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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].
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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],

31



1.5.1.1 Protein import

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

39



1.5.2.3 Pankinetoplast

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

41



1.5.3 Kinetoplast segregation — tripartite attachment complex

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-
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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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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
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indicated at the top. A KDNA area value of zero means the complete loss of the kDNA. (D) and (E) 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.1012635.9007
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segregation was impaired in cell lines that exclusively expressed the mutant TAC60 proteins
(Fig 7B and 7C, right panels).

The T. brucei TAC60 binding region of p166 contains seven hydrophobic amino acids
(L1489, V1490, V1493, A1494, V1497, 11498, L1499) all of which are predicted to face the
kinked o-helix of TAC60. To test the importance of these amino acids for the TAC60-p166
interaction we produced two mutant mini-p166 variants. In the first one, termed p166-full$
(Fig 7D, left), all hydrophobic amino acids were replaced by their most similar hydrophilic
counterparts, whereas in the second one, termed p166-2¢ (Fig 7D, left), only the central V1493
and A1494 were replaced. The presence of hydrophobic amino acids at these two positions is
conserved in all Kinetoplastids (Fig 3B). Note that position 1493 and 1497 may be occupied by
a'Y in some species which is ambiguously classified as either hydrophobic or polar, respec-
tively. The results showed that in TAC60 pulldown experiments both p166-full® and p166-2®
were not recovered in the bound fraction (Fig 7D and 7E, right panels).

An independent confirmation that the TAC60-p166 interaction is mainly due to hydropho-
bic rather than ionic interaction is the fact that in a TAC60 pulldown experiment mini-p166 is
still recovered in the eluate even in the presence of 0.75 M NaCl which is expected to interfere
with electrostatic interactions (Fig 8).

In summary, these results show that the interaction between TAC60 and p166 depends on a
kinked o-helix in TAC60, which has a hydrophobic surface on the inside of the bent region,
that interacts with the hydrophobic side of the C-terminal a-helix of p166.

Discussion

A detailed knowledge of protein-protein interactions is crucial for the understanding of cellu-
lar architecture and for gaining mechanistic insights into biological processes. In this study we
have characterized the interaction between the two mitochondrial integral membrane proteins
TAC60 (OM) and p166 (IM) of T. brucei at the molecular level. The two proteins are subunits
of the TAC, which mediates the segregation of the duplicated single-unit mitochondrial nucle-
oids during the coordinated cell and mitochondrial division in trypanosomes and related
organisms [10].

Using a combination of in silico, in vitro, and in vivo analyzes our results suggest a model of
how the two proteins interact. For TAC60, the p166-binding site corresponds to the short
E175-L198 segment. It contains three conserved charged amino acids and six highly conserved
hydrophobic amino acids, forming two short amphiphilic o-helices that are separated by the
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bait: TAC60AC283-myc bait: TAC60AC283-myc
buffer: 500mM NaCl (5x) buffer: 750 mM NacCl (7.5x)

Fig 8. TAC60-p166 interaction is salt resistant. Inmunoblot analyses of pulldown experiments of the two days tet-induced TAC60-RNAi cell line complemented by
TAC60AC283-myc performed in the presence of 500 (A) and 750 (B) mM NaCl. 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.1012635.9g008
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P185. The hydrophobic face of each o-helix lines the inside of the bent region, creating a
hydrophobic pocket. For p166, the TAC60 binding site corresponds to the C-terminal 11
amino acids of p166. It contains two conserved charged amino acids and four highly conserved
hydrophobic amino acids and forms an amphiphilic a-helix. The hydrophobic side of the p166
o-helix faces the hydrophobic pocket formed by the TAC60 E175-L198 segment.

Three key mutants prevented the interaction between TAC60 and p166, supporting the sug-
gested model: i) The TAC60-P185E mutant, which cannot form a kink between the two short
o-helices (Fig 5B); ii) The TAC60-4¢ mutant, in which four conserved hydrophobic amino
acids on the inside of the hydrophobic pocket were replaced by hydrophilic ones (Fig 7C), and
iii) The p166-2¢ mutant in which two conserved hydrophobic amino acids on the TAC60-fa-
cing side of the p166 o-helix were replaced by hydrophilic ones (Fig 7E). Further corroborat-
ing this model, replacing or switching the highly conserved charged amino acids in either
TACG60 or pl66 in various combinations did not affect TAC60-p166 interactions (Fig 6). This
indicates that the conserved charged amino acids are oriented diametrically opposed to the
hydrophobic sides of the TAC60 and the p166 o-helices that form the binding interface. We
conclude that the TAC60-p166 interaction depends on hydrophobic amino acids at conserved
positions in both the TAC60 and the p166 o-helices. Thus, the interaction is ultimately driven
by the tendency to minimize the exposure of hydrophobic side chains to water, which is
known as the hydrophobic effect. Structural predictions of the TAC60-p166 interaction inter-
face of distantly related Kinetoplastids shows that the model proposed for T. brucei likely
applies for the whole group (S5 Fig).

If the charged amino acids do not contribute to the TAC60-p166 interaction why are they
so highly conserved (Fig 3)? Presently we cannot answer this question. It is possible that they
modulate the efficiency of mitochondrial protein import, and that in the cell lines in which the
charged amino acids were mutated an import phenotype would be masked because the ectopi-
cally expressed mutant TAC60 subunits were overexpressed. Alternatively, as all our experi-
ments were done in procyclic cells, it could be that the charged amino acids and/or the
amphiphilic nature of the o-helices have a function in other life cycle stages.

The specific role of TAC60 and p166 within the TAC is to form contact sites between the
mitochondrial OM and IM. While the TAC is specific for Kinetoplastids, OM-IM contact sites
are an essential feature of mitochondria in all eukaryotes. The most prominent examples are
the ones associated with protein translocases [28] and with the mitochondrial contact site and
cristae organizing system (MICOS) [31,32].

The translocase of the OM (TOM) complex transiently interacts with the translocase of the
inner membrane 23 (TIM23) complex. This interaction is based on a complicated interaction
network between the IMS domains of Tom22/Tom40/Tom7 and Tim50/Tim23/Tim21,
respectively, and is greatly stabilized by precursor proteins that are being translocated [33,34].
Transient OM-IM contact sites are also formed by the OM protein voltage dependent anion
channel (VDAC) which binds to both hydrophobic precursor proteins that are bound to small
TIM chaperones in the IMS and to the carrier translocase, the TIM22 complex [35]. In both
examples the function of the OM-IM contact sites is to facilitate the transfer of precursor pro-
teins from the TOM complex to the respective protein translocase in the IM.

The hetero-oligomeric MICOS complex forms the cristae junction, a narrow passage in the
IM that links the inner boundary membrane, which runs parallel to the OM, with invagina-
tions in the IM termed cristae [31,32]. The MICOS subunit Mic60 is anchored in the IM. It
has a large domain exposed into the IMS which is associated with Mic19. The Mic60/Mic19
module forms contact sites with the OM, by interacting with variety of OM proteins including
the sorting and assembly machinery (SAM) and the TOM complex, VDAC, and the GTPase
Miro [36,37].
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Even though OM-IM contact sites are widespread and functionally important, not much is
known about the underlying molecular interactions required for their formation and mainte-
nance. The TAC is specific for Kinetoplastids, but it can serve as an example for a prototypical
OM-IM contact site. The TAC is a single unit, permanent structure which is precisely localized
opposite the single flagellum to which it connects the kDNA. This is different to the OM-IM
contact sites described above which are often transient and/or highly dynamic and therefore
more challenging to study [38]. The architectural unit of the TAC can be thought of as a cable
connecting the BB to the kDNA (S1 Fig) [8]. The cytosolic part of each cable is formed by a
single filamentous p197 molecule, which is plugged into the TAC OM module via TAC65 and
extends further through other OM module subunits to TAC60. The IMS side of TAC60 then
interacts with a single p166 molecule, which extends across the IM, forming a matrix filament
that connects to the kDNA. The exact stoichiometry of the TAC subunits within the structure
remains unknown. However, the TAC subunits can easily be detected by immunofluorescence.
This indicates that the TAC must have a highly repetitive structure consisting of several hun-
dreds of the described TAC cables arranged in a parallel manner. This simplifies in vivo studies
of the TAC OM-IM contact site because interfering with the TAC60-p166 interaction prevents
the formation of each individual TAC cable and thus of the whole structure.

OM-IM contact sites can have multiple functions. The contact sites found in MICOS,
besides maintaining the mitochondrial architecture, have been implicated in phospholipid
transport and metabolism, protein import, and signaling pathways [36, 37]. However, while
the TAC is essential in both procyclic and in bloodstream forms of trypanosomes, its function
is restricted to kDNA segregation [26]. The evidence for this comes from the observation that
the TAC is dispensable for normal growth of the L262P bloodstream form cell line, which due
to a mutation in the y-subunit of the ATP synthase, can grow in the absence of the kDNA [39].
This is perhaps surprising because for an exclusive tethering function, the OM TAC module
consisting of four essential integral OM membrane proteins, appears to be unnecessarily
complex.

In contrast to most other mitochondrial OM-IM contact sites, the trypanosomal TAC is a
permanent structure. What could be the explanation for this? The kDNA disk, the flagellum
and the BB are single unit structures in non-dividing cells and the BB is the master organizer
of cellular architecture [10]. Proper BB duplication, maturation, segregation, and its position-
ing within the cell, ensures correct segregation of flagella, the replicated kDNAs and other
structures during cytokinesis [40]. Thus, proper KDNA segregation in the cell is achieved, i) by
coordinating KDNA replication with BB duplication and maturation, and ii) by the evolution
of a physical tether that permanently hardwires the kDNA to the BB. In short, because the
overarching principle of KkDNA segregation is “physically coupled co-segregation with basal
bodies” [12], this necessitates a permanent OM-IM contact site formed by TAC60 and p166.

The TAC60-p166 contact site must not only be temporally stable but also physically robust
because the TAC makes the connection between two huge structures: the kDNA and the BB
with the flagellum. Moreover, during mitochondrial fission and cytokinesis the old and the
newly formed kDNA-TAC-BB supercomplexes are segregated within the highly viscous matrix
and cytosol, respectively. Hence, the TAC60-p166 interaction must be strong enough, and the
number of single unit TAC cables high enough, to bear this load.

Our study defined the binding interface of the OM-IM contact site formed by TAC60-p166
interaction in the trypanosomal TAC. Furthermore, we have shown that the formation and
maintenance of the contact site does not rely on electrostatic interactions but is driven by the
hydrophobic effect. Even though it is presently beyond the scope of our study, this knowledge
may in the future allow to engineer synthetic OM-IM contact sites in organisms other than try-
panosomes and thus open new ways to manipulate mitochondrial architecture.
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Finally, knowing the critical features of the TAC60-p166 contact sites may help to find com-
pounds that interfere with their formation. Because TAC60 and p166 are conserved in Kineto-
plastids (Figs 3 and S4) but absent in mammals, such substances may form the basis of new
drugs to combat the diseases that are caused by T. brucei and its relatives.

Material and methods
Protein structure predictions

Protein and protein complex structures were predicted using the AlphaFold2 model [29],
implemented in ColabFold [30,41], and visualized with PyMol (version 2.5, Schrédinger,
LLC). Input sequences for the predicted structures in Fig 1C were TAC60 (Tb427.07.1400, aa
1-270) and p166 (Tb427tmp.02.0800, aa 1466-1499). Predictions were made using the pdb100
template data base. Default settings were used where applicable and all structures were relaxed
using amber.

Protein purification

The coding sequence of a 6x His tag-3x myc tag was cloned upstream of the sequence coding
for the C-terminal 34 aa of p166 by PCR and the coding sequence of the resulting fusion pro-
tein was inserted into an E. coli expression vector derived from the “parallel” expression vector
family [42]. E. coli BL21 [43] was transformed with the resulting construct and expression of
the fusion protein was induced for 3 hours by 1 mM isopropyl-B-D-thiogalactopyranosid
(IPTG). Cells were harvested by centrifugation at 5’000 g and washed with phosphate-buffered
saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, and 1.8 mM KH,PO,, pH 7.4)
before cell lysis. Cell lysis was done using a high pressure homogenizer (HPL6, Maximator
GmbH) in cell lysis buffer (20 mM 3-(N-morpholino) propanesulfonic acid (MOPS) at pH 7.5
containing 150 mM NaCl, 10% glycerol, 10 mM imidazole) supplemented with 1 mM phenyl-
methanesulfonyl fluoride (PMSEF). Cell debris was removed by centrifugation (20 minutes,
13’000 g at 4°C). The resulting supernatant was incubated with Ni-NTA agarose beads (Cube
Biotech) for 3 hours at 4°C. Beads were washed in cell lysis buffer supplemented with 40 mM
imidazole, and cell lysis buffer supplemented with 200 mM imidazole was used for elution of
the fusion protein. The final eluate was concentrated using a 3 kDa size filter (Millipore) to
approximately 1 ug/pl as determined by the BCA test (Thermo Scientific) [44].

In vitro peptide-protein interaction screening

The in vitro peptide-protein interaction assay was conducted by JPT Peptide Technologies
GmbH (Germany). TAC60 peptides 20 aa in length with a 3 aa shift relative to the preceding
peptides covering the whole TAC60 sequence were synthesized and immobilized on microar-
ray slides yielding a total of 179 different peptides. The purified p166 fusion protein was
labelled using the DyLight microscale antibody labeling kit (Thermo Scientific). The immobi-
lized TAC60 peptides were incubated with 10, 1, 0.1, 0.01 and 0.001 pg/ml of the labelled
fusion protein for 1 hour at 30°C. Bound proteins were detected by fluorescence emitted after
excitation with a high-resolution laser scanner at 635 nm. The resulting signals for all peptides
were extrapolated to scores for each aa of the TAC60 sequence by summing up the scores of all
overlapping peptide regions (Fig 3B).

Multiple sequence alignments and helical wheel projections

Sequences of TAC60 and p166 orthologs of Kinetoplastids were obtained from the TriTrypDB
database [45]. The following orthologs were used for the analyses: T. brucei (TAC60:
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Tb427.07.1400, p166: Tb427tmp.02.0800), T. cruzi (TAC60: TcCLB.508209.30, p166:
TcCLB.509589.40), Angomonas deanei (TAC60: ADEAN_000333400, p166:
ADEAN_000718300), Blechomonas ayalai (TAC60: Baya_042_0220, p166: Baya_075_0150),
Bodo saltans (TAC60: BSAL_45895), Crithidia fasciculata (TAC60: CFAC1_290011300, p166:
CFAC1_220045700), Endotrypanum monterogeii (TAC60: EMOLV88_260009700, p166:
EMOLV88_130019600), Leishmania aethiopica (TAC60: LAEL147_000431100, p166:
LAEL147_000188600), L. amazonensis (TAC60: LAMA_000507700, p166:
LAMA_000208900), L. donovani (TAC60: LABPK_260530.1, p166: LABPK_131340.1), L.
major (TAC60: LmjF.26.0560, p166: LmjF.13.1600), Leptomonas pyrrhocoris (TAC60:
LpyrH10_01_8410, p166: LpyrH10_20_0130), Paratrypanosoma confusum (TAC60:
PCON_0005540, p166: PCON_0032280). Multiple sequence alignments (msa) were calculated
with the R (version 4.3.2) package msa (version 1.36.1) [46] from Bioconductor (version 3.17)
and visualized as sequence logos (Fig 3A and 3B) or as an msa (54 Fig) using the ggseqlogo
(version 0.2) [47] and ggmsa (Bioconductor, version 1.10.0) [47] packages, respectively. Shan-
non’s entropy [48] for msa (S3 Fig) was calculated only for positions with <50% gaps using
the base two logarithm version. Phylogenetic trees (S3 Fig) were created using the neighbour
joining algorithm [49] implemented in the R package ape (version 5.8) [49] with distance
tables calculated by the SeqinR package (version 4.2-36) [50]. Helical wheel projections (Fig
3C) were created with the helixvis package (version 1.0.1) [51] in R. Hydrophobicity values
were taken from Kyte and Doolittle [52].

Transgenic cell lines

All cell lines derive from a single marker T. brucei 427 cell line [15] grown at 27°C in SDM-79
supplemented with 5% (v/v) fetal calf serum. Tetracycline-inducible RNAi of TAC60
(Tb927.7.1400/Tb427.07.1400) targets nucleotides 1220-1629 of the open reading frame [22].
To monitor TAC60 RNAI efficiency in Figs 4B, 4C and S6, one of the alleles of TAC60 was C-
terminally tagged with 3x myc using a PCR construct based on plasmids of the pMOtag series
[53]. C-terminally 3x myc-tagged TAC60 mutants are based on a C-terminally truncated
TAC60 version termed TAC60AC283 [22] and were cloned into modified pLEW100 vectors
[54] for tetracycline-inducible expression. S1 Table summarizes all TAC60 mutants. The C-
terminally 3x HA-tagged N-terminally truncated version of p166 (Tb927.11.3290/
Tb427tmp.02.0800) was previously described as “mini-p166-HA” [17]. A full list of all mutants
of mini-p166 is given in S1 Table. Note, the protein lengths of Tb927.11.3290 and
Tb427tmp.02.0800 differ by two aa (Tb927.11.3290 Q998 and S999 are missing in
Tb427tmp.02.0800), we therefore exclusively refer to residue numbers of the
Tb427tmp.02.0800 aa sequence. The control experiments that the TAC60 mutants used in our
study completely replace the endogenous TAC60 and are fully integrated into the TAC are
provided in S6 and S7 Figs, respectively.

Flagella extraction and immunofluorescence microscopy

Flagella extraction was performed as described previously [55]. In summary, two days tetracy-
cline-induced cell cultures were supplemented with EDTA (5 mM final) before harvesting.
Harvested cells were lysed on ice for 10 minutes with extraction buffer (10mM NaH,PO,,
150mM NaCl, ImM MgCl,, pH 7.2) supplemented with 0.5% (v/v) Triton X-100 and centri-
fuged (3’000 g, 3 minutes, 4°C). The resulting cytoskeletal pellet was resuspended in extraction
buffer without Triton X-100 and centrifuged as above. The resulting pellet was resuspended in
200 pl containing 10® cell equivalents extraction buffer containing 1 mM CaCl,, incubated on
ice for 30 minutes and centrifuged (10°000 g, 10 minutes, 4°C). Finally the extracted flagellar
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pellet was washed twice with PBS and resuspended in PBS at 107 cell equivalents/50 pl. Subse-
quently, the flagellar fraction was processed for immunofluorescence microscopy. 50 pl of iso-
lated flagella were allowed to settle on glass slides before fixation with 4% paraformaldehyde
for 10 minutes. Fixed flagella were washed with PBS, chilled on ice and blocked with PBS con-
taining 2% (w/v) bovine serum albumin (BSA) before incubation with two rounds of primary
(anti myc, YL1/2) and the corresponding secondary antibodies diluted in PBS containing 2%
BSA. For more information about the antibodies used see below. Pictures were acquired on a
DMI6000B microscope equipped with a DFC360 FX monochrome camera and LAS X soft-
ware (Leica Microsystems). Images were processed using Fiji software.

kDNA area quantification

kDNA area measurements were performed on three days tetracycline-induced cells. Cells were
harvested by a low spin centrifugation and after washing with PBS allowed to settle on glass
slides. Settled cells were fixed with 4% paraformaldehyde and Vectashield, containing 4,6-dia-
midino-2-phenylindole (DAPI) for DNA visualization, was added to the final samples before
mounting the cover slides. Z-stack images were acquired and projected to one plane using Fiji
software. All images were processed with identical contrast settings and were converted to
binary files for kDNA area quantification. KDNA area was only measured when the entire cell
was visible and where the KDNA was in the focal plane. The absence of the kDNA was deter-
mined by eye. Violin [56] and sina [57] graphs were generated using the R packages vioplot
(version 0.5.0, https://github.com/TomKellyGenetics/vioplot) and SinaPlot (version 1.1.0).

Immunoprecipitations

The TAC60-myc pulldown experiments were performed as described previously [17]. Solubi-
lized mitochondria-enriched fractions of two days tetracycline-induced cells were generated
by a two-step digitonin extraction. First, washed cells were lysed in SoTE buffer (20 mM Tris
HCl pH 7.5, 0.6 M sorbitol, 2 mM ethylenediaminetetraacetic acid (EDTA)) containing
0.015% (w/v) digitonin and 1x cOmplete, Mini, EDTA-free protease-inhibitor-cocktail
(Roche). Following a centrifugation step (6’700 g, 5 minutes, 4°C) the mitochondria-enriched
pellet fraction (P1) was resuspended in a 20 mM Tris HCI pH 7.4, 100 mM NaCl, 10% glycerol,
0.1 mM EDTA, containing 1% (w/v) digitonin and 1x of cOmplete protease-inhibitor-cocktail
as above. After another centrifugation (20°000 g, 15 minutes, 4°C) the resulting supernatant
(SN2) was processed for immunoprecipitations and incubated with anti-c myc beads (Sigma)
for 2 hours at 4°C. Subsequently the beads were washed in the same buffer containing only
0.1% (w/v) digitonin. For elution the beads were boiled in SDS-PAGE sample loading buffer
lacking B-mercaptoethanol. Samples were collected for the P1, SN2, FT, and IP fractions (Fig
4D) and 5x10° (P1, SN2, and FT) or 5x10” (IP) cell equivalents were used for SDS-PAGE and
subsequent immunoblot analysis.

Antibodies

The following non-commercial antibodies were used. The dilutions of the antibodies are indi-
cated in parentheses for immunoblots (IB) and immunofluorescence (IF) analyses, respec-
tively. The polyclonal rabbit antisera against TAC40 (Tb927.4.1610) (IB 1:100) and ATOM40
(Tb927.9.9660) (IB 1:10°000) were described before in [15] and [58], respectively. The mono-
clonal rat antibody YL1/2 (IF 1:1°000) that recognizes tyrosinated o-tubulin [59] and the basal
body protein TbRP2 [60] was a gift from Keith Gull. Commercially available antibodies were
used as follows: monoclonal mouse anti-myc antibody (Invitrogen, 132500; IB 1:2°000, IF
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1:50), monoclonal mouse anti-HA antibody (Enzo Life Sciences AG, CO-MMS-101 R-1000;
IB 1:5°000).

Secondary antibodies for immunoblot analyses were IRDye 680LT goat anti-mouse and
IRDye 800CW goat anti-rabbit (both from LI-COR Biosciences; IB 1:20°000). Secondary anti-
bodies for immunofluorescence microscopy were goat anti-mouse Alexa Fluor 596, goat anti-
rat Alexa Fluor 488 (both from Thermo Scientific; IF 1:1°000).

Supporting information

S1 Fig. Architectural unit of the tripartite attachment complex (TAC). Single unit TAC
cable connecting the basal body to the kinetoplast DNA (kDNA). The three molecular TAC
modules and the individual TAC subunits are indicated. The TAC consists of several hundreds
of TAC cables arranged in a parallel manner. OM, outer membrane; IM, inner membrane.
(TIF)

S2 Fig. His-tag affinity purification of the p166 C-tail. (A) Depiction of the intermembrane
space exposed C-terminus of p166 (D1466-11499) that was N-terminally fused to 6x His and
3x myc tags and recombinantly expressed in E. coli. (B) Workflow for the His-tag affinity puri-
fication of the fusionprotein. (C) Left, Ponceau S stain of a blotted SDS-gel monitoring the
purification of the recombinant fusion protein. Right, immunoblot staining of the purified
protein fraction (Reten.) using an anti-myc antiserum.

(TIF)

S3 Fig. TAC60 and p166 are conserved in Kinetoplastids. (A) Multiple sequence alignment
of TAC60 orthologues from the Kinetoplastid species shown in the phylogenetic tree on the
left was analyzed using a Shannon’s entropy plot. (B) Multiple sequence alignment of p166
orthologues from the Kinetoplastid species shown in the phylogenetic tree on the left was ana-
lyzed using a Shannon’s entropy plot. The right graph shows a magnification of the C-terminal
p166 region depicted by the dashed red line.

(TTF)

S4 Fig. Multiple sequence alignment of p166. Sequence alignment of the C-terminal region
of p166 orthologues of the same Kinetoplastid species as were used for Fig 3B.
(TIF)

S5 Fig. AlphaFold2 predictions of the TAC60-p166 interaction for diverse kinetoplastid
species. Models depicting the predicted TAC60- p166 interaction interface in T. brucei, T.
cruzi, L. donovani, and A. deanei. The predicted structure for T. brucei is identical to the model
shown in Fig 1. For the predictions in the other species the following input sequence segments
were used: T. cruzi TAC60 (1-233 aa), p166 (1349-1384 aa); L. donovani TAC60 (1-312 aa),
p166 (1160-1204 aa); A. deanei TAC60 (1-239 aa), p166 (986-1017 aa). The models display
the conserved kinked o.-helix of TAC60 beginning 10 aa upstream and ending 12 aa down-
stream of the conserved P (see Fig 3). The sidechains of the conserved hydrophobic aa are
shown as sticks. While the predicted local Distance Difference Test (IDDT) scores were low
for all predictions, a hydrophobic pocket is predicted for all the interaction interfaces.

(TIF)

S6 Fig. Expression of TAC60 mutants in the TAC60-RNAI cell line replaces the endoge-
nous TAC60 with its mutated counterparts. (A) Immunoblots showing that TAC60 RNAi
results in efficient depletion of the endogenous in situ tagged TAC60-myc and the exclusive
expression of the ectopically expressed TAC60AC283-myc variants analyzed in Fig 4. (B) and
(C) as in (A) but TAC60AC283-myc mutants of Figs 6 and 7 were analyzed. ATOM40 serves
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as a loading control.
(TIF)

S7 Fig. Immunofluorescence analysis of isolated flagella with TAC60 mutants. Immunoflu-
orescence images of extracted flagella of the indicated mutant TAC60 cell lines show that the
mutant proteins (red) co-fractionate with flagella and colocalize with or very close to the basal
body. This indicates that the mutant proteins are integrated into the TAC. Tyrosinated tubulin
and TbRP2, detected by YL1/2 (green) serves a marker for the flagellum and basal body. Bro-
ken line mark original and enlarged insets.

(TIF)

S1 Table. Summary of TAC60 and p166 variants. The control experiments that the TAC60
mutants used in our study completely replace the endogenous TAC60 and are fully integrated
into the TAC are provided in S6 and S7 Figs, respectively

(PDF)

S1 Data. Numerical data for all graphs presented in the study.
(XLSX)

S1 Raw images. Original images for all gels and blots.
(PDF)
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S$1 Fig. Architectural unit of the tripartite attachment complex (TAC).

Single unit TAC cable connecting the basal body to the kinetoplast DNA (kDNA). The three
molecular TAC modules and the individual TAC subunits are indicated. The TAC consists of
several hundreds of TAC cables arranged in a parallel manner. OM, outer membrane; IM,
inner membrane.

80



3. Results

A 6x-His-3x-myc-p166-C-tail

NERNDEeNE488C  ~8 kDa
6xHis 3xmyc p166 C-tail

His-tag-affinity based purification of C -IPTGE +IPTG
6x-His-3x-myc-p166-Ctail igeerlmltll}%ﬁlgs +E His-tag purific. E3 kDa filter
NiZ* NTA " Total I SN P FT Wash E_iPerm.Reten.

His-tag purific. KDA] ¥

Celllysis [SN

: |__Flow-
13'000 xg Lpgiet (P) EEEIQ)Ugh

+IPTG
centrifug.

Eluate Wsh

(E)
3 kDa

cut-off
filter

Permeate Retentate

Ponceau S staining myc

S2 Fig. His-tag affinity purification of the p166 C-tail.

(A) Depiction of the intermembrane space exposed C-terminus of p166 (D1466-L1499) that
was N-terminally fused to 6x His and 3x myc tags and recombinantly expressed

in E. coli. (B) Workflow for the His-tag affinity purification of the fusionprotein. (C) Left,
Ponceau S stain of a blotted SDS-gel monitoring the purification of the recombinant fusion
protein. Right, immunoblot staining of the purified protein fraction (Reten.) using an anti-
myc antiserum.
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S3 Fig. TAC60 and p166 are conserved in Kinetoplastids.

(A) Multiple sequence alignment of TAC60 orthologues from the Kinetoplastid species
shown in the phylogenetic tree on the left was analyzed using a Shannon’s entropy

plot. (B) Multiple sequence alignment of p166 orthologues from the Kinetoplastid species
shown in the phylogenetic tree on the left was analyzed using a Shannon’s entropy plot. The
right graph shows a magnification of the C-terminal p166 region depicted by the dashed red
line.
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S$4 Fig. Multiple sequence alignment of p166.

Sequence alignment of the C-terminal region of p166 orthologues of the same Kinetoplastid
species as were used for Fig 3B.
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Trypanosoma brucei
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S5 Fig. AlphaFold2 predictions of the TAC60-p166 interaction for diverse kinetoplastid

species.

Models depicting the predicted TAC60- p166 interaction interface

inT. brucei, T. cruzi, L. donovani, and A. deanei. The predicted structure for T. brucei is
identical to the model shown in Fig 1. For the predictions in the other species the following
input sequence segments were used: T. cruzi TAC60 (1-233 aa), p166 (1349-1384

aa); L. donovani TAC60 (1-312 aa), p166 (1160-1204 aa); A. deanei TAC60 (1-239 aa), p166
(986-1017 aa). The models display the conserved kinked a-helix of TAC60 beginning 10 aa
upstream and ending 12 aa downstream of the conserved P (see Fig 3). The sidechains of
the conserved hydrophobic aa are shown as sticks. While the predicted local Distance
Difference Test (IDDT) scores were low for all predictions, a hydrophobic pocket is predicted

for all the interaction interfaces.
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S6 Fig. Expression of TAC60 mutants in the TAC60-RNA.i cell line replaces the
endogenous TAC60 with its mutated counterparts.

(A) Immunoblots showing that TAC60 RNAI results in efficient depletion of the
endogenous in situ tagged TAC60-myc and the exclusive expression of the ectopically
expressed TAC60AC283-myc variants analyzed in Fig 4. (B) and (C) as in (A) but
TAC60AC283-myc mutants of Figs 6 and 7 were analyzed. ATOM40 serves as a loading

control.
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S7 Fig. Immunofluorescence analysis of isolated flagella with TAC60 mutants.

Immunofluorescence images of extracted flagella of the indicated mutant TAC60 cell lines
show that the mutant proteins (red) co-fractionate with flagella and colocalize with or very
close to the basal body. This indicates that the mutant proteins are integrated into the TAC.
Tyrosinated tubulin and TbRP2, detected by YL1/2 (green) serves a marker for the flagellum
and basal body. Broken line mark original and enlarged insets.
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S$1 Table. Summary of TAC60 and p166 variants.

The control experiments that the TAC60 mutants used in our study completely replace the
endogenous TAC60 and are fully integrated into the TAC are provided in S6 and S7 Figs,

respectively.
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Abstract

The parasitic protozoan Trypanosoma brucei has a single mitochondrial nucleoid, anchored to
the basal body of the flagellum via the tripartite attachment complex (TAC). The detergent-
insoluble TAC is essential for mitochondrial genome segregation during cytokinesis. The TAC
assembles de novo in a directed way from the probasal body towards the kDNA. However, the
OM TAC module which is composed of five subunits, has previously been suspected to follow
more complicated assembly pathways. Here, we identified four detergent-soluble OM TAC
module subcomplexes that we assign to two classes. One class contains an oligomeric TAC40
complex that according to AlphaFold contains 6-8 subunits, as well as two subcomplexes of
different sizes comprising TAC40, TAC42, and TAC60. The second class consists of a single
complex composed of TAC65 and pATOM36. We show that the two subcomplex classes form
independently and accumulate upon impairment of TAC assembly. The expression of an N-
terminally truncated TAC60 variant causes the accumulation of the larger TAC40/TAC42/TAC60
complex and blocks completion of OM TAC module assembly. This suggests the following
assembly pathway: i) TAC40 oligomerizes, ii) TAC42 and TAC60 bind the TAC40 oligomer forming
two discrete larger intermediates, where iii) the larger subcomplex merges with the

pATOM36/TACE5 subcomplex subsequently forming the OM TAC module.




Introduction

Genome replication and faithful segregation of the replicated genomes to daughter cells during
cell division are arguably the most central processes of life. The most complex situation is found
in eukaryotes which have up to three different genomes localized in the nucleus, in

mitochondria, and in plastids.

How replicated organellar genomes are segregated during organellar fission processes is an
understudied subject. Mitochondrial genome segregation processes have mainly been studied
in Saccharomyces cerevisiae and humans [1-3] which both belong to the eukaryotic supergroup
of the Opisthokonts [4]. Both species contain many mitochondria (in human up to several
hundred per cell) that form highly dynamic networks which are constantly remodeled by fission
and fusion processes [5-7]. The mitochondrial genome is organized in nucleoids, each
consisting of a few copies of the mitochondrial genome associated with numerous DNA binding
and other proteins [8, 9]. Nucleoids outhumber mitochondria, appear to be associated with the
mitochondrial inner membrane (IM) and can be transported actively within the network. The
processes ensuring proper segregation of nucleoids during mitochondrial fission appear to
involve mitochondria-associated ER domains but how they work in detail remains to be

elucidated [10-12].

In the present study we were studying mitochondrial genome segregation in the parasitic
protozoan Trypanosoma brucei which belongs to the Discoba group [4]. T. brucei is an
experimentally highly accessible model system and has arguably the best studied

mitochondrion outside the Opisthokonts [13-21].

T. brucei and its relatives, most of which are parasites, are famous for having a single
mitochondrion with a single nucleoid only [22]. The structure of the trypanosomal
mitochondrial genome, termed kinetoplast DNA (kDNA), is very complicated. It consists of two
genetic elements: approximately 25 maxicircles (22 kb in length) and approximately 5’000
minicircles (1 kb in length). Maxicircles and minicircles are highly concatenated among
themselves and between each other forming a large disk-shaped kDNA network [19, 20, 23].
Maxicircles encode mainly subunits of the respiratory complexes [24]. Many of their genes
represent cryptogenes, thus their transcripts must be edited by multiple uridine insertions
and/or deletions to become functional mRNAs. Minicircles, on the other hand, encode guide

RNAs that provide the information for RNA editing [18, 25, 26].




The kDNA is permanently tethered, across the two mitochondrial membranes, with the basal
body of the flagellum by a unique structure called the tripartite attachment complex (TAC) (S1
Fig) [27-29]. The function of the mega-Dalton-sized TAC is to allow the coupled segregation of
the single kDNA disk and the single flagellum [27, 30]. This implies that the kDNA network needs

to be replicated in coordination with the nuclear cell cycle [19, 22].

In T. brucei nine TAC subunits each present in several hundred to a few thousand copies have
identified so far [30, 31] (S1 Fig). The TAC subunits and the TAC architecture are conserved
within Kinetoplastids [19, 31]. Traditionally, the TAC has been divided into three morphological
domains based on transmission electron microscopy: the cytosolic exclusion zone filaments,
the differentiated mitochondrial membranes, and the unilateral filaments in the matrix [28].
However, characterization of the nine TAC subunits, which likely represent the nearly complete
set of TAC components, how allows to define three TAC modules based on their molecular

composition: the cytosolic, the outer membrane (OM), and the inner TAC modules [31] (S1 Fig.).

The “cytosolic TAC module” connects the basal body to the OM TAC module and consists of the
single subunit p197 [32, 33]. The C- and N-termini of p197 interact with the basal body and
TAC65 of the OM module, respectively. The large central part of p197, making up approximately
84% of the protein, consists of 35 or more near-identical a-helical repeats of 175 aa in length
[34] and determines the distance between the basal body and the OM [32]. Thus, the predicted

molecular mass of p197 is more than 880 kDa making it the largest protein of T. brucei.

The “OM TAC module” consists of the five subunits TAC65, pATOM36, TAC40, TAC42 and TAC60
[31]. The globular TAC65 is a peripheral OM protein which faces the cytosol [35, 36]. It interacts
with the N-terminus of p197 [32] and binds to pATOMS36, one of four integral OM proteins of the
OM module [36]. pATOMS36 has a dual function, it is an essential subunit of the TAC structure,
whereas outside of the TAC it mediates biogenesis of the atypical protein translocase of the OM
(ATOM) complex [36]. Reciprocal complementation experiments between yeast and T. brucei
have shown that pATOM36 and the yeast MIM complex have identical functions in the
biogenesis of a subset of OM proteins [37]. TAC40 and TAC42 are B-barrel membrane proteins
that form a complex with TAC60 which has two a-helical transmembrane domains [38, 39]. Both
the N- and C-termini of TAC60 face the cytosol, but in contrast to the N-terminus, the
cytosolically exposed C-terminus of TAC6E0 is dispensable for TAC function [38]. The 142 aa long
intermembrane (IMS) -exposed loop of TAC60 contains the binding site for the interaction with

the C-terminus of p166 [40].




p166 is a subunit of the “inner TAC module” and contains a single transmembrane domain close
to its C-terminus [31, 41, 42]. The IMS-exposed loop of TAC60 binds to the IMS-exposed C-
terminus of p166 and forms a stable contact site between the OM and IM. It was shown that the
minimal p166 binding site of TAC60 consists of a short kinked a-helix that via hydrophobic
interactions binds to the C-terminal a-helix of p166 [40]. The large soluble domain of p166 is
exposed to the matrix and binds to TAC102, a soluble matrix protein [41, 43, 44]. While TAC102
localizes close to the kDNA it does not bind to it directly. Four proteins, TAC53, TAP110, KAP68,
and mtHMG44, which localize between TAC102 and the kinetoplast have been identified [45-
47]. Of these only TAC53 behaves like a classical TAC subunit [47]. KAP68 can bind to DNA at
least in vitro [45]. However, what precise functions these proteins have and how they are
arranged relative to each other is not known. Thus, how exactly the TAC is anchored to the kDNA

remains unclear [31].

An interphase trypanosomal cell has a single flagellum and a single KDNA that is connected to
the TAC [28]. The coordinated assembly and duplication of the TAC during the cell cycle
represents one of the most extreme sorting and assembly events seen in any mitochondria [30,
31]. Itis known that the overarching principle of TAC formation is based on a de novo and
hierarchical assembly of its subunits [35]. Starting with p197 at the pro basal body the assembly
proceeds towards the kDNA. Generally, depletion of basal body-proximal TAC subunits results
in the delocalization of all distal subunits. However, there are hints that the complex OM TAC
module behaves differently. Although TAC65 is the direct interaction partner of p197 and a
cytosolically exposed peripheral OM protein, it cannot assemble into the TAC after ablation of

TAC40 or TAC60 [35].

Using a combination of RNAI cell lines and blue native (BN)-PAGE analyses we have studied the
biogenesis of the OM TAC module. We could show that it involves the independent formation of
various detergent-soluble assembly intermediates consisting of either TAC40/TAC42/TAC60 and
TAC65/pATOMS36, respectively.




Results

OM TAC module subunits form detergent-soluble subcomplexes

The fully assembled TAC structure is insoluble in non-ionic detergents [32, 41, 42]. However,
pulldown experiments of digitonin-solubilized crude mitochondrial fractions using tagged OM
TAC subunits demonstrated the existence of two main classes of detergent soluble complexes
consisting of either (i) TAC40, TAC42 and TACG60 or (ii) TAC65 and pATOMS36, respectively [36,
38]. Together with RNAI analyses these experiments suggested that the OM TAC module may
not strictly adhere to the hierarchical assembly model described above [35]. Thus, we decided
to investigate the detergent-soluble protein complexes of the OM TAC module in the procyclic
form (PCF) of T. brucei in more detail using BN-PAGE and immunoblot analyses, with the

ultimate aim to gain insight into its assembly process (Fig 1).
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Fig 1: OM TAC module subunits form detergent-soluble subcomplexes.

(A) Immunoblots of BN-PAGE experiments probed for TAC40, TAC42-HA, or TAC60-myc with
protein (TAC40) or tag specific (TAC42, TAC60) antibodies. The positions of marker proteins with
their size in kDa are indicated on the left of each lane. Based on these markers, the sizes of the
detected protein complexes were estimated (blue numbers) (see Material and methods). (B) As
in (A) butimmunoblots were probed for TAC65-myc and pATOM36-HA with tag specific
antibodies.

Using a polyclonal antiserum recognizing TAC40, we detected three different TAC40-containing
subcomplexes with estimated sizes of ~535, ~770, and ~920 kDa, respectively (Fig 1A, left
panel). The bands corresponding to the ~535 and ~770 kDa subcomplexes contained similar

amounts of TAC40, whereas the band corresponding to the ~920 kDa subcomplex contained




much less of the protein. To detect the OM TAC module subunits TAC42 and TAC60, we
prepared transgenic cell lines expressing C-terminally HA or myc-tagged versions of the
proteins (Fig. 1A, middle and right panels). Immunoblot analyses showed that tagged TAC42
and TAC60 were exclusively detected in the ~770 and ~920 kDa TAC40-containing
subcomplexes, respectively. The two subcomplexes displayed similar signal intensities when
probed for TAC60 whereas the ~920 kDa subcomplex gave a slightly less intense signal relative

to the ~770 kDa subcomplex when probed for TAC42.

Thus, our results confirm the previous immunoprecipitations experiments [38] and show that
TAC40 is mainly present in three distinct subcomplexes. The lowest one of ~535 kDa consists
exclusively of TAC40 whereas the ~770 and ~920 kDa subcomplexes likely in addition contain

variable amounts of TAC42 and TACG60.

Reciprocal immunoprecipitations have shown that TAC65 interacts with pATOM36 and vice
versa [36]. BN-PAGE analysis of cell lines expressing myc-tagged TAC65 revealed a diffuse
TAC65-containing complex of ~440 kDa (Fig. 1B, left panel). An analogous experiment indicated
that HA-tagged pATOM36 appears to be present in the same ~440 kDa subcomplex but alsoin a
smaller subcomplex migrating at approximately ~100 kDa (Fig. 1B, right panel). The latter
subcomplex was reported previously [36, 48]. The fact that this subcomplex is also detected
when pATOMS36 is expressed in S. cerevisiae shows that it represents the fraction of pATOM36
that functions in OM protein biogenesis [37]. Thus, the ~440 kDa complex, likely consisting of
TACG65 and pATOM36, is the one relevant for assembly of the OM TAC module. The signals near
the top of the gel represent complexes that accumulate at the stacking gel-separating gel

interface.

In summary, our results are in line with previous analyses [36, 38] and show that TAC65 together
with pATOMS36 is present in a single protein subcomplex of ~440 kDa, whereas pATOM36 in

addition forms an ~100 kDa subcomplex.

Depletion of OM TAC module subunits alters subcomplex formation

To investigate the effects of depletion of OM TAC module subunits on subcomplex
compositions, we used a combination of RNAi, BN-PAGE, and immunoblot analyses. The left
panel of Fig. 2A shows that depletion of either TAC60 or TAC42 prevents the formation of the
larger TAC40-containing subcomplexes (~770 and ~920 kDa) and concomitantly causes the

accumulation of the smaller ~535 kDa subcomplex containing only TAC40. This suggests that

7




neither a TAC40/TAC60 nor a TAC40/TACA42 pair can independently form discrete complexes
detectable by BN-PAGE in the absence of the third subunit. Similarly, depletion of either TAC40
or TAC60 eliminates the two discrete TAC42-containing subcomplexes (~770 and ~920 kDa)
(Fig. 2A, middle panel). Instead, TAC42 is dispersed into a poorly resolved smear representing
complexes with a large spread of molecular weights. This indicates that TAC42 alone cannot
form defined subcomplexes with either TAC40 or TAC60. Additionally, unlike TAC40, TAC42
does not assemble into a stable oligomeric subcomplex. TAC60 behaves differently: in the
absence of TAC42, it forms very large subcomplexes of >1°000 kDa, while after TAC40
depletion, it is found in two discrete groups of subcomplexes of ~320-400 kDa and of ~710-850
kDa, respectively (Fig. 2A, right panel). The composition of these aberrant TAC60-containing

subcomplexes remains unknown.
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Fig 2: Depletion of OM TAC module subunits alters subcomplex formation.

(A) Left panel: Immunoblots of BN-PAGE gels were probed with a TAC40 antiserum. Inducible
RNAi knock down cell lines for TAC60 or TAC42 were analyzed. The approximate sizes in kDa of
detected subcomplexes are indicated with blue numbers. Schematics on top indicate which
TAC subunits were detected by the immunoblot (blue) and which TAC subunits were the targets
of the knockdown (dashed line). Bottom panels show sections of Coomassie blue-stained gels
and serve as loading controls. Immunoblots of BN-PAGE gels shown in all following panels and
figures are presented in an analogous way. (B) as in (A) detected proteins and targets of
depletion are indicated. (C) Top panel: Scheme depicting the one-step 0.015% digitonin
fractionation. Bottom panel: Immunoblots of an SDS-PAGE gel of a one-step digitonin
fractionation of cells expressing TAC65-myc in the presence of (left) or depleted for (right)
pATOMS36. Eukaryotic elongation factor 1 alpha (eEF1a) and the atypical translocase of the
outer membrane 40 (ATOMA40) serve as cytosolic and mitochondrial markers, respectively.




In summary, our analysis reveals that TAC40, TAC42, and TAC60 form three subcomplexes: one
of ~535 kDa consisting of a TAC40 oligomer and two of ~770 and ~920 kDa, respectively, which
are likely exclusively composed of various amounts of TAC40, TAC42 and TACG60.

Fig. 2B shows that pATOM36 and TACG65 are both present in a ~440 kDa complex. Depleting
either protein causes the dissociation of this complex, suggesting that it consists solely of
pATOMS36 and TACG65 (Fig. 2B). As expected, the ~100 kDa pATOM36 complex, which functions
in OM protein biogenesis, still assembles in the absence of TAC65. However, TAC65 alone does
not form a complex, and no monomeric TAC65 signal is detected in crude mitochondrial
extracts analyzed by BN-PAGE. The bottom right panel of Fig. 2C further reveals that after
pATOMS36 depletion, TACGS5 levels are drastically reduced in the crude mitochondrial pellet
fraction obtained by 0.015% digitonin extraction. This is expected, as TAC65 is a peripheral OM
protein without predicted transmembrane domains, and its association with the OM depends
on pATOM36. Note: similar to TAC60, TAC65 appears as a double band on denaturing gels [36].
The upper band likely results from an unknown post-translational modification and serves as a

marker for proper TAC integration [38] (Fig. 2C, bottom left panel).

The two classes of OM TAC module subcomplexes form independently

As shown above the OM TAC module subunits form two classes of detergent-soluble
subcomplexes. The first class consists of a TAC40 oligomer of ~535 kDa and two subcomplexes
(~770 and ~920 kDa) that contain various amounts of TAC40, TAC42 and TAC60. The second
class includes a ~440 kDa complex composed of pATOM36 and TAC65 as well as the OM
protein biogenesis complex of ~100 kDa that contains pATOM36.

According to the hierarchical model of TAC formation, the different TAC subunits are expected
to assemble in a strict stepwise manner, beginning at the (pro)basal body and extending toward
the kDNA [35]. Based on this model, the more basal body-proximal 440 kDa subcomplex,
consisting of pATOM36 and TAC65, should be required for the formation of the three more basal
body-distal TAC40-, TAC42- and TAC60-containing subcomplexes (~535 kDa, ~770, ~920 kDa).

However, our results contradict this expectation. Even after depletion of pATOM36 or TACG65,
resulting in the absence of the ~440 kDa subcomplex, the TAC40-, TAC42-, and TAC60-
containing subcomplexes (~535 kDa, ~770 kDa, and ~920 kDa) still form (Fig. 3A). In addition,
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depletion of the TAC40-containing subcomplexes does not disrupt the more basal-body-

proximal ~440 kDa subcomplex composed of pATOM36 and TACG65 (Fig. 3B).
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Fig 3: The two classes of OM TAC module subcomplexes form independently.

(A) Immunoblots of BN-PAGE experiments probed for TAC40 of cell lines with inducible
pATOM3E6 (left) or TAC65 (right) knockdown. (B) As in (A) but immunoblots of TAC40 depleted
cells probed for TAC65-myc (left) and pATOM36-HA (right) with anti-tag antibodies are shown.

These findings are surprising, as previous immunofluorescence analysis has shown that
depletion of any of the tested OM TAC module subunits (TAC40, TAC60, TAC65) leads to the
dispersion of the entire module [35]. Despite this, the subunits are not degraded, as they
remain detectable on denaturing gels [35]. Instead, their dispersal across the OM prevents their

detection via immunofluorescence.

TAC OM module subcomplexes form independently of cytosolic and inner TAC modules

The cytosolic and the inner TAC modules are both anchored at the OM TAC module. Thus, we
examined the fate of OM TAC subcomplexes upon depletion of either the cytosolic TAC module

alone or both the cytosolic and inner TAC modules simultaneously.

In contradiction to the hierarchical assembly model, depletion of the cytosolic TAC module

subunit p197, which connects to the OM TAC module subunit TAC6E5, did not disrupt the
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formation of either class of OM TAC module subcomplexes (Fig 4A, left). Instead, the two
TAC40-, TAC42-, and TAC60-containing subcomplexes (~770 and ~920 kDa) accumulated in the
absence of p197, while the amount of the TAC40 oligomer of ~535 kDa remained constant (Fig.
4A, left panel). Similarly, simultaneous depletion of p197 and p166 led to an accumulation of
the largest ~920 kDa TAC40-, TAC42-, and TAC60-containing subcomplex and a concomitant
depletion of the small ~535 kDa TAC40 oligomer. The intermediate ~770 kDa subcomplex,
however, remained unchanged (Fig 4A, right). - Additionally, p197 depletion resulted in an
accumulation of the pATOM36- and TAC65-containing subcomplexes (~440 and ~100 kDa)

when compared to wild-type cells (Fig 4B).
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Fig 4: TAC OM module subcomplexes form independently of cytosolic and inner TAC
modules.

(A) Immunoblots of BN-PAGE experiments from cells with inducible knockdown of p197 (left), or
the simultaneously inducible knockdown of p197 and p166 (right) were probed for TAC40. For
confirmation of the knockdowns see S2 Fig. (B) as in (A) but immunoblots of a cell line
expressing TAC65-myc in an induced p197 knockdown (left) and a cell line expressing
pATOM36-HA in an inducible p197 knockdown (right) are shown.

These results suggest that the two classes of detergent-soluble OM TAC module subcomplexes
represent distinct assembly intermediates. The observed relative changes in the amounts of the
three TAC40-containing subcomplexes (~535, ~770, and ~920 kDa), after p197 and p197/p166
depletion, support a model in which the ~535 kDa TAC40 oligomer assembles first and then

sequentially incorporates TAC42 and TAC60 to form the two larger subcomplexes (~770, and
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~920 kDa). The accumulation of the largest ~920 kDa TAC40-, TAC42- and TAC60-containing
subcomplex, along with the ~440 kDa pATOM36- and TAC65-containing subcomplex, is
therefore a direct consequence of the p197 depletion-induced disruption of the cytosolic TAC

module, which prevents their integration into the insoluble TAC structure.
Rapid de novo formation of TAC40-containing subcomplexes

The T. bruceiyL262P mutant bloodstream form (BSF), carrying an L262P mutation in the y -
subunit of the ATPase, can grow in the absence of kDNA and does not require the TAC [49]. To
investigate TAC assembly, we generated a TAC40 double-knockout yL262P-cell line. While
these cells lacked both the OM and inner TAC modules, resulting in the complete loss of kDNA,

they exhibited normal growth.

Based on findings in PCFs [35], we expected that other OM TAC module subunits, though
delocalized, would still be present within the OM. A limitation of the RNAi analyses shown in Fig
3 and Fig 4 was that small amounts of the targeted proteins, and thus of residual TAC structures
that may act as assembly seeds, were still present. However, in the y L262P TAC40 double-
knockout cells, TAC40 and thus the OM and the inner TAC modules were completely absent.
Consequently, tetracycline-induced ectopic re-expression of tagged TAC40 in this cell line

triggered de novo formation of the two modules.

It had previously been shown that TAC subunits are generally expressed at a higher level in BSFs
compared to PCF cells [50, 51]. Fig 5 shows that wildtype BSFs of T. brucei have three TAC40-
containing subcomplexes (~535, ~770 and ~920 kDa). Except for the ~920 kDa band, which
appears to have a lower relative intensity, this is identical to what was observed in PCFs (Fig 1B
and Fig 2A). Thus, BSFs formed the same TAC40-, TAC42- and TAC60-containing subcomplexes
than PCFs. Triggering re-expression of tagged TAC40 in the TAC40-lacking yL262P cell line
results in a time-dependent de novo formation of the three tagged TAC40-containing
subcomplexes with a similar pattern than was observed in wild-type BSFs (Fig 5). The migration
of these subcomplexes was slightly slower than in wild-type cells, which was likely because
they consisted exclusively of tagged TAC40. All three tagged TAC40-containing complexes were
already detected after four hours, indicating that their de novo formation was rapid. Moreover,
their relative amounts remained the same over time. This is expected because unlike in the
experiments shown in Fig. 4, p197 was still expressed in the y L262P cells, which allowed
continuous integration of the newly formed ~920 kDa TAC-containing subcomplex into the

insoluble TAC structure.
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Fig 5: Rapid de novo formation of TAC40-containing subcomplexes.

Immunoblot of a BN-PAGE gel from experiments with BSF T. brucei cells probed for TAC40. The
left lane shows the detergent-soluble TAC40-containing subcomplexes in wildtype NYsm cells.
The three lanes on the right show detergent-soluble complexes extracted from a TAC40 dKO
yL262P BSF cell line induced for TAC40-myc addback expression for 2, 4, and 8 hours. The
scheme (top) visualizes the conditional addback expression of TAC40 and complex formation
with TAC42 and TACG60. For additional controls of this cell line see S3 Fig.

The TAC60 N-terminus is essential for the integrity of the OM TAC module

TACG60 has two a-helical transmembrane domains and both its N- and C-termini face the
cytosol [38]. The short IMS-exposed loop contains the binding site for the C-terminus of p166,
the only integral IM TAC subunit of the inner TAC module [40, 41]. Previous in vivo deletion
studies revealed that a tagged TAC60 variant lacking the cytosolic C-terminal 283 aa (TAC60-
AC283-myc) remained functional. However, a TAC60 variant lacking both the N- and C-terminal

domains (TAC60-AN97AC283-myc) was non-functional despite showing TAC localization [38].

To study the subcomplexes formed by these truncated TAC60 variants, we used previously
established RNAI cell lines allowing tetracycline-inducible replacement of full length TAC60 by
TAC60-A283-myc or TAC60-AN97AC28-myc, respectively. BN-PAGE analyses showed that
TAC60-AC283-myc and TAC60-AN97AC283-myc formed two subcomplexes each (Fig 6A),
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similar to full-length TAC60. However, as expected, their estimated molecular weights
(~735/815 kDa and ~670/750 kDa, respectively) were lower than those formed by full-length
TAC60 (~770/920 kDa). Moreover, while the abundance of TAC60-AC283-myc is similar in both
bands, the band corresponding to the larger subcomplex formed by TAC60-AN97AC283-myc
(750 kDa) was much more intense, suggesting accumulation of a non-productive assembly

intermediate.
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Fig 6: The TAC60 N-terminus is essential for the integrity of the OM TAC module.

(A) Immunoblot of a BN-PAGE experiment of cells expressing the TAC60 truncation variants
TAC60-AC283-myc and TAC60-AN97AC283-myc under TAC60 knockdown probed for the TAC60
variants. The scheme at the top depicts the truncated TAC60 variants. (B) Immunofluorescence
microscopy images of cytoskeletons isolated at indicated time points after tetracycline (tet)-
induction of the TAC60-AN97AC283-myc exclusive expressor cell line. TAC40 (red) and
tyrosinated a-tubulin which stains basal bodies (YL1/2, green) were detected using specific
antisera. Scale bar: 5 uym. (C) Immunoblot of an SDS-PAGE gel of an experiment performed with
the identical cell line as in (B) induced for the indicated time with tetracycline. Samples of the
organellar fraction (P1), the soluble organellar fraction (SN2) and the insoluble organellar
fraction (P2) were collected as described in the Material and methods. TAC40 and TAC60-
AN97AC283-myc were detected using a anti TAC40 antiserum and a myc specific antibody,
respectively. ATOM40 serves as a marker for the soluble organellar fraction.

To confirm these findings, we monitored the morphology of the OM TAC module in the cell line
allowing for tetracycline-inducible exclusive expression of TAC60-AN97AC28-myc.
Immunofluorescence analysis of this cell line showed a progressive TAC40 delocalization from

newly formed basal bodies, culminating in a complete mislocalization after two days of
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induction (Fig 6B). The same cells were also analyzed biochemically. In uninduced cells, the
majority of TAC40 is integrated into the detergent-resistant insoluble TAC structure recovered in
the pellet fractions after a two-step (0.015 and 1%) digitonin fractionation (Fig 6C, P1 and P2).
However, in line with the microscopy results, the TAC40 signal shifted from the P2 to the SN2
fraction, indicating that after exclusive expression of TAC60-AN97AC28-myc much of TAC40
became detergent-soluble. Moreover, also TAC60-AN97AC28-myc was mostly detergent

soluble.

We conclude that despite forming assembly intermediates with TAC40 and TAC42, TAC60-
AN97AC283-myc failed to integrate into the detergent-insoluble TAC structure, blocking the
formation of a functional TAC. Since the C-terminus of TAC60 is dispensable for protein
function, these findings demonstrate the essential role of the N-terminus of TAC60 (1-97 aa) for
OM TAC module assembly, possibly by facilitating interactions with the pATOM36- and TAC65-

containing subcomplex.

Predicted structure of the TAC40 oligomer

TAC40 independently forms a stable ~535 kDa subcomplex, detectable as a sharp band on BN-
PAGE. It also serves as the core subunit of two larger assembly subcomplexes (~770 and ~920
kDa) that incorporate TAC42 and TAC60. Notably, TAC42 and TAC60 cannot form detectable
subcomplexes on their own and instead must assemble onto the preexisting TAC40-only

complex.

The existence of the TAC40 oligomer is strongly supported by the results shown in Fig 1 and Fig
2. Moreover, BN-PAGE analysis of an anti-HA pulldown experiment, performed on extracts from
a TAC42-depleted cell line expressing both untagged and HA-tagged TAC40 alleles, exclusively
recovered the ~535 kDa TAC40 oligomer under native elution conditions (Fig 7A). Finally, when
analyzed by denaturing SDS-PAGE both HA-tagged and wild-type TAC40 are detected,

confirming that TAC40 molecules interact with each other within this complex (Fig 7B).
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Figure 7: Predicted structure of the TAC40 oligomer.

(A) BN-PAGE immunoblot probed for TAC40-HA of the TAC40-HA oligomer-containing eluate of
an HA-pulldown experiment. The TAC40-HA oligomer was pulled down from the extract of a cell
line depleted for TAC42 that expressed one HA-tagged TAC40 allele. (B) Fractions of the same
HA-pulldown experiment shown in (A) were analyzed by an SDS-PAGE immunoblot and probed
for TAC40-HA, TAC40, and ATOMA40. IN: input (digitonin-solubilized mitochondria enriched
fraction) 5x10° cell equivalents; FT: Flow through, 5x10° cell equivalents; IP: eluate, 1x108 cell
equivalents. ATOM40 serves as a negative control. (C) AlphaFold3 predicted structure model of
the TAC40 monomer. The model of the predicted structure is shown from the side (top) and from
IMS side (bottom). pTM: predicted template modelling score. (D) Graph showing the pTM and the
interference pTM (ipTM) scores of AlphaFold3 predicted structures of complexes formed by
TAC40 containing 1-9 monomers. Threshold lines for the pTM (>0.5) and ipTM (>0.6) are
indicated with a solid and dashed line, respectively. (E) Top view of an Alphafold3 predicted
structure model of the heptameric TAC40 complex.

To determine the number and arrangement of TAC40 molecules within the ~535 kDa oligomer,
we performed an in silico analysis using AlphaFold3 [52]. The predicted template modeling
score (pTM) for a single TAC40 molecule was 0.79, indicating a highly accurate prediction of its
structure (Fig 7C). Since AlphaFold3 can also predict protein complexes, we modeled TAC40
oligomers containing 1 to 9 TAC40 molecules (Fig 7D). In the resulting predictions, TAC40
molecules consistently formed symmetrical ring-like structures. In all cases, the proteins

maintained a consistent topology in a planar arrangement, in line with their integral membrane

localization.
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The most confident structural prediction was obtained for the TAC40 heptamer, which had a
pTM score of 0.64 and an interface pTM (ipTM) score of 0.61 (Fig 7E). The hexamer and octamer
showed slightly lower scores, while other oligomeric states were predicted with low confidence

only.

Discussion

The fully assembled TAC is a very large, permanent structure that is insoluble in non-ionic
detergents [32, 41, 42]. However, subunits of the OM TAC module are not only presentin the
final TAC structure but are also recovered in two groups of detergent-soluble subcomplexes.
The first group consists of three subcomplexes of ~535, ~770, and ~920 kDa that contain
variable amounts of TAC40, TAC42 and TAC60, whereas the second group consists of a ~440
kDa subcomplex formed by pATOM36 and TAC65 (Fig 1 and Fig 2).

AlphaFold3 predicts with high confidence (pTM/ipTM scores > 0.6) that the ~535 kDa
subcomplex of the first group consists of an oligomer containing 6 to 8 molecules of TAC40 that
are arranged in a planar ring (Fig 7DE). This prediction is consistent with the BN-PAGE and
immunoblots analyses which showed a sharp band of ~535 kDa that contained TAC40 but
neither TAC42 nor TAC60. Moreover, it also fits with the known integral membrane localization of
TAC40 and could explain how it can assembly into such a well-defined subcomplex. However,
the molecular weight of the TAC40 subcomplex of ~535 kDa, as determined by BN-PAGE, is
much higher than the calculated 240-320 kDa for the TAC40 hexa- to octamer. A possible
explanation for this discrepancy is that the TAC40 oligomer forms a planar ring with a central
cavity rather than a globular complex, leading to aberrant migration on BN-PAGE. Additionally,
the TAC oligomer is membrane-embedded and solubilized by detergents which likely causes a

shift towards a higher molecular weight on a BN-PAGE.

TAC40 is a kinetoplastid-specific B-barrel protein that belongs to the VDAC-like protein family
[39]. It has been reported that mammalian VDAC is present in a dynamic equilibrium between
dimers and oligomers [53, 54]. The function of these VDAC oligomers appear to be connected to
apoptosis-related cytochrome c release from the IMS [54]. Moreover, in oxidatively stressed
mitochondria VDAC1 oligomers have been implicated in the release of short mtDNA fragments
to the cytosol where they cause inflammation [53]. It is therefore not surprising that TAC40 also
appears to oligomerize. However, whereas mammalian VDAC oligomers are stress-induced and

form large pores in the OM, the trypanosomal TAC40 is present exclusively in the oligomeric
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form and its function is restricted to the organization of the TAC architecture, which to our
knowledge does not require pore formation. This is evidenced by the fact that TAC40 is

dispensable in the yL262P cell line, that can grow in the absence of KDNA [49] (Fig 5 and S4 Fig).

Six lines of evidence suggest that the three TAC40-containing subcomplexes (~535, ~770, ~920
kDa), as well as the subcomplex consisting of pATOM36 and TAC65 (~440 kDa), are assembly

intermediates of the OM TAC module:

(i) Unlike in the fully assembled TAC, the OM TAC module subunits are detergent-soluble when

presentin the four subcomplexes (Fig 1).

(ii) The smallest subcomplex (~535 kDa) has the simplest composition consisting of TAC40-
only, whereas the two larger subcomplexes (~770, ~920 kDa) in addition to TAC40 also contain

TAC42 and TACG6O (Fig 2A).

(iii) Neither TAC42 nor TAC60 form subcomplexes on their own, or with each other, suggesting

that TAC42 and TACG60 are incorporated into the preexisting TAC40-only subcomplex (Fig 2A).

(iv) The four subcomplexes (~535, ~770, ~920 and ~440 kDa) form independently of the

cytosolic and the inner TAC modules (Fig 4).

(v) Depletion of p197 results in the accumulation of the two higher TAC40-containing
subcomplexes (~770, ~920 kDa), likely because the 920 kDa subcomplex cannot be properly
linked to the nascent TAC structure. The pATOM36- and TAC65-containing subcomplex (~440

kDa) likely accumulates for the same reason (Fig 4).

(vi) Deleting the N-terminal 97 aa of TAC60, which prevent its incorporation into the nascent TAC
structure [38] - similar to what was observed after depletion of p197 (Fig 4) - causes a massive
accumulation of the largest TAC40-, TAC42- and TAC60-containing subcomplex (corresponding
to 920 kDa in wild-type cells) (Fig 6A).

Based on these results we propose the following working model for the assembly pathway of
the OM TAC module.

In the first step, TAC40 is inserted into the OM mediated by the ATOM complex and by the [3-
barrel protein insertion pore Sam50 [39, 55]. TAC40 then oligomerizes into a ring-like structure
likely composed of 6-8 molecules, forming a platform that provides binding sites for TAC42 and

TAC60 (Fig 8A).
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Figure 8: Assembly model of the OM TAC module.

(A) Oligomerization of TAC40 into a ~535 kDa TAC40 subcomplex. OM: mitochondrial outer
membrane. (B) The TAC40 oligomer binds to either a dimer or monomers of TAC42 and TAC60
forming the ~770 kDa and subsequently the ~920 kDa TAC40/TAC42/TAC60 subcomplex. (C)
The ~920 kDa TAC40/TAC42/TAC60 subcomplex interacts with pATOM36/TAC65 subcomplex
(~440 kDa) resulting in a putative OM TAC modules assembly intermediate.

In the second step, TAC42 and TAC60 associate with the preformed TAC40 oligomer in two
stages, forming first the ~770 and subsequently the ~920 kDa subcomplexes (Fig 8B). The two
proteins may be incorporated individually or as a dimer. The existence of a TAC42-TAC60 dimer
is predicted by AlphaFold3 with good confidence (pTM =0.42, ipTM = 0.68) (S4A Fig). Moreover,
consistent with our working model, AlphaFold3 predictions using seven TAC40 molecules and
one or two TAC42-TACG60 pairs as templates generate structures that potentially correspond to
two subcomplexes with pTM/ipTM scores > 0.36 (S4BC Fig). These structures appear plausible,
as the two transmembrane domains of TAC60 align within the OM plane with the correct
topology (Ncyotosiic; Ceytosolic) relative to the B-barrel proteins TAC40 (Njvs, Cims) and TAC42 (Nus,
Cims).

Much of the third step remains speculative. Since TAC65 interacts with p197 [32], the ~440 kDa
subcomplex containing pATOM36 and TAC65 should be able to interact with the cytosolic TAC
module subunit p197 on its own. However, TAC65 fails to assemble into the TAC after depletion
of either TAC40 or TAC60 [35]. While the molecular mechanism underlying the crosstalk
between the two subcomplex classes remains unclear the N-terminal 97 aa of TAC60 are

essential for the formation of the TAC OM module (Fig 6BC). This suggests that merging of the
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~920 kDa subcomplex (TAC40, TAC42, TAC60) with the ~440 kDa complex (pATOM36, TAC65)
(Fig 8C) is a prerequisite for linking the OM TAC module to p197 and, consequently, to the
cytosolic TAC module. Notably, the complex corresponding to the fully assembled OM TAC
module assembly intermediate could not be detected by BN PAGE, likely due to its transient

nature and/or instability in digitonin.

After its integration in the nascent TAC structure the OM TAC module interacts with the matrix-
localized p166 via TACG60. If the fully formed OM TAC module is considered as a single unit,
formation of the TAC follows the hierarchical assembly model, which implies a strict sequential
assembly of TAC subunits from the (pro)basal body to the kDNA [35]. However, formation of the
OM TAC module itself is independent of the cytosolic and the inner TAC modules. It follows a
unique pathway involving at least four membrane-embedded subcomplexes. The first one
consists of the TAC40 oligomer, two further subcomplexes are formed by adding various
amounts of TAC42 and TACG60 to the oligomer. Subsequently, the largest of TAC40-containing
subcomplex merges with the separately formed pATOM36- and TAC65-containing subcomplex
forming the fully assembled OM TAC module.

It is not surprising that the assembly of the OM TAC module is so complicated, since with five
different subunits it is the most intricate of all three TAC modules. Moreover, except for TAC65,
all of its subunits are integral membrane proteins that need to be inserted into the OM, a
process mediated by at least two different insertases: the ATOM complex and Sam50 [14].

Itis important to acknowledge the limitations of our assembly model. While the composition of
various assembly subcomplexes is known, the stoichiometry of their subunits remains to be
determined. The proposed TAC40 oligomer structure is predicted by AlphaFold with high
confidence and supported by experimental evidence. However, the same confidence does not
extend to the predicted structures of the other subcomplexes. A deeper understanding of the
OM TAC module assembly pathway will require experimental determination of the atomic
structure of its subcomplexes, which is beyond the scope of this study. Despite these
limitations, our model provides a valuable framework that can guide future experiments aimed
at elucidating the assembly pathway of the TAC structure, the unique mitochondrial genome

segregation system of trypanosomes.
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Material and Methods
Transgenic cell lines

Procyclic cell lines are based on the T. brucei 29-13 [56] and a single marker T. brucei 427 strain
[32] and were grown at 27°C in SDM-79 supplemented with 10% or 5% (v/v) fetal calf serum,
respectively. BSF cell lines are based on the NYsm strain [56] or on the yL262P variant [49] and
were cultivated in HMI-9 containing 10% (v/v) fetal calf serum at 37°C in a 5% (v/v) CO
atmosphere. RNAi cell lines of the TAC proteins used in the study were created using modified
pLEW100 vectors [56] which contain stem loops allowing the expression of double stranded
RNAs corresponding to open reading frames (ORF) or to the 3’ untranslated regions (UTR) of the
target mRNAs, respectively. An overview of all used cell lines is given in Table 1. The p166/p197
double RNAi cell line was produced by the stable transfection of a p197 3’UTR RNAI cell line [32]
with a p166 3’UTR RNAIi stem loop vector [41].

C-terminal in situ 3xHA tags for TAC40, TAC42, and pATOM36 were introduced using PCR
products amplified from vectors of the pMOtag series [57]. Transfection of these PCR products

allowed the tagging of one of the endogenous alleles (Table 1).

C-terminally tagged variants of TAC6E5 as well as the wild type TAC60 and truncated variants
thereof were expressed under tetracycline control from ectopic genes. The constructs used for
stable transfection are based on modified pLEW100 vectors [56] and have been used before

(Table 1).

To generate a double allele knockout of TAC40 in the yL262P cell line, 500 base pairs of 5’ and 3’
flanking regions of TAC40 were cloned upstream and downstream of the resistance cassettes of
vectors of the pMOtag series [57]. This way, a blasticidine and a phleomycine resistance gene
were used to produce a single and double allele knockout of TAC40, respectively. For inducible
addback expression, we used a modified pLEW100 vector [56] allowing the stable integration
into the rDNA locus of a TAC40 gene with a C-terminal 3x myc tag whose expression is regulated

by tetracycline [39].
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Description Parental cell line  Additional information Reference Figure
TAC42 3x HA C-term 3x HA (in situ, Cellline: [38] 1A middle
single allele)

TAC60 3x myc C-term 3x myc (ectopic Cellline: [38] 1Aright, 2A
allele) right
TAC65 3x myc C-term 3x myc (ectopic Cellline: [36] 1B left, 2B
allele) left, 2C left
pPATOM36 3x HA C-term 3x HA (in situ, Cellline: [36] 1B right
single allele)
TAC60 ORF RNAI Cell line: [38] 2A left
TAC42 ORF RNAI Cellline: [38] 2A left
TAC42 3x HA x TAC60 ORF RNAI C-term 3x HA (in situ, This study 2A middle
TAC60 ORF RNAI [38] single allele) (PCR
based, [38])
TAC42 3x HA x TAC40 ORF RNAi C-term 3x HA (in situ, This study 2A middle
TAC40 ORF RNAI [39] single allele) (PCR
based, [38])
TAC60 3x myc x TAC42 ORF RNAI C-term 3x myc (ectopic This study 2Aright
TAC42 ORF RNAI [38] allele) [38]
TAC60 3x myc x TAC40 ORF RNAI C-term 3x myc (ectopic This study 2Aright
TAC40 ORF RNAI [39] allele) [38]
TAC65 3x myc x pATOM36 ORF C-term 3x myc (ectopic This study 2B left, 2C
pATOM36 ORF RNAi RNAI [48] allele) [36] right
PATOM36 3x HA x TAC65 ORF RNAI C-term 3x HA (in situ, This study 2B right
TAC65 ORF RNAI [36] single allele) (PCR
based, [48])
pATOM36 ORF RNAi Cell line: [48] 3A left
TAC65 ORF RNAI Cellline: [36] 3Aright
TAC65 3x myc x TAC40 ORF RNAI C-term 3x myc (ectopic This study 3B left
TAC40 ORF RNAI [39] allele) [36]
PATOM36 3x HA x TAC40 ORF RNAi C-term 3x HA (in situ, This study 3B right
TAC40 ORF RNAI [39] single allele) (PCR
based, [48])
p197 3’UTR RNAiI Cell line: [32] 4A left
p197 3’UTR RNAi x p197 3’UTR RNAI 2" RNAi: p166 3’'UTR This study 4Aright
p166 3’UTR RNAi [32] RNAI (Vector: [41])
TAC65 3x myc x p197 3’°UTR RNAI C-term 3x myc (ectopic This study 4B left
p197 3’UTR RNAiI [32] allele) [36]
PATOM36 3x HA x p197 3’UTR RNAI C-term 3x HA (in situ, This study 4B right
p197 3’UTR RNAi [32] single allele) (PCR
based, [48])
Bloodstream form Cellline: [56] 5
NYsm
yL262P mutant Cellline: [49] S3
bloodstream form
Bloodstream form yL262P mutant C-term 3x myc (ectopic This study 5,83
TAC40 dKO x TAC40 bloodstream form  allele) [38]
3x myc [49]
TAC60-AC283 3x Cellline: [38] 6A
myc x TAC60 ORF
RNAI
TAC60-AN97AC283 Cell line: [38] 6A, 6B, 6C
3x myc x TAC60
ORF RNAi
TAC40 3x HA x TAC42 ORF RNAI C-term 3x HA (in situ, This study 7A, 7B
TAC42 ORF RNAI [38] single allele) (PCR

based, [39])

Table 1: Summary of transgenic T. brucei cell lines used in this study.

23




Cell fractionation

One or two step digitonin extractions were used to isolate mitochondria-enriched fractions and
to prepare solubilized mitochondrial extracts, respectively [32]. To study the subcellular
localization of TAC65 (Fig 2C), 5x107 cells were collected and washed twice in PBS (137 mM
NaCl, 2.7 mM KCl, 10 mM Na,HPQO,, and 1.8 mM KH,PO,, pH 7.4). After resuspension in 0.25 ml
of SolTE buffer (20 mM Tris HClpH 7.5, 0.6 M sorbitol, 2 mM ethylenediaminetetraacetic acid
(EDTA), 1x cOmplete, Mini, EDTA-free protease-inhibitor-cocktail (Roche)) 0.25 ml of SoTE
containing 0.03% (w/v) digitonin was added at room temperature. After a 10 min incubation on
ice, a mitochondria-enriched pellet (P1) was separated from the cytosolic fraction (SN1) by

centrifugation (6’700 g, 5 minutes, 4°C).

For BN-PAGE analysis the P1 fraction of a digitonin extraction corresponding to 10%cell
equivalents was resuspended in 100 pl 20 mM Tris HCL pH 7.4, 100 mM NaCl, 10% glycerol, 0.1
mM EDTA, 1% (w/v) digitonin and 1x of cOmplete protease-inhibitor-cocktail. The sample was
kept onice for 15 minutes before the final centrifugation (20°000 g, 15 minutes, 4°C) resulting in

the SN2 fraction containing solubilized mitochondria and the P2 pellet.

BN-PAGE

BN-PAGE was used to study native protein complexes. 90 ul of the SN2 supernatant of the two-
step digitonin extraction (see above) was mixed with 10 pyl 10x loading dye (300 uM Coomassie
brilliant blue G-250 (Sigma), 500 mM 6-amino n-caproic acid, 100 mM Bis-Tris pH 7.0) and
protein complexes were separated on 4-13% (or in Fig 4A, right panel 4-10%) polyacrylamide
gradient gels. Forimmunoblotting. gels were incubated for 5 minutes in 25 mM Tris, 190 mM
glycine, 1 mM EDTA, 0.05% sodium dodecyl sulfate (SDS) and subsequently electrophoretically
transferred in 20 mM Tris, 150 mM glycine, 0.02% SDS, 20% methanol onto polyvinylidene

fluoride membranes (Immobilon-FL).

Proteins of interest were detected by protein-specific or tag-specific primary antibodies
followed by horseradish peroxidase (HRP)-coupled secondary antibodies (see below). Finally,
the SuperSignal™ West Pico Plus and Femto chemiluminescent substrate detection kits

(Thermo Fisher Scientific) were used for image acquisition.
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Subcomplex size estimation on BN-PAGE gels

Migration distances of marker proteins on BN-PAGE gels used in this study revealed a very
strong correlation (Pearson’s r > 0.99) between the relative migration distances (defined as
distance between the upper edge of the gel and the band of interest, relative to the distance
between the upper edge of the gel and the lowest molecular weight marker) and the square root
(sqrt) of the protein weight in kDa (S5 Fig). The estimated molecular weights of the TAC
subcomplexes presented here were calculated by linear models based on marker protein

migration patterns. All models and their coefficients of determination are shown in S5 Fig.

RNA extraction and reverse transcription PCR

To determine RNAI efficiency in the p166/p197 double RNAI cell line, total RNA of uninduced
and two days tetracycline-induced cells was extracted using guanidinium thiocyanate-phenol-
chloroform and dissolved in milli-Q water as described in [58]. Total RNA extracts were first
treated with DNase to remove the genomic DNA (DNA-free Kit, Ambion). For the reverse
transcription, first-strand cDNA synthesis was performed using oligo(dT)20 primers
(SuperScript First Strand, Invitrogen). Control reactions without reverse transcriptase were
performed simultaneously. Quantitative PCR was done with identical amounts of each cDNA
sample and with primer pairs for the amplification of a a-tubulin segment (ORF nt 546-1°249)
using primers described in [32], the p197 3’UTR, primer as in [32] and a p166 segment (ORF
3°601-4’189; forward: CAGAAAGCGGTAGAGCACTTTGC; reverse:
GCACAGGCGACAATACTTGAACC). PCR products were separated on a 1% agarose gel and

stained with ethidium bromide.

Immunofluorescence microscopy

10° cells of an exponentially growing cell culture were harvested by centrifugation (2’700 g, 1
minute, room temperature) and washed with PBS. The cells were resuspended in 50 ul PBS and
distributed on glass slides where they were allowed to settle before lysis for 30 seconds using
PBS containing 0.2% Triton X-100. Following cell lysis, the samples were washed with PBS and
fixed in 4% paraformaldehyde for 10 minutes. Fixed samples were washed with PBS and
blocked with PBS containing 2% (w/v) bovine serum albumin (BSA) before incubation with two
rounds of the corresponding primary and secondary antibodies diluted in PBS containing 2%

BSA. For more information on the antibodies used see below. After antibody incubation, slides
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were washed with PBS, air-dried, and mounted with Vectashield containing 4',6-diamidine-2-
phenylindole dihydrochloride (DAPI) (Vectorlabs). The slides were imaged on a DMI6000B
microscope equipped with a DFC360 FX monochrome camera and LAS X software (Leica

Microsystems). Images were processed using Fiji software.
Immunoprecipitations

For immunoprecipitation purification of TAC40-HA complexes, 3 x 108 exponentially growing
cells were harvested and washed twice with PBS. Cells were subjected to a two-step digitonin
cell fractionation as described above. The SN2 fraction was incubated with an anti-HA affinity
matrix (Roche) for 2 hours at 4°C. Beads were washed five times with a wash buffer (20 mM Tris
HClpH 7.4, 100 mM NaCl, 10% glycerol, 0.1 mM EDTA, and 0.1% (w/v) digitonin). Bound
proteins and protein complexes were eluted under native conditions with elution buffer (20 mM
Tris HClpH 7.4, 100 mM NaCl, 25 mM KCl, and 0.1 mM EDTA containing 0.25% (w/v) digitonin
and Tmg/ml HA peptide (Sigma)) at 30°C for 15 minutes and further analysed by BN-PAGE.
Alternatively, elution was done under denaturing conditions with SDS-PAGE sample buffer

without B-mercaptoethanol for SDS-PAGE analysis.
Antibodies

Dilutions used for immunoblot (IB) and immunofluorescence (IF) analyses are indicated in
brackets. The polyclonal rabbit antisera against TAC40 (IB 1:100, IF 1:50) and ATOM40 (1B
1:10°000) were described before [32] [59]. The monoclonal rat anti-YL1/2 antibody (IF 1:1°000)
that recognizes tyrosinated a-tubulin [60] and the basal body protein TbRP2 [61] was a kind gift
from Keith Gull. Commercially available antibodies were used as follows: monoclonal mouse
anti-myc antibody (Invitrogen, 132500; IB 1:2°000), monoclonal mouse anti-HA antibody
(Sigma, H9658; IB 1:5’000), monoclonal mouse anti-eEF1a antibody (Merck Millipore, 05-235;
WB 1:10°000).

Secondary antibodies used for SDS-PAGE immunoblot analyses were IRDye 680LT goat anti-
mouse (LI-COR Biosciences, 926-68020; IB 1:20,000) and IRDye 800CW goat anti-rabbit (LI-
COR Biosciences, 926-32211; IB 1:20°000), and secondary antibodies used for BN-PAGE
immunoblot analyses were HRP-coupled goat anti-mouse antibodies (Sigma, 12-349; IB
1:5°000) as well as goat anti-rabbit antibodies (Sigma, AP307P; IB 1:5°000). Secondary
antibodies used for immunofluorescence analyses were goat anti-rat Alexa Fluor 488 (Thermo
Fisher Scientific, A-Z1006; IF 1:1°000), goat anti-rabbit Alexa Fluor 596 (Thermo Fisher Scientific,
A-11012; IF 1:1°000).
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Supplementary figures

Basal/probasal body

p197

OM module Cytosolic module

Inner module

Kinetoplast/kDNA
S1 Fig: Molecular model of the tripartite attachment complex (TAC).

On the molecular level the TAC can be divided into three modules: (i) the cytosolic TAC module,
(ii) the OM TAC module, and (iii) the inner TAC module. The cytosolic TAC module consists
exclusively of p197, a protein anchored at the basal body which connects to an unknown
domain of TAC6E5 at the OM. The OM TAC module contains the peripheral membrane protein
(TACB5), two integral membrane proteins (pATOM36, TAC60) with a-helical transmembrane
domains, and two -barrel membrane proteins (TAC40, TAC42). TAC65 and pATOM36 interact,
the same is the case for TAC40, TAC42, and TAC60. How the two groups of proteins interact with
each other is unclear (?). TAC60 interacts with p166, an integral IM protein with a single a.-
helical transmembrane domain. As a part of the inner TAC module, p166 interacts with TAC102
in the mitochondrial matrix. TAC53 is the inner TAC module subunit that is most proximal to the
kDNA.
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S2 Fig: Controls for the inducible p166/p197 double RNAI cell line. Ethidium bromide-
stained agarose gels of PCR amplified cDNA segments corresponding to p166, p197, and
tubulin mMRNAs, as well as non-amplified cytosolic rRNA of the uninduced and induced
p166/p197 double RNAI cell line. Tubulin cDNA and rRNA signals serve as loading controls.
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S3 Fig: Controls for the TAC40 dKO yL262P BSF cell line allowing inducible ectopic
expression of TAC40-myc.

Immunoblots comparing whole cell protein levels of TAC40-myc (top panel), TAC40 (middle
panel), and ATOM40 (bottom panel). The parent yL262P BSF cell line (left lane) and TAC40 dKO
yL262P BSF uninduced (middle lane) and induced (right lane) for ectopic expression of TAC40-
myc were analyzed. The ATOMA40 signals serve as a loading control. Numbers on the left
indicate protein size markers in kDa. Asterisk, unspecific band recognized by the polyclonal
TAC40 antiserum.
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S4 Fig: AlphaFold3 structure predictions for the TAC40/TAC42/TAC60 subcomplexes.

(A) Model of an AlphaFold3 structure prediction for a TAC42/TAC60 dimer shown from the side
of the membrane. TMD: a-helical transmembrane domain; pTM: predicted template modelling
score; ipTM: interference pTM. (B) Model of an AlphaFold3 structure prediction for a complex
possibly matching the ~770 kDa TAC40/TAC42/TAC60 subcomplex shown from the side of the
membrane. (C) Model of an AlphaFold3 structure predictions for a complex possibly matching
the ~920 kDa TAC40/TAC42/TAC60 subcomplex shown from the cytosolic (left) and the inter-
membrane space (right) side.
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Abstract

Protein import and genome replication are essential processes for mitochondrial biogenesis
and propagation. The J-domain proteins Pam16 and Pam18 regulate the presequence
translocase of the mitochondrial inner membrane. In the protozoan Trypanosoma brucei,
their counterparts are TbPam16 and TbPam18, which are essential for the procyclic form
(PCF) of the parasite, though not involved in mitochondrial protein import. Here, we show
that during evolution, the 2 proteins have been repurposed to regulate the replication of
maxicircles within the intricate KDNA network, the most complex mitochondrial genome
known. TbPam18 and TbPam16 have inactive J-domains suggesting a function indepen-
dent of heat shock proteins. However, their single transmembrane domain is essential for
function. Pulldown of TbPam16 identifies a putative client protein, termed MaRF11, the
depletion of which causes the selective loss of maxicircles, akin to the effects observed for
TbPam18 and TbPam16. Moreover, depletion of the mitochondrial proteasome results in
increased levels of MaRF11. Thus, we have discovered a protein complex comprising
TbPam18, TbPam16, and MaRF11, that controls maxicircle replication. We propose a work-
ing model in which the matrix protein MaRF11 functions downstream of the 2 integral inner
membrane proteins TbPam18 and TbPam16. Moreover, we suggest that the levels of
MaRF11 are controlled by the mitochondrial proteasome.

Introduction

The parasitic protist Trypanosoma brucei has a unique mitochondrial biology. As in other
eukaryotes, more than 95% of its mitochondrial proteins are encoded in the nucleus, synthe-
sized in the cytosol, and imported into and across the mitochondrial membranes [1]. However,
the trypanosomal mitochondrial protein import machineries show significant differences to
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the prototypical systems of yeast and mammals [2-6]. The largest differences are found in the
translocase of the inner mitochondrial membrane (IM), the TIM complex (S1A Fig). Essentially
all eukaryotes have 2 TIM complexes, termed TIM22 and TIM23 [7,8]. The TIM22 complex
mediates insertion of proteins into the IM that have multi-spanning membrane domains, such
as mitochondrial carrier proteins (MCPs) [9,10]. The TIM23 complex imports presequence-
containing proteins across or into the IM [11]. To import its substrates into the mitochondrial
matrix, TIM23 associates with the matrix-exposed presequence translocase-associated motor
(PAM). The PAM consists of 5 essential and highly conserved subunits [7]: the mitochondrial
heat shock protein 70 (mHsp70) [12,13], its J-domain-containing co-factors Pam18 [14-16]
and Pam16 [17], Tim44 [18] and the nucleotide exchange factor Mgel [19-21].

In contrast, T. brucei has a single TIM complex only, which with minor compositional vari-
ations, imports both types of substrates [22]. Interestingly, the only trypanosomal TIM compo-
nent sharing homology to a subunit of TIM complexes in yeast or mammals is TbTim17.
TbTim17 is an orthologue of the Tim22 subunit of the TIM22 complex [7,8,23,24].

To import presequence-containing proteins, the trypanosomal TIM complex associates
with a PAM module [42] containing the trypanosomal mHsp70 orthologue (TbmHsp70),
which is essential for the import of presequence-containing proteins [25,26]. T. brucei contains
bona fide orthologues of Pam18 and Pam16, termed TbPam18 and TbPam16. However, while
they are essential for normal growth of procyclic form trypanosomes, they are not involved in
mitochondrial protein import [26]. Instead, the function of Pam18, and likely Pam16, in the
trypanosomal PAM is carried out by the non-orthologous, essential, J-domain-containing
integral IM protein TbPam27 [26].

The evidence for this has been described in detail in a previous publication [26]. In short,
TbPam27 is: (i) stably associated with the TIM complex; (ii) required for import of prese-
quence-containing proteins in vivo; (iii) essential for the formation of an import-arrested pre-
sequence-containing but not for an import-arrested carrier substrate; and (iv) recovered in the
pulldown of the import-arrested presequence-containing but not in the pulldown of the
import-arrested carrier substrate. In contrast, TbPam18 and TbPam16 are not associated with
any known constellation of the trypanosomal TIM complex. Furthermore, their depletion
does not affect mitochondrial protein import nor the formation of the 2 import-arrested
intermediates.

Based on these observations, an evolutionary scenario was proposed that aims to explain
the transition from 2 ancestral TIM complexes, found in most eukaryotes, to the single TIM
complex of trypanosomes [26]. It posits that in the ancestor of kinetoplastids, TbPam27 fortu-
itously interacted with TbTim17. This allowed mHsp70 to bind to the resulting TbTim17/
TbPam27 complex forming a rudimentary PAM. As a consequence, the TbTim17-containing,
TIM22-like TIM complex acquired the capability to import both, presequence-containing pro-
teins and MCPs. Thus, the previously essential TIM23 complex became redundant and its sub-
units were lost. However, the proposed scenario cannot explain why TbPam18 and TbPam16
were retained during evolution and why they are essential for the growth of PCF T. brucei [26].

The single mitochondrion of trypanosomes contains a single nucleoid containing all mito-
chondrial DNA. This DNA forms the most complex mitochondrial genome known in nature
and is termed kinetoplast DNA (kDNA) (S1B Fig). It consists of 2 types of DNA rings: maxi-
circles (ca. 25 copies, 23 kb each) and heterogenous minicircles (ca. 5,000 copies, 1 kb each),
which are arranged in a large intercatenated network [27,28]. Maxicircles encode 16 subunits
of the oxidative phosphorylation (OXPHOS) complexes, 2 mitoribosomal proteins (MRPs),
and 2 rRNAs [27-29]. Twelve of their transcripts require RNA editing to become functional
mRNAs. This process is mediated by small guide RNAs (gRNAs), which are the only genes
encoded on the minicircles [30-33]. Minicircles are highly topologically interlocked and
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comprise 90% of the kDNA network [34]. Maxicircles are also interlocked with each other
[35], and in addition, interwoven into the minicircle network [36]. The resulting kDNA disk
in the mitochondrial matrix is physically connected to the flagellum’s basal body in the cytosol
via the tripartite attachment complex (TAC) [37,38].

Minicircle replication begins with their release into the kinetoflagellar zone, located
between the kDNA disk and the IM [39]. It occurs unidirectionally via theta structures [40].
Replicated minicircles migrate to the antipodal sites, which are protein complexes at opposing
sites of the kDNA disk, where gaps are repaired and minicircles are reattached to the periphery
of the network [41,42]. Maxicircles replicate like minicircles, but always remain interlocked
with the kDNA. However, the details of the process and the factors required for it are not well
understood [28,43]. Minicircle release and reattachment causes concentration of the catenated
maxicircles in the center of the disk [35]. The concomitant replication and segregation of the
kDNA network, mediated by the TAC and the basal bodies, results in the formation of a maxi-
circle-containing filament between the 2 minicircles networks, termed Nabelschnur. Comple-
tion of KDNA segregation requires cleavage of this Nabelschnur, to unlink the daughter
kDNAs [44,45].

Altogether, replication of the single kDNA network involves up to 150 different proteins
and is tightly coordinated with the nuclear cell cycle [27,28]. However, the mechanism of this
coordination is presently unknown. What has been shown is that the mitochondrial protea-
some TbHsIVU, composed of the 2 subunits TbHsIV and TbHslU, acts a negative regulator of
minicircle and maxicircle copy numbers and its depletion thus causes accumulation of giant
kDNAs [46,47]. Intriguingly, up to date, only a single TbHsIVU substrate has been identified,
the maxicircle replication factor TbPIF2, whose levels are increased in TbHsIVU depleted cells
[47].

Here, we show that TbPam18 and TbPam16, while not involved in mitochondrial protein
import, are required for the replication of the maxicircle component of the KkDNA. Strikingly,
this function is mediated by a soluble TbPam16-interacting protein whose levels appear to be
controlled by TbHsIVU.

Results

Depletion of TbPam18 or TbPam16 mainly affects MRPs and OXPHOS
complexes

TbPam18 and TbPam16 are not required for protein import, but the fact that they are essential
integral IM proteins indicates that they have another function linked to mitochondria [26]. To
identify what this function might be, we quantified global changes in the mitochondrial prote-
ome caused by the depletion of either of the 2 proteins. Previously established tetracycline-
inducible TbPam18 and TbPam16 RNAi cell lines [26] were analyzed by stable isotope labeling
by amino acids in cell culture (SILAC)-based quantitative mass spectrometry (MS). Surpris-
ingly, neither TbPam18 nor TbPam16 were detected in the 2 SILAC RNAI experiments. How-
ever, using a TbPam16 antibody, we found that after only 1 day of RNAi induction, TbPam16
levels were strongly reduced in both cell lines (Fig 1A). Thus, we conclude that (i) the stability
of TbPam16 depends on TbPam18, in line with the idea that the 2 proteins form a heterodimer
as in yeast; and (ii) that RNAi against TbPam16 is very efficient.

The 916 and 893 mitochondrial proteins [1,29,48] were detected in the SILAC RNAi data
sets and the levels of 12% and 13% of them were reduced more than 1.5-fold in the TbPam18
and TbPam16 RNAi cell lines, respectively (Fig 1B). The most affected proteins included
MRPs [29] of which 59% and 63% were depleted more than 1.5-fold in the 2 cell lines (Fig 1B,
top panels). Furthermore, we found that 15% and 16% of all detected components of the
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Fig 1. TbPam18 and TbPam16 RNAi predominantly affects MRPs and OXPHOS components. (A) Immunoblot
analysis of steady-state protein levels of TbPam16 in whole-cell extracts of TbPam16 or TbPam18 RNAI cell lines over
4 days of induction. EFla serves as loading control. (B) Global mitochondrial proteome changes upon ablation of
TbPam18 (left panels) or TbPam16 (right panels). Mitochondria-enriched fractions of uninduced and 4 days induced
TbPam18 and TbPam16 RNAI cells were analyzed by SILAC-based quantitative MS. Data sets were filtered for
mitochondrial proteins and the mean log, of normalized ratios (induced/uninduced) was plotted against the
corresponding negative log;, of the adjusted P value (limma test). Highlighted are MRPs (red) and components of the
OXPHOS pathway (green). The horizontal dotted line in each volcano plot marks an adjusted P value of 0.05. The
vertical dotted lines indicate a fold-change in protein abundance of +1.5. The percentages of all detected MRPs or
OXPHOS proteins that are depleted more than 1.5-fold are indicated at the top of each panel. The number of all more
than 1.5-fold depleted MRPs or OXPHOS proteins and the total number of all detected MRPs or OXPHOS proteins
are shown in parentheses. Numerical data for panel (B) are available in S1 Table. MRP, mitoribosomal protein; MS,
mass spectrometry; OXPHOS, oxidative phosphorylation.

https://doi.org/10.1371/journal.pbio.3002449.g001

OXPHOS pathway [48] were reduced more than 1.5-fold in the 2 cell lines (Fig 1B, bottom
panels). In both experiments, complex IV was affected the most, followed by complexes I and
ITI, whereas the levels of complex II and V subunits were not or only marginally decreased.

A common feature of the mitoribosome and the OXPHOS complexes I, III, and IV is that
some of their subunits are encoded on the kDNA [27,29,49]. For mitoribosomes, these are the
12S and 9S rRNAs as well as 2 MRPs [29]. For complexes L, III, and IV, the number of maxicir-
cle-encoded subunits is 6, 3, and 3, respectively. In contrast, only a single complex V subunit is
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encoded on the kDNA and all complex II subunits are encoded in the nuclear genome [49]. In
total, 67% (TbPam18) and 68% (TbPam16) of all more than 1.5-fold depleted mitochondrial
proteins were either MRPs or subunits of the OXPHOS complexes I, III, IV, and V, all of
which contain mitochondrially encoded RNAs and/or proteins (Fig 1B).

For protein categories consisting exclusively of nucleus-encoded proteins, the situation is
very different. Neither of the 33 (TbPam18) and 30 (TbPam16) proteins detected in the cate-
gory “kDNA replication factors” [43] were more than 1.5-fold depleted (S2A and S3A Figs).
Essentially, the same results were obtained for 6 other major previously defined subgroups of
mitochondrial proteins [48], which exclusively consist of nucleus-encoded proteins (S2B-S2F
and S3B-S3F Figs). In all these subgroups combined, only 3 out of 279 detected proteins
(TbPam18 RNAi) and not a single protein out of 274 (TbPam16 RNAi) were depleted more
than 1.5-fold.

The observed phenotypes after depletion of TbPam18 or TbPam16 are notably different
from RNAI cell lines targeting components of the protein import system, such as ATOMA40 [1]
or TbTim17 [50], in which depletion of members of all subgroups of mitochondrial proteins
was observed. The SILAC RNAI results therefore confirm that TbPam18 and TbPam16 are not
involved in mitochondrial protein import and suggest that the 2 proteins might be required
for maintenance or replication of the kDNA.

Depletion of TbPam18 and TbPam16 leads to shrinkage of the kDNA disk

To investigate the fate of the kDNA upon TbPam18 or TbPam16 depletion, we analyzed
DAPI-stained RNAi cells by fluorescence microscopy. In line with the SILAC-RNAI analyses
(Fig 1B), we found that after 4 days of RNAi induction, many TbPam18 and TbPam16 RNAi
cells had smaller kDNAs compared to uninduced cells (Fig 2A, upper panels). A quantification
of the experiments (Fig 2A, lower panels) showed in both cell lines a time-dependent decrease
of the kDNA size to 90% and about 60% after 3 (prior to the onset of the growth retardation)
to 5 days of RNAI induction, respectively. Shrinkage of the kDNA disk has been observed pre-
viously when proteins involved in KDNA replication were ablated [47,51-55].

However, there is an alternative explanation. The most depleted protein upon TbPam18
RNAI and the fourth most depleted one upon TbPam16 RNAi was TbTim54 (Fig 1B).
TbTim54 is unrelated to the yeast TIM22 complex subunit Tim54, but was proposed to medi-
ate import of a subset of mitochondrial proteins with internal targeting sequences [56]. Thus,
we wanted to exclude that the loss of maxicircles observed in the TbPam18 and TbPam16
RNAi cell lines could be a consequence of the co-depletion of TbTim54 (Fig 1B). Since RNAi
depletion of TbTim54 did not affect growth [56], we produced a conditional double knock out
cell line. In this cell line, depletion of the ectopically expressed copy of TbTim54 caused a
growth arrest starting 4 days after tetracycline removal (S4A Fig). However, even after 6 days
of tetracycline removal, no shrinkage of the kDNA was observed (S4B Fig). Thus, while
TbTimb54 is essential for normal growth, its depletion did not interfere with import of kDNA
replication factors.

This is in line with the fact that even though TbTim54 has been reported to interact with
TbTim17 [24], it was not enriched in any of our previously published pulldowns of TIM com-
plex subunits or associated proteins (TbTim17, TbTim42, ACAD, TbTim13, TbPam27)
[26,50,57]. These results, together with the observation that TbPam18 and TbPam16 are nei-
ther associated with the single trypanosomal TIM complex nor involved in mitochondrial pro-
tein import [26] (Figs 1B S2, and S3), suggest that TbPam18 and TbPam16 are more directly
involved in KDNA replication or maintenance.
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Fig 2. TbPam18 and TbPam16 ablation causes the loss of maxicircles. (A) Upper panels: Fluorescence microscopy
analysis of DAPI-stained uninduced and 3 to 5 days induced TbPam18 and TbPam16 RNAI cells. Lower panels:
Quantification of KDNA areas in 86 to 140 DAPI-stained RNAI cells induced for the indicated amount of time. The
red line indicates the mean of the KDNA areas at each time point. The mean of the uninduced cells was set to 100%. *:
P value <0.05, ****: P value <0.0001, as calculated by an unpaired two-tailed ¢ test. (B) Southern blot analysis of
steady-state levels of mini- and maxicircles in the TbPam18 and TbPam16 RNAI cell lines. Upper panels: Total DNA
from uninduced or 3 to 5 days induced cells was isolated and digested with HindIII and Xbal. Probes specifically
recognizing mini- or maxicircles were used. A probe detecting a 3.6-kb fragment of the tubulin intergenic region
serves as loading control. Lower panels: Densitometric quantification of mini- and maxicircle abundance on Southern
blots. The ratio of the mini- or maxicircle abundance and the respective loading control (tubulin) was normalized
(norm.) to the ratios of uninduced cells. Blue (maxicircles) and red (minicircles) bars represent the mean of 3
independent biological replicates. n.s.: not significant, **: P value <0.01, ****: P value <0.0001, as calculated by an
unpaired two-tailed ¢ test. Numerical data for panels (A) and (B) are available in S1 Data. KDNA, kinetoplast DNA.

https://doi.org/10.1371/journal.pbio.3002449.9002

Depletion of TbPam18 and TbPam16 leads to a selective loss of maxicircles

To study the effects of TbPam18 and TbPam16 depletion on the kDNA in more detail, we per-
formed Southern blot analysis (Fig 2B). Total DNA was extracted from uninduced and
induced RNAI cells, digested by restriction enzymes and separated on an agarose gel. The
resulting blot was hybridized with mini- and maxicircle specific probes. Already after 3 days of
RNAi induction, maxicircle levels were significantly reduced to about 39% in both cell lines.
After 5 days, they were almost undetectable. In contrast, the levels of minicircles were not sig-
nificantly changed over 5 days of RNAi induction. The same experiment (Fig 2B) was repeated
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https://doi.org/10.1371/journal.pbio.3002449.9003

using PCR, to detect the changes in mini- and maxicircle levels and the same results were
obtained (S5 Fig). The observation that the depletion of maxicircles is detected prior to the
onsets of growth retardations (which occur at day 4) [26] suggests that TbPam18 and
TbPam16 are directly involved in maxicircle replication or maintenance.

Since minicircles make up 90% of the kDNA [34], the massive network shrinkage seen in
the DAPI stains of Fig 2A cannot be explained by a selective loss of maxicircles only [1,8]. One
way to explain the constant levels of minicircles during TbPam18 and TbPam16 depletion
(Fig 2B) is that they are released from the kDNA disk that progressively gets depleted from
maxicircles.

To detect potential changes in free minicircle levels, digitonin-extracted, mitochondria-
enriched pellets from uninduced and induced TbPam18 and TbPam16 RNAI cells were solubi-
lized in 1% digitonin. Subsequent centrifugation resulted in pellets containing KDNA networks
and supernatants containing free minicircles. PCR analysis of the DNA extracted from these
fractions showed that maxicircles were only present in the pellets and that their levels
decreased over time of induction as expected (Fig 3A). Minicircles behaved very differently. In
uninduced cells, they were almost exclusively found in pellet fractions and thus in the kDNA
networks. However, during the course of the RNAi, the amount of detected minicircles
completely shifted to the supernatant (Fig 3A). Thus, ablation of TbPam18 and TbPam16, and
the accompanying loss of maxicircles, does not inhibit the release of minicircles from the
remaining kKDNA network, nor their replication. But it appears to prevent their reattachment
to the maxicircle-depleted networks (Fig 3B).
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TbPam18 and TbPam16 have procyclic form-specific functions

T. brucei has a complex life cycle alternating between an insect vector, the Tsetse fly, and a
mammalian host. One of the replicative stages in the insect vector is the procyclic form (PCF),
which contains an extensively reticulated mitochondrion that is capable of OXPHOS. The rep-
licative stage in the mammalian host is the bloodstream form (BSF), which has a less reticu-
lated mitochondrion that cannot perform OXPHOS [27,48]. The BSF produces its energy
exclusively by glycolysis. But because the mitochondrial membrane potential in BSFs is main-
tained by the F,F, ATP synthase working in reverse, a subunit of which is encoded on the
kDNA, an intact kDNA network is essential not only in the PCF but also for the BSF [58,59].

It was therefore surprising that RNAi-mediated ablation of TbPam18 in the New York single
marker (NYsm) BSF strain [60] did not affect growth (Fig 4A). However, the interpretation of
this result is complicated, because even efficient RNAi never eliminates all mRNAs. It could be
that the small amount of TbPam18 still present in these cells is sufficient for growth. To not run
into the same issue with TbPam16, we established a TbPam16 NYsm double knockout (dKO)
cell line, whose growth was indistinguishable from its parent cell line (Fig 4B). (For unknown
reason, we were not able to produce a dKO cell line for TbPam18, not even a conditional one.)

In line with the lack of growth phenotypes there was no significant change in the size of the
kDNA networks (Fig 4C) in neither the TbPam18-depleted RNAI cell line nor in the TbPam16
dKO cell line. Moreover, Southern blot analysis showed that the mean of mini- and maxicircle
abundance was even higher in the 2 depleted cell lines; however, this change was not statisti-
cally significant (Fig 4D). This demonstrates that the function of TbPam16 is indeed specific
for PCF trypanosomes and that its role in maxicircle replication is redundant in BSF cells or
taken over by another protein. Moreover, based on the results of the TbPam18 RNAI cell line
(Fig 4A) and the observation that TbPam16 and TbPam18, as Pam18 and Pam16 in yeast,
likely form a heterodimer (Fig 1A), we conclude that the function of TbPam18 is also probably
redundant in the BSF.

Integral membrane localization of TbPam18 and TbPam16 is functionally
relevant

TbPam18 and TbPam16 are integral IM proteins [26], which raises the question whether this
feature is essential for their function. To find out, we expressed RNAi-resistant TbPam18 and
TbPam16 variants lacking their predicted transmembrane domains (TMDs) [61], as well as
their short IMS-exposed N-termini (4 aa for TbPam18 and 33 aa for TbPam16) (Fig 5A) [55].
This was achieved by ectopically expressing the RNAi-resistant variants of the 2 proteins
under tetracycline control in the background of the corresponding RNAi cell lines. In the com-
plemented cell lines tetracycline addition therefore simultaneously induces RNAi and expres-
sion of the RNAi-resistant variants of the 2 proteins. Note that whereas the TbPam16 variants
could be C-terminally HA-tagged, in the case of TbPam18, both N- and C-terminal tags abol-
ished the function of the protein (Figs 5A and S6A). Expression of full-length TbPam18 or
TbPam16-HA in RNAI cells ablated for the corresponding endogenous proteins, restored nor-
mal growth as expected (Fig 5B and 5C, left panels). However, the same was not the case for
the AN-TbPam18 and AN-TbPam16-HA variants that lack the predicted N-terminal TMDs
(Fig 5B and 5C, right panels). Both truncated variants were N-terminally fused to the mito-
chondrial targeting sequence (MTS) of trypanosomal TbmHsp60 to ensure their import into
mitochondria. Since the TbPam16-HA and AN-TbPam16-HA variants were tagged, their
expression and import could be verified biochemically using digitonin extractions (S6B Fig).
The abundance of AN-TbPam16-HA is approximately 1.5-fold higher than the one of the full-
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Fig 4. TbPam18 and TbPam16 are not essential in BSF trypanosomes. (A) Growth curve of uninduced (-Tet) and
induced (+Tet) BSF NYsm RNAI cell line ablating TbPam18. Error bars correspond to the standard deviation (n = 3,
error bars are too small to be visible). Inset: RT-PCR product of the wt TbPam18 mRNA in uninduced (-) or 2 days
induced (+) cells. Tubulin mRNA serves as loading control. (B) Growth curve of NYsm, TbPam16 sKO, and dKO BSF
cell lines. Inset: Verification of sKO and dKO by PCR using 1 primer pair to amplify the TbPam16 ORF
(approximately 1.7 kilobases (kb)), the hygromycin (hygro, approximately 2.3 kb), or blasticidin (blast, approximately
1.6 kb) resistance cassettes at the same time. Hygro was used to replace the first allele and blast was used to replace the
second allele. (C) Left: Comparison of DAPI-stained uninduced and 5 days induced BSF TbPam18 RNAi cells as well
as BSF NYsm (parental cell line) and BSF TbPam16 dKO cells by fluorescence microscopy analysis. Right:
Quantification of KDNA areas in 78 to 191 DAPI-stained cells. The red line indicates the mean of the kDNA areas. The
mean of the uninduced TbPam18 RNAi cells and the NYsm cells was set to 100%. n.s.: not significant (P value >0.05)
as calculated by a permutation test. (D) Southern blot analysis of mini- and maxicircles in NYsm (wt) cells, TbPam16
dKO cells as well as uninduced (-Tet) and 5 days induced (+Tet) BSF TbPam18 RNAi cells. Left: Total DNA from the
indicated cell lines was isolated and digested with HindIII and Xbal. Probes specifically recognizing mini- or
macxicircles were used. A probe detecting a 3.6-kb fragment of the tubulin intergenic region serves as loading control.
Right: Densitometric quantification of mini- and maxicircle abundance on Southern blots. The ratio of the mini- or
macxicircle abundance and the respective loading control (tubulin) was normalized (norm.) to the ratios of uninduced
cells. Blue (maxicircles) and red (minicircles) bars represent the mean of 3 independent biological replicates. n.s.: not
significant as calculated by an unpaired two-tailed ¢ test. Numerical data for panels (A) to (D) are available in S1 Data.
BSF, bloodstream form; dKO, double knockout; kDNA, kinetoplast DNA; NYsm, New York single marker; ORF, open
reading frame; sKO, single knockout.

https://doi.org/10.1371/journal.pbio.3002449.9004
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Fig 5. Integral membrane localization of TbPam18 and TbPam16, as well as the IMS-exposed N-terminus of
TbPam16 are functionally relevant. (A) Schematic representation of RNAi-resistant (RNAi-res.) full-length and N-
terminally truncated variants of TbPam18 and TbPam16. TbPam18 constructs are untagged, while TbPam16
constructs carry an N-terminal myc-tag or a C-terminal HA-tag. Predicted TMDs and J-like domains are indicated.
Predicted TMDs and J-like domains are indicated. To ensure mitochondrial localization, the N-terminally truncated
variants were expressed carrying the MTS of trypanosomal mitochondrial heat shock protein 60. (B) Growth curves of
uninduced (-Tet) and induced (+Tet) cell lines ectopically expressing RNAi-res., full-length TbPam18 (left), or
AN-TbPam18 (right) in the background of RNAI targeting the wild-type (wt) TbPam18 (TbPam18 and AN-TbPam18
exclusive expressors). Insets on the left: Northern blots of total RNA isolated from uninduced (-) and 2 days induced
(+) cells probed for the mRNAs of RNAi-res. TbPam18 or AN-TbPam18 to confirm efficient inducible ectopic
expression. Ethidium bromide-stained rRNAs serve as loading control. Insets on the right: RT-PCR products of the wt
TbPam18 mRNA in uninduced (-) or 2 days induced (+) cells. Tubulin mRNA serves as loading control. (C) Growth
curve of uninduced (-Tet) and induced (+Tet) cells ectopically expressing RNAi-res. TbPam16-HA (left) or
AN-TbPam16-HA (right) in the background of RNAI targeting the wt TbPam16 (TbPam16-HA and
AN-TbPam16-HA exclusive expressors). Insets: Immunoblot analysis of whole-cell extracts of uninduced (-) and 2
days induced (+) cells probed for wt TbPam16, RNAj-res. TbPam16-HA or AN-TbPam16-HA and EFla as loading
control. (D) Growth curve of uninduced (-Tet) and induced (+Tet) cells ectopically expressing RNAi-res.
HA-TbPam16 in the background of RNAI targeting the wt TbPam16. Top inset: Immunoblot analysis of whole-cell
extracts of uninduced (-) and 2 days induced (+) cells probed for myc-TbPam16 and EFla as loading control. Bottom
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inset: Northern blot of total RNA isolated from uninduced (-) and 2 days induced (+) cells probed for the mRNA of wt
TbPam16. Ethidium bromide-stained rRNAs serve as loading control. Numerical data for panel (B) to (D) are available
in S1 Data. MTS, mitochondrial targeting sequence; TMD, transmembrane domain.

https://doi.org/10.1371/journal.pbio.3002449.9005

length variant indicating that the lack of complementation is not due to insufficient expression
of the protein (S6C Fig).

Alkaline carbonate extractions furthermore showed that as expected for an integral mem-
brane protein, full-length TbPam16-HA is exclusively recovered in the pellet. In contrast, the
major fraction of the truncated AN-TbPam16-HA is recovered in the supernatant indicating it
is soluble.

In summary, the results in Fig 5A-5C suggest that the integration of TbPam18 and
TbPam16 into the IM is essential for their function and thus link maxicircle replication to the
IM.

The IMS-exposed N-terminus of TbPam16 is functionally relevant

To find out, whether the very N-terminus of the 33 aa IMS-exposed domain is required for
TbPam16 function, we expressed an N-terminally myc-tagged version of RNAi-resistant
TbPam16 in the background of the TbPam16-RNAi cell line (Fig 5A). As in the case of the
AN-TbPam16-HA variant, the myc-TbPam16 was not able to complement growth (Fig 5D).
The myc-TbPam16 was highly expressed and a small amount was recovered in the crude mito-
chondrial fraction in a digitonin extraction. Moreover, essentially all myc-TbPam16 in this
fraction was recovered in the pellet after an alkaline carbonate extraction as would be expected
for an integral membrane protein (S6B Fig). These results suggest that the N-terminal myc-tag
interferes with TbPam16 function indicating that at least part the IMS-exposed domain of
TbPam16 is essential for its function.

The J-domain of yeast Pam18 cannot complement the loss of the TbPam18
J-like domain

Classic Pam18 homologues involved in mitochondrial protein import contain the highly con-
served tripeptide HPD in their J-domain (S7A Fig) [57], which is essential for the stimulation
of the ATPase activity of their Hsp70 partners [62,63]. In contrast, TbPam18 has a degenerate
J-domain containing the tripeptide HSD making it a J-like protein [63], a feature that is highly
conserved within kinetoplastids (S7B Fig). Thus, we wondered (i) whether the HSD motif of
TbPam18 is important for its function; and (ii) if the J-domain of yeast Pam18 (ScPam18) can
take over the function of the J-like domain of TbPam18.

To that end, we generated a cell line allowing the exclusive expression of a TbPam18 variant
in which the tripeptide HSD was mutated to HPD (TbPam18-S98P, Fig 6A). Intriguingly, this
variant can fully complement the growth retardation caused by the RNAi-mediated depletion
of TbPam18 (Fig 6B). Thus, TbPam18 can function with both, ] or J-like domains.

To find out whether the intact J-domain of ScPam18 can replace the J-like domain of
TbPam18, we used a chimeric protein consisting of the TMD of TbPam18 and the J-domain of
ScPam18 (Tb/ScPam18) (Fig 6A). Expression of Tb/ScPam18 in TbPam18 RNAi background
delayed the onset of the growth phenotype by 1 day but could not rescue the growth retarda-
tion at later time points (Fig 6C).

Because tagged versions of TbPam18 are not functional (S6A Fig), the variants tested above
were untagged. Nevertheless, we analyzed the localization of N-terminally myc-tagged
TbPam18 and Tb/ScPam18, which showed that about half of each variant is recovered in the
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Fig 6. The J-domain of ScPam18 cannot complement the loss of the J-like domain of TbPam18. (A) Schematic
representations of yeast (Sc) Pam18, TbPam18, and a mutated TbPam18 version, in which the J-like domain was
altered to a J-domain by changing the serine residue at position 98 to a proline residue (TbPam18-S98P). Finally, a Tb/
Sc fusion Pam18 (Tb/ScPam18), in which the J-like domain of TbPam18 was replaced by the J-domain of ScPam18 is
shown. (B) Growth curve of uninduced (-Tet) and induced (+Tet) cells ectopically expressing RNAi-res.
TbPam18-S98P in the background of RNAi targeting the endogenous wt TbPam18 (TbPam18-S98P exclusive
expressor). Inset: RT-PCR products of wt TbPam18 and TbPam18-S98P mRNAs in uninduced (-) or 2 days induced
(+) cells. Tubulin mRNA serves as loading control. (C) Growth curve of uninduced (-Tet) and induced (+Tet) cells
ectopically expressing RNAi-resistant (RNAi-res.) Tb/ScPam18 in the background of RNAi targeting the endogenous
wild-type (wt) TbPam18 (Tb/ScPam18 exclusive expressor). Inset on the left: Northern blot of total RNA extracted
from uninduced (-) and 2 days induced (+) cells, probed for Tb/ScPam18, to confirm inducible ectopic expression.
Inset on the right: RT-PCR product of the wt TbPam18 mRNA in uninduced (-) or 2 days induced (+) cells. Tubulin
mRNA serves as loading control. Numerical data for panel (B) and (C) are available in S1 Data. TMD, transmembrane
domain.

https://doi.org/10.1371/journal.phio.3002449.9006

mitochondria-enriched fraction of a digitonin extraction (S7C Fig). Moreover, in an alkaline
carbonate extraction, both TbPam18 versions present in the mitochondria-enriched fraction
are exclusively recovered in the pellet indicating they are integrated into the IM. This strongly
suggest that also untagged TbPam18 and Tb/ScPam18 are correctly localized.

In summary, these results show that some feature of the ScPam18 J-domain, other than the
HSD or HPD tripeptide, is incompatible with the function of TbPam18.

TbPam16 interacts with TbPam18 and 2 additional essential proteins

We have previously used TbPam18-HA and TbPam16-HA for SILAC co-immunoprecipita-
tions experiments (CoIP) [26]. However, tagged TbPam18 is not functional (S6A Fig). More-
over, in the TbPam16-HA ColIP experiment, the only interactor identified was TbPam18 [26].
Thus, in hindsight, these experiments are difficult to interpret. Therefore, we repeated the
TbPam16 SILAC ColIP with 2 modifications. First, we used the newly generated cell line allow-
ing exclusive expression of functional TbPam16-HA (Fig 5C), and second, we analyzed both
premix as well as postmix samples. Premix conditions means that differentially labeled
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Fig 7. TbPam16 interacts with TbPam18 and 2 other essential proteins. (A) Volcano plots depicting proteins detected in
SILAC-based quantitative MS analysis of TbPam16-HA ColPs. In the experiment on the left, differentially labeled
uninduced and induced cells were mixed and the resulting mixture was subjected to CoIP (premix). In the experiment on
the right, CoIPs with uninduced and induced cells were done separately and the resulting eluates were mixed afterwards
(postmix). The vertical dotted lines in the volcano plots indicate the specified enrichment factors. The horizontal dotted line
indicates a rank-sum test significance level of 0.05. The bait TbPam16 is highlighted in red. Proteins that were significantly
detected and enriched more than 3-fold in the pre- as well as the postmix experiments are labeled in blue. Proteins enriched
more than 3-fold in either the pre- or the postmix experiment are labeled in black. (B) Growth curves of uninduced (-Tet)
and induced (+Tet) MaRF11/Tb927.11.435, TbCOQ8, TbCOQY, and Tb927.8.4190 RNA: cells. Insets in the MaRF11/
Tb927.11.435, TbCOQ8, and Tb927.8.4190 RNAi growth curves: Northern blots of total RNA extracted from uninduced (-)
and 2 days induced cells (+), probed for the respective mRNAs. Ethidium bromide-stained ribosomal RNAs (rRNAs) serve
as loading controls. Inset in the TbCOQ9 RNAi growth curve: RT-PCR product of the TbCOQ9 mRNA in uninduced (-) or
2 days induced (+) cells. Tubulin mRNA serves as loading control. Numerical data for panel (A) and (B) are available in S2
Table and S1 Data, respectively. MS, mass spectrometry.

https://doi.org/10.1371/journal.pbio.3002449.g007

uninduced and induced cells are mixed prior to the ColIP, which preferentially detects stable
interaction partners. In contrast, in the postmix sample, the eluates from separately generated,
differentially labeled ColPs are mixed, allowing the detection of both stable and more transient
interaction partners [64].

In the premix experiment, TbPam16 was enriched 5.3-fold and in the postmix experiment
8.1-fold demonstrating that both CoIPs were successful (Fig 7A). Importantly, apart from the
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bait TbPam16, the most enriched protein in both experiments was TbPam18 confirming the
interaction between the 2 proteins.

Interestingly, in addition to TbPam18, 2 other proteins were enriched more than 3-fold in
both experiments (Fig 7A). The first one is a trypanosome-specific, uncharacterized protein
(Tb927.11.435) with a molecular weight of only 10.6 kDa and a remarkably high isoelectric
point (pI = 10.6). This is interesting because a high pI is a characteristic often found in DNA-
binding proteins. An AlphaFold structure prediction of Tb927.11.435 reveals that it consists of
4 consecutive in part amphiphilic a-helices (S8 Fig) [65]. The second protein, Tb927.10.9900
(Fig 7A), is homologous to yeast and human COQ8 and thus was termed TbCOQ8. COQ8 is a
subunit of the coenzyme Q biosynthetic complex (complex Q), located on the matrix face of
the IM [66]. While COQ8 appears to be required for coenzyme Q synthesis, its exact role is
not known. Sequence homology suggests COQ8 might be a protein kinase; however, it likely
does not function as a canonical kinase but may use its ATPase activity to stabilize complex Q
[66]. Intriguingly, in the TbPam16-HA premix SILAC ColP, Tb927.7.3890, a protein ortholo-
gous to complex Q subunit 9 (COQ9) was detected. COQ9 is a lipid-binding protein associ-
ated with COQ7 [66]. The presence of ThbCOQ8 and TbCOQ9 among the most enriched
proteins in the TbPam16-HA SILAC ColPs is striking. However, only little is known about
ubiquinone biosynthesis in T. brucei and neither of the 2 subunits have been previously ana-
lyzed. In the postmix experiment, the fifth protein enriched more than 3-fold was
Tb927.8.4190, another trypanosome-specific, uncharacterized protein.

To further study the 4 newly identified TbPam16 interaction partners, we generated PCF
RNAI cell lines. Growth curves revealed that knockdowns of Tb927.11.435 and TbCOQS8 cause
a retardation in growth starting after 5 and 2 days of induction, respectively (Fig 7B). In con-
trast, RNAi against TbCOQ9 and Tb927.8.4190 only marginally affected growth. Hence, we
focused on Tb927.11.435 and TbCOQ8 in further experiments.

Tb927.11.435 ablation phenocopies the depletions of TbPam18 and
TbPam16

Next, we investigated the fate of the kDNA upon Tb927.11.435 or TbCOQ8 depletion using
the methods that were applied for TbPam16 and TbPam18 (Figs 24, 3, and S5).

Quantification of DAPI-stained RNAi cells using fluorescence microscopy showed that in the
Tb927.11.435 RNAI cell line the KDNA size was significantly reduced to 80% and 36% after 3
(prior to the onset of the growth retardation at day 4) to 6 days of RNAi induction, respectively
(Fig 8A). On the contrary, ablation of TbCOQ8 was not found to significantly change the size of
the KDNA over 4 days of RNAi induction. The kDNA network in the Tb927.11.435 RNAI cell
line was further analyzed by quantitative PCR, which showed a decrease in the amount of maxicir-
cles to 31% and less than 10% after 3 to 4 days of RNAi induction, respectively. In contrast, there
was no significant change in the amount of minicircles for at least 6 days (Fig 8B). However, while
the total amount of minicircles remained constant, they were progressively and essentially
completely released from the kDNA network within 5 days of induction (Fig 8C).

Finally, we analyzed the Tb927.11.435 RNAi cell line using SILAC-based quantitative MS
(S9 and S10 Figs), as was done for TbPam18 and TbPam16 RNAi cell lines (Figs 1B, S2, and
S3). A total of 904 mitochondrial proteins [1,29,48] were detected. The most affected proteins
were MRPs and OXPHOS subunits, of which 58% and 17% were depleted more than 1.5-fold,
making up for 60% of all 1.5-fold depleted mitochondrial proteins (S9 Fig). For 7 protein cate-
gories consisting exclusively of nucleus-encoded proteins only 2 out of 205 proteins were more
than 1.5-fold depleted (S10 Fig). These results are very similar to what has been observed in
TbPam18 or TbPam16 depleted cells (Figs 1B, S2, and S3).
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Fig 8. Ablation of MaRF11/Tb927.11.435 phenocopies the depletions of TbPam18 and TbPam16 in PCF and BSF. (A)
Upper panels: Fluorescence microscopy analysis of DAPI-stained uninduced and 3 to 6 days induced MaRF11/
Tb927.11.435 (435) RNAI cells as well as uninduced and 2 to 4 days induced TbCOQ8 RNA:i cells. Lower panels:
Quantification of KDNA areas in 65 to 175 DAPI-stained RNAi cells. Red line indicates the mean of the KDNA size at each
time point. The mean of the uninduced cells was set to 100%. n.s. = not significant, ****: P value <0.0001, as calculated by
an unpaired two-tailed f test. (B) Upper panel: A quantitative PCR-based (QPCR) method was used to detect changes in
steady-state levels of total mini- and maxicircles. Total DNA was extracted from uninduced and 2 to 6 days induced
MaRF11/435 RNAI cells. This DNA was used as the template in PCRs amplifying specific mini- and maxicircle regions or
the intergenic region of tubulin. PCR products were analyzed on agarose gels. Lower panels: Densitometric quantification of
mini- and maxicircle abundance as detected by qPCR. The ratio of the mini- or maxicircle band intensity and the respective
loading control (tubulin band intensity) was normalized (norm.) to the ratios of uninduced cells. Blue (maxicircles) and red
(minicircles) bars represent the mean of 3 independent biological replicates. n.s.: not significant, **: P value <0.05, ****: P
value <0.0001, as calculated by an unpaired two-tailed ¢ test. (C) A quantitative PCR-based method used to analyze steady-
state levels of KDNA-bound or free mini- and maxicircles. A digitonin-extracted, mitochondria-enriched pellet from
uninduced and 3 to 5 days induced MaRF11/435 RNAi cells was solubilized in 1% digitonin. A subsequent centrifugation
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step resulted in a pellet fraction (P) containing intact KDNA networks and a soluble fraction (S) containing free minicircles.
DNA extracted from both fractions was used as template for PCR reactions amplifying specific mini- or maxicircle regions.
PCR products were analyzed on agarose gels. (D) Growth curve of uninduced (-Tet) and induced (+Tet) BSF NYsm RNAi
cell line ablating MaRF11/435. Inset: RT-PCR product of MaRF11/435 mRNA in uninduced (-) or 2 days induced (+) cells.
Tubulin mRNA serves as loading control. Numerical data for panel (A), (B), and (D) are available in S1 Data. BSF,
bloodstream form; kDNA, kinetoplast DNA; NYsm, New York single marker; PCF, procyclic form.

https://doi.org/10.1371/journal.pbio.3002449.9008

To quantify the similarities the depletion of TbPam18, TbPam16, and Tb927.11.435 caused
on the mitochondrial proteome, we performed a correlation analysis comparing all 3 data sets.
Moreover, we included a previously published SILAC RNAI data set for TbTim17, the core
component of the single trypanosomal TIM complex (S11 Fig) [22]. This allowed to compare
how the mitochondrial proteome reacted to depletion of a general IM import factor versus fac-
tors involved in maxicircle replication. The results showed that the Spearman’s rank correla-
tion factors among the TbPam18, TbPam16, and Tb927.11.435 data sets were between 0.69
and 0.73 (S11 Fig), which is very high considering the maximal possible correlation is 1.0. In
contrast, the correlation between the TbTim17 data set and the 3 other data sets was much
lower ranging from 0.21 to 0.3 (S11 Fig).

These results show that depletion of TbPam18, TbPam16, and Tb927.11.435 caused the
same proteomic phenotypes, strongly suggesting that the 3 proteins are involved in the same
biological process. Moreover, the results also confirm that depletion of TbTim17, a general IM
import factor, results in different changes to the mitochondrial proteome than were observed
for the 3 other factors.

Thus, depletion of Tb927.11.435 exactly phenocopied the results observed in induced
TbPam16 and TbPam18 PCF RNAI cells, which is why we named it maxicircle replication fac-
tor of 11 kDa (MaRF11) (Figs 2, 3, and 8). Moreover, RNAi-induced knockdown of MaRF11
in BSF NYsm cells does not cause a change in the growth rate, which is identical to what is
observed in BSF TbPam18 RNAi or TbPam16 dKO cells (Figs 4 and 8D).

TbHslV controls the level of MaRF11

One way in which TbPam18 and TbPam16 could regulate the activity of MaRF11 would be by
controlling its degradation, reminiscent of TbPIF2, the levels of which are controlled by the
mitochondrial protease TbHsIVU [47]. Indeed, RNAi-mediated ablation of the TbHsIV sub-
unit of TbHsIVU results in a growth retardation (Fig 9A) and a concomitant accumulation of
giant kDNAs as observed previously (Fig 9B) [47]. Under the same conditions, analogous to
TbPIF2, a continuous increase in the levels of MaRF11 for up to 6 days after induction was
observed, whereas the levels of TbPam16 and EFla remained constant (Fig 9C).

Discussion

Our study has shown that TbPam18 and TbPam16 are essential for replication of the maxicir-
cle component of the KkDNA (Fig 2). This observation closes an important gap in the previ-
ously proposed evolutionary scenario explaining why trypanosomes have a single bifunctional
TIM complex only [26]. Our finding is unexpected, because neither Pam18 nor Pam16 ortho-
logues have ever been associated with the biogenesis of the mitochondrial genome before.
Thus, while phylogenomics classifies TbPam18 and TbPam16 as bona fide Pam18 and Pam16
orthologues [26], the 2 proteins have switched their function during evolution, from protein
import to mitochondrial genome replication. It is worth noting that this change in function
could only be discovered experimentally and was not predicted in silico. Interestingly, yeast
Pam18 has also been associated with another function than mitochondrial protein import. It
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can stimulate the mHsp70-dependent assembly of respiratory super-complexes, when present
as a homodimer [67]. However, in contrast to TbPam18, yeast Pam18 is still an essential com-
ponent of the PAM and thus has a dual function.

Among all proteins known to be involved in kDNA maintenance and replication, depletion
of only 4 preferentially affects the maxicircles: the mitochondrial RNA polymerase (mtRNAP)
[68], the mitochondrial DNA primase 1 (TbPRI1) [52], the mitochondrial DNA helicase
(TbPIF2) [47], and the mitochondrial heat shock proteins TbmHsp70/TbmHsp40 [53]. We
have now discovered 3 additional factors: TbPam18, TbPam16, and the TbPam16-interacting
MaRF11. Each of them is essential for normal growth of PCF T. brucei [26] (Fig 7B) and their
depletion specifically affects replication of the maxicircles prior to the onset of the growth
arrest (Figs 2B and 8B). Interestingly, similar to what has been observed upon ablation of the
maxicircle replication factors mentioned above, total minicircle levels remain constant after
the loss of maxicircles upon TbPam18, TbPam16, and MaRF11 depletion (Figs 2B and 8B).
Moreover, depletion of TbPRI1 [52] and TbmHsp70/TbmHsp40 [53], but not of TbPIF2 [47],
causes a rapid shrinkage of KDNA disks. The same was observed after TbPam18, TbPam16,
and MaRF11 ablation (Figs 2A and 8A). A reduction in maxicircles alone, which make up only
10% of the kDNA network, cannot explain this shrinkage. In fact, while maxicircles are selec-
tively depleted in the TbPIF2 RNAI cell line, its kDNA network remains intact [47]. It has
been suggested for TbPRI1 [52] and TbmHsp70/TbmHsp40 [53] depletion that the shrinkage
of the kDNA network is due to the detachment of minicircles from the kDNA disk. The free
minicircles are then replicated but cannot reattach to the maxicircle-depleted kDNA network.
As a consequence, the KDNA network shrinks and free minicircles accumulate in the mito-
chondrial matrix [52,53], which is exactly what is also observed in the TbPam18, TbPam16,
and the MaRF11 RNAI cell lines (Figs 3 and 8C).

How can we explain that TbPam16, TbPam18, and MaRF11 are dispensable in the BSF of
T. brucei? The 2 life cycle stages show many differences, including optimal growth tempera-
tures (27°C for PCF/37°C for BSF) and generation times (10 to 12 h for PCF/5 to 6 h for BSF).
Moreover, the PCF can undergo cytokinesis without completion of mitosis, whereas in the
BSF a mitotic block inhibits cytokinesis but not KDNA replication [69]. Thus, it would not be
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surprising if these differences may require some life cycle stage-specific adaptations in the reg-
ulation of kDNA replication.

TbPam18 and TbPam16 are integral IM proteins, each containing a single TMD [26] that is
essential for their function (Fig 5). This contrasts with yeast, where the TMD of Pam18 is dis-
pensable and where Pam16 does not even have a TMD [70]. Our results functionally connect
maxicircle replication to the IM. This is unexpected as maxicircles are replicated while remain-
ing interlocked with the kDNA network and proteins involved in their replication generally
localize to the kDNA disk [71]. The only known integral IM protein associated with kDNA
inheritance is p166, a subunit of the TAC [72,73]. The TAC is essential for KDNA segregation
but not for its replication [37,74]. Knockdown of TAC subunits leads to enlarged, overrepli-
cated kDNAs in a few cells [37,74], which is not what is observed upon TbPam16, TbPam18,
and MaRF11 depletion. It is therefore unlikely that these 2 proteins are involved in kDNA seg-
regation and their IM localization must be explained in a different way.

J-domain family proteins are known regulators of a plethora of biological processes by
selecting client proteins for Hsp70-type chaperones [62,75,76]. Interestingly, T. brucei has a
greatly expanded mitochondrial J-domain protein family consisting of at least 38 members
[1,77-81]. One reason for this could be that they may be required for functional differentiation
of the single TbmHsp?70.

TbPam16, just as its yeast counterpart, is a J-like protein. However, while Pam18 in yeast
contains an intact J-domain with a conserved HPD motif [70], TbPam18 is a J-like protein
containing an HSD tripeptide. Expression of a chimeric protein, in which the J-like domain of
endogenous TbPam18 was replaced by the J-domain of yeast Pam18, failed to restore growth
in a TbPam18 RNAI cell line (Fig 6A and 6C). Surprisingly, the change of TbPam18’s HSD to
an HPD does not affect the functionality of the protein (Fig 6A and 6B). Thus, the divergence
that prevents the functional interchangeability of the TbPam18 J-like domain with the J-
domain of yeast Pam18 must have occurred outside the tripeptide motif.

Since the HPD motif is essential for the interaction of J-domains with their Hsp70 partners
[82], the J-like domains of TbPam18 and TbPam16 likely cannot stimulate the ATPase activity
of TbmHsp70, at least not directly. Thus, the change in function of TbPam18 during evolution
must have allowed the inactivation of the conserved tripeptide from HPD to HSD indicating
that TbPam18 and TbPam16 function independently of mHsp70. This is reminiscent to what
has been suggested for Arabidopsis thaliana, which has 21 J-like proteins involved in various
processes, most of which function independently of Hsp70 [83,84]. In line with this, pulldown
experiments of TbPam16 prominently recover TbPam18, but neither TbmHsp70 nor other J-
domain protein family members (Fig 7A). Instead, the SILAC ColPs recovered the 2 essential
proteins MaRF11 and TbCOQS8 indicating they might be client proteins (Fig 7A). This implies
that the TbPam18/TbPam16 heterodimer binds to a few clients only. Ablation of TbCOQ8
inhibits growth of PCF trypanosomes, but does not affect the size of the kDNA (Figs 7B and
8A). However, ablation of the soluble, basic protein MaRF11 phenocopies what is observed in
TbPam18 and TbPam16 RNAI cell lines (Figs 7B, 8A, and 8B). We have also shown that
MaRF11 is a substrate of the mitochondrial proteasome orthologue TbHsIVU, since depletion
of the TbHsIVU subunit TbHslV increases MaRF11 levels (Fig 9C). Thus, both MaRF11 and
the previously characterized TbPIF2, the only 2 TbHsIVU substrates known to date, are essen-
tial maxicircle replication factors explaining the three to 4-fold accumulation of maxicircles in
the absence of TbHsIV [28]. However, the TbHsIVU substrate(s) causing the previously
reported 20-fold accumulation of minicircles in the absence of TbHsIVU remain unknown
[28]. In summary, the identification of MaRF11 as a second substrate of TbHsIVU underscores
the central role the mitochondrial proteasome plays in controlling kDNA replication.
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Fig 10. Working model of maxicircle replication control by MaRF11. The integral membrane proteins TbPam18
and TbPam16, together with the soluble matrix protein MaRF11, are part of membrane-bound complex required for
maxicircle replication. MaRF11 acts downstream of TbPam18 and TbPam16. The levels of MaRF11 are regulated by
proteolytic degradation via TbHsIVU. Outstanding questions are highlighted. These include the identity of a putative
nuclear signal (1), how such a signal may regulate the binding of MaRF11 to TbPam18 and TbPam16 (2) and whether
MaRF11 directly mediates maxicircle replication or whether it activates other as yet unknow replication factors (3).
kDNA, kinetoplast DNA; IM, inner membrane.

https://doi.org/10.1371/journal.pbio.3002449.9010

Based on the results described above, we propose the following working model for a mito-
chondrial inner membrane-bound protein complex involved in the replication of the maxicir-
cle portion of the kDNA (Fig 10). The complex includes the soluble protein MaRF11 and the
integral IM proteins TbPam18 and TbPam16. The latter 2 probably form a heterodimer and
have their J-like domains exposed to the matrix. All 3 proteins are individually essential for
maxicircle replication in procyclic trypanosomes. The fact that MaRF11 is a soluble matrix
protein suggests that it may function downstream of the integral IM proteins TbPam18 and
TbPam16. Furthermore, we have shown that MaRF11 levels are controlled by proteolytic deg-
radation by TbHsIVU.

In T. brucei, the mitochondrial S-phase is precisely coordinated with the nuclear S-phase by
an as yet unknown signal [85]. Since not only the TMDs of TbPam18 and TbPam16 but also
the IMS-exposed N-terminus of TbPam16 are essential for normal growth, it is tempting to
speculate that the TbPam18/TbPam16/MaRF11 complex may play a role in this coordination.
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However, some aspects of the model remain speculative. For example, how MaRF11 con-
trols maxicircle replication is still unknown. Its high pI would be consistent with a direct bind-
ing to the KDNA, but it is also possible that MaRF11 is only one component of a more
elaborate maxicircle replication pathway that involves other factors further downstream. How-
ever, pulldown experiments aimed at identifying such factors in a cell line exclusively express-
ing tagged MaRF11 were not successful. Spatial proteomic analyses of the procyclic and
bloodstream forms of T. brucei showed that at steady-state TbPam18, TbPam16, and MaRF11
co-fractionate with IM marker proteins, consistent with the TbPam16 pulldown experiment
(Fig 7A) [86]. It would support our model if the 3 proteins were concentrated in the IM
around the kKDNA region. Unfortunately, despite the use of signal enhancement protocols, we
were unable to detect any of the 3 tagged proteins by immunofluorescence microscopy. This
suggests that, consistent with our inability to detect any of the 3 proteins by MS in our global
SILAC proteomics studies, they are of too low abundance to be detected by immunofluores-
cence microscopy. Despite these limitations the proposed model can serve as a guide for future
experiments aimed at providing more insights into the intricate process of how maxicircles
and the KDNA in general are replicated.

Materials and methods

Transgenic cell lines

Transgenic T. brucei cell lines are either based on the PCF strain 29-13 or the BSF strain
NYsm [60]. PCF cells were grown in SDM-79 [87] supplemented with 10% (v/v) fetal calf
serum (FCS) at 27°C. BSF cells were cultivated in HMI-9 [88] containing 10% (v/v) FCS at
37°C.

RNAI against TbPam18 (Tb927.8.6310) and TbPam16 (Tb927.9.13530) has been described
previously [26]. For complementation experiments, synthetic genes (Biomatik) were used. The
codons in regions of the open reading frame (ORF) that are targeted by RNAi were changed
such that their transcripts are RNAi resistant (RNAi-res.) but still translate into the same
amino acid sequence as in the endogenous proteins. To produce constructs allowing expres-
sion of N-terminally truncated TbPam18 (AN-TbPam18) and TbPam16 (AN-TbPam16), the
corresponding DNA fragments were amplified from the synthetic genes. To ensure targeting
to mitochondria, the MTS of trypanosomal mitochondrial Hsp60 (TbmHsp60,
Tb927.10.6510) was cloned in front of the truncated constructs. For the RNAi-res. Tb/
ScPam18 fusion protein and RNAi-res. TbPam18-S98P, additional synthetic genes (Biomatik)
were used. To generate RNAi-res. Tb/ScPam18, the first 138 nucleotides of RNAi-res.
TbPam18 were fused to the last 213 nucleotides of wild-type yeast Pam18 (YLR008C). To gen-
erate TbPam18-S98P, the cytosine at position 292 of the nucleotide sequence of RNAj-res.
TbPam18 was exchanged against a thymine. Sequences of all synthetic genes are shown in
S12 Fig.

To generate plasmids for ectopic expression of untagged, N- or C-terminally triple c-myc-
or HA-tagged, RNAi-res., full-length or N-terminally truncated TbPam18 or TbPam16 vari-
ants, Tb/ScPam18, TbPam18-S98P, MaRF11 and TbTim54 (Tb927.6.2470) the complete or
truncated ORFs of the respective genes were amplified by PCR. The PCR products subse-
quently were cloned into a modified pLew100 vector [60,89], which contains a puromycin
resistance cassette and either no epitope tag or triple c-myc- or HA-tags [90].

MaRF11, TbCOQS8, TbCOQY, Tb927.8.4190, and TbHsIV (Tb927.11.10240) RNA!I cell lines
were generated using the same pLew100-derived vector described above. This vector allows
the generation of a stem-loop construct by the insertion of the RNAI target regions in opposite
directions and a 460 nucleotide (nt) spacer fragment forming the loop. The RNAI targets the
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indicated nts of the ORFs of MaRF11 (Tb927.11.435, nt 14-255) and TbCOQ8 (nt 353-536) or
the 3’ untranslated regions (UTRs) of TbCOQ9 (nt (+49)—(+543)), Tb927.8.4190 (nt (+253)
—(+458)), and TbHslV (nt (+114)—(+609)). To ensure efficient transcription of the RNAi
construct in the NYsm BSF strain, the procyclin promotor in the above described MaRF11
RNAi plasmid was exchanged against the rRNA promotor.

To generate the TbTim54 conditional dKO cell line, 90 nts up- and downstream of the
TbTim54 alleles were fused to either a hygromycin (hygro) or a neomycin (neo) resistance cas-
sette. The first TbTim54 allele was replaced by hygro resulting in the single knockout (sKO).
To generate the dKO, the second TbTim54 allele was replaced by neo. In a third cloning step,
this TbTim54 dKO cell line was transfected with the plasmid for ectopic expression of
TbTim54-HA described above.

The NYsm BSF cell line containing the TbPam16 dKO was generated by fusing the 500 nts
up- and downstream of the TbPam16 alleles to the N- or C-terminus of hygro or the blasticidin
(blast) resistance cassette, respectively. The first TbPam16 allele was replaced by hygro and the
second TbPam16 allele was replaced by blast.

Antibodies

Polyclonal rabbit antiserum against TbPam16 was commercially produced (Eurogentec, Bel-
gium) using amino acids 153-167 (VKDSHGNSRGNDAMW) as antigen. For western blots
(WB), the TbPam16 antiserum was used at a 1:500 dilution. Commercially available antibodies
used in this study were: Mouse anti-c-myc (Invitrogen, dilution WB 1:2°000), mouse anti-HA
(Sigma-Aldrich, dilution WB 1:5°000), and mouse anti-EF1a (Merck Millipore, dilution WB
1:10°000). Polyclonal rabbit anti-ATOMA40 (dilution WB 1:10°000) and polyclonal rabbit anti-
Cyt C (dilution WB 1:100) were previously produced in our laboratory [81,91]. Secondary
antibodies used: Goat anti-mouse IRDye 680LT conjugated (LI-COR Biosciences, dilution
WB 1:20°000) and goat anti-Rabbit IRDye 800CW conjugated (LI-COR Biosciences, dilution
WB 1:20°000). For detection of 435-HA on immunoblots, HRP-coupled anti-mouse secondary
antibodies (Sigma) were used.

Digitonin extraction

Cell lines were induced with tetracycline for 1 day prior to the experiment to ensure expression of
epitope-tagged proteins. To selectively solubilize the plasma membrane, 1 x 10° cells were incu-
bated at 4°C for 10 min in a buffer containing 0.6 M sorbitol, 10 mM Tris-HCI (pH 7.5), 1 mM
EDTA (pH 8.0), and 0.015% (w/v) digitonin. A mitochondria-enriched pellet was separated from
a supernatant that is enriched in cytosolic proteins by centrifugation (6’800 g, 5 min, 4°C). Equiva-
lents of 2 x 10° cells of each fraction were analyzed by SDS-PAGE and western blotting.

Alkaline carbonate extraction

A digitonin-extracted, mitochondria-enriched pellet was resuspended in 100 mM Na,CO (pH
11.5) and incubated at 4°C for 10 min. Centrifugation (100’000 g, 10 min, 4°C) yielded in a
pellet enriched in integral membrane proteins and a supernatant enriched in soluble or loosely

membrane-associated proteins. Equivalents of 2 x 10° cells of each fraction were analyzed by
SDS-PAGE and western blotting.

Fluorescence microscopy and kDNA area quantification

TbPam18 and TbPam16 RNAI cells were fixed with 4% paraformaldehyde in PBS, postfixed in
cold methanol, and mounted using VectaShield containing 4',6-diamidino-2-phenylindole
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(DAPI) (Vector Laboratories). Images were acquired by a DMI6000B microscope and a
DFC360 FX monochrome camera (both Leica Microsystems).

Images were analyzed using Image] [92]. The kDNA size analysis was performed on binar-
ized 8-bit format images. The size of particles was measured in arbitrary units (a.u.) and
kDNA particles >0.0 a.u. and <0.75 a.u. were included in the analysis. Boomerang shaped,
dividing kDNAs and randomly picked up particles were manually removed from the analysis.
Significance of these results was calculated by an unpaired two-tailed  test.

RNA extraction, RT-PCR, and northern blotting

Acid guanidinium thiocyanate-phenol-chloroform extraction to isolate total RNA from unin-
duced and 2 days induced RNAi cells was done as described elsewhere [93]. To determine
RNAiI efficiency, the extracted RNA was either utilized for RT-PCR or separated on a 1% aga-
rose gel in MOPS buffer containing 0.5% formaldehyde for subsequent northern blotting.
Northern probes were generated from gel-purified PCR products corresponding to the RNAi
inserts or the overexpressed proteins described above, and radiolabeled by means of the
Prime-a-Gene labeling system (Promega).

DNA extraction, Southern blotting, and quantitative PCR

For DNA isolation, 5 x 107 cells were resuspended in NTE buffer (100 mM NaCl, 10 mM Tris
(pH 7.5), and 5 mM EDTA) containing 0.5% SDS for cell lysis and 0.2 mg/ml RNase A to
degrade RNA. After incubation for 1 h at 37°C, 1 mg/ml proteinase K was added, followed by
2 h of incubation at 37°C. DNA was isolated by phenol-chloroform extraction and subsequent
ethanol precipitation.

For Southern blotting, 5 ug of DNA were digested overnight at 37°C with HindIII and
Xbal. Digested DNA was separated in a 1% agarose gel in 1x TAE buffer. Gel processing and
blotting was done as described elsewhere [51,94]. For kDNA detection, sequence-specific
mini- and maxicircle probes were generated by PCR. The minicircle probe was a 0.1 kb stretch
of the conserved minicircle sequence [94]. A 1.4 kb fragment served as the maxicircle probe
[51,95]. For normalization, a tubulin probe binding to a 3.6 kb stretch within the intergenic
region between o.- and B-tubulin was used [94]. Probes were radiolabeled by means of the
Prime-a-Gene labeling system (Promega).

To determine total mini- and maxicircles or free minicircle levels by quantitative PCR,
DNA was either isolated from whole cells or from fractionated digitonin-extracted, mitochon-
dria-enriched pellets and used as the template in a PCR utilizing the same primers as for the
Southern blot probes.

SILAC RNAi and SILAC ColP experiments

TbPam18, TbPam16, and MaRF11 RNAI cells or cells exclusively expressing TbPam16-HA
were washed in PBS and resuspended in SDM-80 [96] containing 5.55 mM glucose, 10% dia-
lyzed FCS (BioConcept, Switzerland) and either light ("*Ce/ 14Nx) or heavy (PCo/ 15Nx) isotopes
of arginine (1.1 mM) and lysine (0.4 mM) (Euroisotope). The cells were grown in SILAC
medium for 6 to 10 doubling times to ensure a complete labeling of all proteins with heavy
amino acids. For the SILAC RNAi and the premix SILAC CoIP, uninduced and induced (4
days for SILAC RNAj, 2 days for SILAC ColP) cells were mixed in a one-to-one ratio. For the
postmix SILAC ColP, uninduced and induced cells were kept separately. From all samples,
digitonin-extracted, mitochondria-enriched pellets were generated. For the SILAC RNAi
experiments, these pellets were processed as described previously including tryptic in solution
digestion [97] and then analyzed by liquid chromatography-mass spectrometry (LC-MS).
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TbPam18 and TbPam16 SILAC RNAi experiments were done in 4 biological replicates includ-
ing a label-switch.

For the SILAC ColP experiments, mitochondria-enriched digitonin pellets were solubilized
in a buffer containing 20 mM Tris-HCI (pH 7.4), 0.1 mM EDTA, 100 mM NaCl, 10% glycerol,
1X Protease Inhibitor mix (Roche, EDTA-free), and 1% (w/v) digitonin for 15 min at 4°C.
After centrifugation (21°000 g, 15 min, 4°C), the lysate was transferred to HA bead slurry
(anti-HA affinity matrix, Roche), which had been equilibrated in wash buffer (20 mM Tris-
HCI (pH 7.4), 0.1 mM EDTA, 1 mM NacCl, 10% glycerol, 0.2% (w/v) digitonin). Incubation in
an end-over-end shaker for 2 h at 4°C was followed by removal of the supernatant containing
the unbound proteins. After washing the bead slurry 3 times with wash bulffer, the bound pro-
teins were eluted by boiling the resin for 5 min in 2% SDS in 60 mM Tris-HCI (pH 6.8). In
case of the postmix SILAC ColP, eluates of uninduced and induced cells were now mixed in a
one-to-one ratio. All eluates were further prepared for analysis by LC-MS as has been
described in detail elsewhere [98]. TbPam16-HA pre- and postmix SILAC ColIP experiments
were done in 4 biological replicates including label-switches.

LC-MS and data analysis

LC-MS analyses of tryptic peptide mixtures from all experiments were performed using a Q
Exactive Plus mass spectrometer connected to an UltiMate 3000 RSLCnano HPLC system
(Thermo Fisher Scientific, Germany) as described before [26] with minor modifications. The
software package MaxQuant [99,100] (version 1.6.3.4 for TbPam18 and TbPam16 SILAC
RNAI, 2.0.2.0 for TbPam16 SILAC IP, and 2.5.1.0 for MaRF11 SILAC RNAI data) was used for
protein identification and SILAC-based relative quantification. Mass spectrometric raw data
were searched against a database containing the protein sequences for T. brucei TREU927 as
provided by the TriTrypDB (https://tritrypdb.org; version 8.1 for TbPam18/TbPam16 SILAC
RNAi and TbPam16 SILAC IP experiments, and version 55 for MaRF11 SILAC RNAi sam-
ples). Protein identification and quantification was based on >1 unique peptide and >1 ratio
count, respectively. For all other parameters, MaxQuant default settings were used, including
carbamidomethylation of cysteine as fixed modification, N-terminal acetylation and oxidation
of methionine as variable modifications, and Lys8/Argl0 as heavy labels. The options “requan-
tify” and “match between runs” were enabled.

MaxQuant result files were processed with python using pandas (version 1.5.3; https://
pandas.pydata.org) as well as numpy (version 1.24.2; https://numpy.org/), seaborn (version
0.11.2; https://seaborn.pydata.org), scipy (version 1.10.0; https://www.scipy.org/), and matplo-
tlib (version 3.6.3; https://matplotlib.org/) for data analysis and visualization. Data analysis of
all experiments was based on protein abundance ratios calculated by MaxQuant.

To identify proteins affected by ablation of TbPam16 and TbPam18 following RNAi
induction, MaxQuant protein ratios were first normalized replicate-wise by adjusting the
summed ratios to the highest value, followed by cyclic loess normalization [101] of log,-
transformed protein ratios as implemented in the R Bioconductor (version 3.17) package
“affy” [102] (version 1.78.2). Values missing in 1 or 2 out of 4 replicates were imputed using
the DIMA package [103] (https://github.com/kreutz-lab/DIMAR). To identify proteins
with significantly altered abundance upon RNAi induction, the “linear models for microar-
ray data” (limma) approach) [104,105] (version 3.28.14) was applied. P values were cor-
rected for multiple testing following the Benjamini-Hochberg method [106]. Proteins
affected by the RNAi-induced ablation of MaRF11 were identified based on normalized
protein abundance ratios determined by MaxQuant using the limma approach and cor-
rected P values as described above.
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To identify proteins significantly enriched in TbPam16 pre- and postmix SILAC ColP
experiments, the rank sum method [107,108] as implemented in the R package “RankProd”
[109] (version 3.24.0) was applied. The rank sum, defined as the arithmetic mean of the ranks
of a protein in all replicates, was converted into FDR-controlled g-values.

For information about proteins identified and quantified, see S1-S3 Tables.

Supporting information

S1 Fig. Schematic depiction of mitochondrial inner membrane protein translocases and
organization of the mitochondrial genome, termed kinetoplast DNA (kDNA) in T. brucei.
(A) Schematic depiction of the yeast TIM23 and TIM22 complexes (left) and the single trypa-
nosomal TIM complex (right). In the trypanosomal TIM complex, the subunits specifically
associated with presequence pathway are indicated in broken lines. Subunits of the prese-
quence-associated import motor (PAM) are indicated in bold red lines. Unique and homolo-
gous subunits between the 2 species are indicated in gray and orange, respectively. The non-
homologous ] domain proteins Pam18/16 and TbPam?27 are indicated in bold. (B) Organiza-
tion of the single unit kKDNA of T. brucei. The kDNA is a disk consisting of an intercalated net-
work of maxi- and minicircles, which is physically connected, across the outer and the inner
membrane, with the basal body of the flagellum via the tripartite attachment complex (TAC).
Minicircles are replicated via theta structures after they have been released from the center of
the network into the kinetoflagellar zone. After replication, they are reattached to the kDNA
disk at the antipodal sites. Maxicircles in contrast are replicated while remaining attached to
the kDNA disk.

(TIF)

S2 Fig. TbPam18 RNAi does not affect protein subgroups exclusively consisting of
nucleus-encoded proteins. Mitochondria-enriched fractions of uninduced and 4 days
induced TbPam18 RNAI cells were analyzed by SILAC-based quantitative mass spectrometry
(same data set as in Fig 1B). (A-F) The indicated subgroups of mitochondrial proteins are
highlighted in the indicated colors. The number of all more than 1.5-fold depleted proteins
and the total number of all detected proteins for each subgroup are indicated in parentheses at
the top of each panel. Numerical data for panel (A) to (F) are available in S1 Table.

(TIF)

$3 Fig. TbPam16 RNAi does not affect protein subgroups exclusively consisting of
nucleus-encoded proteins. Mitochondria-enriched fractions of uninduced and 4 days
induced TbPam16 RNAi cells were analyzed by SILAC-based quantitative mass spectrometry
(same data set as in Fig 1B). (A-F) The indicated subgroups of mitochondrial proteins are
highlighted in the indicated colors. The number of all more than 1.5-fold depleted proteins
and the total number of all detected proteins for each subgroup are indicated in parentheses at
the top of each panel. Numerical data for panel (A) and (F) are available in S1 Data.

(TIF)

S4 Fig. TbTim54 is not required to maintain kDNA integrity. (A) Growth curve of a
TbTim54 conditional double knockout (cond. dKO) cell line. While both TbTimb54 alleles are
knocked out in uninduced (-Tet) as well as induced (+Tet) cells, TbTim54-HA is only ectopi-
cally expressed when tetracycline is present. Inset: Verification of single knockout (sKO) and
dKO by PCR using a primer pair to amplify the TbTim54 ORF (approximately 2.0 kilobases
(kb)), the hygromycin (hygro, approximately 1.5 kb), or the neomycin (neo, approximately 1.3
kb) resistance cassettes at the same time. Hygro was used to replace the first and neo was used
to replace the second allele. (B) Left: DAPI-stained TbTim54 cond. dKO cell line grown in the
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presence of tetracycline (+Tet) and 3 or 6 days after the removal of tetracycline from the
medium (-Tet). Right: Quantification of kDNA areas in 69 to 90 DAPI-stained cells. The red
line indicates the mean of the kDNA areas for each time point. The mean of the control cells
(+Tet) was set to 100%. n.s.: not significant (P value >0.05) as calculated by an unpaired two-
tailed ¢ test. Numerical data for panel (A) and (B) are available in S1 Data.

(TIF)

S5 Fig. Changes in mini- and maxicircle levels can be detected by quantitative PCR. Upper
panels: A quantitative PCR-based (qQPCR) method was used to detect changes in steady-state
levels of total mini- and maxicircles. Total DNA was extracted from uninduced and 2 to 5 days
induced TbPam18 and TbPam16 RNAi cell lines. This DNA was used as the template in PCRs
amplifying specific mini- and maxicircle regions or the intergenic region of tubulin. PCR
products were analyzed on agarose gels. Lower panels: Densitometric quantification of mini-
and maxicircle abundance as detected by qPCR. The ratio of the mini- or maxicircle band
intensity and the respective control (tubulin band intensity) was normalized (norm.) to the
ratios of uninduced cells. Blue (maxicircles) and red (minicircles) bars represent the mean of 3
independent biological replicates. n.s.: not significant, **: P value <0.05, ***: P value <0.005,
*#*%: Pvalue <0.0001, as calculated by an unpaired two-tailed ¢ test. Numerical data are avail-
able in S1 Data.

(TIF)

S6 Fig. Functional analysis of tagged TbPam18 and subcellular localization of TbPam16
variants. (A) Growth curve of uninduced (-Tet) and induced (+Tet) cells expressing RNAi-
resistant (RNAi-res.) TbPam18-HA (left) or myc-TbPam18 (right) in the background of RNAi
against the wild type (wt) TbPam18 (TbPam18-HA and myc-TbPam18 exclusive expressors).
Insets, top: Immunoblot analysis of whole cell extracts of uninduced (-) and 2 days induced
(+) cells, probed for RNAi-res. TbPam18-HA or myc-TbPam18 and EF1a as loading control.
Insets, bottom: RT-PCR products of the wt TbPam18 mRNA in uninduced (-) or 2 days
induced (+) cells. Tubulin mRNA serves as loading control. (B) Upper panels: Immunoblot
analysis of total cells (T), digitonin-extracted, mitochondria-enriched (M), and soluble cyto-
solic (C) fractions of TbPam16-HA, AN-TbPam16-HA, and myc-TbPam16 exclusive expres-
sor cell lines. Blots were probed with anti-HA antibodies and antisera against ATOM40 and
EF1a, which serve as mitochondrial and cytosolic markers, respectively. Lower panels: digito-
nin-extracted, crude mitochondrial fractions (M) were subjected to an alkaline carbonate
extraction resulting in a pellet enriched in integral membrane proteins (P) and a soluble super-
natant fraction (S). Inmunoblots were probed with anti-HA and antisera against ATOM40
and cytochrome C (Cyt C), which serve as marker for integral membrane and soluble proteins,
respectively. All immunoblots derive from the same gel. (C) Quantification of the expression
levels in total cells, lanes T in (B), of TbPam16-HA and AN-TbPam16-HA normalized to
ATOM40. Numerical data for panel (A) and (C) are available in S1 Data.

(TIF)

S7 Fig. Multiple sequence alignments of Pam18 homologues and subcellular localization
of TbPam18 variants. (A) Sequence alignment of N-terminal regions of Pam18 homologues
of 13 representative eukaryotes. (B) Sequence alignment of N-terminal regions of Pam18
homologues of 9 representative trypanosomatids. In (A) and (B) Histidine-Proline-Aspartate
(HPD) motifs are highlighted in red and Histidine-Serine-Aspartate (HSD) motifs in green.
(C) Upper panels: Immunoblot analysis of total cells (T), digitonin-extracted mitochondria-
enriched (M), and soluble cytosolic (C) fractions of cell lines expressing N-terminally myc-
tagged TbPam18 or Tb/ScTbPam18. Blots were probed with anti-myc antibodies and antisera
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against ATOM40 and EF1a, which serve as mitochondrial and cytosolic markers, respectively.
Lower panels: digitonin-extracted crude mitochondrial fractions (M) were subjected to an
alkaline carbonate extraction resulting in a pellet enriched in integral membrane proteins (P)
and a soluble supernatant fraction (S). Immunoblots were probed with anti-myc and antisera
against ATOM40 and Cyt C, which serve as makers for integral membrane and soluble pro-
teins, respectively.

(TIF)

S8 Fig. AlphaFold prediction of MaRF11/Tb927.11.435.
(TIF)

S9 Fig. Effect of MaRF11/Tb927.11.435 RNAi on the mitochondrial proteome. Mitochon-
dria-enriched fractions of uninduced and 4 days induced MaRF11 RNAi cells were analyzed
by SILAC-based quantitative mass spectrometry. The data set was filtered for mitochondrial
proteins and the mean log, of normalized ratios (induced/uninduced) was plotted against the
corresponding negative log;, of adjusted P value (limma test). Highlighted are mitochondrial
ribosomal proteins (MRPs, red) and components of the oxidative phosphorylation pathway
(OXPHOS, green) as well as TbPam16 (pink). The horizontal dotted line in each volcano plot
marks an adjusted P value of 0.05. The vertical dotted lines indicate a fold-change in protein
abundance of +1.5. The percentages of all detected MRPs or OXPHOS proteins that are
depleted more than 1.5-fold is indicated at the top of each panel. The number of all more than
1.5-fold depleted MRPs or OXPHOS proteins and the total number of all detected MRPs or
OXPHOS proteins is shown in parentheses. MaRF11/Tb927.11.435 was not detected. Numeri-
cal data are available in S3 Table.

(TTF)

$10 Fig. MaRF11/Tb927.11.435 RNAi does not affect protein subgroups exclusively con-
sisting of nucleus-encoded proteins. Mitochondria-enriched fractions of uninduced and 4
days induced MaRF11 RNAi cells were analyzed by SILAC-based quantitative mass spectrom-
etry (same data set as in S9 Fig). (A-F) The indicated subgroups of mitochondrial proteins are
highlighted in the indicated colors. The number of all more than 1.5-fold depleted proteins
and the total number of all detected proteins for each subgroup are indicated in parentheses at
the top of each panel. Numerical data for panel are available in S3 Table.

(TIF)

S11 Fig. Correlation analysis of TbPam18, TbPam16, MaRF11/Tb927.11.435, and
TbTim17 SILAC RNAIi data sets. The mitochondrial proteins detected in the data sets of the
indicated SILAC RNAi analyses were quantitatively compared in a pairs diagram created with
R (version 4.2.1). The log,-normalized foldchanges of all detected mitochondrial proteins of 1
SILAC experiment were compared to each of the other experiments in individual scatter
graphs. Yellow clouds indicate the range in which 50% (inner cloud) and 90% (outer cloud) of
the data points are located. The correlation between the data sets was calculated using the
Spearman’s rank correlation algorithm and is indicated as r,. N indicates the total number of
proteins that could be compared between 2 data sets. The 4 panels along the diagonal axis con-
tain histograms combined with density graphs displaying the overall data point distribution in
each experiment. As all 4 data sets have a left-skewed distribution, the Spearman’s rank corre-
lation was used as the statistical measure. Numerical data are available in S1 and S3 Tables.
(TIF)

$12 Fig. Synthetic TbPam18 and TbPam16 genes. RNAi-resistant (RNAi-res.) TbPam18 and
TbPam16 DNA sequences in black with changed nucleotides highlighted in red. In the
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AN-TbPam18 and AN-TbPam16 constructs, the first 81 and 156 nucleotides, respectively,
were replaced by the first 45 nucleotides of TbmHsp60, which encode the mitochondrial tar-
geting sequence of the protein (green). To generate the Tb/ScPam18 fusion protein, the first
295 nucleotides of RNAi-res. TbPam18 were fused to the last 213 nucleotides of yeast (Sc)
Pam18 (blue). To generate RNAi-res. TbPam18-S98P, the cytosine at position 292 of the
nucleotide sequence was exchanged against a thymine (highlighted in yellow).

(TIF)

S1 Table. SILAC RNAi TbPam18 and TbPam16.

(XLSX)

$2 Table. SILAC ColIPs TbPam16.

(XLSX)

$3 Table. TbMaRF11 SILAC RNAi.

(XLSX)

S1 Data. Numerical data for all graphs presented in the study.
(XLSX)

S$1 Raw Images. Original images for all gels and blots.

(PDF)
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3.3 Pam16 and Pam18 were repurposed during Trypanosoma brucei evolution to regulate
the replication of mitochondrial DNA
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S$1 Fig. Schematic depiction of mitochondrial inner membrane protein translocases
and organization of the mitochondrial genome, termed kinetoplast DNA (kDNA) in T.
brucei.

(A) Schematic depiction of the yeast TIM23 and TIM22 complexes (left) and the single
trypanosomal TIM complex (right). In the trypanosomal TIM complex, the subunits
specifically associated with presequence pathway are indicated in broken lines. Subunits of
the presequence-associated import motor (PAM) are indicated in bold red lines. Unique and
homologous subunits between the 2 species are indicated in gray and orange, respectively.
The non-homologous J domain proteins Pam18/16 and TbPam27 are indicated in bold. (B)
Organization of the single unit kDNA of T. brucei. The kDNA is a disk consisting of an
intercalated network of maxi- and minicircles, which is physically connected, across the
outer and the inner membrane, with the basal body of the flagellum via the tripartite
attachment complex (TAC). Minicircles are replicated via theta structures after they have
been released from the center of the network into the kinetoflagellar zone. After replication,
they are reattached to the kDNA disk at the antipodal sites. Maxicircles in contrast are
replicated while remaining attached to the kDNA disk.
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3. Results

A B Protein transport, folding,
kDNA replication factors processing and degradation
0% (0 out of 33) 0% (0 out of 82)
3 31
ER . : _
g
o 24 24
g |
14 1
0 . 0
2
Cc * FeS cluster synthesis D -Lipid metabolism
7% (1 out of 15) 0% (0 out of 42)
34 3
ER . : _
g
Q24 2-
8
14 1
0 T 0
2
E « Core metabolic pathways

(carbohydrate & aa metabolism)
0% (0 out of 54)

Cofactor & vitamin metabolism F Metabolite and ion transport

4- 0% (0 out of 18) 4- 6% (2 out of 35)

34 34
3 . . . .
g
Q;_’ 2+ 2+
g |
R 14

0 . 0

2
Mean log, norm. ratio (induced/uninduced) Mean log, norm. ratio (induced/uninduced)

S2 Fig. TboPam18 RNAi does not affect protein subgroups exclusively consisting of

nucleus-encoded proteins.

Mitochondria-enriched fractions of uninduced and 4 days induced TbPam18 RNAI cells
were analyzed by SILAC-based quantitative mass spectrometry (same data set asin Fig

1B). (A-F) The indicated subgroups of mitochondrial proteins are highlighted in the indicated
colors. The number of all more than 1.5-fold depleted proteins and the total number of all
detected proteins for each subgroup are indicated in parentheses at the top of each panel.

Numerical data for panel (A) to (F) are available in S1 Table.
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S3 Fig. TboPam16 RNAi does not affect protein subgroups exclusively consisting of
nucleus-encoded proteins.

Mitochondria-enriched fractions of uninduced and 4 days induced TbPam16 RNAI cells
were analyzed by SILAC-based quantitative mass spectrometry (same data set as in Fig

1B). (A-F) The indicated subgroups of mitochondrial proteins are highlighted in the indicated
colors. The number of all more than 1.5-fold depleted proteins and the total number of all
detected proteins for each subgroup are indicated in parentheses at the top of each panel.
Numerical data for panel (A) and (F) are available in S1 Data.
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3. Results

Conditional dKO of TbTim54
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S$4 Fig. TbTim54 is not required to maintain kDNA integrity.

(A) Growth curve of a TbTim54 conditional double knockout (cond. dKO) cell line. While both
TbTim54 alleles are knocked out in uninduced (-Tet) as well as induced (+Tet) cells, TbTim54-
HA is only ectopically expressed when tetracycline is present. Inset: Verification of single
knockout (sKO) and dKO by PCR using a primer pair to amplify the TbTim54 ORF
(approximately 2.0 kilobases (kb)), the hygromycin (hygro, approximately 1.5 kb), or the
neomycin (neo, approximately 1.3 kb) resistance cassettes at the same time. Hygro was
used to replace the first and neo was used to replace the second allele. (B) Left: DAPI-
stained TbTim54 cond. dKO cell line grown in the presence of tetracycline (+Tet) and 3 or 6
days after the removal of tetracycline from the medium (-Tet). Right: Quantification of kDNA
areas in 69 to 90 DAPI-stained cells. The red line indicates the mean of the kDNA areas for
each time point. The mean of the control cells (+Tet) was set to 100%. n.s.: not significant

(P value >0.05) as calculated by an unpaired two-tailed t test. Numerical data for panel (A)
and (B) are available in S1 Data.
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S5 Fig. Changes in mini- and maxicircle levels can be detected by quantitative PCR.

Upper panels: A quantitative PCR-based (QPCR) method was used to detect changes in
steady-state levels of total mini- and maxicircles. Total DNA was extracted from uninduced
and 2 to 5 days induced TbPam18 and TbPam16 RNAi cell lines. This DNA was used as the
template in PCRs amplifying specific mini- and maxicircle regions or the intergenic region of
tubulin. PCR products were analyzed on agarose gels. Lower panels: Densitometric
quantification of mini- and maxicircle abundance as detected by gPCR. The ratio of the
mini- or maxicircle band intensity and the respective control (tubulin band intensity) was
normalized (norm.) to the ratios of uninduced cells. Blue (maxicircles) and red (minicircles)
bars represent the mean of 3 independent biological replicates. n.s.: not significant,

**: Pvalue <0.05, ***: Pvalue <0.005, ****: P value <0.0001, as calculated by an unpaired
two-tailed t test. Numerical data are available in S1 Data.
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S6 Fig. Functional analysis of tagged TbPam18 and subcellular localization of TboPam16
variants.

(A) Growth curve of uninduced (-Tet) and induced (+Tet) cells expressing RNAi-resistant
(RNAi-res.) TbPam18-HA (left) or myc-TbPam18 (right) in the background of RNAIi against the
wild type (wt) ToPam18 (TbPam18-HA and myc-TbPam18 exclusive expressors). Insets, top:
Immunoblot analysis of whole cell extracts of uninduced (-) and 2 days induced (+) cells,
probed for RNAi-res. TboPam18-HA or myc-TbPam18 and EF1a as loading control. Insets,
bottom: RT-PCR products of the wt TbPam18 mRNA in uninduced (-) or 2 days induced (+)
cells. Tubulin mRNA serves as loading control. (B) Upper panels: Immunoblot analysis of
total cells (T), digitonin-extracted, mitochondria-enriched (M), and soluble cytosolic (C)
fractions of TbPam16-HA, AN-TbPam16-HA, and myc-TbhPam16 exclusive expressor cell
lines. Blots were probed with anti-HA antibodies and antisera against ATOM40 and EF1a,
which serve as mitochondrial and cytosolic markers, respectively. Lower panels: digitonin-
extracted, crude mitochondrial fractions (M) were subjected to an alkaline carbonate
extraction resulting in a pellet enriched in integral membrane proteins (P) and a soluble
supernatant fraction (S). Immunoblots were probed with anti-HA and antisera against
ATOMA40 and cytochrome C (Cyt C), which serve as marker for integral membrane and
soluble proteins, respectively. Allimmunoblots derive from the same gel. (C) Quantification
of the expression levels in total cells, lanes Tin (B), of TboPam16-HA and AN-TbPam16-HA
normalized to ATOM40. Numerical data for panel (A) and (C) are available in S1 Data.
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S7 Fig. Multiple sequence alighments of Pam18 homologues and subcellular
localization of TbPam18 variants.

(A) Sequence alignment of N-terminal regions of Pam18 homologues of 13 representative
eukaryotes. (B) Sequence alignment of N-terminal regions of Pam18 homologues of 9
representative trypanosomatids. In (A) and (B) Histidine-Proline-Aspartate (HPD) motifs are
highlighted in red and Histidine-Serine-Aspartate (HSD) motifs in green. (C) Upper panels:
Immunoblot analysis of total cells (T), digitonin-extracted mitochondria-enriched (M), and
soluble cytosolic (C) fractions of cell lines expressing N-terminally myc-tagged TbPam18 or
Tb/ScTbPam18. Blots were probed with anti-myc antibodies and antisera against ATOM40
and EF1a, which serve as mitochondrial and cytosolic markers, respectively. Lower panels:
digitonin-extracted crude mitochondrial fractions (M) were subjected to an alkaline
carbonate extraction resulting in a pellet enriched in integral membrane proteins (P) and a
soluble supernatant fraction (S). Immunoblots were probed with anti-myc and antisera
against ATOM40 and Cyt C, which serve as makers for integral membrane and soluble
proteins, respectively.
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S9 Fig. Effect of MaRF11/Tb927.11.435 RNAIi on the mitochondrial proteome.

Mitochondria-enriched fractions of uninduced and 4 days induced MaRF11 RNAi cells were
analyzed by SILAC-based quantitative mass spectrometry. The data set was filtered for
mitochondrial proteins and the mean log, of normalized ratios (induced/uninduced) was
plotted against the corresponding negative log:o of adjusted P value (limma test).
Highlighted are mitochondrial ribosomal proteins (MRPs, red) and components of the
oxidative phosphorylation pathway (OXPHOS, green) as well as TbPam16 (pink). The
horizontal dotted line in each volcano plot marks an adjusted P value of 0.05. The vertical
dotted lines indicate a fold-change in protein abundance of +1.5. The percentages of all
detected MRPs or OXPHQOS proteins that are depleted more than 1.5-fold is indicated at the
top of each panel. The number of all more than 1.5-fold depleted MRPs or OXPHOS proteins
and the total number of all detected MRPs or OXPHOS proteins is shown in parentheses.
MaRF11/Tb927.11.435 was not detected. Numerical data are available in S3 Table.
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3.3 Pam16 and Pam18 were repurposed during Trypanosoma brucei evolution to regulate
the replication of mitochondrial DNA
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$10 Fig. MaRF11/Tb927.11.435 RNAIi does not affect protein subgroups exclusively
consisting of nucleus-encoded proteins.

Mitochondria-enriched fractions of uninduced and 4 days induced MaRF11 RNAI cells were
analyzed by SILAC-based quantitative mass spectrometry (same data set as in S9 Fig). (A-
F) The indicated subgroups of mitochondrial proteins are highlighted in the indicated colors.
The number of all more than 1.5-fold depleted proteins and the total number of all detected
proteins for each subgroup are indicated in parentheses at the top of each panel. Numerical
data for panel are available in S3 Table.
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S$11 Fig. Correlation analysis of TbPam18, TbPam16, MaRF11/Tb927.11.435, and
TbTim17 SILAC RNAi data sets.

The mitochondrial proteins detected in the data sets of the indicated SILAC RNAi analyses
were quantitatively compared in a pairs diagram created with R (version 4.2.1). The log,-
normalized foldchanges of all detected mitochondrial proteins of 1 SILAC experiment were
compared to each of the other experiments in individual scatter graphs. Yellow clouds
indicate the range in which 50% (inner cloud) and 90% (outer cloud) of the data points are
located. The correlation between the data sets was calculated using the Spearman’s rank
correlation algorithm and is indicated as rs. N indicates the total number of proteins that
could be compared between 2 data sets. The 4 panels along the diagonal axis contain
histograms combined with density graphs displaying the overall data point distribution in
each experiment. As all 4 data sets have a left-skewed distribution, the Spearman’s rank
correlation was used as the statistical measure. Numerical data are available

in S1 and S3 Tables.
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3.3 Pam16 and Pam18 were repurposed during Trypanosoma brucei evolution to regulate
the replication of mitochondrial DNA

RNAi-res. ThPam18

ATG GCA GCT CCG CTT GCG GCA TTG GTG CTG CTT GGA GGA GCA TAT TAT ATT TTC AGG TTG GCA CCA CGT ATT ACA CAA CGC GTG TCT ATG
GCT CAG GGT CTT ACA TGT GCT GCT AAT CGT CAA CTT CGT CCA TAC CGT CGT TAC GAA GGT GGA TTT GAA AAG TCA ATG ACA AAG CGA GAA
GCTCTT CTT CTT CTG GGT TTT ACA GAG GAC GTG GCA TCA GGA GGT TTT CTG TCA CTG CCG TCT GAC GAA GAG ATA AAG ACG CGT TAT TAC
GGA TTG ATG AAA CAG CTT CAC TCA GAC GTT GAT GGT AGC CCA TAC ATT GCT GCA AAG TTG AAC GAG GCT CGT GAC ATA CTT GGT AAA AAA
TAA

RNAi-res. AN-TbPam18

ATG TTC CGC TGT GTC GTC CGT TTT GGT GCC AAA GAC ATC CGT TTT GTG TCT ATG GCT CAG GGT CTT ACA TGT GCT GCT AAT CGT CAACTT
CGT CCA TAC CGT CGT TAC GAA GGT GGA TTT GAA AAG TCA ATG ACA AAG CGA GAA GCT CTT CTT CTT CTG GGT TTT ACA GAG GAC GTG GCA
TCA GGA GGT TTT CTG TCA CTG CCG TCT GAC GAA GAG ATA AAG ACG CGT TAT TAC GGA TTG ATG AAA CAG CTT CAC TCA GAC GTT GAT GGT
AGC CCA TAC ATT GCT GCA AAG TTG AAC GAG GCT CGT GAC ATA CTT GGT AAA AAA TAA

RNAi-res. Th/ScPam18

ATG GCA GCT CCG CTT GCG GCA TTG GTG CTG CTT GGA GGA GCA TAT TAT ATT TTC AGG TTG GCA CCA CGT ATT ACA CAA CGC GTG TCT ATG
GCT CAG GGT CTT ACA TGT GCT GCT AAT CGT CAACTT CGT CCATACCGT TTCTTG AAA GGC GGA TTT GAC CCG AAA ATG AAT TCT AAA GAG
GCT CTA CAG ATT TTG AAT TTG ACA GAA AAT ACATTG ACT AAA AAA AAG TTG AAA GAG GTT CAT AGG AAA ATT ATG TTA GCT AAT CAT CCT
GAC AAA GGT GGT TCT CCA TTT TTGGCC ACT AAG ATA AAC GAA GCT AAG GACTTT TTG GAA AAA AGG GGT ATT AGC AAA TAA

RNAi-res. ThPam18-598P

ATG GCA GCT CCG CTT GCG GCA TTG GTG CTG CTT GGA GGA GCA TAT TAT ATT TTC AGG TTG GCA CCA CGT ATT ACA CAA CGC GTG TCT ATG
GCT CAG GGT CTT ACA TGT GCT GCT AAT CGT CAA CTT CGT CCA TAC CGT CGT TAC GAA GGT GGA TTT GAA AAG TCA ATG ACA AAG CGA GAA
GCTCTTCTT CTT CTG GGT TTT ACA GAG GAC GTG GCA TCA GGA GGT TTT CTG TCA CTG CCG TCT GAC GAA GAG ATA AAG ACG CGT TAT TAC
GGA TTG ATG AAA CAG CTT TAC TCA GAC GTT GAT GGT AGC CCA TAC ATT GCT GCA AAG TTG AAC GAG GCT CGT GAC ATA CTT GGT AAA AAA
TAA

RNAi-res. TbPam16

ATG CGT CGT ATT ATG TCA CCA CGC GTT ATG TGC GAG GTA AAATTT GGT AGC CGT CCA GCT CCA CTG GCC TGC AGC CGT ATG TTCTTT ATT
CCA CCA CAG CTG GCG AAATTG ATT GTG ACA TCT GGA TTA CTG ATA GTG AAA GCA TTC CTG GTG GCT CAC CAA CAG GAA GCT AAA AGATTG
CGT GAA GAA GAA GAA AAA GAA GGT CAC TCT GCT ACA AAC GCA CAG GTT GGT ACG GGA AGC GCA GCT CTG ATG ACG TCA TCA GAG GCT
TTG CAA ATT CTG GGT CTG CAG CCA AAC ATG TCA GTG CCG TTG ACG GCT GAA TCA GAC CGG CAA CTG GCT GCA GTT CGATTT GAA CACTTG
TTT GCC ATC GCG ACG CGA TGT AAG AAC GTG TTC CTG CAA GGG AAG TTG AGT GGT GCA TACCGT GTT TGC GTG GAT CCA GAA TGG GACTTG
AAA GAC GAG GTT AAG GAT AGT CAC GGA AAC TCA AGG GGT AAC GAT GCA ATG TGG TAA

RNAi-res. AN-TbPam16

ATG TTC CGC TGT GTC GTC CGT TTT GGT GCC AAA GAC ATC CGT TTT CAC CAA CAG GAA GCT AAA AGA TTG CGT GAA GAA GAA GAA AAA
GAA GGT CAC TCT GCT ACA AAC GCA CAG GTT GGT ACG GGA AGC GCA GCT CTG ATG ACG TCA TCA GAG GCT TTG CAA ATT CTG GGT CTG CAG
CCA AAC ATG TCA GTG CCG TTG ACG GCT GAA TCA GAC CGG CAA CTG GCT GCA GTT CGATTT GAA CACTTG TTT GCC ATC GCG ACG CGA TGT
AAG AAC GTG TTC CTG CAA GGG AAG TTG AGT GGT GCA TACCGT GTT TGC GTG GAT CCA GAA TGG GAC TTG AAA GAC GAG GTT AAG GAT
AGT CAC GGA AAC TCA AGG GGT AAC GAT GCA ATG TGG TAA

S$12 Fig. Synthetic TbPam18 and TbPam16 genes.

RNAi-resistant (RNAi-res.) TbPam18 and TbPam16 DNA sequences in black with changed
nucleotides highlighted in red. In the AN-TbPam18 and AN-TbPam16 constructs, the first 81
and 156 nucleotides, respectively, were replaced by the first 45 nucleotides of TomHsp60,
which encode the mitochondrial targeting sequence of the protein (green). To generate the
Tb/ScPam18 fusion protein, the first 295 nucleotides of RNAi-res. ToPam18 were fused to
the last 213 nucleotides of yeast (Sc) Pam18 (blue). To generate RNAi-res. TbPam18-S98P,
the cytosine at position 292 of the nucleotide sequence was exchanged against a thymine
(highlighted in yellow).
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4. Discussion

4. Discussion
Eukaryotes arose from an ancient Asgard Archaeon which acquired an alphaproteobacterial
endosymbiont, giving rise to the mitochondrion, the first endosymbiosis-derived organelle.
Following the emergence of eukaryotes, several endosymbiotic events occurred, during which
some eukaryotic lineages acquired additional organelles that enabled phototrophic (plastids)
and, more recently, diazotrophic (nitroplast and diazoplast) metabolism. A defining feature of
nearly all endosymbiosis-derived organelles is that they contain a genome. These genomes are
highly reduced due to the loss of redundant genes, but also due to gene transfers from the
organellar genome to the nucleus. Insights from the relatively young chromatophore, nitroplast,
and diazoplast confirm that the targeting of “host” cell proteins to the organelle enables large
parts of the organellar genome to be lost in a short period of time [120, 129, 133]. However,
organellar genome reduction stagnates in most cases resulting in the retention of small sets of
genes encoded in organellar genomes. A key factor in the retention of protein-coding genes in
the organellar genome is the hydrophobicity of the gene product. Highly hydrophobic
membrane proteins, in particular, are among the most often retained genes in organellar
genomes and even in the gene-rich genomes of the nitroplast and diazoplast, the organellar
genome-encoded proteome exhibits an increased hydrophobicity [162]. Organellar DNA is
typically compacted into nucleoids by DNA-binding proteins. These nucleoids are loosely
defined DNA-protein particles which exhibit significant variability, even within individual
organelles [171]. This Thesis focused on mitochondrial nucleoids and their inheritance which
have mainly been studied in species of the Opisthokonta that are classified in the eukaryotic
supergroup Amorphea [144]. These organisms typically have many mitochondria per cell which
undergo frequent fission and fusion events. Each mitochondrion contains one or a few
nucleoids which are associated with the IM. Recent research has demonstrated that these
nucleoids are actively transported by physical connections to actin filaments and microtubules
[167, 186]. In addition to Amorphea, mitochondrial biogenesis has also been investigated in a
few land plant species which belong to the Archaeplastida supergroup. In land plants,
mitochondria are trafficked along actin filaments, and nucleoids may also be associated with
the IM [166, 206]. However, the frequent observation of mitochondria without detectable DNA,
as well as extensive mitochondrial fusion events during land plant germination, suggest
significant differences in nucleoid inheritance between the Archaeplastida and the Amorphea
[201, 203]. A third eukaryotic supergroup in which mitochondrial genome inheritance has been
studied in detail are the Discoba [144]. In particular, the mitochondrial genome inheritance

systems of the Trypanosomatidae are well understood. The Trypanosomatidae, including T.
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brucei studied here, are single-celled obligate parasites that contain a single mitochondrion.
Their mitochondrial genome organization is highly complex consisting of two classes of circular
DNA molecules that are concatenated into a single network containing thousands of DNA
molecules. The replication and segregation of this network, known as the kinetoplast, is
coupled to the cell cycle [178]. As is assumed for nucleoids in Amorphea and Archaeplastida,
the kinetoplast is physically linked to the IM and its segregation is controlled by
extramitochondrial structures. Specifically, the kinetoplast is connected to the basal and
probasal body of the flagellum via a protein structure known as the TAC [384]. The TAC consists
of nine core subunits and possibly some TAC-associated factors [369, 370, 391]. However, none
of these subunits are orthologs of proteins involved in nucleoid segregation or trafficking in
Amorphea or Archaeplastida, which suggests that analogous nucleoid segregation systems

have evolved independently multiple times during eukaryotic radiation.

The evolutionary origin of the TAC is unknown. The B-barrel structure of the OM subunits TAC40
and TAC42 suggest that at least these two proteins are of bacterial origin. However, the current
lack of annotated genomes or sequencing data for kinetoplastids outside the
Trypanosomatidae lineage does not allow the reconstruction of the evolutionary history of any
TAC subunit. The only reasonably annotated genome of a Kinetoplastida species with a
kinetoplast type other than the eukinetoplast is Bodo saltans [421]. B. saltans has a
prokinetoplast that localizes close to the basal body, but it is not known whether the two
structures are physically connected (see chapter 1.5.2.2). The draft genome of B. saltans
contains high-confidence orthologs of TAC40, TAC60 and TAC65, but not of any other core TAC
subunit. However, it cannot be excluded that this is due to poor sequencing quality.
Interestingly, the TAC60 ortholog has only a single a-helical transmembrane domain that is
predicted with low confidence, but it does contain the conserved p166-interaction domain,
suggesting that an ortholog of p166 should exist. Having more annotated genomes of
Kinetoplastida species with pro-, pan-, mega-, or polykinetoplasts would greatly help to study
how the kDNA is segregated in other lineages and would allow to trace back the evolutionary
origins of TAC subunits. Notably, in species with polykinetoplasts, a connection to the basal
body would not be expected but rather multiple links to other cytoskeletal structures, as
observed in several species of the Opisthokonta, might be possible. Nevertheless, TAC proteins
are well conserved within the Trypanosomatidae, with orthologs of core TAC subunits found in
most species. This suggests that the classical TAC, as seenin T. brucei, originates from the

common ancestor of the Trypanosomatidae or an earlier organism.
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4. Discussion

The TAC of T. brucei has been extensively studied over the past two decades and it is believed
that all of its core subunits have been identified [391]. The direct interaction partners of most
TAC subunits are known and, with some exceptions in the OM TAC module, the continuous
connection of the basal body to the kinetochore-like structure at the kDNA can be precisely
mapped (Figure 18). In this Thesis, we identified the molecular details of the TAC60-p166
interaction which links the OM and IM within the TAC (chapter 3.1) and we investigated the

assembly pathway of the OM TAC module (chapter 3.2).

The TAC is a permanent and highly stable protein complex that is insoluble by non-ionic
detergents such as digitonin and Triton X-100. However, the molecular interactions responsible
for this stability remained unknown. Surprisingly, despite the fact that the interaction domains
of TAC60 and p166 contain conserved residues with side chains carrying opposite charges, we
found that the TAC60-p166 interaction has a hydrophobic interface. —Hydrophobic interactions
between molecules in aqueous solvent form readily because of a phenomenon known as the
hydrophobic effect [422]. When hydrophobic molecules are exposed to aqueous solvents, they
cause a significant solvent entropy loss due to the ordering of water molecules at the interface.
Consequently, interphases between hydrophobic molecules in aqueous environments result in
a significant solvent entropy gain making such interactions highly stable. Apart from this,
hydrophobic molecule interphases may have a higher degree of freedom than interphases
formed by stable molecular orbital contacts, which may allow more flexible molecule
interphases. Hence, the presence of a hydrophobic interface at the core of the TAC60-p166
interaction, though unexpected, sheds light on how TAC stability and flexibility can be achieved.
In our study, we also identified that within the expected p166-TAC102 interaction domain (p166
residues 71-210 [403]), the only conserved residues also have mostly hydrophobic side chains.
Although highly speculative, this suggests a similar mode of interaction between p166 and
TAC102. Indeed, hydrophobic interfaces are also expected between all OM TAC module
subunits, and AlphaFold-generated structure models suggest that TAC65 may be partially OM-
embedded through hydrophobic interactions with pATOMS36. Therefore, it is tempting to
speculate that the TAC may achieve the stability required to withstand the pulling forces at play
during basal body movement and kinetoplast segregation through such hydrophobic protein

interphases.

The TAC is probably cylindrical or cone-shaped [391]. Assembly occurs de novo and starts with
p197 at the probasal body [388]. However, the OM TAC module has shown inconsistencies with
a strict step-by-step assembly model. As presented in Chapter 3.2, our results demonstrated

that the OM TAC module assembles from two classes of assembly intermediates. One of these
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classes contains three assembly intermediates: one TAC40 oligomer and two assembly
intermediates containing TAC40, TAC42, and TAC60. The second class contains an assembly
intermediate comprising pATOM36 and TAC65. Notably, we demonstrated that the previously
recognised essential N-terminal domain of TAC60 is required for assembly of the OM TAC
module from the two classes of assembly intermediates. Our results are important as they
address a knowledge gap observed in a previous study of the TAC assembly pattern of TAC65,
which found that despite the direct interaction between p197 and TACG65, the latter depends on
OM TAC module subunits for assembly [388]. Recognizing TAC6E5 as part of an assembly
intermediate with pATOMS36 alongside the TAC40/TAC42/TAC60 intermediates confirms these
findings and provides an explanation for this assembly pattern of TAC65. To date, neither the
molecular structures of the entire TAC nor of any of the subunits have been solved.
Consequently, we can only speculate about the number of individual subunits and their relative
stoichiometry. However, we have predicted the molecular structures of the characterized
subcomplexes using AlphaFold. Strikingly, these predictions suggested that the VDAC-like
TAC40 assembles into hexa- to octameric subcomplexes. This prediction was confirmed by in
vivo experiments showing that TAC40 molecules interact with each other in a discrete high
molecular weight complex. These findings are additionally in line with studies which showed
that the structurally related human VDAC can also form oligomers [423, 424]. The protein
complex structure predictions of the TAC40/TAC42/TAC60 and pATOM36/TAC65 subcomplexes
produced plausible models. The predictions imply a higher copy number of TAC40 than of
TACA42, which is consistent with previous findings [425]. However, besides this, there is little
experimental data that could be used to evaluate these predictions. Nevertheless, the
identification of the assembly intermediates, and especially the high confidence prediction of

hexa-to octameric TAC40 complexes, provide a starting point for further experimental analysis.

The replication of the mitochondrial genome in T. brucei, beyond TAC-mediated segregation,
has been intensively studied [178]. Nevertheless, many questions remain unanswered.
Important aspects are the mechanisms that regulate kDNA replication and coordinate it with
the cell cycle. In Chapter 3.3 we presented data on three newly characterized proteins involved
in maxicircle level regulation. Interestingly, two of these factors, TbPam16 and TbPam18, are
orthologs of PAM subunits that are required for mitochondrial protein import in other eukaryotic
lineages (see chapter 1.5.1.1). However, our results show that in T. brucei these two proteins are
not involved in mitochondrial protein import. Instead, they are required, together with the newly
identified MaRF11, for maxicircle replication in procyclic T. brucei. TbPam16 and TbPam18 are

IM proteins and this localization is essential for their function, hence, they could potentially
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4. Discussion

transmit a postulated but as yet unknown extramitochondrial signal that regulates the
maxicircle replication. Furthermore, the observation that none of the three proteins regulate

maxicircle replication in the bloodstream form parasites remains unexplained.

Altogether, this Thesis explored endosymbiosis-derived organelles of eukaryotes, emphasizing
the maintenance and inheritance of organellar genomes. Particular focus was given to the
mitochondrial membrane-spanning TAC, which passively segregates the mitochondrial genome
in trypanosomatids. Our results revealed that the OM-IM connection within the TAC is formed by
hydrophobic protein interfaces. Additionally, we have characterized two classes of
subcomplexes forming the OM TAC module, providing insights into its assembly pathways. At a
time of rapid progress in cryo-electron microscopy, it will be interesting to see what further
insights the TAC has yet to reveal. Finally, the identification of a putatively IM-bound system
required for maxicircle replication in procyclic T. brucei provided insights into how the

mitochondrial genome replication of this organism may be regulated.
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