines having two wild-
type alleles of TAC60.

It has previously been shown that tetracycline-inducible, ectopic expression of TAC60 vari-
ants results in the essentially complete replacement of the endogenous TAC60 by the ectopi-
cally expressed variant [22] (Fig 4C, inset left panel). The TAC60 variant lacking the C-
terminal 283 aa and carrying a C-terminal 3x myc-tag, termed TAC60AC283-myc, was used as
a positive control in our assay. Due to the C-terminal truncation it was not affected by the
RNAI. Immunofluorescence analysis of isolated flagella which are still connected to the TAC
[25] shows that TAC60AC283-myc can be fully integrated into the TAC (Fig 4C, right panel).
Moreover, expression of TAC60AC283-myc fully complemented the growth inhibition
observed in the TAC60 RNAI cell line (Fig 4C, left panel) [22].

Pulldown experiments with TAC subunits are challenging because the fully assembled TAC
is insoluble in non-ionic detergents [17]. The OM TAC subunits are an exception because a
small fraction of these proteins is found in detergent-soluble subcomplexes representing
assembly intermediates [8,22] (Fig 4D). This is different for the full length IM TAC subunit
p166 which is essentially insoluble [17]. Thus, we transfected, a C-terminally HA-tagged mini-
version of p166 (142 aa in length) which lacks the N-terminal 1357 amino acids but includes
the TMD and the IMS-exposed C-tail (mini-p166-HA) into the TAC60 RNAi cell line. To
ensure that mini p166-HA was imported into mitochondria it was N-terminally fused to the
mitochondrial targeting sequence of trypanosomal mtHsp60 (Fig 4A) [17]. The mini-
p166-HA was correctly integrated into the IM, interacted with the IMS domain of TAC60 and
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Fig 4. In vivo system to monitor TAC60-p166 interactions. (A) Schematic representations of TAC60AC283-myc and mini-p166-HA
compared to the corresponding full length proteins. The region targeted by the TAC60 RNAi is shaded in grey and mapped to the full length
protein. TMD, transmembrane domain; MTS, mitochondrial targeting sequence (B) Left, growth of uninduced (-tet) and induced (+tet)
TAC60-RNAi cell line of procyclic T. brucei. The linewidth reflects the mean +/- the standard deviation of n = 3 experiments. Inset: Immunoblot
of in situ 3x myc tagged full length TAC60 levels in uninduced (-) and tet-induced (+) cells. Note that one of the endogenous alleles of TAC60
was in situ tagged with a C-terminal 3x myc-tag to monitor the efficiency of the RNAi. ATOMA40 serves as a loading control. Right, combined
violin and sina diagrams of DAPI-stained kDNA area measurements, indicated as arbitrary units (a. u.), in the uninduced and induced TAC60
RNAi-cell line. Numbers of analyzed cells are indicated at the top. A KDNA area value of zero means the complete loss of the kDNA. (C) As in
(A) but a TAC60-RNAI cell line complemented by TAC60AC283-myc is shown. Inset as in (A) but expression of TAC60AC283-myc is also
monitored. Right, Inmunofluorescence of extracted flagella of the same cell line probed for TAC60AC283-myc (red) shows the TAC60 variant
gets integrated into the TAC. Tyrosinated tubulin and TbRP2, detected by YL1/2 (green) serves a marker for the flagellum and basal body. (D)
Left, workflow of the digitonin (Digi.)- based cell fractionation assay used for pulldown experiments. Right, immunoblot of the pulldown
experiment. A cell line shown in (C) induced for two days that also expresses mini-p166-HA was analyzed. P, pellet; SN, supernatant; FT, flow
through; IP, eluate of immunoprecipitation. TAC40 and ATOM40 serve as positive and negative controls, respectively.

https://doi.org/10.1371/journal.ppat.1012635.9004
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was fully detergent-soluble [17]. However, due the large N-terminal truncation which prevents
its interaction with TAC102 and thus the kDNA, it was not functional [17].

Fig 4D shows a pulldown assay in which TAC60AC283-myc was used as a bait.
TAC60AC283-myc is fully functional and serves as a positive control for all tested TAC60 vari-
ants. A crude mitochondrial fraction, the pellet (P1) of 0.015% digitonin extracted cells, was
further extracted with 1% digitonin, resulting in a supernatant termed SN2. Whereas the fully
assembled TAC remained insoluble and was recovered in the P1 pellet, a small fraction of the
TAC60AC283-myc variants and TAC40, which likely represent assembly intermediates, were
solubilized by this treatment. Throughout our study we consistently observe multiple bands
for the various TAC60 variants. This is likely mainly due to as yet unknown posttranslational
modifications, see [22] for a more detailed discussion. Mini-p166-HA, in contrast to the
TAC60AC283-myc variants, was essentially completely recovered into the SN2 fraction. Subse-
quently SN2 was incubated with anti-myc-beads and processed for pulldown (Fig 4D). The
result showed that TAC60AC283-myc together with the mini-version of p166-HA was recov-
ered in the bound fraction (IP) indicating they interact with each other. TAC40 was also found
in the IP fraction because it binds to TAC60 independent of its interaction with p166 and thus
serves as a positive control. ATOM40, the integral OM pore subunit of the protein translocase,
does not interact with the TAC and serves as a negative control (Fig 4D).

Finally, it has been previously observed that expression of mini p166 in the presence of the
endogenous full length p166 caused a slight growth phenotype and a decrease of cells contain-
ing normal kDNA [17]. This weak dominant negative effect could be explained because mini-
p166-HA likely competes for localization with the wild-type p166 [17]. Thus, to monitor the
putative effect of TAC60AC283-myc mutants on the kDNA segregation process, they were
also expressed in the TAC60-RNAI cell line that did not express the mini-p166-HA.
Impairment of TAC function and thus KDNA segregation resulted mainly in kDNA loss.
Moreover, over-replication of KkDNAs in the few cells that have retained the kDNA was also
observed [9] (Fig 4B, right panel and 4C, middle panel).

A kinked helix in TAC60 is necessary but not sufficient for p166 binding

In the first TAC60 mutant tested, termed TAC60-nohelix, we replaced the segment
Q178-M194 encompassing the minimal p166-binding site predicted by the TAC60 peptide
binding array (Fig 2B). It was exchanged with the peptide (SALQMELIEPTPHILIP) of the
same length, which contains three prolines and is predicted to be unable to form an a-helix.
The result shows that while the TAC60-nohelix mutant still interacts with the OM TAC sub-
unit TAC40, it cannot pull down mini-p166 (Fig 5A). This was expected considering the entire
minimal p166-binding site was replaced and suggests that an o-helical structure of the binding
site in TAC60 might be required for the interaction.

Indeed, two short o-helices separated by the invariant P185 is a feature of the T. brucei
TAC60 pl166-binding site that is highly conserved in all Kinetoplastids (Fig 3A). We therefore
produced a TAC60 mutant, termed TAC60-P185E, in which the invariant P185 was replaced
by an E. This resulting sequence is predicted to form a single o-helix covering the entire
TAC60 p166-binding region. Intriguingly, the TAC60-P185E mutant lost the capability to
interact with mini-p166 (Fig 5B) suggesting that an o-helix with a kink in the center is required
for TAC60-p166 interaction.

In the last mutant of this series, termed TAC60-p197helix, P185 was left unchanged. How-
ever, the two short o-helices flanking P185 were replaced by peptides of the same length that
were modelled after the a-helical repeat region of the previously characterized TAC subunit
p197 [15]. The resulting p166 binding region in the TAC60-p197helix was predicted to fold
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Fig 5. A kinked helix in TAC60 is necessary but not sufficient for p166 binding. (A) Left, schematic structural depiction of the TAC60-p166 interaction for the
TAC60-nohelix mutant. Replaced residues of TAC60 are shown in red, the unmodified p166 C-tail is shown in green. Middle, immunoblot analysis of a pulldown
experiment of the two days tet-induced TAC60-RNAi cell line complemented by the TAC60-nohelix mutant that also expresses mini-p166-HA. P, pellet; SN, supernatant;
FT, flow through; IP, eluate of immunoprecipitation. TAC40 and ATOM40 serve as positive and negative controls, respectively. Right, combined violin and sina diagrams
of DAPI-stained kDNA area measurements, indicated as arbitrary units (a. u.), of a tet-induced cell line for TAC60-RNAi and TAC60-nohelix expression. Numbers of
analyzed cells are indicated at the top. A kDNA area value of zero means the complete loss of the kDNA. (B) and (C) as in (A) but the TAC60-P185E and
TAC60-p197helix mutants were analyzed. The mutated residues are depicted by the red arrow (B) or by the red helix segments (C).

https://doi.org/10.1371/journal.ppat.1012635.9005

into a kinked a-helix, just as the corresponding wildtype sequence, but has different biochemi-
cal properties. The results in Fig 5C show that the TAC60-p197helix mutant was not able to
interact with mini-p166, suggesting that a kinked a-helix, while necessary, is not sufficient to
mediate binding of TAC60 to p166.

Finally, the panels on the right in Fig 5 show that, as would be expected, exclusive expres-
sion of all three TAC60 mutants interfered with kDNA segregation.
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Conserved charged amino acids are dispensable for TAC60-p166
interaction

The best-conserved amino acids in the p166-interacting TAC60 o-helix are R181 and E189
which flank the helix-breaking P185. R181 and E189 face the same side of the kinked o-helix
and thus may face p166. For the TAC60-interacting a-helix of p166 the best conserved amino
acids are the closely spaced R1492 and D1495 located on the same side of the p166 a-helix.
Considering the highly conserved nature of the two pairs of charged amino acids in TAC60
and p166, suggests that the TAC60-p166 interactions might be mediated by ionic bonds
between opposite charges of R181 (in TAC60) and D1495 (in p166) as well as E198 (in
TAC60) and R1492 (in p166), respectively (Fig 6A).

The importance of ionic bonds for TAC60-p166 interactions was experimentally tested by
three TAC60 variants in which either R181 and/or E189 were mutated. In the first mutant,
termed TAC60-R181A/E189A, both R181 and E189 were each replaced by an uncharged A
(Fig 6B, left). In the second mutant, termed TAC60 R181E/E189R, the opposite charges were
switched (Fig 6C, left), and in the third mutant, termed TAC60-E189R, E189 was switched to
R resulting in a p166-TAC60 interacting kinked o-helix that contains two positive charges (Fig
6D, left). The results of the TAC60 pulldown experiments showed that all three TAC60
mutants still interacted with mini-p166 (Fig 6B, 6C and 6D, middle panels). In line with these
results we did not observe impairment of kKDNA segregation in cell lines that exclusively
express the three mutant TAC60 proteins (Fig 6B, 6C and 6D, right panels).

These experiments were complemented with two p166 mutants, termed p166-R1492A and
p166-D1495A, in which either R1492 or D1495 were replaced by a neutral A (Fig 6E and 6F,
left). Moreover, a third mutant, termed p166-R1492D/D1495R, was also tested in which R1492
and D1495 were switched (Fig 6G, left). The results showed that in all TAC60 pulldown experi-
ments the mutant p166 versions were recovered in the bound fraction (Fig 6E, 6F and 6G,
middle panels).

Our results show that based on the in vivo binding assay all positively or negatively charged
amino acids, R181/E189 in TAC60 or D1495/R1492 in p166, even though they are highly con-
served, are dispensable for the mutual interaction of the two proteins. This excludes that the
interaction between TAC60 and p166 is due to ionic bonds.

TAC60-p166 interaction depends on conserved hydrophobic amino acids

Charged amino acids are not required for the TAC60-p166 interaction and the interaction
between the two proteins is maintained in the TAC60 R181E/E189R mutant. This strongly
suggests that the side of the T. brucei p166 o-helix containing hydrophobic amino acids faces
the kinked TAC60 o-helix, rather than the side with the highly conserved D1492 and E1495
(Fig 7A, top). Thus, we tested whether the interaction between TAC60 and p166 requires the
presence of hydrophobic amino acids.

Positions 177, 180, 184, 188, 192 and L196 in TAC60 of T. brucei are all occupied by hydro-
phobic amino acids which are oriented to the same side of the kinked TAC60 o-helix, a feature
that is highly conserved in all Kinetoplastids (Figs 1C and 3A). Thus, we expressed two TAC60
mutants, in which either all six positions (termed TAC60-fulld) (Fig 7B) or all except positions
L177 and L196 (termed TAC60-4¢) (Fig 7C, left) were replaced by the structurally most similar
hydrophilic amino acid (Fig 7A, bottom). The results of the pulldown experiments showed
that both the TAC60-full¢ and the TAC60-4¢ mutants cannot pull down mini-p166 indicating
that at least some of the four amino acids mutated in TAC60-4¢ are essential for the
TAC60-p166 interaction (Fig 7B and 7C, middle panels). In line with these results kDNA
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Fig 6. Conserved charged amino acids are dispensable for TAC60-p166 interaction. (A) Schematic structural
prediction of the model where TAC60 (purple) interacts with p166 (green) via ionic bonds. (B), (C) and (D) Left,
schematic structural depiction of the TAC60-p166 interaction for the indicated TAC60 mutants. Middle, immunoblot
analyses of pulldown experiments of the two days tet-induced TAC60-RNAi cell lines complemented by the indicated
TAC60 mutants that also express mini-p166-HA. P, pellet; SN, supernatant; FT, flow through; IP, eluate of
immunoprecipitation. TAC40 and ATOM40 serve as positive and negative controls, respectively. Right, combined
violin and sina diagrams of DAPI-stained KDNA area measurements, indicated as arbitrary units (a. u.), of the same
cell lines but without mini-p166-HA expression. Numbers of analyzed cells are indicated at the top. A KDNA area
value of zero means the complete loss of the kDNA. (E), (F) and (G) as above but TAC60-RNAI cell lines
complemented by TAC60AC283-myc and the indicated mini-p166-HA mutants were analyzed.

https://doi.org/10.1371/journal.ppat.1012635.9006

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012635 December 2, 2024 12/24
































































































































































































































































































































































































	20250731 mainText

