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Abstract
Various protists from different eukaryotic groups are able to live in the oxygen-poor
niches. Their metabolic adaptation to anaerobiosis is usually associated with loss of the
typical mitochondrial functions, including the tricarboxylic acid cycle and oxidative
phosphorylation. The anaerobic forms of mitochondria generate ATP exclusively by the
substrate level phosphorylation as observed in the hydrogen-producing hydrogenosomes, or
the ATP synthesis is completely lost in mitosomes. Consequently, the proteomes of such
organelles are considerably reduced. It is a question of debate whether the anaerobic forms of
mitochondria evolved directly from premitochondrial organelles that might be present in
ancient anaerobic eukaryotes or during the secondary adaptation of aerobic eukaryotes to
anaerobic niches.
The protist from the super group Amoebozoa, Mastigamoeba balamuthi, is very
attractive for study of mitochondria evolution, because it is closely related with two very
different organisms: the aerobic, free-living slime molds such as Dictyostelium that possesses
classical aerobic mitochondria, as well as the anaerobic parasite Entamoeba histolytica that
contains mitosomes, the most reduced form of mitochondria. The mitochondria derived
organelles in anaerobic, free-living Mastigamoeba balamuthi can represent the intermediate
stage between mitochondria and mitosomes. The functional analysis of M. balamuthi
organelles revealed that these organelles are metabolically active and possess the hydrogen
and ATP-generating pathway, which is typical for anaerobic energy metabolism in the
hydrogenosomes. This pathway (extended glycolysis) includes the enzymes
pyruvate:ferredoxin oxidoreductase (PFO), [FeFe]-hydrogenase, and ADP-forming acetylCoA synthetase (ACS). Interestingly, extended glycolysis is duplicated in the cytosol. The
most conserved function of all mitochondria is the FeS cluster assembly, which is present also
in Mastigamoeba hydrogenosomes. However, the typical mitochondrial ISC machinery is
replaced by the bacterial NIF-like system and this system is also duplicated in the cytosol.
Based on the functional and phylogenetic analysis we proposed that the transition of
mitochondria-to-hydrogenosomes in Mastigamoeba included acquisition of genes encoded the
enzymes of anaerobic metabolism by lateral gene transfer. The products of these genes
initially operated in the cytosol. After the gene duplication and acquisition of mitochondrial
targeting signal, the pathways were parallelized in the mitochondria, whereas most of the
mitochondrial pathways were lost.
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The mitochondria of Naegleria gruberi, a member of Excavata supergroup, might
represent another example of the aerobic-to-anaerobic transition of mitochondrial metabolism.
Although these organelles possess the typical pathways of aerobic mitochondria including
oxidative phosphorylation, it has been recently predicted that they also possess [FeFe]hydrogenase, a typical enzyme of anaerobic metabolism. Using gas chromatography, we
confirmed that aerobically grown N. gruberi indeed produces molecular hydrogen. However,
the active hydrogenase was detected only in the cytosolic fraction, while no hydrogenase
activity was associated with the mitochondria. This result supports our hypothesis that the
cytosol is the primary site of hydrogenase upon the acquisition of corresponding gene by LGT
and only in some organism; the hydrogenase was duplicated and targeted to the mitochondria
that were transformed to the hydrogenosomes.
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1 Introduction
Eukaryotic organisms developed from prokaryotes during the evolutionary process
taking almost 2 billion years (Kurland and Andersson, 2000). One of the major differences
between prokaryotes and eukaryotes is compartmentalization of various metabolic function
into specialized compartments and formation of organelles (Williams and Keeling, 2003).
Although prokaryotes ruled the Earth for 1,5 billion years before eukaryotic expansion (Knoll,
2003), they failed to evolve in more elaborated morphological complexity. Even though some
bacteria are able to form multicellular organisms (Kroos, 2005; Velicer and Yu, 2003), it
seems that the recent bacteria are not much different than those in the earliest known fossils
(Knoll, 2003).
One of the notable compartments of the eukaryotic cell is the mitochondrion. The
presence of mitochondrial in all extant lineages eukaryotes implies that mitochondria occurred
at an early stage of eukaryotic evolution, long before acquisition of plastids (Embley and
Martin, 2006; Hjort et al., 2010; Williams and Keeling, 2003). Mitochondria as ATPgenerating organelles usually function as the center of energy metabolism in the cell. In
addition, mitochondria are involved in many other processes such as synthesis of heme
(Scheffler, 2001), steroids (Miller, 1995), amino acid metabolism, iron-sulfur (FeS) cluster
biogenesis and programmed cell death (Kroemer et al., 1995; Lill et al., 1999; Lill and
Mühlenhoff, 2005; Williams and Keeling, 2003). Mitochondria are always surrounded by a
double membrane; however their internal morphology is diverse and depends on the
physiological state of the cell. Mitochondria can be present as individual organelles as well as
a highly dynamic network, with membrane envaginations (cristae) as well as cristae-less
morphology (Lloyd, 1974; Priest and Hajduk, 1994; van der Giezen and Tovar, 2005).
The prevailing hypothesis for the origin of mitochondria is the serial endosymbiotic
theory (Sagan, 1967). This hypothesis suggests that mitochondria evolved during a unique
endosymbiotic event between the α-proteobacterium-like mitochondrial ancestor and the host
cell some 1,5 billion years ago (Dyall et al., 2004; Makiuchi and Nozaki, 2014; Martin and
Müller, 1998; Williams and Keeling, 2003). Their monophyletic origin is supported by
comparative genomic studies of mitochondrial DNA (Gray et al., 1999; Kurland and
Andersson, 2000; Martin, 2005; van der Giezen and Tovar, 2005). During eukaryogenesis, the
endosymbiont and the host cell became mutually dependent. The endosymbiont-to-organelle
transition was associated with a large-scale reduction of the endosymbiont, especially its
genome (Gray et al., 1999; Kurland and Anderson 2000; Williams and Keeling 2003). Most
of the endosymbiont genes were lost or transferred to the host-cell nucleus (Adams and
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Palmer, 2003; van der Giezen and Tovar, 2005). Although mitochondria usually retain a
complete system for gene expression, less than 1% of mitochondrial proteins are encoded by
the organellar genome, therefore the majority of the mitochondrial proteins is encoded by the
nucleus and post-translationally delivered to the organelles. This process required evolution of
a specific eukaryotic system for targeting and translocation of proteins across outer and inner
mitochondrial membranes (Pfanner and Geissler, 2001; Williams and Keeling, 2003).
Several hypotheses were proposed to describe the character of the endosymbiosis
between an ancestral α-proteobacterium and the original host cell. Before discovery of
reduced forms of mitochondria, the Archaezoa hypothesis attracted high attention and become
very popular. This hypothesis proposed the existence of a primitive amitochondrial eukaryote
that gained mitochondria in later step of eukaryogenesis. Based on this hypothesis the taxon
Archaezoa was proposed uniting "amitochondrial" eukaryotes such as Metamonada,
Microsporidia, Parabasalia, and Archamoebae that were believed to have developed from the
direct descendants of the ancient eukaryotes (Cavalier-Smith, 1986; Cavalier-Smith, 1989).
However, phylogenetic trees reconstruction the evolutionary history of the ribosomal DNA
sequences demonstrated that many of these "amitochondriates" branched with other eukarytic
lineagues in the eukaryotic tree (Cavalier-Smith, 1993; Gray et al., 1999; Leipe et al., 1993;
Sogin et al., 1993). As well as identification of genes of mitochondrial origin in
"amitochodriates" as well as the discovery of reduced forms of mitochondria in these
organisms weakened this attractive hypothesis (Bui et al., 1996; Hirt et al., 1997; Keeling and
Doolittle, 1995).
The syntrophy hypothesis proposed a bacterial symbiotic relationship between
methanogenic archaea and facultative fermentative-sulfate reducing δ-proteobacteria
(ancestral myxobacteria). The syntrophic symbiosis was based on possible transfer of
molecular hydrogen between two partners in anaerobic environments: proteobacteria that
could synthesize hydrogen as the metabolic end-product, and archaea that could utilize
hydrogen for synthesis of methane with concomitant ATP production. This relationship
possibly led to close cell-cell interactions and to highly evolve symbiotic structures, such as a
complex membrane system. The symbiont genome extinction was accomplished by gradual
transfer to the archaeal host, where genes adapted to a new genetic environment. The driving
force of the evolution of the eukaryotic nucleus might not have been to isolate the genetic
material from the cytoplasm, as is generally believed, but to allow the coexistence of two
inter-dependent metabolic pathways in the protoeukaryotic cell. However the newly-emerged
chimeric proto-eukaryote was amitochondriate until a second symbiosis with an α6

protobacterial metanotroph. The methanogenic proto-eukaryote might provide methane for
the anaerobic or microaerophilic methanotrophic endosymbiont, which released carbon
dioxide for the host cell (Moreira and Lopez-Garcia, 1998;Moreira and Lopez-Garcia, 2002).
The hydrogen hypothesis is another hypothesis based on a symbiotic metabolic
association (syntrophy). This hypothesis assumed a symbiosis between a strictly anaerobic
hydrogen-dependent methanogenic archaeon and a facultatively anaerobic α-proteobacterium
which produced hydrogen but was able to respire and generate ATP in aerobic environments
as well. The archaeon became dependent on hydrogen production by the α-proteobacterium,
which was gradually engulfed and became an endosymbiont, which gave rise to mitochondria.
According to this hypothesis, the first mitochondrial organelle was more similar to the recent
anaerobic hydrogen-producing mitochondria or hydrogenosomes (organelles producing
hydrogen) than to classical contemporary mitochondria (Embley and Martin, 2006; Martin
and Müller, 1998). The phylogenetic analysis of most enzymes of aerobic energy metabolism
(pyruvate dehydrogenase complex, cytochrome b, and subunits of the respiratory chain)
support an α-proteobacterial ancestry of the mitochondrial endosymbiont (Gabaldon and
Huynen, 2003; Karlberg et al., 2000; Kurland and Andersson, 2000). However, the
evolutionary history of anaerobic enzymes does not support α-proteobacterial origin and are
not uniquely associated with the mitochondrial organelles. Moreover, eukaryotic genes of the
typical anaerobic enzyme [FeFe]-hydrogenase are not monophyletic in origin suggesting they
have not originated from a common endosymbiont, though it is interesting that all eukaryotes
contain non-hydrogen producing NARF proteins with homology to [FeFe]-hydrogenase
(Barton and Worman, 1999; Embley et al., 2003a; Hug et al., 2010). Interestingly, the genes
of another key anaerobic enzyme pyruvate:ferredoxin oxidoreductase are possibly
monophyletic; however, their α-proteobacterial origin can be excluded (Embley et al., 2003b;
Horner et al., 2000; Hug et al., 2010; Rotte et al., 2001).
An aerobic origin of mitochondria is proposed by the Ox-Tox model, according to
which the first eukaryotic cell arose in an early-oxygen habitat. This hypothesis is supported
by phylogenetic analysis of ATP transporters, which seem to have evolved after eukaryotic
radiation (Andersson and Kurland, 1999; Andersson et al., 1998; Karlberg et al., 2000). It has
been proposed that mitochondria protected the host cell from oxidative stress derived from
oxidative phosphorylation at the later stages eukaryogenesis (Kurland and Andersson, 2000).
It is very probable that initially endosymbiont-host cell system had very different functions
than modern mitochondria. The integration of the ATP/ADP translocase into the workings of
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the endosymbiont may been a driving force in the transformation of the endosymbiont into an
organelle (Andersson and Kurland, 1999).
More recent isotope studies indicate that although oxygen was present in the
atmosphere since approximately 2 billion years ago, the oceans still existed in an intermediate
oxidation stage, where the lower layers were anoxic until about 600 Myr ago (Poulton et al.,
2004; Shen et al., 2003). It has been proposed that the development of the first eukaryotic
lineages with mitochondria (1,5 billion years ago) is connected with water habitat of anoxic
waters called the Canfield ocean (Canfield, 1998; Gray et al., 1999; Javaux et al., 2001). In
this case the selection pressure was probably not the benefit of oxygen detoxification provided
by the endosymbiont and the first eukaryotes possibly evolved in anoxic waters (Canfield et
al., 2007).
Hydrogenosomes are organelles with anaerobic energy metabolism producing
molecular hydrogen, carbon dioxide and ATP. Presently, there are no doubts that
hydrogenosomes and mitochondria are organelles of a common origin (Embley et al., 2003a).
However, it is still debated whether hydrogenosomes evolved directly from premitochondrial
organelles that might be present in ancient anaerobic eukaryotes or during secondary
adaptation of aerobic eukaryotes to anaerobic niches. To contribute to this discussion we
investigated double membrane bound organelles that were identified in the free-living protist
Mastigamoeba balamuthi. This organism belongs to the Amoebozoa group, which is very
attractive for study of mitochondria evolution as it includes closely related aerobic organisms
with conventional mitochondria such as Distyostelium (Ogawa et al., 2000) as well as
anaerobes such as Entamoeba with highly reduced forms of mitochondria called mitosomes
(Tovar et al., 1999). The distribution of the enzyme hydrogenase, marker of anaerobic
metabolism, is not monophyletic and can be found in mitochondrial organelles of several nonrelated anaerobically living eukaryotes. We investigated the cellular localization of the
anaerobic enzyme [FeFe]-hydrogenase that was identified in the genome of the aerobic protist
Naegleria gruberi, a member of the Excavata group and predicted to localize to the aerobic
mitochondria (Fritz-Laylin et al., 2010).
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2 Classification of organelles of mitochondrial type
Mitochondrial type organelles have been found so far in all studied eukaryotes, living
in aerobic, microaerophilic as well as anaerobic habitats. Based on the character of energy
metabolism, and the contribution of bacterial anaerobic enzymes, particularly hydrogenase,
five types of mitochondrial organelles were distinguished: aerobic mitochondria, anaerobic
mitochondria, hydrogen-producing mitochondria, hydrogenosomes and mitosomes (Müller et
al., 2012). Importantly, neither energy metabolism nor other mitochondrial functions are
common to all mitochondrial type organelles. Moreover, with increasing knowledge on
functional diversity of mitochondria in various organisms, more exceptions and lineagespecific adaptations are observed, which complicate mitochondria categorization (Maguire
and Richards, 2014).

2.1 Aerobic mitochondria

Figure 1. Schematic metabolic pathways in aerobic mitochondria. PDH – pyruvate dehydrogenase
complex, TCA – tricarboxylic acid cycle, ISC – FeS cluster assembly machinery, C I, C II, C III,
CIV– Complex I – IV of respiratory chain, C V – Complex V (ATP synthase), UQ - ubiquinone

Classical aerobic mitochondria generate ATP by the complete oxidation of substrates to
carbon dioxide and water via the combined action of TCA (tricarboxylic acid) cycle
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mitochondrial respiratory chain (Complex I – IV) and ATP synthase (Complex V). Pyruvate,
as the main mitochondrial substrate, is produced by glycolysis in the cytosol and imported
into the organelles. Here, pyruvate is metabolized by the pyruvate dehydrogenase complex
(PDH) to acetyl-CoA, carbon dioxide and NADH. Acetyl-CoA condenses with oxaloacetate
by activity of citrate synthase and enters the TCA cycle. Electrons that are generated during
the TCA cycle are transferred via NADH and FADH2 by respiratory chain Complexes I and
II, respectively, to ubiquinone and subsequently by activity of Complex III to cytochrome c.
Finally, Complex IV donates electrons to oxygen forming water (van Hellemond and Tielens,
1994; Voet D. and Voet J.G., 2004). Transfer of electrons from NADH and FADH2 to oxygen
is associated with the pumping of protons from the mitochondrial matrix, generating a pH
gradient and membrane potential that is employed by ATP synthase (Fig.1). This process is
also called oxidative phosphorylation and generates 23 moles of ATP per mole of glucose.
In addition, mitochondria play important roles in amino acid metabolism, biosynthesis
of folate, biotin, phospholipids, and heme (Lange et al., 1999) and in formation of FeS
clusters. The latter function is of particular importance. FeS cluster assembly is considered to
be the only essential function of all mitochondria (Lill and Mühlenhoff, 2005) and is usually
mediated by FeS cluster assembly (ISC) machinery that consists of over 10 proteins. The ISC
machinery is required for formation of FeS cofactors that are essential for function of a large
number of FeS proteins that are present in mitochondria as well as in other cellular
compartments. In mitochondria, FeS clusters are pre-assembled on scaffold proteins and
subsequently transferred to mitochondrial apoproteins. In the case of apoproteins that are
present outside of mitochondria, the ISC system generates a so far poorly understood
compound that is exported to the cytosol and utilized by the cytosolic FeS cluster assembly
(CIA) system for maturation of FeS proteins outside of mitochondria (Lill and Mühlenhoff,
2008).
The majority of well-studied mitochondria possess a circular or linear genome with size
ranging from 6 kbp in Plasmodium to 2000 kbp in some plants (Burger et al., 2003).
However, mitochondria genome encodes only a small subset of genes relative to the observed
proteome of mitochondria. Most of the mitochondrial proteins are encoded in the nucleus and
translated in the cytosol. Proteins that are targeted to the mitochondrial matrix usually possess
cleavable N-terminal mitochondrial targeting presequences (MTS), while membrane proteins
possess inner targeting signals. Complex import machinery is present in mitochondrial outer
and inner membranes as well as in the intermembrane space. The main components include
translocase of the outer membrane (TOM), sorting and assembly machinery (SAM),
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intermembrane space assembly machinery (MIA), and translocases of the inner membrane
(TIM22 and TIM23), along with presequence translocase-associated motor (PAM) (Bauer et
al., 1996; Dolezal et al., 2006; Neupert and Herrmann, 2007). The MTS is cleaved upon
import of protein precursors into the mitochondria by mitochondrial processing peptidase
(MPP). MPP comprises two subunits: a catalytic β-subunit, which binds a zinc cation, and a
regulatory α-subunit with a flexible glycine-rich loop that serves for substrate recognition.
Finally, processed proteins are folded into their mature form with the participation of the
matrix chaperones Hsp70, Cpn60 and Cpn10 (Emanuelsson et al., 2000; Gakh et al., 2002).
Evolution of protein import machinery was a key event for transformation of the bacterial
endosymbiont to a eukaryotic organelle, a notion which is supported by presence of complex
protein import machinery in all extant eukaryotic lineages (Embley and Martin, 2006).

2.2

Anaerobic mitochondria

Figure 2. Schematic metabolic pathways in anaerobic mitochondria of helminths. PDH pyruvate dehydrogenase complex, ASCT - acetate:succinate CoA transferase, SCS - succinyl-CoA
synthetase, FUM - fumarase, FRD - fumarate reductase, ISC – FeS cluster assembly machinery, C I –
Complex I of respiratory chain, C V - Complex V, RQ - rhodoquinone

Anaerobic mitochondria have been described in several eukaryotic species such as
parasitic helminths, which occupy anaerobic conditions in part of their life cycle. In addition,
some aerobically living eukaryotes are able to switch to anaerobic metabolism when they are
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temporarily exposed to environmental hypoxic conditions such as marine worms, Euglena or
the alga Chlamydomonas reinhardtii. Under oxygen-restricted conditions, their mitochondria
have undergone various alterations that allow ATP synthesis without oxygen (Benichou et al.,
1988; Dubini et al., 2009; Mus et al., 2007; Tucci et al., 2010).
The main differences from classical aerobic mitochondria are: (i) utilization of an
alternative final electron acceptor: an endogenously produced electron acceptor, such as
fumarate and succinate, or external acceptors such as nitrate, (ii) replacement of rhodoquinone
instead of ubiquinone (if it is present), and (iii) production of different metabolic end products
such as acetate, succinate, propionate or formate (Müller et al., 2012; Tielens et al., 2002; van
Hellemond and Tielens, 1994).
In the anaerobic mitochondria of helminthes, malate is the main substrate of anaerobic
mitochondria where it is metabolized to pyruvate by malic enzyme or fumarate by fumarase
to fumarate. Pyruvate can be catabolized by PDH to acetyl-CoA can serve as a (i) CoA donor
for acetate:succinate CoA transferase (ASCT) and succinyl-CoA synthetase (SCS)
functioning in ATP generation or (ii) substrate for fatty acid biosynthesis. Electrons generated
by malic enzyme are transferred via NADH to the membrane associated rhodoquinone by
NADH-rhodoquinone oxidoreductase activity of respiratory Complex I and finally to
fumarate through Complex II (rhodoquinol-fumarate reductase). The transfer of electrons by
Complex I is coupled with pumping of protons across the inner mitochondrial membrane, this
proton gradient fuels ATP synthesis via ATP synthase in the absence of oxygen (Fig. 2)
(Tielens et al., 2002). Other important functions of anaerobic mitochondria are usually fatty
acid synthesis, propionyl-CoA synthesis (Inui et al., 1984; Komuniecki et al., 1989), amino
acid metabolism and FeS cluster biosynthesis by the mitochondrial ISC system.
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Figure 3. Schematic metabolic pathways in mitochondria of Euglena gracilis under anaerobiosis.
PDH - pyruvate dehydrogenase complex, PNO - pyruvate:NADP oxidoreductase, FUM - fumarase,
FRD - fumarate reductase, ISC – FeS cluster assembly machinery, C I – Complex I of respiratory
chain, C V - Complex V, RQ - rhodoquinone

Euglena gracilis is a model euglenid, which is able to grow under aerobic as well as
anaerobic conditions. Aerobically, Euglena uses oxygen as final electron acceptor and
possesses regular aerobic mitochondria with slightly modified TCA and respiratory chain
complexes. However, in anaerobic habitats, acetyl-CoA is used as the terminal electron
acceptor, which is coupled with production of wax ester. Similarly to helminthes, malate is
converted to either pyruvate or fumarate by malic enzyme or fumarase, respectively (Fig. 3).
Fumarate is converted by rhodoquinol-fumarate reductase activity to succinate and
subsequently a CoA moiety is added by SCS. Succinyl-CoA is then metabolized in three steps
to propionyl-CoA and serves in lipid synthesis (Hoffmeister et al., 2004; Müller et al., 2012;
Tucci et al., 2010).
In Euglena, pyruvate is oxidatively decarboxylated by activity of the PDH complex or
alternatively by the typical anaerobic enzyme, pyruvate:NADP oxidoreductase (PNO) (Inui et
al., 1987). Propionyl-CoA and acetyl-CoA together with NAD(P)H are used for production of
acyl-CoA, which is exported to the cytosol where wax esters are formed (Hoffmeister et al.,
2005). Euglena organelles lack substrate level phosphorylation and ATP is generated only by
ATP synthase (Fig. 3) (Müller et al., 2012; Perez et al., 2014; Tucci et al., 2010). In addition,
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the mitochondria of Euglena possess an ATP-producing glycolate metabolic pathway, which
could markedly enhance photoheterotrophic growth (Collins et al., 1975).

Figure 4. Schematic metabolic pathways in mitochondria of Chlamydomonas reinhardtii under
anaerobiosis. PFL - pyruvate formate lyase, PTA - phosphotransacetylase, ACK - acetate kinase, ISC
- FeS cluster assembly machinery

Chlamydomonas reinhardtii is a unicellular green microalga with oxygen-dependent
respiration in mitochondria and active photosynthesis in green plastids (Atteia et al., 2009;
Cardol et al., 2005; Eriksson et al., 1995). Under aerobic conditions the mitochondria work as
aerobic mitochondria (Godman and Balk, 2008). However, under anaerobic conditions,
Chlamydomonas induces pyruvate-dependent fermentative metabolism in mitochondria as
well as in chloroplasts with the main end products including acetate, formate, ethanol and
hydrogen. Interestingly, mitochondrial functions are very reduced and most of the metabolic
function is present in the chloroplast including the enzymes pyruvate:ferredoxin
oxidoreductase (PFO) and [FeFe]-hydrogenase, typically found in mitochondria-related
organelles called hydrogenosomes (see also page 20). In the chloroplast, pyruvate is
oxidatively decarboxylated to CO2 and acetyl-CoA by PFO. Electrons that are released during
this reaction are transferred by ferredoxin to hydrogenase, which synthesizes molecular
hydrogen. Alternatively pyruvate can be converted to acetyl-CoA by the strictly anaerobic
enzyme pyruvate formate lyase (PFL), which is probably localized in the chloroplast as well
as in mitochondria (Atteia et al., 2006; Terashima et al., 2011). In chloroplasts acetyl-CoA is
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metabolized by phosphotransacetylase (PTA) to acetyl-phosphate and then by acetate kinase
(ACK) to acetate with concomitant synthesis of ATP. It has been suggested that the same
anaerobic pathway including PFL, PTA and ACK is induced by anaerobiosis also in
mitochondria (Fig. 4) (Atteia et al., 2006). However, PFO and [FeFe]-hydrogenase seem to be
present only in plastids. In addition a complete set of six SUF (the sulfur mobilization)
proteins was found in the Chlamydomonas genome (Godman and Balk, 2008). The SUF
system appears to function under oxidative stress conditions (Nachin et al., 2003) and is
probably localized in the chloroplasts, similarly to plants (Godman and Balk, 2008; Ye et al.,
2006).

2.3

Hydrogen-producing mitochondria
These organelles combine characteristics of classical mitochondria with

hydrogenosomes. As anaerobic mitochondria, hydrogen-producing mitochondria possess a
complete or partial membrane-associated, proton-pumping electron transport chain. In
addition, these organelles have an [FeFe]-hydrogenase that allows them to use protons as
terminal electron acceptors, resulting in hydrogen production (Müller et al., 2012). The
organisms with hydrogen-producing mitochondria include free-living protists that inhabit
mainly aerobic niches such as Naegleria gruberi with fully active aerobic mitochondria or
aero-tolerant protists such as Acanthamoeba castellanii and a recently described Pygsuia
biforma with the most reduced form of hydrogen producing mitochondria (Fritz-Laylin et al.,
2010; Leger et al., 2013; Stairs et al., 2014). Other representatives with hydrogen-producing
mitochondria inhabit oxygen-poor niches of intestinal tracts of insects and vertebrates, such as
Nyctotherus ovalis or Blastocystis hominis respectively (Akhmanova et al., 1998; Stechmann
et al., 2008). With the exception of P. biforma, the hydrogen-producing organelles contain
their own genomes.
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Figure 5. Schematic metabolic pathways in hydrogen-producing mitochondria of
Naegleria and Acanthamoeba. PDH - pyruvate dehydrogenase complex (in Naegleria and
Acanthamoeba), PFO - pyruvate: ferredoxin oxidoreductase (in Acanthamoeba), TCA – tricarboxylic
acid cycle, Hyd - hydrogenase, ISC – FeS cluster assembly machinery, C I, C II, C III, C IV –
Complex I – IV of respiratory chain, C V – Complex V (ATP synthase), UQ - ubiquinone

The free-living amoeboflagellate Naegleria gruberi lives predominantly in aerobic
environments and possesses mitochondria with a complete set of pathways for cytochromedependent respiration and oxidative phosphorylation. Surprisingly, genome sequence analysis
revealed the presence of genes for several components of anaerobic metabolism. Localization
of the corresponding gene products has been predicted into the mitochondria (Fritz-Laylin et
al., 2010). These components include [FeFe]-hydrogenase as well as three maturase proteins
(hydE, hydF and hydG) for assembling of H-clusters in the hydrogenase. In the mitochondria
pyruvate is catabolised by a conventional PDH complex and acetyl-CoA enters the TCA cycle
(Fig.5) (Fritz-Laylin et al., 2010). Under oxygen-limited conditions, acetyl-CoA could be
converted by ASCT to acetate and succinyl-CoA. Succinyl-CoA is further utilized by SCS to
produce ATP and succinate, which is recycled (Fig.6). The genome also contains a gene for
acetyl-CoA synthetase (ACS) that may catalyze a direct conversion of acetyl-CoA to ATP and
acetate. It was suggested that Naegleria is capable of mitochondrial hydrogen production
under anaerobic conditions (Opperdoes et al., 2011). However, the source of electrons for
hydrogen synthesis is unclear, because PFO, a typical enzyme generating electrons during
oxidative decarboxylation of pyruvate under anaerobic conditions, is not present.
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Unfortunately, no biochemical data about hydrogenase activity or hydrogen production by
Naegleria gruberi are available.
Acanthamoeba castellani is a free-living amoeba that also causes opportunistic
infections in vertebrates. Based on in vitro experiments, A. castellani was believed to be
strictly dependent on the presence of oxygen (Neff et al., 1958). However in nature,
Acanthamoeba also encounters microaerobic or anaerobic habitats and is able to grow even
faster in oxygen-low conditions (Cometa et al., 2011; Turner et al., 1997). Not surprisingly,
mitochondria of Acanthamoeba are equipped with the classical mitochondrial pathways
including complete TCA cycle and a cytochrome-dependent respiratory chain including
Complex V (Fig.5) (Gawryluk et al., 2012; Gawryluk et al., 2014). However, the results from
an EST and genome survey suggested that, in addition to aerobic pathways, mitochondria of
A. castellani possess components of anaerobic energy metabolism as observed in
hydrogenosomes, including PFO, [FeFe]-hydrogenase and ASCT. Mitochondrial localization
of PFO, together with hydF and ASCT, was confirmed by a recent proteomic study
(Gawryluk et al., 2014; Leger et al., 2013). However, as in the case of Naegleria, no
biochemical data confirming the activity of PFO and hydrogenase have been provided.

Figure 6. Schematic metabolic pathways in hydrogen-producing mitochondria of Neocalimastix,
Blastocystis and Pygsuia. PDH - pyruvate dehydrogenase complex, PNO - pyruvate:NADP
oxidoreductase, PFO - pyruvate: ferredoxin oxidoreductase, Hyd - hydrogenase, ASCT acetate:succinate CoA transferase, SCS - succinyl-CoA synthetase, FUM - fumarase, FRD - fumarate
reductase, ISC – FeS cluster assembly machinery, C I – Complex I of respiratory chain, RQ rhodoquinone
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The hydrogen-producing mitochondria of the anaerobic ciliate Nyctotherus ovalis
from the hindgut of cockroaches were originally described as hydrogenosomes with a genome
(Akhmanova et al., 1998; Boxma et al., 2005). However, based on the presence of functional
Complex I, II and PDH complex, several components of TCA cycle and the genome, it has
been proposed that these organelles represent an intermediate stage between mitochondria and
hydrogenosomes (Martin, 2005). Recently, these organelles were included in a group of
hydrogen-producing mitochondria (Müller et al., 2012). The main substrate for energy
metabolism is pyruvate that is catabolised by mitochondrial PDH complex to acetyl-CoA.
Acetyl-CoA is subsequently utilized by the typical hydrogenosomal enzyme ASCT, followed
by SCS for production of ATP and acetate. The partial TCA cycle of Nyctotherus includes
fumarase, succinate dehydrogenase (Complex II) and α-ketoglutarate dehydrogenase (KGD).
However, the pathway proceeds in a reductive direction where the Complex II operates as
fumarate reductase (FRD) (de Graaf et al., 2011; Müller et al., 2012). The electrons generated
by activity of PDH and KGD are transferred to rhodoquinone via Complex I and ultimately to
fumarate via Complex II (Fig.6). The electron transfer reactions performed by Complex I and
II collectively contribute to the proton gradient via Complex I (Boxma et al., 2005). However
this proton gradient is probably not used for ATP synthesis, because ATP synthase was not
found (de Graaf et al., 2011). Nyctotherus lives in an endosymbiosis with methane-producing
archaea, which use the hydrogen produced by the ciliate as a substrate (Gijzen et al., 1991).
It is likely that hydrogen-producing mitochondria/hydrogenosomes are present in
several other ciliates living usually as endosymbionts. Occurrence of hydrogenosomes was
reported for the rumen ciliates Dasytricha ruminantium (Yarlett et al., 1981), Isotricha
species (Yarlett et al., 1983), Ophryoscolecidae (Snyers et al., 1982), and the
entodiniomorphid Polyplastron multivesiculatum (Paul et al., 1990). Metopus contortus is a
free-living ciliate with putative hydrogenosomes that inhabits anoxic marine sands (Biagini et
al., 1997). However, limited experimental data are available to categorize these organelles.
Hydrogen-producing mitochondria with similar metabolism were described in
stramenophile Blastocystis hominis. In Blastocystis organelles, pyruvate is converted to
acetyl-CoA mostly by the anaerobic enzyme PNO (Lantsman et al., 2008), although the genes
for two other pyruvate metabolizing enzymes were found including the PDH complex and
PFO (Denoeud et al., 2011; Stechmann et al., 2008). However, only weak activity of PFO
could be detected (our unpublished data), while contribution of the PDH complex to pyruvate
metabolism remains unclear. Similar to Nyctotherus, acetyl-CoA enters the hydrogenosomal
pathway of substrate level phosphorylation that leads to production of acetate and ATP
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(Fig. 6) (Lantsman et al., 2008). A gene coding [FeFe]-hydrogenase was identified in the
Blastocystis genome and presence of corresponding protein was detected in their
mitochondria (Stechmann et al., 2008). However, neither hydrogenase activity nor production
of hydrogen by the growing cells has been detected thus far (Lantsman et al., 2008, our
unpublished data). Whether the TCA cycle is present is not clear. Genes for TCA cycle
enzymes that may catalyze conversion of oxaloacetate to succinate were identified (Denoeud
et al., 2011; Stechmann et al., 2008). However, Lantsman et al. (2008) detected activities of
four other enzymes for which corresponding genes have not been identified so far. Genes
coding for components of Complex I (20 subunits) and II (4 subunits) were identified, while
other respiratory complexes are apparently absent (Denoeud et al., 2011; Stechmann et al.,
2008). The other mitochondrial pathways including fatty acid biosynthesis, amino acid
metabolism and FeS cluster assembly were predicted (Denoeud et al., 2011). Protein import
machinery seems to contain standard composition including TOM, SAM, MIA, TIM and
PAM complexes. Interestingly, a gene for the protein Tom40 has not been identified so far,
probably due to its divergent nature; however, a gene for a receptor of inner targeting signals,
Tom70, is present (Tsaousis et al., 2011).
Most recently, hydrogen-producing mitochondria were suggested to be present in the
free-living breviate Pygsuia biforma. Pygsuia can be found in aerobic as well as anaerobic
environments (Brown et al., 2013). Unlike in the others, the mitochondria of Pygsuia do not
possess a genome and are more similar to the hydrogenosome. Reconstruction of metabolic
pathways suggested that pyruvate is oxidatively decarboxylated by PFO to acetyl-CoA, which
enters the pathway of substrate level phosphorylation with acetate and ATP as end products
via the ASCT/SCS system. From typical aerobic mitochondrial function, partial TCA cycle,
two components of Complex I (51 and 24 kDa subunits also found in Trichomonas vaginalis,
see page 22) and a complete Complex II are present in Pygsuia (Fig.6). The partial TCA cycle
possibly works in reverse direction from malate to succinate with a connection to fumarate
reductase (Complex II). Complex I is incomplete but probably able to generate electrons and
an electrochemical proton gradient, since the organelles can be visualized using the membrane
potential dependent MitoTracker dye. Presence of carriers that mediate electron transport
between Complex I and II is unclear (Stairs et al., 2014). Interestingly, in Pygsuia no evidence
for mitochondrial ISC system was found except presence of Nfu1 protein, however,
transcriptomic data revealed presence of fusion protein of SUFC and SUFB that is closely
related to archael SUFC and SUFB proteins. The mechanism of FeS cluster assembly is thus
unclear (Stairs et al., 2014).
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2.4 Hydrogenosomes
Hydrogenosomes represent the next step in the reductive evolution of mitochondria. In
contrast to hydrogen-producing anaerobic mitochondria, hydrogenosomes have completely lost
the membrane-associated electron transport chain and genome. Since 1973 when they were
first described in Tritrichomonas foetus (Parabasalids) (Lindmark and Müller, 1973),
hydrogenosomes have been identified in various distant anaerobic lineages including
diplomonads (Spironucleus salmonicida), chytridiomycetes (such as Neocallimastix and
Piromyces), heteroloboseans (Psalteriomonas lanterna and Sawyeria) and some ciliates
(Barbera et al., 2010; Boxma et al., 2004; de Graaf et al., 2009; Jerlstrom-Hultqvist et al., 2013;
van Bruggen et al., 1984; Yarlett et al., 1981; Yarlett et al., 1986). Like mitochondria,
hydrogenosomes are double membrane bound organelles; however, the inner membrane does
not usually have any cristae. DAB (3,3'-diaminobenzidine) positive vesicles rich in calcium
and N-acetyl-glucosamine-containing glyco-conjugates as well as phosphatase activity have
been observed between the outer and inner membranes (Benchimol et al., 1996; Benchimol and
Desouza, 1983). The hydrogenosomes are typically spherical, but can also be beam-like or
dumb bell-shaped with a homogeneous electron-dense matrix (Fig.7). The size of
hydrogenosomes ranges between 200 to 500 nm in diameter, but may reach up to 2 μm
in Monocercomonas sp. (Benchimol, 2009; Diniz and Benchimol, 1998).

Figure 7. Different shapes and sizes of hydrogenosomes. (a, b) Tritrichomonas foetus,
(c) Trichomonas vaginalis, (d) Monocercomonas sp., (e) the anaerobic fungus Neocallimastix
frontalis; H - hydrogenosomes; CW - cell wall; R - endoplasmic reticulum; N - nucleus, V - vesicle;
* - peripheral vesicle, Bar = 50 nm (Benchimol, 2009).
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The origin of hydrogenosomes is not monophyletic. The patchy distribution of
hydrogenosome-bearing protists in the eukaryotic tree indicates that hydrogenosomes evolved
multiple times during protist evolution. The organelles were named hydrogenosomes
according to their ability to produce hydrogen via [FeFe]-hydrogenase (Müller, 1993).
Hydrogenases typically depend on a specialized FeS cluster (H-cluster) for proper activity and
folding. Proper aseembly of the H-cluster requires three hydrogenase maturases (hydE, hydF
and hydG) are present in the organellar matrix (Putz et al., 2006).
Hydrogenosomes utilized pyruvate and/or malate as substrates that are converted to H2,
CO2 and acetate. Acetyl-CoA, an intermediate product of pyruvate catabolism, provides a
CoA moiety for formation of succinyl-CoA by ASCT and serves as a substrate for SCS that
catalyzes ATP synthesis (Müller, 1993). Pathways of mitochondrial origin that are retained in
hydrogenosomes include amino acid metabolism and FeS cluster assembly (Morada et al.,
2011; Mukherjee et al., 2006a; Sutak et al., 2004). However, besides cytochrome-dependent
electron transport, hydrogenosomes lack the TCA cycle, heme synthesis, and beta oxidation
as well as an organellar genome (Müller, 1993). All hydrogenosomal proteins are encoded in
the nucleus, translated in the cytosol and imported to the hydrogenosomes by translocase
machinery, which is usually reduced in comparison to the classical mitochondrial machinery.
The translocases Tom40 and Sam50 in the outer membrane and Tim17 in the inner membrane
are the most conserved (Rada et al., 2011). The proteins targeted to the hydrogenosomal
matrix usually carry N-terminal MTS, which deliver the proteins into the organelle. Upon
translocation MTS is cleaved by hydrogenosomal processing peptidase (HPP) (Bradley et al.,
1997; Brown et al., 2007; Smid et al., 2008). However, targeting of matrix proteins to the
organelles without N-terminal MTS has been also reported (Burstein et al., 2012; P. Rada
unpublished data).

2.4.1 Parabasalids
The presence of hydrogenosomes is a common feature of all studied parabasalids
(Cepicka et al., 2010). The most detailed biochemical study was performed on the
hydrogenosomes of Trichomonas vaginalis, a parasitic protist of the human urogenital tract
(Petrin et al., 1998). Pyruvate and malate, the main substrates of energy metabolism, can be
imported from the cytosol into the organelle. Subsequently, malate is converted via malic
enzyme to pyruvate. Pyruvate is decarboxylated by PFO to acetyl-CoA, which enters the
substrate phosphorylation pathway with acetate and ATP as end products. The electrons from
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PFO are transferred via ferredoxin to the enzyme [FeFe]-hydrogenase to produce molecular
hydrogen (Lindmark and Müller, 1973). The electrons generated by malic enzyme are first
accepted by NAD+ and subsequently transferred by NADH dehydrogenase to ferredoxin.
NADH dehydrogenase consists of two soluble subunits (Tvh47 and Tvh22) that represent
remnants of mitochondrial Complex I (Hrdy et al., 2004). In addition to ACST, T. vaginalis
also possesses a gene coding for a putative hydrogenosomal ACS, which could metabolise
acetyl-CoA directly to acetate. However, its function has not been studied yet (I. Hrdý,
personal communication). Amino acid metabolism includes the activity of arginine deiminase
(ADI), the first enzyme of the arginine dehydrolase pathway, which is typically present in the
cytosol of eukaryotic cells (Yarlett et al., 1996). In T. vaginalis, ADI is in hydrogenosomes
while other components of the arginine dehydrolase pathways are cytosolic as in other
eukaryotes (Morada et al., 2011). In addition, two proteins (GSC-L and GSC-H) of the
glycine cleavage system (GCS) have been found in hydrogenosomes (Mukherjee et al.,
2006a). The genes coding other GCS components (P and T proteins) have not been found in
the T. vaginalis genome (Mukherjee et al., 2006a; Mukherjee et al., 2006b). Phylogenetic
analysis suggests that L and H proteins are not of mitochondrial origin and most likely were
acquired from bacteria by LGT. Because of the lack of P and T proteins, the role of GCS-L
and GSC-H in hydrogenosomes is unclear.

Figure 8. Schematic metabolic pathways in the hydrogenosome of parabasalids and
heteroloboseans. PFO - pyruvate: ferredoxin oxidoreductase, Hyd - hydrogenase, ASCT acetate:succinate CoA transferase, SCS - succinyl-CoA synthetase, ISC – FeS cluster assembly
machinery, C I – Complex I of the respiratory chain, Fdx - ferredoxin
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Hydrogenosomes of T. vaginalis possibly possess enzyme cysteine synthase (CS). CS
usually synthesizes cysteine from substrate O-acetylserine. Surprisingly, the T. vaginalis CS
has been shown to utilize the less common substrate O-phosphoserine (Schneider et al.,
2011), which was previously observed exclusively in mycobacteria and Archaea (Agren et al.,
2008; Westrop et al., 2006). Produced cysteine serves as a substrate for cysteine desulfurase
(IscS), which generates alanine and molecular sulfur used for FeS cluster formation (Sutak et
al., 2004). In the next step alanine can be converted to glutamate by the enzyme alanine
aminotransferase and glutamate by glutamate dehydrogenase to 2-oxoglutarate. In addition,
aspartate aminotransferase was identified in the hydrogenosomal proteome. This enzyme
catalyses the interconversion of oxaloacetate to aspartate and in parallel glutamate to 2oxoglutarate (Schneider et al., 2011).

2.4.2 Chytridiomycetes

Figure 9. Schematic metabolic pathways in the hydrogenosome of Chytridiomycetes. PFL pyruvate formate lyase, Hyd - hydrogenase, ASCT - acetate:succinate CoA transferase, SCS succinyl-CoA synthetase, ISC – FeS cluster assembly machinery

Rumen anaerobic fungi of genera Neocallimastix and Piromyces (Chytridiomycetes)
represent another group of hydrogenosome-bearing protists. A specific feature of chytrid
hydrogenosomes is the presence of the strictly anaerobic enzyme pyruvate formate lyase
(PFL). This enzyme catalyzes reversible conversion of pyruvate to acetyl-CoA (Fig.9). The
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presence of hydrogenosomal PFO in the chytrid Neocallimastix is still unclear. Low
enzymatic activity was detected in N. sp. L2 and N. patriciarum (Marvinsikkema et al.,
1994;Marvinsikkema et al., 1993;Yarlett et al., 1986) whereas no PFO activity was confirmed
in N. frontalis (Ofallon et al., 1991) as well as in Piromyces sp. E2. (Akhmanova et al., 1999;
Boxma et al., 2004). Interestingly in Piromyces, the pyruvate conversion by PFL is duplicated
in the organelles and the cytosol (Akhmanova et al., 1999).
Unlike PFO, conversion of pyruvate by activity of PFL does not generate the reductive
equivalents that are required for hydrogen production. It was suggested that an alternative
source of electrons provides NAD(P)H-dependent malic enzyme which catalyzes oxidative
decarboxylation of malate (Boxma et al., 2004). However, the electron flow from NAD(P)H
to the low redox potential carrier ferredoxin is energetically rather unfavourable. In T.
vaginalis, this reaction is catalyzed by a unique NADH dehydrogenase. However, it is not
known whether this enzyme is present in chytrids.

2.4.3 Heteroloboseans
In addition to parasitic and symbiotic protists, hydrogenosomes have been found in
free-living anaerobic protists of the group Heterolobosea. These organisms, such as Sawyeria
marylandensis (O'Kelly et al., 2003) and Psalteriomonas laterna (Broers et al., 1990) can be
found in anaerobic sediments. Unfortunately, our knowledge on heterolobosean biochemistry
is rather limited, as currently there is no system for axenic cultivation of these organisms thus
far and the majority of information is based on EST surveys and transcriptomic data.
The free-living amoeba Sawyeria marylandenis inhabits the microaerophilic
environment of iron-rich freshwater streams. Light and electron microscopy have revealed the
presence of organelles with morphology similar to hydrogenosomes, with an electron-dense
matrix surrounded by a double membrane (O'Kelly et al., 2003). Interestingly, some of these
organelles appeared as round bodies with central holes (Barbera et al., 2010). Unlike in other
heterolobosean, an endoplosmic reticulum was not observed around Sawyeria
hydrogenosomes. Analysis of EST survey data suggested that the putative hydrogenosomes of
Sawyeria contain surprisingly similar anaerobic pathways to those in trichomonad
hydrogenosomes. The predicted anaerobic pathway comprises PFO, [FeFe]-hydrogenase,
ASCT and SCS that can catalyze conversion of pyruvate to acetate, CO2 and ATP (Fig.8). In
addition to [FeFe]-hydrogenase, two hydrogenase maturases hydG and hydF were identified.
Similar to T. vaginalis hydrogenosomes, the Sawyeria organelles most likely possess the
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catalytic part of complex I (NuoF, NuoE). The EST survey data also revealed the presence of
several components of FeS cluster assembly, fatty acid metabolism, amino acid metabolism
and mitochondrial import pathways, several of them with predicted MTS. However, no
biochemical data are available (Barbera et al., 2010).
The amoeboflagellate Psalteriomonas lanterna possesses an unusual type of
hydrogenosome that was originally described based on electron microscopy by Broerst et al.,
(1990). In flagellates, these organelles could be observed as a large globule that is formed by
stack of over 20 double membrane bound hydrogenosomes and interleaved with
endosymbiotic methanogenic archaea. In the amoeboid form, the globular structure is less
prominent. Individual hydrogenosomes are surrounded by rough endoplasmic reticulum
(Hackstein et al., 2001). The presence of [FeFe]-hydrogenase within the organelles was
demonstrated using a specific antibody as well as histochemistry (de Graaf et al., 2009)
(Broers CAM,. PhD Thesis 1992). Based on EST survey data, partial sequences for PFO,
[FeFe]-hydrogenase and one subunit of Complex I (NuoF) were identified (de Graaf et al.,
2009). The other putative hydrogenosomal protein includes an ADP/ATP carrier, propionylCoA carboxylase and glutamate dehydrogenase (de Graaf et al., 2009).

2.4.4 Diplomonads

Figure 10. Schematic metabolic pathways in the hydrogenosome of Spironucleus salmonicida.
PFO - pyruvate: ferredoxin oxidoreductase, Hyd - hydrogenase, ACS - acetyl-CoA synthetase, ISC –
FeS cluster assembly machinery, Fdx - ferredoxin
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The fish parasite Spironucleus salmonicida is the only representative of diplomonads
that possesses hydrogenosomes thus far. Based on genomic and mitochondrial proteomic data,
hydrogenosomal metabolism pathways were identified. It has been proposed that pyruvate is
converted via PFO to acetyl-CoA, which is metabolized directly by ADP-forming ACS to
acetate and ATP (Fig.10). The organelles also possess the enzyme [FeFe]-hydrogenase and all
three maturases (hydE, hydG and hydF). Interestingly 5 genes for PFOs and 7 genes for
hydrogenases were found in the genome. However, only PFO-5 and 2 hydrogenases (5 and 6)
were localized in the hydrogenosomes. Thus, it is not clear what the contribution of
hydrogenosomal metabolism is to overall hydrogen production by S. salmonicida. The other
identified pathways include FeS cluster assembly (ISC) and possibly glycine metabolism,
although only the H protein of four components of the GCS has been found as well as serine
hydroxylmethyltransferase (SHMT) (Jerlstrom-Hultqvist et al., 2013).
The presence of mitochondria derived organelles was proposed for other Spironucleus
species, the fish parasites S. vortens and S. barkhanus. Imunofluorescence and electron
microscopy of S. vortens suggested that this organism possesses two types of mitochondrial
organelles including large hydrogenosomes (200 nm – 1 μm in diametr) and smaller
mitosomes (100 – 150 nm in diametr) (Millet et al., 2013). However, this suggestion needs to
be verified because the activity of hydrogenase is present only in the cytosol (our unpublished
data). In S. barkhanus, partial genes for the enzymes PFO and [FeFe]-hydrogenase were
identified (Horner et al., 2000; Horner et al., 1999). However their cellular localization has
not been studied.

2.5 Mitosomes
The most reduced form of the mitochondrion is named the mitosome (Tovar et al.,
1999) and/or the crypton (Mai et al., 1999). Mitosomes have been described exclusively in
parasitic protists from distant eukaryotic groups that inhabit the oxygen-poor environment of
the intestinal tract such as Entamoeba histolytica (Archamoeba), Giardia intestinalis
(Diplomonadida), and in intracellular parasites including microsporidians (Fungi),
Cryptosporidium parvum (Apicomplexa) and Mikrocytos mackini (Rhizaria). They share only
a few characteristics with mitochondria: a double membrane bound electron-dense matrix, the
presence of the mitochondrial chaperones Hsp70, Cpn60, and Cpn10, and with the exception
of Archamoebae, the presence of mitochondrial FeS cluster assembly machinery (ISC)
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(Maguire and Richards, 2014). Mitosomes lack energy metabolism and ATP synthesis is
localized exclusively in the cytosol and including extended glycolysis. Similar to
hydrogenosomes, mitosomes do not contain an organellar genome and all mitosomal proteins
are imported to the organelles by mitochondrial translocases. However, only the most
conserved components of the outer membrane translocation machinery have been identified,
including Tom40 and Sam50 (Makiuchi and Nozaki, 2014), while inner membrane
translocases have not been found so far.

2.5.1 Parasites of intestinal tract

Figure 11. Schematic metabolic pathways in mitosome and cytosol of Entamoeba histolytica.
PAPS - 3'-phosphoadenosine 5'-phosphosulfate; in the cytosol: NIF - FeS cluster assembly machinery,
PFO - pyruvate: ferredoxin oxidoreductase, Hyd - hydrogenase, ACS - acetyl-CoA synthetase, Fdx ferredoxin

Entamoeba histolytica, a causative agent of amoebic dysentery, was the first protist in
which mitosomes were described based on cellular localization of the mitochondrial marker
protein Cpn60 (Mai et al., 1999; Tovar et al., 1999). Later other mitochondrial proteins
including mtHsp70, Cpn10 and an unusual ATP/ADP transporter were co-localized with
Cpn60 in the same organelles (Chan et al., 2005;Tovar et al., 2007;van der Giezen et al.,
2005). As these organelles have completely lost energy metabolism, an intriguing question is
what is the source of ATP is that is required for protein import and function of Cpn60 or
Hsp70. The explanation may be provided by the presence of an unusual mitochondrial-type
ADP/ATP carrier (AAC) that possibly functions in the opposite direction than conventional
AAC and thus allows the import of ATP from the cytosol to the organelle (Chan et al., 2005).
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Unlike mitosomes described in other protists, Entamoeba mitosomes do not possess complex
ISC machinery for formation of FeS clusters. This machinery was replaced in Archamoebae
by simple bacterial NIF (nitrogen fixation) machinery. However, its cellular localization is
unclear. Although Maralikova et al. (2010) suggested that NIF components are present in the
Entamoeba cytosol as well as in mitosomes; the mitosomal localization of NIFs has not been
confirmed by others (Dolezal et al., 2010; Mi-ichi et al., 2009). The only known function of
Entamoeba mitosomes is activation of sulfate (Fig.11) (Mi-ichi et al., 2009). A sulfate
activation pathway is typically present in eukaryotic cytosol where it mediates conversion of
inert inorganic sulfate to its biologically active form. The active sulfate is then transferred into
proteins, lipids or small organic molecules (Patron et al., 2008). Surprisingly, proteomic
analysis of Entamoeba mitosomes revealed presence of three enzymes of the sulfate
activation pathway: ATP sulfurylase (AS), inorganic pyrophosphatase (IPP) and APS kinase
(APSK) within the organelle. Moreover, this proteomic study identified 95 putative
mitosomal proteins (Mi-ichi et al., 2009). Import of proteins into the Entamoeba mitosome is
mostly independent of cleavable MTS. An N-terminal presequence was identified and
experimentally tested only in a single mitosomal protein - Cpn60 (Tovar et al., 1999).
Moreover, Entamoeba lacks both subunits of MPP. Known components of the outer
membrane translocase machinery are Tom40 and Sam50. More recently a novel component of
the TOM complex named Tom60 has been identified (Makiuchi et al., 2013).
Giardia intestinalis, a parasite of human gut, possesses two types of mitosomes that can
be distinguished according to their cellular distribution: (i) "central" mitosomes that are
invariably present between the two nuclei of diplomonad cell, and (ii) "peripheral" mitosomes
that are scattered within the cytosol, typically in caudal part of the cells. The central
mitosomes seems to be associated with the basal bodies of caudal flagella, which may
facilitate their regular segregation to the daughter cell during cytokinesis. Segregation of
peripheral mitosomes seems to be stochastic (P. Dolezal, personal communication). The main
function of the Giardial mitosome is biogenesis of FeS clusters by mitochondrial ISC type
machinery (Fig. 12). Proteomic analysis of Giardia mitosomes revealed the presence of all
essential ISC components (such as cysteine desulfurase IscS and scaffold proteins IscU, Nfu,
and IscA), electron carrier [2Fe2S]-ferredoxin, mtHsp70, co-chaperonin Jac1 and nucleotide
exchange factor Mge, as well as monothiol glutaredoxin (Jedelsky et al., 2011;Rada et al.,
2009). Over 638 other proteins of unknown function have been proposed to be localized in
these organelles, of which about 139 possess a predicted MTS. Mitosomal localization was
experimentally confirmed for 20 proteins (Jedelsky et al., 2011). Interestingly, the MTS is
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cleaved by a unique processing peptidase that consists of only a single catalytic β-subunit,
while the α-subunit is absent (Smid et al., 2008). The only known component of the Giardia
TOM complex is Tom40, while Sam50 has not been identified. Similarly to Entamoeba, no
component of the TIM channel has been identified so far. However, the Giardia inner
mitosomal membrane possesses Tim44, Pam18 and Pam16 (Dagley et al., 2009; Jedelsky et
al., 2011).

Figure 12. Schematic metabolic pathways in mitosome and cytosol of Microsporidia,
Cryptosporidium parvum and Giardia intestinalis. ISC - FeS cluster assembly machinery; in the
cytosol: PFO - pyruvate: ferredoxin oxidoreductase (in Giardia), PNO - pyruvate:NADP
oxidoreductase (in Cryptosporidium), Hyd - hydrogenase, ACS - acetyl-CoA synthetase, Fdx ferredoxin

2.5.2 Intracellular parasites
The microsporidia Mikrocytos mackini and Cryptosporidium parvum are obligate
intracellular parasites. Their simplified metabolic organization is most likely a result of
reductive evolution due to their adaptation to an intracellular environment. Their energy
metabolic pathways are usually much reduced, including glycolysis and/or extended
glycolysis.
The microsporidian Encephalitozoon cuniculi belongs among the most reduced
eukaryotes with genome size of only 2.9 Mbp (Biderre et al., 1995). The presence of
mitosomes in this organism was first predicted based on genome sequence analysis (Katinka
et al., 2001). The N-terminal MTS of mitosomal proteins seems to be absent in most of the
proteins (an MTS was identified only in IscU) and also none of the MPP subunits have been
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identified (Burri et al., 2006; Williams et al., 2002). In the mitosomal membrane, only some
translocase components were identified: Tom 40 and Tom 70 in the outer membrane and Tim
22 in the inner membrane (Katinka et al., 2001). The only clear function of the mitosomes is
FeS cluster biosynthesis via mitochondrial ISC machinery (Fig. 12) (Burri et al., 2006;
Katinka et al., 2001). The most important components of the ISC machinery were colocalized with the organellar marker mtHsp70 (Goldberg et al., 2008). Interestingly, E.
cuniculi possesses four unusual bacterial ADP/ATP transporters. Three of them are present in
the cell membrane and probably import ATP from the host cell into microsporidians. The
signal of the fourth transporter was co-localized with mitochondrial marker mtHsp70
(Tsaousis et al., 2008). It has been proposed that this transporter imports ATP into the
mitosome, where it is required for ISC machinery and protein import.
Based on imunufluorescence and electron microscopy, it has been suggested that
mitosomes of other microsporidian Trachipleistophora hominis possess the ICS component
IscS. Surprisingly, the component IscU as well as protein frataxin were found exclusively in
the cytosol (Goldberg et al., 2008). In addition, mitosomal protein import is not dependent on
a MTS (Williams et al., 2002).
Based on MTS prediction into mitosomes of the microsporidian Antonospora locustae
several proteins were suggested. As putative mitosomal matrix proteins were predicted
components of ISC machinery and the enzymes PDH and superoxide dismutase. However
MTS signal was also found in clearly cytosolic proteins such as glyceraldehyde 3- phosphate
dehydrogenase, which means that the predicted MTS signal is not always essential for protein
targeting (Burri et al., 2006).
In comparison with other intracellular mitosome-containing parasites, energy metabolic
pathways of the apicomplexan Cryptosporidium parvum seem to be more complex. Unlike in
microsporidians, C. parvum possesses complete glycolysis as well as pathway of extended
glycolysis in the cytosol, similar to G. intestinalis and E. histolytica. Here, pyruvate is
converted by activity of PNO to acetyl-CoA, which is metabolized by ACS to acetate and
ATP. Interestingly, C. parvum mitosomes contain an ADP/ATP transporter similar to E.
cuniculi (Mogi and Kita, 2010). The organelles also possess the mitochondrial chaperones
Cpn60 and mtHsp70 (Riordan et al., 2003) as well as ISC machinery for FeS cluster
biogenesis (Fig. 12) (Abrahamsen et al., 2004; Lagier et al., 2003).
Recently, the mitosomes were described in M. mackini, the intracellular parasite of Pacific
oysters that represents the first mitosome-bearing organisms of the Rhizaria group. Similarly
to other mitosomes, the only known function is probably biosynthesis of FeS clusters by ISC
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machinery. Based on a transcriptomic survey the presence of genes coding IscS, IscU, Hsp70
and ferredoxin reductase was revealed (Burki et al., 2013). However, no more information
about this microcell protist is currently available.

3 Mastigamoeba balamuthi
Mastigamoeba balamuthi is an Archamoebae within the eukaryotic supergroup
Amoebozoa. Group Archamoebae includes four lineages: Mastigamoebidae, Pelomyxidae,
Entamoebidae and Rhizomastixidae (Ptackova et al., 2013). These organisms are adapted to
inhabit anaerobic or oxygen-restricted environments. The representants include both freeliving (e.g. Mastigamoeba balamuthi) and parasitic species (e.g. Entamoeba histolytica). It
has been proposed that a common ancestor of Archamoebae and other amoebozoan lineages
possessed aerobic mitochondria that were retained in groups such as the closely related
Eumycetozoa, while Archamoebae converted their aerobic mitochondria to their anaerobic
forms (Gill et al., 2007). However, although various morphologically unusual forms of
mitochondria in amoebozoans have been observed using electron microscopy, the functional
adaptations have been studied only in E. histolytica which possesses the most reduced
mitochondrial form, the mitosome.
M. balamuthi was originally described by Chavez et al. (1986) as Phreatamoeba
balamuthi. The relation to E. histolytica and Dictyostelium was proposed based on a
phylogenetic analysis of 100 genes (Bapteste et al., 2002). Mastigamoeba can form three
morphological stages: an amoeboid form, an uniflagellate form and a cyst. The amoeboid
form is the dominant stage in the life cycle. They move by monopodia and are predominantly
multinucleate. The nucleus contains a single central nucleolus and the nuclear membrane
persists at least through metaphase (Chavez et al., 1986). The size of the amoeboid forms
varies from 11 to 160 μm in length. Flagellates possess a single flagellum associated with a
cone of microtubules around a single nucleus. The size of flagellates ranges from 6 to 60 μm
in length (Chavez et al., 1986). When Mastigamoeba grows in axenic culture, they can be
transformed to the flagellate forms by addition of rice powder to the growth medium.
However, the flagellates do not reproduce. The cyst is surrounded by a resistant wall that
lacks pores and ranges from 9 to 18 μm in diameter (Chavez et al., 1986).
In M. balamuthi, double membrane bound organelles with an electron-dense matrix
were identified by electron microscopy and considered to represent mitosomes. Based on an
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EST survey, 69 candidates of organellar proteins have been identified, 7 of them with a
putative MTS, although neither translocase complexes nor a MPP has been found (Gill et al.,
2007). A function-oriented ortholog gene analysis suggested that the organelles possibly
harbour mitochondrial chaperones (Cpn60, Cpn10), some components of the TCA cycle
(SDH, malate dehydrogenase, aconitase, isocitrate dehydrogenase) and amino acid
metabolism (GCS, SHMT, threonine dehydrogenase). The EST survey also revealed presence
of genes for enzymes of extended glycolysis including PFO, [FeFe]-hydrogenase and ACS.
However, their cellular localization was not clarified. Similarly to Entamoeba, Mastigamoeba
possesses genes for NIF components for FeS cluster biogenesis, while no genes for
mitochondrial ISC system were found (Gill et al., 2007). This analysis suggested that function
of Mastigamoeba organelles is much more complex than the extremely reduced function of
Entamoeba mitosomes. However, no biochemical data are available to support the presence of
predicted metabolic pathways in Mastigamoeba mitosomes. Moreover, previous an EST
survey allows prediction of only a partial organellar proteome. Thus, analysis of more
genomic and transcriptomic data are required to obtain more complete information.
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4 Aims
1) To characterize mitochondria organelles of Mastigamoeba balamuthi based on
biochemical analysis of the organelles and new informations obtained from analysis of
ongoing Mastigamoeba genome project:
(i) to develop a protocol for isolation of these organelles,
(ii) to investigate their energy metabolism and
(iii) to characterize machinery that is required for biogenesis of FeS clusters

2) To investigate proposed hydrogen-production in the mitochondria of Naegleria gruberii.
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In most eukaryotes, the mitochondrion is the main organelle for the
formation of iron-sulfur (FeS) clusters. This function is mediated
through the iron-sulfur cluster assembly machinery, which was
inherited from the α-proteobacterial ancestor of mitochondria. In
Archamoebae, including pathogenic Entamoeba histolytica and
free-living Mastigamoeba balamuthi, the complex iron-sulfur cluster
machinery has been replaced by an e-proteobacterial nitrogen ﬁxation (NIF) system consisting of two components: NifS (cysteine desulfurase) and NifU (scaffold protein). However, the cellular localization
of the NIF system and the involvement of mitochondria in archamoebal FeS assembly are controversial. Here, we show that the genes for
both NIF components are duplicated within the M. balamuthi genome. One paralog of each protein contains an amino-terminal extension that targets proteins to mitochondria (NifS-M and NifU-M),
and the second paralog lacks a targeting signal, thereby reﬂecting
the cytosolic form of the NIF machinery (NifS-C and NifU-C). The dual
localization of the NIF system corresponds to the presence of FeS
proteins in both cellular compartments, including detectable hydrogenase activity in Mastigamoeba cytosol and mitochondria. In contrast, E. histolytica possesses only single genes encoding NifS and
NifU, respectively, and there is no evidence for the presence of the
NIF machinery in its reduced mitochondria. Thus, M. balamuthi is
unique among eukaryotes in that its FeS cluster formation is mediated through two most likely independent NIF machineries present in
two cellular compartments.
hydrogenosome

| mitosome | free-living protist

I

ron-sulfur (FeS) clusters are among the most ancient protein
cofactors and are essential for the function of a wide variety of
FeS proteins in the Bacteria, Archaea, and Eukarya domains (1).
Although FeS clusters spontaneously assemble into apoproteins in
vitro, the formation of FeS clusters in living cells is a catalyzed
process (1, 2). There are three distinct systems of bacterial origin
that are responsible for the formation of iron-sulfur clusters: the
ISC (iron-sulfur cluster), SUF (sulfur mobilization), and NIF (nitrogen ﬁxation) systems (2). ISC and SUF are highly complex,
multicomponent machineries that include two core proteins: cysteine desulfurase (IscS or SufS), which releases sulfur from cysteine to produce alanine, and a scaffold protein (IscU or SufB) that
provides a platform for the assembly of transient FeS clusters (2).
Both machineries are involved in the formation of FeS clusters in
housekeeping proteins, although the SUF machinery is more important for FeS cluster formation and repair under oxygen stress
(3). The NIF system is less complex, comprising the cysteine
desulfurase NifS and scaffold protein NifU (4). The NIF system is
generally thought to be specialized for the nitrogenase FeS cluster
assembly of nitrogen-ﬁxing bacteria (5).
Eukaryotes gained both the ISC and SUF machineries during
eukaryogenesis from bacterial endosymbionts (6, 7). The ISC machinery present in mitochondria is related to the α-proteobacterial
ancestor of these organelles (8). Similarly, the SUF machinery in
www.pnas.org/cgi/doi/10.1073/pnas.1219590110

plastids is related to a homologous system in cyanobacteria, which is
the bacterial group from which these organelles originated (6, 9).
The formation of FeS clusters through the activity of the ISC machinery is the only essential function of mitochondria identiﬁed
thus far and is required not only for the maturation of mitochondrial FeS proteins but also for the formation of FeS clusters in other
cell compartments (2, 10). It has been proposed that the maturation
of cytosolic FeS proteins is dependent on the export of an unknown
compound from the mitochondria, which is then used by the cytosolic FeS assembly (CIA) machinery (2).
Several lineages of unicellular eukaryotes possess highly modiﬁed forms of mitochondria that are adapted to function under
anaerobic conditions (11). Hydrogenosomes, which are present in
Trichomonas vaginalis and other anaerobic protists, generate hydrogen with the concomitant synthesis of ATP through substratelevel phosphorylation (11). This pathway of extended glycolysis
depends on the activities of several FeS proteins, such as pyruvate:
ferredoxin oxidoreductase (PFO), and hydrogenase (11). Similar
to mitochondria, hydrogenosomes contain ISC machinery that
catalyzes FeS cluster assembly (12). Giardia intestinalis, microsporidia, and Cryptosporidium parvum possess mitochondrionderived organelles known as mitosomes, which completely lack
energy metabolism and other metabolic pathways (13–15). The
FeS cluster assembly mediated through the ISC machinery is the
only known mitochondrial function retained in these organelles
(13–15).
The free-living protist Mastigamoeba balamuthi and its parasitic
relative Entamoeba histolytica are members of the Archamoebae.
Unique among eukaryotes studied so far, these anaerobic organisms possess genes encoding the two components of bacterial NIF
machinery: NifS and NifU (16, 17). Phylogenetic analyses have
suggested that the amoebic NIF machinery was inherited through
a common ancestor of Mastigamoeba and Entamoeba from an
e-proteobacterium via lateral gene transfer (LGT). This transfer is
hypothesized to have occurred after the split of the anaerobic
Archamoebae and aerobic Mycetozoa (e.g., Dictyostelium), which
possess conventional ISC machinery (16).
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E. histolytica possess mitosomes that do not generate ATP as do
those in other mitosome-harboring organisms (11). However, these
organelles do not possess the ISC machinery, and no component
of either the ISC or SUF machinery has been identiﬁed in the
Entamoeba genome. NIF components have been predominantly
identiﬁed in the cytosol of Entamoeba (18, 19). However, it remains
controversial whether these components are present exclusively in
the cytosol or also operate in the mitosomes (18–20).
M. balamuthi is a more basal member of the Archamoebae
group (16). The mitochondrion-related organelles of M. balamuthi
have been suggested to represent an intermediate stage between
“classic” mitochondria and the reduced mitosomes of E. histolytica
(16). Although aerobic respiration is absent in the modiﬁed mitochondria of M. balamuthi, they may have retained some components of the tricarboxylic acid cycle (16). Interestingly, the
expressed sequence tag survey revealed partial sequences encoding the NifS and NifU components, and these proteins have been
predicted to be cytosolic in M. balamuthi (16). However, it remains
unknown how FeS clusters are formed in the mitochondria of
M. balamuthi or if the ISC machinery is present in these organelles.
Therefore, we analyzed the M. balamuthi genome to identify and
characterize the FeS cluster assembly machineries of this species
and their corresponding substrates.
Results
Bacterial NIF Machinery Is Duplicated in M. balamuthi. Searches for
components of the bacterial NIF machinery in the M. balamuthi
genome sequence revealed two paralogs for each component, i.e.,
the cysteine desulfurase NifS (MbNifS) and the scaffold protein
NifU (MbNifU) (Table S1). The protein sequences for the two
MbNifS and MbNifU paralogs displayed high sequence identity
(76.5% and 61.8%, respectively), except at their N-termini. Although the ﬁrst copy of the cysteine desulfurase (MbNifS-C) gene
was almost collinear with its bacterial and E. histolytica orthologs,
the second copy (MbNifS-M) possessed a 16-amino acid extension at the amino terminus (Fig. 1). Similarly, a 55-amino acid
N-terminal extension was identiﬁed in the MbNifU-M scaffold
protein paralog, but this extension was absent in MbNifU-C.
These extensions show features similar to mitochondrial targeting
sequences, including predictable cleavage sites for the mitochondrial processing peptidase, with an arginine residue typically
located at the −2 position (Fig. 1).

A

MITOPROT

PSORTII

MbNifS-M MSLVDRYVSCGTGAPARPAARPARRVYLDNNATTRVDPRVVAEMVP..
MbNifS-C
MSSAPQQHRVYLDNNATTRVDPAVFKAMEP..
EhNifS
MQSTKSVYLDNNATTMVDPEVLNSMLP..
CamfNifS
MRVYLDNNATTMIDPEARELMLP..
AzovNifS
MADVYLDNNATTRVDDEIVQAMLP..

B

MITOPROT/PSORTII

MbNifU-M MSLVSAVAVAAPRLSLVHATRWSS(AA30)GVIGRQQLVKVRARME..
MbNifU-C
MGKNSLIKVTQRMN..
EhNifU
MSKNKLIKVKDHMD..
CamfNifU
MAKNDLINVQDRMN..
ArcnNifU
MAKNDLIQVIKRMD..
Fig. 1. Comparison of the amino-terminal sequences of M. balamuthi NifS/
NifU paralogs. MTSs were predicted using PSORTII and MITOPROT servers. The
predicted cleavage sites are labeled with arrows. The MITOPROT-predicted
targeting sequences are underlined. (A) Paralogs of M. balamuthi NifS
(MbNifS-M and MbNifS-C) and NifS orthologs of E. histolytica (EhNifS),
Campylobacter fetus (CamfNifS), and Azotobacter vinelandii (AzovNifS).
(B) NifU paralogs of M. balamuthi (MbNifU-M and MbNifU-C), and NifU
orthologs of E. histolytica (EhNifU), C. fetus (CamfNifU), and Arcobacter
nitroﬁgilis (ArcnNifU).
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Phylogenetic analysis of the Mastigamoeba and Entamoeba NifS
and NifU sequences suggested that a common ancestor of these
two lineages possessed cytosolic NifS and NifU proteins, which
were obtained via LGT from an e-proteobacterium. The branching
order within the Archamoebal group revealed that both Nif
components were ancestrally duplicated in the common ancestor.
The analysis further suggested that Entamoeba had retained the
mitochondrial version of the Nif machinery, but the cytosolic Nif
components were lost. However, the statistical support for the
relative branching order was too weak to exclude other scenarios
(Fig. S1). Searches for the components of the mitochondrial ISC
assembly machinery in the M. balamuthi genome were negative;
however, a single gene encoding [2Fe2S] ferredoxin (MbFdx), an
electron carrier that provides reducing equivalents for FeS cluster
assembly in the mitochondria, was identiﬁed. Similar to the NIF
components, MbFdx possesses a putative N-terminal targeting
sequence (Fig. S2). Components of the ISC export machinery
[Atm1 (a mitochondrial ATP-binding cassette transporter) and
Erv1 (a sulfhydryl oxidase)] were also not present. Interestingly, we
identiﬁed all components of the CIA machinery, except electron
transport proteins Tah18 and Dre2 (Table S1).
N-Terminal Mitochondrial Targeting Sequences Deliver MbNifS-M and
MbNifU-M to the Mitochondria in Saccharomyces cerevisiae. Because

there is no tractable system for protein expression in M. balamuthi,
we used S. cerevisiae, which is a well-studied model organism belonging together with Amoebozoa to Unikonta (21). We ﬁrst
expressed the MbNifU-M fused to GFP at carboxyl terminus
with and without the N-terminal mitonchondrial targeting sequences (MTS). The experiments showed that the targeting of
MbNifU-M-GFP to the yeast mitochondria was entirely MTSdependent. We obtained the same results for MbNifS-M-GFP.
Both NIF paralogs that lacked the amino-terminal extensions
(MbNifU-C and MbNifS-C) were localized to the yeast cytosol.
Next, we examined whether MbNifU-M and MbNifS-M were
translocated into the yeast mitochondria or remained attached
to the surface of the membrane. The immunoblot signals for the
two proteins were not signiﬁcantly affected when isolated mitochondria were treated with trypsin, but the signals for both
proteins disappeared after trypsin treatment when the organellar membranes were disintegrated with detergent (Fig. 2).
These experiments conﬁrmed that MbNifS-M and MbNifU-M
were targeted and translocated into the yeast mitochondria
through their MTSs.
Dual Localization of the NIF Machinery in M. balamuthi. The localization of MbNifS and MbNifU in the subcellular fractions of
M. balamuthi revealed that distinct NIF components were present
in the cytosol and mitochondrion-enriched fractions. MbNifS was
visualized as a double band in the whole-cell lysate, but only single
bands of different sizes corresponding to MbNifS-C and MbNifSM were observed in the cytosol and mitochondria, respectively. A
similar pattern was obtained using an antibody that recognizes
MbNifU-C and MbNifU-M. The localization of MbNifS-M and
MbNifU-M to the mitochondria was conﬁrmed through a protease protection assay performed on the mitochondria-enriched
fractions (Fig. 3).
Next, we measured the activity of cysteine desulfurase based on
the detection of sulfur formation. The speciﬁc activity of cysteine
desulfurase in the cytosol was 1.130 ± 0.177 nmol·min−1·mg−1
(n = 8). Considerably lower speciﬁc activity was detected in the
mitochondrial fraction (0.146 ± 0.062 nmol·min−1·mg−1; n = 8).
However, a 67% increase in activity was observed after disintegration of the organellar membranes using detergent (0.443 ±
0.116 nmol·min−1·mg−1; n = 8) (Table S2). The latency of cysteine
desulfurase activity indicated an intraorganellar localization for
this protein. The organellar activity of NifS was further conﬁrmed
based on alanine production that was comparable with the sulfur
Nývltová et al.
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succinate dehydrogenase subunit B (SdhB) and hydrogenase maturase E (HydE) (Table S1). Immunoﬂuorescence microscopy
revealed colocalization of SdhB with the signal for HydE in numerous round organelles corresponding to mitochondria (Fig. 5).
Importantly, NifU and NifS staining was observed in the cytosol
and in vesicles colabeled with the anti-SdhB antibody. The presence
of mitochondrial NIF components together with HydE and SdhB in
the same compartment was further conﬁrmed through immunoblot
analysis of the subcellular fractions (Fig. 3).
Next, we tested the enzymatic activities of two FeS enzymes for
which the corresponding genes were identiﬁed in the Mastigamoeba
genome: a hydrogenase, and PFO (Table S1). High activity of both
PFO and hydrogenase was detected in the cytosol (Table S2).
However, ∼2% of the activity of both the enzymes was associated
with the mitochondrial fraction (Table S2). As in the case of cysteine desulfurase, PFO displayed 77% latency in the mitochondrial
fraction, indicating an intraorganellar localization (Table S2). Accordingly, two hydrogenases and two PFOs possessed predictable
MTSs that were absent in the other paralogs (Fig. S2 and Table S1).
The activities of malate dehydrogenase and NADH oxidase were
used as mitochondrial and cytosolic enzyme markers, respectively
(Table S2). These data indicate that the NIF machinery is present
in mitochondria, together with proteins whose maturation is dependent on FeS cluster assembly.
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genes encode E. histolytica NifS and NifU that do not possess a
recognizable amino-terminal MTS (Fig. 1). The expression of both
E. histolytica NIF components in S. cerevisiae revealed that these
proteins are not targeted to the mitochondria but instead remain in
the cytosol (Fig. 6). Subcellular fractionation of E. histolytica
(Eh) revealed that the signals for EhNifS and EhNifU appear
predominantly in the soluble fraction. A faint band for EhNifS
was observed in the organellar fraction when large amounts of
protein were loaded. However, this band disappeared upon
trypsin treatment of the organelles (Fig. S4). These results do not
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Fig. 2. N-terminal presequence-dependent targeting of M. balamuthi NifS-M
and NifU-M into S. cerevisiae mitochondria. (A) The proteins were expressed
with GFP tags in S. cerevisiae (green). Mitochondria were costained with
Mitotracker (red). MTSs were deleted in ΔMbNifS-M and ΔMbNifU-M. MbNifSC, and MbNifS-C paralogs did not contain the N-terminal MTSs. DIC, differential
interference contrast. (Magniﬁcation: A, 1,000×.) (B) Protease protection assays.
Isolated mitochondria (control) were treated with trypsin alone or together
with Triton X-100. Antibodies against entamoebal NifS and NifU as well as
yeast Tom20 (outer-membrane marker) and Tim17 (inner-membrane
marker) were used for the immunoblot analysis.

formation (0.365 nmol·min−1·mg−1; n = 8) (Fig. S3). Finally, we
determined whether the cytosolic and mitochondrial fractions
catalyze the formation of FeS clusters in recombinant apo-MbFdx
using S35-cysteine. Reconstitution of FeS centers was observed with
time-dependent incorporation of S35 into holo-MbFdx when either
the cytosolic or mitochondrial fraction was added to the reaction
mixture (Fig. 4). Taken together, these results indicate that the
NIF machinery catalyzes independent FeS cluster assembly in
two cellular compartments, the cytosol and the mitochondria.
Mitochondria Contain NIF Machinery Together with Substrate FeS
Proteins. Searches of the M. balamuthi genome database revealed

two complete gene sequences encoding candidate FeS proteins:
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Fig. 3. Localization of the NIF components in M. balamuthi cellular fractions. (A) Immunoblot analysis of whole cell lysates (Lys), mitochondrial
fractions (Mito), and cytosol (Cyto). NifS-M, NifS-C, NifU-M, and NifU-C were
visualized using E. histolytica αNifS and αNifU antibodies that recognize both
forms. Pyruvate formate lyase (PFL), malate dehydrogenase (MDH), HydE,
and SdhB were recognized using homologous polyclonal antibodies. (B)
Protease protection assay. Control, mitochondrial fractions without treatment; Trypsin+TX-100, treatment with trypsin and Triton X-100. The mitochondria were probed using antibodies against E. histolytica NifS, NifU, and
M. balamuthi MDH.
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that this compound contains a sulfur moiety or a preassembled
FeS cluster that is transferred to apoproteins via the components of the CIA machinery (2). However, M. balamuthi does
not follow this general scheme. The present results show that
Mastigamoeba contains two distinct NIF-type FeS cluster assembly machineries that most likely function independently in
the cytosol and mitochondria. The components of the cytosolic
and mitochondrial machineries, including NifS and NifU, are encoded by distinct paralogs, and the presence of the corresponding
gene products in both cellular compartments of M. balamuthi
was conﬁrmed through subcellular fractionation and immunoﬂuorescence microscopy. Importantly, biochemical studies have
demonstrated that both the cytosol and the mitochondria possess cysteine desulfurase activity and can catalyze the formation
of FeS clusters on apoferredoxin. The dual localization of the
NIF machinery observed in M. balamuthi is reminiscent of how
some components of the ISC machinery are localized in human
cells, where IscS, IscU, and Nfu are found predominantly in the
mitochondria, although small amounts of these proteins are also
detected in the cytosol and the nucleus. Unlike Mastigamoeba,
human mitochondrial and cytosolic/nuclear proteins are synthesized from a single transcript through alternative translation
or splicing (24). Although the involvement of cytosolic/nuclear
ISC components in the de novo formation of FeS clusters is
currently a matter of discussion (24, 25), it has been shown that
depletion of cytosolic/nuclear IscU causes defects in cytosolic FeS
cluster assembly (26). However, there is no information regarding
the possible relationship between the cytosolic ISC components
and the human CIA machinery. Thus, future studies should clarify
whether the cytosolic NIF found in Mastigamoeba and the human
ISC machineries function independently or whether the cytosolic NIF/ISC provide any substrate for the CIA machinery that
is conserved in all eukaryotes, including Mastigamoeba.
The substitution of a multicomponent mitochondrial ISC system with simple NIF machinery was a unique evolutionary event
in eukaryotes, but it is not unprecedented elsewhere in nature. In
bacteria, the NIF system has been identiﬁed in nonnitrogen-ﬁxing
anaerobic e-proteobacteria, such as Helicobacter, in which the
NifS and NifU components function in FeS cluster assembly, whereas
the ISC and SUF machineries are absent (27). Interestingly, the

60

Fig. 4. Reconstitution of [FeS] clusters in M. balamuthi apoferredoxin catalyzed in mitochondrial (Mito) and cytosolic fractions. Recombinant apoferredoxin was incubated with [35S]cysteine, Fe-ascorbate, and cellular
fractions for the indicated time period and analyzed using native gel electrophoresis followed by autoradiography.

support previous report suggesting that NIF components function
in the mitosomes in addition to the cytosol of E. histolytica (18).
Discussion
There are three unique features of the FeS cluster assembly
machinery in M. balamuthi: (i) the archetypal mitochondrial ISC
machinery that is present in virtually all eukaryotes has been
replaced with e-bacterial NIF components; (ii) the genes
encoding the NIF machinery proteins have been duplicated, with
one system being present in the cytosol and the second system
targeted to the mitochondria; and (iii) both the cytosolic and
mitochondrial cellular fractions independently catalyze the formation of FeS clusters.
In the majority of eukaryotes, the mitochondrial ISC machinery is essential for the maturation of cytosolic FeS proteins
(10). This phenomenon has been functionally demonstrated in
evolutionarily distant organisms, such as S. cerevisiae (10) and
Trypanosoma brucei (22). The typical mitochondrial metabolic
pathways have been lost during the course of reductive evolution
in the mitosomes of Giardia and microsporidia (11). However,
the mitosomes of these species have retained the functional
mitochondrial ISC machinery, underscoring the essential function of this pathway in eukaryotic cells (13, 23). Maturation of
extramitochondrial FeS proteins requires the export of a still
unknown compound from the mitochondria to the cytosol,
where it is used by the CIA machinery (2). It has been speculated
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Fig. 6. Expression of E. histolytica NifS and NifU in S. cerevisiae. (A) Proteins
were expressed with a GFP-tag at the carboxyl terminus in S. cerevisiae
(green). (Magniﬁcation: A, 1,000×.) (B) Immunoblot analysis of mitochondrial
and cytosolic fractions. The recombinant proteins were detected using antiNifS and -NifU antibodies.

expression of Helicobacter NifS/NifU and E. histolytica EhNifS/
EhNifU in Escherichia coli, in which both the isc and suf operons
have been deleted, supports the growth of mutated bacteria.
However, full complementation of the ISC and SUF systems is
observed only under anaerobic conditions (17, 28). Thus, it
seems plausible that the substitution of the ISC machinery with the
oxygen-sensitive NIF machinery that occurred in the Mastigamoeba ancestor would have been possible only in anaerobic
niches, where this species exists together with NIF-possessing
e-proteobacteria (16). The oxygen sensitivity of the NIF system
might also explain why the NIF machinery has not been identiﬁed
in any aerobic organism.
The replacement of the ISC assembly machinery in mitochondria with the NIF system requires the acquisition of mitochondrial
signals to mediate the targeting and translocation of NifS and
NifU to these organelles. There are two types of MTSs: (i) aminoterminal cleavable presequences, and (ii) inner signals embedded
within the structure of the mature protein (29). In the present
study, we showed that both NifS-M and NifU-M possess aminoterminal presequences that are strictly required for protein delivery to the yeast mitochondria, and deletion of these extensions
results in the mislocalization of the NIF proteins to the cytosol.
The strict presequence-dependent targeting of NifS-M and NifU-M
to the mitochondria indicates that inner signals are absent from
these NIF components. Hence, it is likely that gene duplication
and acquisition of the N-terminal signals were essential for the
targeting of the NIF components to these organelles upon LGT
from e-proteobacteria.
The dual localization of the NIF machinery observed in
M. balamuthi is consistent with the dual localization of the
proteins that require the assembly of FeS clusters for maturation.
We demonstrated that the Mastigamoeba mitochondria contain
several FeS proteins, including the SdhB subunit of the succinyl
dehydrogenase complex, the hydrogenase maturase HydE and,
most likely, [2Fe2S] ferredoxin. Interestingly, the activity of two
typical FeS enzymes involved in extended anaerobic glycolysis,
PFO and hydrogenase, was identiﬁed in both compartments, although this activity was predominantly localized to the cytosol.
Hydrogenase is also encoded in the E. histolytica genome, and
episomally expressed entamoebic hydrogenase has been detected
in the cytosol of transformed cells (30). However, hydrogenase
activity has not been observed in nontransfected entamoebas,
Nývltová et al.

and rather low activity has been identiﬁed in transfected cells
(0.0035 μmol·min·mg) (31). In this context, the activity of hydrogenase in the cytosol of M. balamuthi (1.351 ± 0.176 μmol·min·mg) is
unusually high.
The presence of aerobic mitochondria in Mycetozoa, which is
a sister taxon of the anaerobic Archamoebae (32), indicates that
the mitochondria of M. balamuthi represent secondarily adapted
and reduced forms of these organelles and that reductive evolution
has progressed further in entamoebids, which retain mitochondria
in the form of mitosomes. In contrast to the mitochondria of
M. balamuthi, there is no evidence for the presence of any protein
with classic multiple iron FeS clusters in E. histolytica mitosomes.
Therefore, the predominant cytosolic distribution of the NIF machinery should be sufﬁcient to accommodate the cellular requirements for FeS cluster biogenesis in this organism. Surprisingly, dual
localization of the NIF machinery in the cytosol and the mitosomes
of E. histolytica has also been suggested, and FeS cluster biogenesis
has been proposed as one of the fundamental functions of entamoebal mitosomes (18). However, following proteomic analysis of
E. histolytica mitosomes has not conﬁrmed the presence of NIF
machinery (20). In our cell localization analyses, we detected
components of the E. histolytica NIF machinery, particularly in the
cytosolic fraction, which had been suggested previously (19).
Moreover, the E. histolytica NIF components were found to be
encoded by single copy genes, which lack the mitochondrial
targeting signals. Neither the cytosolic NIF components of
M. balamuthi nor the NIF components of E. histolytica were
imported into the mitochondria in yeast, thereby suggesting an
absence of inner mitochondrial targeting signals in these proteins.
However, we cannot exclude the potential recognition of a small
amount of NifS and NifU through the translocation machinery of
the mitosomes, which are considerably modiﬁed compared with
yeast mitochondria (19), although the present experiments do not
provide support for this possibility.
In conclusion, based on the present and previous ﬁndings (16,
17), we propose the following scenario for the evolution of FeS
cluster assembly in Archamoebae: (i) a common ancestor of Mastigamoeba and Entamoeba that inhabited anaerobic niches gained
the NIF machinery from e-proteobacteria through LGT; (ii) the
genes encoding the NIF machinery were ancestrally duplicated and
the components that acquired MTSs replaced the ISC machinery,
as observed in Mastigamoeba; and (iii) in Entamoeba, the mitochondrial NIF machinery may have lost its organellar targeting
sequences and replaced the cytosolic NIF version, as suggested by
our phylogenetic analysis. However, the low resolution of the
Archamoeba tree cannot exclude a more parsimonious scenario, in
which the mitochondrial NIF machinery was lost and the cytosolic
version was retained. Although the characteristics of the NIF system that were advantageous over the ISC system under anaerobic
conditions remain enigmatic, the presence of the NIF system in
Archamoebae highlights the diversity involved in the adaptation of
eukaryotes to anaerobic niches, which has repeatedly occurred in
distinct eukaryotic lineages (11).
Materials and Methods
Cell Cultivation and Fractionation. M. balamuthi (ATCC 30984), E. histolytica
(strain HM-1:IMSS), and YPH499 S. cerevisiae strain were maintained axenically, as previously described (33–35). The preparation of subcellular fractions
of M. balamuthi and E. histolytica through differential centrifugation of the
cell homogenate is described in SI Materials and Methods. The yeast mitochondria were obtained according to previously described methods (36).
Genome Sequencing. The partial genome sequence of M. balamuthi was
assembled from sequences generated using Illumina and 454 pyrosequencing. Based on the estimated genome size of 50 Mb, the genome coverage is
15× for long 454 reads and 20× for short paired-end Illumina reads (SI Material and Methods). The preliminary assembly of M. balamuthi genome and
raw sequencing data have been submitted to EMBL (www.ebi.ac.uk/ena/
data/view/PRJEB1507).
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Phylogenetic Analysis. Maximum-likelihood and Bayesian phylogenetic
analyses of selective NifS and NifU proteins from epsilon proteobacteria
along with the homologs from the archamoebae species were performed
as decribed in SI Materials and Methods.

Immunoﬂuorescent Microscopy. Image acquisition was performed using
standard techniques (38) (SI Materials and Methods).
Enzyme Assays. The PFO, hydrogenase, NADH oxidase, and malate dehydrogenase activities were assayed as previously described (39). The cysteine
desulfurase activity was monitored through the production of sulﬁde (40) or
alanine (SI Materials and Methods).

Gene Searches and Cloning. The local M. balamuthi genome database was
searched using the TBLASTN algorithm with protein sequences of known
orthologs in E. histolytica and T. vaginalis (Table S3). The PCR primers were
designed based on identiﬁed genomic sequences (Table S4) for the ampliﬁcation of coding sequences using M. balamuthi cDNA as a template. The
genes encoding MbNifS-M, MbNifU-M, MbNifS-C and MbNifU-C (the accession numbers are provided in Table S1) were cloned and expressed as described in SI Materials and Methods.

Reconstitution of FeS Clusters. Recombinant MbFdx was expressed in BL21
E. coli (DE3) using the pET42b+ vector (Novagen) and puriﬁed under native
conditions (Qiagen). The reconstitution of FeS clusters in apoMbFdx was
performed as previously described (12).

Protease Protection Assay. The topology of the mitochondrial proteins was
tested using trypsin treatment as previously described (37). Details of the
procedure are given in SI Materials and Methods. Rabbit polyclonal antibodies against E. histolytica NifS, NifU, and Cpn60 (a kind gift from
T. Nozaki, National Institute of Infectious Diseases, Tokyo, Japan), and
S. cerevisiae Tom20 and Tim17 (a kind gift from T. Lithgow and K. Gabriel,
Monash University, Melbourne, Australia) were used for immonoblot
analyses.
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Abstract
Naegleria gruberi is a free-living heterotrophic aerobic amoeba well known for its ability to transform from an amoeba to a flagellate
form. The genome of N. gruberi has been recently published, and in silico predictions demonstrated that Naegleria has the capacity for
both aerobic respiration and anaerobic biochemistry to produce molecular hydrogen in its mitochondria. This finding was considered
to have fundamental implications on the evolution of mitochondrial metabolism and of the last eukaryotic common ancestor.
However, no actual experimental data have been shown to support this hypothesis. For this reason, we have decided to investigate
the anaerobic metabolism of the mitochondrion of N. gruberi. Using in vivo biochemical assays, we have demonstrated that N. gruberi
has indeed a functional [FeFe]-hydrogenase, an enzyme that is attributed to anaerobic organisms. Surprisingly, in contrast to the
published predictions, we have demonstrated that hydrogenase is localized exclusively in the cytosol, while no hydrogenase activity
was associated with mitochondria of the organism. In addition, cytosolic localization displayed for HydE, a marker component of
hydrogenase maturases. Naegleria gruberi, an obligate aerobic organism and one of the earliest eukaryotes, is producing hydrogen, a
function that raises questions on the purpose of this pathway for the lifestyle of the organism and potentially on the evolution of
eukaryotes.
Key words: Naegleria, hydrogenase, maturases, mitochondrial evolution, hydrogen hypothesis.

Introduction
Naegleria gruberi is a noteworthy microbial eukaryote for evolutionary, biochemical, and biomedical reasons. Naegleria gruberi is a nonpathogenic relative to Naegleria fowleri, the
“brain-eating amoeba,” and the causative agent of the primary amoebic meningoencephalitis (PAM), a disease currently
with no efficient treatment. Both organisms have the ability to
transform from an amoeba to a biflagellate form or a cyst
depending on its habitat, alternating its biochemical functions
in each stage (Cable and John 1986; Fritz-Laylin et al. 2011).
Evolutionarily, N. gruberi is considered to be one of the earliest
eukaryotes and consequently close to the last eukaryotic
common ancestor (Koonin 2010). Recent analysis of its
genome has backed up this hypothesis with the discovery of
a metabolically flexible mitochondrion that possesses both
classical aerobic pathways including branched respiratory
chain and oxidative phosphorylation, and enzymes that are
known to mediate a substrate-level phosphorylation in the
hydrogenosome, an anaerobic form of mitochondrion
(Embley et al. 2003; Embley 2006). Most importantly,

in silico predictions strongly suggested that Naegleria’s mitochondrion possesses an [FeFe]-hydrogenase, a marker of
energy metabolism in anaerobic or microaerophilic organisms
that produced molecular hydrogen (Vignais and Billoud 2007;
Fritz-Laylin et al. 2010). This discovery provided new support
for the hydrogen hypothesis of the origin of mitochondria, in
which it has been postulated that the endosymbiotic ancestor
of mitochondrion possessed both anaerobic and aerobic pathways (Martin and Muller 1998). During adaptation of eukaryotes to aerobic or anaerobic niches, these pathways were
selectively lost, resulting in the formation of mitochondrion
or hydrogenosome. However, a mitochondrion with both
types of metabolisms operating in any contemporary eukaryote has not been found thus far.
For this reason, we have decided to investigate the localization and functional characterization of the [FeFe]-hydrogenase of N. gruberi to provide experimental data in addition to
previous in silico predictions. The [FeFe]-hydrogenase is an
enzyme that acts as a sink to remove reducing equivalents
from oxidative decarboxylation of pyruvate or malate.

ß The Author(s) 2014. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
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Electrons generated during these reactions are accepted by
low-redox potential electron carriers (usually ferredoxins) and
transferred to the hydrogenase that synthesizes molecular hydrogen. In eukaryotes, these enzymes are found in the hydrogenosomes of several anaerobic protists (for further reading,
see Embley and Martin [2006], Hug et al. [2010], and Muller
et al. [2012]) including chytridiomycetes, anaerobic ciliates,
trichomonads, Blastocystis, as well as in the cytosol of others
such as Giardia and Entamoeba. In addition, an [FeFe]-hydrogenase-dependent hydrogen production has been found in the
chloroplasts of green algae (Kamp et al. 2008).
The [FeFe]-hydrogenase is generally associated with three
maturase proteins: the radical S-adenosylmethionine enzymes
HydE and HydG, and the small GTPase HydF (Putz et al. 2006).
These maturases are required for the assembly of H cluster at
the catalytic site of the enzyme that is essential for hydrogen
synthesis. The H cluster includes two subclusters; a diiron subcluster with several nonprotein ligands and a [4Fe-4S] subcluster (Peters and Broderick 2012). Interestingly, the maturases
have been identified in protists with hydrogenosomes
(Trichomonas vaginalis, Mastigamoeba balamuthi; Putz et al.
2006; Nyvltova et al. 2013), but they are absent in organisms
with exclusively cytosolic [FeFe]-hydrogenase (Giardia intestinalis and Entamoeba histolytica; Lloyd et al. 2002; Nixon et al.
2003). Unsurprisingly, the activities of cytosolic hydrogenases
in these organisms are very low (Giardia) or could be detected
only upon overexpression of the hydrogenase gene in transformed cells (Entamoeba). Thus, hydrogenases in Giardia and
Entamoeba might not be involved in the production of molecular hydrogen as have been proposed (Meyer 2007; Nicolet
and Fontecilla-Camps 2012).
In the current article, we have combined immunolocalization techniques along with cell biology and biochemistry to
clarify the cellular localization of [FeFe]-hydrogenase in the
aerobic excavate N. gruberi. We demonstrated that N. gruberi
is able to generate molecular hydrogen when grown under
aerobic conditions. Unexpectedly, [FeFe]-hydrogenase as well
as HydE were detected exclusively in the cytosol of the
organism.

Materials and Methods
Cell Cultivation
Naegleria gruberi strain NEG-M (kindly provided by Lillian FritzLaylin) was grown axenically at 27  C in M7 medium (Fulton
1974). Cells were subcultured every 3–5 days depending on
their density. The YPH499 Saccharomyces cerevisiae strain was
grown in a rich or selective medium as described (Lithgow
et al. 1994).

DNA, RNA Extraction, and RACE
Genomic DNA was extracted using the phenol:chloroform
protocol (Sambrook et al. 2001). Total RNA extraction was

performed using TRIzol protocol (Stechmann et al. 2008).
The total RNA was used as a template for cDNA synthesis
with the GeneRacer Kit (Invitrogen). cDNA was amplified according to the manufacturer’s guidelines and by using the
GeneRacer RNA oligo and the SuperScript III RT Reaction provided with the kit. Rapid amplification of the 50 -cDNA ends
was used according to the manufacturer’s protocol to amplify
the 50 end of each gene, and multiple clones were sequenced
to verify the initial start codon of the gene. The list of primers
used for this technique can be found in supplementary table
S1, Supplementary Material online.

Cell Fractionation of Naegleria
Naegleria gruberi cellular fractions were obtained by differential centrifugation of the cell homogenate. All steps were carried out at 4  C and in the presence of the protease inhibitors
(Complete Mini EDTA-free cocktail tablets, Roche). To separate cellular fractions, the cells were centrifuged at 1,200  g
for 15 min, and washed and resuspended in the buffer
(250 mM sucrose and 10 mM MOPS-KOH, pH 7.4). The
washed cells were disrupted using sonication on ice. The homogenate was centrifuged twice at 1,200  g for 15 min to
remove unbroken cells, membrane fragments, and nuclei, and
the supernatant was carefully collected. The final mitochondrial fraction was obtained by centrifugation of supernatant at
13,000  g for 20 min and washed twice in the buffer. The
cytosolic fraction was centrifuged at 20,000  g for 25 min.
The separated fractions were analyzed by enzymatic assays
and western blot analysis.

Genes Cloning, and Expression in S. cerevisiae
The genes encoding N. gruberi [FeFe]-hydrogenase
(XP_002674266), HydE (XP_002671091.1), and succinate dehydrogenase subunit B (SdhB; YP_007890028) were amplified from Naegleria cDNA and cloned into the pUG35
plasmid using XbaI and HindIII restriction sites. The plasmid
encodes the respective protein by expression of the recombinant proteins fused with green fluorescence protein (GFP) in S.
cerevisiae (Niedenthal et al. 1996). The pUG35 vector has URA (uracyl) promoter, so the cells are growing on the uracyldepleted medium (for selection); the protein expression is
unregulated because it is immediate expressed upon transfection. For transformation, the WT 499 yeast culture was grown
in a yeast extract peptone dextrose (YPD) medium overnight
at 30  C. The yeast cells were centrifuged at 1,000  g for
5 min at 10  C and washed in sterile phosphate buffered
saline (PBS). The pellet was resuspend in 1 ml of 100 mM
lithium acetate (LiAC) buffer and incubated for 10 min at
30  C. After incubation, the suspension was centrifuged at
1,000  g for 1 min at 10  C. The pellet was carefully resuspended in the transformation mixture (300 ml of 40% polyethylene glycol (PEG), 42 ml of 1 M LiAC, 10 ml of salmon
sperm DNA (SSD), and 150 ng of plasmid DNA) and incubated

Genome Biol. Evol. 6(4):792–799. doi:10.1093/gbe/evu065 Advance Access publication March 28, 2014

793

GBE

Tsaousis et al.

first for 30 min at 30  C and then for 30 min at 42  C. After
incubation, the suspension was immediately centrifuged at
1,000  g for 1 min at 10  C and spread on selective –URA
plate. After 4 days in 30  C, the colonies were investigated by
immunofluoresence microscopy and western blot analysis.

Cell Fractionation of S. cerevisiae
Saccharomyces cerevisiae expressing GFP-tagged N. gruberi
[FeFe]-hydrogenase, HydE, and N. gruberi SdhB (NgSdhB)
were grown in selective medium at 30  C. Yeast mitochondria
were obtained according to Niedenthal et al. (1996). To examine the topology of the mitochondrial proteins, the isolated
mitochondria were incubated for 30 min at 37  C in ST buffer
(0.8 M sorbitol and 30 mM Tris buffer; pH 7.5) supplemented
with 5 mg/ml trypsin (Sigma) or trypsin with 0.1% Triton
X-100. The incubation was terminated upon the addition of
5 mg/ml soybean trypsin inhibitor followed by incubation on
ice for 5 min. The proteins were precipitated with cold acetone
for 1 h at 20  C. The fractions were analyzed on western
blot with a-GFP (Abcam) and S. cerevisiae a-Tom20 and
a-Tim17 antibodies (kindly provided by T. Lithgow and
K. Gabriel).

Immunofluorescent Microscopy
Naegleria gruberi cells were incubated for 20 min with the
MitoTracker Red CMXRos mitochondrial marker (Molecular
Probes), fixed by 1% formaldehyde and attached to coverslips. The cells were probed with rabbit polyclonal antibody
(Ab) raised against T. vaginalis hydrogenase (kindly provided
by P. Johnson, UCLA), rat polyclonal Ab against M. balamuthi
SdhB (Nyvltova et al. 2013), M. balamuthi HydE (Nyvltova et al.
2013), and S. cerevisiae Nbp35 (kindly provided by Prof.
Roland Lill). The proteins were visualized using secondary
Alexa Fluor-588 donkey a-rabbit and Alexa-Fluor-488 goat
a-rat IgG (Molecular Probes). Saccharomyces cerevisiae expressing GFP-tagged hydrogenase and NgSdhB were incubated for 30 min with the MitoTracker Red CMXRos
mitochondrial marker (Molecular Probes), washed twice in
PBS and stabilized in 1% agarose.

Enzymatic Assays
Hydrogenase (EC 1.18.3.1) activity was assayed spectrophotometrically at 600 nm in anaerobic cuvettes as the rate of
methyl viologen reduction (Rasoloson et al. 2002).
Mitochondrial enzyme NADP+-glutamate dehydrogenase
(GDH; EC 1.4.1.4) was determined spectrophotometrically
at 340 nm. The reaction mixture (2 ml) contained 50 mM
Tris-KCl buffer, pH 7.4, 1 mM NADP+, 20 mM L-glutamate,
and cell fractions (Helianti et al. 2001).
Cytosolic ATP-dependent hexokinase (EC 2.7.1.1)
was measured spectrophotometrically at 340 nm as
previously described (Fromm and Zewe 1962). The reaction
mixture (2 ml) contained 50 mM Tris-KCl buffer (pH 7.4),

1 mM NADP+, 1 mM ATP, 20 mM D-glucose, 1.0 U/ml
NADP-glucose-6-phosphate dehydrogenase (EC 1.1.1.49),
and cell fraction. Protein concentration was assayed by
Lowry method.

Hydrogen Production
In 30-ml tightly closed vials, 1  107 cells were placed in 10 ml
of M7 medium. The vials were left in atmospheric air and
incubated at 25  C for 4 h. Hydrogen concentrations were
measured in the gas phase by a GC-2014 gas chromatograph
(Shimadzu) equipped with a thermal conductivity detector.
Gases were separated using 3 mm  2.1 m glass column
filled with molecular sieve 5 Å, 60/80 mesh (Supelco).
Argon was used as the carrier gas. The oven temperature
was 60  C.

Results and Discussion
Characteristics of the N. gruberi [FeFe]-Hydrogenase
Sequence
In the recent genomic and transcriptomic study of N. gruberi
(Fritz-Laylin et al. 2010), the authors have identified the full
sequence of [FeFe]-hydrogenase gene, along with three predicted genes associated with the maturases of this enzyme.
Bioinformatic analyses of the hydrogenase sequence have
demonstrated that the encoded protein could have an
N-terminal mitochondrial-targeting sequence (MTS; FritzLaylin et al. 2010) (supplementary figs. S1 and S2,
Supplementary Material online). Interestingly, the Naegleria
hydrogenase has an N-terminal region that is considerably
longer than typical eukaryotic [FeFe]-hydrogenases (supplementary fig. S1, Supplementary Material online). This suspiciously long N-terminal expansion raised the question whether
the predicted length of the sequence was of the correct size.
To tackle this question, we used the rapid amplification of
cDNA ends on N. gruberi cDNA. Using internal reverse primers
to the coding region of the gene, we amplified the complete
50 -end, and after sequencing multiple clones, we demonstrated a 100% identity to the predicted coding region of
the gene (supplementary fig. S2, Supplementary Material
online). Similar approach has been used for verification of
N-terminal regions of the hydrogenase maturases, with the
same results (supplementary fig. S3, Supplementary Material
online).
By examining the protein sequence, the N. gruberi [FeFe]hydrogenase possesses conserved cysteine residues in the
H-domain of the enzyme that are required for coordination
of the H-cluster (supplementary fig. S1, Supplementary
Material online). In addition, the N-terminal part of the protein
possesses typical cysteine motives for coordination of two accessory [4Fe-4 S] clusters and an [2Fe2S] cluster that are involved in electron transfer from the electron donor to the
active site (Vignais and Billoud 2007; Tsaousis et al. 2012).
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All these predictions suggest that the N. gruberi hydrogenase is a functional enzyme and could be localized in the mitochondria of the cell as previously predicted (Fritz-Laylin et al.
2010).

Immunolocalization of N. gruberi [FeFe]-Hydrogenase
Using an Ab raised against T. vaginalis [FeFe]-hydrogenase (Bui
and Johnson 1996), we demonstrated its high specificity for N.
gruberi [FeFe]-hydrogenase that was recognized as a protein
with an expected size of 83.8 kDa in Naegleria’s cell lysate (fig.
1B) as well as in a lysate of Escherichia coli cells heterologously
expressing a fragment of N. gruberi’s hydrogenase (fig. 1C).
Surprisingly, immunofluorescent microscopy of N. gruberi cells
using a-hydrogenase Ab showed a cytosolic distribution of
this enzyme, and the hydrogenase labeling do not colocalize
with the MitoTracker (fig. 1A). The same cytosolic localization
we also observed for hydrogenase maturase HydE (fig. 1A and
supplementary fig. S4, Supplementary Material online). As
controls, we used Abs against SdhB, the mitochondrial protein
involved in TCA (tricarboxylic acid) cycle and against Nbp35,
the cytosolic Fe-S cluster assembly factor (Netz et al. 2012).
Immunofluorescent visualization of SdhB revealed its colocalization with the signal for MitoTracker in organelles corresponding to mitochondria (fig. 1A). Signal of the a-Nbp35
antibody had shown the same distribution as the a-hydrogenase and a-HydE Abs: it did not colocalize with MitoTracker
and consequently showed a pattern corresponding to the cytoplasm of Naegleria (fig. 1A).
The localization of [FeFe]-hydrogenase and HydE observed
by immunofluorecent microscopy was verified by cell fractionation experiments. Mitochondrial and cytosolic fractions were
isolated from cell homogenate using differential centrifugation, followed by a immunoblot analysis. Using the
a-hydrogenase Ab and a-HydE Ab, we have detected the
signal for hydrogenase and HydE, respectively exclusively in
the cytosolic fraction (fig. 1B). In contrast, SdhB was detected
in the mitochondrial fraction.
Furthermore, we have decided to employ an alternative
approach to evaluate the localization of the [FeFe]-hydrogenase and examine the function of predicted MTS. We expressed the 50 -end region of N. gruberi’s [FeFe]-hydrogenase
(1,251 bp) and HydE (690 bp) in S. cerevisiae and investigated
whether these proteins have the ability to deliver into mitochondria. As a positive control, we expressed the 50 -end
region of SdhB (690 bp). Immunofluorescent microscopy revealed that the GFP-tagged N. gruberi SdhB localizes in the
mitochondria (colocalization with MitoTracker; fig. 2A),
whereas the N. gruberi [FeFe]-hydrogenase-GFP and HydEGFP were found to be present exclusively in the cytosol of
the cell (fig. 2A), which was consistent with the previous
results. In addition, we examined the localization of hydrogenase-GFP, HydE-GFP, and NgSdhB-GFP in yeast subcellular
fractions. The immunoblot analysis showed the signal for

hydrogenase-GFP and HydE-GFP only in cytosolic fractions
(fig. 2B). As expected, the signal for SdhB-GFP was found
in isolated mitochondria. The NgSdhB topology within mitochondria was further tested by protease protection assay. The
NgSdhB-GFP signal was not affected when the mitochondria
were treated with trypsin; however, the signal disappeared
after trypsin treatment when the organellar membranes
were disintegrated with a detergent, which is consistent
with the presence of NgSdhB-GFP in the mitochondrial matrix
(fig. 2B). As a control for mitochondrial integrity, a-Tom20
was used as the outer membrane marker (digested with trypsin without the addition of detergent), and a-Tim17 was used
as an inner membrane marker (not digested with trypsin without the addition of detergent; fig. 2B). These data demonstrated that even though N. gruberi’s [FeFe]-hydrogenase and
HydE proteins possess N-terminal extensions, these putative
signals are not recognized by yeast mitochondria, and both
proteins remain in yeast cytosol, which is consistent with their
cytosolic localization in N. gruberi. In contrast, NgSdhB is recognized by yeast mitochondrial translocases and is delivered
into the mitochondrial matrix.

Enzymatic Activity of [FeFe]-Hydrogenase
Both in vivo and in vitro experiments have revealed that the
[FeFe]-hydrogenase localizes in the cytosol of N. gruberi.
However, the possibility that there is a minor pool of the hydrogenase in the N. gruberi’s mitochondria cannot be excluded. Therefore, to obtain independent line of evidence,
we next tested the enzymatic activity of [FeFe]-hydrogenase
in N. gruberi cellular fractions. Consistently, activity of [FeFe]hydrogenase was found exclusively in the cytosolic fraction,
and no activity was detected in the mitochondrial fraction of
N. gruberi (table 1). For control reasons, the abundance and
purity of mitochondrial and cytosolic fractions was tested
using marker enzymes. GDH was used as a mitochondrial
marker enzyme, which has been predicted to be present in
the mitochondria of N. gruberi (Fritz-Laylin et al. 2010, 2011).
Indeed, the GDH activity was exclusively associated with mitochondria (table 1). As a cytosolic marker, we used a glycolytic enzyme hexokinase that displayed about 9.36 nmol/min/
mg activity in the cytosol and only 0.46 nmol/min/mg of activity was associated with mitochondria. The minor mitochondrial hexokinase activity is most likely due to its association
with the outer mitochondrial membrane (table 1) (Majewski
et al. 2004). These biochemical data not only support the cytosolic localization of N. gruberi’s [FeFe]-hydrogenase but also
demonstrated that the protein is enzymatically active.
Noteworthy, the activity of hydrogenase, which is an
oxygen-sensitive enzyme, was measured in N. gruberi that
was grown under standard aerobic conditions in axenic culture. Our attempts to maintain Naegleria under anaerobic atmosphere have been unsuccessful.
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FIG. 1.—Cellular localization of hydrogenase and HydE in N. gruberi cells. (A) Immunofluorescent microscopy. [FeFe]-Hydrogenase, HydE, and Nbp35
(cytosolic marker) were detected in the cytosol of the cell. The signals for these proteins do not colocalize with the MitoTracker red. The Ab against SdhB
(mitochondrial marker) labeled discrete structures corresponding to the N. gruberi mitochondria and colocalized with the MitoTracker red. 40 ,6-Diamidino-2phenylindole (DAPI) staining shows the presence of nucleus and mitochondrial DNA. DIC, differential interference contrast. Scale bar: 10 mm. (B) Localization
of [FeFe]-hydrogenase, HydE, and SdhB in N. gruberi cellular fractions. Lys, whole cell lysates; Mito, mitochondrial fraction, Cyto, cytosolic fraction. SdhB,
HydE and [FeFe]-hydrogenase were visualized using M. balamuthi a-SdhB, a-HydE and T.vaginalis a-hydrogenase, antibodies, respectively. (C) Specificity of
a-[FeFe]-hydrogenase and a-HydE Abs were tested using partial recombinant N. gruberi [FeFe]-hydrogenase (55 kDa), and complete N. gruberi HydE (53 kDa)
heterologously produced in E. coli and subsequently were probed using corresponding heterologous Ab.
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Hydrogen Production
Even though we have demonstrated the functional activity of
N. gruberi [FeFe]-hydrogenase, we have also questioned
whether the cells can actually produce molecular hydrogen
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under standard cultivation conditions. For this reason,
N. gruberi cells were incubated in the M7 growth medium
under atmospheric oxygen, and after 4 h, the hydrogen concentrations were determined in the gas phase. As a result, we
found that N. gruberi cells are able to produce ~6 nmol of
hydrogen/min/107 cells (table 2). This level is about three
times higher than hydrogen production observed in microaerophilic organisms G. intestinalis (2 nmol/min/107 cells; Lloyd
et al. 2002) and about five times lower than in T. vaginalis
(Sutak et al. 2012).

Mit Mit
+tryp +tryp
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FIG. 2.—N-Terminal presequence-dependent targeting of N. gruberi
hydrogenase, HydE, and SdhB into S. cerevisiae mitochondria. (A) The Nterminal region of the N. gruberi proteins (SdhB, Hydrogenase and HydE)
were expressed with GFP tags in S. cerevisiae (green). Mitochondria were
labeled with Mitotracker (red). DIC, differential interference contrast. (B)
Western blot analysis of cellular fractions. Cyt, cytosol; Mit, mitochondrial
fraction. Protease protection assays was performed for mitochondrial fraction: Mit+tryp, mitochondria were treated with trypsin; Mit+tryp+TX-100;
mitochondria were treated with trypsin together with Triton X-100.
Hydrogenase, NgSdhB, and HydE were detected using anti GFP tag antibody, and specific antibody was used to detect Tom20 (outer-membrane
marker), and Tim17 (inner-membrane marker).

The recent completion of the genome project of N. gruberi
has indicated that this amoeboflagellate is an organism with
unique biology of its genome, cell biology, and biochemistry,
leading to the capacity to alternate between aerobic and anaerobic metabolism (Fritz-Laylin et al. 2011). The genome encodes a [FeFe]-hydrogenase along with three enzymes
required for its maturation; all four proteins were predicted
to harbor N-terminal mitochondrial targeting signals suggestive of potential localization of this pathway in the organelles
of N. gruberi (Fritz-Laylin et al. 2010; Fritz-Laylin et al. 2011;
Opperdoes et al. 2011). As a result, having the capacity of
aerobic respiration along with the anaerobic metabolism, the
mitochondria of N. gruberi were considered to resemble the
evolutionary intermediate proposed to have arisen within the
ancestor of all extant eukaryotes (Mentel and Martin 2008;
Fritz-Laylin et al. 2011). Even though this was a concrete hypothesis, there were still questions on the functionality of this
pathway within mitochondria. For example, the pathway
requires the presence of an enzyme producing reducing equivalents and a protein, which accepts these electrons and

Table 2
Hydrogen Production in Microbial Eukaryotes
Organism
Naegleria gruberi
Trichomonas vaginalis

Hydrogen Production
(nmoles/min per 107 cells)
5.814 þ 0.57
29.098 þ 1.549

Giardia intestinalis

2

This study
This study
Ellis et al. (1992)
Lloyd et al. (2002)

Table 1
Biochemical Localization and Characterization of Naegleria gruberi [FeFe]-Hydrogenase

Hydrogenase
GDH
Hexokinase

Whole Cells (nmol/min/mg)

Mitochondrion (nmol/min/mg)

Cytosol (nmol/min/mg)

Localization

3.839 þ 0.233
5.132 þ 0.149
9.367 þ 1.714

0.0000
5.469 þ 0.152
0.465 þ 0.188

0.893 þ 0.241
0.000
15.552 þ 3.24

Cytosol
Mitochondrion
Cytosol
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transfers them to the [FeFe]-hydrogenase that subsequently
produces molecular hydrogen. In anaerobic organisms,
the proteins responsible for such function are the pyruvate:ferredoxin oxidoreductase (PFO) and the [2Fe-2S] ferredoxin.
Even though two genes encoding [2Fe-2S] ferredoxin proteins
have been discovered in the N. gruberi genome, a PFO gene
has not been identified (Fritz-Laylin et al. 2010; Fritz-Laylin
et al. 2011), raising questions on the functionality of the anaerobic metabolism within mitochondria. Moreover, the data
presented on this study clearly demonstrate that functional
[FeFe]-hydrogenase is not present in mitochondria; instead,
the active enzyme is localized in the cytosol of the organism.
Because a marker component of the maturases HydE is localized in the cytosol as well, we can confidently predict that
maturation of hydrogenase takes place in the cytosol of N.
gruberi. This is the first time that the [FeFe]-hydrogenase along
with its maturases have been found in the cytosol of an organism, a result that raises more questions on the evolution
and/or acquisition of this pathway within eukaryotes. Along
with Naegleria, other organisms have a cytosolic version of
[FeFe]-hydrogenase, including M. balamuthi (Nyvltova et al.
2013), E. histolytica, and G. intestinalis. Even in T. vaginalis,
some of the [FeFe]-hydrogenases might be present outside
of hydrogenosomes (Sutak et al. 2012); however, hydrogenase maturases were found exclusively within organelles,
thus far.
The recent phylogenetic analysis of [FeFe]-hydrogenases
proteins suggested multiple origins of [FeFe]-hydrogenases
in eukaryotic cell evolution with lateral gene transfer (LGT),
placing a huge part in it (Hug et al. 2010). If so, an interesting
question is: What was the original cellular localization of hydrogenase upon its acquisition by LGT? The most plausible
scenario seems to be that hydrogenase operated first in the
cytosol and later, upon acquisition of mitochondrial targeting
signals, it was imported together with hydrogenase maturases
to the mitochondrion. If so, the situation in Naegleria may
represent a stage that was conserved just after LGT of hydrogenase gene. Alternatively, acquisition of [FeFe]-hydrogenase
could arise with the endosymbiotic ancestor of mitochondrion
(Martin and Muller 1998), later in evolution, the ancient gene
was replaced by LGT, and in the case of N. gruberi and other
extant protists with cytosolic hydrogenases, the organellar hydrogenases gradually lost functional MTSs and localized to the
cytosol. Indeed, [FeFe]-hydrogenase and HydE of N. gruberi
possess unusual N-terminal extensions that reminds MTSs;
however, the presence of these extensions did not facilitate
protein delivery into the tested mitochondria. The situation will
become clearer as we assemble more genomic data from diverse eukaryotes (especially those living in anaerobic or microaerophilic niches) within a range of lineages to provide a lucid
picture on the evolution of this anaerobic pathway within
eukaryotes. In addition, further investigations on the localization of proteins involved in anaerobic pathways of N. gruberi
should come about, because we have clearly demonstrated

that the current predictions are not consistent with experimental data. Last but not least, we should continue expanding
our knowledge on the cell biology of N. gruberi, because it
could subsequently provide us with new insights on how to
combat its close relative N. fowleri, a deadly human pathogen
without treatment.

Supplementary Material
Supplementary figures S1–S4 and table S1 are available at
Genome Biology and Evolution online (http://www.gbe.
oxfordjournals.org/).
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7 Conclusions
7.1 Characterization of mitochondrial organelles in Mastigamoeba
balamuthi
Functional analysis of putative mitosomes in M. balamuthi revealed that unlike
mitosomes, these organelles are metabolically active and possess the hydrogen and ATPgenerating pathway that is typical for anaerobic energy metabolism in hydrogenosomes
(Müller, 1993). This pathway (extended glycolysis) includes the enzymes pyruvate:ferredoxin
oxidoreductase (PFO), [FeFe]-hydrogenase and ADP-forming acetyl-CoA synthetase (ACS).
An identical pathway is present in hydrogenosomes of Spironuleus salmonicida (JerlstromHultqvist et al., 2013) including ACS which synthesizs ATP, whereas in most
hydrogenosomes, ATP synthesis requires the activity of two enzymes: acetate:succinate CoA
transferase (ASCT) and succinyl-CoA synthetase (SCS) (Müller, 1993). Based on metabolic
activities, we re-named the M. balamuthi organelles as hydrogenosomes. In addition to typical
hydrogenosomal features, the M. balamuthi organelles share some characteristics with
anaerobic mitochondria such as (i) presence of the TCA cycle enzyme malate dehydrogenase,
(ii) succinate dehydrogenase (respiratory Complex II), and (iii) electron transfer flavoprotein
(ETF) and electron transferring flavoprotein dehydrogenase (ETFDH), which are involved in
the fatty acid oxidation reaction. ETFDH can transfer the electrons from ETF proteins via
ubiquinone (UQ) or rhodoquinone (RQ) to Complex II. However presence of either UQ or
RQ has not been confirmed in Mastigamoeba, thus far.
There are some more peculiarities of carbohydrate metabolism. The malic enzyme,
that is usually present in most hydrogenosomes, was not identified in M. balamuthi organelles
and its activity was detected exclusively in the cytosol. However, mastigamoeba organelles
contain NAD-dependent D-lactate dehydrogenase (D-LDH), which has not been described in
any hydrogenosome or mitochondrion so far. The function of D-LDH in these organelles is
unclear.
Mastigamoeba organelles possess amino acid metabolic pathways such as a complete
glycine cleavage system (proteins P, L, H, and T), serine hydroxymethyltransferase and a
putative lipoamide protein ligase, which can provide lipoamide for the glycine cleavage
system. We also identified genes for threonine dehydrogenase and α-amino-β- ketobutyrate
CoA ligase (AKL), which are components of another typical mitochondrial amino acid
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metabolic pathway - threonine degradation. Surprisingly, these enzymes seem to reside in the
cytosol.
Functional and genomic analyses revealed that two key pathways, extended glycolysis
and NIF system for FeS cluster biogenesis are duplicated in M. balamuthi and localize to two
cellular compartments, into the cytosol and the hydrogenosomes. Each component of these
pathways is encoded by at least two gene copies of which at least one copy encodes a protein
with an N-terminal mitochondrion targeting sequence (MTS). The dual localization of both
pathways was demonstrated by enzymatic assays using subcellular fractions, western blot
analysis of subcellular fractions using specific antibodies, and by immunofluorescence
microscopy. The essential role of the MTS for protein delivery to the organelles was verified
by heterologous expression of selected M. balamuthi genes (such as mitochondrial and
cytosolic variants of ACS, LDH, NifS and NifU genes) in Saccharomyces cerevisiae.
Phylogenetic analyses revealed that genes for extended glycolysis and FeS cluster assembly
were mostly acquired by lateral gene transfer (LGT) from bacteria. Based on these results we
proposed that during the evolution of ancestral mitochondria to mastigamoeba
hydrogenosomes, the ancestral cells acquired genes of extended glycolysis and FeS cluster
assembly by LGT, and the gene products originally operated in the cytosol. After subsequent
gene duplication and acquisition of MTSs both pathways were duplicated in mitochondria,
whereas most of the mitochondrial pathways were lost.
Sulfate activation is the only pathway that is common to Mastigamoeba
hydrogenosomes and Entamoeba mitosomes. Both organelles possess ATP sulfurylase,
inorganic pyrophosphatase and APS kinase. Phylogenetic analysis of ATP sulfurylase and
APS kinase showed that similarly to the NIF system, these two components were acquired by
LGT before the split of the Mastigamoeba and Entamoeba lineages. However, unlike
extended glycolysis and the NIF system, the sulfate activation pathway is not duplicated in
Mastigamoeba. Results of these studies were published in the article: Nývltová et al., Mol.
Biol. Evol., 2015.
The replacement of mitochondrial ISC type FeS cluster assembly by the bacterial NIF
system is particularly interesting. In most eukaryotes, it is mediated by ISC machinery that
consists of over 10 components. The mitochondrial ISC system most likely evolved from
bacterial ISC machinery that was present in the mitochondrial ancestor, and ISC machinery
also mediates synthesis of FeS clusters in the majority of contemporary bacteria. In nitrogen
fixing bacteria, the NIF system has the specialized function of nitrogenase maturation.
Exceptionally, the NIF system has been found in non-nitrogen-fixing anaerobic ε51

proteobacteria, such as Helicobacter, in which the two NIF components (NifU and NifS)
function instead of the ISC system. In eukaryotes, the substitution of the multicomponent
mitochondrial ISC system with the simple NIF machinery was a unique evolutionary event in
the archamoebal lineage. Our phylogenetic analysis strongly suggests that the NIF system was
acquired by a common ancestor of M. balamuthi and E. histolytica from ε-proteobacteria.
However, whereas in M. balamuthi the NIF system has a dual localization, we did not confirm
presence of the NIF system in mitosomes of E. histolytica. The mechanism of how the
elaborated mitochondrial ISC system was replaced by the simple NIF system is an
evolutionary puzzle. These results were summarized in the publication: Nývltová et al.,
PNAS, 2013.

7.2 Hydrogen production in Naegleria gruberi
In the recent genomic and transcriptomic study of Naegleria gruberi (Fritz-Laylin et
al. 2010), the authors have identified the full sequence of the [FeFe]-hydrogenase gene. Based
on a predictable N-terminal MTS they suggested that the enzyme localizes inside the aerobic
mitochondria, which would be the first evidence of an anaerobic enzyme hydrogenase in an
aerobically living eukaryote. Using gas chromatography, we confirmed that aerobically grown
N. gruberi indeed produces molecular hydrogen. Next we investigated the localization of
hydrogenase using immunofluorescence microscopy and studied the presence of hydrogenase
in subcellular fractions. Unexpectedly, hydrogenase appeared exclusively in the Naegleria
cytosol. Specific antibodies against N. gruberi and T. vaginalis hydrogenases labeled the
Naegleria cytosol and do not co-localize with the mitochondrial marker dye MitoTracker. In
subcellular fractions, the enzymatic activity of hydrogenase was detected exclusively in the
cytosol together with the cytosolic marker enzyme hexokinase. No hydrogenase activity was
detected in the mitochondrial fraction in which we detected activity of the mitochondrial
marker enzyme glutamate dehydrogenase. We obtained the same results using western blot
analysis of the subcellular fractions. Therefore, we did not confirm previous predictions that
hydrogenase is present in the mitochondria of Naegleria gruberi. Nevertheless, we confirmed
that N. gruberi is able to produce molecular hydrogen. Moreover, although hydrogenase is
believed to be highly sensitive to oxygen, N. gruberi is able to produce hydrogen and
possesses an active hydrogenase when it is grown under aerobic conditions. These results
were published in the article: Tsaousis et al., GBE, 2014.
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