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Proteins by Isotope Tagging (LOPIT) and analyse the origin of mtFfh and mtFtsY.
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1. Introduction

1.1. The mitochondrion

The mitochondrion is an indispensable organelle of eukaryotes. It was originally
acquired by the endosymbiosis of a relative of extant a-proteobacteria (Margulis, 1970). Until
very recently the presence of mitochondria and related organelles in every studied eukaryote
supported the view that mitochondria are essential cellular components, although at least one
small group of eukaryotes represented by the protist Monocercomonoides sp. is based on
available evidence considered as secondarily amitochondrial (Karnkowska et al., 2016). While
most mitochondria contain their own genome, some eukaryotes possess (highly) reduced forms
of DNA-lacking mitochondria (Allen, 2015). Although there are numerous exceptions and also
significant variation across eukaryotic lineages, the core components of the oxidative
phosphorylation pathway constitute the majority of mitochondrial-encoded proteins (Embley
and Martin, 2006).

Phylogenomic analyses have shown that the ‘host’ lineage of eukaryotes is most closely
related to a newly discovered group of Archaea, known as the Asgards (Spang et al., 2015;
Zaremba-Niedzwiedzka et al. 2017). Molecular biology and genomic investigations of diverse
protistan and multicellular lineages have further revealed that all known extant eukaryotes
descend from a mitochondrion-containing ancestor (the last eukaryote common ancestor —
LECA) that counterintuitively already had most of the cellular and genetic features of modern
eukaryotes (Fig. 1) (Embley and Martin, 2006; Roger, 1999).

The timing of the mitochondrial endosymbiosis remains uncertain but postdates the first
eukaryote common ancestor (FECA) and predates LECA. Although the complexity of the
eukaryotic genome and proteome gradually increased during eukaryogenesis, the mitochondrial
endosymbiont’s genome was progressively reduced. This was likely caused by gradual
incorporation of the host proteins as well as those acquired by horizontal gene transfer into the

organelle (Roger et al., 2017).
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Figure 1: The origin and evolution of mitochondria and eukaryotes (Roger et al., 2017).

The mitochondrion is encircled by two membranes (the outer and inner membranes)
which define the intermembrane space and matrix (Mannella, 1992). The inner membrane is
impervious for most of the molecules and ions that must be actively transported into and out of
the mitochondrion by different transporters. (Scheffler, 2007). The mitochondrion is a
powerhouse of the cell, producing energy source for the key cellular processes: Oxidative
phosphorylation (OXPHOS), the tricarboxylic acid cycle (TCA, also known as the Krebs

cycle), p-oxidation, and synthesis of iron sulfur clusters.

OXPHOS pathway is present, in a very similar organization, in mitochondria from very
distant eukaryotes. Moreover, the origin of the core protein components of the OXPHOS
pathway can be traced back to the a-proteobacterial ancestor of mitochondria (Kurland and
Anderson, 2000; Gabaldon and Huynen, 2003). OXPHOS is completely dependent on electron
transport complexes (ETC) I, Il and IV (Fig. 2) as they pump protons across the inner
membrane into the intermembrane space against the proton gradient. The difference in charge
on both sides of the membrane results in formation of the mitochondrial membrane potential
(MMP). The MMP is used for protein import and together with the pH difference on both sides
of the membrane generates proton motive force. As a result of these differences, protons move
in favor of their concentration gradient providing the force to push protons through the FoF1
ATP synthase. This enzyme harnesses the proton motive force to drive the OXPHOS to
generate ATP (Mitchell, 1961).
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Figure 2: Complexes involved in oxidative phosphorylation in mitochondria (adapted from
Davies and Daum, 2013).

The first and the largest from the ETC complexes that pumps protons across the inner
mitochondrial membrane is complex | (NADH: ubiginone oxidoreductase or NADH
dehydrogenase, EC 7.1.1.2) (Morgan and Sazanov, 2008). Complex | binds reduced
nicotinamide adenine dinucleotide (NADH) at flavin mononucleotide site and NADH gets
oxidized to NAD. Then, the electrons from NADH are passed between seven iron-sulfur (Fe-
S) clusters, and transferred to ubiquinone (Q), which is reduced to ubiquinol (QH2). This
electron translocation is linked to the transport of protons from matrix to the intermembrane
space. Subsequently, the reduced QH2 migrates through the inner mitochondrial membrane to
complex Il of ETC (Koolman and Roehm, 2005).

Complex 1I, also called succinate dehydrogenase (SDH or succinate-ubiquinone
reductase, EC 1.3.5.1) (Lancaster, 2002; Koolman and Roehm, 2005) is an important enzymatic
complex in both the Krebs cycle and the aerobic respiratory chains of mitochondria and
prokaryotes (Hederstedt, 2003). In aerobic energy metabolism, electrons coming from succinate
generated in the Krebs cycle are transferred to ubiquinone through complex Il. Complex Il
catalysed the oxidation of succinate to fumarate and transfers its reducing equivalent to Q, an
is also responsible for the reduction of fumarate. Fumarate serves as the terminal electron
acceptor and electrons are transferred in the reverse direction (Tielens et al., 2002; Lancaster,
2002).
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Complex 111, i.e. ubiquinol-cytochrome ¢ oxidoreductase or cytochrome c reductase (EC
7.1.1.8.) (Koolman and Roehm, 2005) is a homodimer that transfers electrons from ubiquinol
to cytochrome c, so its oxidase QH2 back to Q. Each monomer, of this complex contains
11 subunits: 3 respiratory subunits, 2 core proteins and 6 low-molecular weight proteins. Three
main, functionally important catalytic subunits with active redox centres are cytochrome b,
cytochrome c 1, and the “Rieske” (2Fe-2S) protein (Iwata et al., 1998; Brzezinski et al., 2021,
Zhang et al., 2011). The electrons obtained by the oxidation are passed onto cytochrome c.
The reduced cytochrome ¢ becomes separated from complex 1ll and proceeds through the
intermembrane space to complex 1V. This redox reaction is coupled to the pumping four H* to

the intermembrane space (Cramer et al., 2011).

Complex 1V, also known as cytochrome ¢ oxidase (EC 1.9.3.1) (Koolman and Roehm,
2005), is a member of the heme-copper oxidase family. This complex transfers electrons from
cyt ¢ to molecular oxygen, reducing it to water and meanwhile pumps two protons from the
matrix side to the intermembrane space (Maldonado et al., 2021). The mammalian complex IV
consists of 14 subunits and exists in two different states (assembled into supercomplexes or
dispersed on mitochondrial inner membrane) (Zong et al, 2018). Variable number of accessory
subunits, depending on the organism. The complex 1V is composed of three conserved subunits
(COX1, COX2, COX3) (Maldonado et al., 2021).

The proton gradient, which was created by ETC complexes I, 1l and 1V is harvested for
the generation of ATP. This universal cellular currency is produced in mitochondria mainly by
FoF1 ATP synthase. Generally, the FoF1 ATP synthase is called complex V of the ETC. ATP is
being formed from ADP and inorganic phosphate (Pi) during the process of OXPHOS (Walker,
2013). In this process, ATP synthase operate in the forward mode and utilize the proton motive
force to produce ATP. Meanwhile, in the reverse mode, they act as ATP-consuming proton
pumps contributing to the generation of electrochemical membrane potential (Cotter and Hill,
2003). ATP synthase consist of two major functional domain: the matrix-facing F1 and the
membrane-embedded Fo. The F1 domain (F1-ATPase), is consists of a heterohexamer of o and
B subunits and a central stalk (subunits vy, 8, and €) ant its responsible for the phosphorylation.
The Fo domain contains a motor, which generates rotation using the
potential energy (Kuhlbrandt, 2019; Walker, 2013). Mitochondrial ATP synthases occur in
dimers (Dudkina et al., 2005), this structure induces curvature of the inner mitochondrial

membrane and governs cristae formation (Arnold et al., 1998; Davies et al., 2012).
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1.1.2. FtsZ and bacterial cell division

A division of prokaryotic organisms is based on the Z-ring formation made up of
the FtsZ protein and located in the inner site of the bacterial membrane (Margolin, 2005).
Bacterial septation is a complex process, and dozens of essential and accessory proteins
participate to assemble the division machinery, the so-called divisome complex. Most bacterial
cells divide by binary fission, which is the splitting of a cell into two (roughly) equal progeny
cells.

FtsZ is the key cytoskeletal protein in the bacterial cytokinesis machine. It forms the Z-
ring under the membrane at the centre of the cell, and this Z-ring constricts to initiate cell
division. In addition to FtsZ, about a dozen accessory proteins are essential for this critical
mechanism in E. coli (reviewed by Dajkovic and Lutkenhaus, 2006). FtsZ is highly conserved
across almost all bacterial and archaeal species (Bi and Lutkenhaus, 1991). An important clue
regarding the role of FtsZ came from the comparison of its predicted amino acid sequence
witheukaryotic tubulins, which show limited but significant homology (de Boer et al., 1992;
Lutkenhaus, 1993). This homology lies in regions that are conserved in each of the two protein
families, most strikingly a glycine-rich loop having the sequence GGGTGTG in FtsZ versus
GGGTGSG in tubulins. Based on these similarities a model has been proposed for the structure
of the region around the GTP-binding motif (de Pereda, 1996). Its function lies
in the polymerization on the inside of the cytoplasmic membrane in the central part of the cell,
at the site of the future septum, where it forms an annular body (Bi and Lutkenhaus 1991).
In vitro, FtsZ assembles into short, one-stranded protofilaments, averaging 30 subunits 125 nm
in length (Chen and Erickson, 2005). In the bacterial cell, these are further assembled into
along, thin filamentous structure attached to the inner bacterial membrane. Normally,
the filament forms a single Z-ring at the centre of the cell (Peters et al., 2007; Thanedar
and Margolin, 2004).

In order to properly divide one cell into two equivalent daughter cells, the FtsZ protein
has to polymerase only in the central part of the cell and not at the poles. An exception
is splitting during sporulation when polar polymerization is desirable (reviewed by Dajkovic
etal., 2008). Two additional proteins, FtsA and ZipA, are both essential for cell division
and work together to anchor the Z-ring to the cytoplasmic membrane, bind to the carboxy-
terminal tail of FtsZ. Moreover, they are required for the maturation of the Z-ring, including
recruitment of downstream cell division proteins. ZipA also promotes bundling of FtsZ

protofilaments in vitro (Herricks et al., 2014). Spatial limitation of the FtsZ polymerization
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in the middle of the cell is ensured by several Min proteins that prevent ring formation at the
cell poles, and through the so-called night system that limits the ring structure to segregated
daughter chromosomes. By combining the effects of these two systems, FtsZ polymerization
is confined to the centre of the cell. The functional unit in this system in E. coli is the MinC
protein, which interferes with the interaction of FtsZ proteins and prevents their polymerization
(Dajkovic et al., 2008).

1.1.3. Mitochondrial division

Almost all prokaryotes including cyanobacteria and a-proteobacteria divide by using
the multimeric GTPase protein FtsZ (Arimura and Tsutsumi, 2002), while plastids carry
homologs of the cyanobacterial-type FtsZ protein (TerBush et al., 2013). Moreover, some
members of amoebozoans (Gilson et al., 2003), stramenopiles (Beech et al., 2000), and the red
alga Cyanidioschyzon merolae (Takahara et al., 2000) encode mitochondrial FtsZ.
Interestingly, animals and fungi (opisthokonts) and plants examined to date lack this protein
(Bleazard et al., 1999). The plant Arabidopsis thaliana (Arimura and Tsutsumi, 2002),
the parabasalid Trichomonas vaginalis (Wexler-Cohen et al., 2014), Dictyostelium discoideum
(Wienke et al., 1999), and C. merolae (Nishida et al., 2003) has been found to contain
the dynamin-related protein (Dnm1p/Drpl), which participates in the mitochondrial division
in most eukaryotes (Leger et al., 2015). Mitochondrial fission and fusion processes in those
organisms are mediated by large guanosine triphosphatases (GTPases) in the dynamin family
that are conserved between yeast, flies, and mammals and their machineries are regulated
by proteolysis and posttranslational modifications (reviewed by Youle et al., 2012).

The first mitochondrial fission protein to be identified and studied in the yeast
Saccharomyces cerevisiae was Dnml. This cytosolic protein wraps around and constricts
the site of dividing mitochondria by its GTPase activity. It interacts with the adaptor protein
Mdvl and its paralog Caf4, which further interact with Fisl, a small mitochondrial outer
membrane protein (Bui and Shaw, 2013). Human and animal mitochondrial fissions also
are performed by Dnm1, homologous to Fisl and Drpl, the latter of which contains regions
homologous to the amino-terminal and carboxyl-terminal GTPase domains of dynamin (Scott
and Youle, 2010). In yeast, adaptors between Dnml and Fisl are present, orthologs
of Mdv1/Caf4, but they are rare or absent in other eukaryotes. Fis1 homologs have major roles

in the relocation of Drpl from the cytosol to the mitochondrial fission sites. This interesting
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protein forms a collar that progressively tightens around the mitochondrion, and this
constriction leads to severing of the outer mitochondrial membrane and fission into two
organelles (Oteraet al., 2010; Palmer et al., 2011; Zhao et al., 2011). In humans has been found
another protein, which is involved in the regulation of fission, Mitochondrial fission protein
(Mff). Like Fisl, Mff is anchored at the membrane by a C-terminal transmembrane domain
and loss of mitochondrial fission factor blocks mitochondrial fission (Scott and Youle, 2010;
Gandre-Babbe and van der Bliek, 2008).

Trypanosomes and related flagellates have only one identified mitochondrial fission
dynamin like protein (TbDLP) that has probably a role in endocytosis, cytokinesis,
and mitochondrial division, but nothing is known about the mechanism and/or regulation.
There are two paralogs in Trypanosoma brucei called TbDLP1 and TbDLP2. Overexpression
of TbDLPL1 is able to rescue endocytosis and growth defects in bloodstream form of the parasite,
while in the insect-dwelling procyclic form, both TbDLP proteins are indispensable (Benz et
al., 2017).

1.2. Trypanosoma brucei

1.2.1. General features of the model flagellate Trypanosoma brucei

T. brucei is a unicellular flagellated parasite discovered by Sir David Bruce in the blood
of a cow in 1894 (Joubert et al., 1993). Trypanosomes are monophyletic and it belongs to the
genus Trypanosoma, group Kinetoplastea and supergroup Euglenozoa (Fig. 3) (Lukes et al.,
1997; Lukes et al., 2014). Phylogenetic relationships in the group have been maped based
on glycosomal glyceraldehyde 3-phosphate dehydrogenase gene (Hamilton et al., 2004) and,
more importantly, on the nuclear small subunit (SSU, 18S) rRNA, that has been extensively
used to analyse the phylogenetic relationship inside this group (Lukes et al., 1997; Kostygov et
al., 2021; Simpson et al., 2002).
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Figure 3: Phylogenetic position of Kinetoplastea within the tree of life (Lukes et al., 2014).

T. brucei in the causative agent of lethal sleeping sickness of human and livestock,
which afflict the region of sub-Saharan Africa, with most affected people living in remote areas
without access to quality healthcare (Lukes et al., 2022). The most well-known diseases caused
by trypanosomatids are Human African Trypanosomiasis (HAT, also known as sleeping
sickness), Chagas disease, which affect people and a wide range of mammals mostly in central
and South America and leishmaniases, inflicting humans in most tropical countries (Kennedy,
2019).

T. brucei earned its place among model organisms by its amenability to genetic methods
and also its easy cultivation (Serricchio and Biitikofer, 2011). As a matter of fact, it is only
the second organism on which new method for inhibition of gene expression - RNA interference
was demonstrated (Ngo et al., 1998). This method of post-transcriptional gene regulation
is faster and easier than gene knock-outs and allows efficient functional analysis of especially
essential genes (Wang et al., 2000; Djikeng et al., 2001). Other breakthrough discoveries
concerning general biological processes associated with T. brucei are antigenic variation
(Cross, 1977), trans-splicing (Sutton and Boothroyd, 1984), glycosyl-phosphatidylinositol
anchoring (Ferguson et al., 1988) and RNA editing (Blum et al., 1990), and recently also
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include stabilization of messenger RNAs (Viegas et al., 2022). Indeed, all these processes were
initially discovered in T. brucei, and only later were also found in a range of eukaryotes
(Serricchio and Biitikofer, 2011).

1.2.2. Life cycle of T. brucei

T. brucei has a complex life cycle, which is caused by its dixenous nature. The
transmission of this parasite between mammalian hosts is mediated by an insect vector — tsetse
fly Glossina spp. (Fig. 4) (reviewed by Dyer et al., 2013; Fenn and Matthews, 2007). The
infected mammalian host is bitten by an insect, in the course of which the bloodstream stumpy
form of T. brucei is taken up into the midgut, where the short stumpy forms differentiate into
the proliferative procyclic trypomastigotes (PF). After establishing the midgut infection, the
parasite relocates through the peritrophic membrane to the proventriculus. Here starts
asymmetric division which generates two different cell type — the short and the long
epimastigotes. Short epimastigote form eventually migrates into the salivary glands, where it
attaches to the epithelium and starts new asymmetric cell division to generated the metacyclic
form, which is no longer attached to the epithelium and is preadapted to survive in the
mammalian host. Upon transmission, via blood feeding of the tsetse flies into a new host, the
metacyclic form transforms into the proliferative long slender bloodstream form (BF), which
replicates until the cells reach a certain density in this host (reviewed by Langousis and Hill,
2014).

17



Metacyclic trypomastigote

Salivary gland | \’-/\C\ [
Balhar dend] / S
E Long slender

0| |
E //Attached ; form

epimastigote

e 1
V[ O 1
Tsetse Fly ! m
\r%hort epimastigote
X '
Long epimastigote \a :
o Q '

Proventncull\ Short stumpy form
O// ; Bloodstream

/\ Procyclic trypomastigote

O

Figure 4: T. brucei life cycle (Langousis and Hill, 2014)

Although, T. brucei has several different life cycle stages, only two of them are easily
cultivable under laboratory conditions, namely PF and BF. Therefore, most of the knowledge
about this parasite is coming from these two life stages. Nonetheless, the information obtained

is more than striking and intriguing as the PF and BF are extraordinarily different.

In case of the PF from the insect vector, its mitochondrion exists as a single organelle
interlacing throughout the whole cell. The inner membrane is wrinkled into quite prominent
cristae. Due to the lack of glucose in the insect host, the parasite uses amino acids (L-proline

and L-threonine) as their principal carbon source (Smith et al., 2017).

The situation is strikingly different in the BF it has a morphologically reduced
mitochondrion compared to that of the PF. Their mitochondrion assumes a tubular structure
stretching only from the anterior to the posterior end of the cell (Barret et al., 2003; Jakob et
al., 2016). Mitochondrion has only few extensions and loops (Vickerman, 1985). A recent
study (Bily et al, 2021) disproved the long-held view that cristae are practically absent in BF
mitochondria (Vickerman, 1985). Surprisingly, cristae in BF occupied up to 15% of the
organelle's total surface area (Bily et al, 2021). This striking ultrastructural remodelling is
accompanied by the equally dramatic changes in the mitochondrial metabolism. Since the blood

of mammals is full of freely available glucose, the parasite utilizes it as its carbon source. The
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ETC complexes Il and IV are strongly downregulated. As a substitution of the respiration,
which was in PF provided by complex 1V, trypanosomes BF have upregulated expression of a
plant-like alternative oxidase (TAO) (Smith et al., 2017).

1.3. Kinetoplast DNA

T. brucei and other trypanosomatids exhibit several unusual biological properties. One
of the most striking features is the single, reticulated mitochondrion with unusual genome
(Jensen and Englund, 2012). While the majority of a-proteobacterial ancestor-derived genes
have been transferred from the mitochondrial genome to the nuclear genome. In T. brucei, the
mitochondrial DNA, subsequently referred to as kinetoplast DNA (KDNA), is represented by a
single network of maxicircles and minicircles (see below) (Verner et al., 2015). It is located as
a densely packed disk-like structure at the posterior end of the mitochondrion, close to the basal
body of the flagellum (Fig. 5) (Liu et al., 2005).

In fact, the kKDNA is physically linked to the basal body of the single flagellum via a
structure termed tripartite attachment complex (TAC) (Zhao et al., 2008). The TAC involves a
set of unilateral filaments, located within the mitochondrial matrix, linking the basal bodies to
a zone of differentiated outer and inner mitochondrial, the differentiated membrane, and the
exclusion zone filaments in the cytosol (Ogbadoyi et al., 2003). During the cell cycle, KDNA
division follows the formation of a new flagellum (Woodward and Gull 1990). T. brucei strains
that lost part of their KDNA are termed dyskinetoplastic (Trypanosoma equiperdum), while
those which did not retain any KDNA are labelled as akinetoplastic (Trypanosoma evansi) (Lali
et al., 2008; Schnaufer et al., 2002).
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Figure 5: Schematic representation of the cellular organization of T. brucei (Dodson et al.,

2011).

The kDNA is arranged into a single catenated network that consists of two types of DNA
rings called minicircles and maxicircles. There are approximately 25 maxicircles, each of which
is 23 kilobases (kb) in size, encoding two ribosomal RNA genes and 18 protein-coding genes,
namely several subunits of cytochrome ¢ oxidase (COI, COIl, COllIl), cytochrome c reductase
(apocytochrome b), FiFo ATPase (A6), and NADH dehydrogenase, as well as few unassigned
reading frames, while tRNA genes are prominently absent (de la Cruz et al., 1984; Simpson et
al., 1986). Most of the maxicircle-encoded transcripts require (extensive) RNA editing in the
form of post-transcriptional additions and deletions of uridine residues (Hajduk and
Ochsenreiter, 2010; Jensen and Englund, 2012; Povelones, 2014). Only properly edited
transcripts are translatable on the mitochondrial ribosomes into functional proteins (Horvath et
al., 2000). RNA editing is an extremely complex mechanism that requires hundreds of small
RNA molecules called guide (g) RNAs, almost all of which are encoded on the minicircles, and

dozens of dedicated nuclear-encoded proteins (Aphasizheva et al., 2021).
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The minicircles are much more abundant than the maxicircles and make up the majority
of the kKDNA network. Several thousands of minicircles are each approximately 1.0 kb in size,
highly heterogeneous in sequence, although their origin of replication is conserved (Ntambi and
Englund, 1985). Each minicircle is catenated with three neighbouring minicircles, while
maxicircles are probably linked with each other, constituting a network within the minicircle
network (Fig. 6) (Chen et al., 1995). These mutually interlocked DNA circles are highly
condensed into a disk-like structure (Shapiro, 1993). The replication of this complex kKDNA
network is a complex and only partially understood process, which may require the function of
up to 150 proteins (Jensen and Englund, 2012; Verner et al., 2015).

A TIsolated Network

Figure 6: Organization of the KDNA network. A) Diagram of an isolated, uncondensed KDNA
network; B) Diagram of a section of KDNA network, condensed in vivo into a disk-shaped structure.
The vertical bar represents the axis of the disc. C) An electron micrograph of a thin section of the T.
brucei mitochondrion. The black arrowhead marks the condensed KDNA disk within the mitochondrial
matrix. Bar, 500 nm (from Yaffe et al., 2021).
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The most recent findings show that the replication of kDNA starts with the release
individual covalently closed minicircles into the region between the KDNA disk and the inner
mitochondrial membrane, termed the kinetoflagellar zone (KFZ) (Englund, 1979; Drew and
Englund, 2001). Subsequently, the replication continues with the release of the individual
minicircles from the network into the KFZ by a topoisomerase 1. Here DNA primase, two DNA
polymerases (Klingbeil et al., 2002), and universal minicircle sequence-binding protein (Abu-
Elneel et al., 2001) perform replication of the free minicircles (Sela and Shlomai, 2009).
Replicated minicircles then migrate to the antipodal sites, which are protein complexes at
opposing sites of the KDNA disc (Fig. 7). At these antipodal sites, most gaps between Okazaki
fragments are repaired and minicircles are attached to the periphery of the kDNA network
(Jensen and Englund, 2012; Melendy et al., 1988; Ryan and Englund, 1989a; Ryan and
Englund, 1989b). In contrast to minicircles, maxicircles are never released from the KDNA
network and are replicated while being interlocked with minicircles and other maxicircles. This
makes it harder to study the exact mechanism of maxicircle replication (Jensen and Englund,
2012; Drew and Englund, 2001; Carpenter and Englund, 1995). There is only one known
protein, Pif2 helicase, which affects exclusively maxicircle replication (Liu et al., 2009).
Subsequently, this kinetoplast segregation process is mediated by movement apart of the
flagellar basal bodies that are connected to the kKDNA via the TAC structure (Ogbadoyi, 2003).
The last step in KDNA separation is the cleavage of maxicircles that still connect the segregating
networks (Jensen and Englund, 2012; Povelones, 2014; Gluenz et al., 2011).
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Figure 7: Schematized depiction of distinguished sub-compartments within the kinetoplast/ TAC area

(Pyrih et al., under review).

1.4. Mitochondrial protein import

Mitochondrial protein import is executed by several protein complexes, which were
thought to be highly conserved. Protein import has best been studied in Saccharomyces
cerevisiae and much of this work can, in principle, be generalized to most eukaryotic lineages.
Most mitochondrial proteins are synthesized on cytosolic ribosomes and post-translationally
transported into the organelle (Pfanner et al., 2019; Hansen and Herrmann, 2019). The transport

process is undertaken by the mitochondrial translocation machinery (Koehler, 2000).
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For most of the mitochondrial proteome, the canonical import pathway involves an
amphipathic a-helical N-terminal sequence that directs import through the Translocase of the
Outer Membrane (TOM) complex pore directing it to the TIM17:23 inner membrane complex
(Neupert and Herrmann, 2007). After entering the TOM complex, preproteins follow one of
five mitochondrial import pathways, depending on their structure, function, and target
destination (Fig. 8) (Kutik et al., 2007; Schatz and Dobberstein, 1996).
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Figure 8: Overview of mitochondrial protein import pathways (Needs et al., 2021)
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In S. cerevisiae the TOM complex comprises seven subunits, of which three are
conserved across all eukaryotic lineages and can be traced to LECA (Mani et al., 2016; Macasev
et al., 2004; Mani et al., 2017). Its core five components (TOM40, TOM22, TOM7, TOMBS,
and TOMDb) are further associated with additional TOM20 and TOM70 subunits (Chacinska et
al., 2009; Tucker and Park, 2019). Precursor proteins containing an N-terminal presequence are
passed directly from the TOM complex to the TIM23 complex (Harbauer et al., 2014;
Chacinska et al., 2009). The N-terminal presequence is a cleavable region of 15 to 50 amino
acids that precedes the mature protein, and which is rich in hydrophobic, hydroxylated, and
basic residues, with an overrepresentation of arginine residues and a near absence of acidic

residues, forming a positively charged, amphipathic a-helix (Neupert, 1997).
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The yeast mitochondrial inner membrane has two heterooligomeric protein complexes
with non-overlapping subunit composition, termed translocase of the inner membrane 23
(TIM23) and TIM22 (Harsman and Schneider, 2017; Wiedemann and Pfanner, 2017). The
TIM22 complex mediates the insertion of mitochondrial carrier proteins into the inner
mitochondrial membrane (Ferramosca and Zara, 2013). The TIM23 complex imports
presequence-containing precursor proteins, which represent around 70% of all mitochondrial
proteins, across or into the inner mitochondrial membrane (Hansen and Herrmann, 2019). The
TIM23 complex is anchored to the inner mitochondrial membrane, and is composed of two sub-
complexes. First is an integral membrane embedded core complex which in yeast contains three
essential subunits (Tim17, Tim23, and Tim50) (Yamamoto et al., 2002; Maarse et al., 1994;
Dekker et al., 1993; Geissler et al., 2002). Second one is the Presequence Assisted Motor
(PAM) complex that powers the translocation of preproteins through the inner membrane

channel (Neupert and Herrmann, 2007).

The core of the PAM complex is formed by the 70 kDa mitochondrial heat shock protein
(mtHsp70) that drives the translocation and the unfolding of the preprotein by an ATP-
dependent reaction. mtHsp70 is essential for cell viability, however four others essential co-
chaperones are needed for the motor function of PAM (Voos et al., 1999; Herrmann and
Neupert, 2000). Mgel catalyses the exchange of ADP for ATP allowing release and reload of
the substrate (Liu et al., 2003), while Pam18 stimulates the ATPase activity of mtHsp70
(Truscott et al., 2003) and is connected to the PAM complex via Pam16 (Pais et al., 2011).
Finally, Pam17 stabilizes the whole complex (Sanjuan Szklarz et al., 2005; van der Laan et al.,
2005).

Pam18 and Pam16 belong to the belong to the DnaJ and Dnal-like families of proteins,
respectively (Hennessy et al., 2005). J-domain proteins contain a canonical tripeptide HPD
motif of histidine, proline, and aspartate residues essential for stimulating the ATPase activity
of Hsp70 (Truscott et al., 2003; Hennessy et al., 2005). Both Pam16 and Pam18 are anchored
to the inner membrane via an N-terminal transmembrane domain (Mokranjac et al., 2006) and

are essential for yeast viability (Frazier et al., 2003; Truscott et al., 2003).
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T. brucei has only a single TIM complex that can import presequence-containing
proteins as well as mitochondrial carrier proteins associated with the PAM module.
Furthermore, T. brucei contains orthologues of Pam18 and Pam16, termed ThPam18 and
TbhPam16, that are essential for normal growth and are not involved in mitochondrial protein
import. During evolution of the trypanosomatid flagellates, Pam18 and Pam16 must have been

replaced in the import motor by ThPam27 (Fig. 9) (von Kénel et al., 2020).
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Figure 9: Evolutionary scenario explaining the homologue replacement observed in the T.
brucei PAM. A) Ancestral situation predicted for LECA. B) Occurrence of the J domain-containing
protein TbPam27 that may allow interaction with mHsp70. C) The TIM22 complex of the ancient
kinetoplastid acquires the capability to translocate presequence-containing proteins. D) Disappearance
of the trypanosomal TIM23 complex. ThPam18 and TbPam16 were retained because they acquired a

new yet unknown function (taken von Kénel et al., 2020).
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1.4.1. ZapE/Afg1l/LACE

ZapE is a newly identified protein (alternatively Afgl in yeast or LACE1 in humans)
that is part of the FtsZ division machinery and occurs in the inner membrane of bacteria and
mitochondria. Under normal growth condition is ZapE in E. coli non-essential. However, under
increased temperature conditions, low-oxygen or ZapE overexpression, long cells are produced
that are unable to divide. This elongated cell phenotype can be reversed by a single point
mutation (K84A) in the overexpressed ZapE protein, which abolishes its ATPase activity. It is
therefore plausible that the ATPase activity is directly linked to the observed division-lacking
phenotype (Marteyn et al., 2014). Afgl (ATPase family gene 1) is a yeast mitochondrial
ATPase, evolutionarily highly conserved protein with a mammalian homologue LACE1
(lactation elevated 1). Afgl homologues ZapE is also a member of the AAA + ATPase family
(ATPase associated with a variety of cellular activities) and contains an ATP/GTP binding P-
loop (Marteyn et al., 2014; Abrahams et al., 2002; Saraste et al., 1990).

ZapE orthologs mediate degradation of the mitochondrial-encoded subunits (COX1,
COX2 and COX3) of the respiratory complex IV, however, the function of human and yeast
homologs may be different, as it was proposed (Khalimonchuk et al., 2007; Cesnekova et al.,
2016a). Furthermore, both organisms lack the FtsZ division system (Leger et al., 2015). Yeast
Afgl deletion strain reduced activities of respiratory chain complexes Il and IV. Loss
of LACE1 leads to increased apoptotic resistance, whereas its overexpression results
in increased apoptotic sensitivity. Moreover, LACE1 interact with p53 and was shown
to mediate its translocation (Cesnekova et al., 2016b). It is also noteworthy that ZapE was
highly affected in the proteomic survey of the Oxal depletome in humans (Stiller et al., 2016).
Moreover, the functional link between Oxal and ZapE was also suggested in yeast, where only
the mitochondrial-encoded subunits of respiratory complex IV were affected following
the depletion of the latter protein (Germany et al., 2018). The mechanism by which ZapE
impacts the cell division pathway through its direct interaction with FtsZ is largely unknown
(Marteyn et al., 2014).

All in all, the phenotypes associated with ZapE in different organisms vary widely,
and so far, they have not been integrated into a coherent picture. To shed light on the function(s)
of the conserved ZapE protein, so far examined only in bacteria and opisthokonts, we have
probed the function and interactions of its two paralogs, ZapE1l (XP_823041.1, Th927.7.6930)
and ZapE2 (XP_846313.1; Th927.10.8070). According to the ATOM40 depletome-based
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mitochondrial proteome (Peikert et al., 2017) and TrypTag in situ tagging database (Dean et
al., 2015), both proteins are genuine components of the T. brucei mitochondrion.
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2. Objectives

1. Study of the functions of ZapE in T. brucei.
e Phylogenetic analysis to determine the evolutionary origin of ZapE in eukaryotes.

e Identification of interacting proteins using BiolD2.

2. Analysis of the presence of homologs of the bacterial Ffh and FtsY proteins in
various unrelated plastid-lacking unicellular eukaryotes.
e Phylogenetic analysis of the origin of mtFfh and mtFtsY.

e Evaluating a set of putative mitochondrial proteins in the heterolobosean N. gruberi.

3. Investigation of the role of TbPam18 and TbPam16 in T. brucei.
¢ Identification and analysis of the associated function of TbPam18 and ThPam16.
e Determining how depletion of TbPam18 and TbPam16 affects the replication of

KDNA, the activity of respiratory complexes and other mitochondrial functions.

4. Novel protein complex involved in kinetoplast DNA replication and maintenance.
e Screening the TrypTag localization repository and prioritizing 10 previously
undescribed putative proteins displaying kinetoplast proximal enrichment (KEP).
e Providing a methodological pipeline for the identification of novel KP associated

targets.
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Abstract

ZapE/Afg1 is a component of the inner cell membrane of some eubacteria and the inner
mitochondrial membrane of eukaryotes. This protein is involved in FtsZ-dependent division
of eubacteria. In the yeast and human mitochondrion, ZapE/Afg1 likely interacts with Oxa1
and facilitates the degradation of mitochondrion-encoded subunits of respiratory complexes.
Furthermore, the depletion of ZapE increases resistance to apoptosis, decreases oxidative
stress tolerance, and impacts mitochondrial protein homeostasis. It remains unclear
whether ZapE is a multifunctional protein, or whether some of the described effects are just
secondary phenotypes. Here, we have analyzed the functions of ZapE in Trypanosoma bru-
cei, a parasitic protist, and an important model organism. Using a newly developed proxim-
ity-dependent biotinylation approach (BiolD2), we have identified the inner mitochondrial
membrane insertase Oxa1l among three putative interacting partners of ZapE, which is pres-
entin two paralogs. RNAi-mediated depletion of both ZapE paralogs likely affected the func-
tion of respiratory complexes | and IV. Consistently, we show that the distribution of
mitochondrial ZapE is restricted only to organisms with Oxa1, respiratory complexes, and a
mitochondrial genome. We propose that the evolutionarily conserved interaction of ZapE
with Oxa1, which is required for proper insertion of many inner mitochondrial membrane pro-
teins, is behind the multifaceted phenotype caused by the ablation of ZapE.

Introduction

Most eukaryotes retain a highly complex mitochondrion, which became an essential compo-
nent of the cell by harboring the enzymatic machinery for ATP production and other impor-
tant metabolic pathways [1]. Recent studies of mitochondria from non-model and neglected
eukaryotic microorganisms revealed that their organelle contains several proteins or even
complex metabolic pathways that are not present in the model eukaryotes. Mitochondrial FtsZ
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division machinery and the Type II secretion system may serve as such recently documented
examples [2,3]. At the same time, many conserved proteins found in the mitochondria across
a broad range of eukaryotes including animals, yeast, and/or plants still await their functional
characterization.

ZapE (alternatively Afgl in yeast or LACEI in humans) is an ATPase located in the inner
membrane of the human and yeast mitochondria, and in the inner membrane of Escherichia
coli [4,5]. The depletion of the human ZapE homolog triggers morphological changes of the
mitochondria, eventually leading to their fragmentation [6]. A somewhat similar phenotype
was observed in bacteria, where the affected cells became elongated following the up- or
down-regulation of ZapE [5]. The available data is compatible with the view that in bacteria,
ZapE is part of the FtsZ division machinery [5]. However, the function of human and yeast
homologs may be different, as it was proposed that their ZapE orthologs mediate degradation
of the mitochondrially-encoded subunits of the respiratory complex IV [4,6]. Furthermore,
both organisms lack the FtsZ division system [3]. ZapE was shown to mediate the translocation
of p53 and subsequent apoptosis in humans [7]. It is also noteworthy that ZapE was highly
affected in the proteomic survey of the Oxal depletome in humans [8]. Moreover, the func-
tional link between Oxal and ZapE was also suggested in yeast, where only the mitochond-
rially-encoded subunits of respiratory complex IV were affected after the depletion of ZapE.
Finally, a novel role for this protein in maintaining mitochondrial matrix proteostasis was sug-
gested [9]. All in all, the phenotypes associated with ZapE in different organisms vary widely,
and so far, they have not been integrated into a coherent picture.

Trypanosoma brucei is both an important human pathogen causing African sleeping sick-
ness and a model organism with highly developed molecular biology tools. It contains a single
reticulated mitochondrion with its own genome represented by a network of mutually cate-
nated DNA circles, termed kinetoplast DNA (KkDNA) [10]. Transcripts of several KDNA-
encoded genes become translatable only after they undergo extensive RNA editing of the uri-
dine insertion/deletion type [11]. Another unique feature of the T. brucei mitochondrion is its
capacity to undergo massive morphological and structural changes in the course of the para-
site’s life cycle, which involves vertebrate hosts and the tse-tse fly vector [12,13]. To shed light
on the function(s) of the conserved ZapE protein, so far examined only in bacteria and
opisthokonts, we have probed the function and interactions of its two paralogs, ZapE1l
(XP_823041.1, Tb927.7.6930) and ZapE2 (XP_846313.1; Tb927.10.8070). According to the
ATOMA40 depletome-based mitoproteome [13] and Tryptag in-situ tagging database [14], both
proteins are genuine components of the T. brucei mitochondrion.

A range of recently developed techniques that take advantage of proximity biotinylation,
such as BiolD, TurboID, and APEX, are particularly suitable for the studies of protein-protein
interactions [15,16]. As compared to classical co-immunoprecipitation, their advantage is
higher reproducibility and capacity to identify both stable complexes and transient interac-
tions. Briefly, the protein of interest is fused with modified biotin ligase, which promiscuously
biotinylates proteins in its proximity. However, until now BioID has been used in T. brucei
only in just a handful of studies [17,18]. Here, we took advantage of the recently developed
advanced biotin ligation-based approach named BiolD2, which we have successfully adapted
for T. brucei. In contrast to the classical BioID technique, BioID2 biotin ligase is smaller (26
kDa), more specific, and attached to the protein of interest by several nm-long linker, which
improves protein folding and the biotinylation range [19]. When applied to T. brucei, BioID2
labeling produced a highly specific output. Consistent with human and yeast, Oxal was identi-
fied among three putative interaction partners of ZapE2. As T. brucei is very distantly related
to opisthokonts, we hypothesize that interaction of ZapE and Oxal is conserved in eukaryotes.
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This view is further supported by the co-occurrence of ZapE and Oxal genes and by the o-pro-
teobacterial origin of eukaryotic ZapE, as documented by extensive phylogenetic analysis.

Results
Proximity-dependent biotinylation in T. brucei

In order to establish the in situ proximity biotinylation approach in T. brucei, the mNeongreen
gene was replaced with the HA-tagged modified biotin ligase from Aquifex aeolicus (BiolD2)
in the pPOTv7_mNG-Blast plasmid [14]. To increase the range of proximity biotinylation
[19], we have designed ~8 nm-long glycine-serine (GGGGS) repeat-containing linker by
which biotin ligase becomes linked with the protein of interest (Fig 1A). This pPOT_BioID2
plasmid served as a template for PCR-based C-terminal in situ tagging of the ZapE1 and
ZapE2 genes in T. brucei. IscU, a chaperone involved in iron-sulfur (Fe-S) cluster assembly in
T. brucei [20], and ligase K- (LigK-B), which is critical for the kDNA replication and is located
in the antipodal sites of the T. brucei KDNA network [21], were used as controls. Similarly, the
mitochondrial import signal of the IscU gene was in situ-tagged with biotin ligase to serve as
an additional control. For the in situ tagging strategy, pPOT_BioID2 plasmid map, and the full
sequence of BioID2 protein with linker see S1 Fig.

The mitochondrial localization of the BioID2-tagged proteins and their ability to biotinylate
surrounding proteins was confirmed by direct fluorescent Alexa-488-streptavidin labelling of
the procyclic stage of T. brucei (Fig 1B). This streptavidin-fluorescent conjugate detected spe-
cific biotinylation in the mitochondrial lumen of the ZapE1, ZapE2, and IscU cell lines. In the
case of LigK-B, the labelling occurred in the two opposing antipodal sites of the kDNA disk
(Fig 1B). The leader sequence of IscU was insufficient for the delivery of the BioID2 protein
into the organelle, resulting in a predominantly cytosolic localization (Fig 1B).

Identification of mitochondrial proteins using BioID2

An intrinsic feature of BioID is that very abundant proteins become biotinylated not only
because of their specific interaction with the bait protein but also due to their by-chance prox-
imity. Therefore, we focused on proteins enriched or exclusively present in at least three out of
four analyzed BioID2 samples, namely ZapE1, ZapE2, IscU, and LigK-$ when compared to the
IscU-leader negative control (Fig 2A). The mitochondrial import signal of IscU-containing
BioID2 construct was used as a negative control for proximity-dependent biotinylation, as
most of the fusion protein remained in the cytoplasm (Fig 1B). To identify mitochondrial pro-
teins, purified mitochondria of the T. brucei procyclic stage were dissolved in 1% SDS-contain-
ing buffer and incubated at 80°C for 10 min, after which solubilized biotinylated proteins were
affinity-purified by streptavidin-coated Dynabeads. For each protein, three independent bio-
logical replicates have been performed. The protein composition of each affinity purification
was determined by label-free quantitative proteomics.

A comparative analysis revealed a set of 117 mitochondrial proteins (S1 Table). The identi-
fied set primarily contains strongly expressed mitochondrial proteins such as mtHsp70 and
Cpn60, which due to their proximity to the BiolD2-tagged protein apparently became ran-
domly biotinylated. In total, 114 out of 117 proteins have previously been listed in the mito-
chondrial proteome or shown as located within the organelle via the in situ tagging approach
[13,14]. The remaining three proteins most likely also reside in the organelle, as they are either
strongly predicted to be targeted into it or are homologs of known mitochondrial proteins (S1
Table). In the IscU-leader control, a small fraction was delivered into the organelle, yet in this
negative control the detected mitochondrial proteins were on average 60 times less abundant
as compared to bait proteins datasets (S1 Table).
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Fig 1. Mitochondrial proteins in situ tagged with BioID2. (A) A scheme of in vivo proximity-dependent biotinylation
reaction induced by the addition of biotin. (B) Specific biotinylation for ZapE1l, ZapE2, IscU, LigK-p, and IscU_Leader
BioID2-HA fusion constructs. Fluorescently labeled Alexa-488 streptavidin detects biotinylated proteins in the
mitochondrion (ZapEl, ZapE2, IscU), the antipodal KDNA sites (LigK-B) or predominantly in the cytoplasm
(IscU_Leader BioID2 fusion). wt, wild type cells served as a control for background biotin staining. Monoclonal o-
mHsp70 antibody was used as a mitochondrial marker. Arrow indicates the area in which partial mitochondrial
localization of the IscU_Leader BioID2 fusion is visible. DN A was labeled with DAPI. DIC, differential interference
contrast. Scale bars, 5 um.

https://doi.org/10.1371/journal.pone.0234918.9001

Identification of interacting proteins using BioID2

To distinguish between putative interacting partners and spurious interactions with abundant
mitochondrial proteins, such as mtHsp70, other bait protein interactomes were used as con-
trols. For instance, for LigK-B, purified IscU, ZapE1, and ZapE2 datasets were considered as
negative controls. Proteins exclusively measured or more than 3x enriched as compared to the
control datasets were considered as putative interacting partners (Fig 2A). By employing this
strategy, however, we may filter out proteins that interact with two or more bait proteins.
While this is unlikely for IscU and LigK-B, which have very different functions, the existence
of a subset of overlapping interacting partners off ZapE1l and ZapE2 was plausible. For this rea-
son, these two datasets were not treated reciprocally as a negative control but were compared
to the IscU and LigK-P datasets only. As expected, the bait proteins invariably occupied the
top position due to autobiotinylation by the fused BioID2 enzyme [19]. Along with the auto-
biotinylated protein, less than 10 significantly enriched proteins were identified for each ana-
lyzed bait (Fig 2B). For ZapE1 and LigK-B, only a single putative interacting protein was
identified. A full list of proteins enriched both above and below the chosen threshold is avail-
able in S2 Table. Oxal was identified exclusively in the ZapE2 interactome. The other two pro-
teins likely interacting with ZapE2 are homologs of NADH:ubiquinone oxidoreductase
complex assembly factor 3 (NDUFAF3) and DnaJ chaperone, both bona fide components of
the T. brucei respiratory chain complex I [22]. While NDUFAF3 was identified as a putative
Oxal-interacting protein in humans [23], the function of DnaJ chaperone in complex I of T.
brucei is unknown, as homologs of this protein were so far not encountered associated with
complex I in other eukaryotes.

IscU is a core component of the Fe-S cluster assembly pathway [11]. Three identified puta-
tive interacting partners—frataxin, TbNful, and Tb927.11.15470 (possible homolog of methio-
nyl-tRNA formyltransferase) were exclusively associated with the IscU bait protein, with six
additional proteins more than 3x enriched in the IscU dataset as compared to the other bait
proteins. While frataxin is a well-known interacting partner of IscU in various organisms [24],
a possible role of TbNful in the early steps of the Fe-S cluster assembly pathway is intriguing.
T. brucei contains three essential Nfu paralogs in its mitochondrion [25], which implies their
unique specialization. While TbNfu2 and TbNfu3 likely function in the late steps of the Fe-S
cluster pathway, as they were able to compensate for the depletion of their yeast homologs, the
roles of TbNful [25] and Tb927.11.15470 remain unknown. Finally, only one protein,
Tb927.8.4230, putatively interacting with LigK-pB was identified.

Mitochondrial localization of putative interacting proteins

Most identified putative interacting proteins were either previously experimentally shown to
localize to the mitochondrion of T. brucei [14] or are components of the mitochondrial
ATOMA40 depletome-based importome of the same organism [13]. Proteins for which intracel-
lular distribution has not yet been convincingly shown were C-terminally in situ-tagged with
the V5 tag and their mitochondrial localization was determined by immunofluorescence (Fig
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Fig 2. BioID2-labelled putative interacting proteins. (A) Scheme of how the proteomic data was processed to identify the mitochondrial proteome and putative
interacting proteins. (B) Schematic representation displays identified putative interacting proteins. Each bait protein is represented by a square and is surrounded by
identified putative interacting proteins visualized by a circle. The larger size of the circle for identified proteins highlights those exclusively identified only for a given bait
protein or proteins enriched on average more than 100x as compared to other datasets. A thick line represents the expected interaction of the identified proteins based
on data from other organisms. Proteins surrounded by the dashed rectangle are experimentally localized for the first time in this study. (C) Intracellular localization of
proteins identified by the BioID2 technique. In situ C-terminally V5-tagged proteins were expressed in T. brucei and their localization was inspected using
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immunofluorescence microscopy. Monoclonal o-V5 rabbit and o-mHsp70 mouse antibodies were used. DNA was stained with DAPI. DIC, differential interference

contrast. Scale bars, 5 um.

https://doi.org/10.1371/journal.pone.0234918.9002

2C). Thus we demonstrate that Tb927.11.9750 protein, a bona fide component of complex I
[22], is beyond reasonable doubt localized within the organelle (Fig 2C). Moreover,
Tb927.8.4230, a 119 kDa acidic protein (pI 5.4) is specifically confined to the antipodal sites of
the kDNA disk, which is consistent with the localization of its interactor, LigK-B. Interestingly,
an additional protein (Tb927.8.4240) identified by a BLAST search, seems to be a homolog of
Tb927.8.4230 (e-value of 3¢™*° in BLAST against T. brucei protein database). Genes for these
homologs reside on the same chromosome next to each other. Surprisingly, Tb927.8.4240 is
not localized directly in the antipodal sites of the kDNA disk, but in their proximity (Fig 1C).

Depletion of ZapE proteins potentially affects the activity of complexes I
and IV

Initially, we created single RNAi knockdowns for either ZapE1 or ZapE2 in procyclic cells.
While complete elimination of the respective V5-tagged targeted proteins (S2 Fig) was
achieved in both cell lines, this was not associated with any measurable growth phenotype (52
Fig). The most plausible explanation is that these conserved, yet individually non-essential
proteins can functionally substitute each other. To test this hypothesis, we created a cell line in
which both ZapE paralogs were downregulated by RNAi. To do that, ~500 nt-long regions of
the ZapE1 and ZapE?2 genes were cloned into the RNAi pTrypSon-Phleo and pTrypSon-Blast
plasmids, respectively [26]. We then transfected both plasmids one at a time into a cell line in
which ZapE1 and ZapE2 were in situ-tagged with the V5 and HA tags, respectively. The effi-
cient ablation of the tagged proteins following RNAi induction was monitored by western blot-
ting. While the signal for V5-tagged ZapEl protein was virtually eliminated, RNAi was
somewhat less efficient in the case of HA-tagged ZapE2 (Fig 3A). Unexpectedly, even tandem
depletion of both ZapE paralogues had no effect on cell growth under standard cultivation
conditions (Fig 3B).

Next, activities of two respiratory chain complexes were measured using spectrophotomet-
ric assays in the double knockdown (Fig 3C). Complex IV was affected most significantly, as
its activity almost doubled in the ZapE proteins-depleted cells. A statistically significant upre-
gulation of complex I activity was also observed, although to a lesser extent than that of com-
plex IV. Putative changes in the activities of complexes II and III upon RNAi induction
remained below statistical significance (Fig 3C). Prior to the set of measurements, the activities
of respiratory complexes II, III, and IV were validated using their specific inhibitors, namely
malonate, antimycin A, and KCN, respectively, which caused their near complete inhibition.

Mitochondrial origin of ZapE in eukaryotes

To gain insight into the evolutionary origin of ZapE in eukaryotes, we carried out an extensive
phylogenetic analysis, which includes eukaryotic as well as prokaryotic sequences (Fig 4). Outside
eukaryotes, we identified ZapE only in two eubacterial groups, Actinobacteria and Proteobacteria.
In our first analysis (Fig 4A), sequences formed four well-supported clades: i/ Actinobacteria
(ultrafast bootstrap 100 and rapid bootstrap 100), ii/ B-proteobacteria (ultrafast bootstrap 94 and
rapid bootstrap 89), iii/ y-proteobacteria (ultrafast bootstrap 100 and rapid bootstrap 99), and iv/
o-proteobacterial and eukaryotic ZapE (support 100 and 94, respectively).

Eukaryotic sequences form a moderately supported group (ultrafast bootstrap 96, rapid
bootstrap 69). The group of eukaryotic ZapE was formed in all preliminary analyses that
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Fig 3. Downregulation of ZapE affects the activities of respiratory complexes. A double knock-down cell line was induced (ind) for six days with doxycycline.
Noninduced (non) cells served as control. (A) ZapE1 and ZapE2 proteins were detected with 0-V5 and a-HA antibodies, respectively, with o -tubulin antibody used as a
loading control. (B) Cell densities of non-induced (circles) and RNAi-induced cells (squares) are indicated. The experiment was performed in biological triplicate. Error
bars represent standard deviations. (C) Activities of two respiratory complexes are elevated in induced cells 6 days post-induction. The P-value of unpaired T-test is
shown where a statistically significant difference was detected. Means from three independent biological replicates are displayed. Error bars represent standard
deviation.

https://doi.org/10.1371/journal.pone.0234918.g003

differed in taxon composition and were independently trimmed. Moreover, the same topology
was recovered by both IQ-Tree and RAXML, two phylogenetic programs for maximum likeli-
hood analysis. Interestingly, no other ZapE genes were identified outside Actinobacteria, Pro-
teobacteria, and Eukaryota. We also did not find any ZapE in other proteobacterial groups,
namely 8- and e-proteobacteria. Several ZapE sequences present in genomic assemblies of some
prokaryotes were shown to be contaminants by reciprocal BLAST or by manual inspection of
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Fig 4. Phylogenetic analysis of ZapE. (A) A eukaryota-focused phylogenetic tree without long-branching o-proteobacterial sequences. The tree was
arbitrary rooted using the midpoint-rooting method. Schematic representation showing the position of two proteobacterial clades branching within the
clan of o-proteobacterial sequences is on the right, detailed phylogeny of eukaryotic ZapE on the left. A fully resolved tree is deposited as a
supplementary S3 Fig. (B) Unrooted phylogenetic tree of ZapE that includes long-branching o-proteobacteria (Rickettsiales, Magnetococcales,
Micavibrio) and shows a close affinity of eukaryotic ZapE to a-proteobacteria. Tree topologies are based on phylogenetic trees computed by the
Maximum Likelihood method (LG4X model) in IQ-TREE. Branch supports were assessed by ultrafast bootstrap (N = 1000, IQ-TREE) and rapid
bootstrap (N = 500, RAXML). Branch supports > 50% are indicated. A fully resolved tree is shown in S4 Fig.

https://doi.org/10.1371/journal.pone.0234918.g004

flanking genomic regions. In all cases, the most probable source of contamination was a-, - or y-
proteobacteria (S3 Table). Several sequences from Nitrosomonas spp. (B-proteobacteria), Methylo-
microbium alcaliphilum and Methylsarcina fibrata (both y-proteobacteria) that fell within the a-
proteobacterial clade most likely represent horizontal gene transfer events (Fig 4A).

To better understand the origin of eukaryotic ZapE, we performed another phylogenetic
analysis which also included extremely derived sequences of deep-branching o-proteobacteria
(Rickettsiales, Magnetococcales, etc.). This analysis indicates that eukaryotic ZapE originated
from Proteobacteria, most likely from a group branching within o-proteobacteria (Fig 4B).
We hypothesize that ZapE entered the eukaryotic cell with the proto-mitochondrion and was
transferred to the eukaryotic nucleus from the mitochondrial genome before modern eukary-
otes diverged from their last common ancestor. Internal phylogeny of eukaryotic ZapE is not
well resolved, although we encountered several instances of independent gene duplications—
in Euglenozoa, the SAR supergroup, and Chloroplastida.

ZapE co-occurs with respiratory complexes, Oxal and mitochondrial
genome in eukaryotes

ZapE modulates Z-ring stability during the FtsZ-dependent cell division in the y-proteobacter-
ium E. coli. It is not essential during growth under laboratory conditions, but in the anaerobic
conditions or at temperatures over 37°C, the importance of ZapE becomes evident [5].
Although FtsZ-dependent division is present in most of the major groups of Eubacteria as well
as in some Archaea, plastids, and mitochondria [27], our analyses show that the taxonomic
distribution of ZapE is different. It is present only in a few eubacterial lineages but nearly all
eukaryotes. More interestingly, eukaryotes often encode ZapE even when mitochondrial FtsZ-
dependent division has been completely lost (Fig 5). The ZapE gene is present in eukaryotes
with classical aerobic mitochondria, anaerobically functioning mitochondria (e.g. Fasciola
hepatica and Euglena gracilis) and hydrogen-producing mitochondria (e.g. Blastocystis hominis
and Acanthamoeba castellanii). On the other hand, it is absent in the obligate anaerobes
equipped with extremely reduced derivates of mitochondria, such as hydrogenosomes and
mitosomes (e.g. Entamoeba histolytica and Giardia intestinalis).

The presence of ZapE in eukaryotes depends on respiratory chain complexes, especially
complex II, and correlates with the retention of the mitochondrial genome and Oxal. Crypto-
sporidium muris, but not its close relative C. parvum, is the sole identified exception, as it
retains the ZapE gene and respiratory complex II, while Oxal and most probably also the
mitochondrial genome are absent [30] (Fig 5).

Discussion

For ZapkE, a spectrum of seemingly unrelated functions ranging from apoptosis to cell division
has been proposed [5-7,9]. Curiously, it was not yet addressed how a single protein may per-
form such a plethora of functions. Here we propose a hypothesis, which connects most of the
observed phenotypes into a single putative role of the ZapE protein.
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Fig 5. Co-occurrence of ZapE homologs with genes for respiratory complexes, Oxal, and core FtsZ components. Prediction of
mitochondrial/plastidial localization of given proteins based on Mitofates [28] and Deeploc [29] prediction tools is displayed. Small white
dots indicate Oxal and ZapE proteins with unclear cellular localization. Data about subcellular localization and the presence of Min and FtsZ
proteins were acquired from [3]. For the prediction of localization of respiratory complexes, phylogenetic affinity with previously localized
proteins was considered. Alb3, plastid homolog of Oxal, was excluded from the table. Asterisks (*) indicate results based on transcriptomic
data; the letter “a” specifies that only some subunits of a given respiratory complex are present. AM, anaerobic mitochondrion; HM,
hydrogen-producing mitochondrion; H, hydrogenosome; M, mitosome; (?), unclassified mitochondrion. Collapsed nodes representing
higher taxonomic groups are in bold.

https://doi.org/10.1371/journal.pone.0234918.9005

One of the three identified putative interaction partners of the ZapE2 paralog in T. brucei is
Oxal, a highly conserved protein required for both the insertion of mitochondrially-encoded
subunits of the respiratory chain complexes [31], as well as of 28 nuclear-encoded proteins
residing in the inner mitochondrial membrane, such as mitochondrial carriers, Atm1, and the
sdh3 and sdh4 subunits of complex IT [8]. We suggest that in eukaryotes Oxal and ZapE oper-
ate together, and that a depletion of the latter partner triggers a complex phenotype.

In yeast, only the mitochondrially-encoded subunits (cox1, cox2, and cox3) of complex IV
were affected by the ablation of ZapE [4]. This observation can be nicely explained by a func-
tional linkage between ZapE and Oxal. Furthermore, ZapE was recently identified among the
substrates of Oxal, as its expression was dramatically decreased in the Oxal knock-down cells
[8]. However, among 28 proteins identified in this survey, ZapE was the only one lacking a
transmembrane domain, strongly indicating that it is not an integral protein of the inner mito-
chondrial membrane. This implies that ZapE is not a substrate of Oxal but rather its interac-
tion partner. Finally, ZapE seems to be invariably present in the aerobic mitochondria (Fig 5),
a key feature of which is the presence of numerous subunits of the respiratory chain complexes
encoded by the mitochondrial genome [32]. Their protein products are inserted with the assis-
tance of the membrane insertase Oxal into the corresponding complexes residing in the inner
membrane [33]. In contrast, we have noted that ZapE is prominently absent in anaerobes lack-
ing the mitochondrial genome, respiratory complexes, and Oxal.

In T. brucei in which both ZapE paralogs were downregulated, the activities of Oxal sub-
strates, in particular complexes I and IV, significantly increased. In yeast it was shown that fol-
lowing the depletion of ZapE, mitochondrially-encoded complex IV subunits cox1, cox2, and
cox3 were also slightly elevated, which led the authors to conclude that ZapE facilitates their
degradation [4]. As Oxal participates in the insertion of several subunits of the respiratory
complexes into the inner mitochondrial membrane, we propose that ZapE may negatively reg-
ulate the function of Oxal. We attribute the lack of growth phenotype to the fact that a small
fraction of the target proteins escaped RNAI, but alternatively it is possible, that proteins might
not be required for normal cell growth under tested conditions. Nevertheless, our findings are
consistent with the connection between ZapE/Afg] and the respiratory chain, which was so far
observed only in yeast and humans [4,6].

We then investigated how the interaction of ZapE with Oxal could be linked with other
described roles of the former protein, which was associated with the FtsZ-dependent bacterial
division, as both its overexpression and ablation resulted in elongated bacterial cells [5]. The
FtsZ-dependent division system, which comprises at least four components, was retained in
the inner membranes of mitochondria and plastids of various eukaryotes, such as Dictyoste-
lium purpureum, Malawimonas californiana, Guillardia theta, Chondrus crispus and Chlorella
variabilis [3]. We explored a possible co-occurrence of ZapE with the FtsZ machinery, but
none was found, so it is likely that ZapE participates in different processes. In phylogenetic
trees, eukaryotic ZapE homologs form a sister group to o-proteobacterial ZapE, implying their
mitochondrial origin, a conclusion further supported by the absence of ZapE in plastids and
cyanobacteria (Fig 4). Therefore, the function of ZapE was either completely changed at an
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early stage of the eukaryotic evolution or, alternatively, YidC (a homolog of mitochondrial
Oxal) is an interaction partner of ZapE also in bacteria. Another conclusion based on the phy-
logenetic analysis is that the two ZapE paralogs appeared before the radiation of kinetoplastid
flagellates. Since the only identified putative interactor of ZapEl is a protein of unknown func-
tion (Tb927.3.4950) with no homology outside the kinetoplastids, it does not provide any
information about the function of ZapE1, which will possibly be specific for this group of
highly derived protists. However, we cannot rule out a scenario, in which Oxal interacts with
both paralogs, yet the interaction with ZapE1 is more transient or was disrupted by tagging.

In mammalian cells, the depletion of ZapE resulted in fragmented mitochondria [6], a phe-
notype reminiscent of that seen during deficiency in respiratory complexes [34]. A key compo-
nent of the mitochondrial cristae shaping complex (MICOS) [35], Mic10 belongs to the
substrates of Oxal [8]. Therefore, it is possible that the observed impact of ZapE on mitochon-
drial and bacterial morphology is just a consequence of the destabilization of respiratory chain
components and/or the MICOS complex. Similarly, we can easily link ZapE and Oxal with
apoptosis, as the respiratory chain complexes are its modulators [36], as well as with proteosta-
sis since Oxal is responsible for the insertion of a subset of the mitochondrially- and nuclear-
encoded inner membrane proteins [8].

To further validate the use of the BioID2 in vivo labelling technique, we turned our atten-
tion to IscU and LigK-, which were used as controls. Frataxin and TbNful (both components
of the Fe-S cluster pathway) were among the three proteins exclusively associated with IscU.
Quite surprising, however, is the absence of IscS, which was proposed to interact with IscU in
trypanosomes [37]. This protein was strongly but equally measured in all bait protein datasets.
It is possible that the fusion of IscU with BioID2 disrupted its structure and thus prevented its
specific interaction with IscS.

For LigK-B, only Tb927.8.4230 was identified as a putative interacting protein, which was
more than 100x enriched compared to other datasets. Importantly, this unknown function
protein localized into the antipodal sites of the kDNA disk. Such a highly specific localization
is telling. Due to its absence in the large non-catenated pro-kinetoplast DNA of the free-living
Bodo saltans [38], it is plausible that this protein is involved in the catenation of circular
DNAs, so-called minicircles, into the single kDNA network of T. brucei. Moreover, by a
BLAST search, we found a 184 kDa homolog of Tb927.8.4230 named Tb927.8.4240. Reassur-
ingly, the latter is also present in the proximity of the kDNA disk of trypanosomes, yet most
likely does not reside in the antipodal sites (Fig 2B).

Additionally, we tested the suitability of BioID2 for the mapping of the mitochondrial pro-
teins. We identified 117 proteins, all located to the organelle with high confidence. Thus, the
BioID2 technique produces a very clean, albeit incomplete T. brucei mitochondrial proteome,
which is estimated to contain ~1,200 proteins [13,14].

In conclusion, we have successfully established the BioID2 technique in T. brucei. The specific-
ity of this technique was proven by a high purity of the mitochondrial protein dataset. Using this
technique, we were able to demonstrate that Oxal is a putative interaction partner of the ZapE
homolog also outside the Opisthokonta, which allowed us for the first time to identify common
features of the ZapE-related phenotypes in two eukaryotic supergroups. More research is, how-
ever, needed to confirm the nature of the interaction between Oxal and ZapE proteins.

Experimental procedures
Preparation of cell lines

T. brucei procyclic stage SmOx cell line [39] was grown in SDM79 supplemented with 10%
fetal bovine serum for most of the experiments. Alternatively, the glucose-poor SDM80
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medium [40] was used for studies of the phenotype triggered by ZapE RNAi-based depletion.
Various proteins were in situ-tagged by a recently developed PCR-based transfection protocol
described elsewhere [14]. As a PCR template, different versions of the pPOT plasmids were
used (S4 Table). For instance, proteins identified by the proteomic analysis and ZapE homo-
logs were C-terminally V5-tagged using a previously modified pPOTv4_Hyg vector [41]. In
order to in situ fuse various proteins with BioID2, pPOT7-Blast-mNG plasmid (kindly pro-
vided by Samuel Dean) was modified by replacing the mNG gene with the BioID2 gene so that
the protein of interest is linked with the BioID2 protein by an 8 nm-long glycine-serine
repeats-containing linker (S1 Fig). Furthermore, long hairpin RNAi constructs were assembled
for the ZapE1 and ZapE2 double RNAi knock-down by cloning two 450 nt-long regions into
the pTrypSon plasmid by the Gibson assembly protocol as described previously [26]. Note that
the pTrypSon plasmid with long hairpin ZapE2 was further modified by exchanging the phleo-
mycin resistance with that of blasticidin. In the double RNAi knock-down cells, ZapE1 and
ZapE2 were in situ-tagged with V5 tag and HA tag, respectively, and then both proteins were
targeted using the dedicated pTrypSon plasmids. This strategy resulted in a double knockdown
cell line modified by four plasmids with four different resistances (DKD cell line). A similar
strategy was employed to create single knockdown cell lines (S4 Table).

RNAi phenotype analysis

Cultures were grown in triplicate in the presence or absence of doxycycline. Cell density was
counted using the Beckman Coulter Z2 Cell and Particle Counter every 24 hours and cells
were subsequently diluted to 2 x 10° cells/ml, maintaining them in the exponential phase of
growth. For Western blot analysis, monoclonal a-V5, a-HA (Life Technologies), o-tubulin
antibodies (Sigma-Aldrich), and secondary HRP-conjugated o-mouse and o-rabbit IgG anti-
bodies (Sigma-Aldrich) were used and the signal was visualized by Clarity Western ECL Blot-
ting Substrate (Bio-Rad).

Enzymatic assays

For enzymatic assays, hypotonically isolated mitochondria from 5 x 10° cells were lysed on ice
for 1 hour in 2% (w/v) dodecyl maltoside and 0.4 M aminocaproic acid. Upon centrifugation
at 24.400 g for 30 min at 4°C supernatant was used for activity measurements. All measure-
ments were carried in biological triplicates.

Activities of respiratory enzymes (complexes I-IV) were measured by a spectrophotometric
approach described previously [42]. Briefly, NADH dehydrogenase activity (complex I) was
measured in 1 ml of NDH buffer (50 mM KPi, pH 7.5; 1 mM EDTA, pH 8.5; 0.2 mM KCN)
with the addition of 0.1 mM NADH. The reaction was started by the addition of 2 M coen-
zyme Q, and followed at 340 nm for 3 min. For succinate dehydrogenase activity (complex II)
mitochondrial lysate was pre-incubated with SDH buffer (25 mM KPi, pH 7.2; 5 mM MgCl,;
20 mM sodium succinate) at 25°C for 10 min. Next, antimycin A, rotenone, KCN, and
2,6-dichlorophenolindophenol (DPIP) were separately added to a final concentration of 1.8
mM, 5 mM, 2 mM, and 50 uM, respectively. The reaction itself was started by the addition of
coenzyme Q, to a final concentration of 65 uM and monitored at 600 nm for 5 min.

Cytochrome ¢ reductase activity (complex III) was measured in 1 ml of QCR buffer (40
mM NaPi, pH 7.4; 0.5 mM EDTA; 20 mM sodium malonate; 50 uM cytochrome c; 0.005% [w/
v] dodecyl maltoside). Simultaneously, 2 ul of mitochondrial lysate and 20 uM 2,3-dimethoxy-
5-methyl-6-dodecyl-1,4-benzoquinol (DBH) were added. DBH was prepared by reduction of
decylubiquinone as described elsewhere [43]. Reaction was followed at 550 nm for 1 min.
Cytochrome ¢ oxidase activity was measured in 1 ml of COX buffer (40 mM NaPi, pH 7.4; 0.5
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mM EDTA; 20 uM cytochrome ¢; 30 uM ascorbic acid; 0.005% [w/v] dodecyl maltoside; solu-
tion was incubated overnight to oxidize surplus of ascorbic acid).

The mitochondrial lysate was added to the reaction buffer and monitored at 550 nm for 10
min. The unit (U) of appropriate activity is defined as an amount of enzyme required for the
conversion of 1 nmol of NADH/min for NADH dehydrogenase; 1 nmol of DPIP/min for suc-
cinate dehydrogenase; 1 pmol of cytochrome ¢ for both cytochrome ¢ reductase and cyto-
chrome ¢ oxidase activities. Specific activities for all measurements were calculated as U per
mg of mitochondrial proteins. To confirm the specificity of each enzymatic measurement,
inhibitors of respiratory complexes were used. ] mM sodium malonate, antimycin A at final
concentration 300 ng/ml, and 100 uM KCN selectively inhibited the activities of complexes II,
II1, and IV, respectively. Inhibition of complex I was not tested since its contribution to overall
NADH dehydrogenase activity within the cell is only partial [44].

Immunofluorescence

Cells were fixed with 4% paraformaldehyde in phosphate buffered saline (PBS) and then per-
meabilized with 0.1% Triton X-100 in PBS. After blocking (1% BSA; 0.03% Triton X-100 in
PBS) monoclonal rabbit o.-V5 (Sigma-Aldrich), and monoclonal mouse a-mtHsp70 (kindly
provided by Alena Zikova) was used followed by a-rabbit Alexa Fluor 488 and o-mouse Alexa
Fluor 555 staining (Life Technologies). DNA was stained with ProLong' ™Gold antifade
reagent with 4’,6-diamidine-2’-phenylindole dihydrochloride (DAPI) (Molecular Probes). The
immunofluorescence assay was performed using a Zeiss microscope Axioplan 2 equipped with
an Olympus DP73 digital camera.

Proteomic identification by BioID2

Prior to the experiment, SDM79 media was supplemented overnight with 100 uM biotin.
Then mitochondrion-enriched fraction was obtained from 3 x 10° T. brucei procyclic cells by
hypotonic lysis as described previously [42]. Mitochondria-enriched pellets were then resus-
pended in 1.8 ml of Boiling Buffer (1% SDS; 1 mM EDTA; 50 mM Tris; pH 7.4) for 10 min at
80°C. The dissolved samples were subsequently 10 times diluted in Incubation Buffer (150
mM NaCl; 5 mM EDTA; 1% Triton X-100; 50 mM Tris; pH 7.4) supplemented with Complete
protease EDTA-free inhibitors (Roche). 0.5 mg of Dynabeads was added per sample (MyOne™
Streptavidin C1) and placed on a rocking platform for 2 hours at room temperature, following
which the samples were stored overnight at 4°C. The Dynabeads were then washed three times
separately with 1.5 ml of Boiling Buffer and 1.5 ml of Incubation Buffer. Dry Dynabeads were
stored at -80°C prior to the proteomic analysis. The detailed protocol was deposited on proto-
col.io website (http://dx.doi.org/10.17504/protocols.io.bdrri556).

Mass spectrometry

Proteins immobilized on Dynabeads were trypsin-digested and nanoflow liquid chromatogra-
phy was used for separation of resulting peptides. Next, analysis of samples by tandem mass
spectrometry (nLC-MS2) on a Thermo Orbitrap Fusion (q-OT-qIT, Thermo Scientific) instru-
ment was performed as described elsewhere [45]. The mass spectrometry data were analyzed
and quantified using MaxQuant software (version 1.5.3.8) [46] with false discovery rate set to
1% for both proteins and peptides and we specified a minimum length of seven amino acids.
The Andromeda search engine was used for the MS/MS spectra search against the Trypano-
soma brucei (downloaded from Uniprot, November 2018). Enzyme specificity was set as C-ter-
minal to arginine and lysine, also allowing cleavage at proline bonds and a maximum of two
missed cleavages. Dithiomethylation of cysteine was selected as fixed modification and N-
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terminal protein acetylation and methionine oxidation as variable modifications. The “match
between runs” feature of MaxQuant was used to transfer identifications to other LC-MS/MS
runs based on their masses and retention time (maximum deviation 0.7 min) and this was also
used in quantification experiments. Then normalized intensity values were further processed
using the Perseus software 1.5.2.4 [47]. Only proteins identified exclusively in each bait protein
dataset or statistically significantly enriched were considered as putative interacting proteins.
Exclusive identification is here defined as a situation where a given protein was measured in all
three replicates of bait protein but was absent in all three control replicates. Statistically signifi-
cant enrichment applies here for cases where a given protein was identified in all replicates for
both, bait protein, and control, yet the difference between these groups was statistically signifi-
cant. For statistical analysis, a Two-sample test with SO parameter set to 0.1 was used as
described elsewhere [47]. Mass spectrometry data have been deposited in the ProteomeX-
change Consortium via the PRIDE [48] partner repository with the dataset identifier
PXD014426.

Bioinformatic analyses

To identify ZapE homologs in both eukaryotes and prokaryotes, we prepared an initial dataset
via the BLASTp algorithm with human and E. coli ZapE sequences as queries against NCBI
non-redundant protein "nr" database (https://www.ncbi.nlm.nih.gov/). Fifty best BLASTp hits
for each query were kept, merged to a single dataset, deduplicated, and aligned by MAFFT ver-
sion 7 (ginsi algorithm). The alignment was subsequently used to build Hidden Markov Model
for a sensitive homolog search by HMMER3 software [49] to get candidate ZapE proteins
from 100 strategically sampled eukaryotic genomes and transcriptomes. In addition, we also
searched taxonomically restricted NCBI non-redundant protein databases for Archaea and
Eubacteria, the latter clustered at 70% threshold (https://toolkit.tuebingen.mpg.de; psi-blast).
Presence in deep-branching o-proteobacteria was specifically tested by search in available
metagenomic and genomic data. All candidate protein sequences were then aligned by
MAFFT version 7 in auto mode [50] and trimmed manually. Only well-aligned complete or
nearly complete sequences were retained for further analysis. To remove identical sequences
and to decrease the number of sequences in overrepresented lineages, preliminary phyloge-
netic analysis was performed in IQ-TREE multicore version 1.6.10 [51] with 1000 ultrafast
bootstraps under the LG4X substitution model suggested by ModelFinder [52]. Subsequently,
several rounds of reciprocal BLASTp and phylogenetic analyses were performed to remove
contaminants (S3 Table). The two versions of the final protein dataset (Fig 4A and 4B) were
aligned by MAFFT version 7, G-INS-i method with BLOSUM30 scoring matrix, and
unaligned level 0.3 or 0.6, respectively. Both were visually inspected and trimmed manually.
Maximum-Likelihood phylogenetic analysis was inferred with IQ-TREE as described above.
Branch supports were estimated by rapid bootstrapping in RAXML version 8.12.11 [53] (LG4X
model, 500 replicates) and ultrafast bootstrapping in IQ-TREE with activated “bnni” option to
reduce the risk of overestimating branch supports (1,000 replicates). Bootstrap replicates were
mapped on the best IQ-TREE topology and visualized by CoreIDRAW Home & Student Suite
X8.

Supporting information

S1 Fig. Scheme of the pPOT?7_BioID2 plasmid, in situ tagging strategy, and the full
sequence of BioID2 protein with the linker. The pPOT7_BioID2 plasmid served as a tem-
plate for long-primer PCR. These primers have 20 bp homology to the plasmid at its 3" end
and 80 bp homology to the T. brucei genomic sequence at its 5 end. This 80 bp homology
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regions facilitate specific recombination. The whole PCR product was then inserted in frame
before the stop codon of the gene. The sequence of the BioID2 tag with GS linker, which
replaced the stop codon of the gene, is also shown. PFR 3’, Paraflagellar rod protein 2 termina-
tor; ald 5" and 3, aldolase promotor and terminator; bsr, blasticidin S deaminase gene.

(TIF)

S2 Fig. Depletion of ZapE1 and ZapE2 protein expression and growth phenotype in single
knockdown procyclic cell lines. Single knockdown ZapE1 and ZapE2 RNAI cells were treated
with doxycycline for six days. (A, C) Protein levels detected by Western blot analysis. Non,
without doxycycline; Ind, with doxycycline. a-tubulin antibody serves as a loading control. (B,
D) Growth rates of induced and uninduced cell lines. The experiment was performed in bio-
logical triplicate. Error bars represent standard deviations.

(TIF)

S3 Fig. Fully resolved rooted Eukaryota-focused phylogenetic tree of ZapE without long-
branching a-proteobacterial sequences.
(TIF)

S4 Fig. Fully resolved unrooted phylogenetic tree of ZapE that includes long-branching a-
proteobacteria.
(PDF)

S1 Table. Mitochondrial proteins of T. brucei identified by BioID2 approach. Column E
shows the probability that a given protein has the mitochondrial import signal detected with
the Mitofates online prediction tool. Columns F and G display whether a given protein was
previously experimentally localized in the mitochondrion (TrypTag) or was present in the
Tom40-based depletome. Columns J to Q show enrichment of a given protein in the bait pro-
tein datasets compare to IscU_leader_BioID2 negative control dataset. +, statistical signifi-
cance (Two-sample test) of enrichment in the previous column. Columns R to AF display a
Log,-transformed intensities for a given protein in a specific dataset. Lower case letters a, b,
and c represent each replicate. Three proteins highlighted in blue were not present in the
Tom40-based depletome, nor were they experimentally localized.

(XLSX)

S2 Table. Full list of proteins significantly enriched by BioID2 labelling. Columns B and C:
predicted function and e-value based on BLASTp algorithm against the NCBI non-redundant
protein "nr" database (https://www.ncbi.nlm.nih.gov/against) with a parameter to exclude
kinetoplastids. Columns D to G: statistically significant enrichment of a given protein against
other bait protein datasets. “-’demarks when enrichment could not be calculated (e.g. when a
given protein was measured only for a bait protein). Column M: the probability that a protein
has the mitochondrial import signal detected with the Mitofates online prediction tool. Col-
umns N and O display whether the protein was previously experimentally localized in the
mitochondrion (TrypTag) or was present in the Tom40-based depletome. Columns P to AD
display logarithm of two of measured intensities for a given protein in a specific dataset. Lower
case letters a, b, and c represent each replicate. Proteins enriched on average less than three
times are highlighted in blue.

(XLSX)

$3 Table. Complete list of contaminant sequences, which were filtered out from the phylo-
genetic analysis. Reverse BLAST results for each gene are displayed in column D.
(XLSX)
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S$4 Table. Used plasmids and cell lines.
(XLSX)

S1 Raw Images.
(PDF)
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Supplementary Materials

pPot7_BiolD2 plasmid

GSyy 11 GGGGS, o biolDZ: HA PFR 3’ ald 5 bsr ald 3’\

PCR product

Genomic DNA of T. brucef

5'UTR gene 3'UTR

‘ recombination

In situ tagged gene in
genomic DNA of T. brucei

5'UTR gene GS,,: GGGEES, = bioiD2: HA  PFR3  aldy bsr ald3' 3 uTR

Exact sequence of linker + BiolD2 tag which was exchanged instead of stop cadon of the bait
proteins.

GSGSGSGSGSKLDIGGGSGGGGSGGGGSGGGGSDIFKNLIWLKEVDSTQERL
KEWNVSYGTALVADRQTKGRGGLGRKWLSQEGGLYFSFLLNPKEFENLLQLPLY
LGLSVSEALEEITEIPFSLKWPNDVYFQEKKVSGVLCELSKDKLIVGIGINVNQREIP
EEIKDRATTLYEITGKDWDRKEVLLKVLKRISENLKKFKEKSFKEFKGKIESKMLYLG
EEVKLLGEGKITGKLVGLSEKGGALILTEEGIKEILSGEFSLRRSYPYDVPDYA*

Linker formed of glycine-serine repeats :: BiolD2 :: HA tag

S1 Fig: Scheme of the pPOT7_BiolD2 plasmid, in situ tagging strategy, and the full sequence
of BiolD2 protein with the linker. The pPOT7_BiolD2 plasmid served as a template for long-
primer PCR. These primers have 20 bp homology to the plasmid at its 3" end and 80 bp
homology to the T. brucei genomic sequence at its 5° end. This 80 bp homology regions
facilitate specific recombination. The whole PCR product was then inserted in frame before the
stop codon of the gene. The sequence of the BiolD2 tag with GS linker, which replaced the stop
codon of the gene, is also shown. PFR 3°, Paraflagellar rod protein 2 terminator; ald 5> and 3°,

aldolase promotor and terminator; bsr, blasticidin S deaminase gene.
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S2 Fig: Depletion of ZapEl and ZapE2 protein expression and growth phenotype in single
knockdown procyclic cell lines. Single knockdown ZapE1 and ZapE2 RNA.i cells were treated
with doxycycline for six days. (A, C) Protein levels detected by Western blot analysis. Non,
without doxycycline; Ind, with doxycycline. a-tubulin antibody serves as a loading control. (B,
D) Growth rates of induced and uninduced cell lines. The experiment was performed in
biological triplicate. Error bars represent standard deviations.
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S4 Fig: Fully resolved unrooted phylogenetic tree of ZapE that includes long-branching a-
proteobacteria.
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Chapter Summary

We have analysed the functions of ZapE in procyclic stage of Trypanosoma brucei,
using a newly developed proximity-dependent biotinylation approach (BiolD2), with the

following outcomes:

1. Identification of ZapE-related phenotypes in two eukaryotic supergroups.

2. ldentification of the inner mitochondrial membrane insertase Oxal among three

putative interacting partners of ZapE, which is present in two paralogs.

3. The distribution of mitochondrial ZapE is restricted only to organisms with Oxal,

respiratory complexes, and a mitochondrial genome.

4. RNAi-mediated depletion of both ZapE paralogs likely affected the function of

respiratory complexes | and IV.

5. The BiolD2 technique was successfully established in T. brucei.
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Abstract

The main bacterial pathway for inserting proteins into the plasma membrane relies on the signal recognition particle
(SRP), composed of the Ffh protein and an associated RNA component, and the SRP-docking protein FtsY. Eukaryotes use
an equivalent system of archaeal origin to deliver proteins into the endoplasmic reticulum, whereas a bacteria-derived
SRP and FtsY function in the plastid. Here we report on the presence of homologs of the bacterial Ffh and FtsY proteins in
various unrelated plastid-lacking unicellular eukaryotes, namely Heterolobosea, Alveida, Goniomonas, and
Hemimastigophora. The monophyly of novel eukaryotic Ffh and FtsY groups, predicted mitochondrial localization
experimentally confirmed for Naegleria gruberi, and a strong alphaproteobacterial affinity of the Ffh group, collectively
suggest that they constitute parts of an ancestral mitochondrial signal peptide-based protein-targeting system inherited
from the last eukaryotic common ancestor, but lost from the majority of extant eukaryotes. The ability of putative signal
peptides, predicted in a subset of mitochondrial-encoded N. gruberi proteins, to target a reporter fluorescent protein into
the endoplasmic reticulum of Trypanosoma brucei, likely through their interaction with the cytosolic SRP, provided
further support for this notion. We also illustrate that known mitochondrial ribosome-interacting proteins implicated in
membrane protein targeting in opisthokonts (Mba1l, Mdm38, and Mrx15) are broadly conserved in eukaryotes and
nonredundant with the mitochondrial SRP system. Finally, we identified a novel mitochondrial protein (MAP67) present
in diverse eukaryotes and related to the signal peptide-binding domain of Ffh, which may well be a hitherto unrecognized
component of the mitochondrial membrane protein-targeting machinery.

Key words: evolution, Ffh, FtsY, LECA, mitochondrion, protein targeting, protists, signal recognition particle.

Introduction of an especially pronounced lineage-specific elaboration is

The mitochondrion evolved from an endosymbiont belong-
ing to alphaproteobacteria (Roger et al. 2017; Martijn et al.
2018) and as a cellular component has transitioned into par-
ticularly varied forms in different branches of the eukaryotic
tree. The key factors underpinning mitochondrial diversity in
the extant eukaryotes are lineage-specific innovations and
acquisitions, paralleled to a varying degree by losses of ances-
tral traits. Although mitochondria of conventional model
organisms are rather canonical organelles, extremes are found
among lesser-known unicellular eukaryotes (Smith and
Keeling 2015; Leger et al. 2019; Gray et al. 2020). An example

provided by the kinetoplastid and diplonemid flagellates
with baroquely complex structure and functions of their mi-
tochondrial genomes and transcriptomes (Lukes et al. 2018;
Aphasizheva et al. 2020; Kaur et al. 2020). On the other hand,
simplifications have dominated the mitochondrial adapta-
tions of obligate anaerobes, which resulted in organelles with-
out a genome and sometimes even without a function in
energy metabolism (Leger et al. 2017; Santos et al. 2018).
One such lineage, represented by the oxymonad
Monocercomonoides exilis, has lost the mitochondrion
completely (Karnkowska et al. 2016, 2019).
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Somewhat less conspicuous are cases of extraordinary mi-
tochondrial primitiveness, namely the retention of ancestral
traits lost by the organelles of most other eukaryotes or at
least the commonly studied ones. Some protist groups con-
tain mitochondrial genomes (mitogenomes) that have
retained genes relocated to the nuclear genome or
completely lost in most other taxa (Kamikawa et al. 2016;
Janouskovec et al. 2017). Perhaps the most spectacular exam-
ple are jakobids with their mitogenomes still encoding sub-
units of the eubacterial-type RNA polymerase (Burger et al.
2013; Yabuki et al. 2018). Other primitive traits became ap-
parent only with analyses of mitochondrial components
encoded by the nuclear genome. The bacterial cytokinetic
protein FtsZ present in mitochondria of various protists
(Beech et al. 2000; Kiefel et al. 2004), some of which have
even kept the regulatory Min system (Leger et al. 2015), is an
obvious example. Another case is the recent discovery of a
mitochondrial system that involves elements of the bacterial
type |l secretion system (Horvathova et al. 2021), which was
most likely present in the last common eukaryotic ancestor
(LECA), yet with the exception for a few little studied protist
groups, it was lost in most modern lineages.

Altogether, a picture is emerging that the mitochondrion
in the LECA was much more “bacterial” than would be in-
ferred from comparing mitochondria of commonly studied
eukaryotes. Here, we present evidence for a hitherto unno-
ticed bacterial piece of the mitochondrial puzzle that we
uncovered while analyzing the mitochondrial proteome of
the heterolobosean Naegleria gruberi, a free-living amoebo-
flagellate closely related to the “brain-eating” human patho-
gen N. fowleri (Fritz-Laylin et al. 2010). This piece relates to the
mechanism of membrane protein targeting, briefly intro-
duced in the following paragraphs to provide a background
for the presentation of our findings.

We are here primarily concerned with mechanisms medi-
ating protein insertion into the bacterial plasma membrane
and its evolutionary equivalents, the mitochondrial inner
membrane (MIM) and the thylakoid membrane in plastids.
In bacteria, most plasma membrane proteins reach their des-
tination via a cotranslational mechanism dependent on two
critical components, the signal recognition particle (SRP) and
its receptor protein FtsY (Saraogi and Shan 2014; Steinberg
et al. 2018). Being composed of the Ffh protein and an RNA
component (called 4.5S RNA or 6S RNA, depending on the
taxon), SRP recognizes hydrophobic N-terminal signal pepti-
des of nascent proteins as they emerge from the translating
ribosome. Peripherally associated with the plasma membrane,
FtsY interacts with the SRP, tethering the ribosome-nascent
chain complex to the membrane (fig. 1A). This enables dock-
ing of this complex to the SecYEG translocation channel,
which mediates the integration of the nascent peptide chain
into the membrane. An important element of the system is
the membrane protein YidC, which functions either in con-
junction with the SecYEG channel or as an independent
insertase, depending on the substrate (Saraogi and Shan
2014; Steinberg et al. 2018).

It is noteworthy that all eukaryotes share a cytoplasmic
signal peptide-driven pathway of cotranslational protein
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targeting to the endoplasmic reticulum (ER) (fig. 1B). This is
clearly an evolutionary derivative of the SRP-based system for
plasma membrane protein targeting that operated in the
archaeal ancestors of eukaryotes (Zwieb and Bhuiyan 2010;
Akopian et al. 2013). The eukaryotic SRP consists of SRP54, a
homolog of the archaeal Ffh, and an associated RNA compo-
nent (7SL RNA). The ER-associated SRP receptor is composed
of two subunits, one of which (SRx) evolved from the ar-
chaeal FtsY. Furthermore, the plastid-bearing eukaryotes also
encode Ffh and FtsY homologs closely related to the eubac-
terial proteins, which are localized to plastids, organelles de-
rived from an endosymbiotic cyanobacterium (Ponce-Toledo
et al. 2017), and function as parts of an SRP machinery me-
diating cotranslational targeting of membrane proteins
encoded by the plastid genome (Ziehe et al. 2017). Many
algal groups still possess homologs of all the key components
of the system, including cpSRP54 (derived from the cyano-
bacterial Ffh), SRP RNA (specified by the ffs gene still residing
in the plastid genome), and cpFtsY, whereas some plants and
algae have lost the RNA component (Trager et al. 2012;
Sevéikova et al. 2019). The plastid SRP system functions in
two modes (fig. 1C): cotranslationally in cooperation with
plastid equivalents of SecYEG and YidC (the plastid homolog
of the later protein is called Alb3) or posttranslationally,
bringing the nucleus-encoded photosynthetic antenna pro-
teins to the AIb3 insertase for their integration into the thy-
lakoid membrane (Ziehe et al. 2017, 2018).

Mitochondria have their own YidC homologs called Oxa1l
and Oxa2 (alternatively termed Cox18), which mediate the
insertion of both mitochondrial- and nuclear-encoded pro-
teins into the MIM (Oxa1) or are involved in cytochrome ¢
oxidase biogenesis (Oxa2) (Hennon et al. 2015). Furthermore,
the core subunits of the IMP protease complex in the MIM,
which is needed for proteolytic processing of several subunits
of the respiratory chain, are related to the bacterial signal
peptidase and thus seem to be a rudiment of the original
signal peptide-mediated targeting pathway present in the
bacterial ancestor of the mitochondrion (Behrens et al.
1991; Gakh et al. 2002). Interestingly, mitogenomes of certain
jakobids encode a homolog of the SecY protein (Lang et al.
1997; Burger et al. 2013). If the whole SecYEG complex is
present in the mitochondria of these protists as was sug-
gested previously (Tong et al. 2011), it would represent a
case of exceptional retention of another ancestral trait related
to the SRP-dependent targeting pathway.

However, no mitochondrial equivalent of the SRP system
has been reported to date, and a systematic search for its
components by bioinformatic analyses of available eukaryotic
genomes failed to identify any mitochondrial homologs of Ffh
or FtsY (Glick and Von Heijne 1996; Funes et al. 2013). In fact,
there is no place for Ffh or FtsY in the paradigmatic view of
mitochondrial translation established primarily by studies on
yeast and human (fig. 1D), according to which the mitoribo-
some is stably tethered to the MIM to ensure cotranslational
integration of the proteins into the membrane (Ott and
Herrmann 2010). In this system, the mitoribosome-
membrane association relies on its interaction with a C-ter-
minal extension of Oxa1 and several proteins that seem to be
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Fic. 1. Simplified cartoon representation of evolutionarily related protein targeting systems in bacteria (exemplified by Escherichia coli) (A),
eukaryotic endoplasmic reticulum (B), primary plastids (C), and mitochondria (exemplified by Saccharomyces cerevisiae) (D). Homologous
components across the systems are rendered in the same color. The small item in red corresponds to the noncoding 4.5 RNA that together
with the protein Ffh or its differently named homologs constitutes the SRP. The inset in part C indicates that in some plastids, 4.55 RNA is missing
and replaced by the novel protein cpSRP43. The model for the mitochondrion (including the names of the proteins) is based primarily on the
situation in yeast mitochondria and it is not certain to what extent it is valid for eukaryotes as a whole. White filling and dotted outlines in part D
indicate ancestral bacterial features, that is, free (membrane-unbound) translating mitoribosomes and components of the SRP pathway pre-
sumably present in the proto-mitochondrion yet presently unknown from mitochondria of extant eukaryotes.

evolutionary innovations of the mitochondrion, including
Mba1, Mdm38, and Mrx15 (Ott and Herrmann 2010; Funes
et al. 2013; Moller-Hergt et al. 2018). Data available from other
eukaryotic models suggest that the mechanism of cotransla-
tional insertion of mitochondrial membrane proteins may be
generally similar across distantly related taxa (Christian and
Spremulli 2012; Kolli et al. 2018a), although a more detailed
comparison is lacking.

Funes et al. (2013) suggested that the SRP system was
initially present in mitochondria but became dispensable
upon the loss of genes encoding soluble proteins from the
mitogenome and was eventually lost due to the emergence of
alternative mechanisms for stable association of the mitori-
bosome with the MIM. They further speculated that some
protist lineages with mitogenomes still encoding hydrophilic
proteins might represent an intermediate evolutionary stage
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with the SRP system possibly retained. Here, we demonstrate
that this is indeed the case.

Results

Naegleria gruberi Possesses Mitochondrial Homologs
of Ffh and FtsY

While examining a set of putative mitochondrial proteins of
the heterolobosean N. gruberi defined by Localisation of
Organelle Proteins by Isotope Tagging (LOPIT)-based prote-
omic analysis of cellular fractions (supplementary fig. ST,
Supplementary Material online; for details, see Horvathova
et al. 2021), we found two proteins, further referred to as
NgFfh and NgFtsY, more similar to the bacterial Ffh and
FtsY proteins than to their eukaryotic homologs SRP54 and
SRa. Comparison of the existing respective gene models
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(Fritz-Laylin et al. 2010) with the genome sequence of
N. fowleri revealed that both are inaccurate, not only due
to incorrectly delimited coding sequence (CDS) but in the
case of mtFfh also due to a genome assembly issue (supple-
mentary fig. S2, Supplementary Material online).
Amendments to both gene models were confirmed by real
time-polymerase chain reaction (PCR) amplification of the 5’
end of the respective transcripts and verified by proteomic
data (supplementary fig. S1, Supplementary Material online).
The corrected protein sequences (supplementary table S1,
Supplementary Material online) were evaluated by multiple
protein-targeting prediction tools, which suggested the pres-
ence of a mitochondrial presequence in both proteins (sup-
plementary table S2, Supplementary Material online),
consistent with their identification in the putative mitochon-
drial proteome.

Next, the mitochondrial localization of NgFfh and NgFtsY
was tested in the heterologous system of the euglenozoan
Trypanosoma brucei. Both the N-terminal region (supplemen-
tary fig. S1B, Supplementary Material online) and the com-
plete CDSs of NgFfh and NgFtsY were inserted upstream of
the V5-tagged fluorescent mNeonGreen gene and integrated
into the rDNA locus of T. brucei. Expressed fusion proteins
were detected by immunofluorescence with an «-V5 anti-
body, which in all cases demonstrated colocalization with a
mitochondrion-specific marker (o-mtHsp70 antibody) label-
ing the single reticulated mitochondrion of T. brucei (fig. 2).
This indicates that the predicted mitochondrial presequences
of the N. gruberi Ffh and FtsY proteins are recognized by the
T. brucei mitochondrial protein import machinery, providing
further evidence for the presence of homologs of the bacterial
Ffh and FtsY proteins in the mitochondrion of N. gruberi.

Mitochondrial Ffh and FtsY Have Been Retained in
Several Protist Lineages

To gain insights into the evolutionary origin of NgFfh and
NgFtsY, we carried out an exhaustive search for homologous
genes in other eukaryotes. After excluding Ffh- and FtsY-
related sequences most likely representing bacterial contam-
inants in the eukaryotic genome and transcriptome assem-
blies, our phylogenetic analysis revealed a broader set of
sequences related to NgFfh and NgFtsY (fig. 3). These sequen-
ces are authentic and not bacterial contaminants, as the
corresponding genes (when available in genome assemblies)
contain spliceosomal introns or are parts of genomic scaffolds
containing unambiguous eukaryotic genes (supplementary
table S1, Supplementary Material online). In addition, various
prediction algorithms suggested mitochondrial localization
for these proteins (supplementary table S2, Supplementary
Material online). In case of the Ffh homologs, the putative
mitochondrial presequences are apparent as an N-terminal
extension missing in bacterial proteins (supplementary fig. S3,
Supplementary Material online), whereas the FtsY sequences
are insufficiently conserved at the N-terminus to allow such a
comparison. As the mitochondrial localization seems to be a
common feature of the Ffh and FtsY homologs beyond the
experimentally investigated ones in N. gruberi, we here denote
them mtFfh and mtFtsY, respectively.
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Based on the current sampling of the eukaryotic diversity,
mtFfh and mtFtsY are restricted to four distantly related eu-
karyotic lineages, namely Heterolobosea, Hemimastigophora,
Alveida, and the genus Goniomonas from the supergroup
Cryptista. In Heterolobosea, both mtFfh and mtFtsY were
found in all species for which sufficiently complete sequence
data are available (supplementary table S1, Supplementary
Material online), indicating a widespread occurrence of the
mitochondrial SRP system in this group (fig. 4). For
Hemimastigophora, a recently recognized deep-branching eu-
karyote lineage (Lax et al. 2018), single-cell transcriptome as-
semblies yielded both mtFfh and mtFtsY homologs in
Hemimastix kukwesjijk but only a mtFfh homolog in
Spironema cf. multiciliatum, which most likely reflects an in-
complete representation of the gene repertoire in the latter
species. Alveida is another recently identified deep-branching
lineage containing Ancoracysta twista (Janouskovec et al.
2017; Cavalier-Smith et al. 2018) and the isolate Colp-4b
(Tikhonenkov DV, personal communication). Although
both mtFfh and mtFtsY were found in the transcriptome
assembly of Colp-4b, the assembly of A. twista contained
only the former gene, yet a careful examination of the unas-
sembled raw RNAseq reads allowed us to assemble a partial
sequence that falls into the mtFtsY clade (fig. 3C and supple-
mentary table S1, Supplementary Material online). Finally,
both mtFfh and mtFtsY sequences were recovered from
the genome and/or transcriptome assemblies available for
two deeply diverged representatives of the genus
Goniomonas, G. avonlea and G. pacifica (supplementary table
S1, Supplementary Material online). Interestingly, no mtFfh
and mtFtsY candidates were found in other members of
Cryptista with genome-scale data available, including diverse
algal species of the Cryptophyceae class and the heterotro-
phic flagellates Palpitomonas bilix and Roombia truncata.

Phylogenetic analyses resolved mtFfh and mtFtsY sequences
as novel clades within the signal recognition—associated
GTPase family nested among bacterial sequences but unrelated
to the previously known plastid homologs cpSRP54 and cpFtsY
(fig. 3). There is strong evidence for the monophyly of mtFfh,
with the clade receiving maximal ultrafast bootstrap values in a
broad analysis of the whole signal recognition—associated
GTPase family (fig. 3A) and an analysis restricted to Ffh/
SRP54 sequences (fig. 3B). For the later data set, we also calcu-
lated real nonparametric bootstrap values, providing 95% sup-
port for the mtFfh clade. The internal topology of the mtFfh
clade is generally congruent with the relationships among and
within the four major organismal lineages (fig. 3B), which is
consistent with vertical inheritance of mtFfh in eukaryotes.
Furthermore, the mtFfh clade forms a sister group to sequences
from alphaproteobacteria (fig. 3B) or is even nested within
them (fig. 3A). In the later case, it branches as a sister group
to an Ffh homolog from the uncultivated alphaproteobacte-
rium “MarineAlpha2.” Importantly, since the relationship of
mtFfh and alphaproteobacterial Ffh is strongly supported in
both analyses (fig. 3A and B), mtFfh most likely evolved from
Ffh of the alphaproteobacterial ancestor of the mitochondrion.

Presumably due to a more divergent nature of mtFtsY
reflected by relatively long branches in the phylogenetic trees
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Fic. 2. Mitochondrial localization of heterologously expressed mtFfh and mtFtsY from Naegleria gruberi. (A) Full-length proteins or their N-
terminal leader sequences were expressed in Trypanosoma brucei as translation fusions with V5-tagged mNeonGreen protein and visualized by
immunofluorescence staining using an ¢-V5 antibody. Monoclonal a-mtHsp70 antibody served as a mitochondrial marker; DAPI (blue channel)
was used to stain DNA; DIC, differential interference contrast. (B) PCCs of fluorescent signal colocalization for >10 randomly selected cells in each
individual cell line. The PCC values range from 1 (i.e., 100% correlation) to —1 (i.e,, 100% anticorrelation); values close to 0 mean no correlation. PCC

means with standard deviations are displayed for each cell line.

(fig. 3A and C) and a lower number of informative positions
(290 vs. 410), its evolutionary history could be reconstructed
less robustly than that of mtFfh. Still, the mtFtsY clade is
retrieved in both the FtsY/SRa-only (fig. 3C) and FtsY-only
analyses (supplementary fig. S4, Supplementary Material on-
line) and supported by 87-89% ultrafast bootstrap replicates.
When the most divergent and partial mtFtsY sequence of
Percolomonas cosmopolitus strain AE-1 was removed from
the data set, the ultrafast bootstrap support for the mtFtsY
clade increased to 99% in the analysis of the whole signal
recognition—associated GTPase family and its internal topol-
ogy became generally congruent with the known relationship
among the species (fig. 3A and supplementary data set S1,
Supplementary Material online). On the other hand, the phy-
logenetic position of the mtFtsY clade among the bacterial
FtsY sequences is poorly resolved in all three analyses and the
provenance of the closest relatives differs, in neither case be-
ing alphaproteobacterial. However, alternative hypotheses
that mtFtsY evolved within or sister to alphaproteobacterial
FtsY were not rejected by the approximately unbiased (AU)
test (supplementary table S3, Supplementary Material online)
when applied to the FtsY-only data set. It is worth noting that
the plastidial cpSRP54 and cpFtsY are only distantly related to
their respective mitochondrial homologs and that the
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relation to cyanobacterial equivalents is supported only for
the former protein. Similar to mtFtsY, the origin of cpFtsY
remains unresolved by our analyses, but the a priori expected
cyanobacterial ancestry cannot be rejected by the AU test
(supplementary table S3, Supplementary Material online).

Mitochondrial Signal Recognition Particle Lacks the
RNA Component

The existence of mtFfh protein in certain eukaryotes raises an
obvious question whether a counterpart of the conserved
SRP RNA molecule, which together with Ffh constitutes the
bacterial SRP, was also retained in the mitochondrion. SRP
RNA is poorly conserved in structure and sequence across
distantly related taxa, ranging from the 110-nt-long 4.5S RNA
of Escherichia coli to the 7S RNA of approximately 300 nt
found in the archaeal and eukaryotic SRP (Regalia et al.
2002). Hence, we employed a sensitive search strategy using
covariance models built based on two different variants of
bacterial SRP RNA defined by the Rfam database. As a control,
the covariance model representing protistan 7SL RNA (i.e,
component of the cytoplasmic SRP) was used. Although the
later model identified clear homologs in the nuclear genomes
of the mtFfh-carrying species, no candidates for a bacteria-like
ffs gene were detected.
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Fic. 3. Phylogenetic analysis of the signal recognition—associated GTPase family gene family showing the position of the mitochondrial Ffh and FtsY
homologs. The trees were inferred with the ML method in IQ-TREE (using the LG4X substitution model). Branch support was assessed by
nonparametric bootstrapping (N =500, IQ-TREE; only the trees in parts B and C), rapid bootstrapping (N =500, RAXML), and ultrafast boot-
strapping (N = 1,000, IQ-TREE) using the same substitution model. (A) Phylogenetic position of newly identified mitochondrial Ffh and FtsY
proteins within the family (452 sequences, 287 amino acid positions). Branch support >95% in both methods or only one of them is indicated by a
larger or a smaller black dot, respectively. The tree was arbitrarily rooted between the FtsY/SRo and Ffh/SRP groups. Ffh and FtsY homologs from
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proteins (295 sequences, 422 amino acid positions). (C) Detailed phylogenetic analysis of FtsY/SRa proteins (217 sequences, 367 amino acid
positions). Full trees are provided (in the Newick format) in supplementary data set S1, Supplementary Material online

The failure to detect the RNA component of the putative
mitochondrial SRP may be formally explained by its divergence
beyond recognition by bacterial covariance models. We rea-
soned that analogously to the plastid SRP system, the possible
mitochondrial SRP RNA—if present at all—would most likely
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be produced by transcription of a gene residing in the mito-
genome. Furthermore, such a gene would possibly be suffi-
ciently conserved between the closely related species to allow
its detection by sequence comparison. We thus systematically
compared the predicted intergenic regions of the complete
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Fic. 4. Phylogenetic distribution of proteins and systems involved in membrane protein targeting and translocation in mitochondria. The
schematic phylogeny of eukaryotes is plotted as a consensus of recent phylogenomic analyses of the eukaryote phylogeny (reviewed in Burki
et al. 2020) The presence of the mitochondrial Ffh and FtsY (mtSRP), Twin-arginine translocation (TAT) complex, SecY, (putative) mitoribosome
membrane receptors (Mba1/mL45, Mdm38/LETM1, and Mrx15/TMEM?223), and the novel mitochondrial Ffh-related protein MAP67 is indicated
for the main eukaryotic lineages if documented from at least one representative (filled circle). Empty circles indicate that the components are
absent from the taxon or has not been identified (which may not necessarily mean true absence, given poor conservation of some of the proteins
and limited sampling for many of the main eukaryotic lineages). Question marks indicate that relevant data are missing (mitochondrial genome
sequences in case of TAT and SecY) or were not available for analysis (transcriptome assembly from Eukaryota sp. Colp-4b). Data on the
occurrence of the TAT complex and SecY were adopted from Petri et al. (2018) and Tong et al. (2011), respectively, with further updates based

on Nishimura et al. (2019) and Wideman et al. (2020).

mitogenomes of N. gruberi and N. fowleri (the only pair of
closely related mtFfh-carrying species with the mitogenome
sequences available) to see if any of them exhibits conservation
suggestive of a functional constraint. This allowed the identi-
fication of an unannotated homolog of Rpl19 noticed previ-
ously (Janouskovec et al. 2017) and a short open reading frame
of unknown function conserved in multiple heterolobosean
species (supplementary fig. S5A, Supplementary Material on-
line), but no candidate RNA gene was found.

These results suggest that no gene for SRP RNA exists in
the mitogenomes of eukaryotes harboring mtFfh, with a the-
oretical exception of Hemimastigophora, for which genome
sequences are not yet available. In this regard, it is instructive
to consider the situation with the plastidial (chloroplast) SRP
(cpSRP). The ffs gene is present in plastid genomes of various
algae and plants, but many lineages have independently lost it
and there is a direct biochemical evidence for the absence of
the RNA component in cpSRP of seed plants (Trager et al.
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2012). In addition, the absence of ffs perfectly correlates with
mutations in two specific motifs of cpSRP54 that are critical
for its interaction with 4.5S RNA, suggesting that an alterna-
tive nuclear gene does not seem to exist in these taxa and the
RNA component has indeed been lost (Trager et al. 2012;
Sevéikova et al. 2019). Therefore, we checked the correspond-
ing motifs in the mtFfh proteins and found that they are
similarly mutated (supplementary fig. S5B, Supplementary
Material online). This finding further supports the hypothesis
that the mitochondrial SRP is devoid of an RNA component
similar to its plastidial counterpart.

N-Termini of Some N. gruberi Mitochondrial Proteins
Function as Signal Peptides

Given the evolutionary derivation of the mtFfh/mtFtsY sys-
tem from the bacterial Ffh/FtsY system and considering the
precedent of the analogous plastidial cpSRP54/cpFtsY system,
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it is reasonable to assume that it mediates targeting of specific
protein substrates into the MIM and that this targeting
depends on the interaction of mtFfh with the N-terminal
signal peptides of the client proteins. Consistently with this
hypothesis, 20 out of 46 proteins encoded by the N. gruberi
mitogenome carry signal peptides predicted by dedicated
bioinformatics  tools  (supplementary  table  S4,
Supplementary Material online). Furthermore, we have iden-
tified a strong correlation (P value <0.0001) between the
presence of transmembrane (TM) domains and a predicted
signal peptide in the mitochondrial-encoded proteins
(fig. 5A). All proteins where a signal peptide was predicted
with the probability exceeding 50% possess two or more TM
domains, which is consistent with the assumption that signal
peptide targets the protein into the MIM. One protein, the
ribosomal protein S4, was predicted to contain a single TM
located in the N-terminal region, which is likely a false-
positive results due to the function of this protein. The re-
spective region is neither a strong candidate for an SP (fig. 5A).

To test the functionality of these putative signal peptides
in vivo, we expressed codon-optimized N-terminal regions of
nine mitochondrial-encoded candidates as translational
fusions with V5-tagged mNeonGreen from the pT7 vector
stably integrated into the nuclear genome of T. brucei (for the
scheme of the experiment see fig. 5B). Seven proteins were
targeted into the ER, which in T. brucei forms a reticulated
structure with a central perinuclear ring, whereas two—those
with the N-terminal parts derived from orf145 and tatC genes,
remained in the cytoplasm, possibly in some granules (fig. 5C).
Calculation of the hydrophobicity values (free insertion en-
ergy; AG, kcal/mol; Bjorkholm et al. 2015) of the putative
signal peptides present in the tested N-terminal sequences
revealed that the N-terminus of the tatC-encoded protein is
by far the most hydrophobic. Thus, this protein serves as an
additional specificity control excluding the possibility that the
protein constructs could be dragged toward the ER simply
because of their hydrophobicity. Based on these observations,
we conclude that signal peptide-like N-termini of at least
seven N. gruberi mitochondrial proteins are efficiently recog-
nized by the cytoplasmic (i.e, eukaryotic) SRP-based targeting
system in T. brucei. As a control, the N-terminus of NADPH-
cytochrome p450 reductase from T. brucei, which resides in
the outer mitochondrial membrane (Niemann et al. 2013) as
a predicted signal-anchored protein, targeted the fused V5-
tagged mNeonGreen reporter to the mitochondrion (fig. 5D).
The colocalization of the tested proteins with specific ER or
mitochondrial markers (TbBiP and mtHsp70, respectively)
was assessed by calculating Pearson correlation coefficients
(PCCs) based on >10 cells per each individual cell line, with
the results consistent with the visual assessment of the fluo-
rescence signals (fig. 5E). As a further control, PCC was calcu-
lated also for TbBiP and mtHsp70 antibody staining in wild-
type (SMOX) cells, which indicated no correlation (fig. 5E),
consistent with previous studies where those two antibodies
were used (Dawoody et al. 2020). This verifies that in our
overexpression system the cellular targeting mechanism

82

distinguishes between SRP-dependent signal peptides and
similar, yet SRP-independent N-terminal targeting
determinants.

Proteins Implicated in the Mitoribosome-MIM
Association in Opisthokonts Are Widespread in
Eukaryotes

The most common functional partner of the bacterial SRP
system is the SecYEG channel residing in the plasma mem-
brane (fig. 1A), which raises the question as to whether a
similar partnership also exists in the mtFfh/mtFtsY-
containing mitochondria. An SecY homolog is encoded by
the mitogenomes of some jakobid flagellates (Burger et al.
2013), but the recently reported draft genome from a member
of this group, Reclinomonas americana (Horvathova et al.
2021), indicate the absence of mtFfth and mtFtsY from these
organisms. On the other hand, our reinvestigation of the
mitogenomes, nuclear genomes, and/or transcriptomes of
mtFfh/mtFtsY-carrying taxa did not identify any homologs
of the SecYEG complex subunits, indicating a genuine absence
of the SecYEG complex. Notably, cotranslational integration of
a subset of bacterial proteins into a membrane does not de-
pend on the SecYEG complex and is instead mediated by the
insertase YidC as an alternative partner of the SRP system
(Steinberg et al. 2018). Mitochondria of yeasts, metazoans,
and plants contain two or more YidC homologs, typified by
the yeast proteins Oxal and Cox18, which are involved in
membrane integration or biogenesis of the MIM proteins in
an SRP-independent fashion (Hennon et al. 2015; Kolli et al.
2018b). In opisthokonts, Oxal interacts directly with the
mitoribosome via its C-terminal extension containing a
coiled-coil motif (Jia et al. 2003). We examined the genomic
and/or transcriptomic data of the mtFfh/mtFtsY-carrying spe-
cies using a profile HMM specific for the YidC/Oxa1 family.
One or two homologs were retrieved for each species (sup-
plementary table S5, Supplementary Material online), and
according to phylogenetic analysis, “bona fide” Oxa1 is ubig-
uitous among the species, with some of them additionally
containing a putative Cox18 (Oxa2) ortholog (supplementary
fig. S6, Supplementary Material online). Furthermore, the Oxa1
proteins from all mtFfh/mtFtsY-carrying species exhibit C-ter-
minal extensions when compared with the bacterial YidC
(supplementary fig. S7, Supplementary Material online), sug-
gesting that the conventional mode of mitoribosome-Oxa1l
interaction is preserved in these taxa and therefore was likely
already present in the LECA.

The membrane association of a translating mitoribosome
depends on additional proteins. Studies performed primarily
in the yeast Saccharomyces cerevisiae identified three proteins
involved in tethering the mitoribosome to the MIM. The best
characterized is Mba1 (Ott and Herrmann 2010; Pfeffer et al.
2015), an ortholog of a bona fide mitoribosomal protein
mL45 (Mrpl45) (Desmond et al. 2011). Recent cryo-EM stud-
ies in the mammalian systems revealed that mL45 partici-
pates in a characteristic prberance of the large
mitoribosomal subunit and like Mba1 mediates the contact
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Fic. 5. N-terminal regions of selected Naegleria gruberi mitochondrial proteins are recognized as signal peptides by the cytosolic SRP. (A)
Correlation between the probability of an N. gruberi mitochondrion-encoded protein to contain a signal peptide (as predicted with TargetP-
1.1) and the number of TM domains (detected via TMHMM server). Mann—Whitney test calculated P value below 0.0001. The single protein with a
single predicted TM is the ribosomal protein S4, representing a likely false-positive prediction. (B) Scheme of experiment. NUC, nucleus; MITO,
mitochondrion; ER, endoplasmic reticulum. Small arrows indicate gene expression and subcellular targeting, the dashed arrow indicates nuclear
transfection of Trypanosoma brucei with DNA constructs encoding fusion proteins comprised putative SPs of N. gruberi mitochondrion-encoded
proteins and V5-tagged mNeonGreen (mNg). (C) Codon-optimized 5" segments of N. gruberi mitochondrial genes (encoding N-terminal regions of
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of the mitoribosome with the MIM (Greber et al. 2014; Pfeffer
et al. 2015; Englmeier et al. 2017), raising the possibility that
this function is more broadly conserved, if not ancestral, in
eukaryotes as a whole. Mdm38 is another yeast mitoriboso-
mal membrane receptor, with orthologs in other eukaryotes
generally called LETM1 (Hashimi et al. 2013; Austin and
Nowikovsky 2019). Mdm38/LETM1 are MIM-localized ion
transporters, and whether they function as mitoribosome
receptors in eukaryotes other than fungi is not clear. Using
a specific profile HMWM, we have identified orthologs of both
Mba1/mL45 and Mdm38/LETM1 in most major eukaryotic
lineages, including those with the mitochondrial SRP system
(fig. 4 and supplementary table S6, Supplementary Material
online).

Finally, Mrx15 is a newly described yeast mitoribosomal
receptor organizing, jointly with Mba1, cotranslational mem-
brane protein insertion (Moller-Hergt et al. 2018). Although
proposed to be confined to fungi, our PSI-Blast search
(Altschul et al. 1997) with the yeast Mrx15 as a query detected
significant similarity to proteins in other eukaryotes including
humans, where the homolog is called TMEM223 and besides
its mitochondrial localization (Mallmann et al. 2019; Sanchez-
Caballero et al. 2020), nothing is known about its function.
Further analyses using a profile HMM corroborated the exis-
tence of a family of Mrx15-/TMEM223-related proteins,
which is widely distributed in eukaryotes including most of
the mitochondrial SRP-containing protists (supplementary
table S6, Supplementary Material online). The unity of the
proposed Mrx15/TMEM?223 family is supported by the
shared presence of two predicted transmembrane domains
(supplementary fig. S8, Supplementary Material online),
which were experimentally confirmed for the yeast Mrx15
(Moller-Hergt et al. 2018). Our results indicate that an ances-
tor of the Mrx15/TMEM223 family was likely already present
in the LECA (fig. 4). This has been independently proposed in
a recent study (Sanchez-Caballero et al. 2020) based on a
much more restricted taxon sampling than employed here.

A Novel Mitochondrial Ffh-Related Protein Occurs in
a Broad Range of Eukaryotes

While searching for mtFfh candidates in genome or transcrip-
tome assemblies of diverse eukaryotes, we noticed in some of
them weak hits different from the genuine mtFfth or other
known proteins. Closer investigation of the corresponding
sequences revealed that they constitute a novel protein fam-
ily related to Ffh/Srp54. These proteins are generally predicted
to be targeted to the mitochondrion (supplementary table
S7, Supplementary Material online) and the respective repre-
sentatives were found by mass spectrometry in the

mitochondrion of Toxoplasma gondii (TGME49_254230;
Seidi et al. 2018), Arabidopsis thaliana (AT3G04950; Fuchs
et al. 2020), and Chlamydomonas reinhardtii (v3 annotation
ID 184930; Atteia et al. 2009). In the later species, the protein
was listed among mitochondrial proteins of unknown func-
tion with the label MAP67, which we adopt here for the
whole new protein family. The MAP67 family is broadly dis-
tributed in eukaryotes, being present in most major lineages,
in some taxa even in more than one version (fig. 4 and sup-
plementary table S7, Supplementary Material online).
Notable exceptions are Metazoa, Fungi, Discoba, and
Metamonada. Furthermore, we found MAPG7 in one of the
four mitochondrial SRP-bearing lineages, namely in the genus
Goniomonas.

Based on sensitive homology searches, MAP67 proteins are
along most of their length homologous to the signal peptide-
binding M domain of Ffh/SRP54 proteins (fig. 6). Specifically,
HHpred found a match to this domain (Pfam PF02978) with a
probability of 99.66% and an E-value of 1.4e—15. In addition,
the fold prediction server Phyre2 modeled 72% of the length
of a reference MAP67 query (from the malawimonad
Gefionella okellyi) with 100% confidence based on SRP54
from the archaebacterium Methanocaldococcus jannaschii
as the best template. Interestingly, MAP67 proteins of two
different eukaryote groups exhibit short conserved C-terminal
extensions. In Chloroplastida, it includes a region matching
the SEC-C domain (Pfam PF02810), which is also called the
metal-binding domain (MBD) and occurs primarily at the C-
terminus of bacterial SecA proteins (Jamshad et al. 2019). The
MBD in SecA includes four positions occupied by metal ion-
binding cysteine or histidine residues. Its variant in MAP67
proteins from Chloroplastida also includes four cysteine res-
idues, although their positioning is not necessarily the same as
in SecA (fig. 6). The second eukaryotic group with C-termi-
nally extended MAPG7 is Centrohelida, where the extension
consists of a poorly conserved low complexity linker followed
by a short highly conserved region of approximately 35 resi-
dues homologous to the C-terminus of a subset of bacterial
SecA proteins (fig. 6). However, it lacks the characteristic cys-
teine residues, and HHpred did not detect even a remote
similarity to the canonical MBD. Hence, MAP67 indepen-
dently recruited two different versions of the C-terminus of
bacterial SecA proteins in two different eukaryote lineages.

Discussion

Here we show that at least four distantly related eukaryotic
lineages (Heterolobosea, Hemimastigophora, Alveida, and
Goniomonas spp.) harbor homologs of the bacterial Ffh and
FtsY proteins that are unrelated to the previously known

the respective proteins) were fused with the reporter V5-tagged mNeonGreen gene and integrated into the T. brucei nuclear genome. Except for
orf145 and tatC cell lines, the fusion proteins (o-V5 antibody signal) colocalized with the signal of an o-TbBiP antibody, which served as an ER
marker. (D) Control experiments. Top: the N-terminal region of the T. brucei Protein disulfide isomerase (PDI) protein targets V5-tagged
mNeonGreen into the ER (positive control). Middle: the N-terminal region of the T. brucei NADPH-cytochrome p450 reductase targets V5-
tagged mNeonGreen to the mitochondrion (specificity control). Bottom: No colocalization between ER and mitochondrial marker was observed
in wild-type (SMOX) cell line. The mitochondrion was specifically labeled by the z-mtHsp70 antibody. DAPI (blue channel) represents DNA; merge
1—an overlay of a-V5 and DAPI signals; merge 2—an overlay of ¢-V5 and a-TbBiP signals; DIC, differential interference contrast. (E) PCCs of
fluorescence signal colocalization for >10 randomly selected cells in each individual cell line (see the legend to fig. 2B for further details).
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Fic. 6. MAP67, a novel mitochondrial Ffh-related protein. Top left: schematic comparison of the domain architecture of Ffh/SRP54 and different
variants of MAPG7. MPS—mitochondrial presequence. Bottom: alignment of profile HMMs of MAP67 (with the Chlamydomonas reinhardtii
MAPG67 sequence shown as a reference) and the family COG0541 (Ffh represented in the Clusters of Orthologous Groups database) as retrieved by
HHpred. The numbers on the left and right indicate coordinates along the length of the profile HMMs (the numbers in brackets correspond to the
total length of the profile HMMs). The alignment is sandwiched by predictions of the secondary structure elements provided by HHpred. Top right:
multiple sequence alignment of the novel conserve domain found at the C-terminus of MAP67 proteins from Centrohelida (included are all four
sequences available) and a subset of bacterial SecA proteins (five sequences selected as a reference). IDs for the centrohelid sequences are provided
in supplementary table S7, Supplementary Material online. The bacterial sequences (defined by GenBank accession numbers) come from the
following bacterial taxa: 0GC94203.1—Candidatus Adlerbacteria bacterium RIFOXYB1_FULL_48_1; MAO72192.1—Flavobacteriales bacterium;
HCC04815.1—Patescibacteria group bacterium; EJP73583.1—SAR86 cluster bacterium SAR86B; NBY43094.1—Verrucomicrobia bacterium.

cyanobacteria-derived cpSRP54 and cpFtsY functioning in the
plastids. Two lines of evidence—proteomic data and expres-
sion in a heterologous system—conclusively demonstrate
that the respective proteins from N. gruberi function within
the mitochondrion. Considering additional bioinformatic ev-
idence for the mitochondrial localization of their homologs in
other eukaryotes, we labeled these proteins as mtFfh and
mtFtsY. Phylogenetic analyses indicate their common origin
and are consistent with the vertical inheritance of the gene
pair from a common ancestor of the respective eukaryotic
lineages. The four mtFfh/mtFtsY-harboring groups represent
diverse lineages of the proposed “megagroup” Diphoda
(Derelle et al. 2015; Lax et al. 2018), which implies that both
proteins appeared no later than in the last common ancestor
of this clade. However, the alphaproteobacterial origin evi-
dent for mtFfh (and not excluded for mtFtsY) suggests an
even more ancient origin, specifically from genes of the proto-
mitochondrion. This would by inference mean that mtFfh
and mtFtsY were possibly present in the LECA and were
lost multiple times in a coordinated manner, supporting their
functional interdependence.

Meanwhile, it is noteworthy to compare the evolutionary
patterns of the SRP system in the plastids and mitochondria.
Except for euglenophytes, the plastidial system is ubiquitous
(Zahonova et al. 2018), attesting to its tight integration into
the molecular fabric of this cyanobacterium-derived organ-
elle. In contrast, the mitochondrial version has been dis-
pensed with on multiple occasions. Moreover, in some taxa,
the plastidial system retains its RNA component (Trager et al.
2012), whereas the available evidence suggests that the cor-
responding SRP RNA had most likely been present in the
alphaproteobacterial ancestor of the mitochondrion, yet
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was lost prior to the LECA. Another difference rests in the
fact that protein targeting mediated by the plastidial SRP
system depends on an equivalent of the SecYEG translocation
channel (Ziehe et al. 2017), which is missing from eukaryotes
bearing the mitochondrial SRP system (at least from those
where relevant data are available). Interestingly, the plastidial
SRP system has become engaged in posttranslational inser-
tion into the thylakoid membrane of the nucleus-encoded
antenna proteins, which (at least in the land plants) depends
on a novel protein factor called cpSRP43 interacting with
cpSRP (Ziehe et al. 2017, 2018). We wondered whether anal-
ogously to cpSRP, mtFfh is accompanied by another novel
factor. Following a phylogenetic profiling approach, previ-
ously successful in illuminating another patchily distributed
mitochondrial system (Horvathova et al. 2021), we looked for
proteins with the same or similar phylogenetic profile as
mtFfh/mtFtsY but did not find any cooccurring candidates.
Nevertheless, the existence of a eukaryote-specific compo-
nent of the mitochondrial SRP system remains an open pos-
sibility that needs to be addressed by more direct approaches.

Since none of the eukaryotes carrying the mitochondrial
SRP system is presently amenable to genetic manipulations, it
is difficult to address its composition and function by exper-
imental approaches. Assuming functional conservation dating
back to bacterial ancestors of the mitochondrion as the most
parsimonious alternative, the dissected system is involved in
cotranslational membrane protein targeting. Hence, we eval-
uated the ability of the N-terminal sequences of the
mitochondrial-encoded N. gruberi proteins that bear charac-
teristics of a signal peptide to navigate a fused reporter fluo-
rescent protein into the ER of genetically tractable T. brucei.
Previous reports demonstrated that most proteins encoded by
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the human mitogenome are mistargeted to the ER when
expressed from engineered nuclear copies of the respective
genes, even when provided with a strong mitochondrial pre-
sequence (Bjorkholm et al. 2015, 2017). This suggested captur-
ing of transmembrane domains in these proteins by the
cytosolic SRP analogously to the recognition of signal-anchor
sequences in proteins normally targeted to the ER membrane.
Our experiments extend these observations by showing that
the N-terminal regions of some nonhuman mitochondrial
proteins are interpreted by the cytosolic SRP as bona fide signal
peptides. Given the fact that the eukaryotic cytosolic SRP is
related, however distantly, to the eubacterial SRP, this suggests
that the N-termini of these proteins are likewise recognized by
mtFfh when they emerge as nascent peptides from a translat-
ing mitoribosome. Following the functional paradigm estab-
lished for both the eubacterial and eukaryotic SRPs, this leads
to relocation of the ribosome-nascent chain-mtFfh complex
to the MIM mediated by interaction with the membrane-
associated mtFtsY receptor. Since the SecYEG complex is ab-
sent from eukaryotes known to have the mtFfth/mtFtsY sys-
tem, the ubiquitous YidC homolog Oxal is an obvious
candidate for mediating cotranslational membrane insertion
of the nascent protein.

Although the cotranslational function of the mitochon-
drial SRP system is the default hypothesis to test, the ability of
the plastidial SRP system to function in a posttranslational
mode suggests that such a possibility cannot be dismissed
either. Indeed, numerous nucleus-encoded proteins are trans-
located into the matrix and then inserted into the MIM by
Oxa1 working in a posttranslational mode (Stiller et al. 2016;
Kolli et al. 2018a). The assistance of the mitochondrial SRP
system in such a delivery route would be analogous to the
role of the plastidial SRP system in the integration of light-
harvesting chlorophyll a/b-binding proteins into the thyla-
koid membrane mediated by the YidC homolog Alb3
(Ziehe et al. 2018). We also considered a possibility that the
mitochondrial SRP system interacts with another protein
translocase of bacterial origin, the TAT complex located in
the MIM of some mitochondria, although this would repre-
sent a setting that is unprecedented in bacteria. The mito-
chondrial TAT components are indeed present in
heteroloboseans and the alveid A. twista (Petru et al. 2018).
The lack of mitochondrial genome sequences from
Hemimastigophora precludes determining if the TAT com-
plex is present in this group. In any case, the recently se-
quenced mitogenome of G. avonlea lacks genes for any
TAT subunit (Cenci et al. 2018), making the hypothetical
functional link between the mitochondrial SRP system and
the TAT translocase unlikely.

Preservation of the mitochondrial SRP system in just a
handful of eukaryotic lineages raises the question as to
whether they share another feature that predetermined
them to keep mtFfh and mtFtsY. Since the morphology
and lifestyle of the mtFfh-/mtFtsY-containing eukaryotes
vary widely, these provide no clue. It is, however, noticeable
that they have gene-rich mitogenomes (yet to be confirmed
for Hemimastogophora) with a significant fraction of genes
encoding soluble proteins, such as mitoribosomal subunits
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(fig. 7A). It is therefore tempting to speculate that in these
organisms, stable tethering of mitoribosomes to the MIM, a
situation described in yeast, human, and other eukaryotes
with few if any soluble mitochondrial-encoded proteins,
would not provide sufficient flexibility to the translation ap-
paratus. Although the proportion of membrane-associated
and free mitoribosomes in eukaryotes with gene-rich mito-
genomes remains unknown, it is plausible that the ratio will
be shifted toward the later state. In such a case, the mito-
chondrial SRP system would provide a means to flexibly reg-
ulate the submitochondrial localization of the translating
mitoribosome, depending on the nature of the nascent pro-
tein. However, this interpretation does not explain the ab-
sence of the mitochondrial SRP system from other protists
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Fic. 7. Persistence of the SRP pathway in mitochondria. (A) The
mtSRP pathway is present only in organisms with a high proportion
of soluble proteins encoded in the mitogenome. The Y-axis repre-
sents the percentage of proteins without any predicted transmem-
brane domain. Numbers in brackets show the total number of
protein-coding genes in the mitogenome. Black color highlights
organisms where the mtSRP pathway is present. (B) Cartoon repre-
sentation of the putative mtSRP pathway as deduced from the results
presented in this study (compare with fig. 1D). Names of the proteins
displayed in white represent proteins present in all mtSRP system-
possessing taxa, whereas proteins in black are present only in some of
them.
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with gene-rich mitogenomes, including the jakobid Andalucia
godoyi (Burger et al. 2013), which has retained in its organelle
a range of other ancestral bacteria-like traits (Gray et al. 2020).

Interestingly, it has been previously shown that the
yeast mitoribosome interacts with a bacterial Ffh when
this is expressed in yeast cells and engineered to be tar-
geted to the mitochondrion (Funes et al. 2013), suggesting
that the structural prerequisites for the function of the
mitochondrial SRP system have been preserved even in
lineages that lost it a long time ago. In addition, expression
of a mitochondrion-targeted bacterial Ffh in the yeast
Amba1 oxalAC strain (i.e, a mutant lacking the mba1
gene and expressing a truncated version of Oxal without
the C-terminal ribosome-binding tail) partially rescued the
growth defects conferred by the mutations (Funes et al.
2013), which would be compatible with the idea that the
ancestral mitochondrial SRP system and the Mba1-driven
mitochondrion-specific mechanisms of ribosome mem-
brane association are at least partially functionally redun-
dant. However, the rescue effect of the bacterial Ffh did not
depend on the presence of a bacterial FtsY in the yeast
mutant (Funes et al. 2013), raising the question about the
actual biochemical mechanisms of the Ffh action in the
yeast mitochondrion. In this context, it is notable that our
comparative genomic and phylogenetic analyses revealed
broad conservation of proteins involved in the mitoribo-
some—MIM association in eukaryotes, including the (pu-
tative) mitoribosome receptors Mba1/mL45 Mdm38/
LETM1, and Mrx15/TMEM223, as well as the C-terminal
extension of Oxa1. Their distribution is consistent with the
notion that they could have mediated the mitoribosome—
MIM association already in the LECA. Meanwhile, the pres-
ence of these proteins in the mtFfh-/mtFtsY-carrying pro-
tists suggests that in these eukaryotic lineages, the original
SRP-dependent mechanism of protein targeting has coex-
isted with the newly evolved mechanisms of mitoribo-
some-MIM association for approximately 1.5 billion
years (Betts et al. 2018) and hence is unlikely to be func-
tionally redundant with them.

Furthermore, we identified MAP67, a novel mitochondrial
protein that also occurs broadly in eukaryotes and was most
likely already present in the LECA. Its obvious evolutionary
relationship to Ffh raises the possibility that it is a highly
modified ortholog of mtFfh. However, the four mtFfh-
bearing lineages are interspersed among taxa with MAP67
and at least one of them, the genus Goniomonas, harbors
both genes. Therefore, we propose that MAP67 and mtFfh
coexisted in early eukaryotes and their current distribution
reflects extensive differential loss. Unfortunately, MAP67 is
not sufficiently similar to the M domains of Ffh/SRP54 to
make a conventional phylogenetic analysis meaningful, but
the most parsimonious explanation of its origin is that it
emerged from a duplicated copy of mtFfh by an internal
deletion that removed its N and G domains. Presently, we
can only speculate about the function of MAP67, but it has
already been shown to be essential in two model apicomplex-
ans, T. gondii (TGGT1_254230; Sidik et al. 2016) and
Plasmodium falciparum (PF3D7_1004900; https://plasmodb.
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org/plasmo/, last accessed March 31, 2021). As it represents a
divergent version of the Ffh/SRP54 M domain responsible for
binding the signal peptide (Janda et al. 2010), it may still bind
the N-terminal regions of mitochondrial proteins with char-
acteristics of a signal peptide and mediate their membrane
targeting. Such a role of MAP67 is further supported by the
accretion, in Chloroplastida and Centrohelida, of two alter-
native C-terminal domains of SecA, a bacterial protein un-
known from mitochondria that is involved in
posttranslational membrane protein targeting (Steinberg
et al. 2018). One more piece of evidence for our hypothesis
was provided by a recent cryo-EM study of the structure of
the mitoribosome from the ciliate Tetrahymena thermophila
that detected a novel protein, denoted mL105, associated
with the mitoribosome tunnel (Tobiasson and Amunts
2020). The authors noticed homology of mL105 to the M
domain of Ffh and proposed that it may be involved in pro-
tein targeting in the mitochondrion. Unsurprisingly, our in-
spection of the T. thermophila mL105 protein
(TTHERM_000931898) identified it as an MAP67 ortholog,

In conclusion, with the identification of mtFfh and
mtFtsY, we have unveiled a novel mitochondrial attribute
that joins the growing list of components present in the
proto-mitochondrial endosymbiont but is retained only
by marginal extant eukaryotic groups. We predict that
with further exploration of the protist diversity, the
reconstructed complexity of the mitochondrial cenances-
tor and its bacterial character will further increase.
Somewhat surprisingly, the mitochondrial SRP system
seems to be absent from a group where its presence
was suspected based on the previous knowledge, namely
the mitochondrial SecY-containing jakobids. The appar-
ently nonoverlapping distribution of the mitochondrial
SecY (or possibly a full SecYEG translocon) and the
mtSRP system is puzzling and cannot be readily explained
without functional characterization of both elements.
These uncertainties notwithstanding, we hypothesize
that protein targeting in certain extant mitochondria
relies on a modified SRP-dependent pathway (fig. 7B)
and may represent an impediment for translocation of
the corresponding mitochondrial genes into the nuclear
genome in the respective eukaryote lineages.
Furthermore, our discovery of the broadly occurring
MAP67 family that likely evolved from an mtFfh paralog
suggests that vestiges of the SRP pathway in mitochondria
may not be restricted to the mtFfh-/mtFtsY-carrying taxa.
Direct experimental studies of MAP67 in appropriate
model systems are necessary to establish its exact role
in mitochondrial biology and to understand why
MAP67 was lost from many eukaryotes, including meta-
zoans and fungi.

Materials and Methods

Identification of mtFfh and mtFtsY Sequences

In order to identify homologs of mitochondrial SRP pathway
in other eukaryotes outside the genus Naegleria, we per-
formed a phylogeny-directed search for close homologs of


https://plasmodb.org/plasmo/
https://plasmodb.org/plasmo/

Bacterial Signal Recognition Particle-Based Protein Targeting in Mitochondria - doi:10.1093/molbev/msab090

MBE

its two protein components (mtFfh and mtFtsY) in publicly
available databases. Using Naegleria sequences as a query, we
collected 500 best tblastn hits from NCBI Transcriptome
Shotgun Assembly (TSA) database, 2000 best tblastn hits
from The Marine Microbial Eukaryote Transcriptome
Sequencing Project (MMETSP), and approximately 400
sequences from the NCBI nonredundant protein database
(100 best BlastP hits from each of the following: unclustered
Archaea, Eubacteria, Eukaryota, and from clustered database
“nr70”). Transcripts obtained from the MMETSP and NCBI
TSA databases were translated into proteins using the
TransDecoder utility (Haas et al. 2013). We additionally
searched with tblastn transcriptome assemblies from various
poorly studied protist lineages that were reported in the lit-
erature but are not included in the NCBI database; these were
downloaded from the specific public repositories or were
obtained upon request from the authors. In several cases,
the sequences of special interest that were found truncated
were extended by iterative manual blastn searches and re-
cruitment of raw unassembled RNAseq reads available in the
SRA database at NCBI. A partial FtsY transcript from A. twista
was assembled similarly, starting from a seed read identified
by an iterative tblastn search against the respective database
of RNAseq reads. Some current gene models in genome
annotations proved inaccurate and were manually corrected
using evidence from transcriptome data and/or comparison
with conserved regions in homologs. Ffh and FtsY homologs
were also identified in our unpublished genome sequence
assembly from the heterolobosean Neovahlkampfia damar-
iscottae and manually annotated to define the exon—intron
structure of the respective genes. All protein sequences were
aligned with MAFFT version 7, using the auto mode (Katoh
and Standley 2016) and trimmed manually. A preliminary
phylogenetic analysis was performed in RAXML version
82.11 (Stamatakis 2014) under the simple PROTCATLG
model with 100 rapid bootstraps. Sequences branching in
the vicinity mtFtsY and mtFfh were retained for further anal-
yses together with representative sequences from the ar-
chaeal, eubacterial, eukaryotic, and plastidial SRP54, Ffh,
FtsY, and SRa proteins. Subsequently, several rounds of recip-
rocal Blastp and phylogenetic analyses were performed to
remove contaminants and to add homologs from under-
sampled lineages. All mtFtsY and mtFfh sequences are listed
in supplementary table S1, Supplementary Material online.

Analyses of Protein Sequences

Subcellular targeting of candidate proteins was predicted by
using TargetP-1.1 (Emanuelsson et al. 2007; http://www.cbs.
dtudk/services/TargetP-1.1/index.php, last accessed March
31, 2021), MitoFates (Fukasawa et al. 2015; http://mitf.cbrc.
jp/MitoFates/cgi-bin/top.cgi; prediction model: metazoa, last
accessed March 31, 2021), MitoProt (Claros and Vincens
1996; https://ihggsf.de/ihg/mitoprothtml, last accessed
March 31, 2021), and Predotar (Small et al. 2004; https://
urgiversailles.inrafr/predotar/; animal or fungal sequences,
last accessed March 31, 2021). TargetP was also used for
the prediction of signal peptides. TMHMM tool (Krogh
et al. 2007; http://www.cbs.dtu.dk/servicess TMHMM/, last
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accessed March 31, 2021) served for the detection of trans-
membrane domains. Sensitive homology detection tools
were employed to search for homologs of proteins of interest
that evolve too rapidly to be always detectable across distant
relationships by using Blastp (Oxal, Mba1/mL45, Mrx15/
TMEM?223, MAP67). The HMMER3 package (Eddy 2011)
was used to search a locally maintained protein sequence
database (combining data protein sequences downloaded
from public resources or inferred from nucleotide sequence
data) in parallel to the recently reported EukProt database
(Richter et al. 2020). The searches employed as queries profile
HMMs built based on seed multiple protein sequence align-
ments downloaded from the Pfam database (El-GebAli et al.
2019) or custom alignments of previously identified reference
sequences prepared with MAFFT. Where appropriate or
needed, profile HMMs were iteratively updated by expanding
the template alignments with new homologs recognized in
the previous search. HMMER searches of the NCBI nr data-
base were carried out using a public server (https://toolkit.
tuebingen.mpg.de/tools/hmmer, last accessed March 31,
2021). The identity of the hits was assessed by backward
Blastp searches against the NCBI nr database, conserved do-
main (CD) searches against the NCBI Conserved Domain
Database (Yang et al. 2020), and by HHpred searches
(Zimmermann et al. 2018; https://toolkit.tuebingen.mpg.de/
tools/hhpred, last accessed March 31, 2021). The later
searches were initiated either with individual reference query
sequences with the default maximal three Multiple sequence
alignment (MSA) generation steps utilizing HHblits, or mul-
tiple prealigned sequences with no extra MSA generation
step. Four databases of profile HMMs—PDB_mmCIF30,
COG_KOG, Pfam-A, and NCBI_CDs—were searched at
once. Homology of MAP67 (using the sequence from the
presumably slowly evolving malawimonad Gefionella okellyi)
was also investigated by using the fold recognition server
Phyre2 (Kelley et al. 2015).

SRP RNA Analysis Using Covariance Models
Alignments of small bacterial SRP RNA (RF00169), large bac-
terial SRP RNA (RF01854), and protozoan signal recognition
particle RNA (RF01856) were downloaded from the Rfam
database (Kalvari et al. 2018; http://rfamxfam.org/clan/
CL00003, last accessed March 31, 2021) and processed using
tools of the Infernal package version 1.1.2 (Nawrocki and Eddy
2013). Particularly, cmbuild was used to build a covariance
model; E-value parameters for covariance models were cali-
brated by cmcalibrate, and cmsearch was used in combina-
tion with a particular calibrated model to screen available
mtDNAs from Heterolobosea (Pharyngomonas  kirbyi,
Heterolobosea sp. BB2, Stachyamoeba lipophora, Naegleria
spp., Acrasis kona, N. damariscottae), A. twista, and
G. avonlea as well as nuclear genome assemblies from three
Naegleria spp., G. avonlea, and our unpublished genomic data
from N. damariscottae.

Phylogenetic Analyses
In an attempt to evaluate the phylogenetic position and ro-
bustness of the phylogenetic placement of identified
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mitochondrial FtsY and Ffh proteins, we performed a set of
phylogenetic analyses using sequences of signal recognition—
associated GTPase family identified and collected by
phylogeny-directed search (see above). We prepared four tax-
onomically balanced data sets. Specifically, the broad data set
representing the diversity of the whole signal recognition—
associated GTPase family (452 taxa) and three more focused
data sets: FtsY-only data set containing eubacterial and organ-
ellar FtsY sequences (154 operational taxonomic units, or
OTUs); FtsY/SRa data set (217 OTUs), and Ffh/SRP54 data
set (295 OTUs). Protein sequences were aligned with MAFFT
version 7 (Katoh and Standley 2016), using the G-INS-i
method with BLOSUM30 scoring matrix and unalignlevel
0.8 (the broad data set) or unalignlevel 0.0 (FtsY-only data
set) or the L-INS-i method with BLOSUM30 (Ffh/SRP54 and
FtsY/SR data set). Alignments were trimmed manually (FtsY-
only data set) or automatically (other data sets) using BMGE
version 1.12 (Criscuolo and Gribaldo 2010) with adjusted
parameters: BLOSUM30 matrix to estimate entropy-like value
for each position; length of selected blocks at least two; max-
imum gap rate per position 0.6 or 0.8. Divvier 1.0 (Ali et al.
2019) under standard divvying setting was used to remove
low confidence homologies from the broad data set before
trimming.

Maximum likelihood (ML) phylogenetic analyses were car-
ried out with IQ-TREE multicore version 1.6.10 (Hoang et al.
2018) and RAXML version 8.2.11 (Stamatakis 2014) under the
LG4X substitution model suggested by ModelFinder
(Kalyaanamoorthy et al. 2017). Branch supports were esti-
mated by using three approaches: ultrafast bootstrapping
with an activated “bnni” option to reduce the risk of over-
estimating branch supports (IQ-TREE, N = 1,000), rapid boot-
strapping (N =500, RAXML), and in case of Ffh/SRP54 also
with nonparametric bootstrapping (N = 400, IQ-TREE). All
bootstrap replicates were mapped on the best IQ-TREE to-
pology using the “sup” option; final trees were visualized with
CorelDRAW Home & Student Suite X8. For the ML phyloge-
netic analysis of the FtsY-only data set (supplementary fig. S4,
Supplementary Material online), the AU test (Shimodaira
2002) was performed as implemented in the IQ-TREE multi-
core version 1.6.10 to evaluate two hypotheses for the phy-
logenetic origin of the mitochondrial and plastidial FtsY:
mtFtsY branching with sequences from alphaproteobacteria
and cpFtsY branching with homologs from cyanobacteria,
respectively. The AU tests were conducted with hypothetical
groupings (loosely constrained) under the LG4X model. The
optimized trees were compared with 10,000 resamplings us-
ing the RELL method. Each hypothesis was tested in triplicate
to show the consistency of the results. Maximum log-
likelihoods (logL) of each constraint and replicate, as well as
their differences from the unconstrained ML tree (deltal) are
listed in supplementary table S3, Supplementary Material on-
line. The hypotheses within the 95% confidence interval that
could not be rejected are those with P-AU >0.05.

Cell Cultivation, Cloning, and Expression
T. brucei procyclic cell line SMOX 927 (Poon et al. 2012) was
grown at 27°C in SDM79 medium (Schonenberger 1979),
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whereas N. gruberi strain NEG-M (ATCC 30224) was grown
axenically at 27 °C in M7 medium (Fulton 1974). Both media
were supplemented with 10% fetal bovine serum. The N-ter-
minal region of the mitochondrial-encoded genes from
N. gruberi were codon-optimized for the expression in
T. brucei (https://euidtdna.com/CodonOpt, last accessed
March 31, 2021) and designed as a partially overlapping op-
posing long primers, which served both as a template and as
primers in one cycle PCR. Analogously, N-terminal regions of
PDI and NADPH-cytochrome p450 reductase from T. brucei
were used as a positive and specificity control, respectively.
This led to the synthesis of inserts up to 180 bp in length,
which were along with the full-length CDS or N-terminal
regions corresponding to the predicted mitochondrial signals
of the NgFfh and NgFtsY individually subcloned in pT7 plas-
mid (Shaner et al. 2013) modified by insertion of the mNg
gene in front of the V5 tag. The plasmid was linearized with
Notl restriction enzyme and nucleofected into the T. brucei
procyclic stage as described earlier (Kaurov et al. 2018).
Expression of the proteins was induced with doxycycline
overnight or for just a few hours, as was the case of full-
length NgFfh and NgFtsY.

Immunofluorescence Microscopy

Trypanosoma brucei procyclic cells were harvested, washed
twice (900g 5min at room temperature [RT]) with
Voorheis's-modified phosphate-buffered saline (vPBS; PBS
supplemented with 10 mM glucose and 46 mM sucrose, pH
7.6) and the cell suspension was transferred on a microscopic
slide covered with poly--lysine. Attached cells were fixed for
15 min with 4% paraformaldehyde at RT. Afterward, the cells
were permeabilized with 0.1% Triton X-100 in PBS for 15 min.
Blocking was performed for 1h in 1% bovine serum albumine
(BSA) in PBS supplemented with 0.033% Triton-X-100 and
the same buffer (but without BSA) was also used for all wash-
ing steps. The expressed proteins were visualized using rabbit
a-V5 antibody (Sigma-Aldrich), with a-mtHsp70 and «-
TbBiP antibodies (Bangs et al. 1993; Panigrahi et al. 2008)
used as mitochondrial and ER markers, respectively. Goat «-
rabbit Alexa Fluor 488 and goat a-mouse Alexa Fluor 555
(both Life Technologies) were used as secondary antibodies.
DNA was stained with ProLong1 Gold antifade reagent with
4 ,6-diamidine-2'-phenylindole  dihydrochloride ~ (DAPI)
(Molecular Probes), and stained cells were observed with
Zeiss microscope Axioplan 2 equipped with an Olympus
DP73 digital camera. Images were processed using the Fiji
software and Pearson correlation coefficient for signals from
different channels was calculated using the Coloc 2 plugin
with default settings (Schindelin et al. 2012).

Supplementary Material
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ALLSSDVGNNTTQLLLTR QIENNPTAEENVK L
MQQQIVKRL

QONOGTPEGGVSIPLIPLNPK
QONQGTPEGGVSIPLIPLNPK TSGCTLVDLTESEK
QONQGTPEGGVSIPLIPLNPKSRPTVVQICGVNGSGKTTTIGKLLHKYRESGTVRNIVVAAADTVRAAAPDQLRTWVERTSGCTLVDLTESEKLKKQHTTTPQQVKVKN

VPAESVVYEAIQQALRKEDVDLVFVDTAGR
VPAESVVYEAIQQALR
KEDVDLVFVDTAGR ELSLITEMCSK
IRQVSYKVPAESVVYEAIQQALRKEDVDLVFVDTAGRLONQEASMKELSLITEMCSKSRKGAPDHTWLILDGTIGONSIQQAKLFQKYVRISGIIVTKLDGSAKGGVIL

AIANELKIPVLYIGLGESVSDLKPFYPEQFVDSILSVASAEEKQTKSEEDDE

Supplementary fig. S1. Proteomic identification of mtFfh, mtFtsY, and other mitochondrial
proteins of interest in cell fractions of N. gruberi. (A) PCA analysis of 4,198 proteins
proteomically measured in cell fractions differentially enriched in mitochondria. The cluster of
mitochondrial proteins was defined based on 376 mitochondrial markers. The boundaries of the
cluster of co-purified peroxisomal proteins were established by 26 peroxisomal markers, the
position of four selected endoplasmic reticulum (ER) markers is also shown. All N. gruberi
proteins specifically discussed in the main text as supposedly mitochondrial, including mtFfh
and mtFtsY, clearly co-purify with the mitochondrial markers, in contrast to the components of
the cytoplasmic/ER SRP system (SRP54 and SRa) following the ER markers. (B) Peptides (in
red) from N. gruberi mtFfh and mtFtsY identified by tandem mass spectrometry (nLC-MS2). The
N-terminal regions of the two proteins highlighted in yellow correspond to the leader sequences
tested (as fusions with mNeonGreen) in subcellular targeting experiments in the heterologous
system of Trypanosoma brucei. Further technical details on the proteomic analysis are provided
in Horvathova et al. (2021).
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(A) N. gruberi mtFfh gene: revised sequence and model

DNA: aattgtcgtcgttcataatatctaatagtacaacaatttgttatcatcacatcaattagatac aacaattataataataaaacaacacagattagaaaaaal

+1fr: N C R R § * Y L I V Q Q F V I I T s I R Y K QL * * * NN TD* KKMTFZ KSNS SRS STILLS®RTFTLTEKTANTHIHIEHCK
+2fr: VVHNTI®* * Y NNTLTL S H D R N N Y NNZ KTTOQTIRZKTE KTCTL vV oI VoV S HDF *RQPTHTITITVK
+3fr: s FI I SNSTTTIGCY i 1 EETTITITITIKOQHRTLETEKTNV * K * * s F LTI FKDSOQHTS S L * N
BCCH82416.x1 ccagecttgtgecatcatacaagtttattttcatcaaataacaagaatgttgggetecaacatgticttcaacaatacaatcaacaacaagtgagattcttccactettcaccaaaacaat

BCCI64651.b1 ccagccttgtgccatcatacaagtttattttcatcaaataacaagaatgttgggetecaacatgttcttcaacaatacaatcaacaacaagtgagattcttecactettcaccaaaacaat

BCCI104085.b1 ccagccttgtgecatcatacaagtttattttcatcaaataacaagaatgttgggctccaacatgttcttcaacaatacaatcaacaacaagtgagattcttccactcttcaccaaaacaat

BCCI125493.g1 ccagccttgtgecatcatacaagtttattttcatcaaataacaagaatgttgggctcecaacatgttcttcaacaatacaatcaacaacaagtgagattcttecactettcaccaaaacaat

DNA: u

+l1fr: I V F S 8§ s E V F S P A L CHHTSULTF S S NNZIEKNUVGTLIOQHVILOQOQYNUIQUOQOQVR F F HS S PKQYGULTFSNILT SN
+2fr: L S F H H R K Y F H QP CATITIOQVYTFHO QITI RMLGSNMMTFTFNNTTINNEK * s T L HQNNMYYFOQT * P L I
+3fr: cCLFITIGSTIFTSTLVZPSYZ KTFTITFTIZEKST?*OQETCWATPTTCSSTTIOQSTTSE PLFTZXKTTIWSTITFIEKTILTDTL * Y
DNA:

+lfr: M S D A F T NTLVF KK KTTULTIZKETDVE E A M Q K V R V A L LDADVAE SV V S Q F V K EATEDATIGTIA AR AVIKOQUV
+2fr: C L M L L L I S S K R R H S P R K M S K R P CWMLMTLILNTLL L VLOQTLTLTNEKTL
+3fr: vV *CF Y * S L OQZKETUDTHOGRTCTR RTR RG A K s - S C LV GC*¥ CC®*ICCTFTTI c E W Y C s C *x T s *
DNA:

#fr: E § Q EN KGILSRIAKEWWY GPNOQEXKAEETLTPEKSATV YLMVMDRLSETLTLG® G G G VAPLETLTITPSTTETGK S
+2fr: N H R K I R E Y C H V L Q N G L V R I K K L N Y QNILULTULFT W IDFQNTCWUV VLILLWN®*TFHTEPTLEKVN Q
+3fr: T G K * GNTVTYCEKMSGTUW S E K I T K I C Y C L G * T R I VGWURZCTCS F G s I H R

v [EEatcatoqtoscagqTattoaaaattotaqtasaaceacatCaaataoeaaattaactttacaattasaaasaaaaaaaaatagaaaaatctattaatatcacttoatactiacagactacagotoanatacagettcanacattayrteancanaticaagtoqantoacteeed
+1fr: V. I M V T 6 I Q G S G KTT S S A KILALUG QTLIEKRIEKENRIRVYVILLVYVSLDTYRUPAAQMZOQTLZ QTTULAQUOQTIOQVESTLTFP
+2fr: L S W Q VvV FXKVLVZEKZ®PHRVYVZPSW®WLYNS*RET REKTIETESGC CWYZEHLTILTHDTILOTLE KT CSTFTEKTEHTWLNTZ KTFTZ KSNHTFQ
+3fr: Y H6 DR Y S RFW* NHTIETCOQVGFTTIZ KTEZ KT GE K?®*ZEXKSLVGIT®*yYLOQTT CSSDNASAZSI NTIGSTNSS®RTITSN
~ih:  pEtattccagaacasaatccaattgasattgoaaagagagetatggaatatgtgggtccaaatggtgaacaatttgatactgtaatttteqatacagetggtagaatgeacattgacgaacaactcatgacagaattggaagaattaagagotattgticaaccaaatgaaacctigteq
+1fr: I I P EQ N P I E I A KRAMETYVGZPNGET QFDTVTITFTDTAGIRMEHTIDTET QILMTETLTETETZLTRATIVZ QTPNTETTILL
+2fr: L F Q N K I 9 L K L Q R E L W NMW®WV QMVDNNTLTITLS®*TFSTIOQLVETCTTZLTN2NS?®*OQNUW®WIE KTIN*ETLTLTFNQ M K P C W
+3fr: Y S RTEXK SN *NCZKESYOGTICGSZ KT®W®W*TTI™>*yYCNTFRYSW™*NAHS*RTTUHDR RTIGRTITZEKSYCS ST K N L V G
-N::  fEtgcagactetatgettggtaacgacqctgtgaatattgotactcaattccacqategtgitggtitatotqgtattgttttgacaagaatqgatqgtactageagtqgtggttgtgctatoagtatgaaacaagttgtiggtttgagtqttasatatattogtattggtgaaaggatd
+lfr: VA D S MLGNUDA AV NTIA ATI QTFHD RTYVG GLSS GIVILT®RMDTGTSSGGCATILISMZ KT QVVGLSVZE KTYTIGTIGETRM
42fr: L Q@ T L C L V T T L * I L L L N T I VLVYZLVILTF®*QEW®WMMVLAVVV VLSV *N L LV *VLVNTITLTYVTLTYVEZEKSGHW
+3fr: C R LY AW * R E Y C Y s I C W F I WY D K NG W Y * W L CYQYET C W FEGCS®*TIYWYTW*KDG
“v [EEoatttogaasctEttoatocceaaaatitagctaaaaaaattttaaataaaaataacattataactotoqotoaaaaagetaaaaatacaataaatitaaatactactonagotonacanaaartiatteaaticagtasnaqtacatacacattcaagyattatoangateasaty
+1fr: D D L E 'l‘ F D P Q S L A K R I L G G G D I M T L A Q K A K D A M N L D A A Q A Q Q K L V Q F s K G A Y T F K D Y Q D Q I
+2fr: VWILRETFWUV v s L L R M I M s v vV H s K F
+3fr: * F G NF * S P KFG * ENTFGW®WR * HYDSRSZKS™*GCHETFGC S s s TKTOCSTIOQ®* G C QG L S R S N s
“N::  pasatgcttaaasagatgggatctcetgasaaatatggecagttaccttecagaacaatttatiggtaaaticagagataaattgataatatggactigteattcattgataatoacgaacatatoattagttgeatgtotgaacaagaaaaattgcaacctotetiggttgaateatcd
+1fr: Q M L K KM G S L KNMAS Y LPET GQTFTIGI KTFRDIEKTLTDNUNMMDTUELST FTIDINIEHEH HTITIST CMSET QETZ KTLG QTPTLILVES S
+2fr: K C L K RWDUL * KIWZ®PVTFOQNNTLTLJ VNS SETINTUWWTITIW®WTOCHSTZILTITITNTISTILVACLTNTZE KTE KNTZCECNTILSUWLNHR
+3fr: N B K DGTISEZ KYGOQZLPSRTTIJYW®W*TIOQR?®*TIG*YGULVTIHT**XSSRTJYHUH?*TLHV *TRZEKTIATSTILSG?*TITIE
“tn:  BafqocaeaEeRtiaqacttaqotaaaaeaqetasaatiqaaatiaccaatataaacanaatyotoasgatataciaaaagataaaat cat oAt oagtaaaaot ot toaqeaaeoatoRaaaatcoaaaaaaaataaataaaeaaatoatqaaaaatcoaat ot Lottt goaaaaaty
+4l1fr: 8 AR R L DL AKURAIKVEVYVTDVNI KMMTLI KMYZETI KMZ KS ST FTISI KA ASGSA AAMTE KT DU?PIE K KMSEU QMMME KT DZPMTFTFANM
+2fr: V P E D W T W L R E L R L KL P M * T RC S RCTZ KT R*NUHSSVRTILYV o Q P * R I o R K * V NEK™* * KIOQCSTLZPTC
+3fr: C QK I G L G * s G * R CK QD@ AQDVREKTDETITIHOQ* G W N * T N D E R vV L CQ v
DNA: attfftaff?tfftt\/ftha(‘aﬁfgtaattqattavafattgétgff catcttgt cgacqtgaataaﬂ“tffttqaatgrttvattttqttccctc tgatagcaataactctactgttactcataacaa
+1fr: F P M K V K K Q L I RP P KU R®* I F I L F L RO C N * L H I VsSSsSCRRET®*S SF *MTFHTFUV P * * Qg * L Y C Y 5 * Q
+2fr: S Q * K R N N * G HQRDJEKTFTLTFFFFDNVIDYTIILMEFUHLY DV NN-NTLTFETCTFTIZLTFTPTLIDSNNSTUVTHNK
+3fr: PNESEETTIODIZXKATTZ KT ETILINTFYSFsSsSTM®*LITY*CFILST®*TITIFTLNSVSTF CSTZLLIATILITTLTLTLLTITN

(B) Alignment of mtFfh protein sequences from Naeglerla spp.

Ngr_mtFfh SNSRSLLSRFLK-TANTHHHCKIVFSSSEVFSPAL-——--=— CHH

Nfo_mtFfh M——FSFNLTSFTFARLMLCTFNESHTPFFPCICCKMKWEIMESMPEFGLILSRNFWSKHLTLLDQFTNHYISTNSHHFLAYQDLLNRTLKRSQEHKGTEFSIKKRKKMRALKQALNLSVMISGYSSL

Nlo_mtFfh MRKVSYKL FYCFC LL LKKMKALQKTWSL-VSSNHHSTK----STQLFKLSVSSSVLRACMH
.. P . P * x

Ngr_mtFfh TSL-——-FSSN-—-—————— N-——m— KNVGL-—-QHVLQQYNQ-~--------QQVRFFHSSPKQYGLFSNLTSNMSDAFTNLFKKKTLTKEDVEEAMOKVRVALLDADVAESVVSQFVKEATEDAIGI AAVKQVESQ---~ENKG----1L

Nfo_mtFfh TQMNASKFSTHSMNDSSYYFNNL-FLNNGRHRNHPSSLLTASTTST-~L YHTSQTRYGLFSNLTSNMSNAFSSLLKKKTLTKEDVEEAMQKVRVALLDADVAESVVTSFIKEVTEDAIGVATVOAQEPQLSSSEAGGKIAKTT

Nlo_mtFfh THISASNFSTN-—-—-—--- NNLQVV'RNGHH——HPLLLKFNKTTSSTRIEHSNHRNYHTSHIRHGLFSNLTSNMSNAFSSLLKKKTLTKEDV'EEAMQKVRVALLDADVAESVVTSFIKEVTEDAIGVTIVQAQESQLPSSEDGGKLAKTI

* . wox woikak a: chks ks Lok kA mkakAA s ke ok x *

Ngr_mtFfh SRIAKWVGPNQKAEELPKSATVYLMVMDRLSELLGGGVAPLELIPSTEGKSVIMVTGIQGSGKTTSSAKLALQLKRKENRRVLLVSLDTYRPAAQMOLOTLAQQIQVESLPIIPEQNPIEIAKRAMEYVGPNGEQFDTVIFDTAGRMHID
Nfo_mtFfh SRIAKWLGPNQKAEELPKSATVYLLVMDRLSELLGGHIEPLQLNKASEQRSVIMVTGIQGSGKTTTSAKLALQLKRKENRKVLLVSLDTYRPAAQTQLETLARQIQVESLPIIAGQMPIEIAQRAMQYVGPNGEHFDTIIFDTAGRMHID
Nlo_mtFfh SRIAKWLGPNQKAEELPKSATVYLMVMDRLSELLGGHIEPLQLNKASEQRSI IMVTGIQGSGKTTTSAKLALQLKRKENRKVLLVSLDTYRPAAQTQLETLAHQIQVESLPIIAGQMPIEIAQRAMQYVGPNGEHFDTIIFDTAGRMHID

ok ko ok kK ko kK kK ok kK s KRRk Kk kA kK s Kk sk

d ek s ko ko k ok Kk ko s Kk Kok kK kK Rk s Kk kK kR Rk Kk s Rk s kR Rk Rk |k kR sk Rk s Rk Rk Rk s kK s Rk kK Rk ok

Ngr_mtFfh EQLMTELEELRAIVQPNETLLVADSMLGNDAVNIATQFHDRVGLSGIVLTRMDGTSSGGCAISMKQVVGLSVKYIGIGERMDDLETFDPQSLAKRILGGGDIMTLAQKAKDAMNLDAAQAQQKLVQFSKGAYTFKDYQDQIQMLKKMGSL
Nfo_mtFfh EELMKELEELRIIVTPNETLLVADSMLGNDAVNIATQFHDRVGLTGIILTRMDGTSSGGCAISMKKVVGLSVKY IGVGEKMDDLEIFDPQSLAKRILGVGDIMTLANKAKEAMNMDASQAQAKIAQY SKGAYTFKDY LEHI STMKKMGSL
Nlo_mtFfh EELMKELEELRLIVTPNETLLVADSMLGNDAVNIATQFHDRVGLTGTILTRMDGTSSGGCAISMKKVVGLSVKYIGVGEKMDDLEIFDPQSLAKRILGGGDIMALAHKAKEAMNIDASQAQAKIVQYSKGAYTFKDY LDHI SAMKKMGSL

Koukok kokkokk ok kk kokok ok ko kK ko kK kK Rk Kk s ks Kk Rk kK Rk ok kK s Rk kR Kk ks ks KR Kk Rk Kk Rk kK kk s kk sk Rk s kK ks ks kKK ks ok kkkRAKKEKK s ek s kARKER

Ngr_mtFfh KNMASYLPEQFIGKFRDKLDNMDLSFIDNHEHIISCMSEQEKLQPLLVESSSARRLDLAKRAKVEVTDVNKMLKMYEKMKSFISKAGSAAMKDPKKMSEQMMKDPMFFANMFPMKVKKQLIRPPKR
Nfo_mtFfh KNMASYLPESMIGKFRERLDSMDLSFFDAHEGIISHMSEQEKLQPLLLQSSSARRLDLAKKAKVDITEINKMLKMFEKIKSVMSKMGS TVMKDPKKVSELMMKDPTLLMDLVPQKVKKQVIRPPKR
Nlo_mtFfh KNMASYLPESMIGKFRERLDSMDLSFFDAHEGI INHMSEQEKLQPLLLQ RRLDL AKK]—\KVDITEINKMLKMFDKIKGVMGKMGSTVMKDPKKVSELMMKDPSFLMDLAQPKVKKQMIRPPKK

KRRk RAKKE KKK K g KA KAKKK Ik KK KA KKRAKRAKKKK g L RAKKKKRAKKK KK kxR Kok kR Kk KR

KoKk KREKEE LKA KERAE 3o

(C) N. gruberi mtFtsY gene: revised model

DNA:

+1fr:
+2fr:
+3fr:

DNA:

+1fr:
+2fr:
+3fr:

+1fr:
+2fr:
+3fr:

+1fr:
+2fr:
+3fr:

+1fr:
+2fr:
+3fr:

+1fr:
+2fr:
+3fr:

DNA:

+1fr:
+2fr:
+3fr:

+1fr:
+2fr:
+3fr:

aaagaattactcaatagtaaatttattcaaattcacaattatatgtaataacaaatagatgaacatttaaaagtaaaattaaaactttaaaaaaaiBEEEBEEotagotaggaaatattttctetetotttttattgaattctaaataatggaattgttattgtgatgectategga
K ELLNSZKTFTIOQTIUHNTYMS®** oo IDETUHTLTE KT YVZEKTLEKTELS?* KX X CTILTS®R®*ETLITFSTLSFJY*TIILNNGTIUVTIVMZPTIG
* N * NF KKNV * QVGREKJTYTFTILSTILTFTIETFS*TIMETLTILTL®*CTLSE
K I KT L KKMPFNEK* VvV GNTITFSTLTFTILTLNSEKS* W NCYCDATYRN

I T N R * T F

attaattgatataatcct taaatatttatatatattttgattgaatttactattaatattatcatcatcatatgatattag|
I N *YNZPGULNTIJYTIJYTFTDS®* I Y Y * Y Y HHMTIULEF

D * V X QVyYFQZXKULDOQTF*EVEOQHOQGRYTLMZRR
I K * N K Y I F KDNWINSR®RIMWWSNTIZKTETSDTI* * GG
L 1 * s wWwT KoY LY TIF®*LNLLLTLSSSVYDTIRTILGGILSEKTSTITFS SE KTIGSTILGGGA ATS S REKTIEFTNTETED

I L N CW KR L F S R V M S E I I : H N Y F * Q G * R H K Y L K s K L K I I P L Q R K M S N P * R I F Y V R K C * N
F * I V G K G S L E * R K * Y T I T N K D E D T 1 * K A N * K * 5 R G K C Q HEE Y S T * G N A E I
F K L L E KA L L S s D V G N N T T Q L L L T R M K T Q V S E I E K Q I ENNUPT A E E N V K P M K NI L REEMTLKL

E H LRV E F P H * I o N Q D Q L M L E R Q Q L L E
1P s A E s * W D s X T T c TN L WS W W D W K T Q
F Q Y P u [°] Q Q I v K R L Q Q N Q G 'r P E G G v s :|: P L 1P L N P K s R P T v V Q I C G Vv N G s G K T '1' '1' I G K L L H K

I ENOQE L L 0 Q 0 s EQ QL Q I L G L NV QV DV s I *Q N L KN * KNNT L Q
v * R I RNC* K Y CCCSCRYSZPSSsS S SsRSTIENTZLSGT®*TJYZ K@W®WMYSsS®RRTFTDT RTIT®*ZXKTIETZ KTTHTYNSS ST S Q s
Y RE S G TV RNTIUVVAAADTVRAAAPTDOQTL R T WV ERTS G CTULVDTULTESEIZ KT LIZE KI KO QHTTTU®PIOQQV KV

L R I L DK * V I R L L KV * FMZ K P F N L *E R KMILTILFTILTILTILGQETDTCTZ KTITZ KTZ KTLTZOQ?®* KN *V * L L KT CV P §

} s s G s C s L * s HS TsFEZXKGRTC®*PCFC®*HCRTEKTIAEKTSI RSTFNET RTIETFNTY*NVTFQUV
K NI R Q V S Y KV P AESVV Y EA ATIOQOQALRIEKEDUVDTLVF FVDTA AGHRIL QN QEA- ASMIEKTETLSTZLTITEMTCSIK S

E R E H L I L Y NZXPN Y S s WM
E K G S T * S Y MAUH S R W Y N R S K F Y T T QO T I P K V N F R N Y cC H * G W K C Q R R C c N c Q * I E N P
R K GAPDU HTMWZULTIULDGTTIGI QNSTIOQOQ A K L F Q K Y V R I S G I I V TK L D G S A K G G V I L A I ANETULIKTITFP

atcaatttaaaataataactattcgaaatgcatggegaatttaaat

Q F S TLVWETZ KV S V * N L F I LNUNTULTLTIZPSC Q * P o Q R K N K Q N Q K R M M N K S I * NNNYSKCMANLN
s s L HwWFG®RZEKCOQS®*TFETTFTILS* T TIC*FUHTLV L K T N 1 R * * I N Q F KI I TTI®RNATMWR RTI *
VLYIGTLGES SV VSHDTELZEKTPTFYZPET QTFVDSTITLS v A s a E E K QT K s E E D DE* I NTLEKT®* * L FEWMEHGTE F K
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(D) Alignment of mtFtsY protein sequences from Naegleria spp.

Ngr_mtFtsY MENKILGGLSKTS--IFSKIGSILGGGATS-RKIFNEEDFKLLEKALLS NNTTQLLLTRMKTQVSEIEKQIENNPTAEENVKPMKNILREEMLKLFQYPMQOQIVKRLQONQGTPEG! L VVQICGV SGK
Nfo_mtFtsY MFSRILGGLSKTSSTIFSKIGSILGGSANAQRK\/FNEEDFKLLESALLSSDVGNNTTQLLLQRMKSQVTNIEKELENNPNMTD VKPMKD LREEMLKLFQNPMOQQIVKRLQONQGTPEEET LTPLSMKDRP”VVQ CGVNuSuKT
Nlo _mtFtsY MFNRILGGLSKTSSTIFSKIGSILGGSSTGPRKVFNEEDFKLLESALLSSDVGNNTTQLLLOQRMKTQVTNIEKELELNPNMTD-IKPMKSILREEMLKLFQNPMQQQIVKRLOONQGTAEQEISVSLIPISVKSRPTVVQICGVNGSGKT

Kk pRAR kKRR AR kKkRARKKRRA 3 Kk RKARRARKAK  KRAK KRR AR KA KRR Kk kKA kK

Ngr_mtFtsY TTIGKLLHKYRESGTVRNIVVAAADTY TWVERTSGCTLVDLTESEKLKKQ-HTTTPQQ KV YEATQOALRKEDVDLVFVDTAGRLONQEASMKELSLITEMCSKSRKGAPDHTWLILDGTIGONS
Nfo mtFtsY TTIGKLLHKYRQSGTVRHMIVAAADTVRAAADDQLRSWVERTPDCSIVDLTESEKLKKQSE**THQPVKTKNARQVJYKVPbEbVVYEAIQQGLRKEDVDVVFVDTAuRLQNQEASMKELALINEMCSRSRKGAPDHTV\LILDGTIGQNS
Nlo_mtFtsY TSIGKLLHKYRQSGTVRHMIVAAADTVRAAAPDQLRSWVERTPDCSIVDLTESEKLKKQSESATHQPVKTKNIRQVSYKVPAESVVYEATIQQGLRKEDVDVVFVDTAGRLONQEASMKELALINEMCSRSRKGAPDHTWLVLDGTIGQNS

Kok kAR KKk R Rk kK s s KRR KR AR KA KKKk ARk kKA KK Ky ARKKRRARRARK |k ok Ak Kk Kk R ARk ARk kA KRRk R ARk kR kA ks kR ARk Ak Kk A Kk Kk R ARk sk k| kA Kk s kR ARk Ak KKk ok kK kAR kA

Ngr_mtFtsY IQQAKLFQKYVRISGIIVTKLDGSAKGGVILAIANELKIPVLYIGLGESVSDLKPFYPEQFVDSILSVASAEEKQTKSEEDDE
Nfo mtFtsY IQQAKLFQKYVRISGIIVTKLDGSAKGGVILAIANELKIPVLYIGLGESVQDLRPFYPEQFVDSILSVTEQNNEKQDDDEEE*

Nlo_mtFtsY IQQAKLFQKYVRISGIIVTKLDGSAKGGVILAIANELKIijYIGLGEJVQDLRPFYjEQFVDSILJVTEQTKEKjQDEEEE_
ko ko ko kK kKR kR Kk Rk kK kK kA kK kR Rk kK kR ARk kR Rk kR kAR kKRR AL | sra | ska:

Supplementary fig. S2. Revisions of existing models of Naegleria gruberi mtFfh and mtFtsY genes. (A) and
(C) Nucleotide sequences of the respective genes extracted from the current genome assembly; mtFfh gene
— GenBank accession number ACER01000115.1 (positions 64001 to 66000, reverse complement
sequence), mtFtsY — GenBank accession number ACER01000034.1 (positions 330136 to 331575). Coding
sequences as delimited in the existing gene models are highlighted in green, extensions of the coding
sequences resulting from model revisions are highlighted in turquoise. Conceptual translation in all three
sense frames is shown beneath the sequences; amino acids constituting the currently predicted protein
(mtFfh — XP_002680081.1, mtFtsY — XP_002682642.1) are in red, N-terminal extensions resulting from
revised gene models are in blue. The sequence of the mtFfh gene is impacted by a one-nucleotide deletion
(highlighted in yellow), as is apparent from a comparison with raw Sanger sequencing reads (segments of
four exemplar reads aligning to the region containing the assembly error are shown above the gene
sequence). (B) and (D) Multiple alignments of revised (N. gruberi) or de novo predicted (Naegleria fowleri
and Naegleria lovanensis) sequences of mtFfh and mtFtsY proteins, respectively. The alignments are shown
to document that homologous sequences from other Naegleria species support the validity of the revisions
of the existing N. gruberi gene modes. Note that the N-terminus of mtFfh in Naegleria spp. is poorly conserved
and it is possible that in case of N. fowleri and N. lovanensis the actual start of the protein is at a methionine
residue downstream of that used in the scheme. Sitill, the alignment clearly supports the extension of the N-
terminal region of the N. gruberi beyond the existing model.
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Bacteria

Eukaryota

| Bacteria | |

Eukaryota

Bacteria

Eukaryota

WP_116392064.1_Parvularcula_sp._SM1705
WP_116091360.1_Sphingomonas_crusticola
WP_106004935.1_Moorella_humiferrea
WP_041795188. J_Pararhodospirlllurn photometricum
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Supplementary fig. S3. Multiple sequence alignment of bacterial and mitochondrial Ffh proteins.
All detected mitochondrial homologs possess N-terminal extensions compared to bacterial proteins
(positions 1-171). The alignment was constructed in Geneious Prime 2019.2.3 using the Geneious
alignment tool with default settings. The full alignment contains 750 positions, only positions 1-270
are shown. Note that the sequences from Percolomonas sp. ex Nitzschia and Percolomonas
cosmpolitus WS are truncated and the N-terminal extensions of the respective proteins are
presumably longer than shown in the figure.
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Supplementary fig. S4. Phylogenetic analysis of eubacterial and organellar FtsY proteins. The tree
topologies shown correspond to maximum likelihood tree (LG4X substitution model) computed with
IQ-TREE based on a multiple alignment of 154 sequences and 287 amino acid positions. Branch
support was assessed by ultrafast bootstrapping (N=1000, IQ-TREE) and rapid bootstrapping (N=500,
RAXML) using the same model. The full trees from both methods are also provided in the Newick
format in supplementary dataset S1, Supplementary Material online.
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Supplementary fig. S5. No evidence for mitochondrial 4.5S RNA. (A) A novel short conserved unannotated ORF found in mitogenomes of certain
Heterolobosea when searching for potential missed ssrA gene in intergenic regions. Accession numbers of the respective nucleotide sequences and
coordinates defining the ORF are given to the right. The mitogenome sequence from Willaertia magna was detected in the whole genome assembly
reported by Hasni et al. (Scientific Reports 2019, 9:18318, doi:10.1038/s41598-019-54580-6). (B) Mitochondrial Ffh has substituted the amino acid
residues critical for binding 4.5S RNA (the RNA component of the signal recognition particle). Displayed is a segment of a multiple sequence alignment
of mtFfh (the protein component of the mitochondrial SRP) and their homologs, including plastidial cpSRP45 and bacterial Ffh. The region shown
includes two motifs involved in binding of the 4.5S RNA molecule (the four residues critical for the binding are highlighted in red). The red rectangles
on the left indicate the presence of a discernible 4.5S RNA-specifying ffs gene in the respective organellar (mtFfth, cpSRP54) or bacterial (Ffh) genome.
Note the perfect correlation between the conservation of the 4.5S RNA-binding residues in the protein and the presence of the ffs gene.
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Supplementary fig. S6. Phylogenetic analysis of the YidC/Alb3/Oxa1 family.AseIection
of bacterial YidC sequences and their eukaryotic homologs, i.e. the plastidial Alb3 and
the mitochondrial Oxa1 and Cox18, was aligned using PASTA (Mirab et al. 2015 -
doi.org/10.1089/cmb.2014.0156) and trimmed manually to remove poorly conserved
regions. The final alignment (222 amino acid positions, 251 sequences) was subjected
to tree inference using IQ-TREE multicore version 1.6.12, with the LG+C20+F+G4
substitution model and 1000 ultrafast bootstraps (bnni). Bootstrap values are shown
when 270%. The tree was arbitrarily rooted between YidC/Alb3 and Oxa1/Cox18 groups
and separated into two parts, each displayed on a separate page. The resolution of the
tree is inherently limited by the low sequence conservation and the small length of the
alignment. As a result, the Oxa1 and Cox18, presumably two separate deeply diverged
eukaryotic paralogs, are not clearly separated in the tree (Oxa1 is paraphyletic). The
sequences from mtFfh/mtFtsY-carrying species are highlighted in boldface; their
sequence IDs are provided in supplementary table S5. Note that the Oxa1-2 sequence
from Hemimastix kukwesjijk (Hemi2|18767_TR6208_c0_g1_i1) is very short and hence
was notincluded in the analysis.

100



10 20 30 40 50
- | | | | [ [ | |
ALB3 NP_180446.1 Arabidopsis thaliana

60

PSGLSIYWLTNNVLSTAQQOVYLRKLGGAKPNMDENASKIISAGRAKRS IAQPDDAGERFRQLKEQEKRSKKNKAV
PSCLSLYWLTNNILSTAQQVWLOKYGGAKNPVEKFTNLVTKEDKTQQIEKSFSEPLVQKSVSELKI.

70
| |

ALB4 NP_173858.5 Arabidopsis thaliana

80
|

TVELVE!

ESQ:!

110
|

LASSTTSKPLPEVG(

120

130
|

RKR

VTPECPKPGERFRLLKEQEAKRRREKEERQKAEAALSNONTDKAHEQDEKSDTAIV

Alb3 subfamily

YidC NP_418161.1 Escherichia oIl
YidC NP_391984.1 Bacillus subtilis
Oxala Naegleria gruberi

Oxala Naegleria fowleri

Oxal-1l Percolomonas cosmopolitus AE-1

PSGLVLYYIVSNLVTIIQQOLIYRGLEKRGLHSREKKKS
PAALSLYWVVGNLEMIAQTFLIKGPDIKKNPEPQKAGGKKK

Oxal-2 Percolomonas cosmopolitus AE-1%*
Oxal Percolomonas cosmopolitus WS

Oxal Neovahlkampfia damariscot tae

Oxal Pharyngomonas kirbyi

Oxala Heterolobosea sp. BB2

Oxal Spironema cf. multiciliata

Oxal-1l Hemimastix kukwesjijk*

Oxal-2 Hemimastix kukwesjijk*

Oxal Ancoracysta twista

Oxal Goniomonas avonlea

Oxal Goniomonas pacifica

Oxalb Naegleria gruberi

Oxalb Naegleria fowleri

Oxalb Heterolobosea sp. BB2

OXAlL NP_005006.4 Homo sapiens

Oxal CAA54675.1 Saccharomyces cerevisiae
Oxal KNC49166.1 Thecamonas trahens

Oxal XP_004344684.1 Acanthamoeba castellanii
Oxal KAF0852417.1 Andalucia godoyi

OXAla NP_201011.1 Arabidopsis thaliana
Oxal XP_005706414.1 Galdieria sulphuraria
Oxal XP_005823454.1 Guillardia theta
Oxal XP_002908364.1 Phytophthora infestans
Oxal KO033971.1 Chrysochromulina tobini
Cox18 Goniomonas avonlea

Cox18 Goniomonas pacifica

Cox18 Ancoracysta twista*

Cox18 NP_001284661.1 Homo sapiens

Cox18 CAA97064.1 Saccharomyces cerevisiae

PSGVEVYWITSNIFSMLOIYTLRLPGVRRFLGIPVKDQSGTKDEDKTRDISM
PSGVEVYWITSNVEFSMIQIYTMRIPRVRNFFNIPTKDVSNKY IQHNRDISM
PSGVFVYWVTSNLETLGOMLTLRNEKVRRLLDIPPLKKLNTKPTSSGNDDKN

PSGVLLYWATSSTWSLFQSHVMSRPAVKSWVKQQOANAEVLAHIEAT

PFLLSLYWISSQLFSLVONIILNWIYPYQR

PSSIVLYWLCSSFVGLSQNLLLRSPGFRQLCRIPSTKSDSETPYKDIFAAFNTKFISRK

YidC subfamily

PAALFMYWIPSNFFQILFYLLMSRKPVKAFFKIPEVDPTKGSKGAMGKAEKVLEKFFPSKSKTPSITQTKLLTRQALDQTKRKN
PAALFMYWIPSNLFQIIFYLLMSRKPIKRYFKIPDVDTAKGANKGMDKIEKMIDKFMPTKAKSPVHAKLMTKODFDKIRGIKH
PAYMLLFWLPSSLGQFCLTSLLYTKVGRSICRIPNREVQEKEY YEALQPTRDAFLRQQOSEKMLOQOAQTT
HSALFCYWVPNTFFTLMTNT-LHIPAIGKVFGVPQKPPKSRTELEDQANDPIQRLIQDSKAEELDAASQKEGISKYLNRVKNY LNDLTSRILGKDS SENKLEENDKKKDKVVISRDLIRONQKKRSEKTK
EGAILMYWIPSTLIQISANMALTSESVRARLGIPASLPWSLEQLEKYDMOLADARQERNLORMOEERTROLHEERAARINEMSHOLHMOFQEIAQEMPELKKRLOEIQSAQESEKPLSTSEMKOMVDLVN
ETSFMVYWITTNLFTCFQTFFLNLPIVKEKLGIPINSKSNIDPKKNDVLSKILNIGKVKKEEKIYNQSELHKIKKNKK
PAAIFVYWVANGFFNSLOTLILRIPAVRRAFRITDRDIAAELNKHQTGGGSLSPSHASTTNSSSQDSQGKPKLYTHRPNKQRR
PSAIFVYWTALNATTLIQTVAFRNTAIRRALGLPILGDERIRELASSTHLSSITGKPAMFTTRFAATQSLSDARVQQOEQAMTSPHYQQFQEQQAESQQPQPQPQOPPLDNKFLRNLHNKY GNKH
PAGVFMYMIPNTIFQTIMILAISYPRVKKLFGIPNTLSNAQQSFGDFVASAQKALVPSSATAQASPTTAQVPKY SVNKSKKLK
PAALLWOWTIGTAWALAQTLLENSKSFRTMFGLODLPRQTFDSLMSNVRRVHGLOKAERAEAAAIAGGAS
POGVVMYWILNNIISVIQTRLLLIPSLMKFFKIPPIVVTDTRNPLOALRDKFKESVFENKKRPLS
PAAVFMYWIPANVLSLGQOGALFRIPGMKEKFGVPTISAEAMAHSQQGATPSSSGADWFGKLTGNKVNLKGAPEIPDTISNPNAMNKNKKTKKR
PTCLFAYWLPSLGFGIVOMGFLRIPAVRALFGIPSMOVLREATLAANAMAAPAGPAPVVIPDMTFTRKPTAPQGSGGSDSKSRKRLKKKN
PTGLFCYWITNNVFSMTQILVLRIPALRVALSLPDPPPPAGASATPPVVVPLTTFKANPAKKSRKKKRLARKAEE

PTAVEMYWLSSNLESLVQVSCLRIPAVRTVLKIPQRVVHDLDKLPPREGFLESFKKGWKNAEMTRQLREREQRMRNQLELAARGPLRQTFTHNPLLQPGKDNPPNIPSSSSKPKSKYPWHDTLG
SSAVVLYFAFNGAFSVLOTMILRNKWVRSKLKITEVAKPRTPIAGASPTENMGIFQSLKHNIQKARDQAERRQLMODNEKKLOES FKEKRONSKIKIVHKSNFINNKK
PASVEMYWISSNSFSLAQAMAFRVPGVKDALGIPPPPDPSKAPPMPASAGAQDAGSAFQELKDAFNKQKSLRDEIKSRTEAREARKTAADEPAAAVASAATGLDSANALHAEPAPVTDVRPAMTAAEMLA
PIFTHIYWFSSNLFSLCOLGLFKVPFIKKALGLPDYQGVSPMLGSSDPQPAKPEVTFQOKPRIIRTKNQOK
PKAVFLYWTASNFFSLISSRLLORDAVRRALNIPLNSEVKAALARAGMTPKPQOPGMFDNIQKMIKERSEQQKKVHEVFLDSKPKATKGDNVVPKQ
POAIFCYWITSNLESLMYGLVIKRPQVKKMLRIPDLPPPPPGQQOPSFDLEFSALKKMKAMTQDHTQNQIEPPSPVNPRLSSTSLSPVSKRLKALESQVKGRKKNS SKKK
PSALFCYWVPNNLFSLAQTLLFKVPTVRKVLKLPDKRKKGDS TKDSHAKQODEQTTFDHLY SQAGSKAEREALAALSYNSAREGTNPILVAAKQGMKPRLLEKKTRVPR
PNGVELYWIPSNVESLLOVLLLKVPFMKSLLGFPKMPAAAATATATAKQAEPVIPKLVYSTRPKK
QSGIFVYWVTSNMETLTQTALMRLNVVKRALNIPVTEVQRLEASTITTTSPFEAAVSRAKEGTVVKTHMYKPTKPLKKQOKLFSLIVKDKPESLLHSYLNLGAKGGGQEASS

PNSVLLFWIANNTFSLGYVGLLOMDAVRAALGLPPRAPFYTSSATPPVPNTESHNYGGLMGSGGAAPVDKASMGRAQRRTADSLAALAQSMRVTGKLEEAI SMOORALSLCTDSQGEADVTSLAMAFELA

DIDIDNISTDDLNIKEVSSKVDSEKTSSDDINKQIEFVSSYLDELKKKKEEE

Oxal subfamily

Oxa2b NP_190023.2 Arabidopsis thaliana

140 150 160 170 180

ALB3 NP_180446.1 Arabidopsis thaliana TV
ALB4 NP 173858.5 Arabidopsis thaliana AEDDKKTELSAVDETSDGTVAVNGKPSIQKDETTNGTFGIGHDTEQQHSHETEKR

190

210

220

230
[ I IR

240

250

PAGVTLYWLTSAVETLGQGFAFKNPKILMLI IGDVVRKQQVCSRSSPAALPLMS SCDAASDGTGGRREKNGGAARGAAAVRPLIVLSPLISPRSKYFCSIMRAQKELSAFYAKLGKIAPANEEARCSLAL
PSGLLLYWTTSSAYTLSQSFILRTPLVRNAMAGAQAKEAPSPAPSSKREPDVIVDGTPPQLEGLSPGKRARVEALLKKATDELNHVQDLMARTMGLKHCSRRRLTN

PQGSLLYWATNLSFSIAQQSILNHPVVSAKLGLOANDSVOKEAGNPILTNINEGKLTDPSSKGRLISVENLTPKELVALSAKYLSGGHKDKS I PLLRLALEKDPEYLOAMI I LGQALYQKDQFAEAAKCL

Cox18 subfamily

Alb3 subfamily

YidC NP_418161.1 Escherichia coli
YidC NP 391984.1 Bacillus subtilis

YidC subfamily

Oxala Naegleria gruberi
Oxala Naegleria fowleri

Oxal-1 Percolomonas cosmopolitus AE-1
Oxal-2 Percolomonas cosmopolites AE-1%
Oxal Percolomonas cosmopolites AWS

ENKTIQKEEKKVSKEQPDSK
RKNNK
DNDQRESIRQALQQTEEAQHEMDVRMNLEEAKAKKMAQQOKPDEQV

Oxal Neovahlkampfia damariscot tae

Oxal Pharyngomonas kirbyi

Oxala Heterolobosea sp. BB2

Oxal Spironema cf. multiciliata

Oxal-1 Hemimastix kukwesjijk*

Oxal-2 Hemimastix kukwesjijk*

Oxal Ancoracysta twista

Oxal Goniomonas avonlea

Oxal Goniomonas pacifica

Oxalb Naegleria gruberi

Oxalb Naegleria fowleri

Oxalb Heterolobosea sp. BB2

OXAlL NP_005006.4 Homo sapiens

Oxal CAA54675.1 Saccharomyces cerevisiae
Oxal KNC49166.1 Thecamonas trahens

Oxal XP_004344684.1 Acanthamoeba castellanii
Oxal KAF0852417.1 Andalucia godoyi

OXAla NP_201011.1 Arabidopsis thaliana
Oxal XP_005706414.1 Galdieria sulphuraria
Oxal XP_005823454.1 Guillardia theta

Oxal XP_002908364.1 Phytophthora infestans
Oxal KO033971.1 Chrysochromulina tobini KMOHFAGORAEATQTLERWRRATVLAGGNEAEAAQRCEALLGORPSGIGPSAQG

AGAATPPAATASAQRVIKRGGTRHNPTKTRAKGRSYGRKRCGK

Oxal subfamily

Cox18 Goniomonas avonlea

Cox18 Goniomonas pacifica

Cox18 Ancoracysta twista*

Cox18 NP_001284661.1 Homo sapiens

Cox18 CAA97064.1 Saccharomyces cerevisiae
Oxa2b NP_190023.2 Arabidopsis thaliana

Supplementary fig. S7. Putative ribosome-binding C-terminal extensions in Oxa1 proteins of diverse eukaryotes. The figure shows multiple
sequence alignment of the C-terminal segment, including the last transmembrane helix (highlighted in a gray box) and the regions
downstream, of selected representatives of the YidC/AIb3/Oxa1 family. Note the presence of C-terminal extensions (poorly conserved in
sequence and length) in the eukaryotic Oxa1 proteins, including those from mtFfh/mtFtsY-carrying taxa (highlighted in red) compared to the
reference bacterial YidC sequences. The extensions of some sequences (marked with an asterisk) are in fact longer than apparent from the
figure, as the available sequences are truncated. Sequence IDs of proteins from the mtFfh/mtFtsY-carrying taxa are provided in supplementary
table S5. The classification of the sequences into the Oxa1 and Cox18 subfamilies is based on the phylogenetic analyses presented in

supplementary fig. S6.

10

1

SASLSPHAPVTLCHLHSPGTLSCSCYSSLSLSCHTLKISLGRFCVTDQAQITEAVRRRVODAIDKEISEGSLSLPLTASIRPSDDGTPSLHIEVDKSRRLPPPKAVAANADAL

EQAASKLLDTSPTEVEEVDLLIVASQWAGVSNIRQGKTSEGITHLERVANMKEPDDPKSKAHYLDALVLYSSAIFNEGRREEAAKYLRRVVAYDPSFSELLKQCEEDDTIPTSSSSNSTSKTS

Cox18 subfamily



0e

06

probability

04

02

08

06

probability

04

02

08

06

probability

04

02

TMHMM posterior probabilities for Saccharomyces cerevisiae NP_014438.3

250

100 180 200
transmembrane inside outside
TMHMM posterior probabilities for Dictyostelium_discoideum_XP_637864 1
]
‘ “I J\‘ ,
S0 100 150 250 300
transrembrane inside outside

TMHMM po sterior probabilities for Naegleria_gruberi XP_002674460 .1

0
LR ﬂ'l

&0 100 200 250

transmembrane inside outside

probability

probability

probability

08

06

04

02

08

06

04

02

08

06

04

0

%)

TMHMM posterior probabilities for Homo_sapiens_NP_001073970.1

— T .

&0 100 180

transmembrane inside autside

TMHMM posterior probabilities for Galdieria_sulphuraria_XP_005705178 1

200

&0 100 180 200 250 300

transmembrane inside outside

TMHMM posterior probabilities for Geniomonas_avonlea_GGUND1033897 .1 -translated

I M |‘ I

&0 100 180 200 250

transmembrane inside autside

Supplementary fig. S8. Two transmembrane domains are a conserved feature of proteins of the
Mrx15/TMEM223 family. Selected representatives of the family (identified with PSI-BLAST of HMMER
searches) were evaluated by the TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/ TMHMM)/). Note that
despite the below-threshold probability of transmembrane domains in the S. cerevisiae Mrx15 protein (top
left), their presence has been confirmed experimentally (Moller-Hergt et al. 2018).

102



http://www.cbs.dtu.dk/services/TMHMM/

Chapter Summary

Here we report on the presence of homologs of the bacterial Ffh and FtsY proteins in
various unrelated plastid-lacking unicellular eukaryotes, with the following outcomes:

1. Naegleria gruberi possesses mitochondrial homologs of Ffh and FtsY.

2. Mitochondrial signal recognition particle lacks the RNA component.

3. N-termini of some N. gruberi mitochondrial proteins function as signal peptides.

4. Proteins implicated in the mitoribosome association in opisthokonts are widespread

in eukaryotes.

5. Identification a novel mitochondrial protein (MAPG67) present in diverse eukaryotes

and related to the signal peptide-binding domain of Ffh.
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Abstract

The majority of mitochondrial proteins is encoded in the nuclear genome, synthesized
in the cytosol, and then imported into mitochondria. Mitochondrial protein import has been most
studied in the yeast Saccharomyces cerevisiae and much of this work can be generalized to many
eukaryotic lineages. However, analysis of the protein import machinery in the parasitic protist
Trypanosoma brucei revealed that its import complexes are highly diverged from the ones found
in other eukaryotes. In yeast, the driving force to import proteins into the mitochondrial matrix
is mostly provided by the presequence translocase-associated motor (PAM). Several homologues
of PAM components were found in the T. brucei mitochondrial proteome. Among these
are orthologues of the yeast PAM subunits Pam18 and Pam16, which were termed TbPam18 and
TbPam16. Surprisingly, TbPam18 and TbPam16 are not associated with the trypanosomal PAM
and not involved in mitochondrial protein import. Instead, we show that TbPam18 and ThPam16
play lifecycle-specific roles in the replication of the mitochondrial DNA. The single-unit
mitochondrial genome of T. brucei, termed kinetoplast DNA, consists of a complex network
of two types of interlocked DNA rings, the mini- and maxicircles. Intriguingly, ThPam18
and TbhPam16 are specifically involved in maxicircle replication, in a not yet determined, possibly
regulatory, process linked to the inner mitochondrial membrane.
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Introduction

The parasitic protist Trypanosoma brucei exhibits several unusual biological properties.
One of the most striking features is the single, reticulated mitochondrion with its particular single-
unit mitochondrial genome, termed kinetoplast DNA (kDNA). The KDNA consistsof two types
of DNA rings, called mini- and maxicircles, which are arranged into a complexintercatenated
network. There are approximately 25 maxicircles, each of which is 23 kilobases (kb) in sizel?.
They encode for 16 genes of the oxidative phosphorylation (OXPHOS) pathway, two
mitochondrial ribosomal proteins (MRPs), as well as the 9S and12S mitoribosomal RNAs* 3.
Twelve of these maxicircle transcripts need to be post-transcriptionally modified in a process
termed RNA editing*®. RNA editing depends on small guide RNAs, almost all of which
are encoded on the minicircles®. The heterogenous minicircles are approximately one kb in size,
but with roughly 5000 copies, they are much more abundant than the maxicircles and make up
the bulk of the KDNA network’. Each minicircle is linked to three other minicircles
andmaxicircles are interwoven into the minicircle network®. Additionally, all maxicircles seem
to be interlocked with each other®. These networks are condensed into a disk-like structure.
The KDNA disk is positioned in a specific regionof the mitochondrial matrix, near the basal body
of the flagellum that is located outside of the mitochondrion?. It is not surprising that the
replication of this complex kDNA network is a complicated process and estimates predict that up
to 150 proteins must be involved®2.

The replication of minicircles starts with their individual release into the region be- tween
the kDNA disk and the inner mitochondrial membrane (IM), termed the kinetoflagellar zone
(KFZ)!. In the KFZ, replication is initiated and proceeds unidirectionally via theta
structures>'®'2, Replicated minicircles then migrate to the antipodal sites, which are protein
complexes at opposing sites of the kDNA disc. At these antipodal sites, most gaps between
Okazaki fragments are repaired and minicircles are attached to the periphery ofthe kDNA
network®314. Maxicircles are also replicated unidirectionally via theta structures. However,
in contrast to minicircles, maxicircles are never released from the kDNA network and
are replicated while being interlocked with minicircles and other maxicircles. This makes
it considerably harder to study the exact mechanism of maxicircle replicationand, therefore,
the process is less well understood®%>, The cycle of minicircle release from the network and
reattachment to the poles passively concentrates the still catenatedmaxicircles in the central zone®.
The replicated maxicircles eventually serve as the connection between the two daughter

minicircle networks>1%1, The two replicated kinetoplasts are segregated by the separating basal
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bodies that are connected to the KDNA through a protein complex termed tripartite attachment
complex (TAC)Y"8, The last stepin KDNA separation is the cleavage of the maxicircles that are

still connecting the segregating networks, to unlink the daughter KkDNAs?10.29,

This complicated replication mechanism, combined with the equally complex RNA
editing of most KDNA transcripts, their further post-transcriptional processing and mitochondrial
translation processes, ensure the expression of the small number of mitochondrially encoded
genes. However, the few proteins encoded in the KDNA, make up only a fraction of the proteins
needed by the mitochondrion to fulfil the multitude of its functions. The total mitochondrial
proteome of T. brucei comprises roughly 1200 proteins?®. Like in other eukaryotes, most
mitochondrial proteins are encoded in the nuclear genome, translated by cytosolic ribosomes
and then imported into the organelle?. This process known as mitochondrial protein import, has
been best studied in theyeast Saccharomyces cerevisiae. Yeast, as well as most other studied
eukaryotes, possesses two translocases of the IM (TIM), the TIM22 and TIM23 complexes??23,
The TIM22complex mediates the insertion of proteins with multi-spanning membrane domains,
suchas mitochondrial carrier proteins (MCPs), into the IM?*25, The TIM23 complex imports
presequence-containing precursor proteins, which represent 60 to 70% of all mitochondrial
proteins, across or into the IM?*2, To import presequence-containing proteins into
the mitochondrial matrix of yeast, TIM23 associates with the matrix-exposed presequence
translocase-associated motor (PAM). The yeast PAM consists of five essential components?’2°
that are well conserved across eukaryotes??. This includes the mitochondrial heat shock protein
70 (mHsp70)*°3 its co-factors Pam1832* and Pam16%, Tim44, which tethers mHsp70

to TIM23%, as well as the nucleotide exchange factor Mge1¢-38,

Surprisingly, in T. brucei only a single TIM complex can be found. This trypanosomal
TIM complex, with small compositional variations, can import presequence-containing proteins
as well as MCPs®. To import presequence-containing proteins into the matrix, the trypanosomal
TIM complex also associates with a PAM module*°. This PAM contains an orthologue of mHsp70
(TbmHsp70) that was shown to be essential for mitochondrial presequence protein import*®4,
Furthermore, T. brucei contains bona fide orthologues of Pam18 and Pam16, termed TbPam18
and TbhPaml16, that are essential for normal growth. Surprisingly, they are not involved
in mitochondrial protein import*. The functionof Pam18, and possibly Pam16, in the PAM
of trypanosomes is carried out by the non- orthologous and euglenozoan-specific J-domain
protein TbPam274. Thus, during kineto- plastid evolution Pam18 and Pam16 must have been

replaced in the import motor by TbPam27. The finding that TbPam18 and TbhPam16 are retained
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in trypanosomes and other Kkinetoplastids, even though they are no longer required to import

proteins, is surprising.

Here, we present data suggesting that TbPam18 and TbPam16 are involved in the
maintenance or the replication of the KDNA maxicircles in T. brucei. Interestingly, this function

seems to be specific for procyclic form T. brucei and it is linked to the IM.

Results

TbPam18 and TbPam16 are interaction partners and present in a high molecular weight

complex

Even though TbPam18 and TbPam16 are orthologues of the PAM subunits in other
eukaryotes, identified in previous studies*®3, they were not found to be associated with the single
trypanosomal TIM complex. Furthermore, we have reported earlier that RNAi-mediated
knockdowns of ThPam18 and ThPam16 lead to growth retardations after four days of RNAI
induction. However, no evidence for an involvement in general mitochondrial protein import has
been found. Therefore, TbhPam18 and TbPam16 are no components of the trypanosomal PAM*,
We thus wondered whether TbhPam18 and TbPam16 have interaction partners outside of

the import machinery.

First, we wanted to find out, if C-terminally HA-tagged versions of TbPam18
and TbPam16 (TbPam18-HA and ThPam16-HA) are functional proteins. This was done in order
to establish whether the tag interferes with their function(s) and whether previous experiments
that have been done with TbPam18-HA or TbPam16-HA should be re-evaluated. To that end,
we generated RNAI-resistant (RNAI-res.) TbPam18-HA and TbhPam16- HA variants. The codons
in regions of the open reading frame (ORF) that are targeted by RNAi were changed such
that their transcripts are resistant to RNA., but still translate into the same amino acid sequence
as in the endogenous protein. We then established cell lines allowing the inducible ectopic
expression of these RNAi-res. TbPam18-HA or TbhPam16-HA versions, in the background
of RNAI against the respective endogenous proteins (exclusive expressor cell lines). A growth
curve of the respective cell line showed that RNAi-res. ThPam18-HA cannot complement
the growth retardation caused by the ablation of the endogenous TbPam18 (Fig. 1A). This result
demonstrates that ToPam18-HA isnot a functional protein. Findings that have been, or will be,
attained using TbPam18-HA, thus, should be interpreted carefully. Fig. 1B shows that TbPam16-
HA, on the other hand,can fully complement the RNAI-induced growth phenotype and, therefore,
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is a functional protein. Thus, findings obtained with TbPam16-HA are representative
of the wildtype version of ThPam16.
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Figure 1 - TbPam18 and ThPam16 are present in a HMW complex: (A) Upper panel: Growth
curve of uninduced (-Tet) and RNAi-induced cells (+Tet) expressing RNAi-resistant (RNAi-res.)
TbhPam18-HA inthe background of RNAI targeting the wildtype (wt) TbPam18 (TbPam18-HA exclusive
expressor). Lower panel, left: Northern blot of total RNA extracted from uninduced (-) and two days
induced cells (+), probed for the mRNA of wt TbPam18. Asterisk (*) indicates a prominent RNA product
that results from the RNAI against TbPam18. Ethidium bromide-stained ribosomal RNAs (rRNAs) serve
as loading control. Lower panel, right: Immunoblot analysis of whole cell extracts of uninduced (-) and two
days RNAi-induced (+) cells probed for RNAi-res. ToPam18-HA and elongation factor 1 alpha (EF1a) as
loading controls. (B) Upper panel: Growth curve of uninduced (-Tet) and induced(+Tet) cells expressing
RNAi-res. ThPam16-HA in the background of RNAI targeting wt TbhPam16 (TbPaml6 exclusive
expressor). Lower panel: Immunoblot analysis of whole-cell extracts of uninduced (-) and one day RNA.-
induced (+) cells probed for TbPam16, RNAi-res. TbPam16-HA and EF1la serve as loading controls. (C)
Blue native (BN)-PAGE analysis of digitonin-extracted, mitochondria-enriched fractions of cells
expressing ThPam18-HA or ThPam16-HA. Coomassie-stained gel sections (Coom.) serve as a loading
control.

TbPam16-HA has previously been localized to the IM*°. Furthermore, ThPam16-HA
was utilized as the bait in a quantitative co-immunoprecipitation (ColP) experiment that was done
under stable isotope labelling by amino acids in cell culture (SILAC) conditions and then analysed

by mass spectrometry (MS)*°. In this experiment, the only protein enriched to similar levels as the
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bait was TbPam18 suggesting that the two proteins are interaction partners. Given the interaction
of TbPam18 and TbPam16, we are confident thatour previously reported finding that TbPam18,
just as ToPam16, is localized to the IM“? is also reliable, even though this result was obtained
with the non-functional TbPam18-HA.However, a TbPam18-HA SILAC ColP experiment done
in our previous study, had resulted in the enrichment of numerous non-mitochondrial proteins
and the interaction with TbPam16 was not detected*°. Due to the non-functionality of ToPam18-
HA the results ofthis SILAC ColP can be considered as an artefact.

To learn more about the ThbhPam18-TbPam16 interaction, digitonin-extracted
mitochondria-enriched fractions of cell lines expressing TbPam18-HA or TbPaml16-HA,
respectively, were subjected to a blue native (BN)-PAGE analysis. The results in Fig. 1C show
thatboth, TbPam18-HA as well as TbPam16-HA, are present in high molecular weight complexes
above 669 kDa. Since the result of TbPam18-HA phenocopies the result obtained with its
interaction partner, the functional TbPam16-HA, we consider it reliable.

Taken together, the observations of TbPam18 and TbPam16 being present in a HMW
complex (Fig. 1C) and of TbPam18 being TbPam16’s only interaction partner®®, suggest that the
two proteins exist in a hetero-oligomeric complex with each protein being present in multiple

copies.

Ablation of TbPam18 or TbPam16 predominantly affects MRPs and OXPHOS components

To find out more about the function of TbPam18 and ThPam16, we analysed global
changes in the mitochondrial proteome upon RNAi-mediated TbPam18 and ThPam16 depletion.
To that end, we executed a quantitative proteomic analysis of the steady-state levels
of mitochondrial proteins in the ThPam18 and ThPam16 RNAI cell lines by using SILAC
combined with MS. Uninduced and induced TbPam18 or ThPam16 RNAI cells were grown
in a medium containing stable isotope-labelled forms of arginine and lysine. After four days of
RNAI induction, which corresponds to the onset of the growth retardations*’, equal numbers of
uninduced and induced cells were mixed, and mitochondria-enriched fractions generated by

digitonin extraction were analysed by quantitative MS.

Surprisingly, neither TbPam18 nor ThPam16 were detected in either of the two SILAC
RNAI experiments. To elaborate on this observation, we have obtained information on the steady-
state levels of TbPam16 in the RNAI cell lines, using a newly generated TbPam16 antibody (see
Materials and Methods). After only one day of ThPaml18 or TbPam16 RNAI induction,
respectively, TbPam16 levels are strongly reduced (Fig. 2A). These results show that TbPam16
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stability is highly dependent on the presence of TbPam18 and that RNAIi mediated ThPam16
turnover is very efficient and fast. Attempts to generate an antibody against TbPam18 were not

successful.
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Figure 2 - TbPam18 and TbPam16 RNAIi predominantly affects MRPs and OXPHOS
components. Immunoblot analysis of steady-state protein levels of ThPam16 in whole-cell extracts of

TbhPam16 or TbPam18 RNAI cell lines over four days of induction. EFla serves as a loading control.

Global mitochondrial proteome changes upon ablation of TbPam18 (left panels) or TbPam16
(right panels). Mitochondria-enriched fractions of uninduced and four days RNAi-induced ThPam18 and
ThPam16 RNAI cells were analysed by SILAC-based quantitative MS. Datasets were filtered for

mitochondrial proteins® and the mean log2 of normalized ratios (induced/uninduced) was plottedagainst
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the corresponding log10 P value (two-sided t-test). Datasets were then filtered for mitochondrial
ribosomal proteins (MtRPs, top panels, red)?, components of the oxidative phosphorylation pathway
(OXPHOS, middle panels, green)*? and proteins known to be involved in kDNA replication, maintenance
and segregation (kDNA repl., bottom panels, orange)*#842-0, Thehorizontal dotted line in each volcano
plot marks a t-test significance level of 0.05. The vertical dotted lines indicate a fold-change in protein
abundance of +1.5. The blue background marks a downregulation of 1.5-fold.

The proteins detected in the MS analysis of the TbPam18 and TbPam16 SILAC RNAI
experiments, were filtered for mitochondrial proteins by using a T. brucei mitochondrial proteome
reference dataset®. 943 and 899 mitochondrial proteins were detected, respectively, which
corresponds to 84.3% and 80.3% of the mitochondrial proteome (Fig. 2B)?. In the ThPam18
SILAC RNAI experiment, 13.5% of the detected mitochondrial proteins are downregulated more
than 1.5-fold. In the TbPam16 SILAC RNAI experiment thisnumber constitutes 15.6%. The 50
most downregulated proteins in the respective datasets are listed in Tables S1 and S2.
To determine which proteins are predominantly affected by the ThPam18 and ThPaml16
depletions, we filtered the datasets for different protein groups. Interestingly, in the TbPam18
dataset, 61.6% of all detected mitochondrial ribosomal proteins (MtRPs)® showed a 1.5-fold
decreased steady-state level (Fig. 2B, top panel). Upon TbPam16 RNAI, this number amounts
to almost equal fraction, namely 65.6%. In both experiments two thirds of the more than 1.5-fold
downregulated MtRPs are components of the large subunit (LSU) and one third are proteins of
the small subunit (SSU) of the mitochondrial ribosome (mitoribosome)®. Furthermore, we found
that in the TbPam18 and ThPam16 SILAC RNAI experiments, 17.3% and 20.9% of all detected
components of the OXPHOS pathway*? are reduced more than 1.5-fold, respectively (Fig. 2B,
middle panels). In both experiments, respiratory complex 1V is affected the most, followed by
complexes I, 11l and V. It is worth noting that while detected and quantified in the experiments,

subunits of complex 11 were not found to be downregulated more than 1.5-fold.

A common feature of the LSU and SSU of the mitoribosome, as well as the OXPHOS
complexes I, I11, IV and V is that they contain components encoded in the KDNA. Coding regions
of not only the 12S and 9S mitoribosomal RNAs, but also two MtRPs can be found in the KDNAZ,
Furthermore, six subunits of complex I, one complex Il subunit, threesubunits of complex 1V
and one complex V subunit are encoded in the KDNAL331, In contrast,all complex 11 subunits are

encoded in the nuclear genome®?.

In the next step, we filtered the datasets for proteins that are associated with kDNA

replication, maintenance, and segregation (Fig. 2B, bottom panels):!842-50 44 and 42 such
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factors were detected in the TbPam18 or ThPam16 SILAC RNAI datasets, respectively, none of
which was downregulated more than 1.5-fold. Interestingly, two proteins, the small and large
subunits of DNA topoisomerase IB, were found to be significantly upregulated more than 1.5-
fold in the TbPam18 and the ThPam16 SILAC RNAI datasets. DNA topoisomerase IB was
described to be involved in the replication of the nuclear as well as the mitochondrial
genome>°2%3, The third protein significantly upregulated more than 1.5-fold upon ThPam16
RNAI, is the universal minicircle sequence binding protein 1 (UMSBP1). UMSBPL1 is not only
required for the initiation of minicircle replication, but isalso involved in the regulation of kDNA
segregation and nuclear division?>*. A subset of the KDNA replication factors we screened our
datasets for, including the three proteins that have been significantly upregulated, are not part of
the mitochondrial reference proteome?. These proteins, therefore, appear as additional datapoints

in the volcano plots in Fig. 2B.

Taken together, the findings that upon TbPam18 and TbPam16 RNAI, numerous MtRPsand
OXPHOS components are downregulated more than 1.5-fold, and certain KDNA replication
factors are significantly upregulated, suggested that TbPam18 and ThPam16 ablation could affect
the KDNA.

Depletion of TbPam18 and TbPam16 causes loss of maxicircles

To analyse the fate of the KDNA upon TbPam18 or ThPam16 depletion, we dissected
DAPI-stained RNAI cells by fluorescence microscopy. Interestingly, we found that after four days
of RNAI induction, at onset of the growth retardations*®, many ThPam18 and TbPam16 RNAi
cells had visibly smaller KDNAs when compared to uninduced cells (Fig. 3A, upper panels). For
each timepoint, the kDNA size in 86 to 140 cells was measured and the mean of the KDNA sizes in
uninduced RNAI cells was set to 100% (Fig. 3A, lower panels). After three days of induction the
mean of the KDNA size, when compared to uninduced cells, issignificantly reduced to roughly
90% in TbPam18 and TbPam16 RNAI cells. This percentage decreases to 74% and 60% for
ThPam18 and 64% and 55% for ThPam16 in four and five days induced cells, respectively.
Shrinkage of the kKDNA disc is a well-known phenomenon observed previously, when proteins

involved in replication of mini- as well as maxicircles were ablated**°,
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Figure 3 - TbPam18 and TbPam16 ablation causes loss of maxicircles: (A) Upper panels:
Fluorescence microscopy analysis of DAPI-stained uninduced and three to five days RNAi-induced
ThPam18 and ThPam16 RNAI cells as indicated. Lower panels: Quantification of KDNA areas in 86 to
140 DAPI-stained RNA.i cells induced for the indicated amount of time. Red line indicates the mean of
the KDNA sizes at each timepoint. 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 t-test. (B) Southern blot analysis of
steady-state levels of mini- and maxicircles inthe TbPam18 and TbPam16 RNA. cell lines. Upper panels:
Total DNA from uninduced or three to five days induced cells was isolated anddigested with HindlIl 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 a loading control. Lower panels: Densitometric
quantification of mini- and maxicircle abundance on Southern blots during TbPam18 or ThPam16
depletion. The ratio of the mini- or maxicircle abundance and the respectiveloading control (tubulin) was
normalized (norm.) to the ratios of uninduced cells. Blue (maxicircles) and red (minicircles) bars
represent the mean of three independent biological replicates. n.s.: not significant, **: p-value<0.01,
***%: p-value<0.0001, as calculated by an unpaired two-tailed t-test.

To study the effects on the KDNA in more detail, we performed Southern blot analysis
of mini- and maxicircles in TbPam18 and TbPam16 RNAI cells (Fig. 3B). Total DNA was
extracted from uninduced cells and two to five days after RNAI induction. To analyse total
amounts of mini- and maxicircles, we utilized specific mini- and maxicircle probes. As a loading
control, we used a probe targeting the tubulin intergenic region. Already after three days
of induction, when RNAi-induced cells still grow at the same rate as uninduced trypanosomes*,
maxicircle levels are significantly reduced to 36% upon TbPam18 and 42% upon ThPam16
depletion, when compared to levels in uninduced cells. In cells induced for five days,
maxicircles become almost undetectable. The levels of minicircles, on the other hand, are not
significantly reduced over five days of TbPam18 and TbPam16 RNAI induction. Based on these
results, we suggest that ToPam18 and TbPam16 are involved in maxicirclereplication and/or
maintenance. The fact that the impact on the maxicircles is the earliest observed phenotype and

occurs even before the onset of the growth retardation, points towards a direct effect.
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Ablation of TbPam18 decrease the activity of respiratory complexes and membrane

potential

Next, to determine whether the downregulation of respiratory complexes observed
during SILAC experiments would affect their function, the enzymatic activity of complex Il
(cl), complex I (clll) and complex IV (clV) in isolated mitochondria was measured.

As shown in Fig. 4 A, a statistically significant downregulation of both clll and clV
activity was observed for TbPam18 RNAI at day 4 post-induction. A slight upregulation in the
activity of cll upon RNAI induction remained below statistical significance, in agreement with
the previous results obtained for this element during SILAC-MS analysis. On the contrary,
no statistically significant changes in cll, clll and clV activities were observed for TbPam16,
as shown in Fig. 4 B. As it could be concomitantly expected, a pronounced drop in the
membrane potential of live cells at day 6 after Tet induction was observed, depicted in Fig. S2
AB.

These results correlate and recapitulate the observations regarding OXPHOS relative
abundance during TbPam18 and ThPam16 SILAC-MS showing that the enzymatic activity
of respiratory complexes, crucial in the procyclic stage of T. brucei, is affected by ThPam18

depletion and this produces a drop in membrane potential as a late effect.
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Fig. 4 - Ablation of TbPam18, TbPam16 affects the activities of respiratory complexes.
Activities of three respiratory complexes are elevated in induced cells 4 days postinduction. The p-value
of unpaired t-test is shown where a statistically significant difference was detected. Means from three
independent technical replicates are displayed. Error bars represent standard deviation. One unit (U)
of appropriate activity catalyses the reduction/oxidation per minute of 1 nmol of 2,6-
dichlorophenolindophen for succinate dehydrogenase (complex IT), and 1 pmol of cytochrome ¢ for both
cytochrome ¢ reductase (complex Ill) and cytochrome ¢ oxidase (complex 1V). Specific activity

is calculated as U per mg of mitochondrial proteins.

Integral membrane localization is crucial for the function of TbPam18 and ThPam16

In our previous publication, we have demonstrated that TbPam18 and ThPaml16
are integral IM proteins*®®. All attempts to further pinpoint this localization within
the mitochondrion by fluorescence microscopy, for example to the proximity of the KDNA,
were not successful. To the best of our knowledge, there is no protein described yet that
is localized in the IM and directly involved in KDNA replication. To answer the question,
whether the integral mem-brane localization is essential for their function, we established full-
length and truncated TbhPam18 and ThPam16 variants lacking their predicted transmembrane
domains (TMDs).These variants were all cloned from the synthetic, RNAi-res. TbPam18 or
ThPam16 genesintroduced above (Fig. 5A). The truncated variant of TbPam18 (AN-TbPam18)
lacks its predicted N-terminal TMD (amino acids (aa) 5-22) and five aa upstream of it, which
were replaced by the mitochondrial targeting sequence (MTS) of the trypanosomal
mitochondrial heat shock protein 60 (TbmHsp60). This ensures its import into
the mitochondrion. The full-length and the truncated RNAI-res. variants of TbPam18 were not
tagged since we found that C- as well as N-terminal tags render the protein unfunctional (Figs.
1C, 5A and S1). The predicted TMD of TbPam16 (aa 34-52) was replaced by the MTS
of TomHsp60 in the RNAi-res. AN-TbPam16 variant. Additionally, the protein was C-
terminally HA-tagged, since we showed earlier that the tagged full-length TbPam16 remained
functional (Figs. 1B and 5A). The described constructs were expressed in the background
of RNAI targeting wt TbhPam18 and TbPam16, respectively, resulting in the variant being the

only version of the respective protein expressed (exclusive expressor cell lines).

The full-length TbPam18 version fully complements the growth phenotype, while
expression of AN-TbPam18 does not rescue the growth retardation caused by TbhPam18 RNAI
(Fig. 5B). Expression of AN-ThPam16-HA, as well, is not capable of rescuing the loss of wt
TbhPam16 (Fig. 5C). To monitor if AN-TbPam16-HA is imported into the mitochondrion
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as expected, the AN-TbPam16-HA exclusive expressor cell line was subjected to a cell
fractionation using low concentrations of digitonin. As shown in Fig. 5D, full-length TbPam16-
HA, as well as AN-TbPam16-HA co-fractionate with the mitochondrial marker ATOMA40.
Furthermore, we used an alkaline carbonate extraction to generate a pellet containing integral
membrane proteins and a supernatant fraction containing soluble proteins. Whilethe full-length
ThPam16-HA is only recovered in the pellet fraction, AN-TbPam16-HA is found in the pellet,
as well as in the supernatant fractions at about equal amounts. The finding that not all AN-
ThPam16-HA is found in the soluble fraction, even though its TMD was deleted, might be due

to a close interaction with another membrane protein, likely TbPam18.

Based on these results, we suggest that the membrane integral-localization of TbPam18
and TbPam16 is essential for their function. This finding, for the first time, linksthe process
of maxicircle replication to the IM. Interestingly, the domain structures of yeast Pam18 and
Pam16 were studied by implementing similar and even more extensive truncations®’. It was
shown that for both proteins, the only essential part is their J or J- like domain, respectively.
The findings that TbPam18 and TbPam16 functions depend on the presence of their TMDs,

therefore, sets them even further apart from the functionalityof yeast Pam18 and Pam16.

118



A TMD

J-like domain
: J RNAi-res. TboPam18

MTS J Ilke domain
[ 1 T RNAi-res. AN-TbPam18
TMD J-like domain
I R i - HA RNAi-res. TbPam16-HA
MTS J-like domain
[ I HA RNAi-res. AN-TbPam16-HA
B TbPam18 exclusive expressor AN-TbPam18 exclusive expressor
10114
E 1074
2
[ 1091
2
3 10%
(5]
2 107
3
g 1061
o 105 T T T T T — ‘. 1054 T T T T T T T 1
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 [ 7 8
Days of induction Days of induction
-+ Tet(2d) -+ Tet(2d) -+ Tet(2d) -+ Tet(2d)
wt TbPam18 e RNAi-res. ToPam18 wiTbPam18 @8 RNAi-res. AN-TbPam18
" rRNAs . rRNAs “ RNAs ' rRNAs
* unspecific band * unspecific band
c AN-TbPam16-HA exclusive expressor TbPam16-HA AN-TbPam16-HA
exclusive expressor exclusive expressor
£ koa T M S
: 5% «- l@g A
% 2 § —— ATOM40
DS
; OF 50-wmm= == FEF1a ATOM40
k! 50~ — o —EF1g
g
O koa /M P S koa /M P S
25

HA
ATOM40
cytC

0 1 2 3 4 5 6 7 8
Days of induction

HA

38

Carbonate
extraction
-3
I | L

kDa - +  Tet(2d)
15§ wt TbPam16

25
- RNAi-res. AN-TbPam16-HA

50— — EF1a

119



Figure 5 - Integral membrane localization is crucial for TbPam18’s and TbPam16’s
functions: (A) Schematic representation of RNAi-resistant (RNAi-res.) full-length (TbPam18 and
TbhPam16-HA) and N-terminally truncated variants of TbPam18 (AN-TbPam18) and TbPam16 (AN-
ThPam16-HA). ThPam18 constructs are untagged, while TbPam16 constructs carry a C-terminal HA-tag.
Predictedtransmembrane domains (TMD) and J-like domains are indicated. To ensure a mitochondrial
localization, the N-terminally truncated variants were expressed with the mitochondrial targeting sequence
(MTS) of the trypanosomal mitochondrial heat shock protein 60 (mHsp60). TMDs werepredicted by
TMHMM-2.0%, The J-like domain of ThPam18 was predicted by InterPro®® and the one of TbPam16 was
predicted by alignment with the yeast Pam16. (B) Upper panels: Growth curves of uninduced (-Tet) and
RNAi-induced (+Tet) cell lines ectopically expressing RNAi-resistant (RNAi-res.) full-length TbPam18
(left) or AN-TbhPam18 (right) in the background of RNAIi targetingthe wildtype (wt) TbPam18 (TbPam18
and AN-TbPam18 exclusive expressors). Lower panels: Northern blots of total RNA isolated from
uninduced (-) and two days induced (+) cells probed foreither the mMRNA of wt TbPam18 or RNAi-res.
AN-TbPam18. This was done to confirm efficient RNAi of wt TbPam18 and simultaneous inducible
ectopic expression of RNAi-res. TbPam18 or AN-TbPam18. Asterisk (*) indicates a prominent RNA
product that results from the RNAI against TbPam18. Ethidium bromide-stained rRNAs serve as loading
control. (C) Upper panel: Growth curve of uninduced (-Tet) and RNAi-induced (+Tet) cells ectopically
expressing RNAi-res. AN-TbPam16- HA in the background of RNAI targeting the wt TbPam16 (AN-
TbhPam16-HA exclusive expressor). Lower panel: Immunoblot analysis of whole-cell extracts
of uninduced (-) and two days induced (+) cells probed for wt TbPam16, RNAi-res. AN-TbPam16-HA
and EFla serve as loading controls. (D) Upper panels: Immunoblot analysis of total cells (T), digitonin-
extracted, mitochondria-enriched (M) and soluble cytosolic (S) fractions of TbPam16-HA and AN-
ThPam16-HA exclusive expressor cell lines. Immunoblots were probed with anti-HA antibodies and
antisera against ATOMA40 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 ina 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.

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

Our findings that TbPam18’s TMD is essential sets it apart from the yeast Paml18
(ScPam18),whose only essential domain is its J-domain®’. Similar to ScPam18, the J-domain of
TbPam18 is located at the C-terminus of the protein (aa 47-120) (Fig. 6A). However, within the
J-domains of ScPam18 and ThPam18, a striking difference can be found. A defining feature of J-
domains is the conserved tripeptide His-Pro-Asp (HPD), which is essential for the stimulation

of the ATPase activity of their Hsp70 partners®®6l, While the J-domain of ScPam18 contains
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an intact HPD motif, in the TbPam18 J-domain, the motif has changed to His-Ser-Asp (HSD),
making it to a J-like domain®. The HPD motif is well conserved in Pam18 homologues across
eukaryotes (Fig. S2A). Among the 13 Pam18 homologues from representative eukaryotes
we analysed, TbPam18 is the only one with an aberrant HPD motif. In other trypanosomatid

species, however, the HSD motif, as found in TbPam18, is a conserved feature (Fig. S2B).
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Figure 6 - The J-domain of ScPam18 cannot complement the loss of the J-like domain of
TbPam18: (A) Schematic representation of TbPam18, yeast (Sc) Pam18 and the Th/Sc fusion Pam18
(Th/ScPam18), in which the J-like domain of TbPam18 was replaced by the J-domain of ScPam18. The
J-domain of ThPam18 was predicted by InterPro®. The J-domain of ScPam18 was previously described®’.

(B) Upper panels: Growth curves of uninduced (-Tet) and induced (+Tet) cells ectopically expressing

121



ScPam18 (left) or Th/ScPam18 (right) in the background of RNAI targeting the endogenous wildtype (wt)
TbhPam18 (ScPaml18 and Th/ScPam18 exclusive expressor cell lines). Lower panels: Northern blots of
total RNA extracted from uninduced (-) and two days induced (+) cells, probed for wildtype (wt) TobPam18,
to confirm efficient RNAI, or ScPam18 as wellas Th/ScPam18, to confirm inducible ectopic expression.
Asterisk (*) indicate a prominent RNA product that results from the RNAI against TbPam18. Ethidium
bromide-stained rRNAs serve as loading control. (C) Upper panels: Immunoblot analysis of total cells (T),
digitonin-extracted mitochondria-enriched (M), and soluble cytosolic (S) fractions of cell lines expressing
N-terminally myc-tagged TbPam18, ScPam18 or Tb/ScTbhPam18. Blots were probed with anti-myc
antibodies and antisera against ATOMA40 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) anda soluble
supernatant fraction (S). Immunoblots were probed with anti-myc and antisera against ATOM40 and Cyt
C, which serve as maker for integral membrane and soluble proteins, respectively.

We asked the question if the domain-specific changes in TbPam18 are prerequisites for its
function in maxicircle replication, or whether this function could be taken over by a more
conventional Pam18 homologue. To pursue this question, we generated a cell line allowing
the inducible ectopic expression of ScPam18 in TbPam18 RNAI background (ScPam18 exclusive
expressor). As shown in Fig. 6B, expression of ScPam18 cannot complement the growth
phenotype caused by TbPaml18 ablation. To find out more about the fate of ScPaml8,
we generated an inducible cell line expressing a N-terminally myc-taggedScPam18 version and
subjected these cells to digitonin and alkaline carbonate extractions. Fig. 6C shows that myc-
ScPam18 does only partially localize to the mitochondrial fractionin a digitonin extraction.
However, the same pattern can be observed for a N-terminally myc-tagged version of TbPam18.
This observation can possibly be explained by the overexpression of the proteins, or it is also
conceivable that the myc-tag at the N-terminus partially impedes recognition of the mitochondrial
import signals. However, while the mitochondrially located myc-TbPam18 completely localizes
to the integral membrane-fraction in an alkaline extraction, as expected, myc-ScPam18 remains
completely soluble. In future experiments, usage of untagged ScPam18 in a combination with
a ScPam18 antibody could help to clarify if this mislocalization is due to the tag or if ScPam18

indeed cannot be incorporated into the trypanosomal M.

To increase the likelihood for correct localization and to pursue the question, whetheran
intact J-domain can take over the function of TbPam18’s J-like domain, we replaced the J-like
domain of TbPam18 by the J-domain of ScPam18 (Fig. 6A, Th/ScPam18). This Th/ScPam18
fusion protein was then expressed in TbPam18 RNAI background (Tb/ScPam18 exclusive
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expressor). Expression of Th/ScPam18 delayed the onset of the growth phenotype by one day,
but could not rescue the growth retardation at later time points (Fig. 6B). Digitonin extractions
of a cell line expressing C-terminally myc-tagged Th/ScPam18 revealed that myc-Th/ScPam18
as well is only partially found in the mitochondria-enriched fraction (Fig. 6C). However, in an
alkaline carbonate extraction it behaves the same as myc-TbPam18 and completely localizes to

the integral membrane fraction.

The findings that neither the wildtype ScPam18, nor its J-domain linked to TbPam18’s
TMD, can rescue the loss of ThPam18 or its J-like domain, respectively, suggest that TbPam18,
whilst still sharing homology with ScPam184°, has evolved different features that make ThPam18
and ScPam18 not interchangeable. The seemingly subtle change from a HPD to an HSD motif
in TbPam18’s J-domain suggests that it can no longer directly stimulate Hsp70’s ATPase activity
and, thus, most likely adopted a substantially different functionality.

ThPam18 and TbhPam16 have a procyclic form-specific function.

Trypanosomes have a complex life cycle alternating between an insect vector, the tsetse
fly (Glossina spp.), and a mammalian host. In the insect vector, trypanosomes occur in the
procyclic form (PCF). PCF parasites contain an extensively reticulated cristae-rich mitochondrion
that is capable of oxidative phosphorylation. The replicative form of trypanosomes in the
mammalian host is termed bloodstream form (BSF). BSF trypanosomes havea tube-shaped,
cristae-poor mitochondrion with a highly reduced mitochondrial metabolism!“2,
The mitochondrion in BSF parasites lacks the respiratory complexes, except for the ATP-
synthase. The ATP-synthase, however, functions in reverse and, at the expense of ATP, pumps
protons from the matrix into the intermembrane space, in order to maintain the proton gradient
over the IM®83 Subunit a of the membrane integral F, subunit, is critical for this proton
translocation. The fact that subunit a is encoded in the KDNA, andthat its pre-mRNA requires
substantial RNA editing, explains why BSF, just as PCF trypanosomes, depend on an intact
KDNA network®°, In our previous studies, we have demonstrated that TbPam18 and ThPam16
are not essential for normal growth in the BSFstrain yL262P*°. yL.262P BSF cells harbor a single
point mutation in subunit y of the F1 ATP-synthase, which can compensate for the loss of subunit
a and, therefore, for the total loss of KDNA®. Since we have now demonstrated that ThPam18
and TbPam16 are involved in KDNA replication (Fig. 3), it does no longer seem surprising that

their knockdown does not affect the growth of yL262P cells.
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Figure 7 - TbPam18 and TbPam16 are not essential in BSF trypanosomes: (A) Upper panel:
Growth curve of uninduced (-Tet) and RNAi-induced (+Tet) bloodstream form (BSF) New York single
marker (NYsm) RNA. cell line ablating TbhPam18. Error bars correspond to the standard deviation (n=3).
Lower panel: Northern blot of total RNA extracted from uninduced (-) and two days induced(+) cells,
probed for the TbPam18 ORF. Asterisk (*) indicates a prominent RNA product that resultsfrom the RNA.
against TbPam18. Ethidium bromide-stained rRNAs serve as loading control. (B) Upper panel: Growth
curve of NYsm, ThPam16 single knockout (SKO) and double knockout (dKO)BSF cell lines. Lower panel:
Verification of sKO and dKO by PCR using one primer pair to amplify the TbPam16 ORF (~1.7 kilobases
(kb)), the hygromycin (Hygro, ~2.3 kb) or blasticidin (Blast, ~1.6kb) resistance cassettes at the same time.
Hygro was used to replace the first allele and Blast wasused to replace the second allele.

To analyze the effect of their ablation in the BSF flagellates that depend on an intact KDNA
network, we depleted TbhPam18 and TbhPam16 in the BSF New York single marker (NYsm)
strain®. As RNAI never eliminates all mMRNAs, we aimed to establish ToPam18 and ThPam16
double knockout (dKO) cell lines. While attempts to produce a TbPam18 dKO cell line failed,
ThPam18 could be knocked down via RNAI (Fig. 7A). For TbPam16 a double knockout (dKO)
cell line was successfully generated (Fig. 7B). As shownin Fig. 6, neither TbPam18 nor TbhPam16
are essential for normal growth of NYsm BSF cells. These results demonstrate that the functions
of TbPam18 and ThPam16 are stage-specificfor PCF trypanosomes. This suggests that their
function in maxicircle replication might be redundant in the BSF cells or, less likely, taken over

by other proteins.
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Discussion

TbPam18 and ThPam16 are bona fide orthologues of the PAM subunits Pam18 and Pam16
in other eukaryotes. Unexpectedly, in T. brucei they are neither involved in mitochondrial protein
import, nor are they part of the PAM*. Here, we present data showing that TbPam18
and TbPam16 are essential for proper replication and/or maintenance of the KDNA maxicircles
in the procyclic form of the parasite (Fig. 3). Maxicircles, similar to mitochondrial genomes in other
eukaryotes, code for the two mitochondrial rRNAs, two MtRPs and several subunits of the
OXPHOS complexes I, 11, IV and V135, Thus, it is not surprising that depletionof ToPam18 and
TbhPam16 leads to a downregulation of steady-state levels of MRPs and components of OXPHOS
complexes I, 111, IV and V (Fig. 2B). Interestingly, ablation of TbPam18 and ThPam16 also leads
to upregulated steady-state levels of DNA topoisomerase IB subunits and UMSBP1.
Topoisomerase IB, which in trypanosomes consists of two subunits, is associated with the nuclear
and mitochondrial genome replication, yet its exact role remains unclear?°2%3, UMSBP1
is required for the initiation of minicircle replication, but is also involved in the regulation
of KDNA condensation and segregation, and possibly also in nuclear division>®*%". It is tempting
to speculate that these upregulations are the result of a stress reaction that tries to compensate
for the loss of maxicircles upon ThPam18 and TbPam16 ablation (Fig. 2B). However, levels of
other proteins involved in kDNA replication, maintenance, and segregation remain widely
unchanged upon TbPam18 or TbPam16 ablation. This is in line with the naturally occurring
T. brucei ecotypes T. b. f. equiperdum and T. b. f. evansi that have either partially
[dyskinetoplastic (dk)] or completely [akinetoplastic (ak)] lost their KDNA. Nevertheless,
proteins involved in kDNA replication and maintenance are still imported into their
mitochondria®. Thus, it seems that the levels of most proteins involved in KDNA replication

or maintenance are independent of the presence or absence of the kDNA.

Interestingly, minicircle levels remain stable after the loss of maxicircles upon TbPam18
and TbhPam16 depletion (Fig. 3B). Similar observations have been reported, upon depletion
of the mitochondrial DNA primase 1 (TbPRI1)%, the mitochondrial DNA helicase TbPI1F2°¢
and the mitochondrial heat shock protein machinery ThmHsp70/TbmHsp40*, all of which are
linked to maxicircle replication and maintenance. Additionally, in the cases of ThPRI1%
and TbmHsp70/TbmHsp40* a shrinkage of KDNA disks was observed via DAPI-staining,
similar to what we observe after TbPam18 and TbPam16 ablation (Fig. 3A). A recent study
investigating kDNA condensation steps, suggested that the linkage between minicircles
and maxicircles stabilizes the network structure®®. A destabilized network upon loss of

maxicircles could lead to a reduced intensity of the DAPI signal. However, even though
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minicircles are much smaller in size than maxicircles, they are much more abundant and represent
the bulk of the kDNA network!’. Thus, it seems unlikely that a shrinkage of the network could be
observed, if only maxicircles are lost. Indeed, electron microscopy analysis of dk trypanosomes of
the T. b. f. equiperdum ecotype that lost all maxicircles, but retained minicircles, shows that the
size and ultrastructure of the kDNA disk is indistinguishable from its wild-type form®®. Therefore,
the shrinkage of the KDNA observed upon ablation of maxicircle replication factors mentioned
above must be mainly a consequence of the depletion of minicircles from the KDNA disk. During
replication, minicircles are detached from the kDNA network?. Upon TbPRI1
and TbmHsp70/TbmHsp40 depletion, free minicircle species that could still be replicated, butnot
reattached to the network, were shown to accumulate®**, This observation could explain
a progressive shrinkage of the kDNA disk as well as why the total number of minicircles,
as measured in Southern blots, remains steady for several days after the loss of maxicircles. These
findings suggest that there are no control mechanisms in place to stop minicircle replication
if replication of maxicircle fails. Thus, it could be that such an accumulation offree minicircles

also occurs upon ThPam18 and ThPam16 ablation.

In what way could TbPam18 and ThPam16 be involved in maxicircle replication
or maintenance? ThPam18 and ThPam16 both contain a single TMD. Furthermore, they were
previously shown to be localized in the IM*°. Using N-terminally truncated variants of TbPam18
and TbPam16 that lack their TMDs, we present data suggesting that the membrane-integral
localization of TbPam18 and ThPam16 is essential for their function (Fig. 6). To our knowledge,
no other experimentally studied KDNA replication factor is an integral membrane protein. Factors
involved in kDNA replication are typically locateddirectly at the KDNA disk, albeit in specific
sub-locations?. Thus, our finding links maxicircle replication to the IM for the first time. The only
other known IM protein that is associated with KDNA inheritance is p166, a subunit of the
TAC'®™, The TAC is essential for KDNA segregation and knockdownof TAC subunits leads to
a complete loss of the KDNA and cells with small or enlarged, over-replicated KDNAs!8, Since
knockdown of TbhPam18 and ThPam16 leads to a progressive shrinkage of the KDNA, it is
unlikely that they are involved in KDNA segregation and the TAC function.

The finding that the TMDs of TbPam18 and TbPam16 are essential for their functions,
differs from the situation in yeast. The TMD of ScPam18 is not essential and the yeast Pam16
homologue is not an integral membrane protein®’. Another difference can be found in the J-
domains of TbPam18 and ScPam18. In TbPam18 the conserved HPD tripeptide was changed
to HSD. J-domain proteins are obligate co-chaperones of their Hsp70 partners. Via their J-domain

they stimulate Hsp70’s ATPase activity and stabilize its inter-action with substrate polypeptides.
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The HPD motif within the J-domain is essential for the stimulation of ATP hydrolysis
by Hsp70%°72, The differences in their J-domains and TMDs underline the functional divergence
of TbPam18 and TbPam16 from their yeast counterparts. This is furthermore emphasized by the
finding that the J-domain of yeast Pam18, which notably contains an intact HPD motif, cannot
complement for the loss of the J-like domain of TbPam18 (Fig. 6). The HSD in place of the HPD
tripeptide is a conserved featureamong trypanosomatid Pam18 homologues (Fig. S3B). These
findings suggest that the ac-quired mutation in the HPD motif is essential for TbPam18’s new
function outside of the import motor. In future experiments, it will be interesting to see, how

TbPam18’s functionis impacted, if the HSD in its J-domain is changed back to a HPD motif.

The finding that TbPam18 lacks an intact HPD tripeptide in its J-domain suggests thatit
does not directly interact with Hsp70. In recent years, several reports have collected evidence that
there are numerous J-domain proteins, whose chaperone activity does notsolely, or not at all,
depend on an intact J-domain”"°. Many such examples were found in the plant Arabidopsis
thaliana, which contains 21 J-like proteins involved in various pro-cesses’. A few of those J-like
proteins in A. thaliana were described to indirectly regulatethe activity of the Hsp70 system. They
do this through interactions with specific J-domainproteins containing a conventional J-domain,
much like the regulation of Pam18 by Pam16in yeast and A. thaliana. However, numerous A.
thaliana J-like proteins also seem to function independently of Hsp70 altogether™ . Would it
thus, be possible that TbPam18 andTbhPam16 could also indirectly regulate the Hsp70 machinery,
or even function as chaperones on their own? A recent study reported that the T. brucei genome
encodes for 67 different putative J-domain proteins’®. Based on different proteomics studies?®’"
8 as well as on online prediction programs, the same report assigned 38 of these putative J-
domain proteins to mitochondria. Three of the putative mitochondrial J-domain proteins,including
TbPam18, contain abrogated HPD motifs’®. However, TbPam16, which lacks theHPD motif
altogether, was not among the identified 67 putative J-domain proteins. This suggests the presence
of even more J-like proteins in T. brucei that are, due to their atypical J-like domains, more
difficult to recognize. It is unknown why trypanosomes contain such an immense number of
mitochondrial J-domain proteins, even though they have a single mitochondrial Hsp70 isoform
(TbmHsp70) only®:. Could it be that the many mitochondrial J-domain proteins are used to
differentially regulate the TomHsp70 machinery? Interestingly, TomHsp70 and the J-domain
protein TbmHsp40 are involved in the replication of maxicircles, but what their exact function in
the process is, is not known**. The complexity of KDNA replication could suggest that different
members of the J-domain protein family are required to regulate TomHsp70 during the different

stages of the process.TbPam18 and TbhPam16, besides their TMDs and J-like domains, do not
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contain additionaldomains, which would suggest that they can act as chaperones on their own. It is
possible that their membrane-anchored J-like domains regulate J-domains of other proteins and
retain them close to the membrane. Membrane-retention potentially could serve as a wayfor spatial
separation until these, yet elusive, J-domain proteins are needed in the complex process of KDNA

replication.

A recent survey’® compared J-domain protein expression levels between different T.brucei
life cycle stages using several proteomic data sets®284. Interestingly, the survey found that
the levels of many J-domain proteins are different between BSF and PCF trypanosomes,
suggesting lifecycle specific roles’®. We present data that TbPam18 and TbPam16 are essential
for normal growth in PCF, but not BSF trypanosomes. If TbPam18 and ThPam16 interact with
life cycle dependently expressed J-domain proteins, this observation can be easily explained.
It will be an interesting topic for future research to identify transient interaction partners
of TbPam18 and ThPam16, which are possibly other J- domain proteins, and to determine if they

play a role in KDNA replication.

The function of trypanosomal Pam18 in the PAM and, thus, in protein import, which
is essential for PCF and BSF trypanosomes, was replaced by TbPam27. Our current
hypothesis regarding this replacement implies that in ancient pro-kinetoplastids, TIM22
and TIM23 complexes including a canonical PAM were present*%#, The recruitment of TbPam27
to the TIM22 complex enabled TIM22 to import presequence-containing proteins and, thus,
to take over the function of the TIM23 complex and its associated PAM**®, Here, we present
data demonstrating that instead of being lost, TbPam18 and ThPam16 underwent architectural
and sequence-specific alterations. Interestingly, the two proteins are still interaction partners, and
their stability is interdependent *° (Figs.1 and 2A). However, they are involved in a completely
unrelated function, the maxicirclereplication or maintenance. Therefore, we link this function, for
the first time, to integral IM proteins. TbPam18’s and TbPam16’s function is PCF-specific,
possibly because their J-like domains are used to regulate other J-domain proteins that they
themselves are expressed in a life cycle stage-specific manner. Our findings once again underline
that the presence ofan orthologue does not proof that its function is also conserved. While we can
only speculate at this point, what the exact function of TbPam18 and TbPam16 might be, we cannot

help but being fascinated by the intriguing ways evolution takes.
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Materials and methods
Transgenic cell lines

Transgenic T. brucei cell lines are either based on the procyclic form (PCF) strain 29-13
orthe blood stream form (BSF) strain New Y ork single marker (NYsm)®. PCF cells were grownin
SDM-79% supplemented with 10% (v/v) fetal calf serum (FCS) at 27°C. BSF cells were cultivated
in HMI-98" containing 10% (v/v) FCS at 37°C.

RNAI against TbPam18 (Th927.8.6310) and TbPam16 (Th927.9.13530) has been de-
scribed previously*°. For complementation experiments with TobPam18 and ThPam16, synthetic
genes (Biomatik) were used. The codons in ORF regions that are targeted by RNAI were changed
such that is transcripts are RNA.I resistant but still translate into the same amino acid sequence as
in the endogenous protein. To produce constructs allowing expression of the N-terminally
truncated TbPam18 (AN-TbPam18) and TbPam16 (AN- TbPam18) variants, the corresponding
DNA fragments were amplified from the syntheticgenes. To ensure targeting to mitochondria, the
MTS of mitochondrial Hsp60 (TbmHsp60,Th927.10.6510) was cloned in front of the truncated
constructs. For the Th/ScPam18 fusion protein, another synthetic gene (Biomatik) was used. The
first 138 nucleotides of the RNAi-resistant ToPam18 were fused in front of the last 213 nucleotides
of the wildtypeyeast Pam18 gene (YLROO08C). Sequences of the synthetic genes are shown in Fig
S4.

To generate plasmids for ectopic expression of untagged, N- or C-terminal triple c- myc-
or HA-tagged RNAi-res. full-length or N-terminally truncated TbPam18 or TbPam16,as well as
wildtype ScPam18 and Th/ScPam18, the complete or truncated ORFs of the respective genes
were amplified by PCR. The PCR products subsequently were cloned intoa modified pLew100
vector®®®, which contains a puromycin resistance gene and either no epitope tag or a triple c-

myc- or HA-tag®°.

The ThPam16 double knockout (dKO) cell line was generated by fusing the 500
nucleotides up- and downstream of the TbPam16 alleles to the N- or C-terminus of the
hygromycin (Hygro) or blasticidin (Blast) resistance cassette, respectively. The first TbPam16
allele in the BSF strain NYsm was replaced by Hygro resulting in the single KO (sKO). To
generate the dKO, the second ThPam16 allele was replaced by Blast.
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Antibodies

Polyclonal rabbit antiserum against TbPam16 was commercially produced (Eurogentec,
Belgium) using aa 153-167 (VKDSHGNSRGNDAMW) as antigen. For western blots (WB) the
TbhPam16 antiserum was used at a 1: 500 dilution. Commercially available antibodies were:Mouse
anti-c-myc (Invitrogen, dilution WB 1: 2,000) mouse anti-HA (Enzo Life Sciences AG,dilution
WB 1: 5,000) and mouse anti-EF1a (Merck Millipore, dilution WB 1:10°000). Polyclonal rabbit
anti-ATOM40 (dilution WB 1: 10,000) and polyclonal rabbit anti-Cyt C (dilution WB 1: 100)
were previously produced in our laboratory®®?°, Secondary antibodies used: goat anti-mouse
IRDye 680LT conjugated (LI-COR Biosciences, dilution WB 1: 20,000) and goat anti-rabbit
IRDye 800CW conjugated (LI1-COR Biosciences, dilution WB 1: 20,000).

Digitonin extraction

Cell lines were induced with tetracycline for one day prior to the experiment to ensure
expression of epitope-tagged proteins. To selectively solubilize the plasma membrane, 1 x 108
cells were incubated 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). Equivalents of 2 x 10° cells of each fraction were analysed by SDS-PAGE and

western blotting.

Alkaline carbonate extraction

A mitochondria-enriched pellet, generated as described above, was resuspended
in 100 MM Na2CO (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 ofeach fraction

were analyzed by SDS-PAGE and western blotting.

Co-immunoprecipitation (ColP)

A mitochondria-enriched digitonin pellet from 1 x 108 cells expressing TbPam16-HA was
solubilized in a buffer containing 20 mM Tris-HCI (pH 7.4), 0.1 mM EDTA, 100 mM NacCl, 10%
glycerol, 1X Protease Inhibitor mix (Roche, EDTA-free) and 1% (w/v) digitonin for 15 min at
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4°C. After centrifugation (20’000 g, 15 min, 4°C), the lysate was transferred to 50 ul 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). Subsequent to
incubation in an end-over-end shaker for 1 hr at 4°C, the supernatant containing the unbound
proteins was removed. After washing the bead slurry three times with wash buffer, the bound
proteins were eluted by boiling the resin for 5 min in 2% SDS in 60 mM Tris-HCI (pH 6.8).

Blue native (BN)-PAGE

Mitochondria-enriched digitonin pellets of 1 x 108 cells expressing ThPam18-HA or
ThPam16-HA were incubated in a buffer containing 20 mM Tris-HCI (pH 7.4), 50 mM NaCl,10%
glycerol, 0.1 mM EDTA, 1 mM PMSF, 1% (w/v) digitonin for 15 min at 4°C to solubilize
mitochondrial membranes. After centrifugation (20°817 g, 15 min, 4°C), the resulting
supernatants were separated on a 4-13% gradient gel. To facilitate protein transfer, the gelwas
incubated in SDS-PAGE running buffer (25 mM Tris, 1 mM EDTA, 190 mM glycine, 0.05%
(w/v) SDS) prior to western blotting.

Fluorescence microscopy and KDNA size quantification

ThPam18 and ThPam16 RNAI cells were fixed with 4% paraformaldehyde in PBS,
postfixedin cold methanol and mounted using VectaShield containing 4',6-diamidino-2-phenylin-
dole (DAPI) (Vector Laboratories). Images were acquired by a DMI6000B microscope anda

DFC360 FX monochrome camera (both Leica Microsystems).

Images were analyzed using Imagel®. The KDNA size analysis was performed on
binarized 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 t-test.

RNA extraction and northern blotting

Acid guanidinium thiocyanate-phenol-chloroform extraction to isolate total RNA from
uninduced and induced (two days) RNAI cells was done as described elsewhere®?. Total RNAwas

separated on a 1% agarose gel in MOPS buffer containing 0.5% formaldehyde. Northern probes
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were generated from gel-purified PCR products corresponding to the RNAI inserts (as described
previously*?) or the overexpressed proteins described above, and radiolabelled by means of the
Prime-a-Gene labelling system (Promega).

DNA extraction and Southern blotting

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

For Southern blotting, 5 pg of DNA were digested overnight at 37°C with Hindlll and
Xbal. Digested DNA was separated in a 1% agarose gel in 1X TAE buffer. Gel processing and
blotting was done as described elsewhere***’. For KkDNA 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*’. A 1.4 kb fragment served as the maxicircle probe*3. For
normalization, a tubulin probe binding to a 3.6 kb stretch within the intergenic region between
a- and B-tubulin, was used*’. Probes were radiolabelled by means of the Prime-a-Gene labelling

system (Promega).

SILAC RNAI experiments

ThPam18 and ThPam16 RNA.I cells were washed in PBS and resuspended in SDM-80%
containing 5.55 mM glucose, 10% dialyzed FCS (BioConcept, Switzerland) and either light
(*2Ce/**N,) or heavy (13C6/15Ny) isotopes of arginine (1.I mM) and lysine (0.4 mM)
(Euroisotope). The cells were grown in SILAC medium for six to ten doubling times, to ensure
a complete labelling of all proteins with heavy amino acids. Uninduced and induced (four days)
TbPam18 or TbPam16 RNAI cells were mixed in an one to one ratio and digitonin- extracted
mitochondria-enriched pellets were generated. TbPam18 and TbPaml16 SILAC RNAI
experiments were done in three biological replicates including a label-switch and analysed

by liquid chromatography-mass spectrometry (LC-MS).
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Respiratory complexes activity assessment

The enzymatic activities of respiratory complexes Il, Ill, and IV were determined
spectrophotometrically in lysates of mitochondrial enriched fractions as described previously®.
Briefly, mitochondrial enriched fraction obtained from 5*108 cells by hypotonic lysis were lysed
in 0.5 M aminocaproic acid (SIGMA) and 2% [w/v] dodecyl maltoside. Upon incubation, the
lysate was spun for 30 min at maximum g at 4 -C and supernatant was used. Protein concentration

in samples was determined by Bradford method®’.

For succinate dehydrogenase activity (complex II), five pl of the mitochondrial lysate was
added to the 1 ml of reaction buffer (25 mM KPi, pH 7.2; 5 mM MgCl2; 20 mM sodium succinate),

mixed and incubated in 30 °C for 10 min. Next, antimycin A, rotenone, KCN and

2,6-dichlorophenolindophenol were separately added to a final concentration of 2 pg/ml,
2 pg/ml, 2 mM and 50 puM, respectively. The background reaction was monitored at 600 nm. The
reaction itself was started upon the addition of coenzyme Q: to a final concentration of 65 puM,

and was followed at 600 nm for 5 min.

The cytochrome c reductase activity (complex I11) was followed in 1 ml of reaction buffer
(40 mM NaPi, pH 7.4; 0.5 mM EDTA, pH 8.5; 20 mM sodium malonate; 50 uM cytochrome c;
0.005% [w/v] dodecyl maltoside). Simultaneously, 2 ul of the mitochondrial lysate and 2 pl of
2,3-dimethoxy-5-methyl-6-dodecyl-1,4-benzoquinol were added and the reaction was monitored
at 550 nm for 1 min. The cytochrome ¢ oxidase activity (complex IV) was measured in 1 ml of
reaction buffer (40 mM NaPi, pH 7.4; 0.5 mM EDTA, pH 8.5; 20 uM cytochrome c; 30 uM
ascorbic acid; 0.005% [w/v] dodecyl maltoside). Ten pl of the mitochondrial lysate was added to
the buffer and the reaction was monitored at 550 nm for 10 min.

Membrane potential (Aym) measurements

The Aym was determined using the red-fluorescent stain tetramethylrhodamine ethy| ester
TMRE (Thermo Fisher Scientific Waltham, MA). Cells in the exponential growth phase were
stained with 60 nM of the dye for 30 minutes at 27°C. Cells were pelleted (1.300g, 10 minutes,
RT), resuspended in 2 mL of PBS (pH 7.4), and immediately analysed by flow cytometry (BD
FACS Canto II Instrument). Treatment with the protonophore FCCP (20 uM) was used as
a control for mitochondrial membrane depolarization. For all samples, 10,000 events were
collected. Data were evaluated using BD FACS Diva software (BD Biosciences, San Jose, CA).
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Supplementary figures
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Figure S1 - myc-ThPam18 is not a functional protein: Upper panel: Growth curve of uninduced
(-Tet) and induced (+Tet) cells expressing RNAi-resistant (RNAi-res.) myc-TbPam18 in the back- ground
of RNAI against the wild type (wt) TbPam18 (myc-TbPam18 exclusive expressor). Lower panels: Left:
Northern blot of total RNA extracted from uninduced (-) and two days induced (+) cells, probed for wt
TbhPam18. Asterisk (*) indicates a prominent RNA product that results from the RNAi against TbPam18.
Ethidium bromide-stained rRNAs serve as loading control. Right: Immunoblot analysis of whole cell-

extracts of uninduced (-) and two days induced (+) cells, probed for RNAI-res. myc-ThPam18 and EFla
as loading control.
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Figure S2 — Ablation of TbPam18, TbPam16 affects the membrane potential (Aym) as a
later effect. A) Flow cytometry measurement of Aym of TbPam18 at days 0 (uninduced), 2, 4 and 6 after
induction. B) Aym variation measured for TbPam16 at days O (uninduced), 2, 4 and 6 after induction.
Active mitochondria were stained by positively charged TMRE. A protonophore FCCP serves as a control

for membrane depolarization.
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Figure S3 - Multiple sequence alignments of Pam18 homologues: (A) Sequence alignment of N-
terminal regions of Pam18 homologues of 13 representative eukaryotes. (B) Sequence alignmentof N-
terminal regions of Pam18 homologues of nine representative trypanosomatids. In (A) and (B) His-Pro-
Asp (HPD) motifs are highlighted in red and His-Ser-Asp (HSD) motifs in green. Multiple sequence
alignments were generated using Clustal Omega®®.
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RNAI-res. TbPam18

ATG GCAGCT CCG CTT GCG GCATTG GTG CTG CTT GGA GGA GCA TAT TAT ATT TTC AGG TTG GCA CCA
CGT ATT ACACAA CGC GTG TCT ATG GCT CAG GGT CTT ACATGT GCT GCT AAT CGT CAACTT CGT CCATAC CGT
CGT TAC GAAGGT GGATTT GAA AAG TCA ATG ACAAAG CGAGAAGCTCTTCTTCTT CTG GGT TTT ACA GAG GAC
GTG GCATCAGGAGGTTTTCTG TCACTG CCG TCT GAC GAA GAG ATA AAG ACG CGT TAT TAC GGATTG ATG AAA
CAG CTT CAC TCA GAC GTT GAT GGT AGC CCATAC ATT GCT GCA AAG TTG AAC GAG GCT CGT GAC ATACTT GGT
AAA AAATAA

RNAi-res. AN-TbhPam18

ATGTTCCGC TGT GTCGTC CGT TTT GGT GCC AAA GAC ATC CGT TTT GTG TCT ATG GCT CAG GGT
CTT ACATGT GCT GCT AAT CGT CAA CTT CGT CCATAC CGT CGT TAC GAA GGT GGATTT GAA AAG TCA ATG ACA
AAG CGAGAAGCTCTTCTTCTT CTGGGT TTT ACA GAG GAC GTG GCATCAGGA GGTTTT CTG TCACTG 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 AAATAA

RNA.i-res. Tb/ScPam18

ATG GCAGCT CCGCTT GCG GCATTGGTG CTG CTT GGA GGA GCATAT TATATT TTC AGG TTG GCA CCA
CGT ATT ACACAA CGC GTG TCT ATG GCT CAG GGT CTT ACATGT GCT GCT AAT CGT CAACTT CGT CCA TAC CGT
TTCTTG AAA GGC GGATTT GAC CCG AAA ATG AAT TCT AAA GAG GCT CTACAG ATT TTG AAT TTG ACA GAA AAT
ACA TTG ACT AAA AAA AAG TTG AAA GAG GTT CAT AGG AAA ATT ATG TTA GCT AAT CAT CCT GAC AAA GGT
GGTTCTCCATTT TTG GCC ACT AAG ATA AAC GAA GCT AAG GACTTT TTG GAA AAA AGG GGT ATT AGC AAATAA

RNAi-res. TbPam16

ATG CGT CGT ATT ATG TCA CCA CGC GTT ATG TGC GAG GTAAAATTT GGT AGC CGT CCA GCT CCACTG
GCC TGC AGC CGT ATGTTC TTT ATT CCA CCA CAG CTG GCG AAATTG ATT GTG ACATCT GGATTACTG ATAGTG
AAA GCA TTC CTG GTG GCT 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 ACGTCATCA GAG GCT TTG CAAATT CTG
GGT CTG CAG CCAAACATGTCAGTGCCGTTG ACG GCT GAATCAGAC CGGCAACTG GCT GCAGTT CGATTT GAA
CACTTGTTT GCC ATC GCG ACG CGATGT AAGAACGTG TTC CTG CAA GGG AAG TTG AGT GGT GCATAC CGT GTT
TGC GTG GAT CCA GAA TGG GAC TTG AAA GAC GAG GTT AAG GAT AGT CAC GGA AAC TCA AGG GGT AAC GAT
GCAATGTGG TAA

RNAi-res. AN-TbPam16

ATGTTCCGCTGTGTCGTCCGT 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 TCATCA GAG GCT TTG CAAATT CTG GGT CTG CAG CCAAAC ATG TCAGTGCCG TTG ACG GCT
GAATCA GAC CGG CAACTGGCT GCAGTTCGATTT GAACACTTGTTT GCC ATC GCG ACG CGATGT AAG AAC GTG
TTC CTG CAA GGG AAG TTG AGT GGT GCA TAC CGT 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

Figure S4 - Synthetic TbPam18 and ThPam16 genes: RNAi-resistant (RNAi-res.) TbPam18 and
TbhPam16 DNA sequences in black with changed nucleotides highlighted in red. In the AN-TbPam18and
AN-TbPam16 constructs, the first 81 and 156 nucleotides, respectively, were replaced by thefirst 45
nucleotides of TbmHsp60, which encode the mitochondrial targeting sequence (MTS) of the protein
(green). To generate the Th/ScPam18 fusion protein, the first 295 nucleotides of RNAi-res. TbPam18 were
fused to the last 213 nucleotides of ScPam18 (blue).
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Supplementary tables

Table S1 - List of 50 most downregulated mitochondrial proteins in the TbPam18
SILAC RNAI experiment: Mitochondrial ribosomal proteins (MRPSs) are assigned to the large
subunit (LSU) or small sub- unit (SSU) of the mitoribosome®. Proteins of the oxidative

phosphorylation (OXPHQOS) pathway have been assigned to their respective complexes (I, 1, 111,

IV and V)*.

. 2L5-fold | one | oxPH
Accession Gene names Folo_l red_uced (LSU or oS
number reduction in SsU) (com-

TbPam16
RNAI plex)
1 | Th927.6.2470 TIM54 5.44 X
2 | Th927.1.1390 | Hypothetical protein, 3.62 X
conserved
3 | Th927.7.3510 mtLAF21 3.47
4 | Th927.7.3460 KRIT2 3.42 X LSU
5 | Th927.5.3410 MRPL9 3.38 X LSU
6 | Th927.10.380 PPR5 3.34 X LSU
LSU ribosomal protein,
7 | Th927.3.820 mitochondrial, putative 3.34 X LSU
8 | Tb927.10.6200 | HyPothetical protein, 3.32
conserved
9 | Th927.6.3930 KRIT1 3.29 LSU
LSU ribosomal protein,
10 | Th927.10.1870 | mitochondrial, putative 3.18 X LSuU
11 | Th927.11.10400 | mS70 3.17 X SSuU
12 | Tha1.vs.0700 | Hypothetical protein, 3.17
conserved
13 | Th927.1.1200 MRPS15 3.10 X SsuU
14 | Th927.4.1070 MRPL13 2.95 X LSU
15 | Th927.3.1410 COXVII 2.94 X v
16 | Th927.6.4080 | Ribosomal protein, 292 X Lsu
putative
17 | Th927.11.10170 | MRPL20 2.89 X LSU
18 | Th927.5.3980 MRPL15 2.88 X LSU
LSU ribosomal protein,
19 | Th927.11.8040 | mitochondrial, putative 2.87 X LSU
20 | Th927.5.3110 MRPLA49 2.80 X LSU
LSU ribosomal protein,
21 | Th927.11.5530 | mitochondrial, putdive 2.79 X LSU
LSU ribosomal protein,
22 | Th927.7.7010 mitochondrial, putative 2.76 X LSU
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LSU ribosomal protein,

23 | Th927.10.7380 | mitochondrial, putative 2.75
24 | Th927.11.6000 | MRPL4 2.68 X LSU
ATP-dependent
25 | Th927.11.7070 | DEAD/H RNA 2.67
helicase, putative
26 | Tho27.7.3030 | Hypothetical protein, 2.63 X
conserved
LSU ribosomal protein,
27 | Th927.11.10570 | mitochondrial, putative 2.58 X LSU
28 | Th927.8.5860 MRPL17 2.54 X LSU
29 | Tho27.3.2370 | Hypothetical protein, 253 X
conserved
30 | Th927.10.600 MRPL29 2.53 X LSU
31 | Th927.6.1700 | HYypothetical protein, 253 LSU
conserved
32 | Th11.0400 p27 2.50 X v
33 | Th927.7.7000 | Hypothetical protein, 2.49 X
conserved
34 | Th927.7.2760 MRPL22 2.45 X LSU
LSU ribosomal protein,
35| Th927.5.4120 mitochondrial, putative 2.42 X LSU
LSU ribosomal protein,
36 | Th927.11.1630 | mitochondrial, putative 2.39 X LSU
37 | Th927.10.8320 | COXIX 2.33 X AV
38 | Th927.9.12850 | mtLAF5 2.32 X
39 | Th927.10.280 COXVI 2.32 X AV
LSU ribosomal protein,
40 | Th927.11.11630 | mitochondrial, putative 2.31 X LSU
41 | Th927.9.8290 MRPL30 2.31 X LSU
42 | Th927.9.9150 mtLAF13 2.28
43 | Th927.10.13300 | MRPS8 2.22 X SSuU
44 | Th927.11.12040 | CYtochrome c oxidase 2.20 v
component, putative
45 | Th927.4.1810 MRPL33 2.18 LSU
WD repeat and HMG-
46 | Th927.1.4480 box DNA-binding 2.15
protein, putative
47 | Th927.10.13600 | Cardiolipin-dependent 2.11 X v
protein 18kDa
48 | Th927.8.3170 KRIPP9 211 X
49 | Th927.11.4650 | MRPL52 2.08 X LSU
50 | Th927.6.1410 | NADH dehydrogenasel 2.01 X |
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alpha subcomplex
subunit, putative

Table S2: Lists of 50 most downregulated mitochondrial proteins in the TbPam16
SILAC RNAI experiment. Mitochondrial ribosomal proteins (MRPs) are assigned to the large
subunit (LSU) or small sub- unit (SSU) of the mitoribosome3. Proteins of the oxidative
phosphorylation (OXPHOS) pathway have been assigned to their respective complexes (I, II,
11, IV and V)*.

>1.5-fold MRP OXPH
Accession Gene names Fold reduced LSU or 0s
number reduction in ( 0
SsSU) (com-
TbPam18 plex)
RNAI
1 | Tho27.1.1300 | Hypothetical protein, 475 X
conserved
2 | Th927.3.2370 | HyPothetical protein, 4.18 X
conserved
3 | Th927.6.2470 TIM54 4.17 X
4 | Th927.3.1410 COXVII 4.16 X AV
5 | Th927.5.3410 MRPL9 3.99 X LSU
6 | Th927.10.380 PPR5 3.96 X LSU
LSU ribosomal
7 | Th927.11.9830 | protein,mitochondrial, 3.89 X LSU
putative
8 | Th927.1.1200 MRPS15 3.77 X SSuU
9 | Th11.0400 p27 3.76 X \Y
10 | Th927.11.6000 | MRPL4 3.74 X LSU
11 | Th927.5.2810 | Hypothetical protein, 3.73 X LSU
conserved
12 | Th927.1.1210 | Conserved protein, 3.68 X LSU
unknown function
13 | Th927.7.3460 KRIT2 3.66 X LSU
14 | Th927.10.6200 | Hypothetical protein, 3.65 X
conserved
LSU ribosomal
15 | Th927.10.11350 | protein,mitochondrial, 3.60 X LSU
putative
16 | Th927.10.600 MRPL29 3.59 X LSU
17 | The27.7.7090 | Hypothetical protein, 3.57 X
conserved
18 | Th927.5.3110 MRPL49 3.57 X LSU
19 | Th927.6.3930 KRIT1 3.56 X LSU
20 | Th927.10.280 COXVI 3.45 X \Y
21 | Th927.11.12040 | CYtochrome c oxidase 3.39 X v
component, putative
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LSU ribosomal

22 | Th927.10.7380 | protein,mitochondrial, 3.36 X
putative
23 | Th927.9.13540 | NYPothetical protein, 3.29
conserved
24 | Th927.7.2760 MRPL22 3.28 X LSU
25 | Tho27.4.2720 | ATP dependent DEAD-| 4,0 X
box helicase
26 | Th927.11.10170 | MRPL20 3.26 X LSU
27 | Th927.5.3980 MRPL15 3.22 X LSU
LSU ribosomal
28 | Th927.11.1630 | protein,mitochondrial, 3.20 X LSU
putative
29 | Th927.10.7910 | MERSS3 3.17 X
LSU ribosomal
30 | Th927.7.7010 protein,mitochondrial, 3.16 X LSU
putative
31| Th927.10.8320 | COXIX 3.09 X AV
LSU ribosomal
32 | Th927.5.4120 protein,mitochondrial, 3.06 X LSU
putative
33 | Th927.8.3a50 | Hypothetical protein, 3.06 X
conserved
34 | Th927.11.7790 | MRPS16 3.05 X SSuU
35 | Tho27.7.3030 | HyPothetical protein, 3.05 X
conserved
LSU ribosomal
36 | Th927.3.820 protein,mitochondrial, 3.04 X LSU
putative
37 | Th927.11.10400 | mS70 3.02 X SSuU
38 | Th927.4.1070 MRPL13 2.97 X LSU
39 | Th927.9.8290 MRPL30 2.96 X LSU
40 | Th927.11.3640 | MRPL27 2.96 LSU
41 | Th927.4.4620 COXVIII 2.94 X AV
42 | T927.10.6000 | (RNA pseudouridine 2.92
synthase A, putative
43 | Th927.10.13600 | CArdiolipin-dependent 2.88 X v
protein 18kDa
44 | Th927.10.13300 | MRPS8 2.80 X SSuU
45 | Th927.10.4880 | HyPothetical protein, 2.75 X W,
conserved
46 | Th927.5.1510 mS23 2.74 X SSuU
47 | Th927.11.2030 | Membrane-associated 2.73 X
protein, putative
48 | Th927.11.4650 | MRPL52 2.70 X LSU
LSU ribosomal
49 | Th927.6.4200 protein,mitochondrial, 2.70 X LSuU

putative
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50 | Tho27.35600 | FYPOthetical protein, 2.69
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Extended Results:

Mitochondrial localization of TbPam18 (Tb927.8.6310) and TbPam16 (Th927.9.13530)

In order to study these two proteins, we performed endogenous tagging with a construct
bearing C-terminal V5 tag. According to the TrypTag in-situ tagging database (Dean et al.,

2015), both ThPam proteins are genuine components of the T. brucei mitochondrion.

Localization of the in situ-tagged lines using immunofluorescence showed
a mitochondrial localization for TbPam18. This localization was subsequently also determined
using digitonin fractionation, where the V5-tagged signal was observed in the mitochondrial
fraction. From TbPam16, in situ V5 tagging was not as successful and we observed high signal
levels when detected by fluorescence microscopy. Verification of the localization using
digitonin fractionation was already more successful and the V5 signal was observed in the

mitochondrial fraction (Fig. 10).
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FigurelO: Intracellular localization of TbPam18 and ThPam16. A) In situ C-terminally V5-
tagged proteins were expressed in T. brucei and their localization was inspected using
immunofluorescence microscopy. Monoclonal a-V5 rabbit and a-mHsp70 mouse antibodies were used.
DNA was stained with DAPI. DIC, differential interference contrast. Scale bars, 5 um. B) Western blot
analysis over cytoplasmic (Cyt) and mitochondrial (Mito) fractions obtained by digitonin-based
subcellular fraction of VV5-tagged transfected procyclic forms. a-APRT rabbit and a-mtHSP70 mouse

were used as a cytoplasmic and mitochondrial marker. WCL: Whole cell lysate.
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kDNA and cell-division related phenotype

We received TbhPam18 RNAI and TbPam16 RNAI cell lines from the laboratory of A.
Schneider (University of Bern). In a previous study it was shown that the ablation of TbPam18
and TbPam16 influences cell growth on day 4 of RNAI induction (von Kinel et al., 2020).
The absence of a tag did not allow monitoring the protein levels. Hence, the phenotype was
followed in days post-RNAI induction when the effect of decreased levels of targeted proteins

should have been apparent.

In T. brucei, KDNA divides once per cell cycle, immediately prior to the nuclear DNA
synthesis, the replication of KDNA thus being in synchrony with the nuclear division
(Woodward et al., 1990). In an unsynchronized culture, most cells are in a 1IN1K stage, which
means that they contain one nucleus and one KDNA. Replication starts by duplication of the
basal body, followed by the division of KDNA (Kdiv), then the kDNA network splits, producing
a IN2K cell. Finally, the nucleus divides and the ensuing 2N2K cell undergoes cytokinesis
(Concepcion-Acevedo et al., 2012; Chowdhury et al., 2008). As kKDNA replication in T. brucei
cannot be synchronized, unsynchronized cultures were analysed, with cells being individually
assigned to their respective categories. At least 200 cells were counted per each time point
(Fig. 10A). TbPam18 and TbPam16 are mitochondrial proteins, so we expected that their
ablation would affect mitochondrial morphology. To our surprise, we did not observe this

effect, but an unexpected effect on the cell cycle of T. brucei was detected.

On the sixth day of induction, a 15% decrease in the number of cells with dividing
kinetoplast was observed in both cell lines. There was also a 15% increase for TbPam18 and
20% increase for TbPam16 in the number of cells, which completely lack the kinetoplast
(OK1N). The presence of multinucleated cells 0K2N, OK3N suggested a defect in the cell cycle
and cytokinesis (Fig. 11). Surprisingly, a decrease in the KDNA area was observed in the RNAI-

induced cells (see the results in the attached manuscript).
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Figure 11. Distribution of cell cycle stages after depletion of TbPam18 and TbPam16. A)
Quantification of relative nuclei/kinetoplasts numbers for non-induced (day 0) and induced (days 2, 4
and 6 post-addition of Tet; 1pg/ml) on DAPI stained procyclic cells. IFA quantification for each day of

induction was performed by measuring at least 200 cells per time point.
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In vivo mitochondrial translation assay

Generated RNA. strain allowed the observation of a phenotype that became apparent
after day 4 post-induction. Ablation of TbPam18 and ThPam16 caused reduction of the KDNA
maxicircles but not minicircles. Maxicircles of T. brucei and other trypanosomatids encode,
among others, apocytochrome b (Cyb) of complex 111 and cytochrome ¢ oxidase subunit I (COI)
of complex V. These two polypeptides can be separated by a two-dimensional SDS-PAGE,
and their synthesis can thus be investigated in vivo after inhibition of the cytosolic translation
with cycloheximide (Horvath et al., 2000). Day 0, 2 and 4 after the induction, an aliquot (1 x
107 cells) was withdrawn from each RNAi-induced culture and labelled with [35S]methionine-
cysteine. The COI and Cyb products are visible as two prominently labelled spots (Fig. 12A-
B).

While the signal for TbPam16 was comparable in uninduced and RNAi-induced cells
(Fig. 3B), the effect of the TbPam18 RNAI on the COIl and Cyb synthesis was visible already
at day 2 post-RNAI induction, and the difference was well pronounced at day 4 p.i (Fig. 12A).
These gels were also stained with Coomassie brilliant blue as loading control (insets, Fig. 12A—
B).

Non-induced Day 2 p.i. Day 4 p.i.

TbPam18 RNAI »

TbPam16 RNAI w

Figure 12 — Ablation of TbPam18 RNAI (A) nor TbPam16 RNAI (B) leads to reduction in
mitochondrial protein synthesis. Autoradiographs of 2D gel electrophoresis of total mitochondrial
[35S] methionine—cysteine labelled proteins in the presence of 100 pg/ml cycloheximide, used to assess
de novo mitochondrial translation. Cells in aliquots of the non-induced cultures (left column of panels),
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the cultures at day 2 postinduction (middle column of panels and the cultures at day 4 postinduction
(right column of panels). Positions of the mitochondrial polypeptides COl and Cyb are indicated.

To determine if this reduction in protein synthesis impacts the function of respiratory
complexes, we measured the activity of complex 11l and complex 1V in isolated mitochondria,
by spectrophotometric assay (see the results in the attached manuscript).
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Chapter Summary

In conclusion, we have studied the function and structure of ThPam18 and ThPam16

in Trypanosoma brucei, with the following conclusions:

1. TbPam18 and ThPam16 are localised in the mitochondrion of T. brucei.

2. Ablation of TbPam18 RNAI and TbPam16 RNAI affects T. brucei cell cycle.

3. Ablation of TbPam18 RNAIi nor ThbPam16 RNA. leads to reduction in

mitochondrial protein synthesis.

4. Ablation of TbPam18 decrease the activity of respiratory complexes and

membrane potential.

5. Depletion of TbPam18 and ThPam16 causes loss of KDNA size.
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Chapter IV.

Novel protein complex involved in kinetoplast DNA replication and maintenance

Manuscript in preparation
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Abstract

The single kinetoplast containing mitochondrial DNA (KkDNA) is the defining feature
of Kinetoplastids, and the tripartite attachment complex (TAC) connects the basal body with
the KDNA coupling its synchronized segregation during cell division. Both these complex
subcellular structures are appealing targets of intervention against trypanosomatids driven
neglected diseases. Here, we screened the TrypTag in-situ tagging database (Dean et al., 2015)
localization repository and prioritized 10 previously undescribed putative proteins displaying
kinetoplast proximal enrichment (KEP) and therefore chosen for further validation. From these,
70% were verified by alternate endogenous tagging for kinetoplast or TAC localization.
The essentiality of these proteins was assessed by RNAi knock-down, revealing KP56, KP84
and KP86 as essential for parasite growth in the procyclic stage. These interactors were as well
verified for KP associated localization, resulting in an enrichment of proteins associated with
KP and TAC regions. Moreover, this work provides a methodological pipeline for
the identification of novel KP/TAC associated targets for intervention against trypanosomatids

caused diseases.

Materials and Methods
Preparation of cell lines

T. brucei procyclic stage SmOXx cell line (Poon et al., 2012) was grown in SDM79
supplemented with 10% fetal bovine serum for most of the experiments. Selected proteins
were in situ-tagged by a recently developed PCR-based transfection protocol described
elsewhere (Dean et al., 2015). Ten proteins identified in the MitoTag study (Pyrih et al., under
review) were C-terminally or N-terminally VV5-tagged (see Table 1) using a previously modified
pPOTv4 vector (Pefia-Diaz et al., 2017). For transfection, 10" exponentially growing cells
were washed and re-suspended in Human T-Cell Nucleofector transfection solution (Lonza)
according to the manufacturer’s instructions and transfected using the AMAXA program X-
014. 12 to 16 h post transfection, cells were diluted in 24-well plates and incubated for 2 weeks
in the presence of hygromycin (Invitrogen) at 50 ug/ml final concentration or blasticidin
(InvivoGen-BARIA) at 10 mg/ml. Plates were evaluated for the expression of V5-tagged

proteins by Western blotting.
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Primer

In situ-

tagging

Sequence

KP56 Fw

KP56 Rev

KP86 Fw

KP86 Rev

N-term

C-term

AATACCACCCGCTGTAGTGCAAGATCATTTGTAGCTGT
ATTCGTCATGTGGACGGAAGGACCTCATAGCGATACGT
AAAAGTATAATGCAGACCTGCTGC
CCACAAAGTGTAATAGAAGGAGTAAGTGGGATGACAG
TGCACGTATCAGTGGGCATGAGCCGTACGGTGATGCG
ATGCATACTACCCGATCCTGATCCAGATCCTGATCCGG
ATCCCGTGCTATCAAGACCGAGGAGGGG
GAGATACTCTCACAGACTTGCTGCAGAGAAATCCCAAC
GCCAGCAGTGGGACCTCCCCTACAACCGACACACAGC
ATAACGGTTCTGGTAGTGGTTCC
GAGCATGCCCTCGCTATGTACTCGCACTTTTATTATATG
TTATTATTTGTTTCCGTTTAAACTCTATGCTGTATGTCT
ATCCAATTTGAGAGACCTGTGC

KP84 Fw

KP84 Rev

KP37 Fw

KP37 Rev

N-term

C-term

TATAGAGAGAGAGAGTTTCATACGCATTTCTTACGTAA
CAAAGGCGGAAACCAAAGCACACCAAAAAAAAAAAA
AGAGGAGTATAATGCAGACCTGCTGC
CTAGCGTTTCCCCAACATTGCAAACGGTTCCACACCGC
AATGGCATCCTCCATAACATTCTGAGGTACCTGTGTTT
CCATACTACCCGATCCTGATCCAGATCCTGATCCGGAT
CCCGTGCTATCAAGACCGAGGAGGGG
AGAAAGTTTGCAAGCGATTGGAGGAAAATCGCATACC
ACTCCACCGTGTTACAGTCGAAAGGTTGGAAGCACTCA
AGTTGGGTTCTGGTAGTGGTTCC
AAAAAGGAACCCCCAGCTGTACAACCTCCCCAAGGGA
GTTGGGGGAGGGGGAAAATATGGCGGGACCCCACCAT
ACGCGGCCAATTTGAGAGACCTGTGC

Table 1: Primer sequences for in situ-tagging.
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RNA.I construct preparation

For RNAI, gene fragments were PCR amplified from T. brucei genomic DNA using
primers listed in Table 2. The PCR amplicon was extracted from gel and purified, then cloned
into the pET/100D-TOPO expression vector (Invitrogen). The resulting expression plasmid
encoding was transformed into the E. coli BL21(DE3) Star strain (Novagen) grown on LB agar.
35 wl of X-gal (5-bromo-4-chloro-3-indolyl-beta-galactopyranoside) and 5 upl IPTG
(isopropylthio-p-galactoside) were added to ampicillin plates for blue-white selection.
Successfully transformed E. coli containing modified vector (white colonies) were selected
for growth in LB media. DNA isolation was performed according to the QIAprep Spin
Miniprep Kit from Qiagen. We chose the p2T7-177 plasmid to clone our insert from the TOPO
vector. Plasmids were digested with indicated restriction enzymes (Hindlll and BamHI)
and ligated into the p2T7-177 vector pre-digested with the same enzymes. All plasmids
were linearized using Notl, electroporated, and selected (phleomycin 50 pg/ml final
concentration) as described for in situ-tagging. RNAiI was induced by the addition
of tetracycline (1 pg/ml) to the growth medium, and cell densities were measured using

a Beckman Coulter Z2 counter every 24 h over a period of 6 days after RNAI induction.

Primer Sequence
KP56 RNAi Fw  CGCAAGCTTCTGATTCAGTGGTCACGGCT
KP56 RNAi Rev | CGCGGATCCAAGCCAACACTCCGCTACTC
KP86 RNAi Fw  CGCAAGCTTAGGCTGATGAGAAAGCGGAG
KP86 RNAi Rev | CGCGGATCCTGCGACGGTTGAAAAACACC
KP84 RNAi Fw | CGCAAGCTTACCGTCATCATTCCTCTCGC
KP84 RNAi Rev | CGCGGATCCGAACGCACAGATGGGTTGAC
KP37 RNAi Fw  CGCAAGCTTGCACCTCCCGTGGATACATT
KP37 RNAi Rev | CGCGGATCCAGGCTACAACCACCACGAAG

Table 2: primers for RNAi: 5'part of Gene of Interrest + HindIII (Fw — blue) and BamHI (Rev
— red) restriction sites + CGC overhang, finally joined with p2T7-177 backbone
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RNAI phenotype analysis

Cultures were grown in biological triplicate in the presence (Dox+) or absence (Dox-)
of doxycycline (Sigma-Merck). Cell density was counted using the Beckman Coulter Z2 Cell
and Particle Counter every 24 hours and cells were subsequently diluted to 2 x 10° cells/ml,
maintaining cultures in the exponential phase of growth. For Western blot analysis, monoclonal
a-V5 (Life Technologies), a-HSP70 antibodies (Sigma-Aldrich), and secondary HRP-
conjugated a-mouse IgG antibodies (Sigma-Aldrich) were used, with signal visualized
by Clarity Western ECL Blotting Substrate (Bio-Rad).

Immunofluorescence

108 T. brucei cells were fixed with 4% paraformaldehyde in phosphate buffered saline
(PBS) for 30 min at RT. The cells were subsequently centrifugated at 1,300 x g for 5 min
and resuspended in 200 ul PBS and placed on a glass slide for 30 min. The slides were washed
once with PBS and placed in methanol for 30 min at -20°C. The slides were washed three times
with PBS and blocked with 5% milk inside a humid chamber for 1 h before being incubated
with V5-mouse primary antibody (Invitrogen; 2.5:1000 dilution) overnight at 4°C. The slides
were washed three times with PBS and incubated with secondary Alexa Fluor 488 goat anti-
mouse 1gG antibody (1:1000 dilution; Invitrogen) for 1 h at RT. The slides were once again
washed three times with PBS before a final wash with ddH2O, air-dried, and mounted
in ProLong Gold antifade reagent with 4°,6-diamidine-2’-phenylindole dihydrochloride (DAPI,

Life Technologies). Images were captured with the BX51 Olympus Fluorescence Microscope.

Mitochondrial sub-fractionation

All steps were performed on ice, with precooled buffers to 4 °C. 0.015 % Digitonin
in SOTE was heated in a water bath at 85 °C until it dissolved (up to 1 h). 10® cells
were collected and pelleted at 12 °C at 1300 g for 10 min. The pellet was resuspended in 1 ml
PBS-G (PBS + 5mM glucose), pellet was spined in a precooled centrifuge at 4 °C at 1300 ¢
for 10 min. The pellet was resuspended in 1 ml SOTE (20 mM Tris-HCI pH 7.5, 0.6 M Sorbitol,
2 mM EDTA) with 0.015% Digitonin and it was incubated on ice for 5 min. Sample was spined
in a precooled centrifuge at 4 °C at 5000 g for 5 min. The pellet consists of mitochondria

was washed once with 1 ml SoTE, centrifuged and supernatant, cytosol fraction, was removed.
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Individual fractions were evaluated for the localisation by Western blotting using specific
antibodies. Cytosolic fraction was determined by monoclonal rabbit a-enolase (P. A. M.
Michels) and mitochondrial fraction was determined via mouse a-mtHsp70 (kindly provided
by Alena Zikova).

Results
Kinetoplast candidate selection

Ten initial kinetoplast candidates were selected for analysis, five of which were novel
kinetoplast proteins identified in the MitoTag study (Pyrih et al., under review). A sixth novel
identified kinetoplast protein from MitoTag (Th927.10.12180) was not pursued due
to simultaneous investigation from a collegial lab. Another five selected candidates (Tab. 3)
were categorised by MitoTag as exhibiting artificial Kinetoplast Proximal Enrichment (KPE),
but upon closer inspection, appeared to be genuine kinetoplast proteins worthy of further
investigation. In order to establish whether these ten kinetoplast protein candidates are genuine
constituents of the kinetoplast, we employed a variety of methods including alternate tagging,
and knockdown studies (Fig. 14).

Of the initial ten candidates, six showed a distinct kinetoplast signal when tagged with
a V5-epitope (two are not part of this study), while four were excluded from further analysis
due to tagging difficulties (Fig. 13). One candidate (Tb927.7.4810) proved resistant
to generating a tagged cell line, two proteins (Th927.11.2360, Th927.11.14120) produced
cytosolic localization, while another candidate (Th927.4.2780) upon V5 tagging showed
an extremely faint signal, which only upon the generation of an overexpressed cell line

produced a clearly identifiable kinetoplast signal (Fig. 14).

Protein Accession Number | New Annotation Previous Annotation
Th927.8.4040 KP56 Endonuclease G, putative
Th927.10.15660 KP86 Hypothetical protein, conserved
Th927.7.5320 KP84 Hypothetical protein, conserved
Th927.6.4510 KP37 Hypothetical protein, conserved

Table 3: Initial kinetoplast candidates. Four initial kinetoplast candidates.
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Figure 13: Schematic representation depicting methodology workflow. Ten protein
candidates showed promising kinetoplast signals based the MitoTag study (Pyrih et al., under review).
Of these candidates, nine were successfully tagged with a VV5-epitope, with three proteins excluded
from further investigation due either lack of localization to the kinetoplast or low endogenous expression
levels. A fourth candidate was additionally excluded due to a unique kinetoplast signal that warrants
standalone investigation (asterisk). Four proteins showed colocalization to the kinetoplast and thus were

subject to further investigation via RNA interference and pulldown assays.

A further four kinetoplast candidates (Tab. 3) would later be selected for validation,
based on candidate sequence functional annotation, mitochondrial presence from previous
T. brucei mitochondrial proteomes (Pyrih et al., under review; Panigrahi et al., 2009; Peikert et
al., 2017), the reported procyclic growth phenotypes from a former high throughput screen
(Horn, 2021) as well as advice from collaborators.
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Localisation

Based on results of digitonin fractionation (Fig. 14), we can confidently classify, KP86,
KP84 and KP37 among the proteins found in the mitochondrial/organellar fraction of cells.
KP56 V5 cell line failed to exhibit any signal from western analysis. The expression levels
of each novel kinetoplast associated protein differed from one another, with KP56 being lowly
expressed compared to the other four. However, Immunofluorescence analysis of V5 tagged

lines demonstrated kinetoplast localization of all 4 initially selected kinetoplast candidates.
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Figure. 14. Intracellular localization of selected KP proteins. A) V5-epitope tagged kinetoplast
protein candidates showed enrichment within the mitochondrial fraction after separation of crude
mitochondria from the cytosol. Western blot analysis over cytoplasmic (Cyt) and mitochondrial (Mito)

fractions obtained by digitonin-based subcellular fraction of V5-tagged transfected procyclic forms.
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Enolase and HSP-70 were used as a cytoplasmic and mitochondrial marker, respectively. WCL: Whole
cell lysate. B) In situ C-terminally and N-terminally V5-tagged proteins were expressed in T. brucei and
their localization was inspected using immunofluorescence microscopy. Nuclear (n) and kinetoplast
DNA (k) were stained with DAPI (blue) and the respective V5-epitope tagged protein shown in green.
The occurrence of cyan color shows localization of the tagged protein to the kinetoplast. Monoclonal a-

V5 mouse and antibody was used. DNA was stained with DAPI. Scale bars, 10 um.

Cell viability upon KP targeted RNA interference

In order to study whether these five novel Kkinetoplast associating proteins
were necessary for cell viability, inducible RNA interference (RNAI) targeting the respective
tagged KP protein was introduced. Growth curves revealed that depletion of KP56 and KP86
resulted in moderate growth phenotypes while KP84 appeared more drastic, with severe growth
arrest occurring 48 hours after inducing RNAI. Noteworthy, KP37 did no exhibit any negative

growth phenotype upon depletion (Fig. 15).
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Figure 15: Ablation of KP56, KP86, KP84 nor KP37 affects the cell growth. Cell
concentrations of non-induced (-) and RNAi-induced (+) cells are indicated. The experiment
was performed in biological triplicate. Error bars represent standard deviations. Protein levels detected

by Western blot analysis three days post induction. a-HSP70 antibody serves as a loading control.
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Discussion

The principle finding of the MitoTag study was the unexpected demonstration that
an mNeonGreen tag (along with other large globular epitopes) produced an artificial
localization proximal to the kinetoplast in mitochondrial proteins, which were typically found
in either the matrix or integral inner membrane (Pyrih et al., under review). Amongst a plethora
of artificially sub-localized mitochondrial proteins identified from MitoTag, several novel
proteins were also identified exhibiting genuine kinetoplast signals, that appeared distinct
from an artificial signal pattern. To remove ambiguity for these novel kinetoplast candidates,
it was viewed as a necessary follow-up procedure to employ a smaller V5 tag to redetermine
localization, which specifically does not induce such artificial interactions, as a measure
of validation for identified kinetoplast candidates (Pyrih et al., under review). The localization
of all four chosen candidates to the kinetoplast via V5 tagging thus demonstrates these proteins

as new components of the kinetoplast.

To our knowledge, the Kkinetoplast consists of 57 established proteins, thus
the identification of six new kinetoplast-associated proteins is significant for such an intensely
studied structure of the trypanosome mitochondrion (Pyrih et al., under review; Panigrahi et
al., 2009; Peikert et al., 2017; Horn, 2021). The kinetoplast has long been considered an
attractive drug target, due to its unique presence amongst only the kinetoplastid clade, for which
these novel proteins expand on its potential for therapeutic development. It was noted that
several established kinetoplast proteins exhibited a staining pattern indistinguishable from an
artificial interaction signal when tagged with mNeonGreen (Pyrih et al., under review), and
consequently, it remains a possibility that certain other unidentified kinetoplast proteins exist
within the MitoTag dataset.

The demonstration of growth phenotypes in several RNAI cell lines generated
from these novel proteins also demonstrates that they are not spurious (useless) components
of the kinetoplast but are in fact important for the viability of the cell. For future studies, it will
be useful to determine the function of these proteins beyond the growth phenotypes they induce.
We recommend first investigating the status of kinetoplast DNA upon RNAI induction. The
measurement of certain mitochondrial metabolites may additionally hold promise in elucidating
protein function considering the new metabolic potential within the kinetoplast (Pyrih et al.,

under review).
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Chapter Summary

In conclusion, we screened the TrypTag localization repository and prioritized 10
previously undescribed putative proteins displaying kinetoplast proximal enrichment (KEP)
in Trypanosoma brucei, with the following conclusions:

1. Work provides a methodological pipeline for the identification of novel KP

associated targets.

2. KP56, KP86, KP84 and KP37 are bona fide novel kinetoplast associated
proteins.

3. KP56, KP86, KP84 nor KP37 are essential for parasite growth in the procyclic
stage.
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5. Concluding remarks

The primary goal of the thesis is characterized the novel mitochondrial proteins in
Trypanosoma brucei. For ZapE, a spectrum of seemingly unrelated functions ranging from
apoptosis to cell division has been proposed (Marteyn et al., 2015; Cesnekova et al., 2016a;
Cesnekova et al., 2016b; Germany et al., 2018). Curiously, it was not yet addressed how a
single protein may perform such a plethora of functions. Here we propose a hypothesis, which
connects most of the observed phenotypes into a single putative role of the ZapE protein. One
of the three identified putative interaction partners of the ZapE2 paralog in T. brucei is Oxal, a
highly conserved protein required for both the insertion of mitochondrially-encoded subunits
of the respiratory chain complexes (Koli et al., 2018). We suggest that in eukaryotes Oxal and

ZapE operate together, and that a depletion of the latter partner triggers a complex phenotype.

ZapE seems to be invariably present in the aerobic mitochondria, a key feature of which
is the presence of numerous subunits of the respiratory chain complexes encoded by the
mitochondrial genome (Smith et al., 2015). Their protein products are inserted with the
assistance of the membrane insertase Oxal into the corresponding complexes residing in the
inner membrane (Herrmann and Bonnefoy, 2004). In T. brucei in which both ZapE paralogs
were downregulated, the activities of Oxal substrates, in particular complexes | and 1V,
significantly increased. As Oxal participates in the insertion of several subunits of the
respiratory complexes into the inner mitochondrial membrane, we propose that ZapE may
negatively regulate the function of Oxal. We attribute the lack of growth phenotype to the fact
that a small fraction of the target proteins escaped RNAI, but alternatively it is possible, that

proteins might not be required for normal cell growth under tested conditions.

We then investigated how the interaction of ZapE with Oxal could be linked with other
described roles of the former protein, which was associated with the FtsZ-dependent bacterial
division, as both its overexpression and ablation resulted in elongated bacterial cells (Marteyn
et al., 2015). We explored a possible co-occurrence of ZapE with the FtsZ machinery, but none
was found, so it is likely that ZapE participates in different processes. In phylogenetic trees,
eukaryotic ZapE homologs form a sister group to a-proteobacterial ZapE, implying their
mitochondrial origin, a conclusion further supported by the absence of ZapE in plastids and

cyanobacteria.
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Additionally, we tested the suitability of BiolD2 for the mapping of the mitochondrial
proteins. We identified 117 proteins, all located to the organelle with high confidence. Thus,
the BiolD2 technique produces a very clean, albeit incomplete T. brucei mitochondrial

proteome, which is estimated to contain ~1,200 proteins (Peikert et al. 2014; Dean et al., 2015).

In second chapter of this thesis, we show that at least four distantly related eukaryotic
lineages (Heterolobosea, Hemimastigophora, Alveida, and Goniomonas spp.) contains
homologs of the bacterial Ffh and FtsY proteins that are unrelated to the previously known
cyanobacteria-derived cpSRP54 and cpFtsY functioning in the plastids. Two lines of evidence
(proteomic data and expression in a heterologous system) conclusively demonstrate that the
respective proteins from N. gruberi function within the mitochondrion. Considering additional
bioinformatic evidence for the mitochondrial localization of their homologs in other eukaryotes,
we labelled these proteins as mtFfh and mtFtsY. Phylogenetic analyses indicate their common
origin and are consistent with the vertical inheritance of the gene pair from a common ancestor
of the respective eukaryotic lineages. Meanwhile, it is noteworthy to compare the evolutionary
patterns of the SRP system in the plastids and mitochondria. Except for euglenophytes, the
plastidial system is ubiquitous (Zahonova et al., 2018), attesting to its tight integration into the
molecular fabric of this cyanobacterium-derived organelle. In contrast, the mitochondrial
version has been dispensed with on multiple occasions. Moreover, in some taxa, the plastidial
system retains its RNA component (Trager et al., 2012), whereas the available evidence
suggests that the corresponding SRP RNA had most likely been present in the
alphaproteobacterial ancestor of the mitochondrion yet was lost prior to the LECA.

Nevertheless, the existence of a eukaryote-specific component of the mitochondrial SRP
system remains an open possibility that needs to be addressed by more direct approaches. Since
none of the eukaryotes carrying the mitochondrial SRP system is presently amenable to genetic
manipulations, it is difficult to address its composition and function by experimental
approaches. Assuming functional conservation dating back to bacterial ancestors of the
mitochondrion as the most parsimonious alternative, the dissected system is involved in
cotranslational membrane protein targeting. Hence, we evaluated the ability of the N-terminal
sequences of the mitochondrial-encoded N. gruberi proteins that bear characteristics of a signal
peptide to navigate a fused reporter fluorescent protein into the ER of genetically tractable T.

brucei.

Furthermore, we identified MAP67, a novel mitochondrial protein that also occurs

broadly in eukaryotes and was most likely already present in the LECA. Its obvious
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evolutionary relationship to Ffh raises the possibility that it is a highly modified ortholog of
mtFfh. However, the four mtFfh bearing lineages are interspersed among taxa with MAP67 and
at least one of them, the genus Goniomonas, bearing both genes. Therefore, we propose that
MAPG67 and mtFfh coexisted in early eukaryotes and their current distribution reflects extensive
differential loss. Unfortunately, MAP67 is not sufficiently similar to the M domains of
Ffh/SRP54 to make a conventional phylogenetic analysis meaningful, but the most
parsimonious explanation of its origin is that it emerged from a duplicated copy of mtFfh by an
internal deletion that removed its N and G domains. Presently, we can only speculate about the
function of MAPG67, but it has already been shown to be essential in two model apicomplexans,
T. gondii (TGGT1_254230; Sidik et al., 2016) and Plasmodium falciparum (PF3D7_1004900).

The third chapter dealt with the characterization of TbPam16 and TbhPam18 proteins
that are bona fide orthologs of the PAM subunits Pam18 and Pam16 in other eukaryotes.
Unexpectedly, in T. brucei they are neither involved in mitochondrial protein import nor part
of PAM. In order to study these two proteins, we confirmed their mitochondrial localisation,
that was suggest in TrypTag in-situ tagging database (Dean et al., 2015). Depletion of TbPam18
and TbPam16 leads to downregulation of levels of MRP and components of OXPHOS
complexes I, 11, IV and V. Interestingly, ablation of TbPam18 and TbPam16 also leads to
upregulated steady-state levels of DNA topoisomerase IB subunits and UMSBPL.
Topoisomerase IB, is associated with the nuclear and mitochondrial genome replication, yet its
exact role remains unclear (Jensen and Englund, 2012; Bakshi and Shapiro, 2004; Bodley et al.,
2003). During replication, the minicircles are disconnected from the kDNA network (Jensen
and Englund, 2012). This observation could explain the progressive shrinkage of the kDNA
disk and also why the total number of minicircles, as measured by Southern blots, remains
stable several days after the loss of maxicircles. The presence of multinucleated cells OK2N,

OK3N suggested a defect in the cell cycle and cytokinesis.

The function of trypanosomal Pam18 in the PAM was replaced by TbPam27 (von Kénel
et al. 2020). Here, we present data demonstrating that instead of being lost, TbPam18 and
ThPam16 underwent architectural and sequence-specific alterations. Interestingly, the two
proteins are still interaction partners, and their stability is interdependent (von Kénel et al.
2020). However, they are involved in a completely unrelated function, the maxicircle
replication or maintenance. Therefore, we link this function, for the first time, to integral IM

proteins. Our findings once again underline that the presence of an orthologue does not proof
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that its function is also conserved. While we can only speculate at this point, what the exact
function of TbPam18 and ThPam16 might be.

While the signal for TbPam16 was comparable in uninduced and RNAi-induced cells
(Fig. 3B), the effect of the TbPam18 RNAI on the COI and Cyb synthesis was visible already
at day 2 post-RNAI induction, and the difference was well pronounced at day 4 p.i (Fig. 12A).
These gels were also stained with Coomassie brilliant blue as loading control (insets, Fig. 12A—
B).T. brucei arguably possesses the most well-investigated protist mitochondrion, yet despite
multiple previous proteomics surveys, our genome-wide protein tagging analysis identified 337
novel mitoproteins, in addition to a strong agreement with previous proteomic analyses
(Panigrahi et al., 2009; Peikert et al., 2017; Horn, 2021). Localization by protein tagging
implicitly relies on the behaviour of a mutant protein and as such this may not always reproduce
wild-type localizations. However, aberrations can equally be informative: differences between
N- and C-terminal tagging allowed global mapping of the position of targeting sequences, and
the KPE artefact stemming from a globular tag allowed global and highly accurate mapping of

mitochondrial sub-compartments (Pyrih et al., under review).

The theme of the fourth chapter was: Novel protein complex involved in kinetoplast
DNA replication and maintenance. The principle finding of the MitoTag study was the
unexpected demonstration that an mNeonGreen tag (along with other large globular epitopes)
produced an artificial localization proximal to the kinetoplast in mitochondrial proteins, which
were typically found in either the matrix or integral inner membrane (Pyrih et al., under review).
Amongst a plethora of artificially sub-localized mitochondrial proteins identified from
MitoTag, several novel proteins were also identified exhibiting genuine kinetoplast signals, that
appeared distinct from an artificial signal pattern. To remove ambiguity for these novel
kinetoplast candidates, it was viewed as a necessary follow-up procedure to employ a smaller
V5 tag to redetermine localization, which specifically does not induce such artificial
interactions, as a measure of validation for identified kinetoplast candidates (Pyrih et al., under
review). The localization of all four chosen candidates to the kinetoplast via V5 tagging thus

demonstrates these proteins as new components of the kinetoplast.

The demonstration of growth phenotypes in several RNAI cell lines generated
from these novel proteins also demonstrates that they are not spurious (useless) components
of the kinetoplast but are in fact important for the viability of the cell. For future studies, it will
be useful to determine the function of these proteins beyond the growth phenotypes they induce.

We recommend first investigating the status of kinetoplast DNA upon RNAI induction. The
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measurement of certain mitochondrial metabolites may additionally hold promise in elucidating
protein function considering the new metabolic potential within the kinetoplast (Pyrih et al.,

under review).
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