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Abstract

In the search for the mitochondrion of oxymonads, DNA of Monocercomonoides exilis — an
oxymonad isolated from the gut of Chinchilla, was isolated and its genome was sequenced.
Sequencing resulted in a fairly complete genome which was extensively searched or genes for
mitochondrion related proteins, but no reliable candidate for such gene was identified. Even genes
for the ISC pathway, which is responsible for Fe-S cluster assembly and considered to be the only
essential function of reduced mitochondrion-like organelles (MROs), were absent. Instead, we were
able to detect the presence of a SUF pathway which functionally replaced the ISC pathway.

Closer examination of the SUF pathway based on heterologous localisation revealed that this
pathway localised in the cytosol. In silico analysis showed that SUF genes are highly conserved at
the level of secondary and tertiary structure and most catalytic residues and motifs are present in
their sequences. The functionality of these proteins was further indirectly confirmed by
complementation experiments in Escherichia coli where SUF proteins of M. exilis were able to
restore at least partially Fe-S cluster assembly of strains deficient in the SUF and ISC pathways. We
also proved by bacterial adenylate cyclase two-hybrid system that SufB and SufC can form
complex.

SUF genes were also found in transcriptomes and genomes of nine other Preaxostyla species (a
group of anaerobic protists that belong to Metamonada), while the ISC pathway was consistently
absent. Interestingly, in most Preaxostyla, we were able to identify at least partial fusions of SufD,
S, and U, which is a unique situation. In a phylogenetic analysis of concatenated genes SufB, C, D,
and S, Preaxostyla formed a well-supported clade nested inside of bacteria. The resulting clade is
clearly distinct from that of the SUF pathways known from plastids and previously described
SufBC systems of Blastocystis hominis, Pygsuia biforma, and related protists.

These results strongly suggest that the SUF pathway was acquired from bacteria by the last
common ancestor of Preaxostyla, where it functionally replaced the mitochondrial ISC pathway.
Based on these results it was proposed that M. exilis has completely lost its MRO and therefore it is
the first described amitochondriate organism. The loss of MRO in the case of M. exilis was
probably allowed by a combination of an anaerobic and endobiotic lifestyle of this organism,
together with the replacement of the mitochondrial ISC pathway by cytosolically - localised SUF
pathway which rendered the MRO expendable.



Abstrakt

Pfi hledani mitochondrii u oxymonad jsme osekvenovali genom Monocercomonoides exilis —
oxymonady izolované ze stfeva Cincily. Sekvenovani poskytlo relativné kompletni genom, ktery byl
dikladné prohledan na geny proteinti asociovaych s mitochondridlni organelou, ale ani po
intenzivnim hledani se nam nepodafrilo odhalit Zddné vérohodné mitochondrialni geny. Nepodarilo
se nalézt ani geny pro ISC drahu, ktera je zodpovédna za syntézu Fe-S center a je povaZovana za
esencialni funkci organel mitochondridlniho ptivodu (MRO). Namisto ni se nam podarilo najit geny

pro SUF dréhu, kterd ji zfejmé funkcné nahradila.

BliZsi zkoumani SUF drahy pomoci heterolognich lokalizaci naznacilo, Ze tato draha je
pravdépodobné lokalizovana v cytosolu. In silico analyza prokazala, Ze proteiny SUF drahy jsou
konzervovany na turovni sekundarni a tercidlni struktury a Ze vétSina katalyticky vyznamnych
aminokyselin a motivli je v nich pritomna. FunkcCnost téchto proteinti byla nepifimo prokazana

pomoci komplementaci v Escherichia coli s mutovanou SUF a ISC drahou.

SUF drahu se podaftilo nalézt také v transkriptomech a genomech dalSich deviti zastupcti skupiny
Preaxostyla (anaerobnich protist patficich do skupiny Metamonada). U vétSiny preaxostyl se nam
podafilo nalézt alesponl ¢astecnou fuzi gent pro SufD, SufS a SufU. Tato fize je unikatni pro tuto
skupinu protist. V konkatenované fylogenetické analyze SUF proteinti utvorila Preaxostyla dobre
podporeny klad umistény mezi bakterialnimi sekvencemi. Pozice tohoto kladu zretelné ukazuje, Ze
SUF systém preaxostyl je fylogeneticky odliSného ptivodu od SUF drahy znamé z plastidi a SUF

drahy popsané u Blastocystis hominis, Pygsuia biforma a dalSich protist.

Tyto vysledky silné poukazuji na to, Ze Preaxotyla ziskala SUF drdhu od bliZe neurcené skupiny
bakterii a Ze k tomu doSlo uzZ u posledniho spolecného predka preaxostyl. Na zakladé téchto
vysledki jsme formulovali hypotézu, Ze minimalné v pripadé M. exilis, byla ztradta mitochondrie
umoznéna nahrazenim mitochondridlni ISC drahy SUF drahou lokalizovanou v cytosolu. Tato
zména umoznila prevést tvorbu Fe-S center do cytosolu a mitochondrie tak ztratila svou jedinou

esencialni funkci, coZ umoznilo jeji postupnou ztratu.



1 Introduction

Iron-Sulfur (Fe-S) clusters are one of the evolutionary oldest known inorganic cofactors of
enzymes. They are virtually ubiquitous across all three domains of life — Bacteria, Archaea and
Eukaryotes and are among the most versatile inorganic cofactors, which have many functions in the
cell (Beinert 2000). They were discovered in early 1960 by electron paramagnetic resonance on
membranes (Beinert and Sands 1960) and closely after that first soluble Fe-S proteins, clostridial
ferredoxins, were isolated (Mortenson et al. 1962; Tagawa and Arnon 1962). More than 200 types

of proteins were reported to harbour Fe-S clusters (Bandyopadhyay, Chandramouli, et al. 2008).

Fe-S clusters exist in a variety of forms (Fig. 1) from single Fe ion coordinated by four cysteines in
active site of rubredoxin to a very complex 8Fe-7S cluster (so-called P-cluster) and Mo-7Fe-9S
(FeMo-co) cluster, which is present in nitrogenase. However, most frequently they are found in 2Fe-

2S (rhombic), 3Fe-4S and 4Fe-4S (cubane) forms (Beinert 1997; Beinert 2000).

Due to their unique structural features, Fe-S clusters can delocalise electrons over Fe and S atoms
(Noodleman and Case 1992; Glaser et al. 2000), which makes them ideal candidates for their

primary role in the cell, mediators of electron transport. Fe-S clusters can accept electron from one
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Fig. 1: Types of Fe-S clusters

Scheme showing structure of the most common types of clusters Fe-S cluster together with Mo-
7Fe-9S cluster for comparison of complexity. Based on Fontecave et al. (2006).



species and transfer it to another, during electron transfer reactions (Brzoska et al. 2006). In protein,
Fe-S clusters are typically coordinated by ligation of iron to Cys, second most frequent ligands are
His residues. However, other amino acids like Asp, Arg, Ser, Glu, or Tyr were also described as
potential coordinating ligands Fe-S clusters. Furthermore, alternative ligand can tune redox
potential of Fe-S cluster which range from -600 mV to +450 mV (Bak and Elliott 2014). Most
common 2Fe-2S and 4Fe-4S clusters can transfer 1 electron. However, complex clusters like P-

cluster can transfer 2 electrons.

Thanks to their ability to transport electrons, Fe-S clusters are mainly involved in processes which
involve electron transport like energy metabolism, where they are present in the mitochondrial
respiration (complexes I-III), citric acid cycle (aconitase), and photosynthesis (cytochrome b6f
complex, PSI and ferredoxins). Fe-S clusters have also an important structural function as they were
shown to change and control protein structure in its vicinity (Plank et al. 1989; Golinelli et al. 1998;
Mulholland et al. 1998). Third role is a sensory function, in which Fe-S clusters serve as indicators
of oxidative stress and low intracellular levels of iron. Finally, important function often associated
with Fe-S clusters is a substrate activation, which is represented by widespread Fe-S proteins called
radical-SAM enzymes. These proteins catalyse the reductive cleavage of S-adenosylmethionine to
generate a 5'-deoxyadenosyl radical which subsequently activates the substrate by abstracting a

hydrogen atom.

Thanks to their variable functions, Fe-S cluster proteins are represented in many important cellular
processes such as redox reactions, regulation of gene expression, DNA synthesis and repair, RNA
modifications, iron homeostasis and ribosome biogenesis. Recently, they were also shown to be
involved in antiviral defence (Upadhyay et al. 2014; Upadhyay et al. 2017) and they also regulate
chromokinesin KIF4A during mitosis (Ben-Shimon et al. 2018). Some Fe-S proteins, like
ferredoxin of Clostridium or polyferredoxin of methanogenic archaea, play a role in iron storage

(Reeve et al. 1989; Hedderich et al. 1992).

The number of Fe-S clusters proteins in the cell varies greatly and is dependent on the genome size
and living conditions of an organism. A non-photosynthetic eukaryotic cells contain approximately
50 to 80 Fe-S proteins, which is a lower number than in prokaryotes (Andreini et al. 2016). For
example, E. coli contains approximately 150 experimentally confirmed Fe-S cluster proteins (Py

and Barras 2010).
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The clusters may form spontaneously in vitro, when the apoprotein is exposed to inorganic iron and
sulfur sources under anaerobic conditions (Malkin and Rabinowitz 1966). However, the
concentration of Fe and S necessary for this reaction may reach toxic levels, hence in vivo Fe-S
clusters are synthesized by relatively complex pathways. In Bacteria and Archaea four distinct
pathways for the synthesis of Fe-S clusters have evolved — the ISC pathway (Iron-Sulfur Cluster
assembly) (Zheng et al. 1998), the NIF system (NItrogen Fixation) (Zheng et al. 1993), the SUF
pathway (Sulfur Utilisation Factor) (Takahashi and Tokumoto 2002) and the CSD pathway
(Cysteine Sulfinate Desulfinase) (Loiseau et al. 2005). In eukaryotic organisms, Fe-S clusters are
synthesised usually by the mitochondrial ISC in combination with the cytosolic CIA (Cytosolic
Iron-Sulfur cluster Assembly) and eukaryotes with plastids possess in addition to that a SUF

pathway localised in these organelles (Balk and Pilon 2011).

2  Fe-S clusters and origin of life.

The ubiquity of Fe-S clusters in living organisms and the fact that under ideal conditions Fe-S
clusters may form spontaneously, are the main arguments for the “Iron-Sulfur world” hypothesis.
Giinter Wachtershduser in a series of papers proposed that the ancestral pathway of CO, fixation
was the reverse citric acid cycle (or reverse Krebs cycle) and the synthesis of pyrite (FeS;) from FeS
(pyrrhotite) and H,S provided reducing electrons (Wachtershdauser 1988; Wachtershauser 1990;

Waichtershduser 1992). Originally this was proposed to happen in conditions similar to those in

deep hydrothermal vents in the ocean, the so-called “Black Smokers”. This theory was criticized

mainly because it depended on high pressure, temperature and unlikely high starting concentrations

of compounds (Orgel 2008; Ross 2008; Rivas et al. 2011).

However, Russell and collaborators (Russell and Hall 1997) elaborated on the “Iron-Sulfur world”
theory and managed to solve several of its most criticized aspects. They suggested that the origin of
life happened on iron-monosulphide bubbles. These bubbles comprised of a semipermeable
membrane consisting of FeS interlaced with nickel. Such membrane would act as a semipermeable
catalytic boundary between two environments allowing for compartmentalization of the primitive
cells. This would promote synthesis of organic anions by hydrogenation and carboxylation.
Furthermore, Martin and Russell suggested that the ancestral way of CO, fixation was not the

reverse TCA but rather an acetyl-CoA (or Wood-Ljungdahl) pathway (Martin and Russell 2003). As
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the source of electrons they proposed H, (Martin and Russell 2007), which is produced by reduction
of H,O to H, by Fe*, this reactions results in Fe*". Released H, is used to exergonic reduction of
CO; to acetate and/or methane while generating ATP via chemiosmosis. The H, required to push the
equilibrium toward the accumulation of reduced organic compounds probably came from a
geochemical process called serpentinization (Martin and Russell 2003; Martin and Russell 2007;
Russell et al. 2010), which allowed to move these processes from hot vents to relatively low-

temperature alkaline hydrothermal vents.

3 Differences between 2Fe-2S and 4Fe-4S clusters and
their origin.

Although they may be found in a wide spectrum of forms, 2Fe-2S and 4Fe-4S clusters are the most
abundant and represent 90% of all Fe-S clusters (Andreini et al. 2017). Distribution of these clusters

differs as they have slightly different properties and characteristics (Beinert 1997; Johnson et al.
2005; Meyer 2008).

While 4Fe-4S can be produced by a simple reaction system in vitro (Herskovitz et al. 1972;
Venkateswara and Holm 2004), 2Fe-2S clusters need more complicated reaction settings (Mayerle
et al. 1973). 4Fe-4S clusters are more versatile and can be stabilised by only three thiolated ligands,
meanwhile 2Fe-2S clusters require more ligands and complicated tertiary structure of proteins to be
stabilised. Therefore 4Fe-4S clusters are considered evolutionary older and were probably preferred
in anaerobic conditions of a primordial world. Later, circa 3.4 to 2.3 billion years ago (Rosing and
Frei 2004; Kirschvink and Kopp 2008; Cardona et al. 2019), cyanobacteria evolved type II
photosystems and started oxygen-producing photosynthesis ultimately resulting in the oxidation of
the atmosphere between 2.4 and 2.1 billion years ago, an event known as the Great Oxidation Event
(GOE) (Holland 2002). The oceans remained, however, anoxic until approximately 0.8 billion years
(Canfield 1998; Lyons et al. 2014). Generally, all Fe-S clusters are very vulnerable to oxidation by
0., ROS (reactive oxygen species) (Imlay 2006; Jang and Imlay 2007; Imlay 2013), NO and other
reactive nitrogen species (RNS) (Vanin 2009). 4Fe-4S clusters are more susceptible to ROS,
particularly to superoxide, than 2Fe-2S clusters (Touati 2000; Bruska et al. 2013; Bruska et al.
2015), hence 2Fe-2S clusters should have been preferred after the GOE by organisms living in
aerobic conditions. Indeed, a large comparative study of more than 400 prokaryotic genomes
showed that anaerobic species use mostly 4Fe-4S clusters, while aerobes tend to bear mainly 2Fe-
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2S clusters (Andreini et al. 2017). The same study also revealed that anaerobic species tend to use
more Fe-S cluster proteins than aerobes. Anaerobes and aerobes also share a common core of
protein families containing Fe-S, which mostly harbour 4Fe-4S clusters. This core set is involved in
ATP generation, amino acid metabolism, nucleotide and co-enzyme metabolism, and Fe-S
biogenesis (Andreini et al. 2017), indicating the ancient origin of these pathways and their 4Fe-4S

clusters.

The majority of mitochondrial Fe-S proteins was inherited from aerobic prokaryotes, which is
consistent with the o-proteobacterial origin of the mitochondrial ISC system (Gray 2014), whereas
some nuclear and cytoplasmic Fe-S proteins were inherited from anaerobic prokaryotes (Andreini et
al. 2016). It was shown that 2Fe-2S cluster proteins regardless of their function are approximately
two times enriched in the mitochondrion while the 4Fe-4S containing proteins are enriched in the

nucleus (Andreini et al. 2016).

4 Functions of Fe-S cluster proteins

Fe-S clusters perform a wide variety of functions, which will be briefly reviewed in this section.

4.1 Regulation of gene expression

Fe-S proteins are involved in regulation of certain genes in both prokaryotes and eukaryotes. In
Bacteria, this regulation occurs on transcription level and in eukaryotes on the post-translational
level (Mettert and Kiley 2015). Regulatory Fe-S proteins usually also have sensory functions as
they regulate adaptive responses. These proteins usually sense oxidative stress, low level of Fe or
reduced activity Fe-S clusters biogenesis through integrity of their clusters. In prokaryotes, these
proteins are represented by FNR, SoxR, IscR and SufR. In Eukaryotes, they are represented by Fra2

and Irp1 (Iron Response Protein 1).

4.1.1 Fumarate nitrate reductase
FNR (fumarate nitrate reductase) mediates the adaptive response to O,. In E. coli, it regulates
expression of more than 200 genes. Phylogenetic studies showed that FNR is widely distributed

among many facultative anaerobes (Korner et al. 2003; Dufour et al. 2010). 4Fe-4S cluster of FNR
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changes to 2Fe-2S when it comes in contact with O, and FNR is then inactivated. In E. coli, FNR
was also shown to play a role in NO sensing; NO damages 4Fe-4S clusters of FNR resulting in

lower DNA binding ability of this protein (Cruz-Ramos et al. 2002; Crack et al. 2013).

4.1.2 SoxR

SoxR is widespread among Proteobacteria and Actinobacteria, and mediates general stress response
by activating expression of SoxS, which controls transcription of more than 100 genes including
SOD, DNA repair nucleases, and efflux pumps (Chiang and Schellhorn 2012; Kobayashi et al.
2014). SoxR is activated by the oxidation of its 2Fe-2S cluster (Demple et al. 2002) to [2Fe-2S]**
state, allowing RNAP (RNA polymerase) to activate transcription (Chiang and Schellhorn 2012;
Kobayashi et al. 2014).

4.1.3 IscR

IscR uses its 2Fe-2S cluster to sense the activity of cellular Fe-S biogenesis and regulate
transcription of genes accordingly. Originally, IscR was described as a repressor of the
iscRSUAhscABfdx operon. Upon acquisition of a 2Fe-2S cluster, IscR binds to the iscR promoter to
repress transcription of the isc operon (Schwartz et al. 2001; Giel et al. 2013). IscR is expected to
work on homeostatic model — apo-IscR competes with other Fe-S apoproteins for Fe-S clusters. O,
and ROS-mediated Fe-S clusters damage increases the demand for Fe-S clusters, leading to an
increased level of apo-IscR, hence de-repressing the isc operon. Some in vitro and in vivo
experiments showed that the 2Fe-2S cluster of IscR is not needed to activate sufABCDSE operon in
E. coli. This differential regulation is given by the ability of IscR to recognize two different DNA
motifs, called Type 1 and Type 2 (Schwartz et al. 2001; Nesbit et al. 2009). Type 1 motif strictly
requires holo-IscR. However, promoters with type 2 motif bind equally to both apo- and holo- form
as the Fe-S cluster is not necessary for binding to type 2 motif (Nesbit et al. 2009). Apo-IscR uses
the conserved E43 residue as selective filter to discriminate against type-1 DNA motifs after
binding of Fe-S cluster, the negative effect of the E43 residue is diminished and holo-IscR can bind
type-1 motif leading to repression of associated genes (Rajagopalan et al. 2013; Santos et al. 2014).
Both oxidative stress and iron starvation will cause loss of Fe-S cluster and accumulation of apo-
IscR that is then able to interact with type-2 promoter sequences and activate the expression of suf

operon (Yeo et al. 2006). IscR also regulates expression of some other Fe-S assembly factors, Fe-S
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enzymes, superoxide dismutase (SOD), ribonucleotide reductase, RNA metabolism and several
other enzymes (Kim 2009; Otsuka et al. 2010). In some bacteria it also plays a role in pathogenicity
and virulence (Lim and Choi 2014; Miller et al. 2014).

4.1.4 SufR

SufR is a 4Fe-4S cluster-containing protein which negatively regulates expression of the sufBCDS
operon in Cyanobacteria (Wang et al. 2004; Shen et al. 2007). It was proved experimentally that
SufR binding to DNA depends on the presence and oxidative state of its Fe-S cluster. Only SufR
with bound [4Fe-4S]* cluster binds to the promoter regions of sufB and sufR (Shen et al. 2007). A
SufR homologue was also found in Mycobacterium tuberculosis and other mycobacteria (Willemse

et al., 2018).

4.1.5 Fra2

In Saccharomyces cerevisiae, iron homeostasis is maintained by the paralogous transcription factors
Aftl (activator of ferrous transport) and Aft2. When iron is limited, Aftl (and probably also Aft2)
accumulates in the nucleus and activates transcription of genes responsible for storage and uptake of
iron. When iron is not limited, Aftl and Aft2 polymerizes, promoting their export from the nucleus
and therefore inhibiting regulation mediated by Aftl and Aft2. Activation of Aftl and Aft2 depends
on mitochondrial Fe-S cluster assembly and interaction of cytosolic monothiol glutaredoxins (Grx3
and Grx4) with Fra2 (BolA2). Grx3 or Grx4 forms dimers with Fra2, and the 2Fe-2S cluster is then
transferred to Aft2 (Li et al. 2011; Li and Outten 2012). After acquisition of the 2Fe-2S cluster, Aft
2 dimerizes which lowers its DNA binding ability (Poor et al. 2014).

4.1.6 Irpl

Another example of a eukaryotic Fe-S protein with regulatory function is IRP1 (Iron regulatory
protein 1). It has been studied extensively in mammals where it contains 4Fe-4S cluster and works
as cytosolic aconitase. Its cluster is modulated by only three cysteinyl residues. This conformation
makes one Fe ion labile and thus susceptible to oxidative damage mediated by O,, ROS or RNS.
This leads to the loss of the Fe ion and thus changing the 4Fe-4S cluster to and 3Fe-4S cluster

which is then degraded resulting in apo-IRP1. The same effect can be also caused by low level of
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intra-cellular iron. Apo-IRP1 binds with high affinity to the IRE (iron responsible elements) stem-
loop structure on mRNA (Anderson et al. 2012).

4.2 DNA repair and replication

Iron-Sulfur proteins play an important role in DNA metabolism in both prokaryotes and eukaryotes
(Wu and Brosh 2012). Endonuclease III was identified as the first DNA processing enzyme and it
contains a 4Fe-4S cluster (Cunningham et al. 1989; Kuo et al. 1992). To the present date, many
DNA processing enzymes have been shown to contain 4Fe-4S clusters, such as DNA glycosylases,
DNA helicase XPD (Fuss et al. 2015), and all nuclear replicative DNA polymerases family (Netz,
Sith et al. 2012). The presence of Fe-S clusters in so many DNA processing proteins was surprising,
as the presence of Fe-S clusters near DNA can produce reactive oxygen species (ROS) via Fenton
reaction. ROS can damage adjacent DNA bases implying a potential harmful effect on the integrity

of DNA and genome stability (Imlay 2013).

The biological reasons for the persistent role of Fe-S clusters in DNA metabolism are unknown, but
an interesting model proposes that iron participates in a DNA charge transport (DNA CT), which
electrochemically probes DNA integrity. The ability of DNA to transfer electrical charges over large
distances through its system of n-stacked nucleobases was discovered in the early 1990s (Murphy et
al. 1993; Murphy et al. 1994). From that time it has attracted a lot of attention as it is useful for
detection of structural changes in DNA resulting from alterations of the regular m-r stacking (Sontz
et al. 2012; Zwang et al. 2018). It was shown that many different lesions, modifications and
mutations of DNA can be detected electrochemically via their disruption of DNA CT (Boon et al.
2000; Boal and Barton 2005; Derosa et al. 2005).

It was shown that proteins which bind and kink the DNA, such as the TATA-binding protein, can
turn off DNA CT, but there are also proteins such as histones that can bind to DNA without
affecting it (Rajski and Barton 2001; Boon et al. 2002; Nufiez et al. 2002).

The oxidative state of a 4Fe-4S cluster affects the DNA-binding capacity of proteins. Proteins

carrying [4Fe-4S]3* clusters bind to DNA 550 times more tightly than those with [4Fe-4S]%*

clusters (Tse et al. 2017). Hence it was proposed that the resting state of a cluster in DNA-
associated proteins is that of a [4Fe-4S]%*. Protein with this cluster is freely diffused and upon
association of with dsDNA, it can be activated by oxidation of cluster to the [4Fe-4S]3+ form which

is tightly binds to DNA. This tightly bound [4Fe-4S]3* form can be reduced by electron transfer to
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weakly binding [4Fe-4S]2+ form, which allows its dissociation from dsDNA. Guanine radicals,
which are products of oxidative stress, can also generate [4Fe-4S]3" species by DNA CT. Proteins

with [4Fe-4S]3* would stay bound to dsDNA allowing precise localization of damaged DNA.
Iterations of this scanning can occur throughout the cell and localising any DNA CT damage by

interruption of signalling between the cluster protein which leads to both proteins tightly bound to

DNA in oxidized [4Fe-4S]®" form (Barton et al. 2019). This may explain why so many proteins
associated with the DNA metabolism contain 4Fe-4S clusters although these are potentially

extremely dangerous for the DNA as potential source of damaging radicals.

4.2.1 DNA polymerases

In eukaryotic cells, nuclear genome replication is achieved through the coordinated action of three
class B family of DNA polymerases (Pol): Pol a, Pol § and Pol € (Johansson and MacNeill 2010).
All polymerases contain two conserved cysteine-rich metal-binding motifs (CysA (MBS1) and
CysB (MBS2)) in the C-terminal domain of their catalytic subunits that coordinate either zinc or
iron, respectively, and are required for the accessory subunit recruitment and replisome stability
(Netz, Sith et al. 2012). Pols q, §, €, and { contain a 4Fe-4S cluster in their CysB motif; this motif is
localised in a P-cluster and has a structural role essential for the stability of the holoenzyme. In the
absence of the Fe-S cluster, Pol § becomes unstable. Thus, the replication function is strongly
dependent on Fe-S clusters (Netz, Sith et al. 2012). Rev3 (the catalytic subunit of Pol() has 5’ = 3’

polymerase activity and coordinates a critical [4Fe-4S] cluster in CysB (Baranovskiy et al. 2018).

4.2.2 DNA primase

A structural and redox Fe-S cluster was also identified in the large subunit of human DNA primase
(O’Brien et al., 2017). DNA primase is associated with DNA Pola (Weiner et al. 2007). In addition
to its catalytic role in DNA replication, it also regulates replication by physically interacting with
other proteins involved in replication; mediates response to DNA damage; works as a molecular
brake of the replication fork preventing the leading strand from outpacing the lagging strand (Lee et
al. 2006); and plays a role in telomere maintenance (Weiner et al. 2007). The presence of a
structurally-important 4Fe-4S cluster in DNA primase was revealed by crystallography

(Baranovskiy et al. 2018). DNA primase contains three metal binding sites: one Zn**-binding site
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with a proposed structural role and two Mg** (or Mn**) binding sites responsible for primase
catalytic activity, and a 4Fe-4S binding site. The Fe-S binding site is composed from four conserved
cysteines: Cys287, Cys367, Cys384, and Cys424. The cluster is fully-buried and is in a stable [4Fe-
4S]™ state (Liu and Huang 2015). Substitutions of Fe-S coordinating cysteines resulted in the
structural disruption of the p58 and p48 domains (Baranovskiy et al., 2018). The Fe-S cluster highly
affects the stability of DNA primase, resulting in stalling of initiation of replication. Substitution of
one conserved cysteine by alanine leads to the loss of cluster and reduction of both primase and
polymerase activity. This indicates that the cluster is essential for the correct activity of the enzyme

(Weiner et al. 2007; Baranovskiy et al. 2018).

4.2.3 DNA helicase XPD

DNA helicases have an important role in nucleic acid metabolism as they unwind dsDNA and allow
access of single-stranded DNA (ssDNA) to various cellular machineries in DNA replication, repair,
recombination, and transcription (Tuteja and Tuteja 2004). The first DNA helicase described to
contain an Fe-S cluster was the XPD helicase isolated from the archaea Sulfolobus acidocaldarius
(Rudolf et al. 2006). Later, Fe-S clusters were identified in numerous helicases in the superfamily 2
(SF2) group. In eukaryotic cells, XPD is a part of the transcription factor II H (TFIIH) machinery
that is involved both in nucleotide excision repair (NER) and initiation of transcription (Vashisht et
al. 2015). The presence of the cluster is essential for the interaction of XPD with TFIIH. In fact, the
XPD protein functions as a sensor of DNA damage as it unwinds DNA through the redox activity of
its cluster (Rudolf et al. 2006; Fan et al. 2008). The XPD protein contains a 4Fe-4S cluster in the
helicase domain at the N-terminus of the protein (Wolski et al. 2008). The XPD structure shows the
4Fe-4S cluster in the core helicase domain containing a central hole that allows the passage of
ssDNA upon unwinding (Fan et al. 2008; Liu et al. 2008; Wolski et al. 2008). Both, structural (Fan
et al. 2008; Wolski et al. 2008) and biochemical (Pugh et al. 2008) analyses confirmed the presence
of the Fe-S cluster near the dsDNA strand separation site. In the yeast homologue of XPD helicase

Rad3 was shown that the Fe-S cluster is essential for excision repair (Rudolf et al. 2006).

The mitochondrial helicase from Drosophila melanogaster contains additional 2Fe-2S cluster in its
N-terminal domain. This cluster is supposed to be responsible for recruiting and binding DNA in the

replication fork (Shutt and Gray 2006).
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4.2.4 Dna2 nuclease/helicase

Dna2 nuclease/helicase is a multifunctional enzyme conserved in eukaryotic organisms consisting
of a nuclease and a helicase domains fused together. It is involved in several important processes:
processing of Okazaki fragments during replication, repairing of DNA double-strand break (DSB),
maintenance of telomeres, processing and restarting reversed replication forks, and activation of
checkpoint response of the cell cycle (Budd and Campbell 2009; Cejka et al. 2010; Nimonkar et al.
2011). It is also essential for mtDNA stability and base excision repair (BER) (Zheng et al. 2008;
Duxin et al. 2009). Dna2 contains a 4Fe-4S cluster coordinated by 4 conserved cysteines

(CX,,45CX,CXC motif). Mutations in the Fe-S coordinating cysteines did not affect DNA binding

248
activity, but affected the way in which the enzyme bound to DNA, as well as terminated its DNA-
dependent ATPase and helicase activity (Pokharel and Campbell 2012). Resulting mutants had
defective DNA replication and repair in vivo, confirming an essential role of the Fe-S cluster in

Dna? activity (Pokharel and Campbell 2012).

4.2.5 Glycosylases

Base Excision Repair (BER) is initiated by DNA glycosylases which cleave bonds between
damaged nitrogen bases and the pentose. Endonuclease III (Cunningham et al. 1989; Kuo et al.
1992), adenine glycosylase (MutY) (Fromme et al. 2004) and uracil DNA glycosylases (family IV -
VI) (Schormann et al. 2014) are Fe-S cluster containing proteins (Kuo et al., 1992). Some studies
suggest that the Fe-S containing domain of glycosylases is involved in binding of DNA and that
4Fe-4S clusters use DNA CT to detect DNA lesions (Boon et al. 2003; Romano et al. 2011). These
studies suggest that 4Fe-4S clusters of DNA glycosylases undergo oxidation when they get in
contact with DNA. When the cluster undergoes oxidation, it transfers an electron via DNA CT
probably to another glycosylase. In damaged DNA, the electron is not transported, cluster remains

and the glycosylase stays bound to DNA and initiates repair (Boon et al. 2003).

4.3 Radical SAM enzymes

Radical SAM superfamily (RSS) consists of more than 100 000 enzymes, which utilize S-
adenosylmethionine (SAM) as a cofactor to generate radicals (Sofia 2001; Holliday et al. 2018).
RSS are present in all three kingdoms of life and generally are supposed to be evolutionary very old

(Holliday et al. 2018).
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All RSS enzymes contain a 4Fe-4S cluster which is coordinated by three cysteines (conserved

CX,CX,C motif) (Sofia 2001) leaving one Fe atom labile. A subset of radical SAM enzymes

contains one or more additional Fe-S clusters (Sofia 2001). Unligated Fe binds to a-amino and o-
carboxylate groups of SAM, which results in cleavage of SAM to methionine and 5’-deoxyadenosyl
radical. 5’-deoxyadenosyl radical is an oxidant which extracts hydrogen atoms from target
substrates (Lanz and Booker 2012; Lanz and Booker 2015) in broad spectra of reactions, some of

which are mentioned below.

Radical SAM proteins are involved in the synthesis of various cofactors like biotin or lipoyl
catalysed by biotin synthase (BioB) (Frey and Booker 2001) and lipoyl synthase (LipA) (Lotierzo et
al. 2005), respectively. Another functions of RSS include the synthesis of vitamin K (menaquinone)
(Miller et al. 2000; Cicchillo, Iwig, et al. 2004; Cicchillo, Lee, et al. 2004), activation of pyruvate
formate lyase (Buis and Broderick, 2005) and activation of glycyl radical enzymes (Buis and
Broderick 2005). Maturation of complex cofactors such as metallocofactor of Fe-Fe hydrogenase is
also associated with radical SAM enzymes. Fe-Fe hydrogenase cofactor (or H-cluster) composes of
4Fe-4S cluster connected via cysteine thiolate to a modified 2Fe-2S cluster with unique non-protein
ligands (Shisler and Broderick 2014). H-cluster is synthesised by three maturases HydG (Peters
1998), HydE (Pilet et al. 2009) and HydF (Nicolet et al. 2008). HydG and HydE are RSS enzymes
and HydF is a GTPase. Another complex cofactor synthesised with help of RSS enzymes is
molybdopterin cofactor (MoCo). MoCo cofactor is essential for the activity of xanthine
dehydrogenase, aldehyde oxidase and sulfite oxidase. The first step of MoCo synthesis is catalysed
by MoaA which is a RSS enzyme (Shepard et al. 2016). Synthesis of complex heterocycles like in
the tRNA specific base wybutosin is also catalysed by RSS enzymes (Hadnzelmann and Schindelin
2004). Another RSS protein family enzyme RimO is involved in the methylthiolation of 12
ribosomal subunits and MiaB which methylthiolatiates tRNAs (Young and Bandarian 2011). RSS
also play roles in formation of some complex metabolic products like antibiotics (Anton et al. 2008)
and anti-viral defence in the case of Viperin (RSADII) (Panayiotou et al., 2018; Upadhyay et al.,
2017, 2014).

4.4 Ribosome biogenesis
Diphthamide is an unique post-translationally modified histidine-based residue found only in

archaeal and eukaryotic translation elongation factor 2 (EF2) (Gomez-Lorenzo et al. 2000; Ortiz et
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al. 2006), which is a GTPase required for translation (Gomez-Lorenzo et al. 2000). Dipthamide is
synthesized in four steps by a specialised pathway consisting of at least seven proteins. The first
step is catalysed by at least four proteins Dph1-Dph4 (Su et al. 2013). Dph1-Dph2 heterodimer in
eukaryotes (Dong et al. 2018) or Dph2 homodimer in Archaea (Zhang et al. 2010). Dph1 and Dph2
are non-canonical 4Fe-4S cluster-containing radical SAM proteins. Archaeal Dph2 homodimer
needs only one 4Fe-4S cluster for in vitro activity (Zhang et al. 2010; Zhu et al. 2011). The
eukaryotic Dph1-Dph2 heterodimer needs the 4Fe-4S cluster-binding cysteine residues in both

subunits for diphthamide biosynthesis to occur in vivo (Dong et al., 2019).

RNase L inhibitor (Rlil or ABCE1 in human and mouse) is a multifunctional ABC-family protein
involved in ribosome biogenesis and maturation (Kispal et al., 2005; Yarunin et al., 2005),
translation initiation (Dong et al. 2004; Chen et al. 2006), translation termination (Khoshnevis et al.
2010), and ribosome recycling (Becker et al. 2012). Rli1 contains a unique N-terminal Fe-S cluster
domain which binds two [4Fe-4S]*" clusters (Barthelme et al. 2007). The Fe-S cluster domain is
connected to a twin-ATPase body formed by two nucleotide binding domains (NBS) bound by a
flexible linker. After ATP binding NBDs change overall conformation of Rlil in tweezer like motion
and Fe-S domain splits ribosome complex to 30S and 70S subunits mechanically (Barthelme et al.

2011; Becker et al. 2012; Niirenberg-Goloub et al. 2018).

4.5 RNA modifications

RNAs are often post-transcriptionally modified, a necessary addition for proper function of RNA.
All modifications are performed by specific RNA-modifying enzymes. There are about 100
different types of RNA modifications; some performed by a single enzyme, some require complex
pathways (Machnicka et al. 2013). Several of these modifications are performed by the activity of

Fe-S proteins.

4.5.1 Methylation of RNAs

Methylation of adenosine to 2-methyladenosine at position 2503 in the 23S rRNA in E. coli
(Sergiev et al. 2011), and on position 37 in a subset of tRNAs (Jiihling et al. 2009) is catalysed by
the radical SAM dependent enzyme RImN (Toh et al. 2008; Yan et al. 2010). Methylation of 23S
rRNA regulates elongation of translation by interacting with nascent peptides and is also involved

in resistance to several antibiotics that target the large ribosomal subunit. The enzyme Cfr
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(chloramphenicol resistance) isolated from Staphylococcus sciuri is similar to RImN, but catalyses
the formation of 8-methyladenosine at position 2503 of the 23S rRNA and has been shown to play a
role in resistance to chloramphenicol in E. coli and Staphylococcus spp. (Kehrenberg et al. 2005;
Long et al. 2006). RImN and Cfr share the same target residue in rRNA and their methylations
occur independently. Therefore 2-, 8-dimethyladenosine can be produced at position 2503 by the

serial action of the two enzymes.

4.5.2 Methylthioltransferases (MTTs)
Atoms of sulfur are often incorporated into tRNAs as post-translational modifications (Shigi 2014).
A subset of tRNAs that decode U-starting codons and A-starting codons was reported to harbour 2-

methylthio-N6-isopentenyladenosine (ms”*°A) and 2-methylthio-N6-threonylcarbamoyladenosine

(ms?ct®A), respectively, at position 37. Methylthiol group of ms?°®A37 stabilises codon-anticodon
interactions by in the decoding centre of ribosome and facilitating precise decoding of tRNA
(Jenner et al. 2010). Methylthiol modification of 2-methylthio-N6-isopentenyladenosine is also
involved in reading-frame maintenance and is required for the attenuation activity of some operons
involved in amino acid biosynthesis (Urbonavicius et al. 2001). Methylthiotransferases (MTTase)
are involved in methylthiolation of RNAs and proteins. MTTases belong to a subset of radical SAM
enzymes that contain two 4Fe-4S clusters (Buck and Griffiths 1982). RNA MTTases are classified
into two types, MiaB and MtaB, which are responsible for 2-methylthio-N6-isopentenyladenosine
and 2-methylthio-N6-threonylcarbamoyladenosine formation, respectively (Hernandez et al. 2007).
Another MTTase RimO catalyses methylthiolation of an Asp residue in ribosome protein S12

(Arragain et al. 2010).

4.5.3 Wybutosine synthesis

Wybutosine (yW) and derived bases are fluorescent nucleosides found at position 37 of tRNAs of
eukaryotes and archaea (Blobstein et al. 1973; Zhou et al. 2004). Wybutosine and
hydroxywybutosine are present in Phe tRNA of yeast and mammals, respectively. Wyosine,
isowyosine, and methylwyosine are present in archaeal tRNAs. Wybutosine confers conformational
rigidity on the anticodon loop of tRNA. On the ribosome, yW stabilizes the codon-anticodon
interaction and maintains the reading frame by preventing a frameshift (Waas et al. 2007). Five

enzymes, TRM5 and TYW1-4, participate in the biosynthesis of wybutosine in yeast. Only TYW1
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contains an Fe-S cluster . TYW1 contains a canonical radical SAM motif with three conserved Cys
residues that coordinate an Fe-S cluster (Noma et al. 2006). The functional importance of these Cys
residues for yW formation was confirmed by in vivo complementation studies in yeast (Suzuki et al.
2007). Structural analysis revealed that archaeal TYW1 harbours two 4Fe-4S clusters (Young and
Bandarian 2011; Young and Bandarian 2013).

4.6 Elongator complex

The elongator complex (Elp) is associated with actively transcribing RNA polymerase II (RNAPII).
It is comprised of six components Elp1- Elp6, with the main catalytic activity carried out by Elp3,
but all six subunits are necessary for the complete function of the complex in eukaryotes (Dauden et
al., 2017; Huang, Johansson, & Bystrom, 2005). Elp3 is a radical SAM protein, contains a 4Fe-4S
cluster coordinated by a conserved CxxxxCxxC motif on the N-terminus, and a histone/lysine
acetyltransferase domain (KAT) on the C-terminus (Wittschieben et al. 1999; Lin et al. 2019). Elp3

is also present in Archaea, some Bacteria and viruses (Selvadurai et al. 2014).

4.7 Regulation of cytokinesis

The knockdowns of MMS19 and CIA2B (proteins of CIA pathway delivery complex) led to a poor
alignment of chromosomes in metaphase and improper localization of key mitotic factors resulting
defects of mitosis (Ito et al., 2010; Stehling et al., 2012). As the cause of this phenotype was
suggested KIF4A, an Fe-S protein essential for the formation of the midzone and midbody during
telophase and cytokinesis (Hu et al. 2011). Recently, spectroscopic analyses detected that
chromosome-associated kinesin KIF4A is coordinating a 4Fe-4S cluster in its C-terminal cysteine
rich domain (CRD) (Ben-Shimon et al. 2018). This cluster is localised in the conserved cysteine-
rich domain CRD at the C-terminus of KIF4A and contains 9 cysteine motifs, similar to the 8

cysteine conserved Fe-S binding motif of eukaryotic polymerases (Netz, Sith et al. 2012).

4.8 Catalytic function
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4.8.1 Aconitase

Aconitases are highly conserved bifunctional Fe-S proteins present in eukaryotes, Bacteria and
some Archaea and belong to the family of Fe-S-containing dehydratases (Beinert et al. 1996; Gruer
et al. 1997). Mitochondrial form of these enzymes catalyses the reversible isomerization of citrate to
isocitrate in Krebs cycle (TCA), while the cytosolic form (Irp1) bears a function in regulation of
iron metabolism in humans (Anderson et al., 2012; Farooq et al. 2013). For both functions, an Fe-S
cluster undergoes degradation from 4Fe-4S to 3Fe-4S (Rose and O’Connell 1967; Flint et al. 1993).
Aconitase contains a 4Fe-4S cluster coordinated by three conserved cysteines, this conformation
leaves one Fe atom free and susceptible to loss and oxidation. In the isomerisation reaction, labile
Fe acts as a Lewis acid and assists a dehydration reaction, removing a water molecule from the

substrate.

The other function of aconitase is sensing oxidative stress and the level of intracellular iron, hence
regulating iron metabolism. In this case, the Fe-S cluster of aconitase undergoes oxidation and
changes from a 4Fe-4S to 3Fe-4S after being exposed to ROS or low iron levels (Haile et al. 1992).
This oxidised form of aconitase then binds to IRE (Iron Responsive Element) and regulates
expression of associated genes (Hentze and Kiihn 1996). IREs are stem-loop structures located in
the 5’ UTR or 3’ UTR of mRNA. The location of the IRE dictates the effect of the binding of IRP-1
on the mRNA transcript, hence if the IRE is located on 5’ UTR it will decrease protein production
and binding to the 3’ UTR will have the opposite effect (Eisenstein 2000; Muckenthaler et al. 2008).
It was shown that frataxin interacts with mitochondrial aconitase in a citrate-dependent fashion,

decreasing the intensity of oxidant-induced inactivation, and converting the cluster from inactive

[3Fe-4S]" back to the active [4Fe-4S]%" form (Bulteau et al. 2004).

In bacteria, aconitase is a bifunctional protein and was demonstrated to possess both enzymatic
activity in the TCA cycle as well as mRNA-binding activity through recognition of IRE-like

sequences thus regulating gene expression (Serio et al. 2006; Michta et al. 2014; Austin et al. 2015).

4.8.2 Pyruvate:ferredoxin oxidoreductase

Pyruvate:ferredoxin oxidoreductase (PFO or also PFOR) catalyses the reversible thiamine
pyrophosphate (TPP)-dependent oxidative decarboxylation of pyruvate to form acetyl-CoA and
CO.. Because this reaction is reversible, PFO is also called pyruvate synthase. PFO is one of the

core enzymes of anaerobic metabolism and oxidation of pyruvate by this enzyme is required to
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connect glycolysis (Embden- Meyerhof) and the Wood-Ljungdahl pathway (Drake et al. 1981;
Ljungdahl 1986; Menon and Ragsdale 1996; Furdui and Ragsdale 2000). PFO is also involved in
three prokaryotic autotrophic pathways as a CO,-fixing enzyme by reductive carboxylation of
acetyl-CoA: 1) reverse tricarboxylic acid (rTCA) cycle, originally discovered in anaerobic
photosynthetic green sulfur bacteria (Evans et al. 1966), 2) the reductive acetyl-CoA (rAcCoA)
pathway of acetogenic eubacteria and methanogenic archaea, 3) the archaeal

dicarboxylate/hydroxybutyrate (DC/HB) cycle (Fuchs 2011).

All members of the Archaea kingdom appear to contain PFO; it is also widely distributed among
Bacteria and anaerobic protists (Horner et al. 1999; Leger et al. 2017). In protists, PFO is
considered the hallmark protein of hydrogenosomes, but may also be localised in cytosol or may
have a dual localisation (Meza-Cervantez et al. 2011). PFO has been found in the following groups
of protists: Metamonada, Fornicata, Jakobida, Heterolobosea, Breviatea, Stramenopila, Rhizaria,

Amoebozoa and Alveolata (Horner et al. 1999; Leger et al. 2017).

Phylogenetic analysis suggests that all known eukaryotic PFOs are monophyletic (Leger et al.
2016). However, the identity of the relative bacterial group remains unclear. There are only two
crystal structures of PFO up to date: one from Desulfovibrio africanus (Charon et al. 1999;
Chabriére et al. 2001) and another one from Sulfolobus tokodaii (Yan et al. 2016). Another related
crystal structure is that of oxalate oxidoreductase (member of OFOR superfamily) from Moorella
thermoacetica, which shares a very similar structure to PFO (Gibson et al., 2015, 2016). PFOs have
seven structural domains, with domains I and VI forming the TPP binding site which is close to
domain VI which binds one 4Fe-4S cluster. Domain V contains two additional 4Fe-4S clusters

which transfer electrons to a ferredoxin, the terminal electron acceptor for PFO.

4.8.3 Hydrogenases

Hydrogenases are enzymes which catalyses conversion of protons and electrons to H,. They are
widespread in prokaryotes and protists and represent a diverse group of metalloenzymes. By
presence of specific type of metallocluster they can be divided into three groups: 1) nickel-iron
containing [NiFe] hydrogenases, 2) diiron containing [FeFe] hydrogenases and 3) Fe only
containing [Fe] hydrogenases (Vignais et al. 2001; Vignais and Billoud 2007; Greening et al. 2016).

[Fe] hydrogenases do not have an Fe-S cluster hence they will not be discussed here.
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The [NiFe] hydrogenases are the most studied group of hydrogenases, mostly used in binding and
oxidation of H». Phylogenetic studies divide [NiFe] hydrogenase into four groups (which can be
further divided into 22 functional sub-groups) (Greening et al. 2016) based on their different
functions: (1) membrane-bound H,-uptake [NiFe]-hydrogenases; (2) cytosolic H,-uptake [NiFe]-
hydrogenases; (3) cytosolic bidirectional [NiFe]-hydrogenases; and (4) membrane-bound H,
evolving hydrogenases. [NiFe] hydrogenases usually contain three auxiliary Fe-S clusters and
dinuclear Ni-Fe cluster responsible for H, activation (Vignais and Billoud 2007). The standard
[NiFe] site consists of an Fe centre that coordinates one carbon monoxide (CO) and two cyanide

(CN) ligands and a Ni centre bound by two terminal Cys ligands (Fontecilla-Camps et al. 2007).

[FeFe] hydrogenases can be based on their function and phylogeny divided into three main groups:
(A) — fermentative and bifurcating hydrogenases; (B) — ancestral group of unknown function;
group (C) —putative sensory hydrogenases. The group A can be further subdivided in to four
groups based on their function (Greening et al. 2016). The group A1l of [FeFe]-hydrogenases
mediates ferredoxin-dependent H, production. Hydrogenases of this group are usually found in
anaerobic prokaryotes and protists, where they are often localised in hydrogenosomes or
chloroplasts. The number of auxiliary FeS clusters associated with the electron transport chain in
[FeFe] hydrogenase can differ between organisms (Moser et al. 1995; Peters 1998; Nicolet et al.
1999; Page et al. 1999; Mulder et al. 2010; Greening et al. 2016). The different Fe-S clusters present
in [FeFe] hydrogenases reflect the cellular environments and physiological electron
donors/acceptors that interface with these proteins. The key feature common to all [FeFe]
hydrogenases is the highly conserved active-site domain, which houses a unique H-cluster. The H-
cluster consists of a canonical cubane 4Fe-4S cluster, covalently bound to a unique diiron complex
[2Fe]. The atypical diiron unit consists of proximal and distal Fe (Fep & Fed) metal centres that are

each coordinated by a CO and CN ligand (Fontecilla-Camps et al. 2007; Lubitz et al. 2007).

4.8.4 Nitrogenase

Nitrogenase is a multifunctional enzyme, which is best known for the catalysis of biological
fixation of atmospheric nitrogen into ammonia, an essential process for the global nitrogen cycle.
Phylogenomic studies suggest that nitrogenase evolved in anaerobic methanogens and spread to
various other organisms (Boyd et al. 2011; Dos Santos et al. 2012). It has been identified in a
diversity of microorganisms, including obligate aerobes and oxygenic phototrophs, however, it has

never been reported in eukaryotes.
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There are three different nitrogenases — molybdenum dependent (Nif), vanadium dependent (Vnf),
and Fe-only nitrogenase (Anf). Mo-nitrogenase is the most abundant and has the highest activity;
the other two nitrogenases are also called alternative nitrogenases and due to their lower activity
(Fontecilla-Camps et al. 2007; Lubitz et al. 2007) are considered to be “backup enzymes” which are

used in cases when Mo-nitrogenase is not available.

Mo-nitrogenase works as a complex of two proteins —nitrogenase, encoded by the nifDK and the

nitrogenase reductase encoded by nifH gene (Eady and Robson 1984). NifDK is a heterotetrameric

(a,B,) protein formed by two af dimers. Crystal structure of the nitrogenase complex revealed that

NifDK contains two Fe-S clusters, a P-cluster, which is a formation of 8Fe-7S cluster that transports
electrons to the FeMo-cofactor, and a Mo-7Fe-9S-homocitrate cluster that provides the substrate
reduction site and which is buried under the surface of Nif DK complex (Bulen and LeComte 1966).
NifH contains a 4Fe-4S cluster and an ATP hydrolysis site. NifH acts as a tail-to-tail homodimer
which is bridged by one 4Fe-4S cluster (Kim and Rees 1992; Schindelin et al. 1997). NifH is
essential for the function of nitrogenase and was shown to be involved in the formation of the P-
cluster, the insertion of FeMo-cofactor and the transfer of electrons for nitrogenase catalysis.
Furthermore, it has been shown to act on its own as carbon monoxide dehydrogenase (Georgiadis et

al. 1992).

The V-nitrogenase similarly to Mo-nitrogenase consists of two component proteins: a homodimeric

iron protein (VnfH) which contains bridging 4Fe-4S cluster and an ATP-binding site per subunit

(Rohde et al. 2018), and an octameric vanadium-iron protein (VnfDGK) that contains a PV-cluster
at each o/f-subunit interface and a V-cluster V-7Fe-8S-C-homocitrate within each a-subunit (Rohde

et al. 2018).

Fe-only nitrogenase is the least studied nitrogenase. There is no reported crystal structure of of this
protein, although it is anticipated that the protein would have structure similar to Mo- and V-

dependent nitrogenases as they are highly conserved.

One of the Fe-S cluster biosynthesis pathways, the NIF pathway, is usually dedicated to maturation
of nitrogenase and FeMo-cofactor (Zheng and Dean 1994; D.C.C. Johnson et al. 2005; Zhao et al.
2007) with notable exception for NIF pathway of Entamoeba histolytica and Mastigamoeba

balamuthi.
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5 Basic mechanism of Fe-S cluster synthesis

Regardless of the simplicity of the synthesis of Fe-S clusters and the possibility of their spontaneous
formation on apoproteins in vitro in the presence of iron-salts and sulfide under anaerobic
conditions (Malkin and Rabinowitz 1966; Herskovitz et al. 1972; Hagen et al. 1981), in vivo this
possibility is reduced due to the toxicity of Fe (Touati 2000) and S (Munday 1989). Therefore, in
living organisms, several dedicated pathways have evolved to perform this task. The main pathways
are NIF (NItrogen Fixation) (Dean et al. 1993; Zheng and Dean 1994), ISC (Iron-Sulfur Cluster
assembly) (Zheng et al. 1998), SUF (Sulfur Utilisation Factor) (Takahashi and Tokumoto 2002) and
CSD (Cysteine Sulfinate Desulfinase) (Loiseau et al. 2005). However physiological importance of
CSD pathway is yet to be elucidated.

Although the pathways differ in composition, distribution and physiological functions, they share a
similar three-module organisation: 1) sulfur is mobilised from cysteine by the activity of a cysteine
desulfurase, 2) the Fe-S cluster is formed de novo on a scaffold protein, 3) the newly formed Fe-S

cluster is transferred to the target apoprotein (Fig. 2).
5.1 Source of sulfur

L-cysteine is the most common source of sulfur for the Fe-S cluster assembly. Sulfur is released by
the catalytic activity of a pyridoxal 5'-phosphate (PLP) depending enzymes called cysteine
desulfurases. Cysteine desulfurases belongs to the group of class V fold-type I amino-transferases
(Grishin et al. 1995) and can be divided into two specific groups. Group I in which NifS and IscS
belong, and group II where SufS and CsdA may be found (Mihara et al. 1997). These enzymes act
as homodimers and decompose L-cysteine to L-alanine to release sulfur in a form of persulfide,

which is later used by biosynthetic pathways (Mueller 2006).

The catalytic mechanism of cysteine desulfurases can be divided into two steps. The first step is a
desulfurase reaction in which the sulfur atom from L-cysteine is transferred into the side chain of
the catalytic cysteine residue forming a persulfide-bound intermediate. The second step is a
transpersulfurase reaction, in which the persulfide intermediate is transferred from the cysteine

desulfurase to acceptor proteins.

PLP plays an important role as it starts the reaction by forming an external cysteine-aldimine then a

subtracted proton generates a cysteine-ketimine PLP intermediate. The cysteine residue of PLP
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Fig. 2: Basic scheme of Fe-S cluster assembly pathways

Scheme showing essential steps in Fe-S cluster assembly which are common for all three main
pathways. In the first step, cysteine is released from L-cysteine by cysteine desulfurase. In contrast
to sulfur, the source of iron is unknown or at least disputable for all systems. The second step
involves the assembly of Fe-S cluster on a scaffold protein. Newly synthesised cluster is in the third
step transferred to recipient apoproteins. Based on Roche et al. (2015)

cysteine-ketiminidin intermediate attacks nucleophilically the sulfur of L-cysteine breaking the C-S
bond and forming a covalent persulfide intermediate. Then, after deprotonation of the ketimine PLP
intermediate and re-protonation of the a-carbon, alanine is released (Zheng et al. 1994; Mihara et al.

2000; Behshad et al. 2004; Tirupati, Vey, Catherine L. Drennan, et al. 2004a).

Crystal structures of cysteine desulfurases have been solved for both groups: NifS from Termotoga.
maritima and IscS from E. coli are representatives of group I, while SufS from E. coli and
Synechocystis sp. PCC6803 (Mihara et al. 2002; Tirupati et al. 2004a) are representatives of group
II. Structures for both groups show remarkable similarity although conservation on sequence level
is not so high. However, the group I has a conserved motif containing a catalytic Cys localised on a
flexible loop which is often distorted in crystal structures, whereas, in group II this loop is shorter
and more structurally defined. In E. coli the SufS has an 11-residue deletion compared to that of
IscS leading to a restricted flexibility of its Cys364-containing loop (Mihara et al. 2002; Tirupati et
al. 2004b; Blauenburg et al. 2016). Thanks to this difference, group II cysteine desulfurases have

lower activity on their own, requiring an enhancer protein to be fully active (Loiseau et al. 2003;
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Ollagnier-de-Choudens et al. 2003; Outten et al. 2003; Layer et al. 2007). Additionally, group II
enzymes have a 19-residue insertion that forms a f-hairpin motif. The hairpin of one monomer
reaches across the interface of the dimer and interacts with the active site of the second monomer

(Lima 2002).

Some archaea like Methanococcus maripaludis, a methanogenic mesophyllic archaeon isolated
from salt-marsh sediment, lacks cysteine desulfurase and instead acquires sulfur from sulfide which

is abundant in its environment (Liu et al. 2010).

5.2 Source of iron
The source of iron for Fe-S cluster synthesis remains enigmatic. In eukaryotes, frataxin is believed
to be the source of iron for the mitochondrial ISC pathway. However, in Bacteria and Archaea the

source of iron for Fe-S cluster assembly remains elusive.

5.2.1 Frataxin

Frataxin (Fxn) is a small acidic protein (Gibson et al. 1996) which is conserved in most eukaryotes
and in some bacteria, namely Alpha-, Beta-, Delta-, Gammaproteobacteria and Acidobacteria
species, as well as in one representative of the Chlorobi phylum (Roche, Agrebi, et al. 2015). In
humans, frataxin is associated with serious neurodegenerative disease called Friedreich’s Ataxia
(Koeppen 2011) and therefore is extensively studied. When it was first discovered, frataxin was
believed to be associated with mitochondrial iron homeostasis, as its deletion in yeast caused
accumulation of iron in the organelle (Babcock et al. 1997). Later, it was shown that it was probably
associated with Fe-S cluster synthesis, as frataxin can form a complex with Nfs1, Isul and Isd11
and affects the synthesis of Fe-S clusters (Gerber and Lill 2002). The role of iron donor for
mitochondrial Fe-S cluster assembly was suggested as it was experimentally shown that frataxin
can bind Fe’" and Fe*" on its acidic ridge residues (Gerber et al. 2003; Yoon and Cowan 2003; Layer
et al. 2006). Nuclear magnetic resonance (NMR) of human frataxin revealed that His86 in the N-
terminal part acts as another iron binding site. This site is independent of the Fe binding sites

localised on the acidic ridge (Gentry et al. 2013).

Later this hypothesis was also supported by the ability of frataxin to transfer iron in vitro onto the
reduced 3Fe-4S cluster of aconitase and restore it back to the 4Fe-4S form. Lately, experiments

combining NMR spectroscopy with isothermal titration calorimetry revealed that the frataxin bound
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Fe*" interacts weakly with NFS1-ISD11-ACP complex in vitro and, if ISCU, L-cysteine and
ferredoxin are present, this interactions improves the dissociation of Fe** from frataxin. These
experiments suggest that frataxin might be a proximal source of iron for ISC (Cai, Frederick,

Tonelli, et al. 2018).

On the other hand, the recently published cryo-EM structure of the human NFS1-ISD11-ACP1-
ISCU2-FXN complex suggests that the iron binding site of frataxin is not in proximity of the active
site of 2Fe-2S cluster synthesis of ISCU2. This leaves open the question about what the iron-
binding ability of frataxin is used for in biological processes and whether it has a direct role in iron

acquisition (Fox et al. 2019).

Frataxin also plays an important role as a regulator of the mitochondrial ISC pathway. It was shown
that, in eukaryotes, frataxin binds to ISCU-NFS1-ISD11 complex to stabilize it and to activate the
cysteine desulfurase, as well as to control the entry of iron into the complex (Tsai and Barondeau
2010; Bridwell-Rabb et al. 2012). Interestingly, in bacteria, CyaY (bacterial homologue of frataxin)
acts as inhibitor of cysteine desulfurase activity (Adinolfi et al. 2009). It was shown that regulation
activity is not dependent on the type of Fxn but rather on the type of cysteine desulfurase (Bridwell-
Rabb et al. 2012). Lately, it was shown that in humans this activation happens on the mobile S-
transfer loop of NFS1 and that it helps to release the persufide from NFS1, acting as a Sulfur
delivery agens for ISCU2 (Patraa & Barondeaua, 2019).

In E. coli and Salmonella enterica, deletion of CyaY did not produce any remarkable phenotype (Li
et al. 1999; Pohl et al. 2007; Velayudhan et al. 2014; Roche, Huguenot, et al. 2015) showing that, in
contrast to eukaryotes, frataxin is not essential for Fe-S cluster assembly in these species. This is
due to the difference in IscU sequences. Sequencing of the fast growing Ayfhl (yeast frataxin
homologue) in a S. cerevisiae strain revealed that the cause for frataxin dependency in yeast is a
methionine at position 141 in ISU1 (Yoon et al. 2015). When this Met was mutated to Cys, Ile, Leu,
or Val, yeasts showed improved growth phenotype in the absence of frataxin (Yoon et al. 2012).
Also, a mutation of Ile108 (equivalent of met 141 in S. cerevisiae) to Met in E. coli IscU, made it
CyaA-dependent (Roche, Agrebi, et al. 2015). Remarkably, the only group of prokaryotes where
methionine is conserved at this position are Rickettsiae suggesting that frataxin dependency of
eukaryotes was inherited together with the ISC pathway from a-proteobacteria (Roche, Agrebi, et

al. 2015).

31



5.2.2 Donor of iron in the SUF system
Up to date, there is no direct evidence which would pin-point the donor of Fe for the SUF system.
However, during years of explorations, two possible Fe donor candidates have been pointed out,

SufA and SufD.

SufD was proposed to play a role in iron acquisition since a detailed comparison of EPR spectra of
the isolated SufB,C, and SufBC,D complexes revealed depletion of iron in the SufB.C, sub-
complex (Saini et al. 2010). Some studies showed connection between SufD and iron metabolism
(Nachin et al. 2003; Expert et al. 2008). However, up to date there is no in vitro evidence for SufD

binding to any form of iron.

SufA was suggested as a possible Fe donor protein for the SUF system as it has Fe binding activity
in E. coli and cyanobacteria (Wollenberg et al. 2003; Ding et al. 2004; Lu et al. 2008; Landry et al.
2013). However, all these studies were carried out in vitro. Also, the analysis of the phenotype
under standard growth conditions did not show any strong evidence which would support a role for
IscA/SufA in cellular Fe homeostasis (Seidler et al. 2001; Djaman et al. 2004; Balasubramanian et
al. 2006). Therefore, IscA/SufA may only be carrier proteins which transfer Fe or Fe-S cluster to

target apoproteins.

5.3 Scaffold

Iron and Sulfur are assembled into an Fe-S cluster on a scaffold protein. In ISC and NIF pathways,
the proteins IscU and NifU serve as scaffolds, respectively. In the case of the SUF pathway, the

scaffold is formed by a SufBC,D complex. CSD was proposed to interact with SufBC,D complex

5.3.1 NifU

NifU, the first one discovered, is a modular scaffold containing three distinct domains (Fu et al.
1994; Agar, Yuvaniyama, et al. 2000; Yuvaniyama et al. 2000). A central ferredoxin-like domain
contains a stable 2Fe-2S cluster which cannot be transferred to an apoprotein and was proposed to
play a role in redox processes during cluster assembly. The N-terminal domain of NifU is highly
similar to IscU and forms both 2Fe-2S and 4Fe-4S clusters that can be transferred to apoproteins or
to the C-terminal Fe-S cluster-binding from where it is transferred to an apoprotein (Smith et al.

2005). In vivo studies indicate that the two scaffold domains have somewhat redundant functions
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and that the N-terminal IscU-like domain is the most important for nitrogenase Fe-S cluster

assembly (Dos Santos et al. 2004).

5.3.2 IscU

IscU is similar to NifU and was also shown to form both 2Fe-2S and 4Fe-4S clusters in vitro, which
can be both transferred to apoproteins. Firstly, two 2Fe-2S clusters are assembled on an IscU
homodimer one by one and are thought to be adjacent to one another at the dimer interface. Then,
they undergo rapid coupling to produce a single bridging 4Fe-4S cluster on the IscU homodimerya
(Agar, Krebs, et al. 2000; Chandramouli et al. 2007). The 2Fe-2S clusters and may. The donor of
electrons for this coupling was shown to be ferredoxin (Kim et al. 2013; Yan et al. 2015).
Ferredoxin was also proposed to be the donor of electrons for the reduction of S° to S* (the redox
state of S in the cluster) (Cai, Frederick, Tonelli, et al. 2018). The conversion of 2Fe-2S clusters to a
4Fe-4S cluster is irreversible, however, 4Fe-4S can be reduced to a single 2Fe-2S upon exposition

to oxygen (Chandramouli et al. 2007).

5.3.3 SufBCD

In the SUF pathway, an Fe-S cluster is assembled on a SufBC,D complex. The interface between
the SufD and SufB heterodimer was proposed as the actual place where the Fe-S cluster assembly
occurs (Yuda et al. 2017). SufC is an ATPase and was proposed to change the conformation of the
SufBC,D complex, allowing delivery of S and Fe, and otherwise assisting with assembly of the
cluster (Hirabayashi et al. 2015). As SufC monomers form a transient dimer after binding of ATP,
they change the conformation of the BCD complex and it exposes the cluster assembly site,

otherwise buried inside the complex.

The SufBC,D complex was shown to bind FADH, (Wollers et al. 2010), a molecule proposed to
play a role in the reduction of Fe-S cluster assembly by reducing iron. It was also proposed that
flavin might be the source of electrons for the cleavage of persulfide (Yuda et al. 2017). Other
possible complexes - SufB,C,, SufD,C, have been reported (Wada et al. 2009; Chahal and Outten
2012) these alternative complexes were proposed to represent different stages of the biosynthetic
process of Fe-S cluster assembly which enable the transfer of Sulfur from SufE to SufB, the
recruitment of iron from SufD, and the assembly of clusters on the SufBD interface (Chahal and

Outten 2012). However, their physiological importance is unknown.
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The mechanisms and form of the Fe-S cluster assembled on the SufBC,D complex is still a matter
of discussion. Early in vitro reconstitution studies of the SUF pathway established that SufB of E.
coli assembles a 4Fe-4S cluster which can be changed to a 2Fe-2S cluster when exposed to O,
(Layer et al. 2007; Tsaousis et al. 2012) and 4Fe-4S and 3Fe-4S clusters were also observed on
purified His-SufB after in vivo co-expression with sufCDSE genes (Saini et al. 2010). Later, in vitro
reconstitution of apo-SufB under anaerobic conditions showed that SufB can stabilize a 2Fe-2S
cluster and that it is more stable than the 2Fe-2S cluster on IscU. The 2Fe-2S cluster on SufB could

be converted to a 4Fe-4S cluster under reducing conditions when needed (Blanc et al. 2014).

54 Transport to apoproteins
The last step in Fe-S cluster biosynthesis is the transfer of the assembled cluster onto the target
protein. This step can be done in several ways: 1) direct transfer of the cluster via scaffold, 2)

transfer by chaperones and, 3) transporting the Fe-S cluster by a specialised carrier.

5.4.1 HscA/HscB

In the ISC system, chaperone HscB (in eukaryotes HSC20) and its co-chaperone HscA interact with
IscU enhancing the transfer of the cluster to apoprotein 20 times (Chandramouli and Johnson 2006).
HscA interacts with IscU via a conserved LPPVK motif (Hae Kim et al. 2012). HscB recognizes the
LYR motif in the sequence of some proteins and transfers the Fe-S cluster directly from IscU to the
apoprotein (Maio et al. 2014; Maio and Rouault 2015; Maio et al. 2017). HscB was also shown to
interact with monothiol glutaredoxin GLRX5 which was proposed to be an intermediate Fe-S

cluster carrier (Ye et al. 2010).

5.4.2 A-type carriers

SufA, IscA and ErpA belong to the family of A-type carriers (ATC) (Vinella et al. 2009). All ATCs
contain three conserved cysteine residues Cys50, Cys114 and Cys 116 (E. coli SufA numeration).
These residues are binding sites for the transient cluster. ATC proteins can be phylogenetically
divided into three groups. Proteins belonging to ATC-I family were predicted to connect to apo-

targets, whereas the ATC-II members were proposed to be associated with scaffolds (Vinella et al.
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2009). These were originally proposed to be alternative scaffolds for Fe-S cluster assembly
(Ollagnier-De-Choudens et al. 2001; Ollagnier-de-Choudens et al. 2004), however, this hypothesis
was rejected and they are now considered as carriers or iron donors. The main reasons for this are
following. Firstly, in vitro studies showed that IscA can accept a cluster from IscU (Ollagnier-de
Choudens et al. 2003), but cannot transfer a cluster to IscU, similarly, SufA can receive a cluster
from the SufBC,D complex, but not in opposite direction (Chahal et al. 2009). Secondly, Fe-S

clusters are preferentially assembled on IscU, not on IscA in presence of IscS (Yang et al. 2006).

And thirdly, Fe-S clusters are transferred from SufBC,D or SufB,C, complexes to aconitase via a

SufA intermediate, only if apo-SufA is present (Chahal and Outten 2012). It was also shown that
IscA/SufA are important for the maturation of 4Fe-4S proteins under aerobic conditions (Tan et al.
2009). In E. coli, SufA and IscA have a partially redundant functions, as the deletion of either IscA
or SufA had only a mild effect on the cell growth, while deletion of both IscA and SufA was lethal
for the cells (Lu et al. 2008).

Genes belonging to ATC-III family are spread among various bacterial phyla, which suggest that
they spread by horizontal gene transfer. Also ATC-III group genes are usually surrounded by NIF

genes suggesting that they are involved in the maturation of nitrogenases (Vinella et al. 2009).

5.4.3 Nfu

Other Fe-S carrier proteins are the Nfus. They belong to the U-type family of proteins and contain a
domain which resembles the C-terminal Nfu domain of NifU (Angelini et al. 2008). All proteins
from this family contain highly conserved CXXC motif in the Nfu domain which coordinates the
Fe-S cluster. They can transiently bind an Fe-S cluster and transfer it onto apoproteins in vitro
(Bandyopadhyay, Naik, et al. 2008). NfuA in E. coli has an N-terminal domain structurally similar
to that of the ATC protein, however, the conserved three cysteine motif proposed to bind an Fe-S
cluster in ATCs is missing. It was shown that NfuA can receive Fe-S clusters from IscU/HscB/HscA
or SufBCD scaffolds and eventually transfer them to the ATCs IscA and SufA. Alternatively, it can
transfer a 4Fe-4S cluster directly to apo-aconitase (AcnB) (Py et al. 2012). Recently, it was shown,
that in E. coli NfuA and ErpA can form a carrier complex which is resistant to oxidative stress.
NfuA was shown to accept Fe-S clusters from scaffold proteins and transfer them to ErpA which

delivers them to target proteins (Py et al. 2018).
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5.4.4 GLRX

Monothiol glutaredoxins (Grx) can bind Fe-S clusters (Herrero and De La Torre-Ruiz 2007) and
have been suggested to play a role in Fe homeostasis and Fe-S trafficking. They are capable of
binding 2Fe-2S clusters and transferring them to A-type carriers (Miihlenhoff et al. 2010; Mapolelo,
Zhang, Randeniya, A.-N. Albetel, et al. 2013). The crystal structure showed Grxs function as dimers
containing one 2Fe-2S cluster coordinated Cys ligand from conserved CGFS site of both monomers
(Abdalla et al. 2016). Proteins from Azotobacter vinelandii were demonstrated to preform
unidirectional 2Fe-2S cluster transfer in vitro from the IscU to the general-purpose monothiol CGFS
Grx5 only in the presence of the dedicated HscA/HscB co-chaperone. Additionally, 2Fe-2S cluster-
containing Grx5 was shown to be competent for the maturation of apo-Isc-ferredoxin at a much
faster rate than 2Fe-2S cluster-loaded IscU in the presence of the HscA/HscB co-chaperone system
(Shakamuri et al. 2012). In yeast, cytosolic monothiol Grxs (Grx3/4) interact with Fra2 (yeast BolA
homolog) to form a heterodimeric complex with a bound 2Fe-2S cluster and play important role in
Fe homeostasis (Poor et al. 2014). Also, mitochondrial Grx5 facilitates the transfer of Fe-S clusters
from the mitochondrial Isul (IscU) scaffold protein to the acceptor protein and is believed to serve

as an intermediate Fe-S cluster carrier (Miihlenhoff et al. 2003).

In vivo experiments showed that other monothiol CGFS Grxs from prokaryotes or eukaryotes can
complement S. cerevisiae Grx5 mutants, suggesting that this function is conserved in this class of

proteins throughout evolution (Molina-Navarro et al. 2006; Bandyopadhyay, Gama, et al. 2008).

6 Bacterial systems for Fe-S cluster assembly.

Four distinctive pathways for Fe-S cluster assembly have evolved in prokaryotic organisms,
although physiological role of CDS pathway in not fully understood. Most bacteria contain more

than one pathway. In this chapter, each of them will be discussed briefly.

6.1 NIF pathway

NIF was the first discovered Fe-S cluster assembly pathway. It was originally discovered in A.
vinelandii in 1992 (Zheng et al. 1993) and later was found in all nitrogen-fixing bacteria (Boyd,
Hamilton et al. 2011; Dos Santos et al. 2012). The pathway seems to be dedicated to the synthesis

of the P-cluster and the FeMo-cluster of nitrogenase and cannot replace other pathways in
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maturation of other Fe-S cluster proteins (Dos Santos et al. 2007; Zhao et al. 2007). Its distribution
is limited to nitrogen-fixing bacteria but has been found also in some anaerobic protists, where it

replaced mitochondrial pathways.

The composition of the NIF pathway varies greatly between species, however, six genes (NifH, D,
K, E, N and B) have been found in most (Dos Santos et al. 2012). In A. vinelandii (model organism
for study of nitrogenase) it consists of more than 20 genes, divided into two main operons
(Jacobson et al. 1989; Rodriguez-Quinones et al. 1993). Sixteen of these genes — nifH, D, K, Y, T,
E,N,X,U,S,V,Z, W, M, B, Q are probably essential for the biosynthesis of nitrogenase (Rubio and
Ludden 2008). However, in Fe-S cluster synthesis, only three of them — NifS, NifU and NifB —
are involved (Zhao et al. 2007). NifS belongs to the group I of PLP-dependent cysteine desulfurases
and its crystal structure has shown that it works as a homodimer (Zheng et al. 1993; Zheng et al.
1994). During Fe-S cluster assembly, NifS forms a transient heterotetramer with NifU, and
synthesis is mediated by the activity of NifS (Yuvaniyama et al. 2000; Smith et al. 2005). NifU acts

as a scaffold protein and its N-terminal domain is structurally similar to that of IscU. In contrast to
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Fig. 3: Proposed Fe-S cluster assembly on NifU

First, sulfur is released from L-cysteine by NifS and transferred to NifU where Fe-S cluster is
assembled. Source of iron is unknown. Then two 2Fe-2S clusters are assembled on N-terminal
domain of the NifU. In the next step, two 2Fe-2S clusters are fused together to form a 4Fe-4S
cluster which is then transferred to the C-terminal (Nfu) domain from where it is transferred to
recipient proteins. In vitro experiments showed that two 4Fe-4S clusters per dimer of NifU can be
formed (Smith et al., 2005). The middle domain of NifU contains permanently bound 2Fe-2S
cluster for which exact role is unknown. However, it was proposed to have redox function in 4Fe-
4S cluster synthesis. Based on Smith et al. (2005)

IscU, it displays three Fe-S cluster binding domains. The N- and C-terminal domains contain
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transient Fe-S clusters which will be further delivered to target apoproteins, the middle domain
contains a permanent 2Fe-2S cluster (Fu et al. 1994), that has been proposed to have a redox
function (Olson et al. 2000). NifU is also able to form two 2Fe-2S clusters which are later fused
into one 4Fe-4S cluster (Fig. 3). The assembled 4Fe-4S cluster is transferred to NifB (Curatti et al.
2006), a radical SAM enzyme containing three 4Fe-4S clusters, one coordinated by a conserved
RSS cysteine motif that has catalytic function, and two other clusters that probably serve as

precursors for synthesis of the NifB-cofactor (8Fe-9S-C cluster) (Wilcoxen et al. 2016).

6.2 ISC pathway

The core of the ISC pathway consists of five proteins — IscS, IscU, ferredoxin (Fdx) and two
chaperones HscA and HscB. IscS is a PLP-dependent, group I cysteine desulfurase which acts as
homodimer (Mihara and Esaki 2003). IscU is a scaffold protein on which the assembly of Fe-S

cluster takes place.

Crystal structures of the E. coli apo-IscU-IscS complex have shown that it forms heterotetramer
consisting of an IscS dimer and two IscU monomers, with each subunit of IscU interacting with one
subunit of the IscS dimer (Shi et al. 2010; Marinoni et al. 2012). Both subunits of IscU bind to IscS
close to the catalytic centre of IscS, but they are not in direct contact. During cysteine desulfurase
activity, IscS flexible loop-containing cysteine is believed to move towards IscU and transfer

persulfide onto IscU.

IscU was shown to assemble two 2Fe-2S clusters which later undergo fusion into a 4Fe-4S cluster
in vitro (Chandramouli et al. 2007). It was shown to interact directly with apoproteins and transfer
2Fe-2S or 4Fe-4S clusters to them (Agar, Krebs, et al. 2000; Chandramouli et al. 2007; Unciuleac et
al. 2007). For some apoproteins, the transfer of the Fe-S cluster is mediated by chaperones HscA
and HscB. HscA is an Hsp70 (DnaK) family member with ATPase activity, meanwhile HscB is a
member of the Hsc20 (DnalJ) family (Vickery and Cupp-Vickery 2007). HscA interacts with IscU
through a conserved LPPVK motif (Cupp-Vickery, Peterson, et al. 2004; Tapley and Vickery 2004;
Li et al. 2009) and the Fe-S cluster is released from IscU in an ATP-dependent manner (Bonomi et
al. 2008). HscB also shows weak interaction with IscS (Puglisi et al. 2016). HscB was proposed to
play the role of a scaffold, facilitating the binding of the substrate and regulating ATPpase activity
of HscA (Cupp-Vickery and Vickery 2000). HscB/HscA chaperones can enhance the transfer of the

cluster from IscU to apoprotein up to 20 times (Chandramouli and Johnson 2006). It was proposed
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that the chaperone complex stabilizes IscU and allows transfer of the Fe-S cluster to apoproteins

(Bonomi et al. 2011).

Ferredoxin (Fdx) is a 12-kDa protein which contains a stable 2Fe-2S cluster (Kakuta et al. 2001).
Fdx is essential for Fe-S cluster assembly and its deletion has similar effect as the deletion of IscS
or IscU (Tokumoto and Takahashi 2001). In Fe-S cluster assembly it acts as a donor of electrons for
coupling 2Fe-2S clusters into 4Fe-4S cluster on IscU (Chandramouli et al. 2007; Kim et al. 2013;
Yan et al. 2015). It has been speculated that Fdx could also perform the persulfide reduction step
(S°-S) on IscS during the initial stages of Fe-S cluster assembly (Lange, Kaut, Kispal, & Lill,
2000).

IscA is a small protein (12-kDa) member of the A-type protein family (Vinella et al. 2009). Crystal
structures of IscA have shown that it can exist as a dimer or tetramer and that it contains three
cysteines that form a cysteine-binding pocket. This pocket can bind either a mononuclear iron atom
or an Fe-S cluster (Bilder et al. 2004; Cupp-Vickery, Silberg, et al. 2004). It was shown that IscA
can bind a 2Fe-2S and a 4Fe-4S cluster under anaerobic conditions, both in vitro (Krebs et al. 2001;
Ollagnier-De-Choudens et al. 2001) and in vivo (Morimoto et al. 2006; Zeng et al. 2007). Under
aerobic conditions, IscA is also capable of binding Fe (Ding and Clark 2004; Wang et al. 2010;
Mapolelo et al. 2012).

IscX (YfhJ) is a small acidic protein encoded by the last gene in the ISC operon of E. coli
(Tokumoto and Takahashi 2001). IscX is highly conserved and is present only in prokaryotes and
Apicomplexa (Pastore et al., 2006). In vitro studies have shown that it can bind Fe although with
weaker affinity than CyaY (Pastore et al. 2006) and that it forms a complex with IscS. Based on this
results it was proposed that it may play a role of Fe donor or regulatory protein (Pastore et al. 2006).
Recently, experiments combining nuclear magnetic resonance with small angle scattering and
biochemical methods, showed that IscX competes with CyaY for the binding site on IscS, and
modulates the inhibitory effects of CyaY, in this case rescuing the rates of enzymatic cluster
formation inhibited by CyaY. The modulatory effect of IscX is stronger at low iron concentrations.
These results strongly suggest a mechanism of dual regulation of iron Sulfur cluster assembly under

the control of iron as an effector (Pastore et al. 2006; Kim et al. 2014).

CyaY (bacterial frataxin) also plays an important role as regulatory protein, which inhibits Fe-S

cluster assembly on the ISC pathway (Adinolfi et al. 2018) as it was discussed in previous chapters.
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6.3 SUF pathway

The SUF pathway is considered to be oldest of all the Fe-S cluster assembly pathways. It is present
in all three kingdoms of life and is widely distributed among Bacteria and Archaea (Takahashi and
Tokumoto 2002; Boyd et al. 2014). For some organisms, it is the only system for Fe-S cluster
assembly, while other organisms possess more than one pathway. In E. coli, the SUF pathway is
upregulated under conditions of oxidative stress and Fe limitations (Nachin et al. 2003; Outten et al.

2004).

SufS is PLP-dependent cysteine desulfurase belonging to the group II. Its basal activity is very low
when compared to group I cysteine desulfurases, but increases greatly in the presence of SufE or
SufU (Loiseau et al., 2003; Outten et al., 2003; Selbach et al., 2014). SufS mobilizes Sulfur from L-
cysteine and the released Sulfur is bound in form of persulfide to Cys364 (E. coli numeration) from
which it is transferred to SufE Cys51 residue (Ollagnier-de-Choudens, Lascoux et al. 2003). This
transfer takes place via a ping-pong mechanism and under oxidative conditions it is more effective
and robust than IscS - IscU transfer (Dai and Outten 2012; Selbach et al. 2013). There are three
published crystal structures of SufS up to date (Fujii et al. 2000; Tirupati et al. 2004b; Blauenburg et
al. 2016). They show that the catalytic cysteine Cys364 is localised on the extended loop, but this

loop has an 11-residue deletion when compared with that of IscS leading to its restricted flexibility.

SufE is an enhancer (activator) of SufS activity, which forms with the SufS dimer a complex with
S;E, stoichiometry (Loiseau et al. 2003; Outten et al. 2003). It was shown to transfer Sulfur from
SufS to SufB. Cys51 was identified as critical residue for this reaction. Study of structural dynamics
of the SufS-SufE complex revealed, that SufS changes structure slightly after interaction with SufE
at its catalytic centre. This structural change enhances cysteine desulfurase activity. Structural
studies of SufE from E. coli showed that the active Cys51, is localised on the tip of the loop and its
side chain is deep in the hydrophobic cavity where it is protected from solvents (Goldsmith-
Fischman et al. 2004). For the transfer of persulfide, Cys51 of SufE must come into close proximity
to the active Cys364 of SufS. To achieve this, SufE undergoes a structural change which allows
flexibility of its Cys51 loop. It was shown that Asp74 is the key player for keeping the loop inside
of SufE structure. Mutation of SufE Asp74 to Arg increased accessibility of Cys51 to the solvent
and enhanced flexibility of the active site loop eventually leading to enhanced cysteine desulfurase

activity of SufS (Dai et al. 2015).
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SufU is similar to IscU on the sequence level, however, it acts as enhancer/activator of SufS
analogically to SufE and not as scaffold (Albrecht et al. 2010; Selbach et al. 2014). SufU is present
in various bacteria including Bacilli, Actinobacteria, Spirochaetes and Thermotogae (Tokumoto et
al. 2004; Huet et al. 2005; Boyd et al. 2014; Wayne Outten 2015). Interestingly, phylogenetic
studies showed that SufU and SufE do not occur together, hence most organisms encode only SufU
or SufE in the suf operon, yet many organisms encode SufE separately, outside of the suf operon.
Although SufU and SufE are not similar at the sequence level, they share similar tertiary structure.
SufU was shown to be essential in B. subtilis. The three conserved cysteine residues of B. subtilis
SufU (Cys41, Cys66, Cys128) together with Asp43 constitute the binding site for Zn, which is
essential for the interaction with SufS (Albrecht et al. 2010; Selbach et al. 2010). Swapping of the
Zn ligand between SufU and SufS frees Cys41 of SufU and allows the transfer of persulfide from
Cys364 of SufS (Selbach et al. 2014; Fujishiro et al. 2017). Recently, it was shown that SufS and
SufU from B. subtilis can functionally replace SufS and SufE in E. coli and vice versa, but SufU or

SufE alone were not capable replacing each other (Fujishiro et al. 2017).

SufB serves as scaffold protein, however, the type of cluster which it assembles remains uncertain.
In vitro reconstitutions showed the production of 2Fe-2S and 4Fe-4S clusters (Layer et al. 2007;
Blanc et al. 2014). It was also proved that SufB is capable of transferring both 2Fe-2S and 4Fe-4S
to acceptor proteins in vitro (Chahal et al. 2009; Wollers et al. 2010; Chahal and Outten 2012). In
vivo, however, only 4Fe-4S and 3Fe-4S clusters have been identified to be present on SufB (Saini et
al. 2010). Up to the date, there is no crystal structure of SufB alone, with the only published being
the one from the SufBC,D complex (PDB: 5AWF) (Hirabayashi et al. 2015; Yuda et al. 2017). The
N-terminal part of SufB contains a conserved cysteine motif CxxCxxxC which was proposed to
bind an Fe-S cluster (Layer et al. 2007). However, recent studies showed that this is not exactly
accurate (Yuda et al. 2017). The same study showed that Fe-S ligands are most probably Cys405,
Glu434, His433 and Glu432 residues (Yuda et al. 2017). SufB also contains FAD binding motifs
and the SufBC;D complex was shown to contain FADH, after isolation in native conditions
(Wollers et al. 2010). The exact role of FADH, in the SufBC,D complex and Fe-S cluster assembly
is unknown. SufB interacts with the SufSE complex and acquires S from SufS via SufE, yet this
interaction can only take place if SufC is present (Fig. 4). Cysteines at positions 254 and 405 of
SufB from E. coli were identified as probable acceptors of S from SufE, with Cys254 being critical

for the occurrence of this interaction (Yuda et al. 2017).
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SufC is a member of the ABC ATPase superfamily and contains all the characteristic motifs (Nachin
et al. 2001; Nachin et al. 2003; Kitaoka et al. 2006). The basal activity of SufC is relatively low but
it increases significantly when it is in complex with SufB or SufD (Petrovic et al. 2008). The
ATPase activity of SufC is not essential for Fe-S cluster assembly in vitro, however in vivo,
mutations in the ATP binding site disrupted the activity of the SUF pathway (Nachin et al. 2003;
Saini et al. 2010). The crystal structure of the SufBC,D complex has shown that SufC forms a head-
to-tail dimer. After binding of ATP, SufC changes the structure of the SufBC,D complex, leading to
the exposure of Cys405 of SufB and His360 of SufD, which are normally buried inside of the
complex (Hirabayashi et al. 2015). It was also shown that mutations in the Walker A motif of SufC
reduced eightfold the Fe content on the isolated SufBC,D complex, strongly suggesting that the

ATPase activity of SufC is necessary for Fe acquisition (Saini et al. 2010).

SufD is a paralog of SufB and the E. coli proteins have 17% identity and 37% similarity. Sequence
homology suggests that this protein originated as a duplicate of SufB. This is in accordance with
phylogenetic analyses, where the earliest forms of the SUF pathway consist of SufB and SufC only
(Takahashi and Tokumoto 2002). SufD from E. coli has a sequence with no known predicted motifs
and after purification it does not contain any cofactors nor prosthetic groups, and after incubation
with an excess of iron and Sulfur, it does not harbour any Fe-S cluster. Although SufD was
proposed to be involved in acquisition of iron (Nachin et al. 2003; Expert et al. 2008), there is no

direct evidence that SufD binds iron in any form.

SufA belongs to the A-type family of Fe-S cluster carriers (Yokoyama et al. 2018) and it can bind
2Fe-2S and 4Fe-4S clusters after in vitro reconstitution (Ollagnier-de-Choudens et al. 2004;
Ollagnier-de-Choudens, Nachin et al., 2003). In vivo, it contains a 2Fe-2S cluster under anaerobic
conditions. SufA contains three strictly conserved cysteine residues Cys50, Cys114 and Cys116 (E.
coli SufA numbering) which are present in almost all ATCs and were proposed to bind an Fe-S
cluster (Ollagnier-de-Choudens, Nachin et al. 2003; Ollagnier-de-Choudens et al. 2004). SufA is
important for the maturation of 4Fe-4S proteins under physiological conditions (Vinella et al.
2009) and was demonstrated to transfer an Fe-S cluster to apoproteins such as aconitase (4Fe-4S

enzymes) or Fdx (2Fe-2S protein) (Tan et al. 2009).
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6.4 The CSD system (Cysteine sulfinate desulfinase)

CSD pathway is the third system for Fe-S cluster assembly in E. coli. It composes of cysteine
sulfinate desulfinase encoded by CsdA and its enhancer (activator) CsdE (Loiseau et al. 2005).
CsdA is group II cystein desulfurase, but in contrast to SufS, CsdA is not specific to L-cysteine and
is capable of releasing of Sulfur and selenium from L-cysteine sulfinate, L-cysteine and L-

selenocysteine respectively (Mihara et al. 2000). Interaction of CsdE with CsdA enhances cysteine

L-Ala

Fig. 4: Proposed mechanism of Fe-S cluster assembly on SufBC,D complex

The figure shows the proposed mechanism of Fe-S cluster assembly in E. coli, therefore SufE, and
is depicted although the mechanism for SufU should be the same. Fe-S cluster assembly by SUF
pathway is initiated by the ATPase activity of SufC. Upon hydrolysis of ATP, SufC dimerises and
significantly changes the structure of SufBC,D complex, this change exposes Cys405 of SufB and
His360 of SufD to surface. This complex can interact with SufSE complex. Then cysteine
desulfurase activity of SufS generates persulfide, which is transferred via Cys51 of SufE, to SufB
and Fe-S cluster is synthesised on SufB-SufD interface. Source of iron and electrons is unknown
although FADH, was proposed to be the source of electrons. In next step SufSE dissociates from
complex and cluster is transferred to SufA which can maturate 4Fe-4S proteins. After that SufBC,D
complex is regenerated. Based on Hirabayashi et. al. (2015).
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desulfurase activity two folds and results in persulfide bound to Cys61 of CsdE (Loiseau et al.
2005; Trotter et al. 2009). Multicopy expression of CsdA restored activity of all Fe-S enzymes
tested in an iscS sufS double mutant (Trotter et al. 2009).

CsdA shares 45% identity to SufS and CsdE has 35% identity to SufE. Which suggest that CsdAE
and SufSE complexes are closely related to each other. Furthermore crystal structure of CsdAE
complex revealed similarity SufSE complex (Kim and Park 2013; Fernandez et al. 2016). Crystal
structures of SufE (Goldsmith-Fischman et al. 2004) and CsdE (Liu et al. 2009; Kenne et al.
2016) showed structural similarity between these two enzymes. Structures of free SufE and CsdE
have reactive thiol group is in hydrophobic cavity, where it is protected from exposition to solvent.
During transfer of Sulfur, CsdE undergoes major transformation to allow connection of catalytic
thiol group with CsdA (Kim and Park 2013). This is similar to mechanism of SufSE persulfide

transfer.

In E. coli CsdAE complex has been proposed to interact with SufBCD complex and to act as Fe-S
cluster assembly pathway (Trotter et al. 2009). This is in concord with interactome study, which
showed that CsdE interacts with some Fe-S cluster proteins (Bolstad et al. 2010). However, exact
conditions in which CsdAE-SufBCD complex serves as Fe-S cluster assembly pathway are yet to be

elucitated.

CsdAE also forms transient interactions with CsdL and transfer Sulfur to it (Trotter et al. 2009;
Loépez-Estepa et al. 2015). CsdL is El-like (or ubiquitin-activating-like) protein which is also

known as TcdA (tRNA threonylcarbamoyladenosine dehydratase A) and is responsible for N6-
threonylcarbamoyladenosine (ct’A) synthesis (tRNA modification which has a crucial role in
maintaining accuracy of translation during protein synthesis). In E. coli, ct’A synthesis in vivo is

dependent on the presence of a functional CsdA-CsdE system. However, ct®A is non-thiolated
modification and its synthesis can be reconstituted in vitro with just CsdL. and ATP (Miyauchi et al.
2013).

7  Fe-S cluster assembly in eukaryotes

Eukaryotes typically contain an ISC pathway for Fe-S cluster assembly in mitochondrion and a

cytosolic CIA pathway, involved in the maturation of cytosolic and nuclear Fe-S cluster proteins.

44



Plastid-containing eukaryotes furthermore contain a SUF pathway localised inside plastids.

However, there are also exceptions to this general rule.

7.1 Mitochondrial ISC pathway

The mitochondrion synthesises Fe-S clusters via the ISC pathway. This pathway was most likely
inherited from o-proteobacteria (Richards and Van Der Giezen 2006). It reflects its bacterial origin,
and the mechanisms and protein functions are generally like those described in bacteria. However,
in contrast to bacteria, where the core ISC pathway contains five proteins, in S. cerevisiae and
Homo sapiens the ISC pathway consists of 18 proteins. The mitochondrial pathway also produces
uncharacterised sulfur or iron-sulfur intermediate (X-S) which is transported via the Atm1 (ABCB?7)
transporter to the cytosol, where it is utilised by the CIA pathway (Kispal et al. 1999; Pandey et al.
2019).

The mitochondrial Fe-S cluster assembly can be divided into three phases: i) a 2Fe-2S cluster is
formed on ISCU?, ii) it is transported in a HSP70 mediated fashion to GLRXS5 and in some cases to
target apoproteins, and iii) finally but not always it is converted to 4Fe-4S cluster and delivered to
target apoproteins (Fig. 5). For description of ISC mechanism human (mammalian) nomenclature

will be used if not stated otherwise.

The 2Fe-2S cluster assembly is catalysed by seven proteins, six of them forming a complex (also
called core ISC complex) which consists of cysteine desulfurase (NFS1), the scaffold (ISCU2), acyl
carrier protein (ACP1), ISD11, ferredoxin (FDX2) and frataxin (FXN). For overview of 2Fe-2S
cluster assembly by ISC pathway see Fig. 6.

NFS1 is a PLP-dependent group I cysteine desulfurase which works as a dimer (Mihara et al. 2000),
determining the overall symmetric shape of the core ISC complex (Boniecki et al. 2017; Cai,
Frederick, Dashti, et al. 2018; Fox et al. 2019). The dimer is stabilised by interaction with two
ISD11 proteins, small acidic proteins exclusive of eukaryotes (Richards and Van Der Giezen 2006).
Each ISD11 binds one ACP1 (acyl carrier protein), shown to have a regulatory function on NFS1
activity (Van Vranken et al. 2016). The catalytic Cys residue of NFS1 is localised on a flexible loop
with similar structure and function as the flexible loop of the bacterial IscS (Fujishiro et al. 2017;
Blahut et al. 2019). The persulfide is transferred from NFS1 to a Cys138 on the scaffold protein
ISCU2 which is analogous to bacterial IscU (Fujishiro et al. 2017; Blahut et al. 2019). Crystal
structures revealed that ISCU2 binds near the flexible loop of NFS1 together with FXN (Boniecki et
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al., 2017; Fox et al., 2019). The in vitro reconstitution of purified ISC components produced a
homodimer of ISCU2 with one 2Fe-2S cluster bridging two ISCU2 monomers (Webert et al., 2014).
However, it is unknown how relevant this product is in vivo. The exact mechanism of how holo-
ISCU2 is produced remains unknown. A recent study showed that the binding of Fe** to ISCU2 is

essential for the transfer of sulfur (Gervason et al. 2019), yet the source of iron for ISC remains
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Fig. 5: Overview of mitochondrial ISC pathway.

Mitochondrial Fe-S cluster assembly can be divided into three steps. In the first step, the 2Fe-2S
cluster is assembled on core the ISC complex. Firstly sulfur is released from L-cysteine by NFS1
and transferred to ISCU. In the second step, is the nascent 2Fe-2S cluster transferred from ISCU2
dimer to recipient protein. Or unknown sulfur-containing compound is transferred by ABCB?7 to the
cytosol. There are two proposed models for this step — the first model does not involve GLRXS5 and
2Fe-2S cluster is transferred from ISCU2 dimer directly (without GLRXS5) to target LYR motif-
containing apoprotein. This is mediated by HSC20/HSPA9 complex which was proposed release
ISCU2 from ISC core complex and HSC20 serves as guide molecule which recognizes and binds
LYR motif on target recipient proteins, or can be by HSC20 mediated transfer transferred to specific
carriers which will then transfer clusters to specific target apoproteins. The second model involves
HSC20/HSPAS mediated transfer of cluster from ISCU2 to GLRX5 dimer from where it is further
distributed. Mitochondrial 2Fe-2S proteins will receive cluster probably directly from GLRXS5. The
third step involves the synthesis of a 4Fe-4S cluster by specialised ISCA1-ISCA2-IBA57 complex
and its delivery to target recipient proteins. Insertion of 4Fe-4S to some proteins like aconitase does
not need any additional proteins (in mammals, yeast most likely needs NFU1). However,
maturation of some proteins needs specialised targeting machinery, like Complex I which for which
IND1-NFU1 complex is necessary. Alternatively, 4Fe-4S cluster can be assembled on NFU1 by a
combination of two 2Fe-2S clusters received from GLRX5-BOLA3 complex. Based on Braymer
and Lill (2017) and Maio et al. (2014).
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unknown. Furthermore, it was shown that the apo-form of ISCU2 does not have high Fe binding

affinity.

The transfer of persulfide from NFS1 to ISCU?2 is enhanced in the presence of FXN. In the light of
this, FXN was proposed to work as an allosteric regulator of the persulfide transfer process (Tsai
and Barondeau 2010; Fox et al. 2015; Gervason et al. 2019). FXN was also considered to be donor
of iron for the ISC pathway thanks to its ability to bind Fe (Gerber et al. 2003; Yoon and Cowan
2003; Stemmler et al. 2010; Gentry et al. 2013; Cai, Frederick, Tonelli, et al. 2018). However, this

L-Ala
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Fig. 6: Proposed mechanism of 2Fe-2S cluster assembly by ISC pathway

Proposed model for 2Fe-2S cluster assembly on core ISC complex. For better comprehensibility,
only half of the complex is shown. In the first step, NFS1 converts cysteine to alanine and generates
persulfide on its active site cysteine. Then persulfide is transferred to the flexible loop cysteine with
the assistance of Frataxin (FXN). Upon binding of Fe to ISCU2, the NFS1 bound persulfide sulphur
is transferred to one of the conserved cysteine residues of the ISCU2. Role of FXN in this reaction
is not fully understood. However, it was proposed to facilitate the transfer of persulfide or provide
Fe to ISU2. Reduced ferredoxin (FDX2) is the donor of electrons for reduction of persulfide to
sulfide (S*) which is needed for Fe-S cluster assembly reaction. The exact mechanism of the 2Fe-
2S cluster remains a mystery. After the donation of electron oxidized FDX2 dissociates from
complex and is recycled to reduced form by ferredoxin oxidoreductase (FDXR). Dimer of ISCU2
with one bridging 2Fe-2S cluster is likely the final product of reaction as it shown to be the product
of in vitro reconstitution. Based on Blanc et al. (2015).
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function of FXN has been recently questioned as the N-terminal a-helix responsible for Fe** binding
is not in the vicinity of the Fe-S assembly site in the cryo-EM structure of the core ISC complex
(Fox et al. 2019). Ferredoxin is the donor of electrons for reduction of S° to S*. This is supported by
fact that the 2Fe-2S cluster of FDX2 is close to the cluster synthesis site in the core ISC complex
(Boniecki et al. 2017). FDX2 has higher affinity for ISCU2 when it is in reduced rather than in
oxidized form, a possible explanation for the fast cycling of FDX2 between the core ISC and FAD-

dependent ferredoxin reductase (Webert et al. 2014).

In the second phase, the newly synthesized cluster is released from ISCU2 by a dedicated Hsp70
chaperone system which consists of HSPA9 and HSC20 and transferred to the monothiol
glutaredoxin 5 (GRX5) (Uzarska et al. 2013; Dutkiewicz and Nowak 2018) or directly to target apo-
protein without involvement of GLRX5 (Maio et al. 2014). In both cases, HSPA9 binds to ISCU2
by a conserved LPPVK motif in ISCU2 and changes its conformation to loosen the binding of 2Fe-
2S cluster and facilitate its transfer. However, the LPPVK motif overlaps with the binding site for
FXN (Manicki et al. 2014; Boniecki et al. 2017; Fox et al. 2019) suggesting that ISCU2 must

dissociate from the core ISC complex to interact with HSC20/HSPA9 complex.

In the model, which does not involve GLRX5, HSC20 was shown to bind to the LYR motif of
SDHB -succinate dehydrogenase B (Fe-S cluster containing subunit of complex IT) and to LYRM7
(LYR motif containing protein 7) also known as Complex III assembly factor. Similar results were
also shown for respiratory complexes I and III (Maio et al. 2014; Maio and Rouault 2015; Maio and
Rouault 2016; Maio et al. 2017). It was proposed that GLRX5 may act as alternative scaffold to
deliver Fe-S cluster to apoprotein (Maio et al. 2014). Based on these results, it was proposed that
the LYR motif may be a general motif used by HSC20 to recognize target Fe-S proteins, because
also some other LYRM proteins were shown to contain Fe-S clusters (Angerer 2013; Rouault 2019).
However, this model is critically reviewed by some authors as LYR motif tends to be buried deep
inside of natively folded protein and therefore not accessible by HSC20. Also, in recent interactome

study no interaction between HSC20 and SDHB or ACD1 was observed (Dibley et al. 2020).

The second model (studied predominantly in yeast) involves GLRX5 which belongs to the family of
Fe-S clusters binding monothiol glutaredoxins (Herrero and De La Torre-Ruiz 2007;
Bandyopadhyay, Gama, et al. 2008). GLRX5 binds to HSPA9/HSC20/ISCU2 complex in ATP
dependent manner and Fe-S cluster is transferred to GLRX5 dimer (Banci et al. 2014; Ciofi-Baffoni
et al. 2018). On the GLRXS5 dimer, Fe-S cluster is bound by a conserved Cys residue (Cys 67) and a
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Cys of non-covalently bound glutathione (Johansson et al. 2011). After acquisition of 2Fe-2S cluster

GLRXS5 transfers it to recipient proteins.

The third phase involves the conversion of the GRX5-bound 2Fe-2S cluster to a 4Fe-4S cluster and
its transfer to the recipient proteins, such as respiratory complexes I and II. This step is catalysed by
the set of specialised ISC proteins — Iscal, Isca2 and Iba57— for 4Fe-4S cluster synthesis, and
Nful, Boll, Bol3 and Ind1 for 4Fe-4S cluster delivery and insertion. ISCA1 and ISCA2, along with
IBA57, form the ISA complex that has been proposed to act as a scaffold for the assembly of 4Fe-
4S clusters from 2Fe-2S clusters and the delivery of the nascent 4Fe-4S cluster into a range of

mitochondrial proteins (Miihlenhoff et al. 2011; Sheftel et al. 2012b).

ISCA1 and ISCA2 can physically interact with GLRXS5 and their interaction leads to the transfer of
2Fe-2S cluster from GLRX5 to ISCA1 and ISCA2 (Kim et al. 2010; Mapolelo et al. 2013). In vitro
studies in anaerobic conditions confirmed that GLRX5 can transfer a 2Fe-2S cluster to the ISCA
protein, however, the formation of 4Fe-4S clusters was observed only on the ISCA1-ISCA2
heterodimer and not on individual proteins (Brancaccio et al. 2014). Alternatively, homodimeric
ISCA2 can form a single 4Fe-4S cluster from 2Fe-2S clusters donated by GLRX5 (Brancaccio et al.
2017).

The crystal structure of IBA57 revealed that it forms a complex with ISCA2 but not with ISCA1,
and that the IBA57-ISCA2 complex binds one 2Fe-2S cluster on its interface (Gourdoupis et al.
2018; Nasta et al. 2019). The holo IBA57-ISCA2 complex can maturate cytosolic apo-aconitase in
vitro when DTT is present. However, ISCA1-ISCA2 complex was also shown to maturate apo-
aconitase without the presence of IBA57 (Beilschmidt et al. 2017). The IBA57-ISCA2
heterocomplex is involved in formation or repairing 4Fe-4S clusters under aerobic conditions and
transfer 2Fe-2S clusters to mitochondrial recipient proteins. It has been proposed that there may be
two distinct ISCA1-ISCA2 and IBA57-ISCA2 pathways which work under specific conditions
(Nasta et al. 2019).

NFU1 works as a homodimer which coordinates a 4Fe-4S cluster and functions in mitochondria,
cytosol and plastids (Léon et al. 2003; Tong et al. 2003; Gao et al. 2013; Wachnowsky et al. 2016).
Originally it was considered as an alternative scaffold protein for the ISC pathway (Tong et al.
2003) but later it was characterised as the late acting carrier required for the maturation of specific
4Fe-48S clusters proteins (Cameron et al. 2011; Navarro-Sastre et al. 2011) and was shown to deliver

a 4Fe-4S cluster directly to apo-aconitase in vitro (Cai et al. 2016). NFU1 has a high target
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specificity and is responsible for the maturation of lipoyl synthase and complex I and II of the
mitochondrial respiratory chain (Cameron et al. 2011; Navarro-Sastre et al. 2011). Recently, it was
also described that NFU1 can interact with 2Fe-2S carrying GLRX5-BOLA3 complex and form
4Fe-4S cluster (Nasta et al. 2020) representing alternative to ISCA1-ISCA2-IBA57 complex

described from yeast.

IND1 is a p-loop ATPase responsible for the highly specific maturation of respiratory complex I
(Bych, Kerscher, et al. 2008; Sheftel et al. 2009). Thanks to its high specificity, IND1 is conserved
only in organisms which have complex I (Bych, Kerscher, et al. 2008). IND1 is a functional paralog
of the cytosolic CFD1 and NBP35 scaffolds, harbouring a C-terminal domain containing a

conserved CXXC motif which transiently binds an Fe-S cluster (Netz et al. 2007).

Involvement of the proteins from BOLA family in the ISC pathway was discovered relatively
recently (Melber et al. 2016; Uzarska et al. 2016) in human and yeast. Three homologs of these
proteins display different subcellular localisation. BOLA1 and BOLA3 are localised in
mitochondrion whereas BOLA2 is present in the cytosol. BOLA1 and BOLA3 were shown to
physically interact in vitro with human NFU1 and GLRX5 (Nasta et al. 2017; Gourdoupis et al.
2018), forming a heterodimer with GLRXS5 that contains a 2Fe-2S cluster. Mutants of BOLA1 and
BOLA3 showed mild respiratory defect caused by the lower activity of LIAS (lipoyl synthase), all
of which require 4Fe-4S clusters (Melber et al. 2016; Uzarska et al. 2016; Nasta et al. 2017). The

exact function of BOLA proteins is not yet fully understood.

7.2 CIA

The CIA pathway is an eukaryotic novelty present in all studied eukaryotes, with two exceptions of
Nbp35 and Cia2B which actually have prokaryotic homologs (Boyd et al. 2009; Tsaousis et al.
2014). The cytosolic Fe-S cluster pathway is dependent on the mitochondrial ISC pathway (Kispal
et al. 1999), which exports an unknown sulfur or iron-sulfur compound (X-S) (Biederbick et al.
2006; Pandey et al. 2019). This compound is transported by the ABC transporter Atm1 localised in
the inner mitochondrial membrane (Biederbick et al. 2006; Pondarré et al. 2006). Transfer of this
compound is assisted by glutathione (GSH) (Sipos et al. 2002) and Erv1 (Lange et al. 2001; Allen et
al. 2005; Mesecke et al. 2005; Banci et al. 2012). In vitro experiments provided evidence that a 2Fe-
2S cluster can be coordinated by the cysteine residue of GSH and the resulting 2Fe-2S (GSH),4

complex can be transported via Atm1 to the cytosol (Li and Cowan 2015). A recent study with *S
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and *Fe labelling showed that the yeast mitochondrion exports two different intermediates named
by authors (Fe-S)i and (S)in. (Fe-S)i is used for cytosolic Fe-S cluster assembly whereas (S)in is
used for thiolation of tRNAs (Pandey et al. 2019).

The number of proteins involved in the CIA pathway differ significantly from 11 proteins (Paul and
Lill 2015) in humans down to four in Giardia intestinalis (Pyrih et al. 2016). The CIA pathway may
be divided into two steps - early acting, which assembles a 4Fe-4S cluster, and late acting involved

in delivering cluster to recipient proteins in the cytosol and nucleus (Fig. 7).

In yeast and humans, the 4Fe-4S cluster is assembled on a Cfd1-Nbp35 heterodimer scaffold. Cfd1
and Nbp35 are P-loop NTPases which share significant similarity (Hausmann et al. 2005; Netz et al.
2007). The Nbp35-Cfd1 complex works as a heterotetramer and coordinates four 4Fe-4S clusters.
Clusters in complex can be divided into two groups — labile 4Fe-4S clusters (or bridging clusters)
which are bound on the C-terminus of the Cfd1-Nbp35 heterodimer interface and coordinated by

conserved CXXC motifs, and stable 4Fe-4S clusters permanently bound on the conserved

ferredoxin-like CX,,CX,CX.C motif on the N-terminus of Nbp35. A stable 4Fe-4S cluster is

Electron transport Cluster Assembly Cluster transfer

Nuclear Fe-S
proteins

Cytosolic Fe-S
proteins

Core ISC assembly
pathway

)

Fig. 7: Scheme of CIA pathway

The maturation of cytosolic and nuclear Fe-S proteins depends on the core ISC pathway providing
sulphur compound X-S. Transporter Atm1 exports X-S into the cytosol in a glutathione-dependent
way. CIA pathway then uses X-S for 4Fe-4S cluster synthesis on Cfd1-Nbp35 scaffold complex.
Electrons necessary for the reaction are provided by electron transport chain consisting of flavin-
oxidoreductase Tah18 and Dre2. After assembly, Cfd1-Nbp35 bound 4Fe-4S cluster is released
from complex and transferred with help of Nar1 to specific targeting complexes consisting of
various combination of Cial, Cia2B, Cia2A and MMS19. Composition of targeting complexes
varies for different recipient proteins. Based on Paul and Lill (2015)
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essential for the function of Cfd1-Nbp35 complex (Hausmann et al. 2005; Netz et al. 2007; Netz,
Pierik et al. 2012). The bridging Fe-S cluster binding is labile facilitating the rapid transfer to
apoproteins. Both, Nbp35 and Cfd1 possess an ATPase domain essential but with a not yet fully
understood role (Hausmann et al. 2005; Netz et al. 2007). It was shown that the Cdf1 homodimer
has no measurable activity, although all domains required for NTPase activity are well conserved.
The Nbp35 homodimer and Cfd1-Nbp35 heterodimer both possess ATPase activity, yet the K, of
Cdf1-Nbp35 is 10 times higher than that of Nbp35 homodimer (Camire et al. 2015). Although Cfd1
has no ATPase activity it still binds ATP with a high affinity comparable to that of Nbp35, which led
to the proposal that Cfdl may be responsible for binding of ATP, meanwhile Nbp35 activates
nucleotide hydrolysis (Grossman et al., 2019). Nbp35 is present in all known eukaryotes, but Cfd1
is missing in plants and some anaerobic protists (Bych, Netz, et al. 2008; Tsaousis et al. 2014; Pyrih
et al. 2016). In the case of plants, Nbp35 was shown to perform Fe-S cluster assembly without Cfd1
(Bych, Netz, et al. 2008).

Assembly of 4Fe-4S clusters on the Cfd1-Nbp35 complex is dependent on the supply of electrons,
which are provided by Tah18 and Dre2 electron transfer complex (Netz et al. 2010; Brancaccio et
al. 2014). Tah18 contains NADPH, FAD and FMN binding domains (Vernis et al. 2009) and
transfers electrons from NADPH through the FAD and FMN to the 2Fe-2S cluster of Dre2. Dre2
has C-terminal Fe-S domain which harbours one 2Fe-2S and one 4Fe-4S cluster (Zhang et al. 2008;
Netz et al. 2010; Netz et al. 2016) and an S-adenosylmethionine methyltransferase-like domain with

an unknown function.

After assembly on the Cfd1-Nbp35 scaffold the cluster is transferred onto Narl, an iron-only
hydrogenase-like Fe-S protein, which acts as intermediate transfer protein and delivers 4Fe-4S
cluster to the CIA targeting complexes (Balk et al. 2004; Urzica et al. 2009) or delivers them

directly to recipient proteins.

Proteins Cial, Cia2A, Cia2B and MMS19 act during the late targeting phase of cytosolic Fe-S
cluster assembly. These four proteins interact together to form various targeting complexes, which
deliver Fe-S clusters to target recipient proteins (Srinivasan et al. 2007; Gari et al. 2012; Stehling et

al. 2012; Stehling et al. 2013; Odermatt and Gari 2017).

Cial is WD40-repeat containing protein which interacts with Narl and receives an Fe-S cluster
from it (Balk et al. 2005). MMS19 contains nine HEAT repeats distributed through the whole

protein. The HEAT repeats on C-terminus were shown to be responsible for the interaction with
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Cia2B, and Cial bind to the C-terminus of MMS19, resulting in a complex that has a binding site
for Fe-S clusters on the connecting interface between subunits (Odermatt and Gari 2017). MMS19
was shown to interact with nuclease Dna2 and Rlil and its downregulation affected proteins
involved in DNA metabolism such as XPD and a number of DNA polymerases and helicases (Gari
et al. 2012; Stehling et al. 2012). The presence of three subunits Cial, Cia2B and MMS19 was
necessary for the binding of most recipient Fe-S proteins, with exception of XPD, for which just
MMS19 is sufficient (Odermatt and Gari 2017). Therefore, Cia2B and MMS19 were proposed to
form a docking site for Fe-S proteins. Cial-Cia2B-MMS19 complex was shown to be involved in
the maturation of most nuclear Fe-S cluster proteins and the second complex Cial-Cia2A seems to
be dedicated to the maturation of Irpl and the stabilisation of Irp2 which are responsible for

maintaining iron homeostasis in cell (Stehling et al., 2013).

7.3 Fe-S cluster assembly in anaerobic protists

Fe-S cluster assembly is mostly studied in model organisms in eukaryotes represented by humans
and yeast, both of which represent opisthokonts with aerobic lifestyle. However, very little is known
about Fe-S cluster assembly in anaerobic protists, which contain reduced mitochondrion related
organelles (MROs). MROs are generally divided into 5 groups (Muller et al. 2012) based on their
energetic metabolism. However, this classification is artificial, and many MROs blur boundaries
between the established classes creating a continuum of organelles without clear borders between
types (Leger et al. 2017). Almost all MROs contain the ISC pathway including the hydrogenosomes
of Trichomonas vaginalis (Tachezy et al. 2001; Sutak et al. 2004), and those of anaerobic ciliates
(Lewis et al. 2019) and anaerobic fungi (Kameshwar and Qin 2018); as well as mitosomes of
Giardia intestinalis (Tovar et al. 2003), Cryptosporidium spp. (Miller et al. 2018a) and some
Microsporidia (Katinka et al. 2001; Goldberg et al. 2008; Freibert et al. 2017). The ISC pathway
has been proposed to be the only essential pathway of these organelles and the only reason for their

retention (Williams et al., 2002).

Most of the data on Fe-S cluster assembly pathways is known from genomic projects and most of
the organisms have not been assessed by biochemical or molecular biology methods. In this chapter,

the Fe-S cluster assembly in anaerobic protists will be briefly reviewed (Table 1).
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7.3.1 Fe-S cluster assembly in MROs of anaerobic parasites and symbionts

Hydrogenosomes and mitosomes are anaerobic forms of mitochondria which have evolved several
times independently from aerobic ancestors (Stehling et al. 2013; Roger et al. 2017) and are
therefore of a-proteobacterial origin (Embley et al. 1995; Yarlett and Hackstein 2005; Lewis et al.
2019). Virtually all known hydrogenosomes and mitosomes, with few notable exceptions, contain
version of ISC pathway, which consistently of o-proteobacterial origin as well (Gray 2012; Wang

and Wu 2015).

Trichomonas vaginalis

Hydrogenosomes were first described in Tritrichomonas foetus (Lindmark & Miiller, 1973) and
since then they have been described in several other lineages of protists. They have been mostly
studied in parabasalids, especially trichomonads, as these organisms are of great medical and
veterinary importance. Hydrogenosomes are characteristic by their production of H, and contain
pathways involved in energy metabolism. There is relatively little known about the Fe-S cluster
assembly in these organelles. The genome of T. vaginalis harbours IscU, two copies of IscS, Isd11
and Fxn, seven copies of 2Fe-2S Fdx, three copies of IscA2, four copies of Nfu and two homologs
of HscB (Tachezy et al. 2001; Sutak et al. 2004; Dolezal et al. 2007; Schneider et al. 2011; Beltran
et al. 2013). Frataxin of T. vaginalis was shown to be targeted to the hydrogenosome and partially
complements its homolog in S. cerevisiae (Dolezal et al. 2007). The hydrogenosomal localisation of
IscS was confirmed by immunofluorescence microscopy (Sutak et al. 2004). Concerning CIA
pathway it lacks the Tah18/Dre2 complex and Mms19, and contains Cfd1, Nbp35, Narl, Cial and
Cia2B (Pyrih et al. 2016).

Spironucleus salmonicida

Spironucleus salmonicida bears hydrogenosome with reduced ISC pathway. So far IscS, IscU, Nfu,
Fxn, two Fdxs and HscB, have been identified to contain N-terminal targeting sequence and were
localised to this hydrogenosome by immunofluorescence microscopy (Jerlstrom-Hultgvist et al.
2013). Sequence of selenophosphate synthetase fused with NifS was also found in its genome (Xu
et al. 2014). However, localisation and function of this protein remains unknown. Components of
the CIA pathway — Nbp35, Narl, Cial, and Cia2 were also found in the S. salmonicida genome
(Pyrih et al. 2016).
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Giardia intestinalis

Giardia intestinalis mitosomes contain the essential components of the ISC pathway. IscU and IscS
were localised to the mitosome by immunofluorescence and immunoelectron microscopy (Tovar et
al. 2003). Later, 2Fe-2S ferredoxin was localised into the mitosome of G. intestinalis followed by
IscA, Nfu, Hsp70 (HscA), and Jacl (HscB) (Jedelsky et al. 2011). G. intestinalis CIA pathway
consists of only four proteins, Nbp35 (three copies), Cial, Cia2 and Narl, with the mitochondrial
transporter Atm1 missing together with associated protein Erv1, as well as electron transport chain
components Dre2/Tah18. Interestingly Cia2 was shown to have a dual localisation between the
cytosol and the intermembrane space of the mitosome, with the majority of the protein localised in
the intermembrane space. It has been hypothesized that this protein may be involved in the transport
of X-S to cytosol. Nbp35 was also shown to have dual localisation - two copies are associated with
outer mitochondrial membrane (Nbp35-1 and Nbp35-2) and third copy displays cytosolic
localisation (Pyrih et al. 2016). Recently Bol-A like proteins were also identified in G. intestinalis
(Xu et al. 2020), as well as a novel mitosomal NADPH-dependent diflavin oxidoreductase termed
GiOR-1. The original hypothesis was that this protein utilizes NADPH for the reduction of
mitosomal ferredoxin; however, it was shown that it can reduce various other electron acceptors like

cytochrome bs but not the ferredoxin (Jedelsky et al. 2011).

Anaerobic ciliates

Anaerobic ciliates also contain hydrogen producing MROs which are often associated with
endosymbiotic methanogenic bacteria (Fenchel and Finlay 1991; Embley et al. 1992; Finlay and
Fenchel 1996). Organelles of these organisms are much less studied than MROs of trichomonads or
anaerobic fungi. Study of partial genome of and mtDNA genome of N. ovalis revealed presence of
mitochondrial ferredoxin, but no other component of ISC pathway was detected due to limited data
availability (de Graaf et al. 2011). Recent study detected almost complete ISC pathways in single-
cell transcriptomes of Cyclidium porcatum, Metopus contortus and Plagiopyla frontata (Lewis et al.
2019). Also some mitochondrial Fe-S proteins including ferredoxin, SdhB, and several subunits of
complex I were detected. Atm1 is also present in all three species (for complete list of identified

ISC proteins see Table 1).

Anaerobic fungi
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Anaerobic fungi like Neocallimastix and Piromyces from the gastrointestinal tract of many
herbivorous mammals also contain hydrogenosomes (de Graaf et al. 2011). ISC proteins IscU, IscA,
IscS, ferredoxin and chaperones Hsp70, Hsp60, Hsp10 were found in genomes of Anaeromyces
robustus, Neocallimastix californiae G1, Orpinomyces sp., Piromyces finnis and Piromyces sp. E2
(Kameshwar and Qin 2018). The genome of Orpinomyces sp. C1A contains the ISC pathway genes
IscS, IscU, IscA, Isal, Isa2, Fxn, ferredoxin, Hsp70 (HscA), Jacl (HscB), Grx4 and Atm1 and Ervl
from export machinery. Also, four genes of CIA pathway (Nbp35, Cfd1l, Cial, and Narl) were

accounted in this genome (Youssef et al. 2013).

Microsporidia

Analysis of genome sequences of microsporidian parasites Encephalitozoon cuniculi (Katinka et al.
2001) and Trachipleistophora hominis (Heinz et al. 2012) revealed that the core ISC machinery is
conserved in these organisms. The mitosomal localization of ISC proteins was confirmed by
immunofluorescent microscopy of IscS, IscU, and frataxin in E. cuniculi. However, parallel
experiments with T. hominis confirmed IscS localisation in mitosomes while IscU and frataxin
localized to the cytosol (Goldberg et al. 2008). Later experiments showed mitosomal localisation
for all these proteins, which were further confirmed by biochemical analysis of mitosome-enriched
fractions isolated from T. hominis infected rabbit kidney cells (Freibert et al. 2017).
Complementation experiments in yeast showed that T. hominis IscU and Isd11 were able to fully
complement its homologs in yeast (Freibert et al. 2017). From the export machinery, three
candidates for Atm1, sulfhydryl oxidase (Erv) as well as two genes for enzymes of glutathione
synthesis pathway were identified in the genome of T. hominis. Identified Erv is most likely Erv2,
which is associated with endoplasmic reticulum, while mitochondrial Erv1l seems to be missing. In
vitro experiments revealed that T. hominis IscS-Isd11, IscU, Fdx and Fxn with human recombinant

FdxR were able to create 2Fe-2S cluster on IscU (Freibert et al. 2017).

The CIA pathway of microsporidia is rather complete in T. hominis and E. cuniculi. It consists of
eight proteins: Cfd1, Nbp35, Narl, Grx3, Cial, Cia2 and Dre2/Tah18 complex (Freibert et al.
2017). Both E. cuniculi and T. hominis Cfd1-Nbp35 contain the conserved cysteine residues shown
to coordinate the Fe-S clusters of this complex. Genes for Cfd1, Nbp35, Narl and Cial of T.
hominis were tested for their ability to rescue the growth of the respective yeast CIA depletion

mutants. However, none of the tested genes showed any positive results (Freibert et al. 2017).
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Cryptosporidium spp.

Cryptosporidium parvum was shown to contain a double membrane organelle of mitochondrial
origin that lacks genome (Slapeta and Keithly 2004). Mitosomes from the most studied
cryptosporidium species, Cryptosporidium parvum, contain IscS, IscU, Fxn, HscA, HscB, Fdx,
Ind1, Grx5 and Atm1 (Miller et al. 2018b). Heterologous localisation of GFP with N-terminal
targeting sequences from C. parvum IscS and IscU were shown to localise to the mitochondrion of
yeast (LaGier et al. 2003). This was further confirmed by localisation with specific antibodies,
hence demonstrating mitosomal localisation of IscU, IscS and Fxn in C. parvum sporozoites and
merozoites. The same study also showed that C. parvum IscS can functionally replace its yeast
homolog. Interestingly, the immunofluorescent localisation experiments were inconsistent in the
localization pattern of the ISC proteins during the different life cycle stages of C. parvum infection.
Authors of the study offered two potential explanations for this phenomenon: either the ISC
machinery is translocated to the cytosol in various life cycle stages of Cryptosporidium, or there are
morphological changes of Cryptosporidium mitosomes in later stages of parasites (Miller et al.
2018a). From the CIA pathway, four genes were identified in C. parvum — Nar1, Nbp35, Cfd1, and
Cial (Stejskal et al. 2003; Ali and Nozaki 2013), yet no other functional data are available.

Mikrocytos mackini

Mikrocytos mackini is a parasite of oysters belonging to Rhizaria. It was initially proposed to be an
amitochondriate organism, as transmission electron microscopy did not reveal any MRO (Hine et
al. 2001). However, analysis of M. mackini partial transcriptome revealed four ISC candidates,
IscU, IscS, mtHsp70 (HscA), and FdxR all of which contain predictable N-terminal sequences
(Burki et al. 2013). No other mitochondrial components were identified. Based on this analysis, it
has been hypothesised that M. mackini possess mitosomes. Although more experimental data and
genomic or transcriptomic sequences will be required for the precise characterisation of this

organelle.

7.3.2 Fe-S cluster assembly in MROs of free-living anaerobes

In the chapters above, MROs of parasitic organisms were discussed due to the intense studies on
these species, owing to their medical and economical importance. In the following paragraphs free-
living anaerobes will be briefly discussed as there is less information available about their Fe-S

cluster assembly.
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The free-living members of Fornicata contain MROs morphologically similar to the
hydrogenosomes of T. vaginalis (Park et al. 2009; Kolisko et al. 2010; Park et al. 2010; Yubuki et al.
2013; Yubuki et al. 2016). Several members of Fornicata have been examined for the presence of
ISC pathway, namely Carpediemonas membranifera, Chilomastix cuspidata, Dysnectes brevis,
Ergobibamus cyprinoides, and Trepomonas PC1, and have been shown to contain IscS, IscU and
mtHsp70 in their genomes or transcriptomes (Leger et al. 2017). A little bit more is known about
Kipferlia bialata whose genome contains IscS, IscU, IscA, Fxn, HscB, HscA and GrpE (nucleotide
exchange factor which enhances activity of HscA/HscB). Furthermore IscU, IscS, HscA and GrpE
bear predicted mitochondrial N-terminal targeting sequences (Tanifuji et al. 2018). The CIA
pathway has been studied only in Metamonada where it seems to be reduced to four proteins: Cial

(with the exception of Spironucleus vortens), Narl, Cia2 and Nbp35 (Pyrih et al. 2016).

Some anaerobically living members of Heterolobosea like Sawyeria marylandensis (O’Kelly et al.
2003), Psalteriomonas lanterna, Monopylocystis visvesvarai (O’Kelly et al. 2003) and Creneis
carolina (Panek et al. 2014), are found mostly in low oxygen conditions and carry the MROs
morphologically resembling hydrogenosomes. There are almost no studies of these organisms
which would go beyond light or electron microscopy. Therefore, there is very little information
about their Fe-S cluster assembly. Two exceptions to this are Sawyeria marylandensis and
Psalteriemonas lanterna which were reported to contain hydrogenosomes. In ESTs (expressed
sequence tags) of S. marylandensis, the ISC pathway genes IscS, IscU and frataxin were found,
meanwhile in P. lanterna only IscS has been reported (Barbera et al., 2010). Nothing is known

about the CIA pathway in these organisms as all studies have been focused on MROs.

Microaerophilic cercomonad (Rhizaria) Brevimastigomonas motovehiculus contains a metabolically
versatile MRO which is probably in transitional state between mitochondrion and hydrogenosome.
In B. motovehiculus, a fairly complete set of ISC genes has been found, and based on the presence
of N-terminal targeting sequence on them, they are believed to be localised to the MRO (Gawryluk
et al., 2016).

In the free-living anaerobic stramenopile Cantina marsupialis, transcripts for the components of the
Fe-S cluster assembly machinery, IscS, IscU, Isa2, Fxn, Grx, HscB and Ind1 were identified and
proposed to be localised in its MRO (Noguchi et al. 2015). Another free-living stramenopile
Lenisia limosa (Hamann et al. 2016) also contains genes coding for ISC components in its genome

assembly (NCBI BioProject PRINA277740).
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7.3.3 FeS cluster assembly in Entamoeba histolytica and Mastigamoeba
balamuthi

In Archamoebae the canonical ISC machinery was replaced by the NIF system. This was first
described in the human parasite Entamoeba histolytica (Ali et al. 2004), however, later it was found
also in other species of genus Entamoeba such as Entamoeba invadens, Entamoeba moshkovski and
Entamoeba nuttalli. It is also present in the free-living Mastigamoeba balamuthi (Nyvltova et al.

2013), which is closely related to Entamoeba histolytica.

It was shown that this system consists of two proteins NifS and NifU and both proteins were shown
to complement their homologs in bacteria (Ali et al. 2004). Phylogenetic analysis showed that the
NIF pathway of Archamoebae was acquired by lateral gene transfer from & -proteobacteria (Gill et
al. 2007). Analysis of NifS and NifU sequences from E. histolytica did not reveal any recognisable
N-terminal targeting sequences (Van Der Giezen et al. 2004) rising questions about localisation of
this pathway in E. histolytica. The first experiments with localisation of the NIF pathway suggested
a dual localisation between cytosol and mitosome (Maralikova et al. 2010). However, dual
localisation was not confirmed neither by proteomic analysis (Mi-ichi et al. 2009) nor other studies
(Dolezal et al. 2010; Nyvltova et al. 2013). The genome of M. balamuthi contains two sets of NIF
components from which one was localised to cytosol and the second one to the MRO (Nyvltova et
al. 2013).

Entamoeba histolytica contains five CIA components, namely Cfd1, Nbp35, Narl, Dre2 and Cial
(Ali and Nozaki 2013). Similarly, the genome of Mastigamoeba balamuthi contains genes for Cfd1,
Nbp35, Narl and Cial of the CIA pathway (Nyvltova et al., 2013). The genomes of both E.
histolytica and M. balamuthi also contain Cia2, however, it was not reported by the previously
mentioned studies. It was demonstrated that Cfd1 and Nbp35 of E. histolytica can form a complex
both in vivo and in vitro, and it was proposed that CIA may interact with the cytosolic NIF system
to maturate cytosolic Fe-S proteins (Anwar et al. 2014) yet there is no direct evidence for this

hypothesis.

7.3.4 SUF system in protists without plastids
In recent years, the SUF system was discovered in protists which apparently have not possessed

plastids during their evolution. The first such organism is Blastocystis hominis (Tsaousis et al.
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2012). This obligatory anaerobic stramenopile living in intestines contains anaerobic mitochondria
together with the ISC pathway (Stechmann et al. 2008). However, additional proteins for the Fe-S
cluster assembly belonging to SUF pathway were found. Identified proteins SufB and SufC,
appeared to be fused into one protein. Localisation of these proteins by specific antibodies showed
that they localise to the cytosol. Functional characterization of SufCB of B. hominis showed that the
protein displays ATPase activity and may bind a 4Fe-4S cluster. Furthermore, it is upregulated
under oxidative stress (Tsaousis et al. 2012). The CIA pathway of B. hominis consists of Cial, Cia2,

MMS19, Nbp35, Narl, and also a divergent putative Tah18 (Tsaousis et al. 2014).

Another fusion of SufB and SufC genes was also found in the free-living anaerobic breviate
Pygsuia biforma (Stairs et al. 2014). P. biforma contains two versions of SufCB, one localised in the
mitochondrion and a second one in cytosol. In contrast to B. hominis, the only components of the
ISC found in P. biforma were Nful and Ind1. Interestingly, the cysteine desulfurase is missing from
this organism. Although an IscS-like domain is fused with a 4-thiouridine biosynthesis protein was
found in P. biforma, the lack of mitochondrial targeting sequence and its evolutionary origin, which
differs from that of the from mitochondrial IscS, suggests that it is not involved in Fe-S cluster
assembly in the MRO of P. biforma. Therefore, the source of sulfur for Fe-S cluster assembly in P.
biforma remains a mystery (Stairs et al. 2014). From the CIA pathway genes, Nbp35, Cfd1, Narl,
Cial, Cia2, and Met18 were identified in the transcriptome of P. biforma (Stairs et al. 2014).

A fusion gene SufCB was also found in the jakobid Stygiella incarcerata (Leger et al. 2016). It
lacks any recognisable mitochondrial N-terminal targeting sequence and was therefore proposed to
be localised to the cytosol. S. incarcerata also contains an ISC pathway localised in its MRO. The
genes for IscS, IscU, Isal and Isa2, Fxn, Fdx, Grx5, HscA, Nfu and Atm1 were accounted in this
transcriptome. The same fusion of SUF genes were also found in the transcriptome of the closely
related Velundella trypanoides (Leger et al. 2016) Lastly, a SufCB fusion gene was found in the
transcriptome of Proteromonas lacertae, a stramenopile closely related to Blastocystis (Tsaousis

2019).

Several phylogenetic analyses of SufB and SufC genes showed that P. biforma, S. incarcerata and
B. hominis genes form a strongly supported clade sister to Methanomicrobiales (Tsaousis et al.
2012; Stairs et al. 2014; Leger et al. 2016). This suggests that these Suf genes were acquired from
this group of Archaea independently from the SUF system found in plastids, which is of
cyanobacterial origin. The patchy distribution of this novel pathway in the eukaryotic tree gave

origin to three possible theories: 1) SufCB fusion was acquired independently by each organism or
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Trichomonas vaginalis
Spironucleus salmonicida
Giardia intestinalis
Carpediemonas membranifera z
Chilomastix cuspidata g |
Dysnectes brevis g i
Ergobibamus cyprinoides ]
Trepomonas PC1 ]
I Kipferlia bialata [
Monocercomonoides exilis
Blattamonas nauphoetae
Streblomastix strix
(Oxymonas sp.
b
Pyrsonympha sp. g
ISaccinobaculus ambloaxostylus g
Saccinobaculus doroaxostylus 5
Paratrimastix pyrifirmis
Trimastix sp. “MORATIKA” B
Trimastix marina [
awyeria marylandensis -
Psalteriomonas lanterna *
tygiella incarcerata %
Velundella trypanoides § B
Cyclidium porcatum
el |
Metopus contortus 5
Plagiopyla frontata ‘'
.Ij rpinomyces sp. C1A
Anaeromyces robustus &
=
Neocallimastix californiae §
Neocallimastix californiae G1 §
iromyces finnis 3
iromyces sp. E2
Encephalitozoon cuniculi =
l rachipleistophora hominis 8
Cryptosporidium parvum o
Mikrocytos mackini 2
Brevimastigomonas motovehiculug g
Entamoeba histolytica -
Mastigamoeba balamuthi g
Pygsuia biforma ]
Blastocystis hominis @
Cantina marsupialis g
Proteromonas lacertae "ﬂ%

Table 1: Inventory of Fe-S cluster assembly genes in anaerobic protists

Genes identified in organism are marked in black. Grey indicates divergent genes with unknown
function. Free-living organisms have green bar over their name and endobiotic have red bar. Het. =
Heterolobosea, Mic. = Microsporidia, C. = Cryptosporidium, Arch. = Archamoebae, B. = Breviatea
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its ancestor (at least three independent acquisitions); 2) SufCB was acquired once by one of these
eukaryotes and then was transferred laterally to other species; and 3) SUF pathway was present

already in LECA and then was lost in the majority of other organisms (Tsaousis 2019).

8 Preaxostyla

Preaxostyla are a group of anaerobic flagellates protists which are part of Metamonada (Hampl et
al. 2009; Adl et al. 2019). They are named after preaxostyle - lattice-like cytoskeleton structure
connecting two pairs of basal bodies. Preaxostyla are a sister group to Parabasalia and Fornicata and
consists of three monophyletic groups — free-living Trimastigidae and Paratrimastigidae and

endobiotic Oxymonadida (Zhang et al. 2015).

There is relatively little information available about this group of protists. Before the paper
published as a part of this thesis, most of the studies of Preaxostyla were aimed to the description of
new species, or phylogeny and morphology, and there are only a few studies which deal with
molecular biology of these organisms (Keeling and Leander 2003; Liapounova et al. 2006;

Slamovits and Keeling 2006a; Slamovits and Keeling 2006b).

8.1 Free-living Preaxostyla

Trimastigidae and Paratrimastigidae are free-living anaerobic or microaerophilic flagellates living
in freshwater or seawater sediments. They bear a classical excavate morphology — four flagella and
a feeding groove on the ventral side of the cell. In contrast to oxymonads, the Golgi apparatus is
well-developed and they contain MROs resembling hydrogenosomes (Simpson 2003; Zhang et al.
2015). Little was known about these organelles before publishing papers that compose this thesis.
19 genes possibly associated with MROs were found in ESTs of Paratrimastix pyriformis (Hampl et
al. 2008), of which three — Tom40, Cpn60, and MPP subunit o were part of the mitochondrial

import machinery. No genes associated with Fe-S cluster assembly were found.

8.2 Oxymonadida
Oxymonads are endobiotic, typically inhabiting the gut of insects, with the largest diversity found in
lower termites and wood-eating cockroaches of the genus Cryptocercus (Hampl 2017).

Alternatively, some species of oxymonads may also be found in the intestines of vertebrates.
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Recently, several new species were described including first potentially free-living species of
oxymonads (Treitli et al. 2018). The morphology of oxymonads, in contrast to that of free-living
Preaxostyla, does not bear all the typical excavate features and it differs greatly between species
(Simpson et al. 2002). Despite being intensively studied by TEM microscopy, neither stacked
Golgi, peroxisomes nor MROs were found, with the possible exception of Saccinobaculus
doroaxostylus, where a large, probably double-membrane-bounded organelle resembling

hydrogenosomes, has been reported (Carpenter et al. 2008).

Oxymonads are often involved in symbiosis with bacteria either on their surface (Noda et al. 2006),
in their cytoplasm (Stingl et al. 2005; Yang et al. 2005) or in their nucleus (Sato et al. 2014). In
some cases they even evolved distinct structures proposed facilitate attachment of prokaryotes on
the surface of protists (Leander and Keeling 2004). They have been proposed to have a mutualistic
relationship with their termite host and are probably involved in the digestion of cellulose, like
parabasalids (Li et al. 2005; Brune and Ohkuma 2010; Ohkuma and Brune 2011). Large oxymonads
such as Pyrsonympha, Oxymonas and Microrhopalodina have been shown to ingest and degrade
wood (Carpenter et al. 2013), yet the production of cellulolytic enzymes has not been
experimentally confirmed in oxymonads so far. Smaller oxymonads may not necessarily be

involved in cellulose digestion (Radek 1999).

Recently single cell metagenomics revealed that Streblomastix strix is indirectly involved in
digestion of cellulose in the hindgut of the termite Zootermopsis angusticollis (Treitli et al. 2019).
S. strix itself does not produce any glycosyl hydrolases, however, its associated Bacteroidetes

ectosymbionts were shown to express a wide range of these enzymes (Treitli et al. 2019).

Little was known about the molecular biology of these protists before papers incorporated in this
thesis, except for the study of the glycolytic pathway of Monocercomonoides sp. (Liapounova et al.,
2006) and two works identifying proteolytic enzymes in S. strix and Monocercomonoides sp.
(Dacks et al., 2008). Also, oxymonads S. strix (Keeling and Leander 2003) and an unidentified
oxymonad from the family Polymastigidae (de Koning et al. 2007) were shown to use non-
canonical genetic code, in which only TGA serves as a stop codon, while the other two canonical
stop-codons encode glutamine. S. strix was also shown to have a relatively high density of

spliceosomal introns (Slamovits and Keeling 2006a).
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Aims of thesis

Search for mitochondrion related genes in the genomic and transcriptomic data
of Monocercomonoides exilis.

Localize SUF pathway of Monocercomonoides exilis in heterologous systems.

Find and characterize Fe-S cluster assembly proteins in available genomes and
transcriptomes of Preaxostyla and resolve their evolutionary history.

Predict and annotate Fe-S cluster proteins in M. exilis and compare them to
other closely related protists to elucidate if change of Fe-S cluster pathway

influenced inventory of Fe-S cluster proteins.

Confirm functionality of SUF proteins of M. exilis by complementation
experiments in E. coli.
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10 Summary

Oxymonads are the last large group of protists which no MRO was identified, despite the fact that
they were studied quite intensively by TEM in the past. Also, more recent studies of M. exilis did
not identify any morphological traces of MRO including thorough search with the use of classical
TEM and FIB-SEM Tomography (focused ion beam scanning electron microscopy) (Treitli et al.
2018; Karnkowska et al. 2019)

10.1 Monocercomonoides exilis genome

To definitely answer the question “Does oxymonads have mitochondrion or not?” we sequenced
genome of Monocercomonoides exilis by 454 whole genome shotgun method (Karnkowska et al.
2016). Sequencing resulted in fairly complete genome consisting of 2095 scaffolds giving together
approximately 75 Mb with average coverage 35x. Completeness of the genome was estimated by
CEGMA (Core Eukaryotic Genes Mapping Approach) (Parra et al. 2007) which identified presence
63.3% of core eukaryotic genes and after removing of mitochondrial genes and using manually
curated M. exilis gene model estimated completeness increased to 90%. Furthermore we were able
to identify 77 out of 78 conserved families of cytosolic eukaryotic ribosomal proteins (Lecompte et
al. 2002). Automatic gene prediction resulted in 16 629 predicted proteins. Genes contain
surprisingly high number of introns compared to genomes of other sequenced metamonads - more
than 67% genes contain introns and average intron content is 1.9 per gene. As expected, we were
not able to identify any mtDNA in the assembly, which is in concordance with the results from other

metamonads whose MROs lacks mtDNA.

10.2 Search for mitochondrion related genes

Search for the mitochondrion related genes was performed by BLAST and HMMER with
MitoMiner (Smith et al. 2012) based reference set containing 12,925 proteins taken from 11
eukaryotic mitochondrial proteomes, which was further enriched with MRO localised proteins of E.
histolytica, G. intestinalis, P. biforma, S. salmonicida, T. vaginalis, and P. pyriformis. However, we
were not able to identify any specifically mitochondrial genes in the genome including translocases
of inner (TIM) and outer (TOM) membrane, which are otherwise present in all known MROs

including highly reduced mitosomes of G. intestinalis and E. histolytica (Dolezal et al. 2010;
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Zarsky et al. 2012). Also, we were not able to identify any components of mitochondrial ISC
pathway which is considered to be the only essential function of MROs and is present in virtually

all known MROs, with few previously described exceptions.

10.3 Fe-S cluster assembly in M. exilis

Instead of the ISC pathway, which is missing, we were able to identify genes of SUF pathway for
Fe-S cluster assembly. In eukaryotes, the SUF pathway is limited to plastids and few protists like P.
biforma, S. incarcerata (Stairs et al. 2014) or B. hominis (Tsaousis et al. 2012). The SUF pathway of
M. exilis consists from five genes SufB, SufC, SufD, SufS, and SufU. Interestingly, last three genes
are fused into one SufDSU gene. Up to the date, this fusion is unique and is known only from
Preaxostyla. SUFs are bona fide genes of M. exilis and not the bacterial contamination, as we have
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Fig. 8: Heterologous localisation of SufB and SufC

(A) Heterologous expression of M. exilis SufB and SufC proteins in T. vaginalis. M. exilis proteins
with a C-terminal HA tag were expressed in T. vaginalis and visualised by an anti-HA antibody
(GREEN). The signal of the anti-HA antibody does not co-localise with hydrogenosomes stained
using an anti-malic enzyme antibody (RED). The nucleus was stained using DAPI (BLUE). Scale
bar, 10 nm. (B) Heterologous expression of M. exilis SufC protein in S. cerevisiae. M. exilis proteins
tagged with GFP were expressed in S. cerevisiae (GREEN). The GFP signal does not co-localise
with the yeast mitochondria stained by Mitotracker (RED). Scale bar, 10 nm (Karnkowska et al.
2016).

SufC

SufC
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shown that FISH probes, which localised genes for SufB, SufC and SufDSU, to the nucleus of M.
exilis. None of the SUF genes has any recognisable N-terminal targeting sequence and heterologous
localisation of SufC in S. cerevisiae and SufB and SufC in T. vaginalis showed cytosolic
localisation (Fig. 8) indicating that SUF pathway has most likely have cytosolic localisation in the

M. exilis cell.

The genome also contains genes for CIA pathway. We were able to identify four genes - Nbp35,
Cial, Cia2b (two copies) and Narl. This minimalistic set of proteins is comparable with other
members of Metamonada (Pyrih et al. 2016). CIA pathway cannot synthesise Fe-S clusters on its
own but needs an unknown sulfur or iron-sulfur compound (usually termed X-S) produced by ISC
pathway (Kispal et al. 1999; Pandey et al. 2019). Consistently with the loss of MRO genes for
proteins involved in the transport of X-S from MRO like Atm1 or Ervl1 are also missing. Similarly
to other Metamonada, electron transport chain proteins (Tah18 and Dre2) are not present (Pyrih et
al. 2016). The absence of Dre2 is not surprising as it is often missing in anaerobes (Basu et al. 2014;
Tsaousis et al. 2014). From this we can conclude that the cytosolic and nuclear Fe-S proteins are
most likely maturated by the unique combination of SUF and CIA pathway and that whole system is

localised in cytosol.

To check if the change of Fe-S cluster assembly pathway changed the content of Fe-S protein genes
we in silico predicted Fe-S cluster containing proteins in the genome of M. exilis. Prediction was
based on the MetalPredator software (Valasatava et al. 2016). 70 proteins were predicted to
potentially contain Fe-S clusters and this number is comparable to other anaerobically living
eukaryotes (Karnkowska et al. 2019). For list of predicted Fe-S proteins see Table 2. Therefore, we
conclude that the switch from the ISC to SUF pathway did not affected number Fe-S cluster
proteins in M. exilis. All predicted proteins seem to contain 4Fe-4S clusters with the only exception
of xanthine dehydrogenase which is predicted to contain 2Fe-2S cluster. This is in concord with the
bioinformatic studies which showed that anaerobically living organisms tends to have more 4Fe-4S

clusters (Andreini et al. 2017).

10.4 Characterisation of SUF genes

In silico analysis of SufB protein sequence revealed that all residues predicted to be responsible for
the Fe-S cluster formation (Arg226, Asp228 Cys254, GIn285, Trp287, Lys303, numbering from E.
coli) (Hirabayashi et al. 2015; Yuda et al. 2017) are present in M. exilis SufB as well as are the
residues reported to form the interface with SufD (Cys405 and Glu434 in E. coli) (Yuda et al.
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2017). From the four described FADH, binding sites (Wollers et al. 2010), only two are present in
M. exilis SufB. In many organisms, however, the FADH, binding sites are not conserved at all and
the exact role of FADH, for Fe-S cluster assembly is unknown. SufD of M. exilis contains His360
(E. coli numbering) one of the two amino acids proposed to be essential for forming an interface
between SufB and SufD (Yuda et al., 2017). The second residue reported for forming interface with
SufB - Cys358, is substituted to alanine in M. exilis. However, this substitution seems to be

common in Gram positive bacteria.

SufC of M. exilis contains all the characteristic conserved motives of ABC ATPases such as the
Walker A, Walker B, ABC signature motif, the Q-loop, the P-loop and the H-motif. All amino acids
(Lys40, Lys152, Glul71, Asp173 and His203) identified in E. coli SufC as potentially important for
the ATPase activity (Kitaoka et al. 2006; Hirabayashi et al. 2015) are also conserved in the sequence
of M. exilis SufC. Predicted model of SufC of M. exilis shows high resemblance to the structure of
E. coli SufC. Also, recent experiments in our lab confirmed that the SufC is a functional ATPase in

vitro (Zelena, 2020).

M. exilis SufS has a well conserved active site cysteine (Cys361 in B. subtilis) and adjacent residues
show a high level of similarity to the sequences of SufS from B. subtilis, E. coli and other
organisms (Blauenburg et al. 2016). Also the lysine residue responsible for the binding of PLP (Lys
224 in B. subtilis) is conserved (Selbach et al. 2010; Selbach et al. 2014). Although PLP binding site
is seemingly perturbed by three insertions when compared to SufS sequences of B. subtilis and E.
coli, the PLP binding pocket is undisturbed in the predicted model. Also His342, which was
reported to interact with SufU in Gram positive bacteria (Fujishiro et al. 2017) and to enhance

transfer of persulfide, is conserved.

M. exilis SufU lacks, as others members of this protein family, the LPVVK motif which is present
in IscU (Riboldi et al. 2009), and 19 amino acid long insert conserved is elongated to 27 amino
acids in M. exilis. Zinc binding residues - Cys98, Cys136, Cys206 and Aspl00 (M. exilis

numbering) are well conserved in the sequence protein (Selbach et al. 2014; Fujishiro et al. 2017).

Another evidence for the functionality of the SUF pathway in M. exilis was obtained using the
BACTH assay (Bacterial Adenylate Cyclase Two Hybrid system) (Battesti and Bouveret 2012) that
proved interaction between M. exilis SufB and SufC. These results corroborate the in vitro

experiments of Zelena (2020) with recombinant proteins.
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10.5 Bacterial complementation

To test the functionality of SUF system of M. exilis, we performed complementation experiments in
E. coli. Two types of experiments were done - 1) complementation of a single gene mutants of E.
coli, where deficient gene was replaced by the gene from M. exilis cloned into pTrc99a vector and
growth phenotype under conditions of oxidative stress and iron starvation were observed. 2)
Complementation in E. coli strains deficient in ISC pathway and the examined gene. In these
experiments ability of the gene to complement its E. coli homologue was measured by [3-
galactosidase assay. Genes for SufB, SufC, and parts of the SufDSU - SufS and SufSU were tested.
None of the tested genes was able to fully restore the Fe-S cluster assembly in E. coli in the first
type of experiments. However, genes for SufB, SufS and SufSU showed significantly higher
production of Fe-S clusters than negative control in the B-galactosidase assay (Fig. 9). These
experiments showed that SUF of M. exilis is capable of a partial restoration of Fe-S assembly in E.

coli. However, the effect is not strong enough to restore viability of E. coli cells.
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Fig. 9: Complementation in E. coli — -galactosidase assay

Charts show readings of -galactosidase cloned under IscR promoter which is inhibited by holo-
IscR. Lesser the activity of 3-galactosidase means higher Fe-S cluster assembly rates. Columns with
asterisk are significantly different from negative control (P-test < 0.05). As negative control empty
pTrc99A vector was used (dark grey columns). Positive control SufS is the of E. coli and SufBCD
of E. coli were used respectively(black columns). Genotypes of strains used for comlementation are
as follows: SufB - AlacZ PiscR(trans)::lacZ mev AiscAU AsufB ::kan Tn10, SufS and SufSU -
AlacZ PiscR(trans)::lacZ MEV+ AiscS::cat AsufS::kan Tn10. All strains were based on E. coli
MG1655 strain.
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KEGG

domain-containing protein

Loci Best hit NCBI (blastp) Organism of best hit (blastp) Interproscan result Fe-S duster Homologue in yeast orthology
MONOS_248 FAR@;&?{:{&idine dehydrogenase Lingula anatina Dihyropyrimidine dehydrogenase 4Fe-4S  Glt1P Uralp k00207
MONOS_405 Fanconi anemia group J protein homolog Harpegnathos saltator Helicase 4Fe-4S K15362
MONOS_994 Radical SAM protein Planctomycetes bacterium SM23_32 Radical SAM/MiaB 4Fe-4S K04069
MONOS_1240 Fe-hydrogenase Paratrimastix pyriformis Fe hydrogenase 4Fe-4S  YLR455W-like
. . B . Iron-sulfur cluster assembly scaffold
MONOS_1242 SufB Paratrimastix pyriformis protein, partial K09014
. : N DNA repair DEAD helicase RAD3/XP-D y "
MONOS_1904 DNA repair helicase rad15 Grifola frondosa subfamily member 4Fe-4S?  Rad3-like K10844
MONOS_1914  2-hydroxyglutaryl-CoA dehydratase Treponema phagedenis ATPase/CoA_activase 4Fe-4S
Fe-hydrogenase large subunit family . g
MONOS_1920 protein/Ferredoxin hydrogenase Treponema putidum Fe-only hydrogenase 4Fe-4S
MONOS_2176 gr;:ﬁ]ferredoxin iron-sulfur binding domain gfsulfaﬁbacillum alkenivorans AK- Flavoproteins/4Fe-4s ferredoxin 4Fe-45
MONOS_2420 DNA-directed RNA polymerase Il Coccidioides immitis RS DNA-directed RNA polymerase Rbp11p K03008
MONOS_2602  Choline transporter-like protein 1 Tribolium castaneum Choline transporter like protein Pnslp K15377
MONOS_2675 L-serine dehydratase Bacteroidales bacterium CF L-serine dehydratase K01752
MONOS_3322  Thioredoxin Aotus nancymaae Thioredoxin Trx2p K03671
MONOS_3835 2-hydroxyglutaryl-CoA dehydratase Treponema putidum ATPase/CoA_activase
MONOS_3869 L-serine dehydratase Bacteroidales bacterium CF L-serine dehydratase K01752
. . Lichtheimia corymbifera
MONOS_4141 DNA polymerase alpha catalytic subunit IMRCFSU-9682 DNA polymerase Pol1l K02320
MONOS_4172  Fe-S binding protein/ferredoxin Clostridium tyrobutyricum Flavoproteins/4Fe-4S ferredoxin 4Fe-4S  Irc3p
MONOS_4180  Xanthine dehydrogenase Aspergillus ruber CBS 135680 Xanthine dehydrogenase 2Fe-2S K00106
MONOS_4520 Pyruvate:ferredoxin oxidoreductase Paratrimastix pyriformis mﬁ;ﬁte -flavodoxin oxidoreductase- 4Fe-4S Met5p, Ecm17p K03737
. . Lichtheimia corymbifera
MONOS_5000 DNA polymerase alpha catalytic subunit IMRC:FSU-9682 DNA polymerase B 4Fe-4S Pol1 K02320
MONOS_5443  DNA polymerase delta catalytic subunit Tomocerus sp. E-82 DNA polymerase delta catalytic subunit 4Fe-4S  Cdc2p K02327
MONOS_6059 putative ferredoxin 2 [4Fe-4S] Mastigamoeba balamuthi 4Fe-4S ferredoxins 4Fe-4S
MONOS_6460 rp?,g'tC;LSAM/SPASM domain-containing Methanocella arvoryzae Aldolase_TIM/Radical SAM domain protein 4Fe-4S
MONOS_6512 PREDICTED: thioredoxin Aotus nancymaae Thioredoxin Trx2p K03671
. . . . FAD:NADPH
MONOS_6566 Dihydropyrimidine dehydrogenase Polysphondylium pallidum PN500 dehydrogenase/oxidoreductase 4Fe-4S  Glt1 K00266
Pyruvate:ferredoxin (flavodoxin) X " B . ] B
MONOS_6709 oxidoreductase, homodimeric Halothermothrix orenii Pyruvate-flavodoxin oxdoreductase-related 4Fe-4S Met5p K00169
o - . K . ATP-binding transport protein-related/ g :
MONOS_7045  ATP-binding cassette sub-family E member 1  Exaiptasia pallida AFe-45 ferredoxin 4Fe-4S Rlilp K06174
Radical SAM and acetyltransferase domains i Radical_SAM/MiaB/histone acetyl
MONOS_7086 containing protein Spraguea lophii 42_110 transferase Elp3 K07739
MONOS_7180 2-hydroxyglutaryl-CoA dehydratase Carnobacterium divergens CoA_activase_DUF2229
MONOS_7280 RNA polymerase Il core subunit Dictyostelium fasciculatum E'l)\lgédireded RNA polymerease Il subunit Rpb3 K03011
MONOS_7884 :;'EeB’“ke tRNA modifying enzyme, archaeal- - p1 v ces macrogynus ATCC 38327 MiaB/ Methylthiotransferase_N K15865
MONOS_8067  ATP-dependent RNA helicase chi1 'fgi;fgg‘;gus irregularis DAOM  x7p e Helicase C 4Fe-4S  Chilp K11273
RNA polymerase Rpb3/Rpb11 dimerization o e
MONOS_8203 domain containing protein Acanthamoeba castellanii str. Neff ~ DNA-dir_RNA_pol_RpoA/D/Rpb3 Rpc40p K03027
MONOS_8398 (C'\\l/éc;s;;l)c Fe-S cluster assembly factor nubp1 Oxytricha trifallax ﬁﬁg;gllc Fe-S cluster assembly factor 4Fe-45 Nbp35p
Dihydropyrimidine dehydrogenase . . Dihydropyrimidine dehydrogenase y
MONOS_8913 [NADP(+)]-like Octopus bimaculoides [NADP(+)] 4Fe-4S
. . S . . . DNA repair DEAD helicase RAD3/XPD N
MONOS_9109 Serine/threonine-protein kinase, putative Oxytricha trifallax subfamily member Kicl K11136
MONOS_9203  SufSU Prevotella nigrescens Cystein desulfurase K11717
Pyruvate: ferredoxin (flavodoxin) Thermoanaerobacter siderophilus  Pyruvate -flavodoxin oxidoreductase- §
MONOS_9530 oxidoreductase SR4 related 4Fe-4S Met5p, Ecm17 K00169
DNA-directed RNA polymerases | and Il f . 0 .
MONOS_10117 subunit RPAC2-like Lingula anatina RBP11-like subunits of RNA polymerase Rpcl9p K03020
MONOS_11341 DNA polymerase delta catalytic subunit Tomocerus sp. E-82 DNA polymerase delta catalytic subunit K02327
MONOS_11732  Hydroxylamine reductase Desulfonatronospira thiodismutans ggg{;gi’lzak'eﬂme reductase/ prismane K05601
Pyruvate:ferredoxin (flavodoxin) Thermoanaerobacter siderophilus  Pyruvate -flavodoxin oxidoreductase- §
MONOS_12154 oxidoreductase, homodimeric SR4 related 4Fe-45 Met10p, Ecm17p k00169
26S proteasome nonATPase regulatory - Eukaryotic translation initiation factor 3
MONOS_13001 subunit 7, putative Acanthamoeba castellanii str. Neff subunit f-related Yor261C, Rpn8p K03038
MONOS_13381 Fe-hydrogenase large subunit family protein  Treponema putidum ?ggupnritt)geasome non-ATPase regulatory 4Fe-4S
MONOS_14435 Xanthine dehydrogenase Aspergillus ruber CBS 135680 Xanthine dehydrogenase 2Fe-2S K00106
MONOS_15091 DNA primase large subunit Clupea harengus DNA primase large subunit 4Fe-4S Pri2p K02685
MONOS_15232 Cytosolic Fe-S cluster assembly factor NARFL  Fundulus heterodlitus Cytosolic fe-s cluster assembly factor NARFL ~ 4Fe-4S?  Narilp
MONOS_15936  4Fe-4S ferredoxin Peptostreptococcaceae bacterium 4 45 ferredoxins 4Fe-45
MONOS_16338 N/A N/A
MONOS_16551 N/A N/A
MONOS_16811 Rubrerythrin
MONOS_130 Xanthine dehydrogenase Xanthine dehydrogenase 2Fe-2S K00106
MONOS_16812  Ferredoxin Aneurinibacillus terranovensis 4Fe-4S ferredoxins 4Fe-4S Uip5p
MONOS_2737 DSBA oxidoreductase Stemphylium lycopersici Thioredoxin-like fold
MONOS 742 Hypothetical protein DAPPUDRAFT_105663 Daphnia pulex Metallodependent phosphatase/ Ser/Thr- Cnalp K04348
— — sp_prot-phosphatase
MONOS_1638 Putative Protein disulfide isomerase Zostera marina Thioredoxin/Thioredoxin-like fold Mpd1p
MONOS_875 AT domain-containing protein Colletotrichum gloeosporioides Ce- VIRO66Wp-like, Tor2-like  K07203
MONOS_405 Fanconi anemia group J protein homolog Harpegnathos saltator DEAD helicase Rad3p K15362
PREDICTED: probable protein disulfide- S Thioredoxin/ Thioredoxin-like fold/ protein i
MONOS_885 isomerase A6 Pyrus x bretschneideri disulfide isomerase PDI1-like K09584
. PR L " thioredoxin2/ thioredoxiné / protein I
MONOS_4572 Putative Protein disulfide isomerase Penicillium brasilianum disulfide isomerase PDI1-like K01829
MONOS_12039 DNA polymerase zeta catalytic subunit Papilio polytes DNA-dir_DNA_pol_B 4Fe-4S Rev3p
. . . DNA polymerase delta catalytic subunit/ y
MONOS_11341 DNA polymerase delta catalytic subunit Orchesella cincta DNA polymerase B 4Fe-4S Pol3 K02327
PR N ) Thioredoxin2 /thioredoxiné /protein :
MONOS_8934 Protein disulfide isomerase Grosmannia clavigera kw1407 disulfide isomerase Pdilp K09580
" . . A/G-specific adeni
MONOS_7901  Endonuclease lli-like protein 1 Blastocystis sp. Subtype 4 glécoss‘\’/f:; e?:n ;é‘;’l‘ﬁl case i 4Fe-4S  Ntglp K10773
MONOS_5248 SPE'EEA?JERM%NA polymerase epsilon catalytic Acropora digitifera DNA polymerase epsilon catalytic subunit A Pol2 K02324
MONOS_5759 ;FfDICTED: protein disulfide-isomerase like Beta vulgaris subsp. Vulgaris g};lr?‘ra?goxm1/th|oredox|n2/Erp29C- PDI1-like K09584
MONOS_7654 {:g?;f;i‘ﬁzmbable protein disulfide- Pyrus x bretschneideri Thioredoxin2/protein disulfide isomerase PDI1-like K09584
PREDICTED: TPR repeat-containing " . . .
MONOS_9857 thioredoxin TDX isoform X2 Capsicum annuum Thioredoxin/TPR region Trx1
MONOS_5719  Thioredoxin domain-containing protein Toxoplasma gondii ARI Thioredoxin/protein disulfide isomerase Grx4p K03671
MONOS_12201 TPA: Chaperone protein Dnal/thioredoxin Neospora caninum Liverpool Thioredoxin2/protein disulfide isomerase Grx4p K03671

Table 2: List of predicted Fe-S proteins of M. exilis. (Karnkowska et al. 2019)
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10.6 Fe-S cluster assembly in other Preaxostyla

To verify the presence of SUF pathway in other members of Preaxostyla we examined available
genomes and transcriptomes of several members of this group - namely - Blattamonas nauphoetae
(strain Nau3), P. pyriformis strain ATCC 50935, Streblomastix strix (single-cell genome assembly),
Saccinobaculus doroaxostylus (single cell transcriptomes), Saccinobaculus ambloaxostylus (three
single cell transcriptomes), Oxymonas sp. (Single cell transcriptome), two single cell transcriptome
assemblies of Streblomastix sp. (Streblo-1, Streblo-4), one single cell transcriptome assembly of

Pyrsonympha sp., transcriptome assembly of Trimastix marina strain PCT (Leger et al. 2017), and a

transcriptome assembly of trimastigid “MORAITIKA”.

Trimastix sp. “Moraitika”

Trimastix marina

Paratrii ix pyriformis
Saccinobaculus doroaxostylus “SD1”
Saccinobaculus doroaxostylus “SD2”

Saccinobaculus doroaxostylus “SDN”

Oxymonas sp.

Pyrsonympha sp.

Blatt hoet

P

—E Monocercomonoides exilis

Streblomastix strix

Bacillus subtilis (Firmicutes)

Thermotoga marina (Thermotogae)

Spirochaeta caldaria (Spirochaetes)

Chloroflexus sp. Y-400-fl (Chlorofiexi)

Thiomonas intermedia (Proteobacteria)

Escherichia coli (Proteobacteria) SufA

Mycobacterium tubercolosis (Actinobacteria)

) ksia hongkongensis (Bacteroidetes) Duf59

Sulfolobus tokodaii (Crenarcheota)

Haloferax volcanii (Euryarcheota)

Saccinobaculus ambloaxostylus “Amblo-1"
Saccinobaculus ambloaxostylus “Amblo-4"

Saccinobaculus ambloaxostylus “Amblo-5”"

Fig. 10: Inventory of SUF genes in Preaxostyla.

The scheme shows SUF genes/transcripts identified in the members of Preaxostyla. The relationship

SufS
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within this group is indicated by the tree. For organisms in bold, genomic data were investigated, in
others transcriptomic or single-cell transcriptomic data sets were used. Completeness of a

gene/transcript is indicated by the length of the arrow. The order of Preaxostyla genes does not
reflect their order in the genome. Gene fusions are marked by fused arrows. At the bottom are given
schemes of typical SUF gene operons in representatives of prokaryotic groups (Vacek et al. 2018)
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Thermoanaerobacter ethanolicus
Ruminococcus albus

Clostridium beijerinckii F I R M I C UTE S

Youngiibacter fragilis

100/0.92

Thermotogae (5)
Crenarcheota (7)
Pyrolobus fumarii

Pyrococcus abyssi GE5
_._E Thermococcus pacificus
97/0.73 ’-l:candidatus Korarchaeum cryptofilum OPF8
Ignisphaera aggregans DSM 17230

° Methanobacterium formicicum DSM 3637
Methanothermobacter marburgensis

100/0.83

| ¢ Methanolobus vulcani
Desulfovibrio bizertensis

97/0.97

94/1

[ ]

Halobacteria (5)
Firmicutes (11)
Thaumarcheota (4)
Chloroflexi (3)
Actinobacteria (15)

98

Chloroflexi (4)
Caldilinea aerophila
Planctomycetes (5)
Chloroflexi
Ktedonobacter racemifer
T Synechococcus' elongaij“us
L Burkholderia mallei
Chlamydiae (5)

Acidobacteria (2)
Betaproteobacteria (2)

54/-

53/-

Moorea producens
Prochlorococcus marinus

Eukaryotes - plastids (6)
Cyanobacteria (9)
Paratrimastix pyriformis
"MORAITIKA"
Trimastix marina PCT
Blattamonas nauphoetae
Monocercomonoides exilis
Streblomastix strix
Pyrsonympha sp.
Saccinobaculus doroax
Saccinobaculus doroaxos
Saccinobaculus ambloaxo:
Saccinobaculus ambloa.
Saccinobaculus doro,
Saccinobaculus ambloa
Zetaproteobacteria (2)
Alphaproteobacteria (3)

Acidobacteria (2)
Epsilonproteobacteria (2)
Gammaprotobacteria (3)
Bacteroidetes (12)

97/0.71

79/-

51107 i

Fig. 11: Phylogenetic analysis of concatenated SufB, C, D, and S.

The topology of the tree was calculated by ML in IQ-TREE (Nguyen et al. 2015) using
partition specific models. Numbers at nodes represent statistical support in regular ML

bootstraps/Bayesian posterior probabilities. The support 99/0.99 and higher is indicated by
filled circles, values <50 and 0.5 are not shown (Vacek et al. 2018).
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We were able to find genes for the SUF pathway in all Preaxostyla (Fig. 10) and ISC pathway
seems to be missing in all of them. Although there is possibility that some genes might be missing
due to the incompleteness of the transcriptomes. Interestingly, we were able to detect fusion gene
SufDSU in all Preaxostyla with sequenced genomes and at least partial fusion of SufS and SufU in
T. marina transcriptome. Free-living trimastigids represent a nice comparison as they contain MRO
resembling hydrogenosomes (Hampl et al. 2008; Zubacova et al. 2013), however, like
Oxymonadida, they lack ISC system and have SUF system instead. Localisation of the SUF
pathway in these organisms is unknown, however, SUF genes of P. pyriformis lack any recognisable

N-terminal targeting sequences suggesting cytosolic localisation of this pathway.

Phylogenetic analysis of concatenated SufB, SufC, SufD and SufS genes (Fig. 11) showed that
Preaxostyla forms a well-supported clade nested inside of bacteria. This clade is clearly distinct to
clades of SUF system known from plastids (which is of cyanobacterial origin) and SUF system
reported from Blastocystis, Pygsuia, Stygiela and other protists, which was acquired from
methanogenic archaea (Tsaousis et al. 2012; Stairs et al. 2014; Tsaousis 2019). These results suggest

that the last common ancestor of Preaxostyla acquired SUF pathway by lateral gene transfer from

Tah18 Nbp35 cfd1 Narl Cial Cia2 MMS19

Trichomonas vaginalis

Giardia intestinalis

Trimastix sp. “Moraitika”
Trimastix marina

Paratrimastix pyriformis

— Saccinobaculus doroaxostylus “SD1”

Saccinobaculus doroaxostylus “SD2”

— Saccinobaculus doroaxostylus “SDN”

— Saccinobaculus ambloaxostylus “Amblo-1"

Saccinobaculus ambloaxostylus “Amblo-4”

b— Saccinobaculus ambloaxostylus “Amblo-5"

r Oxymonas sp.
L. Pyrsonympha sp.

— Blattamonas nauphoetae
Monocercomonoides exilis
_E Streblomastix sp. “Streblo-1”
Streblomastix strix

Fig. 12: Inventory of CIA genes in Preaxostyla.

The scheme shows the presence (black) or absence (white/grey) of CIA genes/transcripts in
Preaxostyla with reference to Metamonada represented by G. intestinalis and T. vaginalis.
White/grey shading indicates that the gene was not identified in available genome/transcriptome,
respectively. The gene inventory of T. vaginalis and G. intestinalis was taken from (Pyrih et al.
2016). Question marks indicate uncertain orthology to Tah18 (Vacek et al. 2018).
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unknown bacteria (Vacek et al. 2018) and that the acquisition of SUF system preceded the loss of
MRO as trimastigids has both SUF system and an MRO. CIA pathway of all examined Preaxostyla
is similar to that reported from G. intestinalis (Pyrih et al. 2016) and consists of four genes - Cial,

Cia2, Narl and Nbp35 (Fig. 12).

10.7 SUF pathway and mitochondrial loss

Presence of SUF system in all examined Preaxostyla indicates that it was present in their last
common ancestor. It is highly probable that the acquisition of the SUF pathway was one of the
important prerequisites necessary for the loss of mitochondrion. Localisation of the SUF pathway in
the cytosol allowed to bypass mitochondrial ISC pathway which lead to subsequent redundancy of
the only essential function of MRO. Once MRO has lost it indispensability for the cell, it was

probably lost completely.

It is difficult to say, when this event happened, however, there is a hint from the fossils of
oxymonads which were discovered in the gut of Kalotermes sp. termite isolated from a Burmese
amber (Poinar 2009). These fossils highly resembling current oxymonad species indicate that
oxymonads were probably fully diversified already in the Early Cretaceous period (~145 - 105.5
million years ago) and therefore the SUF pathway which is widespread among Preaxostyla must

have been acquired before this date.
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Abstract

All eukaryotic organisms contain mitochondria or organelles that evolved from the same endosymbiotic event like classical
mitochondria. Organisms inhabiting low oxygen environments often contain mitochondrial derivates known as
hydrogenosomes, mitosomes or neutrally as mitochondrion-like organelles. The detailed investigation has shown
unexpected evolutionary plasticity in the biochemistry and protein composition of these organelles in various protists. We
investigated the mitochondrion-like organelle in Trimastix pyriformis, a free-living member of one of the three lineages of
anaerobic group Metamonada. Using 454 sequencing we have obtained 7 037 contigs from its transcriptome and on the
basis of sequence homology and presence of N-terminal extensions we have selected contigs coding for proteins that
putatively function in the organelle. Together with the results of a previous transcriptome survey, the list now consists of 23
proteins — mostly enzymes involved in amino acid metabolism, transporters and maturases of proteins and transporters of
metabolites. We have no evidence of the production of ATP in the mitochondrion-like organelle of Trimastix but we have
obtained experimental evidence for the presence of enzymes of the glycine cleavage system (GCS), which is part of amino
acid metabolism. Using homologous antibody we have shown that H-protein of GCS localizes into vesicles in the cell of
Trimastix. When overexpressed in yeast, H- and P-protein of GCS and cpn60 were transported into mitochondrion. In case of
H-protein we have demonstrated that the first 16 amino acids are necessary for this transport. Glycine cleavage system is at
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Introduction

In the last decades, systematic research has considerably
improved our knowledge regarding the functions of mitochondrial
homologues in many eukaryotic lineages. Particular interest has
been paid to microbial parasites and protists that thrive
facultatively or obligatorily under anaerobic or microaerophilic
conditions (for recent reviews see e.g. [1-3]). It has been shown
that their mitochondria often deviate remarkably from the text-
book picture. For example, various reductions of components of
membrane electron transport chain can be found. Instead of
canonical four complexes plus F,F; ATPase, the complexes III
and IV are absent in Blastocystis and Nyctotherus derivates of
mitochondrion [4-7]. The path of electrons in these truncated
electron transport chains ends at fumarate or in the case of
Blastocystis also at oxygen to which the transfer is mediated by the
complex of alternative oxidase [4-7]. Many obligatory anaerobes
and microaerophiles lack a respiratory chain completely [3,8,9]
and the enzyme [FeFe]hydrogenase provides the sink for electrons
produced by redox reactions in their organelles. This enzyme
transfers these electrons to protons producing hydrogen gas, a
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typical feature of hydrogenosomes that represent one functional
class of organelles homologous to mitochondrion. Notable
variation has evolved also in the enzymatic machinery metabo-
lizing pyruvate. In mitochondria of anaerobes and microaero-
philes, the canonical pyruvate dehydrogenase complex is usually
substituted by the analogous enzymes pyruvate:ferredoxin oxido-
reductase, pyruvate:NADH oxidoreductase or pyruvate formate
lyase [10-12]. Some organisms possess two or even all three types
of these enzymes. Finally, neither the metabolism of pyruvate nor
the ATP production is a function common to all mitochondrial
homologues. These processes are absent in the most minimalistic
versions of these organelles — mitosomes of Guardia, Entamoeba,
Cryptosporidium and microsporidia [8,13-17]. Yet, the mitochondria
even in their miniature form are apparently still essential for
eukaryotic cells, as all eukaryotes studied so far possess them. The
functions of these minimalistic mitochondrial homologues (mito-
somes) and perhaps the most basic function of all mitochondrial
homologues, has not been established yet. The synthesis of FeS
clusters 1s often mentioned in this context [18].

Metamonada is a group composed exclusively of anaerobes and
microaerophiles [19,20]. The mitochondrial organelles of two
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metamonad lineages, parabasalids (i.e. Trichomonas) and fornicates
(i.e. Guardia), have been extensively studied. It has been reported
that the proteome of purified hydrogenosomes of Trichomonas
vaginalis consists of more than 500 proteins, however, many of
them may be only externally associated [9,21]. The metabolism of
the parabasalid hydrogenosome has been reconstructed to fine
details and most enzymes have been biochemically characterized
[22]. 139 proteins have been found in the mitosomal fraction of
Giardia, however, only 20 of them have been experimentally
verified as bona _fide mitosomal proteins [8]. The only biochemically
verified function of the Giardia mitosome remains the synthesis of
FeS clusters [23]. The third lineage of Metamonada — Preaxostyla
— consists of oxymonads and Trimastix [24]. Nothing is known
about the mitochondrial homologues of oxymonads and besides
one observation [25] no such organelles have been observed in this
group. Double membrane bounded organelles have been
described in Trimastiv [26-28]. Several transcripts typical for
mitochondrial proteins have been found among 10 000 tran-
scriptome reads of Trimastix pyriformis (see Table 1 in [29]). Four of
these transcripts (cpn60, H-protein, T-protein and Pl-protein of
glycine cleavage system) contained short extension at their 5” end
in comparison with bacterial homologues, i.e. putative mitochon-
drial targeting sequences. However, none of these presequences
are recognized by prediction software trained to recognize these
sequences in other organisms. Likewise, none of these proteins
have been experimentally localized to a cellular compartment. In
this paper, we build on this previous work and present a more
thorough transcriptome analysis based on 454 sequencing and
more importantly bring the first experimental evidence for
localization of cpn60 and enzymes of glycine cleavage system in
the mitochondrial homologue of Trimastix.

Results

Proteins putatively localized to Trimastix mitochondrion-
like organelle

In order to detect proteins putatively localized in the organelle
of Trimastix, we have generated new set of transcriptomic data. In
two runs of 454 sequencing of Trimastix mRNA we have produced
in total 643 758 reads of Trimastix mRNA that were assembled into
7 037 contigs and 33 204 singletons. The contigs were
automatically annotated using dCAS pipeline (http://exon.niaid.
nih.gov). The contigs and singletons were then screened using
HMM for proteins of protein transport machinery and mitochon-
drial carriers. Selected candidates were manually investigated for
the presence of functional domains. Furthermore, the set of contigs
and singletons was searched using standalone BLAST with Giardia
intestinalis mitosomal proteins, Trichomonas vaginalis hydrogenosomal
proteins and TCA cycle enzymes as queries. Best hits were further
screened by predictor of protein localization Euk-mPloc 2.0. [30].
Putative organellar proteins predicted by Euk-mPloc, in which the
presence of N-terminal targeting presequence is expected, were
investigated for the presence of N-terminal targeting signal by
three predictor programs (Table S1). Besides two exceptions
(HydE and ornithine transcarbamylase), the proteins were not
strongly predicted as mitochondrially targeted. Nevertheless, 9
proteins (including HydE and ornithine transcarbamylase) showed
N-terminal extensions relative to the bacterial homologues in their
alignments (Figure S1). Even if most of these extensions were not
recognized as putative targeting peptides, we still consider this
possibility and below present experimental evidence that the
extension present in the H-protein of glycine cleavage system is
indeed required for protein targeting into mitochondrion. We used
the presence of an N-terminal extension as an important criterion
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for inclusion in the list of proteins predicted to localize into the
mitochondrion-like organelle. Proteins in which the extension was
not demonstrated were included only if they were functionally
linked to other proteins in the list (hydG, P2-protein of glycine
cleavage system) or if they were considered as strictly or almost
strictly mitochondrially localized proteins (e.g. Tom40, Sam50,
hydG, mitochondrial processing peptidase). The final list of
proteins predicted to localize into the mitochondrion-like organelle
of Trimastix on the basis of current data and the basis of data of
Hampl et al. [29] is given in Table 1.

These proteins are involved in amino acid metabolism (glycine
cleavage system, serine hydroxymethyltransferase, ornithine trans-
carbamylase), co-factor metabolism (pyridine nucleotide transhy-
drogenase B+a, lipoyltransferase), transport and maturation of
proteins (Tom40, Sam50, one member of Tim17 family, Pam18,
mitochondrial processing peptidase, cpn60 and [FeFe]hydrogen-
ase maturases) and transport of other metabolites (proteins of
membrane carrier family). Mitochondrial type aconitase is the
only enzyme involved in energy metabolism that was included in
the list. Enzymes of pyruvate:ferredoxin oxidoreductase (PFO) and
[FeFe]hydrogenase were not listed because there are no strong
indications that they are localized in the organelle. Neither
[FeFe]hydrogenase nor PFO contained obvious N-terminal
extensions. The substrate specificity of four identified membrane
carriers (PFAM PF00153) was estimated according to the sequence
similarity as well as to the presence of the residues known to be
involved in the substrate binding [31]. Hence, the inner
membrane of the mitochondrion-like organelle likely accommo-
dates the ADP/ATP, 2-oxodicarboxylate and folate carriers.
Although the fourth identified protein shares the signature motives
of the protein family, the substrate specificity could not be
estimated due to the high sequence divergence.

Glycine cleavage system is localized to Trimastix
mitochondrion-like organelle

Given the fact that the complete set of glycine cleavage system
(GCS) enzymes has been found in the transcriptome of Trimastix
and that three of these proteins (H-, P1- and T-protein) contained
5’ extensions, it seem likely that the complete glycine cleavage
system is localized in the organelle. To corroborate this hypothesis
we have performed three experiments.

Firstly, we have used the Saccharomyces cerevisiae heterologous
expression system with the assumption that protein localized into
the mitochondrion-like organelles in Trimastix will also be
recognized as mitochondrial protein by the yeast mitochondrion.
As a positive control we have over-expressed a GIP-tagged version
of Trimastix cpn60, the classical mitochondrial marker, in yeast.
The fluorescence microscopy showed that the GFP signal co-
localized with the signal from MitoTracker that highlighted yeast
mitochondria (Figure 1). This demonstrates that the protein
transport machinery of the yeast mitochondrion is able to
recognize Trimastix organellar proteins. Analogously to cpn60,
we over-expressed GFP-tagged P1- and H-proteins. The fluores-
cence microscopy showed that the GFP signal co-localized with
the signal from MitoTracker (Figure 1) indicating that both
proteins were transported into the yeast mitochondria. As a
negative control we have over-expressed a GIP tagged H-protein
that was truncated at the N-terminus and started with the 17
amino acid. The truncated H-protein remained in the cytosol of
yeast (Figure 1). Besides serving as a negative control, the latter
experiment also confirmed our expectation that the N-terminal
extension observed in H-protein bears a signal necessary for
targeting of the protein into the mitochondrion-like organelle.
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Table 1. List of the proteins putatively localized in the mitochondrion-like organelle of Trimastix pyriformis.

Sequence accession N-terminal

Product numbers extension Experimental evidence
Aconitase TCA cycle enzyme EU086483 Yes No
hydE Maturation of [FeFe] hydrogenase JX657285 Yes No
hydF* Maturation of [FeFe] hydrogenase JX657286 Yes No
hydG Maturation of [FeFe] hydrogenase JX657287 ? No
H-protein of glycine cleavage system central protein in GCS EU086492 Yes Yes
P1-protein of GCS Glycine dehydrogenase (decarboxylating) subunit 1 EU086490 Yes Yes
P2-protein of GCS Glycine dehydrogenase (decarboxylating) subunit 2 EU086491 ? No
L-protein of GCS Dihydrolipoyl dehydrogenase EU086501 No No
T-protein of GCS Aminomethyltransferase EU086485 Yes No
Lipoyltransferase Lipoylisation of enzymes EU086495 ? No
Serine hydroxymethyltransferase* Amino acid metabolism JX657288 Yes No
Ornithine transcarbamylase* Amino acid metabolism JX657289 Yes No
Tom40 Protein transport EU086500 NA No
Sam50* Protein transport JX657290 NA No
Tim17 protein family member* Protein transport JX657291 No No
Pam18* JX657292 No No
Protein transport

Mitochondrial processing protease a subunit Targeting sequence cleavage EU086496 No No
Cpn60 Protein folding EU086489 Yes Yes
Pyridine nucleotide transhydrogenase beta+alpha NAD and EU086499 No No
NADP interconversion

Membrane carrier 1 Putative ATP/ADP transporter EU086488 No No
Membrane carrier 2* Putative 2-oxodicarboxylate carrier JX657293 No No
Membrane carrier 3 Putative folate carrier EU086487 ? No
Membrane carrier 4* Transporter with unknown specificity JX657294 ? No
*The transcripts were identified in this study
doi:10.1371/journal.pone.0055417.t001

Secondly, we have used immunofluorescence microscopy Discussion

(Figure 2A, Figure S2) with two antibodies against the H-protein
of GCS — a commercial antibody against human H-protein (green
signal) and our in-house prepared antibody against Trimastix H-
protein (red signal). The green signal showed several spots that co-
localized with the red signal revealing dozens of bodies (putative
mitochondrion-like organelles) distributed predominantly around
the nucleus and in the posterior-ventral part of the cell.

Finally, we have applied the antibody against Trmastix H-
protein on the Western blot of cell fractions of Trimastix (Figure
2B). The signal of the expected size appeared in the high speed
pellet (HSP) and in the total lysate of Trimastix but neither in the
lysate of bacteria from the Trmastix culture (Bact) nor in the
supernatant (Sup) that contains the cytoplasm of Trimastix.

To see whether the organelle of Trimastix produces observable
proton potential, we have stained the cell of Trmastix with
MitoTracker Red CMXRos dye that specifically accumulates in
the mitochondria upon the presence of the membrane potential.
No stained vesicles were observed in Trimastix cells and only
diffused cytosolic signal was detected. Similar results were
obtained when MitoTracker Green FM was used, which does
not require membrane potential (not shown).
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In this second transcriptomic study of Trimastix pyriformis we
have produced, using 454 technology, more than 60x more reads
which formed 2,6x more contigs (not counting singletons) than in
the previous study [29]. Despite the massive increase in the
amount of data, we were able to predict only 8 new proteins that
putatively localize to the mitochondrion-like organelle (marked by
stars in the Table 1). These include HydF, serine hydroxymethyl-
transferase, ornithine transcarbamylase, Sam50, Timl7 protein
family member and Pam18. The number of contigs assembled (7
037 in this data set) is unlikely to cover the complete transcriptome
and so the discovery of new organellar proteins is expected in the
future.

In addition to the @ silico study, we gathered the first
experimental evidence in support of organellar localization of
cpn60 and two of the four enzymes of glycine cleavage system (H-
and Pl-protein). The evidence for putative functions of the
mitochondrion-like organelle is discussed below.

Amino acid metabolism

As many as seven enzymes in the list are directly involved in
amino acid metabolism, namely H-, P1-, P2-, T- and L-protein of
GCS, serine hydroxymethyltransferase (SHMT) and ornithine
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Figure 1. Over-expression of Trimastix proteins in yeast. The over-expression of GFP tagged proteins of Trimastix in Saccharomyces cerevisiae.
The columns represent the signals from GFP tag (green), MitoTracker (red), merged GFP and MitoTracker and DIC. Rows represent individual proteins:
cpn60, P1-protein of GCS, H-protein of GCS and H-protein of GCS truncated of the first 16 amino acids.

doi:10.1371/journal.pone.0055417.g001
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Figure 2. H-protein of GCS localizes into vesicles (putative mitochondrion-like organelles) in Trimastix pyriformis. A)
Immunofluorescence microscopy of the Trimastix pyriformis cell. The green signal from antiH-protein (human) co-localizes with red signal from
the antiH-protein (Trimastix). The DNA is stained blue with Hoechst. B) Western blot on the cellular fractions of Trimastix pyriformis. The lines
represent pure bacteria Citrobacter sp. from the culture (Bact), high speed pellet of Trimastix (HSP), supernatant of Trimastix (Sup), total lysate of
Trimastix (Total).

doi:10.1371/journal.pone.0055417.g002
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transcarbamylase (OTC), the eighth enzyme, lipoyltransferase, is
involved only indirectly by lipoylisation of the H-protein [32].

The GCS catalyses a cycle of glycine catabolising reactions
producing methyl-tetrahydrofolate, NADH and COy and it can
function also in the opposite direction [33]. In eukaryotes, the
cycle is typically localized in the mitochondrion. The evidence for
the localization of GCS in the mitochondrion-like organelle of
Trimastix pyriformis seems to be relatively strong. All five enzymes
are present in the transcriptome (the two subunits of P-protein are
coded as separate proteins). Three of them (H, P1 and T) carry an
N-terminal extension and in the case of H-protein we have shown
that the N-terminal extension is necessary for its targeting to the
yeast mitochondrion. Two of these proteins (H and P1) have been
transported into the mitochondrion when over-expressed in yeast,
and finally the H-protein has been shown to be present in vesicles
(putative mitochondrion-like organelles) in Trmastix, by co-
localization of two antibodies. Although the ultimate evidence of
immunoelectron microscopy of Trmastix with anti H-protein
antibodies is still missing, considering the fact that GCS has never
been observed outside mitochondria or relative organelles in other
cukaryotes, the presence of the pathway in the mitochondrion-like
organelle of Trimastix is very likely.

Serine hydroxymethyltransferase catalyses a reversible conver-
sion of L-serine and tetrahydrofolate to glycine and 5,10-
methylenetetrahydrofolate. The reaction may therefore be directly
connected to GCS. Various isoforms of SHMT are present in the
cytosol, mitochondria and plastids of eukaryotes [34]. The
Trimastix enzyme contains an N-terminal extension when com-
pared to the bacterial counterparts and so we regard it as
putatively localized into the mitochondrion-like organelle (Figure
S1).

Ornithine transcarbamylase catalyses the reaction between
ornithine and carbamoyl phosphate with the formation of
citrulline. This reaction is a part of arginine catabolism in some
protists (arginine dihydrolase pathway) and of the urea cycle in
mammals. The arginine dihydrolase pathway consists of three
enzymes: arginine deiminase (ADI), OTC and carbamoyl kinase
(CK). It is localized in the hydrogenosome of Neocallimastix _frontalis
[35] but in the cytosol of Giardia [36], where it represents an
important source of ATP. In Trichomonas vaginalis, the pathway is
believed to be present also in the cytosol, however one enzyme of
the pathway, ADI, was found in the hydrogenosome [37]. While
ADI was not found in the transcriptome, CK is likely present in
Trimastix pyriformis. Similar to OTC, the Trimastix CK is related to
prokaryotic CKs but unlike OTC it apparently does not carry an
N-terminal extension and therefore was not included in the Table
1. The prokaryotic nature of both enzymes suggests that they may
represent bacterial contamination of the transcriptome data set.
On the other hand, the relatively high number of reads for these
transcripts (1486 for OTC and 640 for CK), which is more than
the number of reads of H-protein of GCS (233 reads) or SHMT
(210 reads) indicate that they may represent bona fide Trimastix
enzymes. The prokaryotic origin of Trimastix enzymes is, in fact,
quite common and other examples of such enzymes are the P1-
protein of GCS [29], for which organellar localization was
confirmed experimentally in this paper, and 4 out of 10 glycolytic
enzymes [38]. The confirmation of the presence and cellular
localization of arginine dihydrolase pathway in Trimastix pyriformis
deserves future research.

Energy metabolism

The only protein in the list directly involved in the energy
metabolism is a tricarboxylic-acid-cycle-enzyme aconitase. The
localization of a sole enzyme from the cycle in the compartment s,
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however, very suspicious, and this localization must be verified
experimentally before it should be considered more seriously. Even
if its localization was confirmed the actual function of the solitary
enzyme would remain questionable. Nevertheless this protein
fulfills the conditions to be included in the list. Being a homologue
of mitochondrial type aconitase and not the cytosolic version it was
predicted to localize in the mitochondrion-like organelle by Euk-
mPloc 2.0. and, furthermore, it contains a short N-terminal
extension.

The set of all three maturases of [FeFe]hydrogenase was found
in the transcriptome. Contigs for two of them have complete N-
terminus with an extension. These enzymes are essential for
maturation of [FeFe]hydrogenase in bacteria [39] but they have
been reported from only 5 eukaryotes so far: Trichomonas vaginalis,
Chlamydomonas — reihardti, Mastigamoeba  balamuthi, ~ Acanthamoeba
castelanit and Andalucia wncarcerate [10,40,41]. In Trichomonas and
Chlamydomonas these proteins are localized in the hydrogenosomes
and plastids respectively [40,41]. It is generally believed that the
maturases are always localized in the organelle where they assist
the maturation of the H-cluster of [FeFe]hydrogenase. The
presence of the N-terminal extensions makes them serious
candidates for organellar proteins in Trimastix. The presence of
maturases would suggest that the [FeFelhydrogenase itself is
present in the organelle as well. So far we have no evidence for the
localization of [FeFe]hydrogenase and none of the three homo-
logues present among the transcripts bears N-terminal extension
indicating the organellar localization. For this reason, [FeFe]hy-
drogenase was not included in the Table 1. The same applies to
pyruvate:ferredoxin oxidoreductase, an enzyme that is often
functionally connected to [FeFe]hydrogenase.

Protein transport

Six proteins involved in the transport, processing and matura-
tion of proteins (not counting the specific [FeFe]hydrogenase
maturases) have been found: Tom40, Sam50, one member of
Tim17/22/23 family, Paml8, o subunit of mitochondrial
processing peptidase (MPP) and cpn60 (Figure 3). This set of
proteins represents the basic functional core of protein transport
machinery: Tom40 and Tim17/22/23 being the outer- and inner-
membrane transport pores, respectively, Sam50 functions as
assembly machinery for Tom40 and Paml18 being the part of
the motor complex associated with Tim17/22/23 translocase.
Upon protein import the MPP cleaves off the targeting peptides
and cpn60 assists the protein folding. The Trimastix protein
transport machinery in this composition would be slightly more
complex than the machinery in the mitosome of Giardia where the
inner membrane pore and Sam50 is missing [8]. We however
expect that the Trimastix protein transport machinery set is not
complete yet and more components will be discovered in the
future. Conspicuously absent from all 7rmastix genomic data sets
are the genes encoding BMPP and mtHsp70, two proteins that
have been found in most mitochondrion-related organelles
examined to date.

Other membrane proteins

Pyridine nucleotide transhydrogenase (PNT) used to be
regarded as a specific protein of the inner membrane of the
mitochondrion [42] until Yousuf et al. [43] have shown that it
localizes into vesicles different from mitosomes in FEntamoeba
histolytica. PN'T transfers hydride ion between NAD(H) and
NADP(H) and simultaneously transfers proton across the mem-
brane [44]. Structurally the protein functions as a homodimer and
each monomer consist of two domains o and 8. These domains are
expressed as separate proteins in prokaryotes but as a single
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Figure 3. Schematic representation of protein import machin-
ery in Trimastix pyriformis mitochondrion-like organelle.
doi:10.1371/journal.pone.0055417.g003

protein in eukaryotes. In the first study of the transcriptome of
Trimastix [29], we found the domains in separate contigs and
concluded that they were expressed independently as in prokary-
otes. In the assembly of the 454 reads, however, the two subunits
appeared in a single contig suggesting that the two domains are
encoded by a single gene and expressed as a single protein like in
other eukaryotes.

In the present and previous study we have identified altogether
four members of the mitochondrial carrier family and we
designated them as membrane carrier protein 1-4. As proteins
from this family have also been reported from the membranes of
peroxisomes and plastids [45—47], their presence in the membrane
of mitochondrion-like organelle is only putative. The carriers
designated now as carriers 1 and 3 have been previously reported
upon [29], the carriers 2 and 4 were identified in the current data
set. The carrier 3 listed in the Table 1 in [29] has been excluded
from the current list, as we have serious doubts about its affiliation
into mitochondrial carrier family. According to the conserved
residues and phylogenetic relationships to other carriers we expect
that carrier 1 transports adenine nucleotides (e.g. ATP, NAD),
carrier 2 transports 2-oxodicarboxylates (e.g. 2-oxoglutarate) and
carrier 3 transports folate. The substrate specificity of carrier 4
cannot be predicted from the sequence itself. The presence of
glycine cleavage complex in the organelle indeed requires the
transport of NAD/NADH and folate but also the transport of
amino acids (glycine or serine). The latter molecules may be
transported by carrier 4 or by carriers that have not been
identified so far. Mitochondrial carriers typically need a proton
potential across the inner mitochondrial membrane to properly
function [31]. As we were not able to detect a proton potential
using MitoTracker Red, it is possible that the carriers can operate
under small or even without membrane potential. Similarly the
carrier proteins of peroxisomes [31] and Entamoeba mitosomes [48]
are thought to be membrane potential-independent.

Conclusions

The transcriptome sequencing using 454 technology enriched
the list of proteins putatively localized into the mitochondrion-like
organelle of Trimastix to a total number of 23 proteins. Most of
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these proteins are involved in the metabolism of amino acids,
transport and maturation of proteins and transport of metabolites.
Neither PFO nor [FeFe]hydrogenase were included in the list as
there is no evidence for them to be present in the organelle neither
there is evidence that the organelle produces ATP. Mitochondrial
localization of most of the listed proteins remains only putative and
should be confirmed experimentally in the future. The first such
evidence has been presented for the enzymes of glycine cleavage
complex, which is at the moment the only experimentally localized
pathway in the Trmastix mitochondrion-like organelle.

Materials and Methods

Preparation of T. pyriformis cDNA

T. pyriformus (strain RCP-MX, ATCC 50935) total RNA was
isolated from 16x107 cells using TRIzol Reagent (Invitrogen). 7.
pyriformis mRNA transcriptome was captured from total RNA with
Dynabeads mRNA Purification Kit (Invitrogen). cDNA was then
prepared using Smarter PCR c¢cDNA Synthesis Kit (Clontech)
according to the manufacturers protocol with 19 cycles of cDNA
amplification.

454 transcriptome sequencing and annotation

Sequencing library optimized for Roche/454 Titanium se-
quencing was prepared using GS FLX Titanium Rapid Library
Preparation Kit from double-stranded cDNA. Fragment library
was titrated by enrichment and prepared for sequencing by
emulsion PCR on two regions of a two-region GS-FLX Titanium
PicoTitre TM plate. The reads were cleaned of all adaptor/primer
and polyA sequence. Newbler (v2.6; Roche/454 Sequencing) and
the default parameters (40 bp overlap; 90% identity) were used for
the assembly of 644 537 reads (average length 399 bp). These were
assembled into 7 037 contigs and 6 255 isogroups (33 204
singletons remained). Isogroups can either represent alternatively
spliced genes (with contigs indicating exons, and isotigs represent-
ing splice forms), or sets of recently duplicated genes (with contigs
representing regions of divergence since duplication, and isotigs
representing the divergent genes) either as gene families or
multiple alleles of the same gene.

All contigs were automatically annotated using dCAS pipeline
(http://exon.niaid.nih.gov). In this pipeline all the contigs were
analyzed by SignalP 3.0 server [49] to predict import signals and
with TMHMM2.0 server [50] to predict transmembrane o-
helices. Local BLASTX search against downloaded NCBI
database (non redundant protein database from 11.7.2012) was
used for annotation of contigs.

Candidate proteins of membrane protein translocation com-
plexes were determined by HMM search of all six frame
translation of contigs and singletons. The selected transcripts were
further analyzed by HHpred search at http://toolkit.tuebingen.
mpg.de/hhpred [51].

Standalone BLAST searches against the 7rimastix contigs and
singletons were performed in BioEdit 7.1.3.0. [52] using the set of
20 mitosomal proteins of Giardia intestinalis [8] and 413 hydro-
genosomal proteins of Trichomonas vaginalis (Table S1 in [9]) as
queries. The best hits were further submitted to Euk-mPloc 2.0
[30] for prediction of cellular localization. Proteins that were
predicted to localize into mitochondria or chloroplasts were
further investigated. For each such candidate for mitochondrial
matrix protein, 10-20 closest eukaryotic and prokaryotic homo-
logues were downloaded from the GenBank. The proteins were
aligned and the alignment was manually refined in BioEdit
7.1.3.0. [52]. The completeness of the Trimastix protein sequences,
the start codons and the presence or absence of N-terminal
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extension were estimated based on this alignment. Trimastix
proteins that exhibited N-terminal extension relatively to the
prokaryotic homologues were selected.

The sequences of newly determined candidate organellar
proteins are stored in GenBank under accession numbers
JX657285-JX657294. The Transcriptome Shotgun Assembly
project has been deposited at DDBJ/EMBL/GenBank under
the accession GAFHO00000000. The version described in this
paper is the first version, GAFH01000000.

Preparation of constructs for over-expression in yeast

T. pyriformis genes were PCR amplified from c¢DNA using
EmeraldAmp Max PCR Mastermix (Takara) and the following
primers: Glycine cleavage system H-protein (GenBank ID:
EU086492) — 5TCTAGAATGCAGCGCCTTTTCTCT (Xbal
site in bold) and 5AAGCTTATGCTGGGTCTTGAGGAA
(HindIII site in bold); N-terminally truncated version of H-protein
~ 5TCTAGAATGGCTCGGTTTGCCGGCGAG (Xbal site in
bold) and 5AAGCTTATGCTGGGTCTTGAGGAA (HindIII
site in bold); P1 protein of glycine cleavage system (GenBank ID:
EU086490) — 5TCTAGAATGCAGAACCTTTCTCGC (Xbal
site in bold) and 5AGCTTCAGGGAGGCGCGCAGGGC
(HindIII' site in bold); cpn60 (GenBank ID: EU086489) —
5TCTAGAATGCAGGCCCTGTTTTCC (Xbal site in bold)
and 5 AAGCTTGAATGGCTTGGGCAGGCC (HindIII site in
bold). The PCR products were cloned into pUG35 vector with
GI'P tag at the 3 end.

Transformation of yeasts

The wild type Saccharomyces cerevisiae strain YPH499 (ATCC
number: 204679) was used in this study. Yeasts were grown on
plates with YPD agar medium (for 500 ml: D-glucose, Penta: 10 g;
yeast extract, Oxoid: 5 g; trypticase peptone, BBL: 10 g; agar,
Oxoid: 6 g) at 30°C. Transformation of the yeasts with 2 ug of
plasmid DNA was performed using LiAc/SS-DNA/PEG method
according to Gietz and Schiestl [53]. Transformants were selected
on synthetic drop-out medium without uracil (for 500 ml: D-
glucose, Penta: 10 g; yeast nitrogen base, Sigma: 3,35 g; yeast
synthetic drop-out medium supplement, Sigma: 0,96 g; agar,
Oxoid: 6 g) at 30°C. Only transformants containing plasmids with
cloned 7. pyriformis genes were able to grow on medium lacking
uracil. Expression of GFP-tagged proteins of 7. pyriformis in yeasts
was analyzed 3 days after transformation. Mitochondria were
labeled with MitoTracker Red CMXRos dye (Molecular probes,
cat. # M7512).

Antibody production

Rat polyclonal antibody was raised against 7. pyriformis GCS H-
protein. A 6xHis-tagged version of this protein was expressed from
plasmid pET42b in Escherichia coli BL21 DE3. Protein was purified
by immobilized-metal affinity chromatography using Ni-NTA
resin under denaturing conditions using 8 M urea according to the
protocol described in the QIAExpressionist handbook (Qiagen). A
rat was immunized with purified protein in acrylamide gel for a
period of 12 weeks (300 pg of antigen was used per 1 subcutaneous
injection every 4 weeks).

The serum specific for 7. pyriformis GCS H-protein was tested
for reactivity on Western blot using Trimastix cell fractions (whole
cell lysate, cytoplasm, high speed pellet) as well as Citrobacter sp.
lysate.
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Trimastix fractionation of cellular extracts

T. pyriformus cell fractions (cytosol and organelle-rich fraction)
were obtained by differential centrifugation as previously de-
scribed [54] with slight modifications. 7. pyrgformus (2.5 liters of the
cell culture) was filtered from bacteria using Cyclopore Track
Etched Membrane, 3um (Whatman). Filtered Trimastix was
pelleted by centrifugation for 10 minutes at 3000 x g. Cells were
resuspended in 1 ml of cold 3% LB medium (L3022, Sigma; for
3% LB dilute 30 ml of LB medium in 970 ml of distilled water)
containing protease inhibitor cocktail (Roche, cat. #
11836170001). Cells were placed on ice and homogenized by
sonication (1-2 times for 1 minute at amplitude 40). Cells were
checked by light microscope after each round of sonication.
Homogenate was centrifuged for 10 minutes at 500 x g at 4°C.
The pellet was discarded. The supernatant was centrifuged
30 minutes at 100000 x g at 4°C to pellet the organelles.
Organelles were resuspended to final volume of 50ul of 3% LB
medium containing protease inhibitor cocktail. The supernatant
containing the cytosol was centrifuged again for 45 minutes at
100000 x g at 4°C. The pellet was discarded.

T. pyriformis cell fractions were analyzed by SDS-PAGE and
Western blotting.

Preparation on Trimastix pyriformis immunofluorescence
slides

The slides were prepared using immunostaining protocol with
coverslips according to Dawson et al. [55] with the following
modifications. Trimastix cells in the growth medium were fixed
with 2% paraformaldehyde solution for 30 minutes at room
temperature. Fixed cells were dispensed on coverslips coated with
15 ul of Poly-L-lysine solution (Sigma) and left for one hour to
adhere. Coverslips with adhered cells were air dried. Preparations
were blocked with PEMBALG solution (PEM buffer; 1% BSA;
0,5% cold water fish skin gelatin; 100 mM lysine; 0,1% sodium
azide) for 30 minutes at room temperature. Cells were incubated
overnight with antibodies against human GCS H (Abnova) and
against Trimastix GCS H (both diluted 1:200) on parafilm.
Preparations were incubated on parafilm with secondary antibod-
ies Alexalluor 488 Goat Anti-Mouse and AlexaFluor 594 Goat
Anti-Rabbit (Molecular probes) diluted 1:1000. Coverslips were
washed three times with PEM buffer. The last wash was
performed with addition of the Hoechst 33342 stain (Molecular
probes) into PEM buffer (1:1000 of dilution). Coverslips were
mounted onto slides using VECTASHIELD Mounting Medium
(Vector Laboratories).

Immunofluorescence microscopy

The images were collected using a fluorescence microscope
IX81 equipped with IX2-UCB camera (Olympus) with a 100x
immersion oil objective and CellR software. Images were
processed by Image] software (NIH, Bethesda, MD, USA).

Supporting Information

Figure S1 The N-terminal parts of protein alignments
demonstrating the presence of extension in Trimastix
protein relatively to the prokaryotic homologues.

(PDF)

Figure S2 Immunofluorescence microscopy of two
additional Trimastix pyriformis cells. The green signal
from antiH-protein (human) co-localizes with red signal from the
antiH-protein (7rimastix). The DNA is stained blue with Hoechst.
(PDI)

March 2013 | Volume 8 | Issue 3 | e55417



Table S1 The probability of mitochondrial localization
of selected Trimastix proteins as predicted by PSORT

11,

TargetP and Multiloc2 programs.

(DOCX)
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SUMMARY

The presence of mitochondria and related organelles
in every studied eukaryote supports the view that
mitochondria are essential cellular components.
Here, we report the genome sequence of a microbial
eukaryote, the oxymonad Monocercomonoides sp.,
which revealed that this organism lacks all hallmark
mitochondrial proteins. Crucially, the mitochondrial
iron-sulfur cluster assembly pathway, thought to be
conserved in virtually all eukaryotic cells, has been
replaced by a cytosolic sulfur mobilization system
(SUF) acquired by lateral gene transfer from bacteria.
In the context of eukaryotic phylogeny, our data
suggest that Monocercomonoides is not primitively
amitochondrial but has lost the mitochondrion
secondarily. This is the first example of a eukaryote
lacking any form of a mitochondrion, demonstrating
that this organelle is not absolutely essential for the
viability of a eukaryotic cell.

INTRODUCTION

Mitochondria are organelles that arose through the endosymbi-
otic integration of an a-proteobacterial endosymbiont into the
proto-eukaryote host cell. During the course of eukaryotic evolu-
tion, the genome and proteome of the mitochondrial compart-
ment have been significantly modified, and many functions
have been gained, lost, or relocated [1]. In extreme cases, the
derivatives of mitochondria in anaerobic protists had become
so modified that they had been overlooked [2] or not recognized
as homologous to the mitochondrion [3]. Indeed, in the 1980s,
the Archezoa hypothesis [4] proposed that some microbial eu-
karyotes primitively lacked mitochondria, peroxisomes, stacked
Golgi apparatus, spliceosomal introns, and sexual reproduction.
However, over the following decade, double-membraned organ-
elles were identified in all investigated putative Archezoa. The
final nail in the coffin of the Archezoa hypothesis was the demon-
stration that these organelles all contain some mitochondrial
marker proteins, such as those involved in the iron-sulfur cluster

1274 Current Biology 26, 1274-1284, May 23, 2016 © 2016 Elsevier Ltd.

(ISC) Fe-S clusters biogenesis system, translocases, maturases,
and/or molecular chaperones known to facilitate the import of
proteins into mitochondria. It is now widely accepted that mito-
chondria or mitochondrion-related organelles (MROs) are essen-
tial compartments in all contemporary eukaryotes and that mito-
chondrial endosymbiosis took place before radiation of all extant
eukaryotes [5].

Metamonada, originally part of the Archezoa, are now classi-
fied as one of the main clades of the eukaryotic “super-group”
Excavata [6] and are comprised of microaerophilic or anaerobic
unicellular eukaryotes that are often specialized parasites or
symbionts. Detailed cell and molecular biological studies,
including genome sequencing, have been undertaken only for
three parasitic species from two metamonad lineages— Giardia
intestinalis [7] and Spironucleus salmonicida [8] (Fornicata) and
Trichomonas vaginalis [9] (Parabasalia), which have provided
important information regarding the functions of their MROs.
The third lineage of metamonads, Preaxostyla, contains the
basal paraphyletic free-living trimastigids and the derived endo-
biotic oxymonads [10]. The presence of mitochondrial homologs
has been convincingly demonstrated in Paratrimastix (formerly
Trimastix) pyriformis, although the biochemical functions of
these organelles are largely unknown [11]. Endobiotic oxymo-
nads belong to the least-studied former Archezoa. Here, we
describe the first complete genome sequence analysis of an
oxymonad, Monocercomonoides sp. PA203. We find that
although this organism is a standard eukaryotic cell in other re-
spects, it completely lacks any traces of a mitochondrion.

RESULTS AND DISCUSSION

Genome Characteristics

Using the 454 whole-genome shotgun sequencing methodol-
ogy, we generated a draft genome sequence of the oxymonad
Monocercomonoides sp. PA203, assembled into 2,095 scaf-
folds at ~35x coverage (see Experimental Procedures). The
estimated size of the genome (~75 Mb) and the number of pre-
dicted protein-coding genes (16,629) is intermediate between
what is found in diplomonads and T. vaginalis (Table 1). Almost
67% of predicted protein-coding genes contain introns (~1.9 in-
trons per gene on average; Table 1). The assembly contains
genes encoding tRNAs for all 20 amino acids, and ~50 ribosomal
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Table 1. Overview of Metamonada Genomes

Guanine-Cytosine Protein-Coding Repetitive No. of
Taxa Size (Mbp) Content (%) Loci Regions Introns
Monocercomonoides sp. PA 203 ~75 36.8 16,629 ~38% 32,328
Trichomonas vaginalis isolate G3 [9] ~160 32.7 ~60,000 ~65% 65
Giardia intestinalis WB-C6 [7] ~11.7 49 6,480 9%
Spironucleus salmonicida ATCC 50377 [8] 12.9 33.4 8,076 5.2% 3

See also Tables S1 and S3.

DNA units were identified on small contigs outside the main as-
sembly (see Supplemental Experimental Procedures). To esti-
mate completeness of the genome sequence, we performed
transcriptome mapping, in which 96.9% of transcripts mapped
to the genome (see Supplemental Experimental Procedures),
and checked the representation of core eukaryotic genes. Using
the Core Eukaryotic Genes Mapping Approach (CEGMA) [12],
we recovered 63.3% of core eukaryotic genes, a greater fraction
than in the G. intestinalis genome (46.6%). However, when we
excluded genes encoding mitochondrial proteins from the
CEGMA dataset and used manually curated Monocercomo-
noides sp. gene models, the percentage of recovered genes
increased to 90% (Table S1). For another set of 163 conserved
eukaryotic genes used for phylogenomic analyses, the percent-
age of recovered genes exceeded 95% (Table S2). As the last
measure of completeness, we identified 77 out of 78 conserved
families of cytosolic eukaryotic ribosomal proteins [13] (Table
S3), with the single exception of L41e, which is very short, diffi-
cult to detect, and has not been identified in other Metamonada
genomes. Phylogenomic analysis (Figure 1) confirmed the rela-
tionship of Monocercomonoides sp. to P. pyriformis and other
Metamonada and demonstrated that the Monocercomonoides
lineage forms a much shorter branch relative to parabasalids
and diplomonads. All these measures suggest that the assem-
bled Monocercomonoides sp. genome sequence is nearly com-
plete and its encoded proteins are, on average, less divergent
than those of G. intestinalis and T. vaginalis.

With the first oxymonad genome sequence in hand, we
focused our attention on one of the most puzzling aspects of
their biology —the elusive nature of their mitochondrion.

Absence of Mitochondrial Proteins

No genes that are typically encoded on mitochondrial genomes
(mtDNA) of other eukaryotes were found among the assembled
scaffolds, suggesting that, like other metamonads, Monocerco-
monoides sp. lacks mtDNA. Next, we searched for homologs
of nuclear genome-encoded proteins typically associated with
mitochondria or MROs in other eukaryotes. The homologous
core of the protein import machinery is regarded as strong evi-
dence for the common origin of all mitochondria [14, 15]. As
such, the presence of components of the translocases of the
outer membrane (TOM) and inner membrane (TIM), sorting and
assembly machinery (SAM) complex, and mitochondrial molec-
ular chaperones (Hsp70 and Cpn60) in hydrogenosomes, mito-
somes, and other MROs demonstrates that these organelles
are related to mitochondria [16, 17]. While we were able to iden-
tify homologs of cytosolic chaperonins in the Monocercomo-
noides sp. genomic sequence, we were unable to identify homo-

logs of any component of the mitochondrial import machinery
(Figure 2A; Experimental Procedures; Tables S3 and S4).

All MROs, with the exception of the G. intestinalis mitosome
[18], are known to export or import ATP and other metabolites
typically using transporters from the mitochondrial carrier family
(MCF) or, in mitosomes of the microsporidian Encephalitozoon
cuniculi [19], by the bacterial-type (NTT-like) nucleotide trans-
porters. We did not identify in the Monocercomonoides sp.
genome any homologs of genes encoding known mitochondrial
metabolite transport proteins (Figure 2A; Table S4).

Fe-S clusters are essential biological cofactors associated
with many different proteins and are therefore synthesized de
novo in every organism across the tree of life [20]. In eukaryotes,
this is done mostly by the mitochondrial ISC assembly system
and the cytosolic iron-sulfur assembly (CIA) system [21]. Ana-
lyses of the Monocercomonoides sp. genome revealed the pres-
ence of a CIA system but a complete lack of components of the
ISC system (Figure 2A; Table S3; Experimental Procedures).

We could not identify either of two possible enzymes involved
in the synthesis of cardiolipin, a phospholipid specific for energy-
transducing membranes [22]. The majority of eukaryotes synthe-
size cardiolipins, and the process is localized to mitochondria,
but a complete lack of cardiolipin has been experimentally shown
for G. intestinalis, T. vaginalis, and E. cuniculi [22]. Furthermore,
we could not identify any component of the endoplasmic
reticulum (ER)-mitochondria encounter structure (ERMES; Fig-
ure 2A) [23].

We identified only two orthologs of the set of proteins pre-
dicted to localize to the mitochondrion-related compartment of
the closely related P. pyriformis [11]: aspartate/ornithine carba-
moyltransferase family protein and pyridine nucleotide transhy-
drogenase. Neither protein has an exclusively mitochondrial
localization in eukaryotes [24, 25], and the Monocercomonoides
sp. orthologs do not contain predicted mitochondrial targeting
sequences.

To complement the targeted homology-based searches, we
also performed an extensive search for putative homologs of
known mitochondrial proteins using a pipeline based on the
Mitominer database [26], which was enriched with identified
mitochondrial proteins of diverse anaerobic eukaryotes with
MROs (Experimental Procedures). The search recovered 76
Monocercomonoides sp. proteins as candidates for functions
in a putative mitochondrion (Figure 2B; Table S5). Similarly to
G. intestinalis, T. vaginalis, and E. histolytica, used as controls,
the selected candidates were mainly proteins that are obviously
not mitochondrial (e.g., histones) or for which the annotation
is too general (e.g. “kinase domain-containing protein”), indi-
cating that the specificity of the pipeline in organisms with
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Figure 1. Unrooted Phylogeny of Eukaryotes Inferred from a 163-Protein Supermatrix
The tree displayed was inferred using PhyloBayes (CAT + Poisson substitution model). A maximume-likelihood (ML) tree inferred from the same supermatrix using

RAXML (not shown) was very similar to the PhyloBayes tree, with the topological

differences in the poorly resolved area comprising Chloroplastida, Cryptophyta,

Glaucophyta, and Haptophyta, and in the position of Metamonada, in the ML tree placed sister (with strong bootstrap support) to Discoba. The branch support
values shown are posterior probabilities (>0.95) from the PhyloBayes analysis and bootstrap values (>50%) from the ML analysis. Three branches are shown
shortened to the indicated percentage of their actual length to fit them on the page. See also Table S2.

divergent mitochondrion is low. However, unlike all other control
organisms, in which the search always recovered at least a few
mitochondrial hallmark proteins, the set of 76 Monocercomo-
noides sp. candidates did not contain any such proteins. Only
11 of the Monocercomonoides candidates fall in the GO cate-
gory “metabolism,” but they do not assemble any obvious meta-
bolic pathway. In summary, this approach (Table S5) failed to
reveal any credible set of mitochondrial protein in Monocerco-
monoides sp.

As an alternative to homology searches, we have also attemp-
ted to identify mitochondrial proteins by searching for several
types of signature sequences. The matrix proteins of mitochon-
dria and MROs are expected to contain conserved N-terminal
targeting signals needed for the targeted import into MROs

1276 Current Biology 26, 1274-1284, May 23, 2016

[14]. We performed in silico prediction of mitochondrial targeting
signals in the predicted Monocercomonoides sp. proteome and
identified 107 candidate proteins (Figure 2A; Experimental Pro-
cedures; Table S6A). The presence of a predicted targeting signal
by itself does not prove the targeting, as such amino acid se-
quences can also appear at random [27]. Functional annotation
revealed that a majority of proteins recovered by this search fall
into the Kyoto Encyclopedia of Genes and Genomes (KEGG)
category “genetic information processing.” Given the absence
of a mitochondrial genome, or organellar translation machinery,
it is unlikely that these proteins function in an MRO. Only eight
candidates were assigned to the KEGG category “metabolism,”
and they are part of several different metabolic pathways. Finally,
only three proteins were predicted to have a mitochondrial
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Figure 2. Search Strategies for Proteins Functionally Related to the Mitochondrion in Monocercomonoides

(A) Search strategies for mitochondrial proteins and for protein-localization signatures in a canonical eukaryotic cell (details are given in Supplemental Experi-
mental Procedures): (1) mitochondrial outer membrane (MOM)-targeted tail-anchored (TA) proteins (Table SEB), (2) proteins with a mitochondrial targeting signal
(Table S6A), (3) B-barrel MOM proteins, (4) 41 mitochondrial hallmarks proteins (Table S4), components of TOM and TIM translocases, cpn60, ERMES complex,
ISC pathway components, cardiolipin synthase (CL).

(B) Semiautomatic pipeline for retrieving homologs of mitochondrial proteins from proteomes. We used a custom database for homology searching of mito-
chondrial proteins in the predicted proteomes of Monocercomonoides sp., Giardia intestinalis, Entamoeba histolytica, Trichomonas vaginalis, Blastocystis sp.
subtype 7, and Saccharomyces cerevisiae (Table S5).

See also Tables S4, S5, and S6.

targeting signal and homology to a Mitominer protein (hydro- Z MONOS_6181). This also suggests that both pipelines failed
lase-like family protein MONOS_10795, cytosolic TCP-1/cpn60  to recover specific sets of mitochondrial proteins but instead
chaperonin family protein MONOS_13132, and ribonuclease detected only low-specificity “noise.”
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The outer mitochondrial membranes accommodate two spe-
cial classes of proteins, B-barrel and tail-anchored (TA) proteins,
which are devoid of the N-terminal targeting signals and instead
use specific C-terminal signals [28, 29]. We have identified 32
candidates for TA proteins in the predicted proteome, several
of which appeared to be ER-targeted proteins. None of these
had the hallmark characteristics of proteins targeted to the mito-
chondrial outer membrane (Figure 2A; Experimental Procedures;
Table S6B). We also failed to identify any credible candidates for
B-barrel outer membrane proteins (BOMPs) (Figure 2A; Experi-
mental Procedures).

In summary, our comprehensive examination of the Monocer-
comonoides sp. genome based on homology searches and
searches for specific N-terminal and C-terminal signals failed
to recover proteins typically associated with MROs, including
mitochondrial translocases, metabolite transporters and the
ISC system for Fe-S cluster synthesis, ERMES, and enzymes
responsible for cardiolipin synthesis.

In order to verify that our inability to find any reliable mitochon-
drial proteins is not caused by possible unprecedented diver-
gence of Monocercomonoides sp. proteins or a failure of our
methods, we searched for hallmark proteins of another cellular
system, so far not observed in Monocercomonoides sp.—the
Golgi complex. In this case, using homology-based searches,
we detected numerous Golgi-associated proteins, including
components of the COPI, AP-1, AP-3, AP-4, COG, GARP,
TRAPPI, and Retromer complexes and Rab GTPases regulating
transport to and from the Golgi (Table S3). This suggests the
presence of Golgi-like compartments in oxymonads [30], despite
the absence of a cytologically discernible Golgi apparatus.

The specific absence of mitochondria-associated proteins
in Monocercomonoides sp. implies the legitimate absence of a
mitochondrial compartment. If so, then how does the Monocer-
comonoides cell function without this organelle?

Energy Metabolism without a Mitochondrion

In order to compare the metabolism of Monocercomonoides sp.
with anaerobic protists retaining mitochondrial compartments,
we performed manual annotation of proteins of core pathways
of energy metabolism normally associated with the presence
and function of a MRO. As with many other organisms with
secondarily reduced mitochondria, the Monocercomonoides
sp. genome does not encode any enzymes for aerobic energy
generation (e.g., TCA cycle or electron transport chain proteins).
We did identify a complete set of glycolytic enzymes, including
the alternative enzymes for anaerobic glycolysis [31], as well
as the anaerobic fermentation enzymes pyruvate:ferredoxin
oxidoreductase (PFOR) and [FeFe]-hydrogenases (Table S3).
[FeFe]-hydrogenase maturases were absent, which is not un-
precedented as they are also missing from G. intestinalis and
E. histolytica, anaerobic parasites that are both capable of cyto-
solic H, production [32, 33]. Neither PFOR nor [FeFe]-hydroge-
nase has a predicted mitochondrial targeting sequence, and
heterologous expression in T. vaginalis suggests a cytosolic
localization of PFOR (Figure S1). In summary, Monocercomo-
noides sp. glucose metabolism appears to produce ATP via sub-
strate-level phosphorylation steps in an extended glycolysis
pathway, and the reduced co-factors are re-oxidized by fermen-
tation, ultimately producing acetate and ethanol, or by [FeFe]-hy-
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drogenase producing hydrogen gas. The situation in Monocer-
comonoides sp. is virtually identical to G. intestinalis and
E. histolytica, which independently reduced their mitochondria
to mitosomes and all the ATP production occurs in the cytosol
[34-36].

In addition to extended glycolysis, Monocercomonoides sp.
contains a complete set of three genes for enzymes involved in
arginine deiminase pathway—arginine deiminase, ornithine car-
bamoyltransferase, and carbamate kinase. This pathway may
also be used for ATP production by arginine degradation as in
T. vaginalis and G. intestinalis [37, 38]. In G. intestinalis, this
pathway produces eight times more ATP than sugar metabolism.

Fe-S Cluster Assembly without a Mitochondrion

Every eukaryotic cell contains a CIA machinery, which assists
the final stages of the assembly of Fe-S clusters in proteins
functioning in the eukaryotic cytosol and nucleus. Eight proteins
were shown to be involved in the CIA pathway in yeast and
humans: Cfd1, NUBP1 (Nbp35), NARFL (Nar1), CIAO1 (Cial),
Dre2, Tah18, Cia2, and MMS19. Four of them (i.e., Nbp35,
Nar1, Cial, and Cia2) [21] are conserved among eukaryotes
and also present in the Monocercomonoides sp. genome
(Table S3). We did not identify Cfd1 and MMS19, which are
missing from many other eukaryotes, and Dre2 and Tah18,
which are missing from the anaerobic protists containing
MROs (including E. histolytica, Mastigamoeba balamuthi,
T. vaginalis, G. intestinalis, and Blastocystis sp.) [21].

Despite the presence of the CIA pathway, it is commonly sug-
gested that mitochondria and related organelles are essential to
eukaryotic cells because the mitochondrial ISC system plays a
critical role in the initial phase of the formation of cytosolic Fe-
S clusters [20]. Although the ISC system is a near-universally
conserved pathway in eukaryotes and seems to be the unifying
feature of mitochondria and related organelles, genes encoding
proteins of the mitochondrial ISC pathway have not been de-
tected in the Monocercomonoides sp. genome. The functional
replacement of the ISC system has been reported for only two
lineages, Pygsuia biforma (Breviatea) and Archamoebae. A
methanoarcheal sulfur mobilization (SUF) system [39] or a bacte-
rial nitrogen fixation (NIF) [40] has apparently replaced the ISC
system in the P. biforma and the Archamoebae lineages, respec-
tively. Conflicting data exist on the localization of the NIF system
in E. histolytica [41, 42]; however, in M. balamuthi, the NIF system
localizes in the cytosol and the MRO [43].

The major issue remains: how does Monocercomonoides sp.
form Fe-S clusters? Unexpectedly, we identified genes encoding
four subunits of the SUF system: SufB, SufC, and fused SufS and
SufU (Table S8). SufS is a “two-component” cysteine desulfur-
ase, and its activity might be enhanced by SufE or SufU [44,
45]. In Monocercomonoides sp., SufS is fused with SufU, which
is a unique feature. SufB and SufC can form a scaffold complex
in prokaryotes, and SufB2C2 complex is capable of binding and
transferring 4Fe-4S clusters to a recipient apoprotein [46]. All
identified SUF system proteins apparently retain all important
catalytic sites (Figure S2) and may perform de novo Fe-S clusters
biogenesis by themselves or in concert with the CIA machinery.
The SUF system for Fe-S cluster synthesis is found in plastids,
bacteria, and archaea and has also been found in two microbial
eukaryotes P. biforma [39] and Blastocystis sp. [47]. The
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Transition to an anaerobic lifestyle occurred in a common ancestor of metamonads and was followed by reduction of mitochondria to MROs, accompanied by the
loss of cristae and genome, and the transition to anaerobic metabolism. The ISC pathway for Fe-S cluster synthesis was present in a metamonad common
ancestor. Further reduction to a mitosome took place in the Giardia intestinalis lineage. We propose that in the common ancestor of Paratrimastix pyriformis and
Monocercomonoides, a SUF system acquired through LGT from bacteria substituted the MRO-localized ISC system. Subsequently, the MRO was lost

completely in the lineage leading to Monocercomonoides sp. Localization of the SUF pathway in P. pyriformis is unknown.

presence of spliceosomal introns in the putative SufC and SufSU
of Monocercomonoides confirms that these proteins are not
prokaryotic contamination. Furthermore, fluorescence in situ hy-
bridization (FISH) with sufB and sufC gene probes demonstrated
their presence in the Monocercomonoides sp. nucleus (Fig-
ure S3). Importantly, homologs of these proteins were detected
in the P. pyriformis genome, the closest sequenced relative to
Monocercomonoides. The SUF system components of both
Monocercomonoides sp. and P. pyriformis do not contain recog-
nizable mitochondrial targeting signals, and our experiments
with heterologous expression of Monocercomonoides sp. SufB
and SufC proteins in T. vaginalis (Figure 3A) and SufC protein
in yeast (Figure 3B) support a cytosolic localization. Phylogenetic
analyses indicate that this SUF system was acquired by an
ancestor of Monocercomonoides and Paratrimastix by lateral
gene transfer (LGT) from bacteria independently of all other
SUF-containing eukaryotes (Figure 3C). We propose that the
acquisition of a cytosolic SUF system made the ancestral ISC
system in the mitochondrion dispensable, which led to its loss

and, in the Monocercomonoides lineage, to the complete loss
of MROs (Figure 4).

Conclusions

Mitochondria and related organelles are currently considered to
be indispensable components of eukaryotic cells. The genome
sequence of Monocercomonoides sp. reported here suggests
that this is not the case. Despite extensive searches, no mito-
chondrial marker proteins such as membrane protein translo-
cases and metabolite transporters were identified. Crucially,
the mitochondrion-specific ISC pathway for Fe-S cluster biogen-
esis is absent and apparently was replaced by a bacterial SUF
system that functions in the cytosol. On the other hand, genes
encoding other features once thought to be absent from these
divergent eukaryotic cells, i.e., the Golgi body, were readily iden-
tifiable. The genome also contains genes for essential cytosolic
pathways of energy metabolism, although we did observe exam-
ples of metabolic streamlining characteristic of other anaerobic
or microaerophilic eukaryotes.

Figure 3. Heterologous Expression of Monocercomonoides sp. SUF System Proteins and Phylogeny of Concatenated SufB, SufC, and SufS
Homologs

(A) Heterologous expression of Monocercomonoides sp. SufB and SufC proteins in Trichomonas vaginalis. Monocercomonoides sp. proteins with a C-terminal
HAtag were expressed in T. vaginalis and visualized by an anti-HA antibody (green). The signal of the anti-HA antibody does not co-localize with hydrogenosomes
stained using an anti-malic enzyme antibody (red). The nucleus was stained using DAPI (blue). Scale bar, 10 um.

(B) Heterologous expression of Monocercomonoides sp. SufC protein in Saccharomyces cerevisiae. Monocercomonoides sp. proteins tagged with GFP were
expressed in S. cerevisiae (green). The GFP signal does not co-localize with the yeast mitochondria stained by Mitotracker (red). Scale bar, 10 um.

(C) Unrooted ML tree of concatenated SufB, SufC, and SufS sequences. Bootstrap support values above 50 and posterior probabilities greater than 0.75 are
shown. Monocercomonoides sp. and Paratrimastix pyriformis are shown in red, eukaryotic plastids and cyanobacteria in green, Blastocystis sp. and Pygsuia
biforma in orange, bacteria in gray, and archaea in blue.

See also Figures S1-S3.

1280 Current Biology 26, 1274-1284, May 23, 2016



Reduction of mitochondria is known from various eukaryotic
lineages adapted to anaerobic lifestyle [48]. Mitosomes in
Giardia, Entamoeba, and Microsporidia represent the most
extreme cases of mitochondrial reduction known to date,
and yet they still contain recognizable mitochondrial protein
translocases and usually an ISC system. The specific absence
of all these mitochondrial proteins in the genome of Monocer-
comonoides sp. indicates that this eukaryote has dispensed
with the mitochondrial compartment completely. In principle,
we cannot exclude the possibility that a mitochondrion exists
in Monocercomonoides sp. whose protein composition has
been altered entirely. However, such a hypothetical organelle
could not be recognized as a mitochondrion homolog by any
available means. Without any positive evidence for the latter
scenario, we suggest that the complete absence of mito-
chondrial markers and pathways points to the bona fide
absence of the organelle. Because all known oxymonads are
obligate animal symbionts, and mitochondrial homologs are
present in the close free-living sister lineage Paratrimastix,
the absence of mitochondrion in Monocercomonoides sp.
must be secondary. We hypothesize that the acquisition of
the SUF system predated the loss of the mitochondrial ISC
system in the common ancestor of Preaxostyla and allowed
for the complete loss of the organelle in Monocercomonoides
sp. lineage, the first known truly secondarily amitochondriate
eukaryote.

EXPERIMENTAL PROCEDURES

Genome and Transcriptome Sequencing

All experiments were performed on the Monocercomonoides sp. PA203
strain. The culture (2 L with a cell density of approximately 4 x 10° cells/
mL) was filtered to remove most of the bacteria before isolation of DNA
(culturing and filtration details in Supplemental Experimental Procedures).
DNA was isolated using DNeasy Blood and Tissue Kit (QIAGEN). Total
genomic DNA was sequenced using a Genome Sequencer 454 GS FLX+
with XL+ reagents. A total of seven sequencing runs were performed,
including four shotgun runs on libraries with the average fragment length of
500 to 800 and three runs on a 3-kb paired-end library. Two RNA sequencing
(RNA-seq) experiments were performed using 454 and lllumina sequencing
platforms. Details of sequencing are given in Supplemental Experimental
Procedures.

Roche’s assembler Newbler v.2.6 was used to generate a genome
sequence assembly from 454 single and pair end reads. The final assembly
consisted of 2,095 scaffolds spanning almost 75 Mb of the genome. The
N50 scaffold size is 71.4 kb. Transcriptome assembly of the 454 data was
performed by Newbler v.2.8 with default parameters, and lllumina-generated
transcriptomic data were assembled using Trinity [49] (details in Supplemental
Experimental Procedures). The CEGMA [12] was used to estimate the number
of conserved eukaryotic genes in the Monocercomonoides sp. genome as-
sembly (Table S1) and presence of cytosolic ribosomal eukaryotic proteins
as an additional measure of completeness (Table S3).

Genome Annotation and Gene Searching

For the structural annotation, Augustus v.2.7 [50, 51], PASA2 [52], and EVM
[53] were used. Gene models of particular interest were manually evaluated
with the help of RNA-seq data or considering conservation with homologs
(details in Supplemental Experimental Procedures).

Functional annotation was assigned to genes by similarity searches of
predicted proteins using BLASTP [54] against the NCBI non-redundant protein
database [55] and HMMERS [56] searches of domain hits in the Pfam protein
families database [57]. Additional annotation was performed using the KEGG
automatic annotation server [58]. Annotation files are available at the web page
http://www.protistologie.cz/hampllab/data.html.

tRNA genes were predicted with tRNAscan-SE [59]; rDNA sequences were
not present in the original main assembly, but they were identified in contigs
not assembled into scaffolds and added to the main assembly.

The Monocercomonoides sp. genome database was searched using the
TBLASTN [54] algorithm, and Monocercomonoides proteome database and
six-frame translation of the genomic sequence were searched using the
BLASTP [54] algorithm or the profile hidden Markov model (HMM) searching
method phmmer from the HMMERS [56] package. We used a wide range of
queries described in Supplemental Experimental Procedures.

Phylogenetic Analyses

We performed a number of maximum-likelihood and Bayesian phylogenetic
analyses: (1) phylogenomic analyses of eukaryotes based on 163 genes and
70 taxa; (2) phylogenetic analyses of genes for SUF pathway enzymes; and
() individual gene trees to support functional annotation of genes (details in
Supplemental Experimental Procedures).

Subcellular Localization Prediction

Subcellular localization prediction for the Monocercomonoides sp. proteome
was performed using TargetP v.1.1 [60] and MitoProt Il v.1.101 [61]. TA pro-
teins were identified and analyzed based on presence of a transmembrane
domain (TMD) of moderate hydrophobicity flanked by positively charged res-
idues [29, 62] (details in Supplemental Experimental Procedures). BOMPs
were identified based on the presence of a conserved C-terminal B-signal,
using a previously described pipeline [63].

Mitochondrial Protein Searching Using a Mitominer-Based

Database

We prepared a custom database of mitochondrial proteins to search for
genes encoding proteins with putative mitochondrial localization. The custom
database was based on the MitoMiner database [26] reference set containing
12,925 proteins from 11 eukaryotic mitochondrial proteomes, which was
enriched by known or predicted MRO-localized proteins of E. histolytica,
G. intestinalis, P. biforma, S. salmonicida, T. vaginalis, and P. pyriformis.
Homologs of proteins from this database were searched in the predicted
proteome of Monocercomonoides sp. and in the predicted proteomes of
Blastocystis sp., E. histolytica, G. intestinalis, S. cerevisiae, and T. vaginalis,
which were used as control datasets. While searching the control datasets,
the proteins of the searched organism were removed from the custom data-
base. In the last step, only those candidates were kept whose first hit in the
NCBI database [55] contained a predictable mitochondrial targeting signal
(score > 0.5 in TargetP v.1.1 [60] and MitoProt Il v.1.101 [61]). Further details
are given in Supplemental Experimental Procedures.

FISH
We performed FISH experiments with labeled probes to determine whether
the genes for SUF system proteins physically reside in the Monocercomo-
noides sp. genome or represent bacterial contamination. Details on prepara-
tion of labeled probes are given in Supplemental Experimental Procedures.
One liter of Monocercomonoides sp. culture was filtered to remove bacteria,
and the cells were pelleted by centrifugation for 10 min at 2,000 x g at 4°C.
FISH with digoxigenin-labeled probes was performed according to a previ-
ously described procedure [64] omitting the colchicine procedure. Cell nuclei
and the probes were denatured under a coverslip in a single step in 50 pL of
50% formamide in 2 x SSC at 70°C for 5 min. Preparations were observed us-
ing an IX81 microscope (Olympus) equipped with an IX2-UCB camera. Images
were processed using Cell software (Olympus) and Imaged 1.42q.

Heterologous Protein Expression and Microscopy in Trichomonas
vaginalis

The T. vaginalis transfection system was used to assess subcellular locali-
zation of SufB, SufC, and PFOR proteins. Monocercomonoides sp. cDNA
preparation was performed as described for transcriptome sequencing (Sup-
plemental Experimental Procedure). Constructs with the hemagglutinin (HA)
tag fused to the 3’ end of the coding sequences of the studied genes were
prepared and expressed in T. vaginalis, an anaerobic protist related to
Monocercomonoides sp. and bearing a hydrogenosome (details are given in
Supplemental Experimental Procedures). Monocercomonoides sp. proteins
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expressed in T. vaginalis cells were visualized using standard techniques [14]
(details are given in Supplemental Experimental Procedures).

Saccharomyces cerevisiae Heterologous Expression System

This expression system was used to confirm the results from the T. vaginalis
expression system for SufC protein. The procedure was analogous to the one
described in [11]. Details are given in Supplemental Experimental Procedures.

ACCESSION NUMBERS

Sequence data for the genome reads (experiment number SRX1470187),
the 454 transcriptome reads sequenced using the 454 platform (experiment
number SRX1453820), and the lllumina transcriptome reads sequenced using
the lllumina platform (experiment number SRX1453675) have been deposited
to the NCBI Sequence Read Archive under accession number SRA:
SRP066769. The accession number for the Monocercomonoides sp. PA203
genome reported in this paper is GenBank: LSRY00000000. The accession
number for the 454 transcriptome project reported in this paper is GenBank:
GEEGO00000000. The accession number for the lllumina transcriptome project
reported in this paper is GenBank: GEEL00000000. The versions described in
this paper are versions LSRY01000000, GEEG01000000, and GEEL01000000.
Further additional information on the genome analysis can be found at http://
www.protistologie.cz‘hampllab/data.html.

SUPPLEMENTAL INFORMATION
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three figures, and six tables and can be found with this article online at
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Abstract

The oxymonad Monocercomonoides exilis was recently reported to be the first eukaryote that has completely lost the
mitochondrial compartment. It was proposed that an important prerequisite for such a radical evolutionary step was the
acquisition of the SUF Fe-S cluster assembly pathway from prokaryotes, making the mitochondrial ISC pathway dis-
pensable. We have investigated genomic and transcriptomic data from six oxymonad species and their relatives, com-
posing the group Preaxostyla (Metamonada, Excavata), for the presence and absence of enzymes involved in Fe-S cluster
biosynthesis. None possesses enzymes of mitochondrial ISC pathway and all apparently possess the SUF pathway, com-
posed of SufB, C, D, S, and U proteins, altogether suggesting that the transition from ISC to SUF preceded their last
common ancestor. Interestingly, we observed that SufDSU were fused in all three oxymonad genomes, and in the genome
of Paratrimastix pyriformis. The donor of the SUF genes is not clear from phylogenetic analyses, but the enzyme com-
position of the pathway and the presence of SufDSU fusion suggests Firmicutes, Thermotogae, Spirochaetes,
Proteobacteria, or Chloroflexi as donors. The inventory of the downstream CIA pathway enzymes is consistent with
that of closely related species that retain ISC, indicating that the switch from ISC to SUF did not markedly affect the

downstream process of maturation of cytosolic and nuclear Fe-S proteins.

Key words: Preaxostyla, SUF, amitochondriate, CIA, oxymonads.

Iron—sulfur clusters are small inorganic prosthetic groups,
which are among the most ancient and versatile cofactors.
Their main function is mediating electron transport, which
makes them a key part of many important processes such as
photosynthesis, respiration, DNA replication and repair, and
regulation of gene expression (Rudolf et al. 2006; Fuss et al.
2015; Paul and Lill 2015).

There are three pathways for the Fe-S clusters synthesis
known in prokaryotes—NIF (nitrogen fixation), ISC (iron sul-
fur cluster), and SUF (sulfur utilization factor). The basic pro-
cess of the Fe—S cluster biogenesis is similar in all three (Roche
et al. 2013:). Sulfur (S>) is provided by cysteine desulfurase
(NifS, IscS, SufS). The source of iron (Fe*™) is unclear, however,
for the mitochondrial ISC pathway frataxin is expected to be
the provider (Pastore and Puccio 2013; Yoon et al. 2015). The
sulfur and iron ions are first combined into a cluster on a
scaffold protein (NifU, IscU, SufB—SufD complex), from which
the cluster is transferred onto an apoprotein.

In eukaryotic cells, three compartments have distinct path-
ways for Fe-S cluster synthesis. Mitochondria typically use the
ISC pathway, which was inherited from the alphaproteobac-
terial endosymbiont (Tachezy et al. 2001; Braymer and Lill
2017). This holds also for most mitochondrion-related organ-
elles including the mitosomes of Giardia intestinalis (Tovar
et al. 2003) and microsporidia (Katinka et al. 2001; Goldberg

et al 2008), and hydrogenosomes of Trichomonas vaginalis
(Sutak et al. 2004). Exceptions to this rule are found in
mitochondrion-related organelles of Pygsuia biforma,
Mastigamoeba balamuthi, and Entamoeba histolytica (Ali
et al. 2004 van der Giezen et al. 2004; Mi-ichi et al. 2009;
Nyvltova et al. 2013; Stairs et al. 2014), which contain SUF,
NIF, or possibly none of these pathways, respectively.
Eukaryotic plastids contain the SUF pathway, which was inher-
ited from the cyanobacterial ancestor (Balk and Pilon 2011).

In the eukaryotic cytosol, the Fe-S cluster-containing pro-
teins are formed by a cytosolic iron—sulfur cluster assembly
(CIA), which is also responsible for maturation of nuclear Fe—
S proteins. In yeast and human, the pathway contains at least
eleven essential proteins (Sharma et al. 2010; Netz et al. 2014;
Lill et al. 2015). CIA is unique to eukaryotes and most of its
components do not have prokaryotic homologs, apart from
Nbp35 (Boyd et al. 2009) and Cia2 (Tsaousis et al. 2014). It has
been experimentally shown that the mitochondrial ISC path-
way is necessary for the function of the CIA, probably because
it synthesizes and transports an uncharacterized sulfur con-
taining precursor to the cytosol (Kispal et al. 1999; Gerber
et al. 2004; Biederbick et al. 2006; Pondarré et al. 2006).
Dependency on ISC is interpreted as a major reason for the
retention of mitochondrion-related organelles in anaerobic
eukaryotes (Williams et al. 2002). Maturation of the cytosolic
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Fe-S proteins by the CIA pathway starts with the formation
of [4Fe—4S] cluster on the Cfd1-Nbp35 scaffold (Hausmann
et al. 2005 Netz et al. 2012), transfer of electrons from
NADPH is mediated by Dre2 and diflavin reductase Tah18
is required for this process (Zhang et al. 2008; Netz et al. 2010).
The [4Fe—4S] cluster from Cfd1-Nbp35 is transferred to a
target apoprotein by Nar1 and the late-acting CIA compo-
nents Cial, Cia2, and Met18, which form the so-called CIA-
targeting complex (Lill et al. 2015).

A unique combination of the Fe-S cluster assembly
enzymes has been found in a flagellate Monocercomonoides
exilis (strains PA203; Treitli et al. 2018) from the group of
Oxymonadida (Karnkowska et al. 2016). Monocercomonoides
exilis contains the CIA pathway, however, the ISC pathway is
absent together along with all other mitochondrial proteins.
As there is no microscopic evidence for the existence of a
mitochondrion, this is interpreted as showing the mitochon-
drion has been lost altogether (Karnkowska et al. 2016), which
makes this oxymonad unique among eukaryotes. Instead of
ISC, M. exilis contains SUF pathway, which is slightly reduced
compared with bacterial pathways, containing only three
proteins—SufB, SufC, and SufSU. SufSU represents a fusion
of SufS (cysteine desulfurase) and SufU (an enhancer of SufS
in prokaryotes; Albrecht et al. 2010, 2017; Riboldi et al. 20171;
Karnkowska et al. 2016).

The M. exilis SUF proteins are not specifically related to
plastid homologues, or homologues from any other micro-
bial eukaryotes, but rather to enzymes found in eubacteria,
and to homologues in the transcriptome of Paratrimastix
pyriformis, a sister taxon of oxymonads (Zhang et al. 2015;
Karnkowska et al. 2016). It has been proposed that the
pathway was acquired by horizontal gene transfer (HGT)
from a eubacterium in the common ancestor of
Monocercomonoides and Paratrimastix. This apparently pre-
ceded the loss of mitochondria in M. exilis, because P. pyr-
iformis retains a mitochondrion-related organelle (Hampl
et al. 2008; Zubacova et al. 2013). Localization of the SUF
pathway in P. pyriformis is unknown and in M. exilis heter-
ologous localizations in Saccharomyces cerevisiae and T. vag-
inalis suggest cytosolic localization (Karnkowska et al. 2016).

Oxymonads and P. pyriformis are classified into the group
Preaxostyla within phylum Metamonada (supergroup
Excavata; Hampl et al. 2009; Adl et al. 2012). All representa-
tives of two other Metamonada lineages (Parabasalia and
Fornicata) contain the ancestral ISC pathway and no genes
for enzymes in the SUF pathway have been observed in these
lineages, indicating that this modification of Fe=S cluster as-
sembly is specific to Preaxostyla. This may have served as a
precondition for the mitochondrial loss in oxymonads. To
further reveal the evolutionary history of this unique evolu-
tionary switch, we investigated genomes and transcriptomes
of 16 members of Preaxostyla for presence of genes and/or
transcripts involved in Fe=S cluster synthesis.

Results and Discussion

The following Preaxostyla data sets were investigated in
this study: genomic assemblies of M. exilis strain PA203

(Karnkowska et al. 2016), Blattamonas nauphoetae strain
NAUS3, and P. pyriformis strain ATCC 50935, single cell ge-
nome assembly of Streblomastix strix, three single cell tran-
scriptome assemblies of Saccinobaculus doroaxostylus (SD1,
SD2, SDN), three single cell transcriptome assemblies of
Saccinobaculus ambloaxostylus (Amblo-1, Amblo-5, Amblo-
5), one single cell transcriptome assembly of Oxymonas sp.,
two single cell transcriptome assemblies of Streblomastix sp.
(Streblo-1, Streblo-4), one single cell transcriptome assembly
of Pyrsonympha sp., transcriptome assembly of Trimastix ma-
rina strain PCT (Leger et al. 2017), and transcriptome assem-
bly of trimastigid “MORAITIKA”. Quality and coverage varied
extremely between data sets, which was probably the main
reason for the lack of some genes/transcripts especially in the
single cell genomes and transcriptomes.

The data were searched for all known components of ISC,
SUF, CIA, and NIF pathways. In all examined data sets, we were
unable to identify any gene involved in the ISC and NIF path-
ways, but we identified genes or gene fragments for proteins
involved in the SUF and CIA pathways in all examined organ-
isms with exception of “Streblo-4" (figs. 1 and 2). Mitochondrial
targeting peptides were not predicted in any complete SUF
proteins (supplementary table S1, Supplementary Material
online), indicating cytosolic localization of these proteins.

Contaminants among the CIA proteins were not expected,
because they have no close prokaryotic homologues. To filter
prokaryotic contamination of SUF genes/transcripts and to
exclude those that were severely truncated, sequences with
>70% nucleotide similarity to prokaryotic sequences in NCBI
and also sequences shorter than 65 aa were not included in
further analyses. Phylogenetic trees were then constructed for
individual SUF components (supplementary figs. S1-S4,
Supplementary Material online). Every protein tree resolved
a major Preaxostyla clade (shown in green in supplementary
figs. S1-S4, Supplementary Material online). Sequences de-
rived from the genomic assemblies were present only in this
major clade, suggesting that this clade represents bona fide
Preaxostyla genes. Species composition of this clade in every
protein tree suggests that it was acquired prior to the last
common ancestor of Preaxostyla.

Some sequences branched robustly (ML bootstrap >90%)
outside this major clade (shown in red in supplementary figs.
S1-S4, Supplementary Material online). Origin of these
sequences is unclear, they may result from prokaryotic con-
taminations or more recent lineage specific HGT. For this rea-
son, these sequences were not included in the concatenation
analysis. Such outlying SUF proteins were especially common
in the data set of Oxymonas sp. (supplementary figs. S1-S4,
Supplementary Material online). These were all unique to
Oxymonas and no closely related orthologues were found in
any other oxymonad, suggesting that this data set contains
high level of prokaryotic contamination. In contrast, we iden-
tified six closely related SufS genes from S. doroaxostylus isolate
SDN, Streblomastix sp. (Streblo-1), S. ambloaxostylus (Amblo-
5), and trimastigid “MORAITIKA.” They formed a well-
supported clade (ML bootstrap 100) that was deeply nested
in a clade containing mixture of Archaea and Eubacteria (sup-
plementary fig. S4, Supplementary Material online). These
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Fic. 1. Inventory of SUF proteins in Preaxostyla. The scheme shows SUF genes/transcripts identified in the members of Preaxostyla. The
relationship within this groups is indicated by the tree. For organisms in bold, genomic data were investigated, in others transcriptomic or single
cell transcriptomic data sets were used. Completeness of a gene/transcript is indicated by the length of the arrow. The order of Preaxostyla genes
does not reflect their order in the genome. Gene fusions are marked by fused arrows. At the bottom are given schemes of typical SUF gene operons

in representatives of prokaryotic groups, see supplementary figure S5,

Trich ginali:
Giardia intestinalis
Trimastix sp. “Moraitika”
Trimastix marina

Paratrimastix pyriformis

Saccinobaculus doroaxostylus “SD1”
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Supplementary Material online for broader prokaryotic representation.

Tah18 Nbp35 Cfdl Narl Cial Cia2 MMS19

Fic. 2. Inventory of CIA proteins in Preaxostyla. Scheme shows the presence (black) or absence (white/gray) of CIA genes/transcripts in Preaxostyla
with reference to Metamonada represented by G. intestinalis and T. vaginalis. White/grey shading indicates that the gene was not identified in
available genome/transcriptome, respectively. The gene inventory of T. vaginalis and G. intestinalis was taken from Pyrih et al. 2016. Question

marks indicate uncertain orthology to Tah18.

sequences may represent contaminants from closely related
prokaryotes, but it is also possible given the fact that these
genesdo notsharea high level of identity and were foundin a
larger number of species, that they represent a second and
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independent acquisition of SufS by a subset of Preaxostyla. It
should be noted, however, that these homologues were
identified only in transcriptomes with overall low quality
and high level of contamination, and most critically that
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Fic. 3. Phylogenetic analysis of concatenated SufB, C, D, and S proteins. The topology of the tree was calculated by ML in IQ-TREE using partition-
specific models. Numbers at nodes represent statistical support in regular ML bootstraps/Bayesian posterior probabilities. The support 99/0.99

and higher is indicated by filled circles, values <50 and 0.5 are not shown.

the sequences putatively ascribed to Streblomastix do not
contain evidence of the alternative genetic code typical for
this oxymonad (Keeling and Leander 2003).

A concatenated tree of SufB, SufC, SufD, and SufS was con-
structed including sequences from “green clades” with reliable
Preaxostyla origin (fig. 3). In this tree, all Preaxostyla formed a
single and well-supported clade (RaxML/MrBayes support
100/1) with an internal topology consistent with the relation-
shipsamong Preaxostyla (Treitli et al. 2018). This result strongly
suggests that the whole pathway originated in their common
ancestor and was inherited vertically since then.

Three proteins of the pathway (SufD, S, and U) are fused
(SufDSU) in M. exilis, B. nauphoetae, S. strix, and P. pyriformis.
The homology of the N-terminal part of this protein with SufD
has not been recognized previously (Karnkowska et al. 2016).
Similar fusion is also present in the transcriptome of T. marina,

where we identified a fusion of SufSU but SufD is on an inde-
pendent contig. No fusions were evident in other data sets, but
this may be a result of the fragmented nature of the data,
making fusions hard to detect. A scheme of the detected
SUF genes/transcripts and their fusions is shown in figure 1
(see supplementary fig. S5, Supplementary Material online for
broader representation of prokaryotes). The phylogeny of SUFs
(fig. 3) was unable to resolve the position of Preaxostyla
sequences within prokaryotes. However, the arrangement of
SUF operons in sequenced prokaryotic genomes suggests
Firmicutes, Thermotogae, Spirochaetes, Proteobacteria, or
Chloroflexi as probable donors. Operons in these groups are
consistent with the SUF pathway composition as well as the
SufDSU gene order found in Preaxostyla fusion genes.

The inventory of the CIA genes in Preaxostyla is in general
very similar to that of other metamonads, including Nbp35,

2715

6102 Joquiaoaq 91 uo 3senb Aq £426805/Z1 L2/L L/SEAOBISAE-0[IIE/Oq/WO0D"dNO"OILISPEDE//:SARY WOI) PAPEOIUMOQ


https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy168#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy168#supplementary-data

Vacek et al. - doi:10.1093/molbev/msy 168

MBE

Cia1, Nar1, and Cia2 (Pyrih et al. 2016; fig. 2). Preaxostyla lack
proteins associated with the mitochondrion (Erv1 and Atm1),
and proteins Dre2 and Tah18. Their absence is not surprising
as the Dre2 is often missing in anaerobes (Basu et al. 2014;
Tsaousis et al. 2014) and neither Erv1 nor Atm1 was found in
other metamonads (Pyrih et al. 2016). The primary function
of Tah18 is to provide electrons for Dre2 (Netz et al. 2010), so
in the absence of Dre2 it is reasonable that Tah18 was prob-
ably lost as well. We were not able to identify MMS19 in any
of the studied oxymonads, but protein containing N-terminal
MMS19 domain was present in P. pyriformis (fig. 2). The
conserved inventory of CIA proteins in Preaxostyla contrasts
with the major switch of the upstream Fe-S cluster assembly
pathway in this group and indicates functional robustness of
the CIA pathway.

Materials and Methods

For single cell transcriptomes (S. doroaxostylus, S. ambloaxos-
tylus, Oxymonas sp., Streblomastix spp., and Pyrsonympha),
cells were manually picked by micropipette, washed 1-2
times, and then deposited directly into single cell lysis buffer
and frozen in —80 °C freezer. Single cell cDNA was then am-
plified following Picelli et al. (2014) and Kolisko et al. (2014)
protocols. lllumina Nextera XT protocol was used for se-
quencing library construction. Transcriptomes were assem-
bled by Trinity 2.0.6 (Grabherr et al. 2011) and for quality
trimming trimmomatic0.32 (Bolger et al. 2014) with default
settings was used.

The trimastigid “MORAITIKA” was maintained as a mono-
eukaryotic polyxenic culture in the ATCC medium 1525 at
room temperature. Total RNA was isolated from 300 ml of
culture using TRI Reagent (Sigma). Isolated RNA was purified
by Qiagen RNeasy Mini Kit (Qiagen) and RNase-Free DNase
Set (Qiagen) according to the manufacturer’s protocol. Total
RNA was sent to EMBL where the libraries were prepared.
Contigs were assembled by Trinity 2014-04-13p1 (Grabherr
et al. 2011), quality trimming was done by fastx version 0.0.13
(fastq_quality_filter -Q33 -q 20 -p 70), contigs shorter than
200 nt were discarded.

The single cell of S. strix was manually picked by micropi-
pette from gut content of the termite Zootermopsis angustic-
olis, three times washed in Trager U media, then DNA was
isolated and the whole genome was amplified using illustra
Single Cell GenomiPhi DNA Amplification Kit (GE
Healthcare) according to the manufacturer’s protocol. The
amplified DNA was purified using Agencourt AMPure XP
(Beckman Coulter), and sequencing libraries were prepared
using lllumina TruSeq DNA PCR-Free (lllumina) for HiSeq
2500 or with Ligation Sequencing Kit 1D (Oxford Nanopore
Technologies) for Oxford Nanopore sequencing Draft ge-
nome was assembled as a hybrid assembly using SPAdes
3.10.0 (Bankevich et al. 2012; Antipov et al. 2016). Binning
of the assembled data and separation of the eukaryotic ge-
nome from bacterial sequences was done using tetranucleo-
tide frequencies using tetraESOM method (Dick et al. 2009),
together with blast analysis of the assembled data.

2716

Blattamonas nauphoetae strain NAU3 was grown as a
monoeukaryotic polyxenic culture in modified TYSGM media
(Diamond 1982) without gastric mucin. The genomic DNA
was sequenced using lllumina MiSeq (coverage 62x) and
Oxford Nanopore Minlon (coverage 2x) technology and as-
sembled using the SPAdes 3.7.1 (Bankevich et al. 2012;
Antipov et al. 2016) followed by scaffolding with SSPACE
basic V2 (Boetzer et al. 2011) using the lllumina mate-pair
reads.

Paratrimastix pyriformis was grown in a monoeukaryotic
polyxenic culture on rye grass cerophyll infusion (Sonneborn’s
Paramecium medium, ATCC #802) at room temperature.
The genomic DNA was isolated using DNeasy Blood &
Tissue Kit (Qiagen). The P. pyriformis draft genome sequence
was sequenced and assembled from raw genomic reads pro-
duced by 454, lllumina HiSeq (coverage 894x), and PacBio
(coverage 11x) sequencing technologies using SPAdes 3.11.1
(Bankevich et al. 2012; Antipov et al. 2016) assembly toolkit.
Automatic gene prediction for the S. strix, B. nauphoetae and
P. pyriformis draft genomes was done using Augustus 3.2.3
(Stanke and Waack 2003).

Nucleotide data sets predicted proteins were searched by
TBLASTN algorithms; six-frame translations of the transcrip-
tomes and predicted proteomes were searched by BLASTP.
Proteins not identified by BLAST were searched for by
HMMER. In the BLAST searches, we have used full gene in-
ventories of M. exilis, Escherichia coli, and Bacillus subtilis for
the SUF pathway, S. cerevisiae, T. vaginalis, G. intestinalis, and
E. coli for the ISC pathway, Azotobacter vinelandii, E. histoly-
tica, and M. balamuthii for the NIF pathway and S. cerevisiae
and human for the CIA pathway. HMMER searches were
performed by HMMER 3.1b2 (Eddy 2011) using curated
Pfam and custom created models for the aforementioned
genes. Sequences of SUF and CIA pathway genes/proteins
retrieved from unpublished data sets were deposited in
GenBank under accession numbers MH608120-MH608208.

Sequences were aligned by MAFFT v. 7.222 (Katoh et al.
2002) and trimmed with BMGE 1.12 software (Criscuolo and
Gribaldo 2010) using blosum30 matrix. Gene fragments orig-
inating from different assemblies of the same species (namely
SufC—SDN_Icl| TR24651|c0_g1_i1 and SDN_Icl| TR10532|c0_
gl_i1, SufS—SD1_Icl|TR11348|c0_g2_i1 and SD1_Icl|
TR17340|c0_g1_i1) were concatenated to increase phyloge-
netic resolution. Alignments are available upon request.
Phylogenetic trees were constructed by IQ-TREE v 1.6.1
(Nguyen et al. 2015) using the best fitting models according
to Bayesian information criterion predicted by ModelFinder
(Kalyaanamoorthy et al. 2017)—LG4M for SufS and SufD, C20
for SufC, and EX_EHO for SufD. For analysis of the
concatenated alignment, gene-partition-specific models given
above were used. Bayesian analysis was performed for
concatenated data set using MrBayes 3.2 (Ronquist et al.
2012) with two runs, each of four chains of 10 mil. genera-
tions, sampling frequency 500 generations and uniform
WAG+gamma-+covarion model for the whole concatenate.
The value of the average standard deviation of split frequen-
cies did not drop below the 0.01; however, both chains have
shown stable plateau of likelihood values after 1 x 10°
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generations. Tree from first 1 10° generations were dis-
carded as burn-in before consensus tree calculation.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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Abstract

The discovery that the protist Monocercomonoides exilis completely lacks mitochondria demonstrates that these organ-
elles are not absolutely essential to eukaryotic cells. However, the degree to which the metabolism and cellular systems of
this organism have adapted to the loss of mitochondria is unknown. Here, we report an extensive analysis of the M. exilis
genome to address this question. Unexpectedly, we find that M. exilis genome structure and content is similar in
complexity to other eukaryotes and less “reduced” than genomes of some other protists from the Metamonada group
to which it belongs. Furthermore, the predicted cytoskeletal systems, the organization of endomembrane systems, and
biosynthetic pathways also display canonical eukaryotic complexity. The only apparent preadaptation that permitted the
loss of mitochondria was the acquisition of the SUF system for Fe-S cluster assembly and the loss of glycine cleavage
system. Changes in other systems, including in amino acid metabolism and oxidative stress response, were coincident
with the loss of mitochondria but are likely adaptations to the microaerophilic and endobiotic niche rather than the
mitochondrial loss per se. Apart from the lack of mitochondria and peroxisomes, we show that M. exilis is a fully
elaborated eukaryotic cell that is a promising model system in which eukaryotic cell biology can be investigated in
the absence of mitochondria.

Key words: amitochondrial eukaryote, cell biology, Monocercomonoides, oxymonads, protist genomics.

Introduction 2016) showed that the outright loss of mitochondria is pos-
sible. This organism, now classified as Monocercomonoides
exilis (Treitli et al. 2018), remains the only deeply inspected
amitochondriate eukaryote, although the same status may
hold true for its relatives, based on the limited cytological
data from other oxymonads (Hampl 2017). Importantly,
the ancestor of this lineage must have possessed a mitochon-
drial organelle, given the well-documented presence of MROs
in relatives of oxymonads (Zubacova et al. 2013; Leger et al.
2017). By studying M. exilis, we can determine how mitochon-
drial loss affects the rest of the cell and affords a unique
opportunity to examine cellular systems that are normally
integrated with mitochondria in a context where the organ-
elle is absent.

Monocercomonoides exilis is a bacterivorous tetraflagellate
living as a putative commensal in the intestine of caviomorph
rodents (fig. 1a and b) (Treitli et al. 2018). Like all oxymonads,

Mitochondria are core features of the eukaryotic cell. In
addition to their signature role in ATP generation, they
are integrated in diverse cellular processes including the
biosynthesis and catabolism of amino acids, lipids, and
carbohydrates, environmental stress tolerance, and the reg-
ulation of cell death. Despite the many independent trans-
formations of the mitochondria into metabolically reduced
and modified versions present in anaerobic organisms
(Roger et al. 2017), mitochondria or mitochondrion-
related organelles (MROs) were considered indispensable
due to their essential core function(s) such as the biosyn-
thesis of Fe=S clusters (Williams et al. 2002; Gray 2012; Lill
et al. 2012).

However, the discovery of the first truly amitochondriate
eukaryote, Monocercomonoides sp. PA203 (Karnkowska et al.
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Trimastix marina

Paratrimastix pyriformis

Monocercomonoides exilis

(b)

Preaxostyla

Tritrichomonas foetus
Trichomonas vaginalis

Parabasalia

Pentatrichomonas hominis
Carpediemonas membranifera
Ergobibamus cyrpinoides
Aduncisulcus paluster
Chilomastix cuspidata
Chilomastix caulleryi
Kipferlia bialata
— Dystnectes brevis

Giardia intestinalis

I: Spironucleus salmonicida

Fornicata

Spironucleus barkhanus

_|: Spironucleus vortens

Trepomonas sp.

Fic. 1. The overall morphology of Monocercomonoides exilis and phylogeny of Metamonada. (a) A living cell of M. exilis PA203 under differential
interference contrast (DIC). (b) TEM micrograph of M. exilis PA203 (credit Naoji Yubuki). (c) Relationships within Metamonada inferred from a
phylogenomic data set (Leger et al. 2017); organisms with sequenced genomes are in bold.

M. exilis has a single long microtubular rodlike axostyle that
originates from the nuclear region and is connected to the
basal bodies by a characteristic fiber (i.e, the preaxostyle)
consisting of a sheet of microtubules and a nonmicrotubular
layer. Electron microscopic imaging of M. exilis showed that it
lacks any conspicuous Golgi apparatus and mitochondria
(Treitli et al. 2018).

Monocercomonoides exilis is a representative of a broader
group of endobiotic protists called the oxymonads, which
together with the free-living trimastigids, constitute the clade
Preaxostyla, one of the three principal lineages of
Metamonada (Leger et al. 2017; Adl et al. 2019) (fig. 1c).
Metamonada comprise solely anaerobic/microaerophilic uni-
cellular organisms with a diverse array of MRO types (Leger
et al. 2017). Many metamonads are also parasites of

agricultural or medical importance, three of which have be-
come subject of in-depth genomic investigations: the para-
basalid Trichomonas vaginalis (Carlton et al. 2007), the
diplomonads Giardia intestinalis (Morrison et al. 2007), and
Spironucleus salmonicida (Xu et al. 2014). A draft genome
sequence has been reported for a free-living representative
of the Fornicata, Kipferlia bialata (Tanifuji et al. 2018). Our M.
exilis genome project has complemented this sampling by
targeting a nonparasitic endobiont and the first representa-
tive of Preaxostyla. However, the initial genomic analysis of M.
exilis was tightly focused on demonstrating mitochondrial
absence (Karnkowska et al. 2016). Here, we present an in-
depth analysis of the M. exilis draft genome sequence that
addresses the genomic and cellular impact of mitochondrial
loss in the context of metamonad evolution.
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Results and Discussion

Focused lon Beam Scanning Electron Microscope (FIB-
SEM) Tomography of the Cell

To supplement the genomic analyses, corroborate the ab-
sence of mitochondria and Golgi stacks, and address several
other predictions from the genomic information, we probed
the M. exilis cell architecture by FIB-SEM tomography. We
sectioned major parts of two cells fixed by two different
protocols (supplementary videos S1 and S2, Supplementary
Material online). The data obtained are consistent with pre-
vious transmission electron microscopy (TEM) investigation
(Treitli et al. 2018). Importantly, although we acknowledge
that the resolution of the microscopy could still allow for
undetected highly reduced mitosomes, we did not observe
any conspicuous mitochondria or MROs in this systematic
examination of the M. exilis cells.

Genome and Predicted Proteome Features

The draft genome of M. exilis (Karnkowska et al. 2016,
BioProject: PRINA304271) is assembled into 2,095 scaffolds
with an estimated genome size of ~75 Mb and an average
GC content 36.8% (with coding regions and intergenic regions
represented by 41.3% and 29% GC, respectively; table 1). By
mapping sequencing reads onto the consensus genome as-
sembly, we observed 5,150 of potential single nucleotide poly-
morphisms (SNPs), with the average SNP density of ~0.04 per
kb. The vast majority of alternative bases have a frequency
<20% (supplementary fig. S1, Supplementary Material on-
line) suggesting that M. exilis cells are monoploid and most
polymorphisms represent sequencing errors. This is consis-
tent with previous fluorescence in situ hybridization (FISH)
results that revealed a single signal for SUF genes in most
nuclei (Karnkowska et al. 2016).

Extensive sequence diversity in terminal telomeric repeats
has been found across eukaryotes where the most common,
and likely ancestral, repeat type is TTAGGG (Fulneckova et al.
2013). In M. exilis, we identified this TTAGGG repeat element
in 13 telomeric regions with at least 5 telomeric repeats at the
beginning/end of the scaffold. FISH analyses with probes
against telomeric repeats support the sequencing results
demonstrating an average of 13 telomeric puncta in M. exilis
nuclei (supplementary fig. S2, Supplementary Material on-
line), suggesting the presence of 6 or 7 chromosomes. The
length of telomeric regions estimated by the terminal restric-
tion fragment method (Kimura et al. 2010) varied from 300
bases to 9 kb with a mean telomeric length of ~2.1kb (sup-
plementary fig. S2, Supplementary Material online).

Manual curation of the previously reported M. exilis ge-
nome annotation (Karnkowska et al. 2016) led to many
changes including corrections of gene models and addition
of new models for genes missed by the automated method
originally employed. In total, 831 genes were manually cu-
rated in this study, which, together with previously curated
genes (Karnkowska et al. 2016), yields a total of 1,172 manu-
ally curated genes in the current annotation release (supple-
mentary table S1, Supplementary Material online). Three
scaffolds—01876, 01882, and 01991—were recognized as
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Table 1. Summary of the Monocercomonoides exilis Genome
Sequence Data.

Feature Value
Genome

Size of assembly (bp) 74,712,536
G + C content (%) 36.8
No. of scaffolds 2,092
N50 scaffold size (bp) 71,440
Protein-coding genes

No. of predicted genes 16,768
No. of genes with introns 11,124
Mean gene length (bp) 2,703.8
Gene G + C content (%) 413
Mean length of intergenic regions (bp) 870.5
Intergenic G + C content (%) 29
Introns

No. of predicted introns 31,693
Average no. of introns per gene 1.9
Intron G + C content (%) 25.2
Mean intron length (bp) 124.3
Noncoding RNA genes

No. of predicted tRNA genes 153
No. of predicted 185-5.85-28S rDNA units ~50

probable contaminants and removed from the new version
of assembly. The revised number of protein-coding genes in
the M. exilis genome is 16,768. Homology-based approaches
assigned putative functions to 6,476 (39%) M. exilis protein-
coding genes, including 2,753 genes with domain annotations.
This percentage is comparable with other metamonads, rang-
ing from 15% of functionally annotated genes for T. vaginalis
G3 (TrichDB Release 35) to 45% for G. intestinalis assemblage
BGS (GiardiaDB Release 35). The annotated genome assembly
and predicted genes for M. exilis will be available in the next
release of GiardiaDB (https://giardiadb.org last accessed 30
June, 2019).

The predicted proteins encoded by M. exilis, other
metamonads and the heterolobosean Naegleria gruberi
were clustered to define putative groups of orthologs
(orthogroups) (fig. 2). Of the 2,031 orthogroups repre-
sented in M. exilis, the highest number (1,688, i.e,, 83%) is
shared with N. gruberi, which was previously suggested to
be overrepresented, relative to other eukaryotes, in ances-
tral eukaryotic proteins (i.e, proteins that were present in
the last eukaryotic common ancestor [LECA]) (Fritz-Laylin
et al. 2010). The degree of orthogroup overlap was lower
with T. vaginalis (1,564, i.e, 77%) and even more limited
with diplomonads (1,057 for G. intestinalis and 1,065 for S.
salmonicida, i.e., 52%). This pattern suggests that M. exilis
has lost fewer ancestral eukaryotic proteins than other
metamonads. Therefore, despite the absence of mitochon-
dria, the proteome of M. exilis is likely more representative
of the proteome of ancestral metamonads than that of
either diplomonads or parabasalids.

The largest gene family in the M. exilis genome encodes
protein  tyrosine kinases (supplementary table S2,
Supplementary Material online). The vast majority (320 out
of 332 predicted tyrosine kinases) belong to the diverse tyro-
sine  kinase-like  group  (supplementary table S3,
Supplementary Material online). Although this group is also
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G. intestinalis

28 15 S. salmonicida

Fic. 2. Venn diagram of orthologous clusters shared and unique to
Monocercomonoides exilis, other metamonads, and Naegleria gruberi.

expanded in T. vaginalis (Carlton et al. 2007), neither classical
tyrosine kinases (TK group) nor members of the related ty-
rosine kinase-like group were identified in G. intestinalis
(Manning et al. 2011), and only one occurs in S. salmonicida
(Xu et al. 2014). Other abundant families in M. exilis include
the Ras superfamily GTPases, cysteine proteases, and thiore-
doxins (see below) (supplementary table S2, Supplementary
Material online).

Intron Gain and Loss in the M. exilis Lineage

Parasitic metamonad genomes sequenced so far are charac-
terized by a scarcity of introns. Only 6 cis-spliced introns and 5
unusual split trans-spliced introns were found in G. intestinalis
(Kamikawa et al. 2011; Franzén et al. 2013), 4 cis-spliced
introns in S. salmonicida (Xu et al. 2014; Roy 2017), and 65
in T. vaginalis (Carlton et al. 2007). In contrast, we previously
reported over 32,000 introns in the genome of M. exilis
(Karnkowska et al. 2016). Sequencing of the free-living meta-
monad K. bialata revealed >120,000 introns, the highest
number noted in metamonads so far (Tanifuji et al. 2018).
We were unable to compare the M. exilis and K. bialata
genomes because we completed our analyses prior to the
release of the Kipferlia data.

With additional manual curation of gene models, the cur-
rent estimate of the number of spliceosomal introns in M.
exilis genome is 31,693, with an average number of 1.9 and 0.8
introns per gene and per kb of coding sequence, respectively.
The high intron density is consistent with the previous report
of introns in the oxymonad Streblomastix strix (Slamovits and
Keeling 2006) and comparable with other free-living protists
(e.g, Dictyostelium discoideum) (Eichinger et al. 2005) and well
within the range exhibited by conventional eukaryotic
genomes (Rogozin et al. 2012; Irimia and Roy 2014). The
ubiquity of canonical GT-AG and lack of AT-AC boundaries
indicates that only the major (U2-dependent) introns are
present, which is consistent with the absence of minor
(U12-dependent) spliceosome components (supplementary
table S1, Supplementary Material online). The large number

of introns in this organism increases the energetic cost of gene
expression (Lynch and Marinov 2015). Clearly, sufficient ATP
is produced in M. exilis by substrate-level phosphorylation to
meet these costs in the absence of aerobically respiring mi-
tochondria (Hampl et al. 2019).

To understand the origin and evolution of introns in M.
exilis, we performed an analysis of the relative contribution of
retention of ancestral introns and insertion of lineage-specific
introns in the M. exilis genome. We analyzed introns in a set of
100 conserved eukaryotic genes with well-established ortho-
logs in 34 reference species across representative lineages of
eukaryotes (fig. 3). In total, these genes and species comprised
3,546 intron positions, 201 of them represented in M. exilis
homologs. We used Dollo parsimony to reconstruct intron
gains and losses along the eukaryote phylogeny using three
alternative root positions. With one of the root positions, the
LECA is inferred to have harbored 432 introns in this gene set,
65 of which have been retained in M. exilis (fig. 3a). This
accounts for more than 30% of the M. exilis introns analyzed,
a proportion similar to other eukaryotes (fig. 3b). The other
two root positions give similar estimates (supplementary fig.
S3a and b, Supplementary Material online). The absence of the
remaining ancestral introns from the M. exilis genome could
be explained by massive intron loss along the stem lineage of
Metamonada, that is, before the split of the lineages leading to
M. exilis on one side and the diplomonads plus T. vaginalis
clade on the other (fig. 3a). However, it is to be noted that the
recently sequenced genome of the diplomonad relative K.
bialata is reported to include >120,000 introns (Tanifuji
et al. 2018), so it is possible that many of these losses are in
fact specific for Preaxostyla or oxymonads. Likewise, although
our analysis suggests substantial acquisition of new introns in
the M. exilis lineage (fig. 3a and supplementary fig. S3a and b,
Supplementary Material online), the new data from K. bialata
make it likely that many of these gains are more ancient
(having occurred already in the metamonad stem lineage).

Genome Maintenance and Expression in M. exilis
Given the extraordinary absence of mitochondrial organelles
from M. exilis, we examined genes encoding components of
other cellular systems to assess whether they were similarly
reduced or unusual.

We first investigated the systems responsible for mainte-
nance and expression of the M. exilis nuclear genome. We
identified all expected universally conserved genes encoding
nucleus-functioning proteins (lyer et al. 2008). For example,
M. exilis encodes all four core histones (H2A, seven variants;
H2B, three variants; H3; two variants; and H4, one variant) as
well as the linker histone H1 (supplementary table S1,
Supplementary Material online).

All essential components involved in DNA unwinding,
primer synthesis, and DNA replication were also present in
the M. exilis genome (supplementary table S1, Supplementary
Material online). The origin recognition complex of G. intes-
tinalis and T. vaginalis each contain ORC1 and ORC4, whereas
S. salmonicida relies on a CDC6 complex. In M. exilis, we were
only able to identify ORC1. In terms of replication machinery,
most metamonads do not encode replication protein A
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Fic. 3. Intron gains and losses along the eukaryote phylogeny. (a) Intron gains and losses along the eukaryote phylogeny as reconstructed by Dollo
parsimony. The numbers are derived from an analysis of 3,546 intron positions in a reference set of 100 groups of orthologous genes of 34

phylogenetically diverse species. Root of the eukaryote phylogeny wa

s considered between Amorphea and the remaining eukaryotes included in

the analysis. (b) Numbers of ancestral (i.e,, inherited from the LECA) and nonancestral (i.e., lineage-specific) introns in different eukaryotes. Derived

from the analysis described in (a).

heterotrimeric complex or have a drastically reduced complex
consisting of only one protein in the case of diplomonads
(Morrison et al. 2007; Xu et al. 2014). Surprisingly, we identi-
fied all subunits of the replication protein A heterotrimeric
complex in M. exilis (supplementary table S4, Supplementary
Material online). In addition, similar to eukaryotes in general
(Forterre et al. 2007), M. exilis employs two different types of
topoisomerase |, Topo IB and Topo lll, whereas parabasalids
and fornicates have retained only the latter type (supplemen-
tary table S4, Supplementary Material online).

We similarly identified most of the components of various
DNA repair pathways including base excision repair, nucleo-
tide excision repair, and mismatch repair pathways (Costa
et al. 2003; Kunkel and Erie 2005; Almeida and Sobol 2007;
Fukui 2010) (supplementary tables S1 and S4, Supplementary
Material online). The mismatch repair pathway appears to be
complete in all other sequenced metamonads, whereas the
base excision repair and nucleotide excision repair pathways
are most complete in M. exilis, especially when compared
with G. intestinalis or S. salmonicida (Marchat et al. 2011)
(supplementary table S4, Supplementary Material online).
The nonhomologous end joining pathway involved in repair-
ing double-strand breaks is missing in M. exilis, similarly to
other metamonads (Carlton et al. 2007; Morrison et al. 2007).
However, the homologous recombination repair pathway for
double-strand breaks repair is encoded in the M. exilis ge-
nome (supplementary table S4, Supplementary Material
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online) and looks more complete in M. exilis than in other
metamonads.

We also investigated the complement of general transcrip-
tion factors in M. exilis and identified subunits of all general
transcription factors known to be highly conserved among
eukaryotes (Orphanides et al. 1996; Latchman 1997 de
Mendoza et al. 2013) (supplementary table S7,
Supplementary Material online). Notably, M. exilis possesses
both subunits of TFIIA, the primary function of which is sta-
bilization of the preinitiation complex and assistance in the
binding of TBP to the TATA box in promoters (Tang et al.
1996). The presence of TFIIA is in agreement with the pres-
ence of TATA-like motifs in ~52% of M. exilis promoter
regions (3,374/6,509 genes with predicted UTR) (supplemen-
tary fig. S4, Supplementary Material online). In contrast, T.
vaginalis lacks TFIIA, and an M3 motif has replaced the TATA
box in this lineage (Smith et al. 2011).

Regarding the translation machinery, we identified 30 pro-
teins in the M. exilis genome annotated as eukaryotic initia-
tion factors or their associated factors (supplementary table
S1, Supplementary Material online). This set is nearly com-
plete compared with the mammalian translation machinery
and it is almost identical to the sets of eukaryotic initiation
factors present in the genomes of T. vaginalis and G. intesti-
nalis (Kanehisa et al. 2014) (supplementary table S,
Supplementary Material online). Of note is the presence in
M. exilis of enzymes responsible for the formation of
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diphthamide (supplementary table S1, Supplementary
Material online), a modified histidine residue present in ar-
chaeal and eukaryotic elongation factor 2 and important for
its proper function (Su et al. 2013). The retention of this
modification in M. exilis contrasts with the situation in para-
basalids recently shown to have lost diphthamide biosynthe-
sis genes (Narrowe et al. 2018).

Actin and Tubulin Cytoskeleton
The extensive cytoskeletal apparatus, including the hallmark
oxymonad axostyle, is one of the better-described fascinating
aspects of the cellular architecture of Monocercomonoides
(Radek 1994; Treitli et al. 2018). Like many other cellular
systems of Monocercomonoides, the actin and tubulin cytos-
keletons of diplomonads and parabasalids depart in various
ways from the general picture seen in other eukaryotes. The
metamonad actin cytoskeleton is reduced and modified (sup-
plementary tables S1and S5, Supplementary Material online),
with the highest reduction in G. intestinalis (Morrison et al.
2007; Paredez et al. 2014). Monocercomonoides exilis shares
some of the unusual modifications with other metamonads,
as it, for example, lacks proteins containing the myosin head
domain, a trait that has so far only been reported from some
rhodophytes, T. vaginalis, and diplomonads (Sebé-Pedros
et al. 2014; Brawley et al. 2017). On the other hand, it stands
out by possessing a more complete set of actin family pro-
teins (including actin-related proteins; ARPs) than other
metamonads. Specifically, it has retained ARP4 and ARP6,
important nuclear ARPs serving in several chromatin-remod-
eling complexes (Oma and Harata 2011), and also a gene for
the actin-binding protein villin. However, its actual repertoire
of proteins associated with the actin cytoskeleton is less com-
plex than that of T. vaginalis (Kollmar et al. 2012) (supple-
mentary tables S1 and S5, Supplementary Material online).

Monocercomonoides exilis encodes a conventional set of
tubulins that is similar to those found in other metamonad
organisms. All metamonads analyzed contain at least one
complete gene for alpha-, beta-, gamma-, delta, and
epsilon-tubulin. The sixth ancestral eukaryotic paralog, zeta-
tubulin, has frequently been lost during eukaryote evolution
(Findeisen et al. 2014) and is also missing from metamonads
including M. exilis (supplementary tables S1 and S5,
Supplementary Material online). All metamonads also con-
tain multiple members of both groups of motor proteins
associated with microtubules, that is, kinesins (primarily me-
diating plus end-directed transport) and dyneins (mediating
minus end-directed transport and flagellar motility). Our
comprehensive phylogenetic analysis (supplementary fig. S5,
Supplementary Material online) showed that the family of
kinesins is well represented in metamonads. Of the 17 previ-
ously defined kinesin families with wide taxonomic distribu-
tion (Wickstead et al. 2010), only 3 are missing from
metamonads as a whole, albeit others may be only patchily
distributed in the group (supplementary table S5,
Supplementary Material online).

Dyneins are large multi-subunit complexes consisting of
one or more dynein heavy chains (DHC) and a variable num-
ber of intermediate chains, light intermediate chains, and light

chains. Interestingly, eukaryotes use just a single dynein com-
plex (called cytoplasmic dynein 1) for nearly all cytoplasmic
minus end-directed transport (Roberts et al. 2013). In accor-
dance with the previous reports for G. intestinalis and
T. vaginalis (Wickstead and Gull 2012), M. exilis lacks two
important components of the cytoplasmic dynein 1 complex,
namely the specific intermediate (DYNC111) and light inter-
mediate (DYNCILI) chains, while keeping the heavy chain
(DHCT1) that constitutes the center of the complex. In eukar-
yotes, the presence of the cytoplasmic dynein 1 is coupled to
the presence of the dynactin complex, a large multisubunit
protein complex that enhances the motor processivity and
acts as an adapter between the motor complex and the cargo.
Trichomonas vaginalis and G. intestinalis have been reported
as rare examples of eukaryotes lacking the dynactin complex
in the presence of cytoplasmic dynein 1 (Hammesfahr and
Kollmar 2012). Here, we show that all subunits specific to the
dynactin complex are also missing from M. exilis, suggesting
the absence of the complex from metamonads in general.
The set of the axonemal dyneins is nearly complete in meta-
monads including M. exilis (supplementary fig. S6,
Supplementary Material online). We are the first to report
the dynein intermediate chain WDR34, a specific component
of the intraflagellar transport dynein in metamonads.

The conservation of microtubule-dependent chromosome
separation across extant eukaryotes strongly suggests that
this feature was present in LECA. Microtubules and chroma-
tids are connected by the kinetochore, a multiprotein struc-
ture that is assembled on centromeric chromatin. Based on
comparative studies, orthologs of 70 kinetochore proteins
have been identified in various eukaryotes suggesting that
LECA had a complex kinetochore structure (van Hooff
et al. 2017). However, the metamonads that have been stud-
ied to date have closed or semiopen mitosis (Ribeiro et al.
2002; Sagolla et al. 2006) and their kinetochores are divergent
and degenerated in comparison to kinetochores of model
organisms such as human or yeast (van Hooff et al. 2017).
Of the 70 kinetochore orthologs, we have identified 15 in M.
exilis, a comparable number to those identified in G. intesti-
nalis (16), and slightly fewer than in T. vaginalis (27) (supple-
mentary table S6, Supplementary Material online). Although
the kinetochore is reduced, all investigated metamonads pos-
sess the most conserved components including Skp1, Plk,
Aurora, or CenA suggesting the presence of a functional ki-
netochore in these species.

Overall, our analyses suggest that except for dispensing
with myosin-based motility and the dynactin complex—traits
shared by all metamonads for which genome data is available
to date—M. exilis has a relatively canonical complement of
cytoskeletal proteins.

Standard and Unconventional Aspects of the
Endomembrane System

The endomembrane system is a critical interface between an
organism and its extracellular environment, and it underpins
host-parasite interactions in many microbial eukaryotes. The
M. exilis endomembrane system noticeably lacks any reported
morphologically recognizable Golgi bodies (Radek 1994;
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Treitli et al. 2018) prompting suggestions of organelle absence
similar to mitochondria. From our FIB-SEM data (supplemen-
tary videos S1 and S2, supplementary fig. S7, Supplementary
Material online), we note that the cells contain a well-
developed endoplasmic reticulum (ER), which sometimes
forms stacks superficially resembling Golgi. However, these
ER structures can clearly be distinguished by the ribosomes
attached to their surfaces. Golgi stacks were not observed. On
the other hand, our previous genomic analyses identified 84
genes that serve as indicators of Golgi presence, starkly con-
trasting with the absence of mitochondrial hallmark proteins
(Karnkowska et al. 2016). To better characterize the endo-
membrane system of M. exilis, we have expanded our geno-
mic analysis of membrane-trafficking machinery.
Monocercomonoides exilis has a relatively canonical com-
plement of endomembrane system proteins (fig. 4) encod-
ing most of the basic eukaryotic set (Koumandou et al.
2007). It shows neither extensive reduction nor expansion
of this set as observed in the G. intestinalis (Morrison et al.
2007) and T. vaginalis (Carlton et al. 2007) genomes, respec-
tively. For several protein membrane-trafficking complexes,
we observed multiple versions of some components, but the
lack of others. The retromer complex transports internalized
plasma membrane receptors from endosomes to the trans-
Golgi network (Seaman 2004). Although the cargo-
recognition subcomplex was identified in M. exilis, neither
membrane-deforming sorting nexin proteins nor the con-
ventional cargo protein, Vps10, could be found. This is un-
usual, but not unprecedented, in eukaryotes (Koumandou
et al. 2011). We found an expanded set of components for
ESCRT II, Il and llla subcomplexes, but a lack of all but
Vps23 of the ESCRT | subunits. ESCRT complexes are best
known for their role in protein degradation at the multi-
vesicular body (MVB) and functional MVBs have been iden-
tified in Tetrahymena which also possesses only Vps23 as its
ESCRT I (Leung et al. 2008; Cole et al. 2015). The genomic
data predict that MVBs should exist in M. exilis, and indeed
candidate MVBs—that is, single-membrane bound small
compartments with internal vesicles—were frequently ob-
served in the FIB-SEM images (supplementary fig. S7). The
presence of this organelle could be significant as these com-
partments are the source of exosomes which are implicated
in host-endobiotic interactions (Schorey et al. 2015). Finally,
we observed at least two sets of all components of the
HOPS complex that acts at the late endosome, but we
were unable to identify any of the subunits that are specific
to the CORVET complex that acts upstream at the early
endosomes. Intriguingly, the Vps39, a HOPS-specific compo-
nent has been recently shown to function in vacuole-
mitochondria contact sites (vVCLAMP), with Tom40 as the
direct binding partner on mitochondria (Gonzilez Montoro
et al. 2018). This highlights the potential to use M. exilis to
disentangle nonmitochondrial functions of this protein
without the indirect effect on mitochondria. Similarly,
Vps13, has been proposed to be present in several mem-
brane contact sites, including endosome—mitochondrion
contacts (Park et al. 2016) and proven to influence
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mitochondrial morphology in human cells (Yeshaw et al.
2019). Four Vps13 paralogs are encoded in the M. exilis
genome.

We observed multiple paralogs of subunits in some
endosomal-associated complexes potentially indicating diver-
sified endolysosomal pathways. Some of the paralog expan-
sions were small, such as the adaptor protein complexes,
Rab11, and endosomal Qa-SNAREs together with their inter-
acting SM proteins. Other complexes were more extensively
expanded, including four paralogs of Syné, EpsinR, Vps34, and
TBC-F, five SMAP paralogs, and eight VAMP7 R-SNAREs. It is
particularly striking that, despite encoding a single copy of the
Rab7-specific GEFs Mon1 and CCZ1 (supplementary fig. S8
and supplementary table S1, Supplementary Material online)
like other eukaryotes, M. exilis has an expanded set of Rab7
paralogs, including nine “conventional” Rab7 paralogs and a
clade of nine additional very divergent Rab7-like (Rab7L)
paralogs not found in other eukaryotes so far (supplementary
fig. S9, Supplementary Material online). Some Rab7L loci are
apparently nonfunctional (with coding sequences disrupted
by mutations), indicating birth-and-death evolution of this
gene group. Hence, we speculate that the Rab7L clade is in-
volved in a novel, rapidly evolving endocytic process in
M. exilis. Consistent with the observed diversified comple-
ment of endolysosomal membrane-trafficking machinery,
we also noted that the cytoplasm contains numerous vesicles
with electron lucent matrix some of them containing food
particles (putative phagosomes), and others resembling
endosomes of various shapes and sizes (supplementary fig.
S7, Supplementary Material online). The conspicuous dark
round globules observed in supplementary video S1,
Supplementary Material online, are very likely glycogen gran-
ules observed also under classical TEM (Treitli et al. 2018).

Expanded Set of Proteolytic Enzymes

Proteases are important virulence factors for parasites and are
known to degrade the host’s extracellular matrix during the
invasion (Sajid and McKerrow 2002). We identified 122 pro-
tease homologs, divided into 4 catalytic classes (cysteine,
metallo, serine, and threonine) and 14 families according to
Merops protease classification (Rawlings et al. 2008) (supple-
mentary table S7, Supplementary Material online). The ex-
pansion of cysteine proteases is consistent with the expanded
complement of Cathepsin B cysteine proteases previously
observed in M. exilis (Dacks et al. 2008). We confirmed that
the M. exilis genome encodes 44 Cathepsin B paralogs but no
Cathepsin L genes (supplementary fig. S10). The high number
of cysteine proteases is surprising because M. exilis is consid-
ered a commensal rather than a parasite. The large number of
cysteine proteases previously reported for parasitic metamo-
nads are often thought to be involved in tissue destruction or
host defense (Carlton et al. 2007; Xu et al. 2014).

Salvage of Nucleotides from the Gut Environment

Gut symbionts often lose the ability to biosynthesize cellular
building blocks like nucleotides, and M. exilis appears to be no
exception. Monocercomonoides exilis lacks enzymes for de
novo synthesis and catabolism of purines or pyrimidines
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(supplementary table S1 and supplementary fig. S11,
Supplementary Material online). This implies that the cell
depends on external sources of these compounds that are
incorporated into the nucleotide pool by salvage pathways in
a manner similar to T. vaginalis, G. intestinalis, and several
trypanosomatids (de Koning et al. 2005) (supplementary ta-
ble S8, Supplementary Material online). However, there are
some notable differences to other metamonads in the set of
enzymes that may be used for salvaging of nucleotides
(Aldritt et al. 1985 Munagala and Wang 2002, Munagala
and Wang 2003). Probably the most crucial difference is
that M. exilis, unlike T. vaginalis and G. intestinalis, does not
rely on the salvage of deoxyribonucleotides (Wang and Cheng
1984; Baum et al. 1989), as it can convert ribonucleotides to
deoxyribonucleotides by the action of ribonucleoside-
triphosphate reductase.

Is the Absence of Mitochondrion Reflected in
Modifications of Any Cellular System?

Mitochondria are tightly integrated into various systems/
pathways in typical eukaryotic cells (Roger et al. 2017). It is
therefore of interest to investigate how these systems are af-
fected by the loss of mitochondria in M. exilis. Changes related
to mitochondrial loss can be divided into three categories: 1)
preadaptations, which subsequently made mitochondria dis-
pensable, 2) functions lost concomitantly with mitochondria,
and 3) postadaptations that evolved to compensate for the
absence of mitochondria. Only specific changes in M. exilis not
present in other Metamonada should be considered, but one
should always keep in mind that even M. exilis-specific fea-
tures may reflect adaptation to anaerobiosis or endobiotic
lifestyle with no direct link to mitochondrial loss.

Like many anaerobic protists, M. exilis cannot synthesize
ATP by oxidative phosphorylation; instead, the ATP is syn-
thesized via glycolysis in the cytosol (Karnkowska et al. 2016).
Coupled with the loss of oxidative phosphorylation, M. exilis
does not encode genes for any of the tricarboxylic acid cycle
enzymes (Karnkowska et al. 2016).

In some anaerobic organisms, glycolysis-derived pyruvate is
oxidized to acetyl-CoA by pyruvate:ferredoxin oxidoreductase
with the concomitant reduction of ferredoxin, which, in turn,
serves as an electron donor for hydrogen evolution via an
[FeFe]-hydrogenase (HYD). In G. intestinalis and Entamoeba
histolytica, the resulting acetyl-CoA can be fermented to eth-
anol, catalyzed by the bifunctional aldehyde/alcohol dehydro-
genase E (ADHE), or is converted to acetate by acetyl-CoA
synthetase (ADP-forming) (Ginger et al. 2010). The latter
reaction produces one molecule of ATP. We identified homo-
logs of PFO, HYD, ADHE, and acetyl-CoA synthetase in the
M. exilis genome (fig. 5 and supplementary table S1,
Supplementary Material online). Acetate may be further fer-
mented to aldehyde and ethanol by aldehyde dehydrogenase
and ADHE suggesting that ethanol may be the final fermen-
tation product in M. exilis.

As we reported previously, M. exilis possesses a complete
arginine deiminase pathway that enables it to produce ATP
by conversion of arginine to ornithine, NHs, and CO, (Novak
et al. 2016). Further analyses of its genome suggest that M.
exilis can generate ATP by metabolizing other amino acids,
including tryptophan, cysteine, serine, threonine, and methi-
onine (fig. 6a and b, Supplementary Material online), as was
previously reported in other protists (Anderson and Loftus
2005). One notable aspect of the amino acid catabolism in M.
exilis is the presence of tryptophanase, an enzyme which
occurs rarely in eukaryotes and has been found so far only
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online.

in anaerobic protists T. vaginalis, Tritrichomonas foetus,
Mastigamoeba balamuthi, Blastocystis spp., Pygsuia biforma,
and E. histolytica (Eme et al. 2017). Among the products of
tryptophan degradation by tryptophanase is indole, a signal-
ing molecule important, for example, for interactions be-
tween mammalian host and enteric bacteria, and indeed,

2300

Ma. balamuthi was shown to produce significant amounts
of indole (Nyvltova et al. 2017). The pentose-phosphate path-
way (PPP) is integrated with the main metabolic energy gen-
erating pathways. PPP is involved in the generation of NADPH
and pentose sugars and has an oxidative and a nonoxidative
phase. We were unable to find homologs of the enzymes for
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the oxidative phase but identified those for the nonoxidative
one (fig. 5 and supplementary table S1, Supplementary
Material online). We propose that the oxidative phase is likely
absent in M. exilis, which is not unusual, as a truncated PPP
has also been observed in E. histolytica (Loftus et al. 2005). The
dehydrogenase reactions of the oxidative PPP are considered

as one of the primary cellular sources of NADPH; therefore,
NADPH must be synthesized via an alternative route in M.
exilis. One such NADPH-generating enzyme might be the
putative NAD(P)-dependent glyceraldehyde-3-phosphate de-
hydrogenase (GAPN) identified in the M. exilis genome (sup-
plementary table S1, Supplementary Material online). It was
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proposed that GAPN plays an important role in NADPH
generation in bacteria and archaea (Spaans et al. 2015).
Interestingly, the M. exilis GAPN was identified as a lateral
gene transfer (LGT) candidate (supplementary table S9,
Supplementary Material online). In summary, the NAD(P)H
and ATP generation pathways in M. exilis resemble those
reported for mitosome-bearing anaerobes, and so there is
no indication that they were affected by the complete loss
of mitochondria.

An essential function of mitochondria and MROs in eukar-
yotes is the synthesis of Fe-S proteins. The ISC pathway,
otherwise considered to be an essential house-keeping path-
way in eukaryotes, was functionally replaced in all examined
Preaxostyla by the SUF pathway (Vacek et al. 2018). We have
argued previously that this replacement was a preadaptation
for the subsequent loss of mitochondria in this lineage
(Karnkowska et al. 2016). This unprecedented event appar-
ently did not influence the number of Fe-S proteins in the
cell, as we identified 70 candidates for such proteins in
M. exilis, with no essential Fe=S protein missing (supplemen-
tary table S10, Supplementary Material online). With the ex-
ception of xanthine dehydrogenase containing a 2Fe-2S
cluster, all other proteins, for which the type of cluster can
be estimated, appear to have 4Fe—4S clusters. Similarly, 4Fe—
4S clusters are more abundant than 2Fe-2S clusters in other
anaerobes (Andreini et al. 2017). The presence of the full array
of essential Fe-S proteins in M. exilis suggests that its cytosolic
SUF and CIA systems are fully capable of satisfying cellular Fe—
S cluster needs.

In most eukaryotes, fatty acid metabolism is integrated
between the mitochondria, ER and peroxisomes.
Monocercomonoides exilis possesses all the proteins necessary
for the synthesis of diacylglycerol and for the interconversion
of phosphatidylcholine, phosphotidylethanolamine, and
phosphatidylserine from phosphatidate. It also possesses a
suite of putatively ER-localized fatty acid biosynthesis proteins
for very long fatty acid elongation by using malonyl-CoA
(supplementary table S1, Supplementary Material online).
However, we were unable to identify components for shorter
chain fatty acid biosynthesis or fatty acid degradation path-
ways. Reduction of the fatty acid synthesis complex is also
known from other microaerophilic protists such as G. intesti-
nalis (Morrison et al. 2007) and E. histolytica (Loftus et al.
2005), both mitosome-possessing gut parasites. Given the
lack of some lipid biosynthetic and degradation pathways,
and the lack of any MRO in M. exilis, we searched for evidence
of peroxisomes, an organelle that has long been predicted as
also absent due based on microscopic evidence. Loss of per-
oxisomes (and peroxins) has been confirmed in several
groups across the tree of eukaryotes and is often associated
with the reduction of mitochondria (Zarsky and Tachezy
2015; Gabalddn et al. 2016). We searched the M. exilis genome
for peroxin homologs, but only Pex19, a cytosolic receptor for
proteins targeted to the peroxisomal membrane, was found.
This suggests that M. exilis lacks peroxisomes and that reten-
tion of Pex19 reflects a peroxisome-independent function of
the protein, possibly associated with the ER (Yamamoto and
Sakisaka 2018). This result is also consistent with our failure to
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identify any of the ER-localized Dsl1 complex subunits, as
losses of peroxisomes and Dsl1 subunits are correlated
(Klinger et al. 2013). As the peroxisomes are lost in many
anaerobes, their absence cannot be attributed to the loss of
mitochondria.

A second key role of both mitochondria and peroxisomes
is the oxidative stress response. Lack of oxygen-dependent
mitochondria and their reduction to MROs reduce the im-
pact of the organelle on the production of reactive species in
anaerobic and microaerophilic protists. However, many of
them are transiently exposed to oxygen and have evolved a
variety of strategies to cope with oxygen stress. Intracellular
proteins and low-molecular-weight thiols are the main cellu-
lar antioxidants present in anaerobic protists (Miiller et al.
2003). In the M. exilis genome, we identified superoxide dis-
mutase responsible for the radical anion (O® ) detoxification
to O, and H,0,. We also found candidates for catalase and
peroxiredoxins, which are involved in reduction of H,O, to
0O, and H,0, and hybrid cluster protein and rubrerythrin,
which decompose H,O, to H,O (supplementary fig. S12
and supplementary table S1, Supplementary Material online).
Peroxiredoxins must be recharged by reduction in reaction
with thioredoxin, which also have been identified in the M.
exilis genome (supplementary fig. S12 and supplementary
table S1, Supplementary Material online). In other metamo-
nads such as G. intestinalis or S. salmonicida, the main non-
protein thiol is cysteine (Brown et al. 1993; Stairs et al. 2019);
the putative ability of M. exilis to synthesize cysteine suggests
that cysteine might be also the main nonprotein thiol in this
organism.

Our analysis of the M. exilis genome revealed an expanded
repertoire of genes involved in oxygen stress response, mainly
acquired by LGT from bacteria (supplementary table S9,
Supplementary Material online). Monocercomonoides exilis
genome encodes homologs of not only ruberythrin, nitro-
reductase, and flavodiiron protein but also rare among eu-
karyotic microaerophiles, of catalase, and hemerythrin, an
enzyme involved in the protection of Fe-S cluster-
containing proteins from oxidative damage in microaero-
philic bacteria (Kendall et al. 2014) (supplementary table S9,
Supplementary Material online). This enlarged set of proteins
involved in oxygen stress response might be related to the
complete loss of mitochondria. However, as many microaer-
ophilic/anaerobic protists are also known to possess an ex-
panded set of oxygen stress response proteins, this feature of
M. exilis may instead just be reflective of its ecological niche.

Amino acid biosynthesis is another canonical mitochon-
drial function. Monocercomonoides exilis seems to be able to
synthesize at least alanine, serine, cysteine, and selenocysteine,
and, assuming availability of 2-oxoglutarate, also glutamate
and glutamine (relevant biosynthetic pathways are
highlighted in brown in fig. 6a). The crucial first step seems
to be the synthesis of serine from a glycolysis intermediate 3-
phosphoglycerate by a pathway consisting of three reactions.
A gene encoding the enzyme catalyzing the third reaction,
phosphoserine phosphatase, was not conclusively identified
in M. exilis genome, but a possible candidate is the protein
MONOS_5832 which is similar to the phosphoserine
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phosphatase recently characterized in E. histolytica (Kumari
et al. 2019). Alternatively, it has been shown that the conver-
sion of phosphoserine to cysteine can be catalyzed by cysteine
synthase in T. vaginalis (Westrop et al. 2006); this might also
be the case for M. exilis. The reconstructed amino acid met-
abolic network (fig. 64, supplementary table S,
Supplementary Material online) of M. exilis is more complex
than those reported for G. intestinalis (Morrison et al. 2007), E.
histolytica (Loftus et al. 2005), and Cryptosporidium parvum
(Abrahamsen et al. 2004), but less complex than the amino
acid metabolism of T. vaginalis (Carlton et al. 2007).
Monocercomonoides exilis also lacks the glycine cleavage sys-
tem (GCS) and serine hydroxymethyltransferase (SHMT),
which are both present in its close relative Paratrimastix
pyriformis, where they localize into the MRO (Hampl et al.
2008; Zubacova et al. 2013). Related to amino acid metabo-
lism and translation is the finding that the M. exilis genome
encodes components of selenium utilization machinery, in-
cluding enzymes responsible for the synthesis of
selenocysteinyl-tRNA and the translation factor SelB required
for selenocysteine incorporation into proteins during transla-
tion (supplementary table S1, Supplementary Material on-
line). Trichomonas vaginalis and G. intestinalis do not utilize
selenium, but certain Spironucleus species possess selenopro-
teins and selenocysteine biosynthesis machinery, with pre-
dicted roles in oxygen defense (Stairs et al. 2019). The latter
proteins are related to the proteins we identified in M. exilis
(Roxstrom-Lindquist et al. 2010). Out of the 49 genes encod-
ing the 34 enzymes putatively involved in amino acid metab-
olism discussed above, 17 are of prokaryotic origin
(supplementary table S9, Supplementary Material online)
and were likely acquired via LGT. For comparison, the recon-
structed amino acid metabolism of T. vaginalis contains 36
enzymes, 9 of which were identified as LGT candidates
(Carlton et al. 2007). In summary, only the absences of GCS
(a strictly mitochondrial complex) and SHMT are directly
related to the absence of mitochondria. The loss of these
enzymes, which might have accompanied the transition to
an endobiotic lifestyle, removed another essential function
from the MRO of the M. exilis ancestor, preadapting it for
loss of the organelle.

In model systems, the mitochondrion is involved in the
regulation of calcium homeostasis in the cell. The calcium flux
is regulated by opening of Ca*" channels on the cytoplasmic
membrane and by pumping of Ca>* into extracellular space
and into the internal Ca®* stores. The ER, mitochondria, and
other endomembrane vesicles function as these stores
(Contreras et al. 2010; Garcia-Sancho 2014). In M. exilis, we
identified five paralogs of the plasma membrane calcium-
cation exchangers which are responsible for the regulation
of the intracellular Ca>" concentration (Yu and Choi 1997).
Additionally, we identified seven paralogs of P-type Ca’*-
ATPases which also transport Ca®*" ions across the plasma
membrane (Schatzmann 1966) and the ER membrane
(Vandecaetsbeek et al. 2011). For comparison, T. vaginalis
possesses four and six of these respective paralogs (not
shown). This suggests that there were no obvious changes

in the inventory of Ca®* transporters associated with the loss
of mitochondria.

The final systems we specifically examined were related to
autophagy and cell death. While analyzing the membrane-
trafficking system, we noted the presence of seven homologs
of Rab32, including representatives of both main ancestral
paralogs in this family (Rab32A and Rab32B; Elias et al.
2012). In mammalian cells, Rab32 proteins are associated
with specialized lysosome-derived compartments, ER, mito-
chondria, and autophagosomes. We hypothesized that some
aspects of the extended endolysosomal machinery described
above, especially the multiple paralogs of Rab32, in the ab-
sence of mitochondria, could be related to the autophagoso-
mal machinery. We therefore further examined the
autophagosomal machinery encoded in the M. exilis genome
(fig. 7 and discussed below).

Autophagy, the process by which large cellular compart-
ments and cytosolic complexes are degraded, involves the
mitochondria, as well as the ER, via the regulation of calcium,
reactive oxygen-species, and physical association (Gomez-
Suaga et al. 2017). Approximately 30 proteins, found broadly
conserved across eukaryotes, are involved in the initiation,
formation, and function of the autophagosomes (Gomez-
Suaga et al. 2017). Interestingly, the AuTophaGy related 1
complex (Atgl; mammalian ULKs 1, 2, and 3) is almost en-
tirely missing in M. exilis, T. vaginalis, and N. gruberi. The
exceptions are a single divergent Atg11 homolog in M. exilis
and Atg1 homologs in the other two protists. As this complex
plays a role in the early steps of autophagosome formation, its
absence suggests an alternative mechanism for membrane
nucleation, as many other core autophagy proteins are pre-
sent in these organisms. Phagosomal membrane nucleation
and elongation downstream of Atg1 occurs by activation of
the class Ill phosphatidylinositol 3-kinase (PtdIns3K) complex,
which appears to be present in M. exilis. Membrane expansion
is mediated by the Atg8 and Atg12 ubiquitinlike conjugation
systems. Although the Atg8 complex is present, we did not
identify components of the Atg12 Ubl conjugation system in
M. exilis. As Atg12 is found in both T. vaginalis and N. gruberi,
this pathway may be in the process of being lost in M. exilis,
suggesting that the Atg8 complex is capable of membrane
elongation alone. Indeed, several proteins known to support
the function of Atg8, but not considered core autophagy
machinery, are present in M. exilis, including sequestosome-
1 (p62), which binds to Atg8 to facilitate degradation of
ubiquitinated proteins, and HOG1, which enhances the sta-
bility of Atg8. Retrieval of proteins involved in autophago-
some formation is mediated by the Atg9-Atg18 complex,
both of which are present in M. exilis. However, the Atg18-
interacting protein Atg2, which modulates lipid droplet size, is
not found in M. exilis or T. vaginalis. The genomic comple-
ment identified suggests that M. exilis should be capable of
generating autophagosomes, despite some canonical compo-
nents not being identified. Consistent with this, we observed
membranes that resembled the beginning structures of auto-
phagosomes, the Omegasome (supplementary fig. S7 and
supplementary videos S1 and S2, Supplementary Material
online). However, confirming the identity of this structure,
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Fic. 7. Autophagy proteins in Monocercomonoides exilis, Trichomonas vaginalis, and Naegleria gruberi. Homologs of autophagy machinery
identified by BlastP and pHMMER. Filled squares indicate presence of the component, whereas numbers indicate multiple paralogs. Missing
squares indicate that the component could not be identified using these methods. Gray squares indicate a putative homolog whose identity could
not be confirmed by reverse BLAST. Categories defined as in Duszenko et al. (2011).

and of the putative MVBs mentioned above, must await de-
velopment of a transfection system in M. exilis for tagging and
localization of the relevant molecular components. As might
be expected, we could not find any orthologs of the proteins
specifically involved in mitophagy (i.e, SLT2, UTH1, PTC6,
FUNDCT, BNIP3, and BNIP3L) or pexophagy (i.e, PINK1,
PARK?2, PEX3, and PEX14) encoded in the M. exilis genome.
Although a comprehensive analysis of the mitophagy-specific
machinery, with deep sampling of eukaryotic genomes, has
not been performed, analyses have shown that at least some
of the machinery is conserved across the breadth of eukar-
yotes (Wu et al. 2017). Therefore, the loss of mitophagy pro-
teins represents an example of a system likely lost together
with mitochondria.

As the final step in the search for proteins involved in
specific adaptations to the loss of mitochondria, we carefully
inspected the list of genes that are unique to M. exilis, as
recovered by Orthofinder (fig. 2). We could ascribe a function
to 1,126 of these genes; another 196 genes probably function
in trans- or retro-position or are derived from integrated vi-
ruses (supplementary table S11, Supplementary Material on-
line). We have not found any example of gene(s) clearly
related to the loss of mitochondrial function.

In summary, we have previously suggested that the signif-
icant reorganization of Fe-S cluster assembly machinery in M.
exilis represented the key preadaptation for the loss of mito-
chondria (Karnkowska et al. 2016) and here we add that
another such preadaptation could have been the loss of
GCS and SHMT, which took place after the split from the
P. pyriformis lineage. We have not found any clear case of
function lost concomitantly with mitochondrion besides
mitophagy. All other cellular systems remained relatively ca-
nonical or appear unusual probably due to involvement of
host—endobiont interactions and no clear postadaptations to
the amitochondriate cell organization were revealed.

Proteins Mediating Mitochondrial Dynamics Are
Present in M. exilis

Mitochondria are organelles that constantly undergo re-
peated fission and fusion in order to maintain their number
and quality. These dynamics are coordinated with the funda-
mental functions of mitochondria (Santos et al. 2018). Even
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reduced mitochondria, such as MROs, undergo dynamics,
and many aspects of this process are shared with conven-
tional mitochondria. Given the absence of the mitochondrial
organelle in M. exilis, proteins involved in mitochondrial fis-
sion and fusion are expected to be absent, too. However,
many of them are involved in other cellular processes than
mitochondria dynamics. We searched M. exilis proteome for
homologs of proteins annotated into Gene Ontology (GO)
categories: mitochondrion localization (GO:0051646; any pro-
cess in which a mitochondrion or mitochondria are trans-
ported to, and/or maintained in, a specific location within the
cell) and mitochondrial organization (GO:0007005). Out of 24
identified candidates, only three appeared to be related to
mitochondrial dynamics (supplementary table S12,
Supplementary Material online). Two of these are dynamin-
related protein (DRP) Dnm1 paralogs in M. exilis that are
closely related to each other and fall phylogenetically to a
broader subgroup of DRPs (class A; fig. 8) that includes pro-
teins involved in mitochondrial (and peroxisomal) fission and
proteins that seem to have been independently recruited to
serve in various parts of the endomembrane system (Praefcke
and McMahon 2004; Purkanti and Thattai 2015). In the ab-
sence of a mitochondrion, the two M. exilis DRPs are pre-
dicted to have a role in the dynamics of the endomembrane
system, perhaps in endocytosis (in analogy to “true” dyna-
mins and other endocytic DRPs that evolved independently
in multiple eukaryotic lineages [Purkanti and Thattai 2015]).
Indeed, the single DRP of G. intestinalis (also a member of the
class A dynamins) seems to be involved in endocytosis
(Zumthor et al. 2016), whereas its role in the mitosome dy-
namics remains unsettled (Rout et al. 2016; Voleman et al.
2017). On the other hand, at least one of the eight DRPs
present in T. vaginalis contributes to the fission of the hydro-
genosomes (Wexler-Cohen et al. 2014), indicating that MRO
division in metamonads ancestrally depends on the dynamin
family. It is interesting to note that MRO-possessing relatives
of M. exilis—the trimastigids Trimastix marina and P.
pyriformis—possess two different forms of class A DRPs,
one apparently orthologous to the M. exilis DRPs and the
other without an M. exilis counterpart (fig. 8). Since the last
common ancestor of trimastigids was probably also the an-
cestor of oxymonads (Zhang et al. 2015; Leger et al. 2017), the
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Fic. 8. Phylogenetic analysis of dynamin family showing the position of metamonad dynamins. Clades of Opa1, Mgm1, and Dynamin class C
(labeled Other Dynamins) are collapsed since they do not include any metamonad dynamins. Topology is based on phylogenetic tree computed
by ML method in RAXML version 8.2.11 (500 rapid bootstraps, PROTGAMMALG4X model). Branch supports were assessed by RAXML rapid
bootstraps (500 replicates, only values >70 are shown) and IQ-Tree ultrafast bootstraps (5,000, only values >95 are shown). IQ-Tree 1.5.5 was run

under LG+R8 model (based on model test). The

absence of this second DRP form in M. exilis must be due to

final alignment contains 176 sequences and 548 amino acid positions.

mitochondrial network formation (Gal

et al. 2017).

secondary loss. It is tempting to speculate that this second
DRP form is involved in MRO fission in trimastigids and its
absence in M. exilis reflects the loss of MROs.

Surprisingly, and in contrast to parabasalids and diplomo-
nads, M. exilis also encodes an ortholog of MSTO1 (misato)
protein. The MSTO1 function has been studied in humans;
the protein was shown to be involved in the regulation of
mitochondrial distribution and morphology and was pro-
posed to be required for mitochondrial fusion and

However, in Drosophila melanogaster the protein has a non-
mitochondrial role, controlling the generation of mitotic
microtubules by stabilizing the TCP-1 tubulin chaperone
complex (Palumbo et al. 2015). The MSTO1 of M. exilis
may have a similar nonmitochondrial function.

Conclusions

In this article, we have performed a far more extensive study
of the genome of M. exilis in comparison to Karnkowska et
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al. (2016) and have characterized many additional cellular
systems and functions, including 831 new manually curated
genes. Our goal was to determine how the loss of mitochon-
dria impacts eukaryotic cell complexity. To our surprise,
none of the newly examined cellular systems, including
the cytoskeleton, kinetochore, membrane trafficking
autophagy, oxidative stress response, calcium flux, energy,
amino acid, lipid, sugar, and nucleotide metabolism, are
significantly altered relative to eukaryotes with mitochon-
dria. The large number of introns, elaborate cytoskeleton,
endomembrane system, and biosynthetic pathways, all re-
quiring ATP, suggest that M. exilis is capable of providing
enough ATP without a specialized ATP generating organelle.
As such, M. exilis serves as living evidence that complex
amitochondriate eukaryotic cell is a viable cell type and
that such complex cells could have evolved during the evo-
lutionary process of eukaryogenesis before the acquisition of
the mitochondrion (Hampl et al. 2019).

From a cell biological perspective, M. exilis constitutes a
unique experimental model in which to study
mitochondrion-integrated systems. With the complete ab-
sence of the organelle, such systems can now be interrogated
by knock-down or deletion experiments, without the con-
founding effects of mitochondrion-related functions.
Autophagy is one example of such a system, but the same
can be said for the functions of dynamins, membrane contact
site proteins Vps13 and Vps39, misato protein, calcium flux
regulatory proteins, Fe-S cluster assembly and more. The com-
prehensive and high-quality curated predicted proteome pro-
vided here, along with the biological insights into various cellular
functions of M. exilis, should facilitate such future investigations.

Materials and Methods

FIB-SEM Tomography

Soft pellets of cell cultures were fixed in 2.5% glutaraldehyde
and 1% formaldehyde in 0.1 M cacodylate buffer for one hour
at room temperature (RT), postfixed by reduced 2% (for cell
1) or 1% (for cell 2) osmium tetroxide and 1.5% K5(FeCN)g in
0.1 M cacodylate buffer for 1h on ice (cell 1) or 30 min at RT
(cell 2). The cell 1 was further incubated in thiocarbohydra-
zide for 20 min at RT and in 2% nonreduced osmium tetrox-
ide (in ddH,0) for 30 min at RT, the cell 2 was incubated in
1% nonreduced osmium tetroxide (in 0.1M cacodylate
buffer) for 30 min at RT. The cells were contrasted by incu-
bating 1h (cell 1) or 30 min (cell 2) in 1% uranyl acetate at RT,
dehydrated in ethanol (cell 2) or ethanol/acetone series (cell
1) and embedded in EPON hard. Serial pictures were taken
with FEl Helios NanoLab G3 UC-FIB-SEM microscope with
Through lens, In Column and Mirror detectors (TLD, ICD,
MD). Raw data were processed in Amira 6 software. First view
through the cell in the video is made up of pictures taken
with the microscope, whereas the others are calculated sub-
sequently in Amira software.

Ploidy Estimation from M. exilis Sequencing Data
The genomic DNA (gDNA) of a clonal culture of M. exilis
previously sequenced using a Genome Sequencer 454 GS
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FLX4 at ~35X coverage (Karnkowska et al. 2016) was
used to the ploidy estimation. Genomic sequencing reads
subjected to linker and quality trimming were mapped
onto the previously assembled genome using CLC
Genomics Workbench v. 9.5.2 with the following parameters:
mismatch cost, 2; insertion cost, 3; deletion cost, 3; length
fraction, 0.96; and similarity fraction, 0.96. Duplicate read re-
moval and local realignment were performed using the same
software. The resulting read mapping was used as an input for
SNP calling with Platypus v. 0.8.1 with a minimum read cov-
erage cut-off of 3 (Rimmer et al. 2014). For ploidy inference,
allele frequency distribution at biallelic SNP loci in M. exilis
was compared with the theoretical distributions in organisms
with different ploidy levels (Yoshida et al. 2013).

Protein-Coding Gene Annotation

The previously reported set of gene models predicted by a
combination of automated algorithms and manual curation
(Karnkowska et al. 2016) was subjected to additional refine-
ment concerning gene categories specifically targeted in the
present study. This included incorporation of newly created
models for previously missed genes and modification of exist-
ing models by changing exon-intron boundaries (sometimes
resulting in gene model splitting/fusion) as suggested by tran-
scriptomic evidence and/or sequence conservation within
respective gene families. In addition, nine models were re-
moved, since it turned out that the respective scaffolds (scaf-
fold01876, scaffold01882, and scaffold01991) are most likely
bacterial contaminants (based on high sequence similarity at
the nucleotide level to bacterial genomes).

The automatic functional annotation was performed by
similarity searches using BLAST (e-value =< 1e*°) against
the NCBI nr protein database and HMMER (http://hmmer.
org/; last accessed 30 June, 2019) searches of domain hits from
the PFAM protein family database (Finn et al. 2014).
Additional annotation was performed using the KEGG
Automatic Annotation Server (Moriya et al. 2007) which
compares predicted genes to the manually curated KEGG
Genes database (Kanehisa et al. 2014). Gene product names
were assigned based on significant BlastP and domain
matches. For cases, where there was no significant BLAST
or domain hit, the gene was automatically assigned as a
“hypothetical protein.” GFF3 format was used for storing
the annotation information. A set of 1,137 genes of interest
was manually curated (supplementary table S1,
Supplementary Material online). A locus tag identifier in
the format MONOS_XXXXX was assigned to each predicted
gene. Approximately 60% of the gene models remained as
hypothetical proteins.

Ortholog clustering of translated proteins from annotated
draft genome of M. exilis was performed with Orthofinder
(Emms and Kelly 2015) using predicted proteomes from
T. vaginalis, G. intestinalis, S. salmonicida, and N. gruberi.

Tyrosine kinases annotation was performed based on ho-
mology searches with kinase database (http://kinase.com; last
accessed 30 June, 2019). For analysis of proteases the MEROPS
database (Rawlings et al. 2016) was used to carry out a BlastP
search of all M. exilis predicted proteins. Four hundred and
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forty-three proteins with an e-value =< 1e™'° were further

analyzed and 122 were checked against MEROPS and con-
firmed with PFAM. For prediction of Fe—S-cluster-containing
proteins the MetalPredator (Valasatava et al. 2016) was used.
MetalPredator predicted that proteome of M. exilis contains
about 54 [Fe-S] proteins. Another [Fe-S] proteins were pre-
dicted using BlastP (Altschul et al. 1997) against custom data-
base of experimentally confirmed [Fe-S] proteins from
Escherichia coli and Saccharomyces cerevisiae followed by
the reciprocal BLAST against the NCBI nr database. Results
were searched against InterPro database (Finn et al. 2017) to
confirm presence of [Fe-S] cluster binding motif. TATA-like
motif (A/G)TATTT(T/C/G) was searched in the genome as-
sembly of M. exilis with the DREME algorithm (Bailey 2011).
TATA-like motif was searched among annotated genes with
predicted 5 UTR in the region located 45 nucleotides up-
stream of the transcription start site.

Gene Searching and Identification

As queries for gene searching, published proteins from various
organisms were used, most often from Arabidopsis thaliana
from www.phytozome.net, Dictyostelium discoideum AX4
from NCBI, G. intestinalis WB from GiardiaDB.org, Homo sa-
piens from NCBI, N. gruberi v1.0 from genome.,jgi-psf.org, P.
pyriformis from NCBI, T. vaginalis G3 from TrichDB.org,
Trypanosoma brucei TREU927 from eupathdb.org and
Saccharomyces cerevisiae RM11-1a from www.broad.mit.edu
and S288C from NCBI. Monocercomonoides exilis hits were
BLASTed back against the genome of the query protein and
against NCBI nr database.

For identification of rapidly evolving proteins that may be
difficult to detect with BLAST, more sensitive searches of the
predicted M. exilis proteome were carried out using
HMMER3.1 package (http://hmmer.org/; last accessed 30
June, 2019). Query HMMs were prepared using the hmmbuild
program and input alignments of reference sequences, usually
adopted from the Pfam database (seed alignments defined for
the families of interest). Positive hits were evaluated as pos-
sible orthologs of the query proteins by blasting them against
the NCBI protein sequence database.

We performed phylogenetic analyses and generated indi-
vidual gene trees to support annotation process. Sequences
were aligned using MAFFT (Katoh and Standley 2013) or
MUSCLE (Edgar 2004), visually inspected and manually edited
whenever necessary, and eventually trimmed with BMGE
(Criscuolo and Gribaldo 2010) or manually. Maximum likeli-
hood (ML) phylogenetic analyses were performed using one
or more methods: RAXML 8.0.23 (Stamatakis 2014), IQ-TREE
1.3.11.1 (Nguyen et al. 2015), Phylobayes v4.1 (Lartillot et al.
2009), or MrBAYES v3.2.2 (Ronquist et al. 2012).

Intron Analyses

The history of intron gains and losses was studied for 100
groups of orthologous genes conserved in M. exilis and 33
additional representatives of different phylogenetic lineages
of eukaryotes. The genes analyzed were a subset of 163 groups
of orthologous genes used in a previously published phyloge-
nomic analysis (Karnkowska et al. 2016). For the intron

analyses, we excluded all species with only transcriptomic
data available and two more species (Reticulomyxa filosa
and Chondrus crispus) with poor representation of genes in
the original data set. For Acanthamoeba castellanii and
S. salmonicida 8 and 21 orthologs, respectively, missing in
the original data set were identified by reciprocal blast
searches of databases at NCBI and added to the alignments.
Finally, groups of orthologs that lacked genes from more than
one of the 34 species retained in the analysis were excluded.
Information on the exon—intron structure of the genes for
most species was obtained from the respective gene records
in the GenBank or RefSeq databases at NCBI. For Bigelowiella
natans and Phytophthora ramorum, the information was
extracted from GFF files downloaded from the respective
genome databases at the Joint Genome Institute (http://jgi.
doegov/; last accessed 30 June, 2019). For five genes from
A. castellanii, the respective models were not available in
any database, so their exon—intron structure was recon-
structed manually. MAFFT v7.271 with auto option (Katoh
and Standley 2014) was used to align sets of orthologous
protein sequences for subsequent intron mapping and defi-
nition of homologous intron positions. These analyses were
performed using the Malin software (Csuros 2008). To restrict
the analysis to confidently homologized introns, we filtered a
total of 5,711 intron positions by keeping only those that were
flanked in the protein sequence alignment by four nongap
amino acid positions on both sides and that exhibit conser-
vation of a particular amino acid in at least a half of the
protein sequences aligned (i.e, “Minimum unambiguous
characters at a site” was set to 17). This setting left 3,546
positions for further analyses. We then used the intron table
created by Malin and a custom Python script to define an-
cestral introns, that is, those presumably occurring in the
LECA. These were defined by intron positions represented
in at least one species of Amorphea and at least one species
from the remaining eukaryotic groups included in the analysis
(i.e, assuming the position of the root of the eukaryote phy-
logeny as depicted in fig. 3a). The proportion of ancestral
introns to the total number of introns was then plotted for
each species (fig. 3b). Reconstruction of intron gain and loss
was done in Malin using Dollo parsimony and three different
species trees, using the unrooted topology as defined by our
phylogenetic analysis reported previously and assuming three
alternative placements of the root of the eukaryote phylog-
eny: between Amorphea and the remaining eukaryotes in-
cluded in the analysis (fig. 3a); between Amorphea +
Metamonada and the remaining eukaryotes included in the
analysis (supplementary fig. S4a, Supplementary Material on-
line); and between Metamonada and the remaining eukar-
yotes included in the analysis (supplementary fig. S4b,
Supplementary Material online).

LGT Pipeline

In order to retrieve putative homologs of M. exilis proteins,
the 16,629 predicted protein sequences (i.e, the version of the
M. exilis proteome reported in Karnkowska et al. [2016]) were
used as BlastP queries against the nr database at the NCBI (e-
value cut-off: 10~ "% and a maximum of 1,000 hits). Only data
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sets containing at least four sequences were kept (4,733).
Probable M. exilis in-paralogs (and their homologs retrieved
by BlastP) were assembled in a single data set using an in-
house Perl script that gathered data sets containing at least
50% of identical sequences. After this step, only 2,146 data
sets remained. Since we were interested in LGT specifically
from prokaryotes, we discarded data sets containing no pro-
karyotic homologs. This resulted in set of 824 protein data
sets that were further considered for phylogenetic analyses.

A round of preliminary phylogenetic analyses was carried
out in order to reduce unnecessary sequence redundancy in a
reproducible fashion, and decrease computational time, thus
allowing more rigorous downstream analyses. For this, each
protein data set was aligned using the “MAFFT” algorithm
(default parameters) from the MAFFT package v6.903 (Katoh
et al. 2002). Regions of doubtful homology between sites were
removed from the alignments using BMGE with default
parameters, except for the substitution matrix, which was
set to BLOSUM40 (“-m BLOSUM40”), and the gap threshold
to 40% (“-g 0.4”) (Criscuolo and Gribaldo 2010). At this step,
we discarded alignments for which <80 sites were kept after
trimming (154 alignments).

Preliminary phylogenetic trees were reconstructed for the
remaining 670 protein alignments using FastTree 2.1.4 (with
default parameters) (Price et al. 2010). An in-house Perl/
Bioperl script was then used to parse these trees and auto-
matically remove unnecessary sequence redundancy in order
to reduce the size of each tree. Our method identifies sequen-
ces from closely related organisms (i.e, belonging to the same
genus) that form a monophyletic clade and keeps only one
representative per clade, except for M. exilis, for which all (in-)
paralogs were kept.

A second round of phylogenetic analyses was performed
using more thorough methods. Reduced protein data sets
were realigned using the MAFFT-L-INS-i method of the
MAFFT package, and then trimmed with BMGE (settings as
previously described). ML trees were computed using RAXML
8.0.23 (Stamatakis 2014) with the LG4X model (Le et al. 2012)
and statistical support was obtained from 100 rapid boot-
strapping (rBS) replicates. Alignments and trees are available
upon request.

An automated pipeline was developed, in-house, using
Perl/Bioperl to parse phylogenetic trees and screen for LGT
candidates using the following criteria: 1) M. exilis must
branch within a clade containing no other eukaryotes with
a few defined exceptions (fornicates, parabasalids, oxymo-
nads, P. pyriformis, N. gruberi, E. histolytica, Ma. balamuthi,
and Blastocystis sp.). These exceptions were allowed because
we were interested not only in LGTs specific to M. exilis but
also in cases of more ancient LGTs (e.g, at the various internal
branches of excavate phylogeny). Similarly, we were inter-
ested in identifying genes of prokaryotic origin that are shared
by M. exilis and other anaerobic protists. This clade containing
prokaryotes and M. exilis (and possibly some of the allowed
lineages) must have been supported by a bipartition with the
rBS > 70%.

The resulting 174 candidate cases of LGTs were examined
by eye taking into account all information contained in each
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BLAST result, alignment, sequence domain composition (see
below), and phylogeny to exclude as many false positives as
possible. Seventy-one genes were eventually removed from
the list, leaving 103 M. exilis genes likely acquired by LGT
(supplementary table S9, Supplementary Material online).
Protein functional domains for each homolog in a given
data set were identified using the HMMER 3 package
(http://hmmer.org/; last accessed 30 June, 2019) against the
PFAM 26.0 database (Punta et al. 2012) and were mapped
onto phylogenetic trees with the ETE2 Python toolkit
(Huerta-Cepas et al. 2010).

Fluorescence In Situ Hybridization
Unlabeled telomeric probes were generated using the primer
dimer extension method described in ljdo et al. (1991), but we
used PrimeSTAR Max DNA polymerase (Clontech, R045A)
instead of Taq polymerase for the PCR step. The purified PCR
products were labeled with digoxigenin-11-dUTP, alkali sta-
bile (Roche, 11093088910) using the Decalabel DNA Labeling
Kit (Thermo Scientific, K0621). The labeled probes were pu-
rified using columns from the QIAquick Gel Extraction Kit
(Qiagen, 28704) and eluted into the final volume of 50 pl.
One liter of M. exilis culture was filtered to remove bacteria
and the cells were pelleted by centrifugation for 10 min at
1,200 X g at 4 °C. FISH with digoxigenin-labeled probes was
performed according to the previously described procedure
(Zubacova et al. 2011) except that the culture was not treated
with colchicine and the stringency washes were performed at
45°C. For probe detection, we used DyLight 594 Labeled
Anti-Digoxigenin antibody (Vector Laboratories, DI-7594).
Preparations were observed using an 1X81 microscope
(Olympus) equipped with an 1X2-UCB camera. Images were
processed using Cell-R software (Olympus) and Image J 1.42q.
The number of signals from each nucleus was manually
counted and the average number of signals was estimated
from at least 50 nuclei.

Southern Blot Analysis of Telomeres

A Southern blot was performed with M. exilis gDNA isolated
from 3,000 ml of filtered cell culture using DNeasy Blood &
Tissue Kit (Qiagen, 69504). Estimation of the average telo-
mere length was based on the method described in Kimura
et al. (2010), with slight modifications. Briefly, 5 j1g of gDNA
was digested overnight in total volume 200 il containing five
units of the Hinfl (NEB, R0155S) and five units of Rsal (NEB,
R0167S) restriction enzymes. DNA was purified by ethanol
precipitation and resuspended in 15 pl of nuclease-free water.
After restriction enzyme treatment, the gDNA samples were
run on a 0.8% agarose gel at 80V for 5h. The DNA was
transferred onto a Hybond-N membrane (GE Healthcare)
using vacuum blotting. The Southern blot hybridization
was performed using the same probe which was used in
the FISH procedure. Probe detection was done using the
DIG-High Prime DNA Labelling and Detection Starter Kit Il
(Roche, 11585614910) according to the manufacturer’s
instructions. Digital images of hybridization signals were
obtained using the ImageQuant LAS 4000 (GE Healthcare
Life Sciences).
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Supplementary data are available at Molecular Biology and
Evolution online.
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Abstract:

Oxymonad Monocercomonoides exilis is an amitochondriate protist which contains SUF pathway
—with some unique features — instead of canonical ISC pathway. In this work, we demonstrate
that SUF proteins of M. exilis show a high level of conservation in the secondary and tertiary
structure and that they contain all previously reported catalytically important residues. Although the
sequence of the fusion protein SufDSU contains some unique insertions they do not disturb overall
structure. Complementation experiments in Escherichia coli proved, that these proteins are capable
of partial reconstitution of Fe-S cluster assembly in this organism. Furthermore, bacterial adenylate
cyclase two-hybrid system (BACTH) showed, that SufB and SufC interact with each other and are
therefore probably capable of forming a complex. Altogether our results bring first although indirect

evidence that SUF system of M. exilis is capable of Fe-S cluster synthesis.

Introduction:

Iron-Sulfur (Fe-S) clusters are ubiquitous and ancient inorganic cofactors present in virtually all
organisms and important for many cellular processes including DNA metabolism, respiration and
photosynthesis (Beinert et al. 1997; Rees 2003; Pain and Dancis 2016). Fe-S clusters can exist in various
conformations with the most common being the rhombic [2Fe-2S] and cubane [4Fe-4S] forms (Johnson et al.

2005). In living organisms, Fe-S clusters synthesis requires specialized machinery, which generally functions



in a three-module action: 1) sulfur is mobilised from cysteine by the activity of a cysteine desulfurase, 2) the
Fe-S cluster is formed de novo on a scaffold protein, 3) the newly formed Fe-S cluster is transferred to the
target apoprotein (Johnson et al. 2005). In living organisms, three distinct pathways for the synthesis of Fe-S
clusters have evolved — the ISC pathway (Iron-Sulfhur Cluster assembly) (Zheng et al. 1998), the NIF
pathway (NItrogen Fixation) (Dean et al. 1993; Zheng et al. 1993); and the SUF pathway (Sulfur Utilisation
Factor) (Takahashi and Tokumoto 2002).

The NIF system was described in Azotobacter vinelandii as the first system known to perform Fe-S
cluster assembly. This system is usually specific for the maturation of nitrogenase in nitrogen-fixating
bacteria where it is dedicated specifically to the maturation of the iron-molybdenum cofactor (Zheng et al.
1993; Johnson et al. 2005; Dos Santos et al. 2007; Zhao et al. 2007). The NIF system was also reported
amongst some eukaryotes such as Entamoeba histolytica (Ali et al. 2004; Mi-ichi et al. 2009) and
Mastigamoeba balamuthi (Nyvltova et al. 2013), but in these cells, it is probably responsible for the initial

phase of the synthesis of all Fe-S clusters.

The ISC pathway was discovered as the second system for the Fe-S cluster assembly and it is considered
to serve as a house-keeping pathway. It is distributed amongst bacteria and in mitochondria, which inherited
it from the a-proteobacterial ancestor (Tachezy et al. 2001; Braymer and Lill 2017). In E. coli, it is encoded
by the iscRSUA-hscBA-fdx-iscX operon. This system is more sensitive to oxidative stress than SUF, and its
expression is inhibited by reactive oxygen species (Jang and Imlay 2010). IscS is a type I cysteine
desulfurase and IscU was shown to be the scaffold protein on which the Fe-S cluster is assembled. IscS and
IscU share high primary sequence similarity with NifS and NifU, respectively. HscA and HscB have been
shown to facilitate the transfer of the nascent Fe-S cluster from IscU onto apoprotein in an ATP dependent
mode. Fdx probably provides a source of an electron (Yan et al. 2015) and IscX was recently suggested to be

the Fe donor for the pathway (Kim et al. 2014; Cai et al. 2018).

The SUF system was described as the last of the three systems but it is considered to be the evolutionary
oldest and it is also the most widespread and present in all three domains of life — Archea, Bacteria and
Eukaryotes (Takahashi and Tokumoto 2002). The simplest form of the SUF pathway as described from
Archaebacteria (mainly Euryarchaeota and Crenarchaeota) consists of only two proteins SufB and SufC
(Ollagnier-de-Choudens et al. 2003; Outten et al. 2003; Layer et al. 2007). As it lacks cysteine desulfurase it
probably uptakes sulfur from H,S in the environment. The more sophisticated version of the SUF system in
the model bacterium Escherichia coli is encoded by the sufABCDSE operon. Sulfur is released from cysteine
by the cysteine desulfurase activity of SufS and in the form of persulfide is then transferred from SufS to the
cysteine C51 of the accessory protein SufE. From SufE it is then passed to the C254 of SufB, one of the
components of the scaffold complex, formed by SufBC,D (Ollagnier-de Choudens et al. 2003; Layer et al.
2007; Yuda et al. 2017). The crystal structure of the SufBC,D complex revealed the presence of a
hydrophobic tunnel in E. coli SufB which would in theory allow S° transfer within SufB from C254 to C405
(Yuda et al. 2017). SufD was also proposed to play a role in Fe acquisition (Saini et al. 2010). The Fe-S
cluster is then formed by the coordinated activity of the SufBC,D complex, which binds FADH, (Wollers et



al., 2010). C405 and H360 from SufB and SufD respectively, form an interface on which the nascent Fe-S
cluster is formed (Yuda et al. 2017). SufD was also proposed to play a role in Fe acquisition (Saini et al.
2010). Although several stoichiometries of scaffold complexes (SufBC, SufCD and SufBCD) have been
detected in vitro, the SufBC,D complex has been shown to be most common (Petrovic et al. 2008; Wada et

al. 2009; Saini et al. 2010).

SufC is a member of the ABC ATPase superfamily and exhibits ATPase activity as well as other features
and motifs typical for this family of proteins (Nachin et al. 2003; Kitaoka et al. 2006). SufC forms a head-to-
tail dimer inducing structural changes to the SufBC.D complex after ATP binding, exposing C405 of SufB
and H360 of SufD, which are normally buried inside of the complex (Hirabayashi et al. 2015). It was also
shown that a mutation in the Walker A motif of SufC (L40R) reduced eightfold the iron content on the
isolated SufBC,D complex when compared to the wild type, strongly suggesting that ATPase activity of

SufC is necessary for Fe acquisition by complex (Saini et al. 2010).

In gram-positive bacteria such as Bacilus subtillis, the Fe-S cluster assembly SUF pathway is coded by
the operon sufCDSUB, where all components are similar to the corresponding SUF homologues in E. coli
with the exception of SufU, which shares a high sequence similarity with IscU. Pathways with similar
composition were also found in Bacilli, Actinobacteria, Spirochaetes and Thermotogae (Tokumoto et al.
2004; Huet et al. 2005; Boyd et al. 2014; Wayne Outten 2015). SufU was shown to enhance the cysteine
desulfurase activity of SufS (Albrecht et al. 2010; Albrecht et al. 2011; Selbach et al. 2014). Recently it was
shown that SufS and SufU from B. subtilis can functionally replace SufS and SufE in E. coli and vice versa,
but SufU or SufE alone were not able to replace each other on their own (Yokoyama et al. 2018a). In
eukaryotes, the SUF pathway is usually localized in plastids or plastid-related organelles and is of

cyanobacterial origin (Balk and Lobréaux 2005; Balk and Pilon 2011).

Synthesis of Fe-S clusters by the ISC pathway is considered to be the core function of mitochondria,
including the reduced forms of these organelles called mitochondrion-related organelles (MRO) (Williams et
al. 2002). MROs share some common features with mitochondria and originated from the same a-
proteobacterial endosymbiosis, yet they bear different metabolic properties — such as the ATP-producing
hydrogenosomes (Lindmark and Miiller 1973) named after their production of H, and mitosomes (Tachezy
and Smid 2019), which produce neither ATP nor H,, and their only function in some species seems to be
limited to Fe-S cluster assembly (Tovar et al. 2003). The classification of MROs has been broadened to a
wide spectrum of organelles of various metabolic properties and many transitional forms (Miiller et al. 2012;
Leger et al. 2017). Interestingly, some protists exhibiting an MROs have also been found displaying proteins
from other Fe-S cluster assembly pathways. Such is the case of E. histolytica, which harbours the NIF
pathway most probably localised in its cytosol and the only essential function of its mitosome is sulfate

activation (Ali et al. 2004; Mi-ichi et al. 2009; Maralikova et al. 2010; Mi-ichi et al. 2011).

Until the definition of MROs, organisms bearing these forms of mitochondria had been defined as
“amitochondriates”. However, the first “true” amitochondriate, i.e. lacking both mitochondria and MRO, was

only recently described. This organism known as Monocercomonoides exilis (formerly Monocercomonoides



Pa303) (Karnkowska et al. 2016; Treitli et al. 2018) is the most studied representative of the group
Oxymonadida. Oxymonads together with trimastigids and paratrimastigids are the three sole members of
Preaxostyla, a group of heterotrophic, anaerobic and/or microaerophilic flagellated protists. The former
group is primarily formed by endobiotic protists found in the hindgut of lower termites and wood-eating
cockroaches, meanwhile the second and third group are comprised of free-living flagellates (Hampl 2017).
Phylogenetically, Preaxostyla represent one of the three lineages of Metamonada (Leger et al. 2017; Adl et
al. 2019), part of the former “supergroup” Excavata (Zhang et al. 2015; Adl et al. 2019). Unlike oxymonads,
the members of the paratrimastigids and trimastigid (Paratrimastix pyriformis and Trimastix marina)
contains an MROs similar to hydrogenosomes (Brugerolle and Patterson 1997; O’Kelly et al. 1999; Simpson
et al. 2000) one of which have been partially characterised (Hampl et al. 2008; Zubacova et al. 2013).

The existence of MRO bearing relatives suggests that Monocercomonoides exilis has undergone
secondary loss of its mitochondrion (Karnkowska et al. 2016). Together with its MRO, it lost all other
mitochondrial pathways including the ISC, but instead, a genes for the SUF pathway enzymes were found in
its genome. As Fe-S cluster assembly is considered to be the hardest core function of MROs, it has been
proposed that this major rearrangement of Fe-S cluster synthesis might have been the prerequisite for the loss
of the MRO in oxymonads (Karnkowska et al. 2016). Further intensive study of the M. exilis genome and
comparison with other eukaryotes did not show any other obvious pre-adaptation for the loss of the MRO

rather than the acquisition of a SUF pathway (Karnkowska et al. 2019).

The SUF pathway of M. exilis consists of SufB, SufC, and the fusion protein SufDSU, this later one
consisting of parts with homology to SufD, SufS and SufU. This fusion was found supported by
transcriptomic data. Furthermore, we were able to confirm that the same set of SUF genes, including the
unique fusion protein SufDSU, is present across the diversity of Preaxostyla (Vacek et al. 2018).
Heterologous localisation of M. exilis SufB and SufC in Saccharomyces cerevisiae and Trichomonas
vaginalis suggested cytosolic localization of these proteins, neither of which contain a recognizable N-
terminal targeting sequence (Karnkowska et al. 2016). The substitution of the ISC pathway by SUF does not
seem to affect the CIA pathway, which exhibits a similar composition to the CIA pathways of related protists
from the group Metamonada (Vacek et al. 2018), as well as the predicted set of Fe-S cluster-containing

proteins is comparable with those of other anaerobically living protists (Karnkowska et al. 2019).

SufB and SufC genes have also been found in protists such as Pygsuia biforma (Stairs et al. 2014),
Blastocystis hominis (Tsaousis et al. 2012), Proteromonas lacertae, and Stygiella incarcerata (Leger et al.
2016). But only in P. biforma they have replaced the mitochondrial ISC pathway (Stairs et al. 2014).
Phylogenetic analyses suggest that SufB and SufC genes of these protists share a common origin with
Methanomicrobiales (Tsaousis et al. 2012; Leger et al. 2016; Tsaousis 2019) and are unrelated to those of

Preaxostyla.

In this paper we aim to bring the evidence for the functionality of the SUF pathway in M. exilis.
Although this pathway is key for the secondary loss of the MRO in this organism and it likely provided this

protist with a unique way of FeS cluster assembly, all information published until present is based solely on



in silico predictions from the genomic and transcriptomic data. Because the biochemical and genetic tools
are not available for M. exilis at the moment, we study the functionality of M. exilis enzymes by

complementation of their functional homologues or analogues in E. coli mutant strains.

Results
In silico analysis and modelling of M. exilis SUF proteins.

To verify potential functionality of M. exilis SUF pathway, we have modelled the 3D structures
of M. exilis SUF proteins using homology based modelling by SWISS-MODEL (Waterhouse et al.
2018). . Our aim was to observe the overall structure conservation and the presence and position of

functionally important residues.

The cysteine desulfurase SufS belongs to the type II cysteine desulfurases which are
characteristic for the transport of cysteine-originated persulfide intermediate to a specific acceptor
(SufE, SufU), often required for the activation of the enzyme (Ollagnier-de-Choudens et al. 2003;
Outten et al. 2003; Riboldi et al. 2011). An additional feature of type II cysteine desulfurases is the
presence of the B-hairpin motif (corresponding to residues 253-265 in B. subtilis) (Blauenburg et al.
2016). In the M. exilis SufS (Fig. 1), all the important residues such as the active site cysteine (C361
in B. subtilis), C548 in M. exilis and adjacent residues are well-conserved, showing a high level of
similarity (42.25% sequence identity) to the sequences of SufS from B. subtilis, but also E. coli and
other organisms (Blauenburg et al. 2016). The lysine residue responsible for binding of PLP (K224
in B. subtilis), K226 in M. exilis is also conserved (Selbach et al. 2010; Selbach et al. 2014).
However, in comparison to other SufS sequences, the homologue of M. exilis exhibits three unique
insertions, which divide the PLP-binding site. In the protein model, these sequences form loops on
the surface of the protein yet they do not disturb the PLP-binding pocket (Fig. 1). The PLP-binding
site was also predicted using COACH (protein-ligand binding site prediction meta-server) (Yang et
al. 2013) with high probability (C-score 0.79). The H342 of B. subtilis SufS is referred to as the
residue responsible for binding of Zn of SufU, this dissociates bond between C41 of SufU and Zn.
C41 is then free to accept S° released from cysteine (C361 B. subtilis) of SufS (Fujishiro et al.
2017). Also this histidine is well-conserved in sequences of Gram-positive bacteria as well as in the

sequence of M. exilis (position 222).

M. exilis SufU is structurally similar (sequence identity 37.50%) to its homologues from B.
subtilis, Enterococcus faecalis and other Gram positive bacteria and like them it lacks the LPVVK
motif typical for IscU (Riboldi et al. 2009). An amino acid insert conserved in Gram positive
bacteria (also referred as GPR) of approximately 19 AA long is elongated to 27 amino acids in M.

exilis, alongside the zinc binding residues — C98, C136, C206 and D100 (M. exilis numbering)



which are also present and conserved in the protein in M. exilis (Selbach et al. 2014; Fujishiro et al.

2017) (Fig. 2).

Examination of M. exilis SufB protein sequence and its comparison to the model of SufB from
E. coli revealed that all previously identified residues responsible for the Fe-S cluster formation
(R226, D228 C254, Q285, W287, K303, numbering from E. coli) are also present in the M. exilis
homologue (Fig. 3). SufB residues C405 and E434, as well as H360 in SufD, reported to be
responsible for creating the interface between SufB and SufD in E. coli are present in their
counterpart in M. exilis (Hirabayashi et al. 2015; Yuda et al. 2017). The position of cysteine C254
(E. coli numbering) which probably serves as an acceptor of persulfide transferred from SufE (Yuda
et al. 2017), is well conserved in the sequence of its homologue in M. exilis (282) and its position in
the model of SufB overlaps with the position in E. coli (Fig. 3). Of the four of FADH, binding
motifs predicted in E. coli SufB, - P(x)sGxN, R(x)sExxY (x)sG(x)sY, GxxL and R451, only
R(x)sExxY(x)sG(x)sY and R451 are conserved in SufB of M. exilis (Wollers et al. 2010).

The hydrophobic tunnel which goes through the -helix core of SufB and connects C254 with
C405 was predicted by CAVER3.0 (Chovancova et al. 2012) in E. coli (Yuda et al. 2017). In M .
exilis a similar tunnel can be also predicted and ranges from C293 to C434, which correspond to

their counterparts in E. coli (data not shown).

The sequence of SufD is the least conserved of all the SUF proteins of M. exilis (21.45%
sequence identity to SufD of E. coli). Of all the previously reported essential residues, it only
displays H360 (E. coli numbering) which is involved in the formation of the interface with SufB
(Yuda et al. 2017). Another residue reported to be involved in the formation of this interface is
C358. In M. exilis an A is present instead of C in this position. This substitution, however, seems to
be present in many of gram-positive bacteria. Also M. exilis sequence displays several relatively
long insertions which have no homology with E. coli sequence and probably form loops (shown in

red in Fig. 4) which are hard to model.

SufC was proposed to be responsible for the dynamic ATP-driven conformational change of
SufBC,D complex, which exposes the Fe-S cluster binding site on SufB and SufD interface
(Hirabayashi et al. 2015). SufC of M. exilis contains all the characteristic motifs of ABC ATPases
such as the Walker A and Walker B motifs, the ABC signature motif, the Q-loop and the H-motif.
The amino acids identified as potentially important for ATPase activity are also conserved (K40,
K152, E171, D173 and H203 - E. coli numbering) in the sequence of M. exilis SufC (Kitaoka et al.
2006; Hirabayashi et al. 2015). Model comparison shows high resemblance (53.66% sequence
identity) to the structure of E. coli SufC (Fig. 5).



Bacterial complementation

To verify the functionality of the M. exilis SUF pathway proteins, the genes SufB, SufC and
SufDSU were codon optimised for expression in E. coli and S. cerevisiae and cloned into pTrc99a
vector (Amann et al. 1988). The fusion protein SufDSU was cloned complete as well as in two

separated modules corresponding to SufS and SufU.

Complementation experiments were carried out in E. coli strains deficient in the corresponding
gene (for genotypes see Table 1). In the case of SufU, which is not present in E. coli, the strain
deficient in the functional analogue SufE was used for complementation. E. coli transformed with
the M. exilis genes were tested in a serial-dilutions spots growth assay on LB plates with 250, 275,
300 and 350 pM concentrations of DIP (2,2'-Bipyridyl) and 30, 40, 50 and 70uM concentrations of
PMS (phenazine methosulfate) to induce iron starvation and/or oxidative stress respectively. A
weak rescue effect was observed for SufB (Fig. 6), This rescue effect was observable only in the
concentration of DIP 275uM and 30pM PMS. However, no rescue effect was observed for other
genes. Overexpression of SufC had a toxic effect on E. coli cells when overexpressed under
conditions of Fe starvation, corresponding to the same phenotype observed when overexpressing
the native E. coli SufC (Fig. 7). Partial genes derived from SufDSU - SufS, SufSU and SufU of M.
exilis failed to show any rescue effect in single-gene mutants of E. coli when compared to the
negative control. Overexpression of these genes had a lethal effect on E. coli under stress conditions

(data not shown).

Because the growth phenotypes of complemented E. coli strains were weak, we decided to
verify specifically the rescue of Fe-S cluster synthesis in mevalonate dependent strains of E. coli
(Campos et al. 2000). The LacZ gene cloned under IscR-regulated promoter allowed the
measurement of Fe-S cluster production in strains of E. coli deficient in the respective relevant gene
in SUF and ISC pathway. The strain DV1184 deficient in SufB, IscU and IscA was used for SufB
and DV1249 deficient in SufS and IscS was used for SufDSU or its parts respectively (for
genotypes see Table 1). Neither SufB nor SufDSU genes were able to fully complement their
counterparts in the bacterial strains, and cells were not viable without mevalonate. To further
evaluate the level of Fe-S clusters production, a $-galactosidase assay was performed, which allows
detection of Fe-S cluster synthesis more sensitively than the standard growth phenotype assay.
Measurements of -galactosidase activity in DV1184 strain transfected with M. exilis SufB showed
that the production of Fe-S clusters was partially restored when compared to controls (Fig. 8),
suggesting that SufB is capable of partial restoration of Fe-S cluster production in E. coli. Parts of

SufDSU gene — SufS and SufSU were capable of restoring Fe-S cluster assembly in the double



mutant strain of E. coli (DV1249), as measured [3-galactosidase activity was significantly lower

than the activity of negative control (Fig. 8).

M. exilis SufB and SufC forms complex with each other

Another evidence for the functionality of the SUF pathway in M. exilis was obtained using
the BACTH assay (Bacterial Adenylate Cyclase Two Hybrid system) (Battesti and Bouveret 2012).
This assay allows to test protein-protein interaction in E. coli in vivo, and and takes advantage of
two catalytic domains of Bordetella pertussis adenylate cyclase (CyaA) toxin. These domains can
be fused separately to proteins of interest, and if the proteins of interest interact, then the adenylate
cyclase domains will be brought together, which will reconstitute production of cyclic AMP
(cAMP). Production of cAMP can be detected by measuring the activity of $-galactosidase
expressed under cAMP-dependent promotor.
Genes for SufB and SufC of M. exilis were cloned in to pUT18 and pKT25 vectors and expressed
together in DHT1 competent cells of E. coli strains and the activity of -galactosidase was
measured. The activity measured in DHT 1 cells expressing SufB-pKT25 + SufC-pUT18 and
expressing SufC-pKT25 + SufB-pUT18 was comparable to the activity of positive control.
Therefore, restoration of the adenylate cyclase activity in E. coli DHT1 (Fig. 9) provided evidence

that SufB and SufC of M. exilis interact in vivo in E. coli

Discussion:

As the genetic and biochemical tool are not available for M. exilis, we applied in silico
protein modelling as well as heterologous complementation experiments to assess the functionality
of SUF pathway from this organism. In silico analysis of M. exilis SufB sequence showed that all
residues responsible for Fe-S cluster formation (R226, D228 C254, Q285, W287, K303, numbering
from E. coli) are present in the aforementioned protein, as well as the residues reported to form the
interface with SufD (C405 and E434 in E. coli). From the four described FADH, binding sites, only
two are present in M. exilis SufB. These FADH, binding motifs are conserved only in some
organisms and in some bacteria (Yersinia and Salmonella) are completely missing furthermore not
just SufB is probably involved in FADH, binding because E. coli SufB alone is able to bind just
small amounts of flavin, only the whole SufBC,D complex binds 1 eq of flavin (Wollers et al.
2010). Also exact role of FADH, is unknown as it was experimentally shown that FADH, is not
necessary for the transfer of 4Fe-4S cluster to the recipient apo-protein (Wollers et al. 2010).
Another difference is that sequence of M. exilis SufD contains an alanine instead of a cysteine on

the position equivalent to C358 of E. coli. However this substitution did not cause any noticeable



growth defects when it was experimentally mutated in E. coli (Yuda et al., 2017). SufB of M. exilis
showed a weak rescue effect on the E. coli strain deficient in SufB under conditions of oxidative
stress and iron starvation, and its ability to substitute SufB of E. coli was also confirmed by the [3-
galactosidase assay in the aforementioned strain of E. coli where SufB of M. exilis showed
significantly higher production of Fe-S clusters when compared to negative control. However, this
effect was not sufficient to fully restore viability of E. coli without mevalonate. This may be
interpreted as an impossibility of the protist scaffold protein to interact with the downstream
components of the pathway, namely the transfer proteins, which ultimately deliver the freshly

formed clusters into their apoproteins.

Regardless of the presence of three insertion sequences in the SufS of M. exilis which
seemingly disrupt the PLP binding site, the in silico protein model of M. exilis SufS shows the PLP
binding site of M. exilis SufS intact and most probably loops do not interfere with PLP binding.
However, no part of the fusion protein SufDSU — SufS, SufSU or SufU — by themselves was able to
restore the viability of E. coli strains under conditions of oxidative stress or iron starvation. Also
SufS and SufSU were not able to fully restore viability of AISC ASUF strains of E. coli, although
they were able to partially restore Fe-S cluster assembly in those strains. Possible explanation is that
SufS of M. exilis may be unable to interact (or interact in limited way) with SufE of E. coli and vice
versa. This is further supported by inability of SufU of M. exilis to functionally replace SufE of E.
coli. These results would correspond with previously published experimental substitution of SufU

between B. subtilis and SufE of E. coli (Yokoyama et al. 2018).

The BACTH assay showed that SufB and SufC of M. exilis are interacting with one another and

thus capable of forming a complex.

Taken together, we bring the first but indirect evidence that the SUF system of M. exilis is
active in Fe-S cluster assembly and despite being diverged from well-described systems such as E.
coli and B. subtilis (especially in case of fusion protein SufDSU, unique for Preaxostyla) it can at
least partially recover Fe-S cluster assembly in E. coli. Also, comparison of predicted protein
models of SUF proteins of M. exilis with known crystal structures shows overall conservation of

important catalytic and structural residues in models.

Methods:

Serial dilution spotting assay
Bacterial strains were cultivated overnight at 37°C, in 5ml of LB media with antibiotics at 225rpm.

Grown cultures were reinoculated into 5 ml of fresh LB with antibiotics and cultivated in shaking at



37°C, 225 rpm until cultures reached ODgy = 0.6 approximately. Cultures were adjusted (diluted)
with LB to equal ODs. Serial dilution from 10 to 10® were prepared in 96-well plates, and spots
(5pl) were applied to plate with 8-channel pipette.

Vector preparation

For complementation experiments codon optimised genes were PCR amplified with specific
primers and cloned into pTrc99A vector (Amann et al. 1988) by restriction cloning. For BACTH
analysis codon optimised genes for SufB and SufC were cloned into pKT25 and pUT18 vectors by

restriction cloning.

Measurements of B-galactosidase activity in MEV-dependent strains

Double mutant strains of E. coli strains (for genotypes of individual strains see Table 1) were
transfected with prepared constructs by electroporation (2mm cuvettes, 25uFD, 2,5V, 200 Q).
Transfected cells were plated on mevalolactone (MEV)-containing plates (Campos et al. 2000) plus
ampicillin (100pg/ml) and incubated in 37°C. Grown colonies were transferred in LB MEV media
and grown for 24H 37 225rpm. After 24H IPTG was added to final concentration of 1mM and cells
were grown for another 24H and [-galactosidase activity was measured using standard colorimetric
assay of [3-galactosidase activity as described by Miller [J. H. Miller (1972) Experiments in
Molecular Genetics, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY]

BACTH

Codon optimised genes were PCR amplified were cloned into vectors pUT18 and pKT25
respectively. The constructs were then transfected by heat-shock into DHT101 competent cells and
plated on LB plates with selective antibiotics o final concentrations Kanamycin - 50pg/ml,
Ampicilin- 100pg/ml. Selected colonies were transferred into LB with ATB were grown for 16
hours at 30°C, at 225 rpm and -galactosidase activity was measured using standard colorimetric
assay of B-galactosidase activity as described by Miller [J. H. Miller (1972) Experiments in
Molecular Genetics, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY]

Protein modelling
Protein models were generated by SWISS-MODEL (Waterhouse et al. 2018) using best fitting
crystal structure as template. Refinements of Models were graphically edited using PyMOL™

molecular graphics system version 1.8.4.0.

Table 1: list of used strains



Strain Genotype

DV1222 MG AsufB ::kan

DV1225 MG AsufS ::kan

BP224 MG AsufC ::kan

DV1226 MG AsufE ::kan

DV1249 AlacZ PiscR(trans)::lacZ MEV+ AiscS::cat AsufS::kan Tn10
DV1184 AlacZ PiscR(trans)::lacZ MEV+ AiscAU AsufB::kan Tn10
DV1186 AlacZ PiscR(trans)::lacZ MEV+ AiscAUAsufS::kan Tn10

All used strains are based on E. coli K-12 genotype
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Figures text

Fig. 1 — Predicted model of SufS

Predicted protein model of M. exilis (A) SufS with insertions which have no homology to marked in
red and its comparison with SufS of B. subtilis (pdb) (C). Detailed view of M. exilis active site (B)
containing with PLP. (D) - structural alignment of M. exilis and B. subtilis structures showing
overall conservation of structural motifs.

Fig. 2 — Predicted model of SufU

Predicted protein model of M. exilis (A) SufU based on B. subtilis (6jzv) (C) and their structural
alignment (D). Detail of zinc binding site of M. exilis SufU (B) consisting of residues C98, C136,
C206 and D100. Gram positive bacteria specific region (Riboldi et al. 2009) is highlighted in blue.
(E) Alignment of SufUs and IscUs — LPVVK motif of IscU is in red, GPR region is in blue and Zn
binding residues are in orange.

Fig. 3 — Predicted model of SufB

Figure showing predicted protein structure of M. exilis SufB (A) compared with crystal structure of
E. coli SufB (1awf) (C) and structural alignment of both structures (B). Residues reported to be
involved in Fe-S cluster assembly (orange) in E. coli R226, N228, C254, Q285, W287, K303 and
residues responsible for interaction with SufD (yellow) (C405 and E434 in E. coli) and their M.
exilis counterparts are highlighted in models. Residues 116 — 185 of M. exilis are not shown as they
correspond to residues (80-156) of E. coli omitted from crystal structure 1awf due to low electron
density of this region (Hirabayashi et al. 2015).

Fig. 4 — Predicted model of SufD

Predicted protein model of SufD of M. exilis (A) structure based on crystal structure of E. coli (C)
SufD (1vh4) and overlap of both structures (B). Model M. exilis SufD shows divergent loops (red)
which have no sequential or structural homology to crystal structure of E. coli SufD and their
structure is unreliable. Residues reported to form interface with SufB in E. coli (H360 and C358)
and M. exilis (H472 and A470) are highlighted in orange.

Fig. 5 — Predicted model of SufC

Predicted protein model of M. exilis (A) SufC based on E. coli (C) SufC (5awf.1.c) and their
structural alignment (B). SufC of M. exilis has high similarity to SufC of E. coli and contains all
important structural motifs - Walker A and Walker B motifs, ABC signature, Q-loop, D-loop and the
H-loop

Fig. 6 — Complementation of SufB in E. coli

Plates showing growth phenotype of transfected E. coli strains deficient in SufB (DV1222) under
iron-starvation conditions (DIP) and oxidative stress (PMS). When under natural expression (right)
upper plates and under overexpression (left) plates. Slight rescue effect can be seen for SufB of M.
exilis when compared to negative control. (-) = DV1225/pTrc99A(empty), (+) =
DV1225/pTrc99A(SufBCDecoi), Wt = E. coli MG1655/pTrc99A (empty), SufBumono =
DV1225/pTrc99A(SufBumono), SufSUmono = DV1226/pTrc99A(SufSUwmono)

Fig. 7 — Complementation of SufC in E. coli

Plate showing toxic effect of overexpression of SufC in E. coli (strain BP224) under conditions of
Fe starvation. (-) = BP224/pTrc99A (empty), (+) = BP224/pTrc99A (SufCeeii), Wt = E. coli
MG1655/pTrc99A (empty), SufCuono = BP224/pTrc99A (SufSmono).



Fig. 8 — Measurement of Fe-S cluster assembly in double mutant strains of E. coli

Charts showing measurements of 3-galactosidase activity in mevalonate dependent strains of E. coli
deficient both in ISC and SUF pathway. Charts show readings of (3-galactosidase cloned under IscR
promoter which is inhibited by holo-IscR. Lesser the activity of 3-galactosidase means higher Fe-S
cluster assembly rates. Columns with asterisk are significantly different from negative control (P-
test < 0.05). As negative control empty pTrc99A vector was used. Positive control SufS of E. coli
and SufBCD of E. coli were used respectively. For genotypes of used strains see Table 1.

Fig. 9 — BACTH assay showing an interaction between SufB and SufC

Chart showing activity of BACTH assay of SufB and SufC cloned into pUT18 and pKT25 vectors.
Results clearly show interaction between SufB and SufC as the activity of -galactosidase is
comparable with positive control. Column with asterisk are significantly different from negative
control (T-test p-value < 0.05)
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Fig. 1 — Predicted model of SufS
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Fig. 5 — Predicted model of SufC
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Fig. 6 — Complementation of SufB in E. coli
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Fig. 7 — Complementation of SufC in E. coli



SufB SufS SufSuU

4000 4000 4000 -
3000 « 30007 “ 3000
£ 2 2
= *
; 2000 * 5 2000~ = ;2000 - *
= * = T =
= T = = i
1000 1000 1000 |
o—i r 0- r 0 - .
N o ) © o ) N (o) )
& N3 ag'o\ & @0‘\ &op & \“o\\ ojbv.\
Q7 < Y4 Q S/ &
O 7 A & o/ A RS N <L
< o R 4 & Q 4 oF Q

Fig. 8 — Measurement of Fe-S cluster assembly in double mutant strains of E. coli
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Fig. 9 — BACTH assay showing an
interaction between SufB and SufC



