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Abstract

Mitochondria perform various important functions in cells. They are the main site
of energy metabolism, biosynthetic and regulatory processes, and the center of iron
metabolism. Additionally, mitochondria are also the central organelle responsible for the
production of potentially dangerous reactive oxygen species and possess a self-destructive
arsenal capable of inducing whole-cell apoptosis. This single organelle thus controls the
fate of the entire cell. Given these facts, this organelle has become the focus of interest for
many scientists and pharmaceutical companies developing drugs targeting mitochondria.
During evolution, unicellular parasites have evolved several mechanisms to survive, defend
themselves and reproduce in the hostile environment of their host. One of these
mechanisms is the ability to adapt its mitochondrial metabolism to maintain the viability of

the whole cell.

This work focuses on mitochondria from two different perspectives:

First, concerning the phenomenon of nutritional immunity, we studied the effect of
iron and copper deprivation on the mitochondria of the "brain-eating" amoeba Naegleria
fowleri. Proteomic analysis of cells pre-incubated with specific chelators, together with the
determination of several enzyme activities and measurements of oxygen consumption,
revealed that N. fowleri mitochondria adapt to these limiting factors by upregulating
alternative components of the branched electron transport chain (ETC) to compensate for
lower activity of other components in ETC. Moreover, in the case of iron deprivation, we
demonstrated an interesting trend of downregulation of iron-dependent cytosolic enzymes

in an attempt to spare iron to maintain a vital pathway of energy metabolism, the ETC.

Second, we elucidated the mode of action of the mitochondrially targeted anti-
cancer drug MitoTam on the bloodstream form of Trypanosoma brucei. The mode of action
in cancer cells is often associated with the activity of complex I, which is rather dispensable
in the bloodstream form of 7. brucei. Functional analysis showed a rapid effect of MitoTam
on mitochondrial processes, manifested by reduction of cellular respiration, lowering of
ATP levels, rapid dissipation of mitochondrial membrane potential, and also disruption of
mitochondrial integrity leading to cell death. Altogether, we have identified another
potential candidate drug to combat sleeping sickness and confirmed that drug repurposing

is a powerful tool for finding new therapeutic options for neglected diseases.



Abstrakt

Mitochondrie plni v buiikdch rtzné dilezit¢ funkce. Jsou hlavnim mistem
energetického metabolismu, biosyntetickych a regulacnich procesi a také centrem
metabolismu Zeleza. Kromé toho jsou mitochondrie také tstfedni organelou odpovédnou
za produkci potencidlné nebezpeénych reaktivnich forem kysliku a disponuji
sebedestruktivnim arzenalem schopnym vyvolat apoptozu celé buniky. Tato jedina organela
tak fidi osud celé buiiky. Vzhledem k témto skute¢nostem se tato organela stala sttedem
zdjmu mnoha védci a farmaceutickych spolecnosti vyvijejicich 1é¢iva cilena na
mitochondrie. Jednobunééni parazité si béhem evoluce vyvinuli nékolik mechanismt, jak
pfezit, branit se a rozmnozovat se v neptatelském prostiedi svého hostitele. Jednim z téchto
mechanisml je schopnost pfizptisobit sviij mitochondridlni metabolismus k udrZeni

zivotaschopnosti celé buiiky.

Tato prace se zamé&fuje na mitochondrie ze dvou rtiznych hledisek:

Za prvé, s ohledem na fenomén nutriéni imunity, jsme studovali vliv deprivace
zeleza a médi na mitochondrie "mozkozravé" améby Naegleria fowleri. Proteomicka
analyza bun€k pfedem preinkubovanych se specifickymi chelétory, spolu se stanovenim
aktivit enzyml a méfenim spotieby kysliku ukazala, Ze mitochondrie N. fowleri se témto
limitujicim faktorim pfizplsobuji upregulaci alternativnich slozek rozvétveného
elektronového transportniho fetézce (ETC), aby kompenzovaly niz$i aktivitu jinych slozek
v ETC. V pftipadé deprivace Zeleza jsme navic prokazali zajimavy trend downregulace
cytosolickych enzymu zavislych na Zeleze ve snaze usetfit Zelezo pro zachovani zivotné

dilezité drahy energetického metabolismu, ETC.

Za druhé, jsme objasnili zptsob ucinku mitochondridlné cileného protinadorového
léciva MitoTam na krevni formu Trypanosoma brucei. Zpusob ucinku v nadorovych
bunkach je casto spojovan s aktivitou komplexu I, ktery je v krevnim stadiu 7. brucei spise
postradatelny. Funkéni analyza ukdzala rychly G¢inek MitoTamu na mitochondrialni
procesy, coz se projevilo redukci bunééného dychéni, snizenim hladiny ATP, rychlym
rozpadem mitochondridlniho membranového potencialu a také naruSenim mitochondrialni
integrity vedouci k buné¢né smrti. Celkové se nam povedlo identifikovat dalsi potencidlni
kandidatni 1é¢ivo pro boj se spavou nemoci a potvrdili jsme tezi, Ze tzv. ,,drug repurposing*

je mocnym nastrojem pro hledani novych terapeutickych moznosti pro opomijené nemoci.
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1 Introduction

1.1 Mitochondrion: the powerhouse of the cell

One of the main features that distinguish eukaryotic cells from prokaryotic cells is
compartmentalization. The possessing membrane-separated compartments within cells
enables important processes to occur that would not be possible otherwise. One example is
the presence of low pH in lysosomes, which is crucial for biomolecules degradation, but
simultaneously is incompatible with the other metabolic processes. Moreover,
compartmentalization ensures the efficiency of the whole system by concentrating the

necessary components in one place.

The mitochondrion is one of the most important compartments in the cell in terms of
energy metabolism in most eukaryotic organisms. It is a complex organelle that originally
arose from the alpha-proteobacteria (Margulis, 1996; Roger et al., 2017; Sagan, 1967),
surrounded by two membranes that divide the organelle into four distinct compartments -
the outer membrane (OMM), the intermembrane space (IMS), the inner membrane (IMM),
and the matrix (MM). The OMM separates the mitochondrion from the cytoplasm and is
porous so that a small and uncharged molecule can easily pass through the membrane via
voltage-dependent porins, pore-forming membrane proteins such as VDAC (Shoshan-
Barmatz et al., 2010). Special translocases are involved in the transport of larger molecules.
Moreover, the OMM mediates communication with other cellular compartments and
allows the recognition and subsequent import of mitochondrial proteins encoded in the cell
nucleus. Due to the presence of pores, there is no membrane potential across the outer
membrane. On the other hand, the IMM of the mitochondrion is impermeable to most
molecules. Transport into the mitochondrial lumen, otherwise known as the mitochondrial
matrix, is mediated by specific membrane proteins, which are selected only for specific
ions and molecules. As a result of this selectivity, the mitochondrial membrane potential of
about 180 mV is generated across the inner membrane (Mitchell and Moyle, 1969;

Nicholls, 1974).



1.1.1 Electron transport chain
The IMM is strongly folded and can be divided into the inner boundary membrane

and formations called cristae, which are essentially membrane invaginations into the
mitochondrial matrix. The formation of cristae greatly increases the surface area of the
entire inner mitochondrial membrane, which houses the oxidative phosphorylation system

(OXPHOS), a key player in the bioenergetics of the cell (see Figure 1).

The source of energy for use at the cellular level is adenosine triphosphate (ATP)
which provides readily releasable energy in macroergic bonds between the second and the
third phosphate groups. The synthesis of this cellular "energy currency" is maintained by
the substrate phosphorylation in glycolysis localized in cytosol or the tricarboxylic acid
cycle (TCA cycle) in the mitochondrial matrix or anaerobically for instance by the process
of lactic or alcohol fermentation in the cytosol. However, it is the OXPHOS at the inner
mitochondrial membrane that supplies the majority of ATP to the cell and produces a total

of 32 to 34 ATP molecules per glucose molecule (Cooper, 2000).

In definition, the OXPHOS is an electron transport chain (ETC) known also as a
respiration chain driven by substrate oxidation coupled to the generation of membrane
potential and activity of FoF1 ATP synthase. The ETC consists of membrane complexes I-
IV and electron carriers free-moving: ubiquinone and cytochrome c. Complexes I-1V are
localized together in the mitochondrial cristae and ATP synthase is localized in the cristae
bend (Figure 1). The complexes have different redox potentials, and the electrons are
transferred from electron carriers with a lower redox potential to carriers with a higher
redox potential. When electrons are transferred across the complexes, the electron itself
loses energy, which is used to translocate the protons across the membrane, creating a

proton motive force.

Under normal conditions, complex IV of the ETC transfers the electron to the
terminal electron acceptor, oxygen, to form H>O. However, during electron transport
through complexes I, III and IV, and III, electron leakage occurs, and a single electron
transfer to oxygen results in the formation of the reactive superoxide (O2") member of
reactive oxygen species (ROS) (Zhao et al., 2019). This molecule is highly reactive thus it
rapidly dismutases into hydrogen peroxide by superoxide dismutase (SOD) as a protection
mechanism. Although low and moderate levels of ROS are necessary, for example, for

signaling processes and immune responses, an imbalance between ROS production and



detoxification exposes the cell to oxidative stress that can cause DNA damage, lipid
peroxidation, membrane damage, protein dysfunction, and ultimately cell death (Droge,
2002; Pizzino et al., 2017; Poprac et al., 2017; Willcox et al., 2004; Young and Woodside,
2001). The main source of ROS in the cell is electron leakage in ETC and the second is
NADPH oxidase (Zhao et al., 2019).
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Figure 1 Detail of mitochondrial cristae with highlighted ETC. The TCA cycle is localized in the
mitochondrial matrix, while ETC I-IV complexes are localized in the cristac formed by the inner
mitochondrial membrane with ATP synthase localized in the cristae bend. The thick gray arrow indicates the
electron flow. In pink shades, the Ca*" cations with mitochondrial calcium uniporters (MCUSs) are depicted.
CI-CIV: complexes I-1V, cytC: cytochrome c. The figure is adapted from (Gottschalk et al., 2022). Created

with BioRender.com

1.1.1.1 Complex I and the alternative NADH dehydrogenase
An entry point for most of the electrons into the ETC is through the NADH:

ubiquinone oxidoreductase (complex I), which catalyzes the transfer of two electrons from
NADH, produced in the TCA cycle or mediated by malate aspartate shuttle, to coenzyme
Q10 also called ubiquinone (Brandt, 2006; Hirst, 2013; Ohnishi et al., 2010). Complex I is
the largest and most complicated protein complex of ETC, with a relatively high molecular
mass of about 1 MDa (mammalian homolog). Together with cytochrome c¢ reductase
(complex III) and cytochrome c oxidase (complex IV), it is one of the three energy-
transferring enzymes that, in addition to transferring electrons, also translocate four protons
across the inner mitochondrial membrane per one molecule of NADH to create the proton

motive force that drives ATP synthase (Walker, 1992; Wikstrom, 1984). Mammalian



complex I consist of 45 subunits (Carroll et al., 2006) and 8 canonical Fe-S clusters, and
one non-covalently bound flavin mononucleotide (FMN) localized within the peripheral
arm of the complex that serves as a redox cofactors (Ohnishi, 1998; Rasmussen et al.,
2001). One of the most used inhibitors of complex I is rotenone, the lipophilic and naturally
occurring compound derived from Derris and Lonchocarpus plants. The mode of action of
rotenone is the inhibition of electron transfer from Fe-S clusters to ubiquinone, leading to

a decrease in ATP production (Gutman et al., 1970).

In addition to the rotenone-sensitive NADH dehydrogenase activity attributed to complex
I, other enzymes performing a similar function have been identified in bacteria (Bjorklof et
al., 2000), Archaea (Gomes et al., 2001), protozoa (Lin et al., 2011; Verner et al., 2013),
fungi (de Vries and Grivell, 1988; Weiss et al., 1970) and plants (Meller and Palmer, 1982).
The type II NADH: quinone oxidoreductase, also known as alternative NADH
dehydrogenase (NDH2), is a rotenone-insensitive peripheral membrane protein that
catalyzes the two-electron transfer from NADH (NADPH) to ubiquinol. NDH2 is much
smaller and simpler than complex I with only one subunit and a molecular weight in the
range of 40-70 kDa (Kerscher et al., 2008; Melo et al., 2004) and may interact with the
external or the internal surface of the IMM. Another difference is that it does not pump
protons into the intermembrane space and therefore does not participate in the generation
of the proton motive force that drives ATP synthase. There is a great diversity among these
enzymes, according to the conserved motifs in their primary and secondary structures,
NDH2 enzymes can be divided into three groups: Group A mainly includes homologs
found in bacteria, archaea, and eukaryotes, which have two adenine dinucleotide-binding
motifs to bind the NADPH and flavins; Group B consists exclusively of fungi (Melo et al.,
1999) and plants homologs (Rasmusson et al., 1999) possessing EF-hand fold and two
binding sites for ADP; Group C - contains only the homologous enzymes from the
hyperthermophilic archaea with the presence of a single dinucleotide binding motif and
covalently bound flavin (Melo et al., 2004). The NDH2 can be present in addition to
canonical complex I or it can be the only enzyme responsible for the oxidation of NADH
in the ETC such as in the case of Saccharomyces cerevisiae (Luttik et al., 1998) or
Plasmodium falciparum (Uyemura et al., 2004). The fact that this enzyme is not occurring
in humans and is also vital for some life-threatening human pathogens (Duarte et al., 2021)
has attracted the attention of scientists and makes inhibitors of this enzyme attractive drug

candidates.



1.1.1.2 Complex 11
Complex II, also known as succinate dehydrogenase, is the direct link between ETC

and the TCA cycle. In contrast to other respiration complexes, all proteins of this complex
are nuclear encoded. This complex catalyzes the oxidative conversion of succinate to
fumarate while simultaneously transferring electrons to ubiquinone, which is reduced to
ubiquinol. Complex II transfers the electrons in parallel to complex I, but in contrast, no
protons are pumped from the MM. This complex is a relatively small heterotetramer
(mammalian homolog = 123 kDa). Subunits A and B are hydrophilic and are attached to
the hydrophobic subunits C and D. Succinate dehydrogenase contains a variety of cofactors

and prosthetic groups such as FAD, heme B, and a chain of Fe-S centers.

1.1.1.3 Complex 111
Complex III, also known as mitochondrial cytochrome ¢ reductase, catalyzes the

oxidation of ubiquinol and the associated reduction of cytochrome c. The mammalian
homolog contains four prosthetic groups: two hemes b and heme c as part of cytochrome b
and cytochrome cl, respectively, and an unusual "Rieske-type" Fe-S center where iron
atoms are bound by two cysteine and two histidine residues. The process of electron transfer
from ubiquinol to cytochrome c is referred to as the Q-cycle (Slater, 1983). In this cycle,
the first electron from ubiquinol is transferred through the Rieske center to cytochrome cl
and then to cytochrome c, which is transiently bound to complex III on the intermembrane
side of the membrane. Cytochrome ¢ is then released by one-electron reduction and
migrates to complex IV. The path of the second electron leads to cytochrome b and then
partially reduces the ubiquinone attached to another binding site on complex III to a radical
called semiquinone. When another molecule of ubiquinol interacts with complex III, one
electron again goes to the oxidized cytochrome c, while the other fully reduces the

semiquinone and, with two protons from the matrix side, forms ubiquinol.



1.1.1.4 Complex IV and alternative oxidase
Complex IV, also known as cytochrome c oxidase, is the last member of the

canonical ETC. Electrons from the complexes described above are transferred from
cytochrome c via complex IV to oxygen, which is the terminal electron acceptor in aerobic
cellular respiration. Complex IV contains two copper centers CuA and CuB, two
cytochromes, and heme a and heme a3. This complex also contributed to the proton
gradient by pumping four protons into the intermembrane space. One of the most used
inhibitors of complex IV is cyanide, which binds to ferric ions in heme-containing proteins,
leading to inhibition of oxygen reduction and thus depletion of ATP production, ultimately

leading to cell death (Huzar et al., 2013; Stannard and Horecker, 1948; Zoltani, 2015).

In many fungi, prokaryotes, and plants, in addition to the canonical cytochrome c
oxidase, there is also an additional terminal oxidase insensitive to cyanide, called
alternative oxidase (AOX). AOX is a small (~36 kDa) monotopic protein localized to the
matrix side of the inner mitochondrial membrane that belongs to a subfamily of di-iron
proteins including, for example, fatty acid desaturases, rubrerythrin, and monooxygenases
(Moore et al., 2013). AOX bypasses the activity of complex III and IV and catalyzes a
similar reaction as complex 1V, i.e. direct electron transfer to the final electron acceptor,
oxygen, except that in this case, the reduced form of ubiquinone serves as the electron
donor. Moreover, the AOX is not sensitive to cyanide, the inhibitor of complex IV.
Similarly, to NDH2, this alternative component of ETC also does not transfer protons
across the membrane, therefore, like NDH2, it is not involved in ATP production.

Originally, alternative oxidase was thought to be restricted to plant mitochondria,
where AOX expression is induced in response to various stress factors such as high ROS
production, ETC inhibition, and pathogen invasion (Manbir et al., 2022; Simons et al.,
1999; Vishwakarma et al., 2015). However, recent advanced DNA analyses and genome
sequencing have found that this alternative ETC component is widespread and found in the
genomes of bacteria, fungi, protozoa, and even in the genomes of some members of the
Animalia kingdom (McDonald, 2009; McDonald et al., 2009a; McDonald and
Vanlerberghe, 2006; Rogov et al.,, 2014; Rogov and Zvyagilskaya, 2015), with the
exception of vertebrates, which have lost AOX during evolution (McDonald et al., 2009a).
Functional AOX has also been identified in various human pathogens, for instance,
Trypanosoma brucei, the causative agent of the vector-borne disease human African

trypanosomiasis (Clarkson et al., 1989). Interestingly, AOX is the only oxygen-consuming



ETC enzyme expressed in the bloodstream form of this pathogen, and its role is to maintain
redox balance by allowing reoxidation of NADH via mitochondrial glycerol-3-phosphate
dehydrogenase to maintain glycolysis, the main pathway for ATP production in this form

(Opperdoes et al., 1977).

1.1.1.5 F.Fi ATPase (complex V)
The last complex in the OXPHOS pathway is the F, F1 ATP synthase, commonly

known as a complex V, which catalyzes the synthesis of ATP from adenosine diphosphate
(ADP) and inorganic phosphate (Pi), which is an energetically unfavorable reaction
(Capaldi et al., 1994; Nijtmans et al., 1995). ATP synthase couples the conversion of ADP
and Pi to ATP with the electrochemical potential generated by the difference in proton
concertation across the IMM (Capaldi et al., 1994). ATP synthase is a relatively large
complex that functions as a rotary motor system. It consists of two parts, the hydrophilic
F1 part which contains the catalytic sites, and the hydrophobic F, part, which contains a
transmembrane channel for proton flux (Boyer, 1997; Pedersen and Amzel, 1993). When
the F, part is protonated, it rotates, causing conformational changes in the F part, which
catalyzes the formation of ATP from ADP and Pi. For every four H" ions pumped from the
IMS to the matrix, one molecule of ATP is formed. ATP synthase can also work in reverse,
hydrolyzing ATP and pumping protons across the membrane, which is relatively
uncommon under physiological conditions and only occurs under certain conditions such
as anoxia or hypoxia (Chinopoulos and Adam-Vizi, 2010; St-Pierre et al., 2000). However,
in the bloodstream form of 7. brucei, the reverse function of ATP synthase ensures the
generation of mitochondrial membrane potential (Brown et al., 2006).

One of the best-known FoF1 ATP synthase inhibitors is oligomycin A. It is an antibiotic
oligopeptide found in Streptomyces that binds to a 25 kDa polypeptide in the F, part of the
rotary motor system, preventing the pumping of protons into the mitochondrial matrix (Lee
and O’Brien, 2010; Shchepina et al., 2002). An example of a branched ETC is shown in
Figure 2.
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Figure 2 An example of the branched mitochondrial electron transport chain. Scheme of the
arrangement of the plant ETC with cofactors and prosthetic groups, according to (Vanlerberghe,
2013).NADH is oxidized by complex I and this process is coupled to proton translocation from the
mitochondrial matrix to the intermembrane space. NADPH is oxidized through the series of alternative
NADH dehydrogenase, localized on the external resp. the internal part of the inner mitochondrial membrane,
this reaction is not coupled to proton transport. The reduction of Oz to H20 is maintained by complex IV and
this reaction is also coupled to proton translocation, while the same reaction maintained by alternative oxidase
is not. IMS: intermembrane space; M. matrix; I, II, III, IV: complexes I-IV; NDH2 ex.: external oriented
alternative NADH dehydrogenase; NDH2 in.: internal oriented alternative NADH dehydrogenase; AOX:
alternative oxidase; ATPase: FoF1 ATP synthase; FMN: flavin mononucleotide; UQ: ubiquinol pool. Created
with BioRender.com

1.1.1 Other functions of mitochondria in the energy metabolism of the

cell
In addition to cellular respiration, other important energy metabolism processes

such as fatty acid oxidation and the tricarboxylic acid (TCA) cycle take place in the
mitochondrial matrix. These pathways produce reducing equivalents such as NADH and
FADH,, which serve as electron donors for ATP production and the generation of
mitochondrial membrane potential (mAvy) in the ETC.
3-oxidation is a multistep process that cleaves long fatty acids into acetyl-CoA, the main
fuel for the TCA cycle. A similar process also takes place in peroxisomes, where very long-
chain fatty acids are processed to produce long-chain fatty acid fragments that need to be
further broken down in the mitochondria by the process of  -oxidation. Per round of
oxidation, the B-oxidation yields 17 ATP equivalents in the form of one acetyl CoA
molecule, one FADH>», and one NADH (Talley and Mohiuddin, 2022).

The TCA cycle, also known as the Krebs cycle or citrate cycle, is closely related to
the ETC. Another entry point of acetyl-CoA into the TCA cycle is the oxidative

decarboxylation of pyruvate originating from glycolysis localized in the cytosol. The



initiation step of the Krebs cycle is the conversion of acetyl-CoA to citrate in a reaction
with oxaloacetate catalyzed by citrate synthase. This is followed by seven enzymatic
reactions that result in the conversion of citrate back to oxaloacetate, which continues the
cycle, and two molecules of carbon dioxide. The liberated free energy per each acetyl-CoA
that enters the cycle is stored in one molecule of FADH,, one molecule of GTP, and three
molecules of NADH and is used directly in the ETC. The whole pathway and its connection
to ETC are depicted in Figure 3. Another source of Acetyl CoA is, for instance, the
catabolism of amino acids such as threonine, alanine, glycine, tryptophan, etc.

Mitochondria are also important for calcium homeostasis in the cell. The endoplasmic
reticulum is the main reservoir of calcium (Koch, 1990), but calcium is also transiently
stored in mitochondria (Deluca and Engstrom, 1961). Calcium is a very flexible second
messenger that is essential for signal transduction and cell proliferation and is also a key
regulator of many processes in the cell, particularly in the mitochondria (Chappell and
Crofts, 1965; Clapham, 1995; Rizzuto et al., 2000). For example, mitochondrial calcium
uptake or release is a sensor mechanism for the regulation of OXPHOS, and key regulators
of the Krebs cycle, such as pyruvate dehydrogenase, isocitrate dehydrogenase, and 2-
oxoglutarate, are activated by certain levels of calcium in the mitochondrial matrix
(Ivannikov and Macleod, 2013; McCormack et al., 1990; Traaseth et al., 2004). On the
other hand, both increases and decreases in mitochondrial Ca*' levels are involved in
mitochondrial dysfunction, which increases ROS levels, and can lead to cell death

(Orrenius et al., 2015; Zhivotovsky and Orrenius, 2011).
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Figure 3 Krebs cycle linked to the electron transport chain. Scheme of the Krebs cycle localized in the
mitochondrial matrix producing the reducing equivalents NADH, GTP, and FADH: which are required in
ETC for ATP synthesis and generation of mitochondrial membrane potential. The process is known as
oxidative phosphorylation. CI: complex I; CII: complex; CIII: complex III; CIV: complex IV; ATP synthase:
FoF1 ATP synthase. The figure was adapted according to (Martinez-Reyes and Chandel, 2020). Created with

BioRender.com
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1.2 Mitochondria-targeted drugs as a therapeutic strategy

Mitochondria and mitochondria-targeted drugs are in the crosshairs of many
scientists and pharmaceutical companies because, in addition to supplying most of the ATP
to the cell, mitochondria are also in control of lethal processes such as the initiation of cell
necrosis and apoptosis, the ROS production, or Ca?>" homeostasis, which can trigger
pathologies that can eventually lead to cell death (Baines, 2010; Duchen, 2004; Giorgi et
al.,2012; Kroemer and Reed, 2000; Lemasters et al., 1998; Szewczyk and Wojtczak, 2002).
Moreover, mitochondrial dysfunction caused by mutations in genes encoding
mitochondrial proteins contributes to the development of a wide range of disorders, such
as metabolic, cardiovascular, and neurogenerative diseases (Ballinger, 2005; Cadonic et al.,

2016; Rosca and Hoppel, 2013; Véasquez-Trincado et al., 2016).

Drugs targeting mitochondria are particularly important in the treatment of cancer.
Indeed, a key feature of cancer cells is the metabolic reprogramming of mitochondrial
processes to meet the higher energy demands caused by continuous growth and
proliferation (Kroemer, 2006; Wisnovsky et al., 2016). Inhibition of the induction of
apoptosis, a process leading to programmed cell death, is a hallmark of cancer cells;
mutations in mDNA that lead to inhibition of OXPHOS are also common in several cancer
types such as melanoma and renal cancer (Gaude and Frezza, 2016; Shackelford et al.,
2013; Warburg, 1956). This may result in increased ROS production, which contributes to
neoplastic transformation when apoptosis is inhibited (Liou and Storz, 2010; Schumacker,
2006). However, since the 1950’s this hypothesis has been challenged, because there was
mounting evidence, that in several types of cancer, the OXPHOS is upregulated and
contributes greatly to satisfy the high energy demands required for cancer proliferation
(Fantin et al., 2006; Wenner et al., 1952). Another hallmark of cancer cells is enhanced
glucose uptake and upregulation of glycolytic enzymes such as pyruvate kinase and
hexokinase, which allow fermentation of glucose to lactate even when oxygen, the final
electron acceptor of the aerobic ETC, is present. This common mechanism of cancer cells
is known as the Warburg effect described by the Nobel laureate Otto Heinrich Warburg
(Cori and Cori, 1925; Warburg et al., 1927).

The Warburg phenomenon might put mitochondria in a position where they would

seem to be dispensable organelles for cancer development, but it is mitochondria that

11



supply cancer cells with the necessary ATP and building blocks such as amino acids, heme,
pyrimidines, and play a key role in cancer viability (de Berardinis and Chandel, 2016).
Indeed, it has been shown that tumor cells lacking mitochondria DNA exhibit lower
tumorigenesis potential and slower overall tumor growth (Cavalli LR, 1997; Magda et al.,
2008; Morais et al., 1994). Another aspect of mitochondria in cancer cells is the increased
protonmotive force which is reflected by an elevated mAy. This unique feature can be
exploited to develop targeted therapeutic strategies (Davis et al., 1985; Madar et al., 1999;
Rideout et al., 1989; Rugolo and Lenaz, 1987).

An important mitochondrial feature that can be used for targeting strategy is the fact
that the mitochondrion possesses a negative charge inside. Because of the mAy, the
lipophilic cations are accumulated in the mitochondrial matrix against a concentration
gradient (Smith et al., 2012, 2011). The accumulation of singly charged cations is governed
by the Nernst equation, which states that for every 61.5 mV, there is a tenfold accumulation
at 37 °C, hence the concentration of these charged biomolecules in the mitochondrion then
can be even a thousand times higher than in the extracellular environment (Ross et al.,

2008a; Zielonka et al., 2017).

The triphenylphosphonium cation (TPP") is a small, well-known molecule consisting
of a positively charged phosphorus atom with three hydrophobic phenyl groups that give
the entire molecule an extended hydrophobic surface, which, combined with the presence
of a positive charge, provides a great ability to readily cross the phospholipid bilayer (James
et al., 2005; Ross et al., 2005). TPP*-containing molecules were first used to study
OXPHOS coupling and determination of mAy (Hoek, Nicholls, and Williamson 1980;
Lichtshtein, Kaback, and Blume 1979), and later the properties of this anchor were
extensively exploited to generate many active biomolecules used in various
chemotherapeutics (Wang et al., 2020; Zielonka et al., 2017). TPP*-based compounds have
been also heavily studied in vivo (Rodriguez-Cuenca et al., 2010a; Smith et al., 2003) and
it was shown that in just 5 min after the intravenous administration, the compound could
be completely absorbed by mitochondria in the tissue (Ross et al., 2008b). In terms of the
safety of TPP*-based compounds, TPP" itself has been shown to be safe, remaining
unmodified and excreted in urine and bile. Cytotoxicity comes primarily from the “cargo”
of the molecule that is associated with TPP*, but TPP-based compounds are generally

considered to be less toxic compounds to mammalian cells causing no significant organ
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damage (Porteous et al., 2010; Smith et al., 2003) and can be used in long-term
chemotherapeutic regimens, as has been demonstrated in several rodent models (Mcmanus
etal., 2011; Rodriguez-Cuenca et al., 2010b), and more importantly, have even been orally
administered to humans for one year in phase Il evaluation without any safety concerns

(Gane et al., 2010; Snow et al., 2010).
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1.3 The importance of iron and copper in mitochondrial processes

Biometals such as iron and copper are vital trace elements that play an indispensable
role in many biological processes, and their deficiency and excess pose a certain threat and
can lead to many pathological conditions. Due to their physicochemical properties, these
“two-faced” bio-metals are involved in the catalysis of numerous enzymatic reactions,
electron transport, or the stabilization of protein structure (Andreini et al., 2008; Maret,
2010). Proteins that are associated with these metals are known as metalloproteins and are
crucial in many cellular processes such as proliferation, respiration, transcriptions, signal
transduction, and glycolysis. The maintenance of physiological levels of these metals inside
the cell is a strictly regulated process; regulation of homeostasis takes place at the level of

uptake, storage, intracellular trafficking, and detoxification of the appropriate metal.

1.3.1 Iron

One of the four most abundant transition metals on earth and the most prevalent

biometal in the cell is iron (Frey and Reed, 2012). The prevalence of this metal in nature is
probably due to the high abundance of the water-soluble reduced form of iron in waters
during the prebiotic period, just before the increase in atmospheric oxygen levels due to
photosynthesis led to the precipitation of iron into the insoluble form (Crichton and Pierre,
2001). Due to this fact, almost all living organisms have an iron-dependent metabolism.
Only two organisms are considered to have iron-free metabolism; the causative agent of
Lyme disease, Borrelia burgdorferi, which can replace iron in its metalloproteins with
neighboring elements in the periodic table, such as manganese or zinc (Nguyen et al., 2007;
Posey and Gherardini, 2000; Troxell et al., 2012) and possibly the Lactobacillus plantarum
(Archibald, 1983).
The electron configuration of iron allows cycling between the two oxidation states Fe** and
Fe** which makes it an ideal acceptor or donor of electrons, thus iron cofactors such as Fe-
S clusters, iron-oxo center, or heme are involved in many redox reactions within broad
electrochemical potential (E° -500 mV to +500 mV) (Williams, 2012). However, this redox
capability of iron is also potentially dangerous in terms of oxidative stress. The free
unbound iron can participate in a Fenton reaction, the process where Fe** reacts with
hydrogen peroxide (H20) to generate highly reactive hydroxyl radical (OH") and hydroxyl
ion (OH").
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1.3.1.1 The role of iron in mitochondria
One of the oldest cofactors are Fe-S clusters, which are essential for the function of

more than 100 proteins involved in many cellular processes including DNA replication,
translation, and respiration (Johnson et al., 2005). Although their chemical structure is
relatively simple, the biogenesis of Fe-S clusters is quite complex. Different mechanisms
of Fe-S cluster assembly have been identified in Archaea, Bacteria, and Eukaryotes. The
sulfur-forming pathway (SUF) (Takahashi and Tokumoto, 2002), the nitrogen-fixation
pathway (NIF) (Jacobson et al. 1989), and the cysteine sulfinate desulfinate system (CSD)
(Loiseau et al., 2005) have been associated with bacteria and archaea, whereas in eukaryotic
systems the mitochondrial iron-sulfur cluster assembly (ISC) pathway along with the
cytosolic iron-sulfur cluster assembly (CIA) pathway predominates (Lill et al., 2015; Paul
and Lill, 2015; Stehling et al., 2013). Here, we focus more on the ISC pathway to highlight
the importance of iron in mitochondria.

A typical ISC pathway can be divided into four steps. First, the [2Fe-2S] clusters are newly
assembled (de novo), followed by the trafficking of [2Fe2S] and its export to the cytosol or
insertion into an apoprotein localized in mitochondria, the third step is the conversion of
the [2Fe-2S] clusters into cubic [4Fe-4S], and the last step involves the trafficking and its
insertion into mitochondrial apoproteins such as complex I and II and lipoate synthase
(Braymer and Lill, 2017; Maio and Rouault, 2020). The biogenesis of Fe-S clusters is
present in all eukaryotes harboring mitochondria and it is retained even when mitochondria
are reduced in anaerobic or microaerobic organisms, such as Giardia intestinalis
(Motyckova et al., 2022; Tovar et al., 2003), Cryptosporidium parvum (Miller et al., 2018)
and intracellular obligate parasite Microsporidium (Freibert et al., 2017; Goldberg et al.,
2008), underscoring the necessity of this pathway. In these organisms with reduced
mitochondria, steps involving the formation and transport of [4Fe-4S] forms are missing
due to the absence of mitochondrial proteins requiring these specific forms of the Fe-S

cluster.

The most common forms of these prosthetic groups found in biological systems are
[2Fe-2S], [3Fe-4S], and [4Fe-4S], but simple forms such as [1Fe-0S], found in the
rubredoxins of sulfur-metabolizing archaea (Luo et al., 2010), or the more complex form
[8Fe-7S], found in nitrogen-fixing bacterial nitrogenase (Burén et al., 2020), have also been
identified. In mitochondria, Fe-S cofactors are found, for example, in aconitase, an enzyme

of the Krebs cycle responsible for the second step of citrate conversion (Beinert et al.,
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1996), or predominantly in the ETC. A total of 12 Fe-S clusters have been found in ETC
complexes, and complex I contains the majority of these; two in the [2Fe-2S] form and the
remaining six in the [4Fe-4S] form. Interestingly, the alternative NDH2, which replaces or
bypasses the function of complex I in several plant or fungal organisms, lacks Fe-S clusters
(Friedrich et al., 1995; Yagi, 1991). The other three Fe-S clusters of ETC are localized in
complex II in different forms: [2Fe-2S], [4Fe-4S], and [3Fe-4S]. The last and rather unusual
type, commonly known as a “Rieske type” [2Fe-2S] cluster is found in the Q cycle of
complex III, where one of two iron atoms is coordinated by two histidines and two cysteine

residues (Iwata et al., 1996).

Another indispensable iron-containing prosthetic group for many proteins is heme.
Heme is formed by four tetrapyrrole rings linked via methenyl bridges named
protoporphyrin IX with ferrous iron in the center. The biosynthesis of this complex cofactor
is localized partly in mitochondria and partly in the cytosol. In most eukaryotes, this
pathway consists of eight steps, with the first step localized in the mitochondrial matrix
where glycine, and succinyl-CoA, are converted to 5-aminolevulinate (ALA) by 5-
aminolevulinate synthase (ALAS) (Hunter and Ferreira, 2011). An alternative and more
complex pathway, which is found in bacteria or plastid-containing eukaryotes, consists of
two intermediate steps before ALA formation involving glutamyl-tRNA synthetase,
glutamyl-tRNA reductase and glutamate-1-semialdehyde 2,1 aminomutase with the L-
glutamate amino acid as a substrate (Brzezowski et al., 2015; Panek and O’Brian, 2002).
ALA is then transported into the cytosol, where four more conversion steps occur to
produce the final cytosolic product coproporphyrinogen III. Then this pathway returns to
the mitochondria, where three more conversion steps follow, including a final step
involving a Fe-S cluster-dependent ferrochelatase that is responsible for iron incorporation
into the ring. Unlike the Fe-S pathway, heme biosynthesis is not conserved in all
mitochondria-containing organisms, and in some cases, this pathway may be lost, for
example in pathogenic protists such as 7. brucei or Leishmania mexicana, which acquire
heme or its late precursors from their hosts and are able to incorporate them into their
proteins (Cenci et al., 2016; Kofeny et al., 2013).

The most well-known function of heme is the transport of oxygen in hemoglobin,
but the heme is part of many proteins with a wide range of functions including electron
transfer, control of gene expression, signal transduction, and oxygen storage (Poulos,

2014). Specifically, in mitochondria, heme is abundantly represented in the ETC, where it
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serves as a prosthetic group for various cytochromes, such as in complex II, cytochrome
bel in complex 111, cytochrome c itself, and cytochrome ¢ oxidase.

In brief, mitochondria serve as the main center of iron utilization in cells. In the matrix of
this organelle, the biogenesis of essential iron-containing cofactors involved in key
bioenergetic pathways takes place. Disruption of iron homeostasis can lead to

mitochondrial dysfunction, which can ultimately lead to cell death.

1.3.2 Copper

Similarly, to iron, copper is a vital micronutrient important for many cellular
processes of almost all organisms. Due to its ability to readily convert from oxidized Cu**
to reduced Cu'*, copper serves as a cofactor in essential proteins. As with iron, copper
excess poses a certain threat to organisms, so it is necessary to ensure strict regulation of
either its uptake into the cell, its intracellular distribution to different cellular
compartments, or its effective detoxification. Copper toxicity is usually associated with its
involvement in the generation of ROS, in particular through a reaction known as the Fenton
and Haber-Weiss reaction, which generates the hydroxyl radical, the most dangerous
representative of ROS (Gaetke and Chow, 2003). However, recent studies suggest that the
main target of copper toxicity is the interference with Fe-S cluster biogenesis
(Chillappagari et al., 2010; Macomber and Imlay, 2009; Tan et al., 2014). Copper-induced
inhibition of the entire [4Fe-4S] cluster assembly pathway has been described in bacteria
(Brancaccio et al., 2017). In this case, copper binds competitively to the IscA protein
involved in Fe-S cluster assembly, thereby preventing iron binding (Tan et al., 2014). A
similar mechanism has been described in the human pathogen Cryptococcus neoformans
and Saccharomyces cerevisiae (Garcia-Santamarina et al. 2017).
1.3.2.1 The role of copper in mitochondria

The main copper-dependent proteins in mitochondria are complex IV, found in the
inner mitochondrial membrane, and superoxide dismutase, localized in the intermembrane
space. There are a total of three copper ions in complex I'V, which are located in two copper
centers, with the catalytic site CuA containing two copper ions and the CuB site containing
one. Together with two heme groups, they form the catalytic core required for cytochrome
oxidation and oxygen reduction. Due to this fact, the proper function and biogenesis of
ETCs depend on copper. It has been found that copper deficiency can disrupt the biogenesis

of complex IV, causing a decrease in the level of produced ATP, changes in the morphology
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of the ETC complex, and a decrease in the efficiency of oxygen reduction (Bustos et al.
2013; Jensen et al. 2019; B. E. Kim et al. 2010; Ruiz et al. 2014).

Superoxide dismutase catalyzes the dismutation of superoxide to hydrogen
peroxide, which is then independently detoxified by catalase and glutathione peroxidase.
SOD enzymes have various metal cofactors, such as manganese found in eukaryotes,
nickel, and iron described in protists and bacteria, or zinc and copper. Cu, Zn SOD is
predominantly localized in the cytosol, but 5-10% is found in the mitochondria along with
the Mn SOD enzyme, where it plays a key role in controlling ROS levels in the
mitochondrial intermembrane space (Fukai and Ushio-Fukai, 2011; Zelko et al., 2002).
Interestingly, a recent study on the human fungal pathogen Candida albicans shows that
copper starvation suppresses Cu, Zn SOD and induces an alternative cytosolic Mn SOD to
spare copper availability for mitochondrial processes such as complex IV activity, which
remains unchanged at low copper levels. In addition, alternative oxidase activity is induced

by this limiting factor to keep mitochondrial ROS at low levels in the absence of

mitochondrially localized Cu, Zn SOD (Broxton and Culotta, 2016).
1.3.2.2 Copper acquisition and its homeostasis

Copper uptake into the intracellular space is mediated in many eukaryotes by high-
affinity membrane transport proteins called Copper TRansporters (CTRs), whose function
and structure are conserved from yeast to humans (Maryon et al., 2007; Nose et al., 2006).
To date, little information is available on copper uptake proteins in parasitic protozoa,
except for the description of a copper-binding membrane protein with a motif typical of
copper transporters in Plasmodium falciparum (Choveaux et al., 2012). Two homologous
genes for CTR1 and CTR3 have been identified in S. cerevisiae (Dancis et al., 1994; Knight
et al., 1996). Both these integral membrane proteins are localized on the cell surface and
have three predicted transmembrane domains. Homologs of these proteins have been
identified in the organisms studied in our laboratory, non-pathogenic Naegleria gruberi
and pathogenic Naegleria fowleri (Zeniskova et al., 2022).

In biological systems, copper is efficiently sequestered after its transport into the
cytoplasmic compartment by binding to molecules such as glutathione, metallothioneins,
or specific metallochaperones that mediate copper transport to different compartments
where it is available to copper-binding proteins. Metallochaperones are mostly small
soluble proteins with the ability to reversibly bind various metals, such as copper, and

mediate their transport to target proteins (Palumaa, 2013). In S. cerevisiae, several proteins
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with chaperone function have been described that transport copper to specific copper-
binding proteins with different localizations, such as the CCO protein, which transports
copper to the major copper-containing protein cytochrome c oxidase localized in the
mitochondrion. Another chaperone is CCS, which transports copper to superoxide
dismutase (Cu, Zn SOD). Finally, the ATX1 chaperone is described to transport copper to
the copper transport protein CCC2, a highly conserved P-type ATPase localized in the
Golgi apparatus. The latter pumps copper via secretory vesicles to the cell surface where it
is available to copper-binding proteins such as the iron transport multicopper oxidase
(FET3) (Kim et al., 2008). Due to the potential toxicity of copper in the intracellular space,
free copper is virtually absent in the cell. The main copper detoxification mechanisms
include binding to metallothioneins, small cysteine-rich proteins with a high affinity for
metals, or to glutathione, a tripeptide with the ability to effectively buffer copper or copper
exporting ATPase. An efficient copper detoxification system has been shown to be crucial
for the virulence of pathogenic fungi (Ding et al., 2013; Smith et al., 2017). In Cryptococcus
neoformans, the two metallothionein-encoding genes ctml and cmt2 showed highly

elevated expression in response to copper excess (Ding et al., 2011).
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1.4 Nutritional immunity: the battle for nutrient metals at the host-
pathogen interface

A process known as "nutritional immunity" is part of the innate immune response,
where the host deliberately limits the metals from the pathogen. This phenomenon has been
described mainly concerning iron, which is particularly important in various microbial
infections (Cassat and Skaar, 2012; Haley and Skaar, 2012; Nobles and Maresso, 2011;
Ong et al., 2006). Indeed, the mammalian host redistributes its iron stores when confronted
with infection and inflammation in an attempt to deprive the challenged intracellular or

extracellular pathogens of iron.

This was first noticed in the 1940s by Caroline and Schade, who identified an iron-
binding protein in egg white and described its antimicrobial function in sequestering iron
from pathogens, referring to it as ovotransferrin (Schade and Caroline, 1946, 1944). In
mammals, iron is mainly complexed in heme in hemoglobin, the iron-containing
metalloprotein for oxygen transport in red blood cells and myoglobin in muscles,
respectively, or free non-heme iron is mostly bound to transferrin, which delivers iron to
cells via a specific receptor in the endosome, where iron is released from transferrin due to
the acidic pH. Alternatively, iron is stored in ferritin, a globular intracellular protein with a
binding capacity of up to 4500 iron atoms. Another iron-transporting protein closely related
to transferrin, lactoferrin, is expressed during infection but does not release iron even at
much more acidic pHs, e.g. 3.5, to ensure iron sequestration during infection when the pH
is generally reduced in infected tissues. In conclusion, all these proteins described above
ensure that almost all iron in mammals is bound so its availability to a pathogen is limited
(Murdoch and Skaar, 2022).

Nutritional immunity is very challenging for pathogenic fungi such as Candida albicans,
an important opportunistic human pathogen. This pathogen starts its route in a human host
in the gastrointestinal tract of a human host, where there is a relatively high concentration
of iron due to unabsorbed iron from the diet (McCance and Widdowson, 1938; Miret et al.,
2003), but then when it disseminates to the bloodstream, where the immune system reacts

and intentionally sequesters the iron (Martin et al., 1987).
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However, pathogens have evolved several mechanisms to “steal” iron despite its
sequestration (Palmer and Skaar, 2016). One of the possible strategies is to use the
siderophores, low molecular weight molecules with the ability to chelate iron in its oxidized
form with higher affinity than lactoferrin or transferrin (Schalk, 2008). The siderophore-Fe
complex is recognized, for example, by the ATP-binding cassette of the ABC transporter
family, which facilitates the transport into the cell. When the siderophore-Fe complex is
inside the cell, iron is released by the reduction or degradation of the siderophore. This
mechanism is mainly common in bacterial or fungal pathogens. Another strategy is the
acquisition of heme by specific heme receptors or hemophores, proteins that complex
extracellular heme and that are functionally similar to siderophores (Cescau et al., 2007;
Fabian et al., 2009). The release of iron from the tetrapyrrole ring inside the cell occurs due
to the activity of heme oxygenase (Kim et al., 2006; Sutak et al., 2008). Another described
strategy is the utilization of iron-containing proteins such as transferrin or ferritin; this
mechanism usually also requires specific receptors. At first, the whole protein is firstly
transported to the lysosome where it is digested and the released iron is then transported to
the cytosol (Kariuki et al., 2019). This strategy is common, for example, in important
pathogens such as Entamoeba histolytica or Trypanosoma brucei (Lépez-Soto et al., 2009;
Sehgal et al., 2012; Verma et al., 2015). The last mechanism discussed here is the reductive
iron uptake from the ferric complexes, which was first described in Saccharomyces
cerevisiae. The first step of this mechanism involves ferric reductases at the plasma
membrane, which can reduce a wide variety of Fe** sources (Askwith et al., 1994; Lesuisse
and Labbe, 1994). The next step in yeast is accomplished by the Fet3-Ftrl complex, which
contains a multicopper ferroxidase and a permease. This complex facilitates the reoxidation
of iron Fe?* (Fet3) and the subsequent transport of iron into the cell (Ftrl) (Askwith et al.,
1994; Philpott, 2006; Stearman et al., 1996).
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1.5 Naegleria spp.

Naegleria is a unicellular organism belonging to the supergroup Excavate inhabiting
freshwater environments such as lakes, ponds, and hot springs, as well as soil and mud.
Members of the genus Naegleria were isolated from around the world indicating their
abundant distribution (de Jonckheere, 2002; Fulton, 1993). This organism occurs in three
different morphological stages: a) feeding and dividing amoeboid stage (trophozoite), a
feeding and dividing form; b) transient flagellate; c) inactive resistant cyst (Fritz-Laylin et
al., 2011, 2010; Fulton, 1993). The genus Naegleria consists of 47 described species, but
the best known and studied are non-pathogenic Naegleria gruberi, considered a model
organism for studying the “most famous” thermophilic pathogen named Naegleria fowleri,

which is the only Naegleria which can infect the human host (de Jonckheere, 2011).

This organism is normally dependent on bacteria as a source of nutrients, like its
other relatives, but when contaminated water enters the human nasal cavity, the trophozoite
of N. fowleri is able to attach to the nasal mucosa, and from there migrate along the
olfactory nerves and across the olfactory bone separating the nasal cavity from the cranial
cavity (Grace et al., 2015; Siddiqui et al., 2016). Once the trophozoites penetrate the cranial
cavity, they cause extensive inflammatory damage to the nervous system, leading to
cerebral edema and, in more than 95% of cases, death of the patient (Jarolim et al., 2000;
Visvesvara et al., 2007). The disease caused by N. fowleri is known as primary amoebic
meningoencephalitis. The first non-specific symptoms appear approximately 5 days after
infection. These usually include headache, fever, and malaise, followed by neck stiffness,
loss of stability, and hallucinations leading to coma and death approximately 5 days after
the first symptoms appear (Baig, 2015). A wide range of antifungals and antibiotics are
used to treat PAM, with amphotericin B and miltefosine currently being the most
commonly used and partially effective drugs. Unfortunately, the ability of these agents to
cross the blood-brain barrier into the central nervous system is low (Monogue et al., 2020;

Nau et al., 2010; Roy et al., 2015; Vogelsinger et al., 2006).
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1.5.1 Naegleria metabolism
Naegleria possesses a unique metabolism. Even though the amoeba is thought to be

fully aerobic, traits common to anaerobic organisms have been identified in its genome
leading to a possible ability to alternate between aerobic and anaerobic metabolism (Fritz-
Laylin et al., 2010; Opperdoes et al., 2011). One of these marks is Fe-Fe hydrogenase and
the other three enzymes important for its assembly. All four proteins were predicted with
the presence of N-terminal mitochondrial targeting signals, however, data presented by
Tsaousis et al. 2014 provide evidence of fully functional Fe-Fe hydrogenase localized in
the cytosol. Fe-Fe hydrogenases are typically localized in hydrogenosomes, mitochondria-
like organelles found in anaerobic organisms such as flagellates, fungi, and ciliates.
However, other protists such as Entamoeba histolytica, Giardia intestinalis, and
Trichomonas vaginalis, also possess hydrogenase localized in the cytosol (Lloyd et al.,
2002; Nixon et al., 2003; Smutnd et al., 2022). Naegleria has a full set of mitochondrial
and nuclear genes that encode the complete Krebs cycle and the respiration chain, with a
few differences compared to other eukaryotes, such as the possession of a glucokinase
instead of a hexokinase and the presence of a PPi-dependent phosphofructokinase in
addition to the classical pyruvate kinase. Naegleria also possesses parts of the branched
ETC, such as AOX and NDH2 (Fritz-Laylin et al., 2011, 2010), which explains the fact
that respiration (oxygen consumption) is not fully inhibited by the addition of KCN
(Cantoni et al., 2022; Weik and John, 1979). Given the enzyme repertoire and its natural
water habitat of Naegleria, one would expect glucose to be the main source of energy for
this amoeba, as is the case for common aerobes, but a recent study shows a surprising
preference for fatty acids as the main substrate over glucose (Bexkens et al., 2018).

The schematic of N. gruberi metabolism is depicted in Figure 4.
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Figure 4 Naegleria gruberi metabolism. Simplified metabolic map based on (Opperdoes, de Jonckheere,
and Tielens 2011). Enzymes: GLU, glucokinase; PGI, phosphoglucose isomerase; PFK, PPi-dependent
phosphofructokinase; ALDO, fructose-bisphosphate aldolase; TPI, triosephosphate isomerase; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; PGK, phosphoglycerate kinase; PGM, phosphoglycerate
mutase; ENO, enolase; PYK, pyruvate kinase; LDH, D-lactate dehydrogenase; PPCK, phosphoenolpyruvate
carboxykinase; AST, aspartate aminotransferase; MDH, malate dehydrogenase (cytosolic); PDH, pyruvate
dehydrogenase; CS, citrate synthase; ACO, aconitase; IDH, isocitrate dehydrogenase; aKGDH, 2-
oxoglutarate dehydrogenase; SCS, succinyl-CoA synthetase; SDH, succinate dehydrogenase; FUM, fumarate
hydratase; MDHM, malate dehydrogenase (mitochondrial); PDC, pyruvate decarboxylase; ADH, alcohol
dehydrogenase; ME, malic enzyme; GDH, glutamate dehydrogenase; Hyd, [Fe]-hydrogenase; TCA,

tricarboxylic acid.
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1.6 Trypanosoma brucei

Another model organism discussed in this work is Trypanosoma brucei. T. brucei is
an extracellular parasite with a digenic life cycle involving a tsetse fly vector (Glossina)
and a mammalian host. Trypanosoma brucei is a species complex that includes animal
infective subspecies, such as 7. b. brucei, T. b. evansi, and T. b. equiperdum, and human
infective subspecies, such as 7. b. rhodesiense and T. b. gambiense, causing an insect-borne
parasitic infection called human African trypanosomiasis (HAT). The subspecies 7. b.
brucei does not pose a significant risk to humans due to the presence of a trypanolytic factor
in human serum (Laveran et al., 1912; Pays et al., 2006; Rifkin, 1991, 1978), however,
together with 7. vivax and 7. congolense it causes an economically devastating disease in
cattle called nagana. Due to the biological requirements of the Glossina vectors, nagana,
and HAT are mainly found in an area called the 'tse tse zone' located in tropical Africa.
While 7. b. rhodesiense inhabits mainly eastern and southern Africa, 7. b. gambiense is
restricted to west and central Africa. These subspecies do not generally overlap with one

exception, namely Uganda, where both subspecies occur together (Picozzi et al., 2005).

1.6.1 Life cycle

The infection of the vector begins when the Glossina bites the infected mammalian
host and the blood meal containing the bloodstream form (short, stumpy) of 7. hrucei ends
in the midgut of the insect. Due to certain stimuli in the midgut, such as increased pH, drop
in temperature, etc., the short stumpy form differentiates into early procyclic forms (PF)
(Roditi et al., 2016; Shaw et al., 2022) and, after a week, into late PF that start to migrate
into the proventriculus (Imhof et al., 2014). In the proventriculus, the late PF transforms
into long-dividing epimastigotes, after which asymmetric division occurs and short non-
dividing epimastigotes are produced that continue the journey to the salivary glands. The
second asymmetric division occurs there and results in the production of non-dividing
quiescent metacyclic trypanosomes (Dyer et al., 2013; Rotureau and van den Abbeele,
2013). In these forms, the trypanosomes wait in the saliva to be injected by the tsetse fly
into a mammalian host during blood feeding. Once metacyclic infective forms of
trypanosomes enter the bloodstream of the host, they rapidly differentiate into long slender
bloodstream forms (BF). These forms later differentiate into cell cycle arrested short

stumpy forms. This differentiation is population-density dependent, and it is an irreversible
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process (MacGregor et al., 2012). The disease is complicated by a unique antigenic
variation allowing it to evade the immune system, exploited by long slender BFs. The
genome of trypanosomes contains up to 1000 distinct genes for variable surface
glycoprotein (VSG) that forms the protective layer on the parasite. While the host immune
system starts to produce antibodies against one variant of the VSG, trypanosomes switch

VSG expression to another form and create a new layer of VSG (Mugnier et al., 2016).

1.6.2 Trypanosome mitochondria and their metabolic reprogramming
Trypanosomes belong to the group Kinetoplastida, which is characterized by the

presence of a dense structure made of DNA localized in a kinetoplast, a specialized part of
the cell single mitochondrion of the cell named kinetoplast (C. Brack et al., 1972; Ch. Brack
et al., 1972; Riou and Delain, 1969; Riou and Paoletti, 1967). This DNA is referred to as
kinetoplast DNA and consists of a network of two types of catenated circular DNA: a few
dozen maxi circles and thousands of mini circles. Maxicircles share function with classical
mtDNA and encode genes for OXPHOS and ribosomal proteins. Minicircles on the other
hand encode tools for RNA editing of some of the maxicircle-encoded mRNA transcripts
in mitochondria (Hajduk and Ochsenreiter, 2010; Vickerman, 1965, 1962). The single
mitochondrion of this parasite changes both in shape and size during its life cycle (Priest
and Hajduk, 1994; Vickerman, 1965). PF possesses strongly enlarged mitochondria
forming a complex network with discoid cristae housing the ETC complexes that supply
the cell with ATP. On the other hand, the shape of the BF mitochondria looks like a tube
that runs from the posterior to the anterior of the cell with an acristate morphology like the

promitochondrion of anaerobically grown yeast (Cope and Ali, 2016; Matthews, 2005).

Due to the complex life cycle with different hosts, including different nutrient and
oxygen availability, the energy metabolism of trypanosomes also varies greatly (Figueiredo
et al., 2017). In the bloodstream of the mammalian host, a high level of glucose is present,
whereas in the insect environment, the glucose level is low, but the level of amino acids
such as proline is high. Due to this fact, the BF generates ATP predominantly by glycolysis
from glucose as the main energy source and instead of being metabolized into lactate or
ethanol, most of the pyruvate is excreted and only 1% is converted into the succinate (Creek
et al., 2015; Mazet et al., 2013). On the other hand, PF generates ATP by OXPHOS from
proline as the main energy source. In addition to the classical electron-transporting I-V

complexes, PF trypanosomes also contain the non-energy conserving components of ETC,
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the trypanosomal alternative oxidase (TAO), and the NDH2. TAO plays a key role in
energy metabolism in BF, where it completely replaces complex IV; TAO protein
expression is therefore up to 100-fold higher than in PF (Chaudhuri et al., 2006). TAO is
tightly connected to glycolysis processes via the mitochondrial FAD-dependent glycerol-
3-phosphate dehydrogenase, which transfers the electrons from glycerol-3-phosphate to
ubiquinol, and via TAO, the electrons are transferred to the final electron acceptor,
molecular oxygen (Opperdoes et al., 1977). In PF, TAO coexists with the complex IV but
contributes only 20 % to cellular respiration (Gnipova et al., 2012).

Another unique feature of BF trypanosomes is the reverse activity of FoF1 ATP synthase.
Because the ETC complexes that normally translocate protons and contribute to the
generation of the proton gradient are not present in this form, the mAy necessary for protein
translocation and substrate transport is generated by ATP hydrolysis (Schnaufer et al.,
2005). In contrast, PF FoF1 ATP synthase works in the conventional direction and
contributes substantially to the supply of ATP to the cell; moreover, its activity is required
for powering motility and development of trypanosomes in the vector (Dewar et al., 2022).
Overall, complex V is a key player in the energy metabolism of both forms, although its

physiological role is distinctly different.

In addition to the mitochondrial processes, metabolism in glycosome, the
peroxisome-related organelle unique for kinetoplastids and diplonemids, varies also during
the life cycle. In PF the glycosome contains the first six glycolytic enzymes and in BF even
more, seven (Gualdron-Lopez et al. 2012). Other functions of glycosome are similar to
peroxisomal functions, such as purine salvage, beta-oxidation of fatty acids, and ether lipid
synthesis. The schematic representation of the carbon source metabolism of BF of 7. brucei

is shown in Figure 5.
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Figure 5 The schematic representation of carbon source metabolism in the bloodstream form of

Trypanosoma brucei. Simplified scheme of metabolic pathways in glycosome and mitochondria of the
BF of T. brucei inspired by (Michels et al., 2006; Zikova, 2022; Zikova et al., 2017). Essential
components of ETC in BF are depicted in pink, and non-active ones in green color. G-6-P: glucose-6-
phosphate,  F-6-P:  fructose-6-phosphate, = F-1,6-BP  fructose-1,6-bisphosphate, = DHAP:
28ihydroxyacetone phosphate, Gly-3-P: glycerol-3-phosphate, G-3-P: glyceraldehyde-3-phosphate,
1,3BPGA: 1,3-bisphosphoglycerate; 3-PGA, 3-phosphoglycerate, 2-PGA, 2-phosphoglycerate, PEP:
phosphoenolpyruvate, Gly-3P DH: FAD-dependent glycerol-3-phosphatedehydrogenase, Q10:
ubiquinol pool, TAO: alternative oxidase, NDH2: alternative dehydrogenase, CI-CV: complexes I-V.
Enzymes: 1 hexokinase; 2, glucose-6-phosphate isomerase; 3, phosphofructokinase; 4, aldolase; 5,
triphosphate isomerase; 6, glycerol-3-phosphate dehydrogenase; 7, glycerol kinase; 8, glyceraldehyde-
3-phosphate dehydrogenase; 9, glycosomal phosphoglycerate kinase; 10, phosphoglycerate mutase; 11,
enolase; 12, phosphoenolpyruvate carboxykinase; 13, pyruvate kinase; 14, alanine transaminase;15,
pyruvate dehydrogenase; 16, acetyl-CoA thioesterase; 17, acetate: succinate CoA-transferase; 18, 2-
amino-3-ketobutyrate coenzyme A ligase, threonine dehydrogenase; 19, malate dehydrogenase; 20,
fumarase; 21, fumarate reductase; 22, aspartate transaminase; 23, malate dehydrogenase; 24, fumarase;
25, fumarate dehydrogenase; 26, aspartate transaminase, 27, succinyl-CoA synthetase. Created with

BioRender.com
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2 The main aims of the thesis

1. To characterize the effect of low availability of iron on the mitochondria of
Naegleria fowleri

2. To elucidate the effect of copper deprivation on the mitochondria of Naegleria
gruberi and close relative brain-eating amoeba Naegleria fowleri

3. To study the effect of mitochondrially targeted Tamoxifen (MitoTam) on the

mitochondria of the bloodstream form of Trypanosoma brucei
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4 Conclusion and perspectives

Mitochondria are often called the powerhouse of the cell because they are the main
site of key energy metabolism processes in aerobic eukaryotic organisms. Any disruption
of mitochondrial processes or mitochondrial integrity by various stress factors can trigger
programmed cell death. Given this fact, mitochondria can decide the fate of the entire cell.
Not surprisingly, mitochondria are one of the most studied organelles, and the development
of mitochondria-targeted drugs is a major goal for scientists and pharmaceutical companies.
My Ph.D. thesis is focused on the effect of various stress factors on the mitochondria of
pathogenic protists such as the amoeboflagellate Naegleria fowleri, and the BF form of

Trypanosoma brucei brucei.

4.1 Metabolic adaptation of Naegleria fowleri mitochondria to low iron
and copper availability

First, we studied the ability of the pathogenic amoeba Naegleria fowleri to adapt to
the low availability of vital metals iron and copper in the context of a phenomenon called
"nutritional immunity" discussed in the introduction part of this thesis.

Our first project focused on the effect of low iron availability on N. fowleri. We initially
tested several potential mechanisms of iron uptake, then investigated the effect of iron
starvation on the acquisition of this metal. Furthermore, the ability of hemin to restore the
growth of iron-depleted cells was investigated. Our results showed that N. fowleri prefers
the reduced form of iron to its oxidized form and the uptake of ferric iron is inhibited by
ferrous iron chelator, suggesting the necessity of a reduction step, as has been shown in
Saccharomyces cerevisiae (van Ho, Ward, and Kaplan 2002; Kosman 2003; Philpott
2006b). Surprisingly, ferric reductase activity and overall iron acquisition in N. fowleri are
not upregulated to help the amoeba cope with iron deficiency, in contrast to S. cerevisiae,
which is able to induce its ferric reductase, a key player in reductive iron uptake, several-
fold times under iron-deficient conditions (Dancis et al. 1992). Pathogens have different
strategies to obtain iron from their host, such as the ability not to “be picky" about the
source of iron. For example, the obligate bovine parasite Tritrichomonas foetus, which also
has a non-inducible iron uptake system, has been shown to be able to process various iron

sources such as transferrin, lactoferrin, or siderophores (Sutak et al. 2004; Tachezy et al.
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1998). In contrast, our results show that N. fowleri does not utilize transferrin as an iron
source, and hemin is only partially able to restore growth in severely iron-deprived cultures,
suggesting that it is not a preferred iron source.

As tools for genetic manipulation of N. fowleri are still lacking, comparative proteomic
analysis was used to study the effect of the low availability of both metals on the
metabolism of this organism. In the iron-focused project, we observed an interesting trend
of downregulation of non-essential iron-containing proteins localized in the cytosol, but at
the same time, proteins involved in mitochondrial Fe-S cluster assembly processes were
upregulated, probably to maintain ETC. To confirm this hypothesis, the activities of
cytosolic hydrogenase and different components of ETC were measured. As previously
shown, N. gruberi hydrogenase is active and surprisingly localized in the cytosol (Tsaousis
et al., 2014). Our measurements show a strong reduction of hydrogenase activity under low
iron conditions in its pathogenic relative, suggesting that it does not play a major role in its
metabolism. On the other hand, complex I, which is the major electron input to the ETC,
was upregulated. In addition, we showed that AOX activity is also significantly affected by
low iron availability, balancing the reduced activity of the more iron-demanding complex
IV under iron deficiency. Thus, our results support the hypothesis that although N. fowleri
cannot reflect changes in iron availability at the level of uptake like Saccharomyces
cerevisiae, there is a metabolic adaptation in favor of mitochondrial processes in which
iron is concentrated in mitochondria to maintain key processes such as the ISC or ETC
pathway. A similar trend was also observed in our previous work on the non-pathogenic

relative Naegleria gruberi (Mach et al., 2018).

Another project was focused on copper metabolism in Naegleria. This project was
built on the knowledge gained during my Master's studies when I studied the effect of low
copper conditions on the metabolism of the non-pathogenic amoeba N. gruberi. During my
Ph.D. project, I studied the effect of copper deficiency on N. fowleri and compared the
metabolic adaptation of this opportunistic pathogen with my findings from my MSc studies.
The comparative proteomic analysis revealed changes at the protein level in cells
preincubated with copper excess and two copper chelating agents: the extracellular copper
chelator batrocuproinedisulfonic acid (BCS) and the lipophilic, i.e. intracellular, chelator
neocuproine. Interestingly, the effect of the two chelating agents differs for these close
relatives. While BCS caused significant changes mainly in mitochondrial proteins of .

gruberi, such as AOX and DJ-1, N. fowleri responded mainly to copper deprivation caused
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by the intracellular chelator neocuproine. In contrast to N. gruberi, alternative oxidase does
not contribute to whole-cell oxygen consumption in N. fowleri to such an extent and is not
affected by copper deprivation. However, the expression of another component of the
branched respiratory chain of this pathogen reflects this limiting condition. Proteomic
analysis revealed massive upregulation of rotenone-insensitive NDH2 in the neocuproine-
induced low-copper state. This result was confirmed by enzymatic activity measurements
as well as using specific antibody produced against this protein after the separation of
mitochondrial fractions on native PAGE.

Another aim of this project was to identify the main transporters responsible for supplying
Naegleria cells with copper. Several CTR protein homologs have been bioinformatically
identified in both organisms, but only one of them in each organism functionally
complements the yeast mutant strain defective in copper transport and shows a typical

localization in the yeast cell membrane after heterologous expression with GFP.

Overall, our results indicate that the ability of N. fowleri to adapt to iron and copper limited
conditions occurs at the level of alternation of mitochondrial processes. Due to the
increased activity of alternative components of branched ETC, this organism compensates
for the activity of other metal-dependent ETC members that are compromised by these

limiting factors.

4.2 Elucidation of the effect of MitoTam on Trypanosoma brucei
mitochondria

MitoTam is a mitochondrially targeted tamoxifen, which is a drug used in hormone
therapy to treat breast cancer. Conjugation of the drug with the TTP" leads to an efficient
mitochondrial accumulation driven by the Nernst equation, making MitoTam even more
effective than tamoxifen in the fight against breast cancer. MitoTam has been shown to
cause inhibition of complex I, resulting in increased ROS and rapid dissipation of mAy,
leading to disruption of mitochondrial supercomplexes which ultimately triggers cell death
in cancer cells (Rohlenova et al., 2017). Recently, MitoTam successfully passed a phase

1/1b clinical trial with a positive outcome (MitoTam-01 trial; EudraCT 2017-004441-25).
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In our laboratory, we have conducted extensive in vitro testing of the MitoTam
activity against various eukaryotic pathogens, which revealed strong efficacy against,
among others, the BF of the parasite 7. brucei. The BF of T. brucei is a well-studied model
organism possessing a single mitochondrion with unique metabolism, including, for
instance, a reverse activity of complex V or dispensable activity of complex I (Surve et al.,
2012). Our goal was to elucidate the high potency of MitoTam on this organism in light of
the claimed mode of action of MitoTam in cancer cells, strongly associated with the activity
of complex I. To determine the direct effect on mitochondria, several attributes of
mitochondrial processes were analyzed. 7. brucei cells were pre-incubated for 16 hours or
24 hours at two concentrations of MitoTam corresponding to 2x ECso and 4x ECso,
respectively. In agreement with the finding in cancer cells, cellular ROS levels increased
in pre-incubated 7. brucei cells in contrast to mitochondrial ROS levels measured by
MitoSox, which decreased, indicating a different mode of action in this parasite. High-
resolution measurements of glycerol-3-phosphate-stimulated respiration showed highly
inhibited activity of TAO, the only oxygen-consuming component of BF of 7. brucei. In
addition, similar to cancer cells, MitoTam-treated cells also showed a rapid decrease in
mAy. The mitochondrial membrane potential in BF 7. brucei is generated exclusively by
the reverse activity of complex V and is therefore dependent on sufficient ATP levels,
which are also significantly reduced after treatment. To clarify whether low ATP levels
alone were responsible for this rapid decrease in potential, in situ measurements were
performed using the Safranin O probe on ATP-supplemented digitonin-treated cells.
However, the mAy was extremely low even in the presence of additional ATP. Moreover,
the rapid and dose-dependent dissipation of the potential was caused by the addition of
MitoTam to untreated cells. These findings suggested a possible inhibitory effect of
MitoTam on complex V, similar to the known inhibitor of the F, part, oligomycin, or simply
a physicochemical disruption of the membrane integrity by the drug. The second hypothesis
was confirmed by determining membrane integrity on isolated mitochondria using the

enzyme activity of the mitochondrial marker enzyme threonine dehydrogenase.

Taken together, our analysis of 7. brucei mitochondrial function showed a rapid effect
of MitoTam on several key processes, which may likely be due to the physicochemical
disruption of membrane integrity by the drug. To sum up, our results demonstrate the
powerful and promising effect of this drug and highlight that repurposing is a potent tool

for discovering new therapeutic strategies to combat various diseases.
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Abstract

Naegleria fowleriis a single-cell organism living in warm freshwater that can become a
deadly human pathogen known as a brain-eating amoeba. The condition caused by N. fow-
leri, primary amoebic meningoencephalitis, is usually a fatal infection of the brain with rapid
and severe onset. Iron is a common element on earth and a crucial cofactor for all living
organisms. However, its bioavailable form can be scarce in certain niches, where it
becomes a factor that limits growth. To obtain iron, many pathogens use different machiner-
ies to exploit an iron-withholding strategy that has evolved in mammals and is important to
host-parasite interactions. The present study demonstrates the importance of iron in the
biology of N. fowleri and explores the plausibility of exploiting iron as a potential target for
therapeutic intervention. We used different biochemical and analytical methods to explore
the effect of decreased iron availability on the cellular processes of the amoeba. We show
that, under iron starvation, nonessential, iron-dependent, mostly cytosolic pathways in N.
fowleri are downregulated, while the metal is utilized in the mitochondria to maintain vital
respiratory processes. Surprisingly, N. fowlerifails to respond to acute shortages of iron by
inducing the reductive iron uptake system that seems to be the main iron-obtaining strategy
of the parasite. Our findings suggest that iron restriction may be used to slow the progres-
sion of infection, which may make the difference between life and death for patients.

Author summary

Naegleria fowleri is a unicellular amoeba living in warm freshwater that is able to infect
humans and cause a serious and mostly fatal disease with rapid progression. When water
with the amoeba enters the nose, Naegleria penetrates the mucosa and invades the human
brain, where it destroys cells and causes massive inflammation. It is a rare infection with
unspecific symptoms, which slows the critical process of identifying the cause of the dis-
ease. Iron is a necessary element for all living organisms used in many biological
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pathways; therefore, iron acquisition and iron metabolism have the potential to be
exploited against this parasite to clear or slow the infection. It was discovered that N. fow-
leri is unable to efficiently regulate iron uptake in an environment with a low iron concen-
tration and merely changes its energy metabolism to handle the lack of this element.
Because of this limited response, N. fowleri is more sensitive to low iron conditions than
are human cells, and treatment by iron chelators has the potential to kill the pathogen or
slow the infection in the host.

Introduction

There are several free-living protists that, under certain conditions, are able to parasitize suit-
able hosts. The genus Naegleria consists of several species, the most studied of which are Nae-
gleria gruberi and Naegleria fowleri, the latter being widely known as the “brain-eating
amoeba”. Its rather vivid nickname is attributed to the condition known as primary amoebic
meningoencephalitis (PAM). The amoeba is found in warm freshwaters across most conti-
nents and can transition between three distinguishable forms: a durable cyst, trophozoite
amoeba and mobile flagellate [1]. Its presence in water is a health risk for people participating
in recreational activities involving bodies of water [2]. The disease is acquired when N. fowleri
trophozoites forcefully enter through the nasal cavity, invade the olfactory neuroepithelium
and follow the olfactory nerve to the brain, which is their final destination [3]. The disease has
arapid onset, and the nonspecific symptoms resemble those of more common bacterial or
viral meningoencephalitis-headache, fever, vomiting-with rapid progress, causing seizures,
coma, and death [4,5]. Since PAM occurs commonly in healthy individuals, N. fowleri is
regarded not as an opportunistic parasite but as a pathogen [3]. The fatality rate for PAM is
reported to be above 97% [6]. Treating PAM is difficult because the symptoms are typical of
other maladies and have rapid onset and because no specific or efficient medication is available
for ameliorating the disease. For successful treatment, it is crucial that a correct diagnosis is
made quickly and that therapy is immediately delivered. The currently accepted treatment
includes administering several medications simultaneously, such as amphotericin B, flucona-
zole, rifampin, azithromycin and/or miltefosine, in combination with methods that decrease
brain swelling [4,7]. Thus, the need for an efficient cure or at least novel compounds that will
slow the progression of the infection persists. Among other free-living amoebae, that can cause
life-threatening diseases are species of Acanthamoeba, Balamuthia and Sappinia. These amoe-
bae cause rare granulomatous amoebic encephalitis, a deadly disease with symptoms similar to
PAM but that progress more slowly and with additional manifestations [8,9]. Nevertheless, the
issues with battling these diseases, such as difficulty making a diagnosis, are the same.

There is very limited knowledge about the biochemistry and physiology of N. fowleri, and
practically nothing is known about its metabolism of iron, even though this metal may repre-
sent the parasite’s Achilles heel. Iron is an essential constituent of many biochemical processes,
including redox reactions, the detoxification of oxygen, and cell respiration, and is a cofactor
of various enzymes [10]. The ubiquitous role of iron is mainly due to its ability to transition
between different oxidation states, enabling to participate in redox reactions, often in the form
of iron-sulfur clusters [11]. Iron is essential for virtually all known forms of life, and its avail-
ability is shown to be the factor that limits organism growth in certain locations [12]. Its acqui-
sition becomes especially challenging for pathogens that inhabit another living organism, as
demonstrated by Plasmodium, in which iron-deficient human and mouse models manifest
unfavorable conditions for parasite development; therefore, iron is a limiting factor for parasite
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propagation [13,14]. As a defense mechanism, mammals minimize the presence of free iron in
their body using several proteins, such as lactoferrin, ferritin or transferrin, which bind the
metal, decreasing its bioavailability [15]. Parasitic organisms are known to have adopted vari-
ous means of acquiring iron from their environments, ranging from engaging in opportunistic
xenosiderophore uptake to expressing specific receptors for mammalian iron-containing pro-
teins [16]. This two-sided competition between pathogens and their hosts indicates the impor-
tance of iron metabolism in disease and underlines the importance of further research on this
topic in the search for new methods of therapeutic intervention.

In this study, we demonstrate how N. fowleri acquires iron from its environment and how
it adapts to iron-deficient conditions and we propose that the amoeba iron metabolism can be
exploited to the advantage of PAM patients. We tested several potential iron uptake mecha-
nisms and observed that the iron uptake system was not induced under iron starvation condi-
tions and that the parasite used no alternative metabolic pathway to adjust for the resulting
iron deficiency. Proteomic and metabolomic investigations showed that N. fowleri responded
to low iron levels by maintaining iron-containing proteins in mitochondria, while the activity
of nonvital, mostly cytosolic, iron-requiring pathways declined. These findings revealed a pos-
sible exploitable weakness in the survival strategy of the amoeba within the host. Although the
host brain is relatively rich in iron content [17], not all of the iron is readily available for the
parasite to use, as we have shown that it is not able to utilize iron bound to transferrin, the
main source of iron in the human brain [18]. Thus, by using artificial chelators to decrease the
availability of iron in this organ, we show a possible complementary antiparasite strategy,
which is already utilized for different purposes, against this deadly pathogen [19].

Results

N. fowleri uses an uninducible reductive mechanism to acquire iron, while
transferrin is not utilized

Iron is generally available in the environment in two distinct oxidation states. Due to the dif-
ferent solubilities of the two forms, many organisms use ferric reductase to reduce ferric iron
to ferrous iron, which is more soluble and therefore easier to assimilate. To explore the mecha-
nism by which N. fowleri acquires iron from its surroundings, cell cultures were supplemented
with different sources of iron: >°Fe-transferrin, >>Fe(III)-citrate and **Fe(II)-ascorbate. For all
the experiments conducted in this study, unless stated otherwise, iron deprivation was
achieved using 25 uM of the common extracellular chelator bathophenanthroline disulfonic
acid (BPS) to create a condition in which cell growth was significantly affected but microscopy
showed no encystation or flagellated forms, and the cells did not lose their ability to multiply
or attach to the surface. This condition was an important prerequisite, particularly for the
proteomic and transcriptomic analysis, where very complex changes are accompanied by unfa-
vorable cell processes that could bias the data. To achieve iron-rich conditions in this study,
the cultivation medium was supplemented with 25 uM ferric nitrilotriacetate (Fe-NTA). The
results presented in Fig 1 A show that ferrous iron is taken up and incorporated into intracellu-
lar protein complexes more rapidly than was its trivalent counterpart. Densitometry of the
radioactive signal in dried native electrophoresis gels was used to calculate the difference in
iron utilization between the two forms: The utilization of ferric iron in comparison to ferrous
iron was decreased in iron-rich cells to 65% (+8%; p-value <0.05) and in iron-deficient cells to
61% (+3%; p-value <0.01), suggesting the involvement of ferric reductase in the effective
assimilation. Surprisingly, there was no significant difference in iron uptake between cells pre-
incubated in the iron-rich and iron-deficient conditions, showing that the organism failed to
stimulate its iron uptake machinery. The insignificant uptake of transferrin, shown in S1(B)
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Fig 1. Iron uptake in N. fowleri. (A) Ferrous and ferric iron uptake by N. fowleri precultivated under iron-rich and
iron-deficient conditions. Autoradiography of blue native electrophoresis gels of whole cell extracts from N. fowleri
previously cultivated for 72 hours under iron-deficient conditions (25 M BPS) or iron-rich conditions (25 uM Fe-
NTA) and further incubated with **Fe(1]) (ferrous ascorbate) or **Fe(IlI) (ferric citrate). Equal protein concentrations
were loaded, and the loading control is shown in S1(A) Fig. The gel is representative of three independent replicates.
Numbers indicate average relative densitometry values for the appropriate lines. Significant differences between band
densitometry values are denoted by asterisk (*, p<0.05; **, p<0.01). (B) Ferric reductase activity under iron-rich and
iron-deficient conditions. Relative values of N. fowleri ferric reductase activities in the iron-rich (Fe) and iron-deficient
(BPS). The difference between the two conditions was not significant, p-value >0.05. Data are presented as the relative
percentage + SD from three independent replicates. (C) Growth restoration of N. fowleri in culture by hemin under
iron-deficient conditions. Cells in regular growth medium (control) and with 50 uM hemin (hemin) exhibited similar
levels of propagation, while the cells under iron-deficient conditions, achieved with 50 uM chelator
bathophenanthroline disulfonic acid (BPS), showed stagnated growth in the first 24 hours. The addition of 50 uM
hemin to the iron-deficient medium (BPS+hemin) partially restored culture growth. The boxed area indicates the time
from which growth restoration was calculated. Data are presented as the means + SD from four independent replicates.

https://doi.org/10.1371/journal.pntd.0007759.¢001
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Fig, means that this protein is not a viable source of iron for N. fowleri, corresponding to the
fact that it is not found in the usual water habitat of this organism.

To confirm that N. fowleri uses a reductive iron uptake mechanism, the cell cultures were
treated with a ferric iron radionuclide in the presence and absence of the ferrous iron chelator
BPS. The results shown in S1(C) Fig demonstrate that, while N. fowleri readily incorporates
ferric iron into its protein complexes, BPS chelates the initially reduced ferrous iron and pre-
vents it from being further utilized, confirming that ferric iron uptake requires a reduction
step.

We have shown that neither ferrous nor ferric iron uptake is induced by iron starvation
(Fig 1A). Considering the involvement of the reduction step needed for N. fowleri iron acquisi-
tion, the activity of a ferric reductase was assessed in cells preincubated under iron-rich and
iron-deficient conditions. As shown in Fig 1B, measurements of ferric reductase activity
revealed that the level of ferric iron converted to ferrous iron was not significantly changed in
the iron-deprived cells (p-value >0.05). This finding confirms that N. fowleri cannot efficiently
adjust the rate of iron acquisition from its surroundings to overcome its dependence on iron
availability.

Heme-containing proteins are potential source of iron or heme for several parasitic protists
[20,21]. Although we did not identify a homolog of heme oxygenase in the N. fowleri genome,
which is necessary for the breakdown of heme and the release of iron, we tested the effect of
the presence of hemin in the cultivation medium on the growth of the amoebae. As shown in
Fig 1C, cells cultivated in regular growth medium had a propagation pattern similar to that of
the cells grown in medium supplemented with 50 uM hemin; therefore, at the given concentra-
tion, hemin was not toxic to N. fowleri, nor did it significantly support its growth under stan-
dard cultivation conditions. The profound iron-deficient conditions achieved with 50 uM BPS
arrested culture growth to 31% (£12%) during the first 24 hours, and the propagation at later
time points remained below this value. The addition of 50 pM hemin partially restored culture
growth to 42% (+10%; p-value <0.01) after 48 hours, and by 72 hours, the growth reached
52% (£7%; p-value <0.01). Therefore, it appears that the hemin compound is used as a partial
source of iron for the pathogen, although it cannot fully support its growth when other sources
of iron are limited.

Proteomic analysis findings illuminate the iron-starvation response of N.
fowleri, while the transcriptomic analysis does not reflect the proteomic
changes

Since iron has an irrefutable role as a cofactor for various enzymes and its metabolism is
dependent on a great number of proteins, we aimed to examine the overall effect of iron avail-
ability on the N. fowleri proteome. Therefore, we compared the whole-cell proteomes of cells
grown under iron-rich and iron-deficient conditions, and we have additionally analyzed mem-
brane-enriched fractions of cells to obtain a higher coverage of the membrane proteins. The
aim was to reveal the metabolic remodeling accompanying iron starvation and to identify pro-
teins responsible for iron homeostasis, such as membrane transporters, signaling and storage
proteins or proteins involved in iron metabolism, for example, the formation of iron-sulfur
clusters.

S1 Table lists the proteins that were significantly upregulated or downregulated under iron-
deficient conditions based on the analysis of the N. fowleri whole-cell proteome, and S2 Table
contains the regulated proteins in the membrane-enriched fraction. No major changes in
encystation or flagellation markers or apoptotic pathway proteins between the two conditions
were detected in the proteomic analysis. The proteins most relevant for this study are
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Table 1. Effect of iron deprivation on the abundance of selected N. fowleri proteins.

Gene ID Protein Whole cell (membrane fraction) proteomics fold-change in iron deficiency | p-value

NF0117840 | Protoglobin ND in iron-deficient NA
NF0127030 | Hemerythrin -7045.1 <0.05
NF0119700 | Hemerythrin -11.4 NA
NF0106930 | Phenylalanine hydroxylase =57 <0.05
NF0008540 | Hydrogenase -3.7 <0.05
NF0081220 HydE -2.8 <0.05
NF0081230 HydG -2.4 <0.05
NF0036800 Iron-containing cholesterol desaturase daf-36-like -2.0(-3.4) NA (<0.05)
NF0001470 | Tyrosine aminotransferase -2.0 <0.05
NF0073220 | Homogentisate 1,2-dioxygenase -1.8 <0.05
NF0084900 | 4-Hydroxyphenylpyruvate dioxygenase -1.5 <0.05
NF0121200 | Catalase -1.3 <0.05
NF0044680 | Iron III Superoxide Dismutase 1.1 0.47
NF0004720 | Alternative oxidase 1.5 <0.05
NF0014630 | Mitochondrial carnitine/acylcarnitine transferase * ND (1.5) NA (0.39)
NF0015750 | Manganese superoxide dismutase 1.6 <0.05
NF0079420 | Mitoferrin * 1.8 (1.7) <0.05 (0.08)
NF0020800 | Fe superoxide dismutase 1.8 <0.05
NF0048730 | Glutathione peroxidase 2.0 <0.05
NF0071710 | Deferrochelatase 2.3 <0.05
NF0060430 IscU * 3.0 <0.05
NF0001440 | Cysteine desulfurase 3.7 <0.05
NF0030360 | Cu-Zn superoxide dismutase 5.8 <0.05
NF0001420 | Mitochondrial phosphate carrier protein * 8.0 (8.4) NA (<0.05)

Proteins were manually annotated using HHPRED or by sequence alignment with homologous proteins from other organisms (denoted with a star). The fold change
based on proteomic analysis of whole cells and membrane fractions (for selected proteins; in brackets) is given for cells cultivated under iron-deficient conditions.

Significantly regulated proteins (with a fold change above 2.3 and p-value not higher than 0.05) are highlighted in green. ND, not detected; NA, not applicable.

https://doi.org/10.1371/journal.pntd.0007759.t001

summarized in Table 1. The list of downregulated proteins based on whole-cell proteomics
under iron-deficient conditions contained 20% of predicted iron-containing proteins, most
of which were nonheme enzymes such as desaturases and oxygenases, or hydrogenase
(NF0008540) and its maturases HydE (NF0081220) and HydG (NF0081230). Importantly,
most of the downregulated iron-containing proteins were typically located outside mitochon-
dria. The dramatic downregulation of the hemerythrin homolog (NF0127030) was confirmed
by Western blotting using an antibody generated in-house against N. gruberi hemerythrin
(Fig 2A).

In the phenylalanine catabolism pathway, all three iron-dependent enzymes, phenylalanine
hydroxylase (NF0106930), p-hydroxyphenylpyruvate dioxygenase (NF0084900) and homo-
gentisate 1,2-dioxygenase (NF0073220), were downregulated in iron-deprived cells, even
though the decrease in the expression of the last two enzymes was below our set threshold.

The proteins upregulated under iron-deficient conditions included two essential mitochon-
drial components of iron-sulfur cluster assembly machinery, namely, cysteine desulfurase
(NF0001440) and iron-sulfur cluster assembly enzyme IscU (NF0060430); two mitochondrial
transporters, phosphate carrier (NF0001420) and iron-transporting mitoferrin (NF0079420);
and a potential homologue of deferrochelatase (NF0071710). The increase in the expression of
mitoferrin was below our set threshold, but the results from the comparative analysis of the
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Fig 2. Effect of iron deficiency on N. fowleri. (A) Downregulation of N. fowleri hemerythrin under iron-deficient conditions. Results
from the Western blot analysis of cells cultivated under iron-rich (Fe) and iron-deficient (BPS) conditions using an antibody against
Naegleria gruberi hemerythrin. Equal protein concentrations were loaded, and the loading control is shown in S1(D) Fig. The gel
represents one of three independent replicates. (B) Cellular content of selected amino acids in N. fowleri cells cultivated under iron-rich
and iron-deficient conditions. Relative amounts of phenylalanine and tyrosine were significantly increased under the iron-deficient
condition, while those of tryptophan and lysine remained unchanged. t-test p-values <0.01 are marked with a star. The total protein
concentration was equal in all the samples, and the values shown are relative to those under the iron-rich conditions for each amino
acid. Fe, cells cultivated under iron-rich conditions; BPS, cells cultivated under iron-deficient conditions. Data are presented as the
means * SD from three independent replicates. (C) Respiration of N. fowleri grown under iron-rich and iron-deficient conditions.
Using selective inhibitors of complex IV (potassium cyanide) and of alternative oxidase (salicyl-hydroxamic acid), the contribution of
alternative oxidase and complex IV activity was assessed with respect to total respiration levels. AOX, alternative oxidase; Fe, cells
cultivated under iron-rich conditions; and BPS, cells cultivated under iron-deficient conditions. The t-test p-values <0.01 are marked
with a star. Data are presented as the means + SD from five independent replicates. (D) Activity of hydrogenase and NADH:
ubiquinone dehydrogenase (complex I) under iron-rich and iron-deficient conditions. While hydrogenase was significantly
downregulated, complex I was significantly upregulated as a result of the iron-deficient conditions. Relative values are shown. Fe, cells
cultivated under iron-rich conditions; and BPS, cells cultivated under iron-deficient conditions. The t-test p-values <0.01 are marked
with a star. Data are presented as the means + SD from four independent replicates.

https:/doi.org/10.1371/journal.pntd.0007759.g002

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007759  June 18, 2020 7/25


https://doi.org/10.1371/journal.pntd.0007759.g002
https://doi.org/10.1371/journal.pntd.0007759

PLOS NEGLECTED TROPICAL DISEASES Iron metabolism in Naegleria fowleri

membrane-enriched fraction of N. fowleri grown under different iron conditions (S2 Table
and Table 1) confirmed the upregulation of this transporter as it did for the mitochondrial
phosphate carrier. Additionally, in the membrane-enriched proteomic analysis, a carnitine/
acylcarnitine transferase (NF0014630) was identified and found to be slightly, although not
significantly, upregulated.

Iron metabolism is interconnected with the production and detoxification of reactive oxy-
gen species. Among the antioxidant defense proteins, one family of superoxide dismutases
contains iron as a cofactor. Our proteomic analysis showed that while iron-dependent SODs
(NF0020800 and NF0044680) were not significantly changed, Cu-Zn-dependent SOD
(NF0030360) was upregulated under iron-deficient conditions, suggesting a compensatory
mechanism for the mismetallated iron-dependent enzyme. Other radical oxygen species
detoxification enzymes, such as catalase (NF0121200), manganese SOD (NF0015750), or gluta-
thione peroxidase (NF0048730), were not significantly regulated under iron-deficient
conditions.

To uncover a broader spectrum of the affected proteins that we were unable to detect in the
proteomic analysis, we performed a transcriptomic analysis of N. fowleri grown under the
same conditions of iron availability as used in the proteomic analysis (S3 Table). To our sur-
prise, the data did not correspond to the proteomics results. Overall, the number of genes that
were significantly changed in the transcriptomic analysis results was 287 (182 upregulated and
105 downregulated genes), which is more than those regulated in whole cell proteomic analy-
sis; however, the only genes regulated in the same way as the proteins observed in the proteo-
mic analysis were hemerythrins, protoglobin (NF0117840) and the iron-containing cholesterol
desaturase daf-36-like (NF0036800). The response of N. fowleri to iron starvation is thus most
likely posttranslational. The large proportion of nonheme iron-containing enzymes among the
downregulated proteins indicates that the degradation of mismetallated/misfolded/nonfunc-
tional proteins plays an important role in iron-induced proteome changes. To confirm the
physiological relevance of the changes observed at the proteome level, we further investigated
selected biochemical pathways that were indicated by the proteomic results.

N. fowleri responds to iron deficiency by metabolic rearrangement that
favors mitochondria

Considering the iron-dependent changes in the abundance of proteins participating in the
phenylalanine degradation pathway, the next aim of this study was to analyze this effect by
directly detecting metabolites, namely quantifying the cellular levels of corresponding amino
acids by metabolomics. Cells grown under iron-rich and iron-deficient conditions were lysed,
the protein concentrations were equalized, and the resulting material was analyzed for amino
acid content by liquid chromatography coupled with mass spectrometry. Since the phenylala-
nine degradation pathway was predicted to be downregulated by the proteomic analysis
results, we assessed the intracellular amounts of phenylalanine and tyrosine, amino acids likely
affected by a decrease in iron-dependent enzymes. As expected, under iron-deficient condi-
tions, the amount of phenylalanine was significantly increased, by 75% (£3%; p-value <0.01),
and tyrosine was increased by 160% (+8%; p-value <0.01) (data are shown in Fig 2B). As con-
trols, relative amounts of tryptophan and lysine, the levels of which were not expected to
change according to iron levels, were determined in the same samples.

N. fowleri cells possess lactate dehydrogenase and are therefore potentially able to produce
lactate from pyruvate while replenishing the level of NAD" cofactor, thereby utilizing cytosolic
pathways for energy metabolism. To analyze the effect of iron starvation on this metabolic
pathway, lactate production was analyzed by gas chromatography coupled with mass
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spectrometry detection. The level of intracellular lactate in the iron-deficient cells was
decreased by 32% (+13%; p-value <0.05), showing that this metabolic pathway was not used
in a compensatory strategy during iron deficiency.

Alternative oxidase (AOX), present in N. fowleri, is a part of the mitochondrial respiratory
chain. It accepts electrons from ubiquinol to reduce the final electron acceptor, oxygen. There-
fore, the function of AOX is similar to that of complex IV; however, the branching electron
flow towards AOX bypasses some of the proton pumping complexes, decreasing the effect of
the respiration chain. Using selective inhibitors of respiration complex IV and AOX enables
the study of their participation in respiration. Here, the effect of decreased iron availability on
the respiratory chain was determined. The results are shown in Fig 2C and demonstrate that
the total respiration of the cells grown under iron-deficient conditions was decreased by 35%,
although this change was not statistically significant (p-value >0.01), and that this decrease
was based on the diminished activity of complex IV (55% decrease; p-value <0.01). In con-
trast, in the iron-deficient cells, the activity of AOX increased by 104% (p-value <0.01). This
finding shows that AOX, despite being an iron-containing enzyme, is able to rescue respiration
when iron deficiency causes a decrease in complex IV activity.

To further support the hypothesis that iron-starved N. fowleri maintains essential mito-
chondrial iron-dependent proteins at the expense of nonessential cytosolic proteins, we
assessed iron-induced changes in the activity levels of mitochondrial NADH:ubiquinone dehy-
drogenase (complex I) and hydrogenase, which was shown to be cytosolic in Naegleria [22]. As
shown in Fig 2D, the activity of hydrogenase was dramatically decreased, by 95%, under iron-
deficient conditions (p-value <0.01), indicating that it is a dispensable component of the path-
way when iron is scarce. In contrast, the activity level of mitochondrial complex I was
increased by 39% under iron-deficient conditions (p-value <0.01), thus it was maintained as
part of a vital pathway. Hence, the increased activity levels of the mitochondrial iron-contain-
ing enzymes AOX and complex I were able to rescue total mitochondrial respiration despite
the decrease in the activity of complex I'V. This finding demonstrates that the mitochondrial
respiration chain is essential and maintained under iron-deficient conditions even if it is
strongly iron demanding.

Iron chelators significantly hinder N. fowleri growth

Iron plays a vital role in many biochemical processes; therefore, it is rational to expect that
decreasing the bioavailability of iron in the surrounding environment would hinder cell
growth. To determine the effect of iron on the propagation of N. fowleri in culture, three differ-
ent iron chelators were added to the growth medium: bathophenanthroline disulfonic acid
(BPS), 2,2'-dipyridyl (DIP) and deferoxamine (DFO). The compounds inhibited the growth of
the cultures to different extents compared to the growth under iron-rich conditions (Table 2
and S2(A) Fig). The most potent effect in hindering culture growth was observed with the side-
rophore DFO. Both BPS and DIP had notably higher ICs, values.

Trophozoites of the amoebae feed on bacteria in their natural environment, making the
bacteria potential sources of iron. Moreover, we presume that phagocytosis of human cells can
represent one of N. fowleri virulence factors [23]. To investigate overall cell viability and to test
whether N. fowleri cells induce phagocytosis as a potential way to acquire iron, the ability of
iron-deficient cells to phagocytose bacteria was investigated. Quantification of phagocytosis
was determined by flow cytometry using Escherichia coli that present increased fluorescence
within acidic endocytic compartments. The values were calculated as percentages of amoebae
in the total population with phagocytosed bacteria. Under iron-rich conditions, the percentage
of phagocytosing amoebae was 70% (+6%), while under iron-deficient conditions, it was 53%
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Table 2. Iron chelator ICs, values for N. fowleri cultures after 48 hours.

Compound 1Cs0 (uM)
DIP 30.39 (+3.49)
BPS 17.01 (+2.42)
DFO 6.32 (£0.85)

DIP, 2,2'-dipyridyl; BPS, bathophenanthroline disulfonic acid; and DFO, deferoxamine. The data used for the ICs,
extrapolation are depicted in S2(B) Fig.

https://doi.org/10.1371/journal.pntd.0007759.t002

(+4%). This significant decrease (p-value <0.01) shows that iron availability plays a role in this
process. A representative dot plot from the flow cytometry data is shown in S3 Fig, including
the controls of N. fowleri cells with no bacteria and a bacterial culture. A typical cell phagocy-
tizing fluorescent bacteria is shown in the S1 video.

To show the extent to which iron-deficient N. fowleri is able to restore its own growth by
phagocytosing bacteria, we presented attenuated Enterobacter aerogenes to amoebae cultivated
under different iron conditions. As shown in S4 Fig, while the iron-deficient cells proliferated
significantly more slowly than the iron-rich cells did, the addition of bacteria did not increase
the proliferation of the cells cultivated under iron-deficient or iron-rich conditions. In con-
trast, the addition of iron to previously iron-deficient cultures fully reestabilished the original
cell proliferation rate. In summary, iron is a vital element for N. fowleri cell propagation and
chelators have a cytostatic effect on amoebae. Phagocytosis of bacteria is not a sufficient strat-
egy of iron acquisition and is even suppressed during iron deficiency.

Discussion

To maintain an optimal level of cellular iron in a hostile environment, such as host tissues,
pathogens possess selective and effective mechanisms for iron uptake. These strategies of
obtaining iron include the utilization of various sources from the host, including transferrin,
lactoferrin or heme, and some parasites even exploit bacterial siderophores as sources of iron
[16]. Transferrin, an abundant human blood protein that transports iron to various tissues,
including the brain [18], serves as a viable source of iron for different parasites [16]. It was
demonstrated that N. fowleri possesses proteases able to degrade human holotransferrin,
although the study did not identify the intracellular fate of the iron [24]. Our study shows that
N. fowleri does not appear to have the means of efficiently utilizing iron from this host protein
(S1B Fig), perhaps because it is a facultative pathogen with no advantage of such an iron
uptake mechanism in its natural environment. We further demonstrated the preference of N.
fowleri for ferrous iron compared to ferric iron (Fig 1A), the inhibitory effect of ferrous iron
chelator on ferric iron uptake (S1C Fig) and the presence of extracellular ferric reductase activ-
ity (Fig 1B). Based on these observations, we argue that the main strategy of iron acquisition
by this parasite could be the reductive two-step iron uptake mechanism, as described for Sac-
charomyces cerevisiae [16].

S. cerevisiae possesses the ability to upregulate the expression of ferric reductase, which is
responsible for the first step of the reductive iron uptake mechanism, up to 55 times under
iron-deficient conditions [25], therefore increasing the rate of iron uptake. Our study shows
that in N. fowleri, the activity of ferric reductase is not induced by iron starvation nor is the fer-
ric and ferrous iron uptake and further incorporation of iron into cellular proteins (Fig 1A and
1B). The lack of an inducible iron uptake system has also been described in the parasite Tritri-
chomonas foetus [26]. However, contrary to N. fowleri, the obligatory parasite T. foetus appears
to be able to utilize a wide range of iron sources, including host transferrin or bacterial
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siderophores. Another potential source of iron for N. fowleri can be heme from heme-contain-
ing proteins. The ability to utilize exogenous metal-containing porphyrins may be advanta-
geous for protists feeding on bacteria. Moreover, Naegleria species phagocyte erythrocytes
[27,28], and their ability to degrade hemoglobin using proteases was also described [24]. How-
ever, it appears that heme oxygenase is not present in the genome of N. fowleri; therefore, it is
unlikely to be able to employ this enzyme to obtain iron from hemoglobin, as is the case of T.
foetus [26]. A potential homologue of bacterial deferrochelatase, a protein able to directly
acquire iron from heme [29], was identified as significantly upregulated under iron-deficient
conditions by proteomic analysis (Table 1); however, further investigation is required to clarify
the function of this protein. Nevertheless, hemin was shown to partially restore N. fowleri
growth in very strong iron-deficient conditions (Fig 1C). Since N. fowleri requires exogenous
porphyrins for growth [30], the fact that the addition of hemin partly suppresses the conditions
of iron starvation can be attributed to a metabolic rearrangement towards heme-dependent
pathways. Although phagocytosis could be an alternative strategy for obtaining iron in natural
and host environments, according to our data, it does not appear to be utilized under iron-
deficient conditions. We showed that the actual rate of phagocytosis was decreased in this case
and that the extent of iron-deficient culture propagation could be restored by the addition of
iron but not by attenuated bacteria (S4 Fig). Considering these findings, it is important to note
that the relationship between decreased phagocytosis and decreased hemerythrin expression
was previously described [31]. While N. fowleri is unable to utilize iron from transferrin, it is
possible that phagocytosis is one of the strategies for obtaining iron from the host and thus
may represent a virulence factor that can be diminished by iron starvation. This presents an
opportunity to use chelation-based therapy to decrease the ability of the pathogen to gain
access to the available iron from host tissues and thereby further increases the iron deficiency
of the parasite.

Proteomic analysis proved to be a valuable resource in determining the cellular changes in
N. fowleri induced by iron starvation and provided a foundation for further discoveries that
are shown in this study (Table 1). The most fundamental finding of comparative proteomic
analysis is that mainly cytosolic iron-containing proteins were downregulated when iron was
limited. These proteins are likely components of nonessential pathways, such as the phenylala-
nine degradation, hydrogenase maturation and hydrogen production pathways. The accumu-
lation of phenylalanine was observed in S. cerevisiae, where iron-deficient cells contained
about 50% more of the amino acid than iron-rich cells [32]. On the other hand, mitochondrial
iron-dependent proteins were generally unchanged, while some components of the iron-sulfur
cluster synthesis machinery were upregulated under iron-deficient conditions, emphasizing
the essential role of iron-dependent respiration process. This mitochondrial sequestration of
iron to ensure respiration was confirmed by increased complex I activity with a concomitant
decrease in the activity level of hydrogenase (Fig 2D) as well as a reduction in the iron-depen-
dent catabolism of amino acids (Fig 2B). Consistent with this observation, the mitochondrial
iron transporter was upregulated under iron-deficient conditions. Moreover, the carnitine/
acylcarnitine carrier was identified in the membrane-enriched proteomic analysis, and its
expression was slightly increased in iron-starved cells. This mitochondrial membrane-bound
protein is involved in lipid metabolism, which was recently shown to be vital for N. gruberi
[33]. Another mitochondrial transport protein, a phosphate carrier, was strongly upregulated
under iron-deficient conditions, likely to compensate for impaired respiration and decreased
ATP production in the mitochondria of iron-deficient cells.

N. fowleri, as well as N. gruberi, possesses an AOX in the mitochondria, and our study indi-
cates one of the possible advantages of this respiratory chain element for these organisms.
Under iron-deficient conditions, the activity of AOX was significantly increased (Fig 2C), even
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https://doi.org/10.1371/journal.pntd.0007759.g003

though it requires iron, suggesting that this unusual branch of the respiratory chain may take
over a portion of the activity in the iron-demanding conventional pathway of respiratory com-
plexes III, IV and cytochrome c, an observation noted in the nonpathogenic amoeba N. gruberi
previously [34]. This could represent a favorable compensation pathway, even though the
overall generation of the proton gradient and therefore ATP synthesis is hindered. In addition,
we observed an increase in the activity of complex I (Fig 2D), supporting the claim that the res-
piration is shifted towards the less-efficient but also less iron-dependent AOX pathway.
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Considering the reduced efficiency of respiration by iron-starved cells and the presence of lac-
tate dehydrogenase in the genome of N. fowleri, it would be reasonable to expect the employ-
ment of the lactate dehydrogenase pathway in the regeneration of the cofactor NAD™. Such an
effect was observed in Trichomonas vaginalis, where the cells modulate this pathway as a way
of compensating for the metronidazole-induced loss of hydrogenosomal metabolism [35].
However, our metabolomic analysis showed the opposite change; the production of lactate was
decreased upon iron starvation, suggesting another, most likely nonessential, function of this
pathway that is attenuated due to the hindered rate of overall energy metabolism. Another pos-
sible compensatory pathway, ethanol production, is improbable because of the absence of
pyruvate decarboxylase or bifunctional aldehyde/alcohol dehydrogenase in the N. fowleri
genome. The function of cytosolic hydrogenase, which was significantly downregulated in the
iron-limited conditions together with its maturation factors, is unknown in Naegleria.
Consistent with our previous study of iron metabolism in N. gruberi [34], hemerythrin was
dramatically downregulated under iron-deficient conditions (Fig 2A), while it appears to be an
abundant protein under standard conditions, based on the intensities obtained in proteomic
analysis from iron-rich cells. The involvement of hemerythrin in the iron metabolism of Nae-
gleria is suggestive but unclear. The presence of unbound metals in the cell must be strictly reg-
ulated since the imbalance in iron homeostasis can lead to the formation of ROS,
mismetallation or other anomalies leading to the incorrect function of proteins. The relation-
ship between hemerythrin and defense against oxidative stress was previously suggested in
bacteria [36,37] and so was the role of hemerythrin-related proteins in iron homeostasis [38]
or oxygen sensing [39]. One of the basic mechanisms of maintaining the proper intracellular
level of metals is the regulation of their acquisition. Since our study shows the lack of such reg-
ulation for iron, it is possible that the sequestration of toxic free iron, as well as its storage for
use under iron-deficient conditions, is ensured by hemerythrin functioning as a cytosolic iron
pool. This hypothesis is supported by the fact that hemerythrin is a nonheme, noniron-sulfur
metalloenzyme and is among the most strongly regulated proteins by iron availability, and
unlike other proteins, its regulation was detected even at the mRNA level. Another oxygen-
binding protein with unclear function, protoglobin, was detected only under iron-sufficient
conditions. The role of protoglobin in the metabolism of N. fowleri remains to be elucidated.
Due to the irreplaceable role of iron in cellular processes, it is unsurprising that iron chela-
tors have the ability to hinder the proliferation of N. fowleri [40]. The different chelators used
in this study have distinct properties that influence their impact on cells. DIP is a membrane-
permeable compound with affinity to ferrous iron [41] and a ratio of three chelator molecules
binding one molecule of metal [42]. BPS is a membrane-impermeable chelator that binds fer-
rous iron with a ratio of three chelator molecules to one metal ion [43]. Finally, DFO is a mem-
brane-impermeable, ferric iron-binding siderophore [44] with a binding ratio of one iron per
molecule [45]. Quite surprisingly, the only tested membrane-permeable iron chelator, DIP,
had the highest ICs, value (30.39 pM; SD = 3.49). In comparison with BPS, with which it shares
an affinity to ferrous iron and the same denticity, DIP was almost half as effective in inhibiting
culture growth. BPS and DFO differed not only by the oxidation state of bound iron but also
by the ratio of molecules bound to the chelated iron. Their ICs, values were 17.01 pM
(SD =2.42) and 6.32 uM (SD = 0.85), respectively, showing an apparent tendency of the
approximately three-fold amount of BPS required to have the same effect as DFO, probably
because of the binding ratio. Therefore, surprisingly, it appears that from the selected chela-
tors, the membrane-impermeable chelators are more effective against N. fowleri. It is impor-
tant to consider that the growth medium used in this study was adjusted to the amoeba
requirements, while in its host, the parasite is expected to meet much harsher conditions. The
inhibiting concentrations of chelators shown in this study were of a magnitude that can be

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007759  June 18, 2020 13/25


https://doi.org/10.1371/journal.pntd.0007759

PLOS NEGLECTED TROPICAL DISEASES Iron metabolism in Naegleria fowleri

achieved in the human body, such as has been shown for DFO [46], demonstrating that chela-
tion therapy could be considered in the case of PAM. It must be emphasized, that experiments
in this study were performed in axenic cultures under optimal growth conditions. Thus, the
anticipated in vivo antiparasitic effect of suitable chelators may be more pronounced. This lab-
oratory setting undoubtably differs from the natural habitat of the pathogen or the host, where
the conditions are harsher, and many interactions take place; therefore, further in vivo experi-
ments are required to extend these results towards practical utilization. Our study could not
conclusively assess the viability of chelators as suitable therapeutics. However, based on our
data, we believe that iron chelation therapy is a promising approach to hinder and attenuate
the progress of the disease while not being hazardous to the host, since even long-term inten-
sive exposure of iron chelators can be safely applied to humans [47]. Considering the severity
of the disease, we do not assume that chelators may fully cure PAM in patients, but we are aim-
ing to safely hinder the rapid progression of the infection, thus securing more time for correct
diagnosis determination and to deploy effective combination therapy.

In conclusion, our study suggests that N. fowleri possesses only limited capabilities of adap-
tation to an iron-deficient environment and is surprisingly not able to utilize transferrin as an
alternative source of the metal; neither can it effectively induce the rate of iron acquisition
under iron starvation, reflecting the lifestyle of a facultative parasite with limited ability of sur-
vival in a host. The main strategy of acquiring iron appears to be reductive iron uptake. Proteo-
mic analysis of the response to iron starvation demonstrated that a large amount of proteins
downregulated under the iron-deficient conditions were nonmitochondrial and nonheme
enzymes. The exception is the heme-containing protein protoglobin, whose expression is regu-
lated at the transcriptional level, unlike the expression of most other affected proteins. There-
fore, it can be hypothesized that the fundamental effect of iron deprivation is the degradation
of mismetallated cytosolic proteins with a simultaneous increase in iron delivery to mitochon-
dria and induction of iron-sulfur cluster synthesis machinery to ensure essential cell processes.
The overall changes in cellular processes in the iron-deficient conditions discussed in this
paper are illustrated in Fig 3. These findings are in agreement with our previous study focused
on iron metabolism in the nonpathogenic model organism N. gruberi [34], where the mito-
chondrion was shown to be the center of the iron economy. Together, these results show that
iron-deficiency is a highly unfavorable condition for N. fowleri, and targeted interference with
its uptake could be an effective method of controlling the propagation or viability of this
organism in the host.

Materials and methods
Statistical analysis

Unless stated otherwise, two-tailed Student’s ¢-test with two-sample equal variance was used to
determine the p-values. For comparative proteomic analysis, the data was analyzed using the
Perseus [48] package Maxquant [49] with two-tailed T-test of equal variance, SO = 0.5,
FDR = 0.01, quantification and normalization procedure MaxLFQ [50] was used.

Unless stated otherwise, all experiments were performed in three or more independent rep-
licates, meaning parallel experiments on independently cultivated cultures.

Organisms

Naegleria fowleri, strain HB-1, kindly provided by Dr. Hana Peckova (Institute of Parasitology,
Biology Center CAS) was maintained in 2% Bacto-Casitone (Difco, USA) supplemented with
10% heat-inactivated fetal bovine serum (Thermo Fisher Scientific, USA), penicillin (100 U/
ml) and streptomycin (100 pg/ml) in 25 cm? aerobic cultivation flasks at 37°C. When required,
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the cells were cultivated for 72 hours with the addition of 25 uM BPS (Sigma-Aldrich, USA),
simulating the iron-deficient environment, or with 25 uM Fe-NTA (Sigma-Aldrich, USA) to
ensure iron-rich conditions.

Iron uptake

N. fowleri cells grown for 72 hours under iron-rich and iron-deficient conditions were washed
with phosphate buffered saline (PBS) (1000 g for 15 min) and transferred to measuring buffer
(50 mM glucose; 20 mM HEPES; pH 7.2). Cells were counted using a Guava easyCyte 8HT
flow cytometer (Merck, Germany), and 2.5x10” cells were equally split onto a 24-well plate. To
assess iron uptake, cells were supplemented with 2 uM >*Fe-citrate, 2 uM >’Fe-citrate with 1
mM ascorbate, or 6.3 uM >*Fe-transferrin. Samples were incubated at 37°C for 1 hour, and
then EDTA was added to a final concentration of 1 mM to chelate extracellular iron. Cells
were washed three times by measuring buffer, and the protein concentration was assessed
using a BCA kit (Sigma-Aldrich, USA). Samples were diluted to equal concentrations and sep-
arated using the Novex Native PAGE Bis-Tris Gel system (4-16%; Invitrogen, USA). The gel
was vacuum-dried for 2 hours and autoradiographed using a tritium storage phosphor screen.
The experiment was performed in three independent replicates. If applicable, densitometry
was used to compare signal strength, using Fiji distribution of Image] [51].

Ferric reductase activity

To assess the activity of N. fowleri ferric reductase under different iron conditions, a ferrozine
assay was used to compare the formation of ferrous iron, as described previously [52]. Cells were
grown under iron-rich and iron-deficient environments for 72 hours. Samples containing no cells
and samples without Fe-EDTA were used as controls. The cells were washed twice and resus-
pended in glucose buffer (50 mM glucose, 0.5 mM MgCl,, 0.3 mM CaCl,, 5.1 uM KH,PO,, 3 pM
Na,HPO,, pH 7.4). The total amount of proteins was assessed using a BCA kit, and samples were
diluted to equal concentrations. All further work was performed with minimum light exposure.
Ferrozine was added to a total concentration of 1.3 mM and Fe-EDTA to a concentration of 0.5
mM. Samples were incubated at 37°C for three hours, pelleted (1000 g for 10 min) and the super-
natant was used to determine the formation of the colored Fe(II)-ferrozine complex, accompanied
by a change in absorbance at 562 nm using 1 cm cuvettes and a UV-2600 UV-VIS spectropho-
tometer (Shimadzu, Japan). The experiment was performed in three independent replicates.

Hemin utilization

To assess the ability of N. fowleri to utilize hemin, 2x10* cells were cultivated in each well of a
24-well plate in fresh growth medium. Cultures were supplemented with 50 pM BPS, 50 uM
hemin, or 50 pM hemin and 50 uM BPS. Cells without chelator or hemin were used as a con-
trol. The cell concentration was measured every 24 hours for four days using a Guava easyCyte
8HT flow cytometer. The experiment was performed in four independent replicates.

Comparative proteomic analysis

N. fowleri cells were cultivated in 75 cm” aerobic cultivation flasks under iron-rich and iron-
deficient environments for 72 h. For whole-cell proteomic analysis, cells were washed three
times in PBS (1000 g, 15 min, 4°C) and pelleted. The experiment was performed in three inde-
pendent replicates.

In addition, a membrane-enriched fraction was prepared. Approximately 1.5x10” cells were
harvested (1000 g, 15 min, 4°C), washed in 15 ml of sucrose-MOPS buffer (250 mM sucrose, 20
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mM 3-morpholinopropanesulfonic acid, pH 7.4, supplemented with complete EDTA-free pro-
tease inhibitors, Roche, Switzerland) and resuspended in 4 ml of sucrose-MOPS buffer. The sus-
pension was sonicated using a Q125 sonicator (Qsonica, USA) (45% amplitude, total time of 4
min using 1 s pulse and 1 s pause). The resulting suspension was centrifuged (5000 g, 5 min) to
spin down the unlysed cells. The obtained supernatant was further centrifuged (200 000 g, 20
min). The supernatant was discarded, and the membrane-enriched pellet was washed with dis-
tilled water. The experiment was performed in three independent replicates.

Label-free proteomic analysis of the samples was assessed using the method described in
Mach et al. 2018 [34], utilizing liquid chromatography coupled with mass spectrometry. The
resulting MS/MS spectra were compared with the Naegleria fowleri database, downloaded
from amoebaDB [53] on 25/7/2017. The set thresholds to filter proteins were Q-value = 0,
unique peptides detected >2, and the protein had to be identified at least twice in one condi-
tion from the six runs. For proteins identified only in one of the conditions, intensity of 23 was
selected as a lowest value to be included, on basis of previous imputation experience. To distin-
guish significantly downregulated or upregulated proteins in the iron-deficient conditions in
S1 and S2 Tables, the threshold of fold change >2.3 and <-2.3 was chosen, based on previous
experience and published results on comparative proteomics in N. gruberi and Ostreococcus
tauri [34,54].

The annotations and identifications of the selected proteins discussed in this study were
confirmed using the tool HHPRED [55]. In addition, alignments were constructed using the
chosen proteins and their homologues from different organisms: NF0014630 identified as
mitochondrial carnitine/acylcarnitine transferase [56], NF0001420 identified as mitochondrial
phosphate carrier [57], NF0060430 identified as IscU [58,59] and NF0079420 identified as
mitoferrin [60,61]. Alignments with the indicated conserved sequences are shown in S5 Fig
and were constructed using Geneious version 11.1.5 software with the muscle alignment tool.

Western blot

To analyze the expression of N. fowleri hemerythrin in different iron conditions, cells cultivated
in iron-rich and iron-deficient conditions for 72 hours were pelleted, washed by PBS and pro-
tein concentration was assessed using BCA kit. Equal amounts were boiled in SDS sample buffer
(Merck Millipore, USA) for 5 min and samples were separated using sodium dodecyl sulphate-
polyacrylamide gel electrophoresis as first described in [62]. Proteins were transferred to nitro-
cellulose membrane by western blotting using semi-dry method, for 75 minutes under 1.5 cur-
rent of mA/cm”. The proteins were visualized by Ponceau S stain (0.5% Ponceau S, Merck
Millipore, USA, 1% acetic acid), confirming a unified loading of the two samples.

The membrane was blocked for one hour, using 5% dried fat-free milk and 0.05% Tween
20 (Sigma-Aldrich, USA) in PBS. Afterwards, the blot was transferred to fresh blocking solu-
tion with primary antibody in ratio 500:1 for one hour. The polyclonal antibody was made in-
house, against the whole protein (13.5 kDa) in rat with no adjuvants and was previously used
in [34]. After washing with fresh blocking solution, secondary anti-rat antibody conjugated
with horse-radish peroxidase (Sigma-Aldrich, USA) was added in 1:2000 ratio for one hour.
After washing with fresh blocking buffer and PBS, the antibody was visualized using Chemilu-
minescent Peroxidase Substrate-1 (Sigma-Aldrich, USA) according to manufacturer protocol,
on Amersham Imager 600 (GE Life Sciences, USA).

Comparative transcriptomic analysis

To obtain the transcriptome data of N. fowleri, five independent replicates of approximately
1x10° cells each were grown under iron-rich and iron-deficient conditions for 72 hours. A
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High Pure RNA Isolation Kit (Roche, Switzerland) was used to isolate cell RNA, and an Illu-
mina-compatible library was prepared using QuantSeq 3’ mRNA-Seq Library Prep Kit FWD
for llumina (Lexogen, Austria). The RNA concentration was determined using a Quantus
fluorometer (Promega, USA), and the quality of RNA was measured on a 2100 Bioanalyzer
Instrument (Agilent technologies, USA). Equimolar samples were pooled to 10 pM and
sequenced with MiSeq Reagent Kit v3 (Illumina, USA) using 150-cycles on the MiSeq plat-
form. The obtained results were filtered using the p-value of >0.05 followed by analysis on the
BlueBee platform with the method DESeq [63].

Amino acid quantification assay

Approximately 3x10° cells cultivated under iron-rich and iron-deficient environments were
harvested by centrifugation (1000 g, 15 min, 4°C), washed with PBS supplemented with cOm-
plete EDTA-free protease inhibitor, and the total concentration of proteins was measured.
Cells were transferred to 1 ml of buffer solution (20 mM Tris, 1 mM MgCl,, pH 8, cOmplete
EDTA-free protease inhibitor) and sonicated with Sonopuls mini20 (Bandelin, Germany)
(90% amplitude, 4°C, total time 120 s, 1 s pulse and 1 s pause). The resulting suspension was
mixed at a ratio of 1:4 with ice-cold acetonitrile and maintained overnight at -20°C. Samples
were centrifuged (16000 g, 20 min, 4°C) and filtered using Ultrafree Centrifugal Filter Units
(Merck Millipore, USA). The experiment was performed in three independent replicates.

Samples were analyzed using liquid chromatography on a Dionex Ultimate 3000 HPLC sys-
tem with on-line mass spectrometry detection (Thermo Scientific, USA). The separation was
achieved using a HILIC column iHILIC-Fusion (150 x 2.1 mm, 1.8 um particles, 100 A pore
size, HILICON, Sweden). The entire analysis flow rate was 0.3 ml/min, and the column was
equilibrated with 100% of solution A (80% acetonitrile in water, 25 mM ammonium formate,
pH 4.8) for 3 min. Amino acids were eluted by increasing the gradient of solution B (5% aceto-
nitrile in water, 25 mM ammonium formate, pH 4.8), where 50% of solution B was reached in
7 min. After separation, the column was washed with 80% solution B for 3 min and then equil-
ibrated with 100% solution A for 5 min.

Amino acids were detected by mass spectrometry using the triple quadrupole instrument
TSQ Quantiva (Thermo Scientific, USA) in Selected Reaction Monitoring mode. Analytes
were ionized using electrospray ionization on an H-ESI ion source and analyzed with positive
charge mode with a spray voltage of 3500 V, ion transfer tube temperature of 325°C, and
vaporizer temperature of 350°C. All transitions, collision energies, and RF voltages were opti-
mized prior to analysis using appropriate amino acid standards. Each analyte was detected
using at least two transitions. Cycle time was set to 1.8 s and both QI and Q3 resolutions were
set to 0.7 s. To analyze the ion chromatograms and calculate peak areas, Skyline daily version
4.2.1.19004 [64] was used.

Lactate production

To assess the difference in the intracellular production of lactate, 3x10° cells cultivated under
iron-rich or iron-deficient conditions were prepared for analysis in the same way as for quanti-
fying the amino acid content. The experiment was performed in three independent replicates.
After incubation with acetonitrile and filtration, the cell sample was dried and resuspended in
100 pl of anhydrous pyridine (Sigma-Aldrich, USA), and 25 pl of a silylation agent (N-tert-
butyldimethylsilyl-N-methyl-trifluoroacetamide, Sigma-Aldrich, USA) was added. The sample
was incubated at 70°C for 30 min. After incubation, 300 pl of hexane (Sigma-Aldrich, USA)
and 10 yl of an internal standard (102 pg/ml 1-bromononane solution in hexane) were added.
Selected compounds were analyzed as tert-butyl silyl derivatives.
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Samples were analyzed using two-dimensional gas chromatography coupled with mass
detection (GCxGC-MS; Pegasus 4D, Leco Corporation, USA) with ChromaTOF 4.5 software.
Mass detection was equipped with an EI ion source and TOF analyzer with unite resolution. A
combination of Rxi-5Sil (30 m x 0.25 mm, Restek, Australia) and BPX-50 (0.96 m x 0.1 mm,
SGE, Australia) columns were used. The input temperature was set to 300°C, the injection vol-
ume was 1 pl in spitless mode, and constant helium flow of 1 ml/min, modulation time 3 s (hot
pulse 1 s) and modulation temperature offset with respect to the secondary oven 15°C were
used. The temperature program applied on the primary oven was 50°C (hold 1 min), which
was increased by the rate of 10°C/min to a final temperature of 320°C (hold 3 min). The tem-
perature offset applied on the secondary column was +5°C.

Cell respiration

Five independent replicates of 3x10° N. fowleri cells grown for 72 hours under iron-rich and
iron-deficient conditions were washed twice and resuspended in 1 ml of glucose buffer, and
the protein concentration was assessed using a BCA kit. Total cell respiration was measured as
the decrease in oxygen concentration using an Oxygen meter model 782 (Strathkelvin instru-
ments, UK) with Mitocell Mt 200 cuvette of total volume of 700 pl at 37°C. Measurements
were carried out with 5x10° cells for 5 min, after which potassium cyanide was added to a final
concentration of 4 mM to block complex IV, and after 5 min, salicyl hydroxamic acid was
added to a final concentration of 0.2 mM to completely block AOX. Values gained after the
addition of potassium cyanide and salicyl hydroxamic acid were subtracted to acquire canoni-
cal respiratory chain and AOX activity, respectively.

Hydrogenase and complex I activity levels

Approximately 1x10° cells cultivated under iron-rich or iron-deficient conditions were
washed and resuspended in 0.2 ml of saccharose-MOPS buffer (250 mM saccharose, 10 mM
3-morpholinopropanesulfonic acid, pH 7.2). To assess the hydrogenase activity, we used a pro-
tocol previously described [65]. Briefly, the reaction was initiated by the addition of cells lysed
with 0.02% Triton X-100 to 2 ml of measuring buffer (0.1 M Tris; 50 mM KCl buffer, pH 7.4;

1 uM methylviologen and 0.5% B-mercaptoethanol, saturated with hydrogen gas). Activity
level was assessed on the basis of the change in 600 nm absorbance using 1-cm quartz cuvettes
on a Shimadzu UV-2600 UV-VIS spectrophotometer with UVProbe software (Shimadzu,
Japan). To assess the complex I activity level, we used a protocol previously described [66].
Briefly, 1% digitonin-treated cells were added to 2 ml of measuring buffer (0.1 M KPi buffer,
pH 7.5, and 0.2 mM NADH), and the reaction was initiated by the addition of 50 uM oxidized
coenzyme Q2 (Sigma-Aldrich, USA) suspended in ethanol. Activity level was assessed on the
basis of the change in 340 nm absorbance using 1-cm quartz cuvettes on the same spectropho-
tometer as used to assess hydrogenase activity. As a control, 0.2 mM rotenone was added after
the measurement as a specific inhibitor of complex I to confirm that the background activity
was negligible. Both experiments were performed in four independent replicates.

Chelators

The growth dependence of N. fowleri on iron availability was defined using the iron chelators BPS
(Sigma-Aldrich, USA), DIP (Sigma-Aldrich, USA) and DFO (Sigma-Aldrich, USA). 5000 N. fow-
leri cells per ml were cultivated in 24-well plates in a total volume of 1 ml in a humid chamber.
Each chelator and control were tested in four independent replicates (final concentrations of 100,
50, 25, 12.5, 6.3, 3.1, 1.6 and 0.8 uM). Cells were cultivated for 48 hours, the plates were placed on
ice for 10 min, and the medium was gently pipetted to detach the cells. The number of cells in
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each sample was counted using a Guava easyCyte 8HT flow cytometer. The value of half-maximal
inhibitory concentration (ICsy) was calculated using the online calculator on the AAT Bioquest
webpage [67]. Graphs were created using GraphPad Prism 6 (GraphPad software, USA).

Growth curves of the organism under the influence of different iron chelators were con-
structed by inoculating 5000 cells/ml N. fowleri trophozoites into 10 ml of cultivation medium
with the appropriate compound (25 uM Fe-NTA; 45 uM DIP; 25 uM BPS or 10 uM DFO) in
four independent replicates. Counting the number of the cells in culture at 24, 48 and 72 hours
was performed by flow cytometry using a Guava easyCyte 8HT flow cytometer.

N. fowleri bacterial phagocytosis

Approximately 3x10° cells cultivated under iron-rich and iron-deficient conditions were
washed in cultivation flasks by replacing the growth medium with 10 ml of PBS warmed to
37°C and resuspending in 7 ml of 37°C PBS. To assess the ability of the cells to phagocytose,
150 pl of pHrodo Green E. coli BioParticles Conjugate for Phagocytosis (Thermo Fisher Scien-
tific, USA) was added, and the cells were incubated for 3 hours at 37°C. Following incubation,
the cells were washed with PBS, detached on ice for 15 min, and the fluorescence caused by the
phagocytosed particles was consecutively analyzed using a Guava easyCyte 8HT flow cytome-
ter using a 488 nm laser and a Green-B 525/30 nm detector. A negative control (without the
addition of BioParticles) was used to determine an appropriate threshold for N. fowleri cells.
BioParticles resuspended in PBS were measured in the same way to determine the background
noise and gave a negligible signal. The effect of different iron availability on the efficiency of
phagocytosis of N. fowleri was established as the percentage of cells in culture that had
increased fluorescence. The experiment was performed with nine independent replicates.

To visualize the ability of N. fowleri to phagocytize, live amoebae incubated with fluorescent
E. coli were imaged with a Leica TCS SP8 WLL SMD-FLIM microscope (Leica, Germany)
equipped with an HC PL APO CS2 63x/1.20 water objective with 509 nm excitation, 526 nm-
655 nm excitation was detected with a HyD SMD detector, and a PMT detector was used for
brightfield imaging. Images were processed using LAS X 3.5.1.18803 (Leica, Germany).

To test the effect of attenuated strain of bacteria on the propagation of iron-starved N. fow-
leri in culture, we preincubated amoebae under iron-rich and iron-deficient conditions for 72
hours and inoculated approximately 1000 cells into 96-well plates to a total volume of 200 pl
under select conditions with or without the equivalent of 1x10° Enterobacter aerogenes that
had been attenuated. Preincubated iron-rich cells were inoculated into iron-rich medium as a
control, and simultaneously, preincubated iron-deficient cells were inoculated into either
iron-deficient or iron-rich medium. The cells were cultivated in a humid chamber at 37°C for
48 hours and then counted using a Guava easyCyte 8HT flow cytometer. The experiment was
performed with six independent replicates.

Supporting information

S1 Fig. (A) Loading control corresponding to Fig 1A, ferrous and ferric iron uptake by N.
fowleri precultivated under iron-rich and iron-deficient conditions. Coomassie brilliant
blue loading stain showed that equal protein concentrations in the samples were subjected to
native electrophoresis gels. The proteins were determined from whole cell extracts of N. fowleri
previously cultivated for 72 hours under iron-deficient conditions (25 uM BPS) or iron-rich
conditions (25 pM Fe-NTA) and further incubated with >SFe(I1) (ferrous ascorbate) and >°Fe
() (ferric citrate). (B) Lack of >*Fe-transferrin uptake in N. fowleri, cultivated under iron-
rich and iron-deficient conditions. The uptake of transferrin-bound iron was assessed by
incubation of N. fowleri with *°Fe-transferrin. Tf, pure >>Fe-transferrin; Fe, N. fowleri
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cultivated under iron-rich conditions for 72 hours, consecutively incubated with **Fe-transfer-
rin for 1 hour; BPS, N. fowleri cultivated under iron-deficient conditions for 72 hours, consec-
utively incubated with 5SFe-transferrin for 1 hour; Ctr, iron uptake control of N. fowleri
culture cultivated in iron deficiency incubated with 5Fe(I1I)-citrate for 1 hour. The utilization
of iron was analyzed by blue native electrophoresis as described in the Methods section. Equal
protein concentrations were loaded, as shown on the Coomassie brilliant blue loading stain.
Gel is a representative from three independent replicates. (C) Mechanism of ferric iron
uptake involves the reductive step. N. fowleri culture was incubated for 1 hour with *>Fe(III)-
citrate with and without the addition of 0.2 mM BPS. Incorporation of *>Fe(III)-citrate to cel-
lular proteins was higher in the sample without the presence of BPS, indicating that a reductive
iron uptake mechanism takes place. Several distinct signals on the lower part of +BPS probably
correspond to residues of BPS complexed with ferrous iron radionuclides. The utilization of
iron was analyzed by blue native electrophoresis as described in the Methods section. -BPS,
cell sample without addition of BPS chelator; +BPS, cell sample with the addition of BPS chela-
tor. Equal protein concentrations were loaded, as shown on the Coomassie brilliant blue load-
ing stain. Gel is a representative from three independent replicates. (D) Loading control
corresponding to Fig 2A, N. fowleri cell lysate for Western blot analysis of hemerythrin
expression. Ponceau S loading stain shows equal protein concentrations of loaded samples of
N. fowleri cultivated under iron-deficient (BPS) and iron-rich (Fe) conditions.

(TIF)

S2 Fig. (A) A representative growth curve of N. fowleri treated with different chelators.
The chelators hindered the propagation of the cells in culture. The graphs show the cytostatic
effect of chosen concentrations of the iron chelators compared with the effect of iron-rich cul-
tivation conditions. Fe, cells cultivated under iron-rich conditions (25 uM Fe-NTA); DIP, cells
cultivated in 45 uM DIP; BPS, cells cultivated in 25 uM BPS; and DFO, cells cultivated in

10 uM DFO. Data are presented as the means + SD from four independent replicates. (B) N.
fowleri growth in different concentrations of chelators after 48 hours. The shown graphs
were used to calculate the ICs, values for different chelators. The graph was created using
GraphPad Prism 6 (GraphPad software, USA). Data are presented as the means + SD from
four independent replicates.

(TIF)

S3 Fig. N. fowleri cell phagocytosis. Representative dot plots of flow cytometry results of N.
fowleri phagocyting bacteria using a pHrodo green E. coli BioParticles conjugate to measure
phagocytosis (Thermo Fisher Scientific, USA) in nine independent replicates. N. fowleri, con-
trol culture with no added bacteria; Bacteria, control for the bacteria cells; N. fowleri Fe, N. fow-
leri under iron-rich conditions with added bacteria; N. fowleri BPS, N. fowleri under iron-
deficient conditions with added bacteria.

(TIF)

$4 Fig. Phagocytosis of bacteria is not an iron acquisition strategy of N. fowleri. Effect of
adding the attenuated bacteria Enterobacter aerogenes on the propagation of N. fowleri under
different iron conditions. After 48 hours, amoebae growth was not changed when bacteria
were added under any condition (iron-rich cells, iron-deficient cells or cells preincubated
under iron-deficient conditions and subsequently transferred into an iron-rich environment
all had p-values >0.05). The propagation of the amoebae in the iron-deficient culture was sig-
nificantly lower than that in the iron-rich culture (23% with bacteria and 26% without bacteria,
p-values <0.01 for both), confirming the effect of iron deficiency on amoeba culture propaga-
tion. Furthermore, cultures preincubated under iron-deficient conditions and subsequently
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transferred into iron-rich environments had the same propagation as those under the iron-
rich culture conditions (p-values >0.05 with and without bacteria). Data are presented as the
means + SD from six independent replicates.

(TIF)

S5 Fig. Alignments of N. fowleri proteins with homologues from other organisms. (A)
Alignment of N. fowleri NF0060430 with the IscU proteins from Homo sapiens, Saccharomyces
cerevisiae and T. brucei. Red arrows point to the conserved cysteine required for iron-sulfur
cluster assembly, based on a previous study [58]. The red rectangle denotes the conserved
LPPVK motif of the IscU proteins [59]. (B) Alignment of N. fowleri NF0079420 with the mito-
ferrin proteins of Trypanosoma brucei, Leishmania mexicana, Saccharomyces cerevisiae and
Homo sapiens. Red arrows point to the sequence motif Px(D/E)xx(K/R)x(K/R), and yellow cir-
cles mark residues in contact with substrate, according to a previous study [60]. Conserved his-
tidine residues responsible for iron transport are marked with blue stars [61]. (C) Alignment
of N. fowleri NF0001420 with the mitochondrial phosphate carriers of Saccharomyces cerevi-
siae, Homo sapiens and Arabidopsis thaliana. Red arrows point to residues important for the
phosphate transport activity, according to a previous study [57]. (D) Alignment of N. fowleri
NF0014630 with mitochondrial carnitine/acylcarnitine transferases of Saccharomyces cerevi-
siae, Arabidopsis thaliana, Homo sapiens and Caenorhabditis elegans. The red rectangle
denotes the signature motifs Px(D/E)xx(R/K)x(R/K), and the arrows point to conserved resi-
dues, according to a previous study [56].

(TIF)

S$1 Table. Comparison of whole-cell proteomes of N. fowleri in iron-rich and iron-deficient
environments. List of whole-cell proteomes of N. fowleri compared in iron-rich and iron-defi-
cient conditions sorted into four sheets: raw data, all detected proteins, significantly upregu-
lated proteins and significantly downregulated proteins under iron-deficient conditions. With
the exception of raw data, the tables are simplified to show only fold change values. Proteins
with > 2.3 (denoting upregulated under iron-deficient conditions) or < -2.3-fold change
(denoting downregulated under iron-deficient conditions) are regarded as significantly regu-
lated. Proteins were annotated from amoebaDB [53] on 25/7/2017, and manual annotation
was performed for selected proteins, as described in the Methods section. Probable iron-con-
taining proteins of the significantly downregulated and upregulated proteins are highlighted
in yellow. Experiment was performed with three independent replicates.

(XLSX)

$2 Table. Comparison of membrane-enriched proteomes of N. fowleri in iron-rich and
iron-deficient environments. List of membrane-enriched proteomes of N. fowleri compared
in iron-rich and iron-deficient conditions sorted into four sheets: raw data, all detected pro-
teins, significantly upregulated proteins and significantly downregulated proteins under iron-
deficient conditions. With the exception of raw data, the tables are simplified to show only fold
change values. Proteins with >2.3 (denoting upregulated under iron-deficient conditions) or
< -2.3-fold change (denoting downregulated under iron-deficient conditions) are regarded as
significantly regulated. Proteins were annotated from amoebaDB [53] on 25/7/2017, and man-
ual annotation was performed for selected proteins, as described in the Methods section.
Experiment was performed with three independent replicates.

(XLSX)

$3 Table. Comparison of transcriptomes of N. fowleri in iron-rich and iron-deficient environ-
ments. List of genes significantly downregulated and upregulated under iron-deficient conditions.
Raw data are included, and manual annotation was performed for selected proteins, as described
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in the Methods section. Experiment was performed with five independent replicates.
(XLSX)

S4 Table. Raw data.
(XLSX)

S1 Video. The video shows a demonstration of N. fowleri phagocytizing bacteria. In the
video, a single N. fowleri amoeba phagocytoses several fluorescently modified pHrodo green E.
coli BioParticles (bright blue). In the lysosomes, they fluoresced due to the decreased pH value.
In the background, several non-fluorescing bacteria were observed (dim blue). Images were
acquired with a Leica TCS SP8 WLL SMD-FLIM microscope (Leica, Germany) equipped with
an HC PL APO CS2 63x/1.20 water objective with 509 nm excitation, 526 nm-655 nm excita-
tion was detected with a HyD SMD detector, and a PMT detector was used for brightfield
imaging. Images were processed using LAS X 3.5.1.18803 (Leica, Germany). Video was created
and edited using the Fiji distribution package of Image]J software [51].

(MP4)
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Although copper is an essential nutrient crucial for many biological processes, an
excessive concentration can be toxic and lead to cell death. The metabolism of this
two-faced metal must be strictly regulated at the cell level. In this study, we investigated
copper homeostasis in two related unicellular organisms: nonpathogenic Naegleria gruberi
and the “brain-eating amoeba” Naegleria fowleri. We identified and confirmed the function
of their specific copper transporters securing the main pathway of copper acquisition.
Adjusting to different environments with varying copper levels during the life cycle of these
organisms requires various metabolic adaptations. Using comparative proteomic
analyses, measuring oxygen consumption, and enzymatic determination of NADH
dehydrogenase, we showed that both amoebas respond to copper deprivation by
upregulating the components of the branched electron transport chain: the alternative
oxidase and alternative NADH dehydrogenase. Interestingly, analysis of iron acquisition
indicated that this system is copper-dependent in N. gruberi but not in its pathogenic
relative. Importantly, we identified a potential key protein of copper metabolism of N.
gruberi, the homolog of human DJ-1 protein, which is known to be linked to Parkinson’s
disease. Altogether, our study reveals the mechanisms underlying copper metabolism in
the model amoeba N. gruberi and the fatal pathogen N. fowleri and highlights the
differences between the two amoebas.

Keywords: copper, alternative oxidase, alternative NADH dehydrogenase, Naegleria gruberi, Naegleria fowleri, DJ-
1, CTR copper transporters, electron transport chain

INTRODUCTION

Transition metals are required in many crucial biological processes of all living organisms. The
most abundant redox-active metal in cells is iron, which is followed by other metals such as
copper, manganese, cobalt, molybdenum, and nickel (Andreini et al., 2008). Both iron and
copper are crucial for the survival of organisms; however, excess concentrations of these metals
can be toxic: iron can catalyze the generation of free radicals through the Fenton reaction,
causing cellular damage, while copper probably binds to proteins and replaces iron from iron-
sulfur cluster-containing proteins, impairing their function and causing iron-induced toxicity
(Macomber and Imlay, 2009; Festa and Thiele, 2012; Garcia-Santamarina and Thiele, 2015). On
the other hand, copper is a cofactor of at least 30 cuproenzymes with a wide variety of roles, such
as electron transport in respiration (cytochrome c oxidase CCOX) or free radical detoxification
(superoxide dismutase SOD) (Solomon et al., 2014), and its necessity for biological systems
arises from its ability to cycle between two redox states, Cu'* and Cu*", all of which contribute to
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organisms needing to evolve mechanisms to strictly regulate
intracellular levels of these potentially harmful metals.
Homeostatic mechanisms consist of their uptake, transport,
storage, and detoxification pathways. Interestingly, the
metabolism of iron and copper are linked, which is best
demonstrated by the copper dependence of iron acquisition
by the cell, as was shown in yeasts with FET3 multicopper
oxidase in the high-affinity iron uptake system (Askwith et al,,
1994). The best-described mechanism of copper acquisition
involves high-affinity copper transporters named Ctrs. Their
function and structure are widely conserved from yeast to
humans (Nose et al., 2006; Maryon et al., 2007).

Very little is known about copper transporters in parasitic
protists. In Plasmodium falciparum, a copper efflux P-ATPase has
been identified and partly characterized (Rasoloson et al., 2004),
as was a copper-binding protein with sequence features
characteristic of copper transporters, including three
transmembrane domains: an extracellular copper-binding
methionine motif and transmembrane Gx;G and Mx;M
motifs (Choveaux et al., 2012). Copper transporting ATPases
were also identified in trypanosomatid parasites (Isah et al., 2020;
Paul et al,, 2021). Significantly more research has been performed
on copper metabolism in pathogenic yeasts. Ctr homologs
responsible for cellular copper uptake were identified in
Candida albicans (CTR1) (Marvin et al, 2003) and in
Cryptococcus neoformans (CTR1 and CTR4) (Sun et al., 2014).
Importantly, homologs of these proteins are present in the
genomes of both amoebas used in our study, Naegleria gruberi
and Naegleria fowleri (Fritz-Laylin et al., 2010; Liechti et al.,
2019).

N. gruberi and N. fowleri are unicellular organisms living
worldwide in freshwater environments (De Jonckheere,
2004; Mull et al., 2013). N. gruberi is considered to be the
best safe system to study the pathogenic “brain-eating
amoeba” N. fowleri, which can infect people and cause
primary amoebic meningoencephalitis (PAM), a rare but
almost always fatal disease (Mungroo et al., 2021). The
genomes of these organisms suggest canonical aerobic
metabolism, such as the employment of cytochromes and
ubiquinone in the respiratory chain, as well as properties of
anaerobic metabolism, such as Fe-hydrogenase (Tsaousis et al.,
2014), which is typically utilized in metabolic processes of
organisms adapted to anaerobic conditions (Fritz-Laylin et al.,
2011; Herman et al., 2021). Both amoebas were recently shown
to be able to adjust their metabolism to reflect iron availability,
downregulating nonessential and predominantly cytosolic
iron-dependent pathways and utilizing available iron
primarily in mitochondria to maintain essential energy
metabolism (Mach et al., 2018; Arbon et al., 2020). In our
previous study, we described how N. fowleri handles copper
toxicity by upregulating a specific copper-exporting ATPase, a
key protein of the copper detoxification pathway (Grechnikova
et al., 2020). Recent study has found that Cryptococcus
neoformans is able to sense different Cu environment
during infection: high Cu in lungs and low Cu level in
brain and is able to adapt its Cu acquisition in these
different niches (Sun et al., 2014). Consequently, we focused
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the current study on the effect of copper deficiency on the
metabolism of the brain-eating amoeba as well as its related
nonpathogenic model amoeba N. gruberi. Herein, we show the
role of Ctr homologs identified in both amoebas by functional
complementation of mutant yeast lacking high-affinity copper
transporters and demonstrate the effect of copper availability
on several important components of cell proteomes, iron
acquisition, and respiration in both amoebas. We
demonstrate that both amoebas can reflect copper-limited
conditions by upregulating parts of the respiratory chain to
maintain maximal cell respiration. N. gruberi adapts to
copper-limited conditions by inducing alternative oxidase,
similar to the mechanism described in C. albicans (Broxton
and Culotta, 2016), while N. fowleri upregulates alternative
NDH-2 dehydrogenase. Moreover, we identified the potential
key protein of copper metabolism in N. gruberi, the homolog of
the DJ-1 protein.

MATERIALS AND METHODS

Identification of Naegleria CTRs

Naegleria CTR genes were found by BLAST in the genomes of N.
fowleri in the AmoebaDB database (Amos et al., 2021) and N.
gruberi in the JGI PhycoCosm database (Grigoriev et al., 2021)
using Saccharomyces cerevisiae CTR1 (YPR124 W), CTR2
(YHR175 W), and CTR3 (YHR175 W) gene sequences. Two
predicted CTRs of N. fowleri (NF0078940, NF0118930) and three
predicted CTRs of N. gruberi (gene IDs: NAEGRDRAFT_61759,
NAEGRDRAFT_61987, and NAEGRDRAFT_62836) were
identified.

Functional Complementation Spot Assay of

Predicted Ctrs of N. gruberi and N. fowleri
To synthesize N. gruberi and N. fowleri cDNA, SuperScript™
III reverse transcriptase (Thermo Fisher Scientific,
United States) was used according to the manufacturer’s
protocol. CTR genes were amplified from ¢cDNA using a Q5
(NEB, United States) and Pfu DNA polymerase mixture
(Promega, United States). The resulting products were
subcloned into a pUG35 plasmid with a GFP tag (Giildener
and Hegemann, http://mips.gsf.de/proj/yeast/info/tools/
hegemann/gfp.html) and a pCM189 plasmid (Gari et al.,
1997) with a tetracycline-regulatable promotor. The yeast
mutant strain ctrlA/ctr3A (kindly provided by Dennis J.
Thiele, Duke University, Durham, North Carolina) was
transformed with pCM189 plasmids containing one of the
predicted CTRs from N. fowleri (NF0078940, NF0118930) or
N. gruberi (NAEGRDRAFT_61759, NAEGRDRAFT_61987,
NAEGRDRAFT_62836). To observe the effect of
complementation on phenotype, transformed yeasts were
grown overnight in liquid SC-ura medium with 2% glucose
(complete synthetic medium without uracil) at 30°C. Cells
were diluted to an ODggyo of 0.2, and 5-ul aliquots of four
serial 10-fold dilutions were spotted onto SC-ura plates
containing 2% raffinose as a carbon source.
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Localization of Ctrs by Fluorescence

Microscopy

For protein localization, wild-type (WT) yeast BY4741 cells were
transformed with pUG35 containing either the NgCTR or NfCTR
gene, and transformants were grown overnight at 30°C in liquid
SC-ura medium, washed and resuspended in phosphate-buffered
saline (PBS), pipetted onto a microscope slide and mixed with the
same volume of 2% agarose. The microscope slide was then
covered with a cover slide and sealed. A fluorescent signal was
detected using a Leica TCS SP8 WLL SMD confocal microscope
(Leica, Germany) with an HC PL APO CS2 63x/1.20 water
objective, excited at 488 nm and detected within 498-551 nm
by a HyD SMD detector. The PMT detector was used for bright-
field imaging. The resulting images were processed by LAS X
imaging software (Leica Microsystems, Germany) and Image]J
(Schneider et al., 2012). Yeast transformation was performed
according to a previously published protocol (Gietz and Schiestl,
2007).

Amoeba Cultivation

Organisms

a) N. gruberi strain NEG-M, which was kindly provided by Lilian
Fritz-Laylin ~ (University of Massachusetts ~Ambherst,
United States), was grown axenically at 27°C in M7
medium (Fulton, 1974) with the addition of penicillin
(100 U/ml) and streptomycin (100 pg/ml) in a 25-cm?
aerobic cultivation flask.

b) Axenic culture of N. fowleri strain HB-1, which was kindly
provided by Dr. Hana Peckova (Institute of Parasitology,
Biology Center CAS), was maintained at 37°C in 2%
Bactocasitone (Difco) medium supplemented with 10%
heat-inactivated fetal bovine serum (Thermo Fisher
Scientific) with the addition of penicillin (100 U/ml) and
streptomycin (100 pg/ml).

Cultivation Conditions

a) For comparative proteomic analysis, oxygen consumption
measurements, measurement of the enzyme activity of
complex I and NDH-2, and preparation of the samples for
SDS-PAGE, copper deprivation was achieved by incubation
of cells for 72 h in the presence of 5 tM neocuproine or 25 pM
bathocuproinedisulfonic acid disodium salt (BCS), while
copper enrichment was achieved by the addition of 25 uM
Cu,SO,.

b) To examine the effect of copper availability on NgDJ-1
expression by western blot, cells were grown in 25 uM BCS
or 1uM, 25 uM, or 750 uM Cu,SO, for 72 h.

c) The localization of NgDJ-1 was determined by western
blotting of crude fractions of N. gruberi cultivated without
the addition of copper or chelators and by fluorescence
microscopy of cells cultivated for 72h with 100 uM
Cu,SO, or 25 uM BCS.

d) To investigate the effect of ROS on NgDJ-1 expression, N.
gruberi cells were preincubated in 10 uM rotenone or 20 uM
PEITEC for 24 h, and cells with no addition of ROS-inducing
agents were used as a control.

Copper Metabolism in Naegleria

Crude Fractionation of N. gruberi and N.

fowleri Cells

The grown cells were washed twice in S-M buffer (250 mM
Saccharose, 10mM MOPS, pH 7.2) and disrupted by
sonication using SONOPULS ultrasonic homogenizer mini20
(BANDELIN, Germany) with the following settings: amplitude
30%, 1/1 s pulse for 1 min on ice. Disrupted cells were evaluated
under a microscope, and sonication was repeated until most of
the cells were disrupted. The samples were then centrifuged for
10 min at 1,200 g and 4°C. To obtain the mitochondria-enriched
fraction, the supernatant was centrifuged at 14,000 g for 20 min at
4°C. The pellet was used as a mitochondrial-enriched fraction and
diluted to the same protein concentration as the supernatant
(cytosol-enriched fraction).

The Effect of Different Copper Chelators on
the Growth of N. gruberi and N. fowleri

To investigate the effect of copper deprivation on the growth of N.
gruberi and N. fowleri, the cultures were grown in the presence of
copper chelators BCS (concentrations: 25 and 100 uM) and
neocuproine (concentrations: 5 and 20 puM). Copper-rich
conditions (25 uM Cu,SO,4) were used as a control. Since BCS
binds copper extracellularly and consequently its effect may only
be evident after a longer period, we observed the effect of this
chelator in long-term growth analysis with a dilution of the cells
after 2 days. Each condition was set up in three independent
biological replicates with starting culture concentrations of 50 000
cell/ml (N. gruberi) and 5,000 cell/ml (N. fowleri), and the cell
concentration was measured every day by a Cell Counter
(Beckman Coulter, United States). The effect of the
intracellular copper chelator neocuproine was observed only at
one time point: 72h. Cells were grown in three biological
replicates with starting concentrations of 1 x 10* cells/ml (N.
gruberi) and 4 X 10° cells/ml (N. fowleri), and the cell
concentration was measured on a Guava easyCyte 8HT flow

cytometer (Merck, Germany) after treatment with 2%
paraformaldehyde.
ICP-MS Analysis

Cultures of N. gruberi and N. fowleri were grown in triplicate for
each condition, washed three times (1,200 g, 10 min, 4°C) in
10mM HEPES with 140 mM NaCl buffer, pH 7.2, and
pelleted by centrifugation. The pellets were dried at 100°C,
digested in 65% HNO,; in Savillex vials overnight at room
temperature, incubated for 2h at 130°C in Savillex vials
(Millipore, United States) and diluted to a final volume of
10ml in deionized water. The copper concentration was
determined by inductively coupled plasma-mass spectrometry
(ICP-MS) using iCAP Q ICP-MS (Thermo Fisher Scientific).

LC-MS

N. gruberi and N. fowleri cells were grown in biological triplicates
for each condition. After incubation, cells were pelleted by
centrifugation (1,200 g, 10 min, 4°C) and washed three times
with phosphate-buffered saline (PBS). Whole-cell label-free
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proteomic analysis followed by the same method as that described
in (Mach et al., 2018) was performed by applying nanoflow liquid
chromatography (LC) coupled with mass spectrometry (MS).
Data were evaluated with MaxQuant software (Cox et al., 2014)
using the AmoebaDB N. fowleri database downloaded in August
2018 or the N. gruberi database (downloaded from UniProt
August 2018). Selected proteins (lacking annotation) were
manually annotated using HHpred (Zimmermann et al., 2018)
or NCBI BLAST (Altschul et al., 1990). The resulting data were
further processed by Perseus software (Tyanova et al, 2016).
Potential contaminants and reverse hits were filtered out. To
evaluate significantly changed proteins at the level of the false
discovery rate, Student’s t test with Benjamini-Hochberg
correction was used. Proteins that were significantly changed
and those found in only one condition (in at least two of three
replicates) were selected. Proteins identified by only one peptide
and proteins with Q-value higher than 0 were excluded from the
selection.

RT-gPCR

Naegleria cells were grown in copper-rich and copper-deficient
conditions, and control untreated cells were grown for 72h in
quadruplicate. Cells were washed twice with PBS and spun
(1,200 g, 4°C, 10 min). Total RNA was isolated using the Higg
Pure RNA Isolation Kit (Roche, Switzerland). The KAPA SYBR
FAST One-Step universal kit (Sigma Aldrich, United States) was
used for RT-PCR according to the manufacturer’s protocol.
RT-PCR was performed on a RotorGene 3000 PCR cycler
(Corbett Research, Australia) under the following conditions:
42°C for 30 min (reverse transcription), 95°C for 5min, and 40
cycles of 95°C for 10 s, 55°C for 20 s, and 72°C for 20 s; for melt-curve
analysis, the temperature change was set from 55 to 95°C with a 1°C
step and 5 s per step. The abundance of transcripts was calculated
after normalization to the endogenous reference gene B-actin.

Obtaining the NgDJ-1 Recombinant Protein

for Antibody Preparation

The sequence of NgDJ-1 (XP_002680488.1) was obtained from
the UniProt database (in August 2019), and bioinformatig
analysis was performed by InterProScan in Geneious Prime
2019 2.3 (www.geneious.com), including protein domain
prediction software such as Phobius (Kill et al., 2004), Pfam
(Mistry et al., 2021), PANTHER (Thomas et al., 2003), and
SignalP 5.0 (Almagro Armenteros et al, 2019) (see
Supplementary Figure S4). The NgDJ-1 gene was amplified
from cDNA without the transmembrane domain at the
N-terminal part of the NgDJ-1 gene (primers: forward 5'-CAC
CATATGGTCGAGGCTCAGAATATTGATCAC-3/, reverse 5'-
CACGGATCCATTTTGCTTATTCAAGAGCTTGT-3") and
subcloned into the vector pET42b (Merck) containing the
C-terminal histidine tag. The protein was expressed in E. coli
BL21 (DE3) (Merck) induced by 0.5mM isopropyl B-D-1-
thiogalactopyranoside (IPTG, Sigma Aldrich) for 4h at 37°C.
Protein was purified under denaturing conditions according to
the manufacturer’s protocol using Ni-NTA agarose beads
(Qiagen, Germany).

Copper Metabolism in Naegleria

NfNDH-2 and NgDJ-1 Antibody Production
NgDJ-1 and NfNDH-2 polyclonal antibodies were produced by

David Biotechnology (Germany) in rabbits. NgDJ-1 antibody was
prepared using purified HIS-tagged recombinant protein, while
NfNDH-2 was prepared by 3 synthesized immunogenic peptides
preselected by David Biotechnology
(HDRQVSFAKSIHKPNEKKN, HEDYHYFEGKAIAIDTENQR,
DPKSKKILVTDHLKVKGEFE). To obtain a more specific signal,
the produced antibodies NgDJ-1 and NfNDH-2 were purified by
the SulfoLink Immobilization Kit for Proteins (Thermo Fisher
Scientific) or the AminoLink Plus Immobilization Kit (Thermo
Fisher Scientific), respectively. All purification procedures were
performed following the manufacturer’s manual.

Sample Preparation for SDS-PAGE, Native
PAGE, and Western Blot

Cells were grown under specific conditions for 72 h, washed two
times with PBS, pelleted at 1,000 g, 10 min, 4°C, and diluted to
equal protein concentration determined by BCA Protein Assay
Kit (Sigma Aldrich). Denatured samples (100°C for 5 min) were
separated by SDS electrophoresis, blotted onto a nitrocellulose
membrane (Amersham Protram 0.2 um PC, GE Healthcare Life
Sciences, United States), and incubated with specific polyclonal
antibody at the following concentrations: anti-AOX (Agrisera,
Sweden) 1:100, anti-NgDJ-1 1 1:50, and anti-NfNDH-2 1:1,000.
HRP-conjugated goat anti-rabbit or anti-mouse antibodies
(BioRad, United States) were used as secondary antibodies.
Antibodies were detected using Immobilon Forte Western
HRP substrate (Merck) on an Amersham Imager 600 (GE
Health care Life Sciences, United States).

Crude fractions of N. gruberi (Chapter 2.5) used for
localization of NgDJ-1 by western blot were prepared the same
as SDS samples described above, but crude fractions of N. fowleri
(Chapter 2.5) used for localization of NfNDH-2 were treated with
1% digitonin (Sigma Aldrich), incubated for 5 min on ice and
resuspended in x5 native sample buffer. The samples were then
loaded on a native gel (containing 0.1% Triton TX-100, Sigma
Aldrich) and separated by PAGE under native conditions.

Immunofluorescence Microscopy

N. gruberi cells were stained with 100 nM MitoTracker Red
CMXRos (Thermo Fisher Scientific) for 30min in M7
medium in the dark at 27°C. After incubation, the medium
was exchanged, and the cells were fixed with 1% formaldehyde
for another 30 min. The treated cells were then carefully
centrifuged (800g, 5min, 24°C), resuspended in PEM
(100 mM piperazine-N,N’-bis(2-ethane sulfonic acid), 1 mM
ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic
acid, and 0.2 mM MgSO,) and transferred onto cover slides.
The cell slides were then incubated for 1 h in PEMBALG blocking
solution (1% BSA, 0.1% NaN3, 100 mM L-lysin, 0.5% cold water
fish skin gelatin in PEM). The NgDJ-1 protein was visualized by
an anti-rat antibody coupled to Alexa Fluor 488 (Thermo Fisher
Scientific) (dilution 1:1,000) bound to a custom-made rat
polyclonal antibody (dilution 1:100). Slides with stained cells
were mounted by Vectashield with DAPI (Vector Laboratories,
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United States). The signal was detected by a TCS SP8 WLL SMD
confocal microscope (Leica) equipped with an HC PL APO CS2
63x/1.20 oil objective, excited by 509 nm and detected within
526-655nm by a HyD SMD detector. The PMT detector was
used for bright-field imaging and processed as described in
Chapter 2.3.

N. fowleri microscopy slides for visualization of NfNDH-2
were prepared as described above except that N. fowleri cells were
immobilized on slides covered with poly-L-lysine and all the
staining, including 10 nM MitoTracker Red CMXRos and
primary and secondary antibodies, were completed on slides
rather than in a cultivation flask.

Measurements of Oxygen Consumption

N. fowleri and N. gruberi cells were grown for 72 h in biological
triplicates or tetraplicates, respectively, under copper-depleted
and copper-rich conditions, pelleted (1,200g, 10 min, 4°C),
washed twice, and resuspended to the same cell concentration
in glucose buffer (50 mM glucose, 0.5 mM MgCl,, 0.3 mM CaCl,,
5.1 uyM KH,POy, 3 uM Na,HPO,, pH 7.4). The cell concentration
was measured on a Guava easyCyte 8HT flow cytometer (Merck).
Cell respiration in each sample was measured by detecting oxygen
decreases using the Clark-type electrode system Oxygen meter
Model 782 (Strathkelvin) in a Mitocell Mt 200 cuvette in a total
volume of 700 pl. The whole system was calibrated for 27°C for N.
gruberi and 37°C for N. fowleri. Specific inhibitors of alternative
oxidase, salicyl hydroxamic acid (SHAM) at concentrations of
0.5 mM (N. gruberi) or 0.2 mM (N. fowleri), and an inhibitor of
complex IV, KCN, at concentrations of 2.4 mM (N. gruberi) or
2.05 mM (N. fowleri) were used. The protein concentration of the
sample was determined using a BCA kit (Sigma Aldrich).

Complex | and NDH-2 Enzyme Activity of

Naegleria fowleri

Total NADH dehydrogenase activity was measured by the
following protocol. Three biological replicates of N. fowleri
were cultivated for 72h in copper-rich or copper-deficient
conditions. The cells were spun down, washed with S-M
buffer (250 mM saccharose, 10 mM MOPS, pH 7.2), and
diluted to the same cell concentration. Next, the cells were
treated with 1% digitonin (Sigma Aldrich) for 5min on ice
and added to a reaction mixture containing 100 pM KPi buffer
at pH 7.5 and 300 uM NADH. The reaction was started by the
addition of 50 pM nonnatural coenzyme Q2 (in 99.9% ethanol,
Sigma Aldrich), an analog of Q10. The activity was measured for
5 min at 340 nM wavelength on a Shimadzu UV-2600 UV-VIS
spectrophotometer (Shimadzu, Japan) with UV Probe software
(Shimadzu).

The activity of alternative NADH dehydrogenase (NDH-2)
was estimated as the remaining activity measured in digitonine-
treated culture preincubated for 5min with the inhibitor of
Complex I, 75uM rotenone. The activity of complex I was
calculated as the remaining activity after NDH-2 activity
subtraction from overall NADH dehydrogenase activity. The
protein concentration was determined by a BCA kit (Sigma
Aldrich).

Copper Metabolism in Naegleria

Iron Uptake

N. fowleri and N. gruberi cells were grown in copper-rich and
copper-deficient conditions for 72 h, pelleted (1,200 g, 10 min,
4°C), washed twice, resuspended in glucose-HEPES medium
(50 mM glucose, 20 mM HEPES, pH 7.2) and diluted to the
same cell concentration of 1 x 10° cells per sample. The cell
concentration was estimated by a Guava easyCyte 8HT flow
cytometer (Merck). Samples were incubated for 1 h with 1 uM
»Fe-citrate or with 1uM *°Fe-citrate with the addition of
1 m mM ascorbate to reduce iron to the ferrous form. Uptake
was stopped by the addition of 1 mM EDTA, and the cells were
then washed three times with glucose-HEPES bulffer, diluted to
the same protein concentration [using a BCA kit (Sigma
Aldrich)] and separated using the Novex Native PAGE Bis-
Tris Gel system (4-16%, Invitrogen, United States). The gel
was dried for 2h in a vacuum and autoradiographed by
Typhoon FLA 7000 (GE Life Sciences, United States) using a
tritium storage phosphor screen (GE Life Sciences).

RESULTS

Identification of Copper Uptake Proteins
(Ctrs) of N. gruberi and N. fowleri

In the genomes of both amoebas, we identified several homologs
of copper transporters based on a BLAST search using S.
cerevisize CTR1, CTR2, and CTR3. To confirm the copper
uptake function of these candidate transporters, we performed
a functional complementation assay using copper transporter 1
and copper transporter 3 double knockout yeast strain (ctrlA/
ctr3A). One of the selected Ctrs from each amoeba (NgCTR1,
NAEGRDRAFT_61759, and NfCTRI1, NF0078940) restored
copper transporter function in the yeast mutant and showed
typical localization to the yeast plasma membrane (Figure 1A
and Figure 1B). The localization of the other homologs is shown
in Supplementary Figure S1. To determine whether N. fowleri
and N. gruberi regulate the copper acquisition pathway
depending on the availability of the metal at the
transcriptional level, as shown in S. cerevisiae (Winge et al.,
1998), we analyzed the abundance of CTR transcripts by
RT-PCR in cells grown under low copper and copper-rich
conditions. Our data showed no significant copper-induced
changes in the RNA levels of the selected CTR genes
(NF0078940, NF0118930, NAEGRDRAFT_61759,
NAEGRDRAFT_61987, NAEGRDRAFT_62836)
(Supplementary Figure S2). This result is not unexpected
considering our previous study, where we found that iron
starvation-induced changes in N. fowleri were mostly
posttranslational (Arbon et al., 2020).

Comparative Proteomic Analysis Revealed
That ETC Components and NgDJ-1 Are the
Most Affected by Copper Deprivation

Since Naegleria is not prone to genetic manipulations, we chose
whole-cell label-free comparative proteomics to gain complex
insight into the metabolic adaptation to copper limitations. To
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FIGURE 1 | Identification of copper uptake proteins (Ctrs) of Naegleria gruberi and Naegleria fowleri. (A) Functional complementation spot assay of NgCTRs and
NfCTRs in Actr1/ctr3 mutant yeast cells lacking genes for high-affinity copper transporters. Wild-type BY4741 cells transformed with the empty tetracycline-regulated
expression vector pPCM189 and Actr1/ctr3 mutant cells transformed with the same plasmid carrying yeast CTR1, NfCTRs (NFO078940, NFO118930) or NgCTRs
(NG61759, NG61987, NG62836) were spotted onto synthetic complete medium without uracil with 2% raffinose as the carbon source and grown for 72 h at 30°C.
Mutant yeast cells with plasmids containing CTR genes from N. fowleri (NFOO78940) and N. gruberi (NG61759), which functionally complement the missing yeast copper
transporters CTR1 and CTR3, are marked in red. (B) Localization of NfCtr (NFOO78940) and NgCtr (NG61759) by fluorescence microscopy. Wild-type yeast BY4147
expressing copper transporters linked with GFP from N. gruberi NgCTR1-GFP (NG61759 + pUG35), N. fowleri NFCTR1-GFP (NFO078940 + pUG35), and GFP (empty

5 um

NfCtr-GFP

5 pum

elucidate the effect of copper deprivation on the viability of N.
gruberi and N. fowleri cells, we cultivated both amoebas for 72 h
in the presence of the copper chelators bathocuproinedisulphonic
acid (BCS) and neocuproine (Neo). Both chelators are selective
for Cu*, and in contrast to the extracellular copper chelator BCS,
neocuproine can chelate copper intracellularly.

To determine the amount of copper within the cells grown in
the presence of BCS, we analyzed those samples using ICP-MS.
Figure 2A shows that this extracellular copper chelator causes a
significant decrease in copper accumulation compared to control
(cells cultivated in presence of 25 uM Cu,SOy) after 72 h, while

the effect is not further increased using a 10-fold higher
concentration. The effect of BCS on copper accumulation was
more pronounced in N. fowleri, which has a higher overall
intracellular amount of copper under control conditions;
however, the growth of N. fowleri, unlike N. gruberi, was not
affected by this chelator (Supplementary Figure $3). This
indicates that N. fowleri possesses more efficient copper
homeostasis mechanisms than its nonpathogenic relative, and
the use of an intracellular chelator is required to observe the
physiological response to copper starvation. Based on these
results, we decided to perform two proteomic analyses using
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FIGURE 2 | Effect of copper availability on Naegleria gruberi and

Naegleria fowleri. (A) Copper contents in N. gruberi and N. fowleri
supplemented with 25 uM Cu,SOy4, 25 uM BCS, or 250 uM BCS for 72 h. The
values represent the mean of copper content of three individual

replicates. (B) The fold changes of the most relevant proteins in this article are
demonstrated on the heatmap; upregulation under copper-limited conditions
is indicated by red color and downregulation by green color. The heatmap
demonstrates that the chelators have different effects on both amoebas. (C)
western blot analysis confirming the proteomic results using the specific
antibodies antiNgDJ-1, antiNfNDH2, and antiAOX on cell lysates of N. gruberi
incubated with 25 yM BCS (BCS) or 25 pM Cu,SO, (Cu) and separated by
SDS-PAGE and on cytosolic (C) and mitochondrial (M) fractions of N. fowleri
cells incubated with 25 uM Cu,SO, (Cu) or 5 uM neocuproine (Neo)
separated by clear native PAGE.

the cells grown with the addition of 25 pM BCS and the cells
grown in 5 uM neocuproine to achieve copper deprivation for
both amoebas. To ensure sufficient copper status, the cells
cultivated in presence of 25 uM Cu,SO, were used as a control
sample for both proteomic analyses. This concentration was used
based on our previous work where we elucidated the IC50 of
copper being 1 mM for N. gruberi and as high as 1.6 mM for N.
fowleri (Grechnikova et al., 2020).

The list of all proteins that were significantly changed
under copper deprivation is presented in Supplementary
Table S1. In the analysis of the resulting proteomic data,
we focused on proteins that are likely to bind copper or are
related to copper metabolism, potentially compensating for
the lack of copper or being involved in the oxidative stress
response or energy metabolism. The selected proteins meeting

Copper Metabolism in Naegleria

these criteria are listed in Table 1. A heatmap presenting the
most relevant proteins identified in this study demonstrates
that selected chelators cause different effects on amoebas
(Figure 2B).

The mitochondrial electron transport chain of Naegleria
gruberi and Naegleria fowleri consists of complexes I, II, and
III, two terminal oxidases: alternative oxidase (AOX) and
cytochrome c oxidase (complex IV), and an alternative NADH
ubiquinone oxidoreductase. Our proteomic analysis revealed that
both amoebas responded to copper starvation by upregulating
alternative enzymes involved in the electron transport chain.
AOX (XP_002681229.1) from N. gruberi showed a 4.3-fold
upregulation under copper-limited conditions. In contrast to
N. gruberi, N. fowleri reacted to copper starvation through 8.4-
fold upregulation of the protein NF0090420 (partial sequence)
identified as nonproton pumping alternative NADH
dehydrogenase (NDH-2). The complete sequence of this
protein was obtained from genome of N. fowleri strain ATCC
30894 (AmoebaDB - FDP41 010952) (Supplementary
Figure S4).

Additionally, the proteins involved in reactive oxygen species
(ROS) detoxification pathways were significantly downregulated
in copper-limited N. gruberi (thioredoxin reductase and two
homologs of glutathione-S-transferase). Furthermore, in both
amoebas, we observed significant upregulation in the
expression of hemerythrin under copper limitation, a protein
that probably plays a role in the defense against oxidative stress in
bacteria (Li X. et al., 2015; Ma et al., 2018). Together, these results
indicate that copper deprivation in naeglerias may lead to the
generation of ROS.

Interestingly, one of the most downregulated proteins (fold
change 3.3) of N. gruberi in copper-limited conditions was
protein XP_002680488.1, which is a homolog of DJ-1 family
proteins (Supplementary Figure S4). These proteins are
thought to perform many functions (Bandyopadhyay and
Cookson, 2004; Wei et al, 2007). Some studies on the
human homolog of DJ-1 claim its ability to bind copper
and serve as a copper chaperone for Cu, Zn superoxide
dismutase (Girotto et al., 2014).

The copper-induced changes in protein abundance were also
confirmed using western blot analysis with specific antibodies
(Figure 2C). The localization of NfNDH-2 by fluorescence
microscopy to demonstrate the antibody specificity is shown
in Supplementary Figure S5.

RT gPCR Analysis Revealed That Changes
Caused by Copper Deprivation Are

Posttranslational

Selected genes encoding copper-regulated proteins (NfNDH-2,
NfHemerythrin) were also analyzed by RT qPCR using copper-
starved and control cells. Transcript abundance was normalized
to the endogenous reference gene p-actin. Analogous to CTRs, no
changes in the transcriptional level of these selected genes were
observed, suggesting that the proteomic response of both
amoebas to copper starvation occurs at the posttranslational
level (Supplementary Figure S2).
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TABLE 1 | Selected N. gruberi and N. fowleri proteins whose abundance was significantly changed under copper-limited conditions in at least one condition and in one
amoeba. Arrows indicate significant upregulation or downregulation, and no arrow sign in proteins with a fold change lower than 1.5 indicates no significant change.

Naegleria gruberi

Fold Change in BCS Fold Change in Neo

14.3 1.3
1.1 1.2
13.3 1.1
12.0 Not Found
1.4 11.9
2.2 1.2
11.6 1.3

Naegleria fowleri
Fold change in BCS Fold change in Neo

1.1 1.4

1.1 18.4
1 1.1
1.4 13.5
1.0 1.2
1.1 1.3
1.1 Not Found

1.1 1.1

The Activity of NgAOX and NfNADH-2
Reflects Copper Availability

Our proteomic analysis indicated rearrangement of the
mitochondrial electron transport chain in both amoebas under
copper starvation. To determine the physiological effect of copper
availability on respiration, we performed an oxygen consumption
assay with amoebas grown in copper-limited conditions. Both
organisms possess two terminal oxidases, cytochrome ¢ oxidase
(CCOX) and alternative oxidase (AOX), which couple the
electron flow from ubiquinol with the reduction of O, to H,O
(Cantoni et al., 2020). In contrast with CCOX, AOX does not
participate in ATP generation. The activity of NgAOX
corresponded to the proteomic results: in copper-limited N.
gruberi, the activity of AOX was almost twice as high as that
in control cells (Figure 3A). In N. fowleri, copper starvation did
not result in the upregulation of alternative oxidase at the protein
level, but its activity in neocuproine-treated cells was significantly
increased (Figure 3A). Interestingly, our results also demonstrate
that N. gruberi respiration is predominantly mediated by
alternative oxidases, whereas N. fowleri respires mainly
through complex IV (Figure 3A).

In addition to the classical rotenone-sensitive NADH
dehydrogenase, the electron transport chain of both amoebas
additionally contains an alternative rotenone-insensitive NADH
dehydrogenase (NDH-2). These enzymes share the same
functions, but NDH-2 does not contribute to the generation of
the transmembrane proton gradient. The comparative proteomic
analysis indicated that N. fowleri adapts to copper-deprived
conditions by upregulation of NDH-2. The resistance of
NDH-2 to rotenone was used to distinguish this enzyme from
classical rotenone-sensitive NADH dehydrogenase. When
NADH dehydrogenase activity of lysates of control and

Accession Number in Database

XP_002674924.1
XP_002670102.1
XP_002670607.1

Accession Number in Database

Database Annotation/Manual Annotation

XP_002681229.1 AOX
XP_002672148.1 NDH-2
XP_002680488.1 DJ-1
XP_002680302.1 Hemerythrin

Thioredoxin reductase
Glutathione-S-transferase
Glutathione-S-transferase |ll

Database Annotation/Manual Annotation

NF0004720 AOX

NF0090420 NDH-2

NF0125230 DJ-1

NF0127030 Hemerythrin

NF0014440 Thioredoxin reductase
NF0101120 Glutathione-S-transferase
NF0101840 Glutathione-S-transferase
NF0039660 Glutathione-S-transferase

copper-limited cells were compared, the rotenone-sensitive
complex I activity was not affected by copper, while the
rotenone-resistant activity was higher in the neocuproine-
treated cells than in the control sample. Although we cannot
exclude that other enzymes contribute to this activity, considering
the proteomic data, we believe that the main enzyme responsible
for the measured activity is NINDH-2 (Figure 3B).

Expression of the Mitochondrially Localized
Protein NgDJ-1 is Copper-dependent and is
Not Induced by ROS Accumulation

One of the most downregulated proteins in copper-deprived N.
gruberi cells (3.3-fold change downregulation in BCS) is protein
XP_002680488.1 (named NgDJ-1 in this article), which shows
homology to proteins belonging to the DJ-1/ThiJ/Pfpl
superfamily (Supplementary Figure S4). This superfamily
contains functionally and structurally diverse proteins, many
of which remain only poorly characterized at the biochemical
level (Bandyopadhyay and Cookson, 2004). To confirm the
connection between copper availability and NgDJ-1
expression, we performed a western blot analysis of whole-cell
lysates of N. gruberi grown in copper-deprived conditions as well
as in media supplemented with copper at different concentrations
(1 uM, 25uM, and 750 uM). The results demonstrate that the
copper-induced expression of DJ-1 observed in our proteomic
analysis is even more pronounced when cells are exposed to
copper at levels that probably lead to toxicity, indicating a role of
this protein in copper metabolism (Figure 4A).

The human homolog of DJ-1 has many predicted functions
but is mainly annotated as a redox sensor and ROS scavenger
(Zhang et al., 2020). Considering this, we analyzed the lysates of

Frontiers in Cell and Developmental Biology | www.frontiersin.org

April 2022 | Volume 10 | Article 853463


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Zenigkova et al.

Copper Metabolism in Naegleria

A
Naegleria gruberi
250 1
= =X
° o = ©
g 200 g%
. 2 &
2 =
g3 1501 2 8
z s S o
g 2 S .2
o3 &
504
" o
@%Q. Y.OAV C§
@
&
B
‘Whole NADH dehydrogenase activity
150 200
= T Z150
E100 Z
: § 100
z z
E 50 3
4 & 50
0 0
S S S S
oF ;Q o¥ ot
o < & &
confidence, Student’s t test was used (*indicates a p value <0.01).

Potential NDH2 activity

dek

FIGURE 3| The activity of NgAOX and NfNDH2 reflects the proteomic analysis resullts. (A) Oxygen consumption of NgAOX is increased due to copper deprivation.
Oxygen consumption was measured in N. gruberi and N. fowleri cells incubated for 72 h with 25 M BCS or 5 pM neocuproine, and control cells were supplemented with
25 uM Cu,S0O,. Specific inhibitors of alternative oxidase (SHAM) and complex IV (KCN) were used to distinguish the activities of these enzymes. For easier interpretation,
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show the mean of three biological replicates with the standard deviation. To evaluate the statistical confidence, Student’s t test was used (* indicates a p value <0.05). (B)
The enzyme activity of NfNDH2 is increased under low copper conditions. Spectrophotometric measurement of NADH dehydrogenase activity was measured using
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N. gruberi cells exposed for 24 h to two ROS-inducing agents,
rotenone and PEITC, by western blot using an NgD]J-1 antibody.
Unexpectedly, we observed that treatment with both agents
resulted in a decrease in NgDJ-1 expression (Figure 4B).

To determine NgDJ-1 cellular localization, we used two
different methods: fluorescence microscopy and western blot
analysis of crude cell fractions. Both methods revealed
mitochondrial localization of NgDJ-1, which is rather unusual
for this protein (Figure 4C). Predictably, observed molecular
weight of DJ-1 on western blots is lower than anticipated
(~26 kDa instead of 30kDa), probably due to cleavage of
mitochondrial targeting sequence. More pictures are shown in
(Supplementary Figure S6).

N. gruberi Iron Uptake is Copper-Regulated
Iron uptake mechanisms in various organisms are frequently
interconnected with copper. To determine this connection in
both amoebas, we employed blue native electrophoresis analysis
allowing visualization of the incorporation of iron radionuclide
into cellular protein complexes. In our previous work, we showed

that N. fowleri prefers to take up the reduced form of iron (Fe")
and that iron acquisition is not induced by iron starvation (Arbon
et al,, 2020). Here, we show that similarly, the nonpathogenic
relative N. gruberi preferably acquired a reduced form of iron,
indicating a reductive uptake mechanism. Importantly, our
results demonstrate that iron uptake is significantly affected by
copper availability (Figure 5A), suggesting the requirement of
copper in some of the iron acquisition system components (e.g.,
multicopper oxidase). In contrast, iron uptake efficiency in N.
fowleri remained unaffected by copper deprivation (Figure 5B).

DISCUSSION
Copper and host:pathogen Interface

An important host defense process called nutritional immunity
occurs at the host-pathogen interface: the host restricts access to
essential metals for the pathogen (Hood and Skaar, 2012). Iron
sequestration during bacterial infection is well described, and
bacterial pathogens have developed a variety of strategies to
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circumvent host-mediated iron limitation (Weinberg, 1975;
Posey and Gherardini, 2000; Cassat and Skaar, 2013). In
contrast to iron, copper is usually utilized in the opposite
manner by host immune cells, which use the toxic properties
of this metal to kill pathogens (Festa and Thiele, 2012;
Hodgkinson and Petris, 2012; Stafford et al., 2013; Chaturvedi
and Henderson, 2014). However, in fungal infections caused by

C. neoformans and C. albicans, the pathogens experience limited
copper availability in the host in specific situations. Although host
immunity employs the toxic properties of copper in the lungs,
which are the main locations of C. neoformans infection (Ding
et al,, 2013), C. neoformans tends to disseminate to the brain in
immunodeficient hosts, where copper may be restricted. C.
neoformans adapts to these copper-limited conditions by
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inducing specific copper uptake transporters (Waterman et al.,
2007; Sun et al., 2014). C. albicans occupies diverse niches inside
the host, but it may disseminate through the bloodstream, and the
major location of infection in the murine model is the kidney. In
the early stage of kidney infection, copper levels increase briefly,
but as the infection progresses, the level of copper drops. C.
albicans responds to decreasing copper conditions by switching
from copper-dependent Cu/Zn SOD to Mn SOD3 and,
interestingly, by upregulating alternative oxidase (AOX) to
minimize mitochondrial damage and simultaneously maximize
COX respiration (Li CX. et al., 2015; Besold et al., 2016; Broxton
and Culotta, 2016).

In a recent study, we described how N. fowleri handles the
toxic properties of copper and identified the key protein of the
copper detoxification pathway, a copper-translocating ATPase
(Grechnikova et al.,, 2020). In the present study, we focused on
other aspects of copper metabolism and aimed to elucidate the
metabolic adaptations of the free-living unicellular organism N.
gruberi and its pathogenic relative N. fowleri to low copper
availability.

Copper Acquisition

Our study began with a search for proteins involved in copper
acquisition by both amoebas. In eukaryotic cells, the import of
copper to the cytoplasm is widely mediated by high-affinity
copper transporter (Ctr) localized to the plasma membrane. Ctr
is an integral membrane protein conserved from yeast to humans
with high specificity for Cu(I) (Zhou and Gitschier, 1997;
Kozlowski et al, 2009). In Saccharomyces cerevisiae, copper is
transported into cells by two high-affinity transporters, CTR1
(Dancis et al,, 1994b) and CTR3 (Knight et al, 1996), and a

low-affinity copper transporter, CTR2, is responsible for the
mobilization of vacuolar copper ions (Rees et al, 2004; Liu
et al, 2012). All CTRs of S. cerevisiae are regulated by
intracellular copper status (Jungmann et al., 1993; Winge et al,
1998). We identified genes encoding potential Ctrs in the genomes
of both amoebas, including three genes in N. gruberi, and two in N.
fowleri. Since effective genetic manipulation of these organisms has
not been established, we decided to verify copper transport
function by expression in yeasts and by functional
complementation assay using the ctrlA/ctr3BA mutant yeast
strain. One of the proposed CTRs from each amoeba was able
to restore copper import function and showed typical localization
to the plasma membrane. In contrast to S. cerevisiae, neither CTR
appears to be regulated by copper starvation at the transcriptional
level in Naegleria, indicating that the amoebas do not respond to
copper starvation at the copper acquisition level or that the
regulation is posttranslational.

Branched Mitochondrial ETC

Our proteomic approach to understanding the metabolic
adaptations to copper limitation yielded particularly interesting
findings: some of the proteins comprising the electron-
transporting chain (ETC), the key part of the energy metabolism
of a cell, are among the most affected by low copper availability in
both amoebas. The ETC of both Naeglerias is branched and, in
addition to the classical arrangement of complexes (CI-IV),
possesses two  nonenergy-conserving components:  cyanide
insensitive alternative oxidase (AOX) and alternative NADH
dehydrogenase (NDH-2), both of which are significantly
upregulated  in  copper-deprived  conditions.  Branched
mitochondrial ETC is also known from plants, fungi, and other
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protists, some of which are human pathogens (e.g., C. albicans, C.
neoformans, Acanthamoeba castellanii). AOX bypasses complex III
and complex IV, but its activity is not coupled to proton
translocation; hence, it does not contribute to ATP synthesis.
Studies focusing on plants show that two respiration pathways
with different energy yields provide the ability to maintain the
redox, carbon, and/or energy balance in response to changing
demands (Sluse and Jarmuszkiewicz, 1998; Ribas-Carbo et al.,
2005; Sieger et al, 2005; Smith et al, 2009; Cvetkovska and
Vanlerberghe, 2012; Dahal and Vanlerberghe, 2017). In addition
to this function, AOX also decreases the rate of mitochondrial ROS
formation (Maxwell et al., 1999; Vishwakarma et al., 2015). In fungi,
low copper availability was shown to be connected to impaired
respiration (cytochrome c oxidase pathway) (Joseph-Horne et al,
2001), which generally leads to ROS accumulation in the
mitochondria; thus, positive regulation of alternative oxidase may
compensate for this loss and minimize ROS formation, which was
recently demonstrated in Paracoccidioides brasiliensis (Petito et al.,
2020) and in C. albicans, where copper starvation led to
mitochondrial SOD1 repression and AOX induction enhanced
cytochrome ¢ oxidase activity (Broxton and Culotta, 2016).
NDH-2 is a rotenone-insensitive nonproton pumping
oxidoreductase that catalyzes a reaction similar to that of
complex I, but in contrast to complex I, NDH-2 is not involved
in the generation of membrane potential. NDH-2 was identified in
plants, fungi, and bacteria as well as in some important parasitic
protists, such as Plasmodium falciparum and Toxoplasma gondii
(Marres et al., 1991; Yagi, 1991; Kerscher, 2000; Roberts et al., 2004;
Lin et al, 2011). These two members belonging to the phylum
Apicomplexa lack genes encoding canonical complex I and possess
only homologs of NDH-2 instead (Fry and Beesley, 1991; Gardner
et al,, 2002; Uyemura et al., 2004). Altogether, NDH-2 is widely
distributed in several human pathogens but not in humans
themselves; thus, inhibitors of this enzyme could have clinical
importance. Several studies have shown that NDH-2 provides a
mechanism to remove excessive reducing power to balance the redox
state of the cell (Luttik et al., 1998; Overkamp et al., 2000; Melo et al.,
2004; Rasmusson et al, 2004). As mentioned above, branched
mitochondrial ETC is activated in both studied amoebas upon
copper limitation. In addition to AOX, whose activity is increased
in both amoebas, NDH-2 is the most upregulated protein in copper-
starved N. fowleri. Although we cannot conclude the direct
consequences of NDH-2 induction for copper starvation in N.
fowleri, we believe that further studying the exact mechanisms
underlying the fascinating maintenance of the delicate balance
between ATP production, ROS generation, and redox status in
these microorganisms would be exciting.

DJ-1

One of the proteins most affected by copper limitation in N. gruberi
shows homology to proteins belonging to the DJ-1/Thi]/Pfpl
superfamily. Members of this superfamily are present in many
organisms from bacteria to humans, and the most studied is the
human homolog due to its role in several diseases, such as autosomal
recessive early-onset Parkinson’s disease (Bonifati et al., 2003). DJ-1
is also suggested to be one of the potential tumor markers and is
strongly implicated in the pathogenesis of cancer (Nagakubo et al.,

Copper Metabolism in Naegleria

1997; Fan et al,, 2015; Yu et al,, 2017) and ischemia-reperfusion
injury (Wang et al, 2017). Hundreds of publications explore the
human homolog of DJ-1 and suggest many diverse functions, with
roles as molecular chaperones (Cookson, 2003; Meulener et al.,
2005), glyoxalases (Lee et al., 2003), proteases (Chen et al., 2010), and
transcriptional regulators (Trempe and Fon, 2013), but the one
function connecting these studies is the stress sensor reacting to
oxidative stress and protecting cells from ROS (Taira et al., 2004;
Inden et al,, 2006). Some studies show that cells with a high level of
DJ-1 are resistant to oxidative stress and neurotoxins, while lower
levels of DJ-1 increase cells’ vulnerability to oxidative stress (Inden
etal,, 2011). Therefore, we assessed the abundance of NgDJ-1 in cells
treated with the ROS-inducing agents rotenone and PEITC.
However, the expected induction of NgDJ-1 by ROS was not
observed; in fact, the protein was downregulated in cells with
higher ROS levels.

Human DJ-1 is predominantly localized to the cytoplasm, but it
has been reported to be translocated to the mitochondria and
nucleus under oxidative stress and to protect cells from oxidative
stress-induced cell death (Irrcher et al,, 2010; Kim et al., 2012). On
the other hand, some studies also show that DJ-1 may be localized to
mitochondria even in the absence of oxidative stress, where it directly
binds to a subunit of complex I and somehow maintains its activity,
since knockdown of DJ-1 in cells decreased complex I activity
(Hayashi et al., 2009; Mullett and Hinkle, 2011). A recent study
also showed its connection to ATP synthase, where DJ-1 is required
for the normal stoichiometry of ATP synthase and to facilitate
positioning of the B subunit of ATP synthase to fully close the
mitochondrial inner membrane leak (Chen et al, 2019).
Interestingly, our results show exclusively —mitochondrial
localization of NgDJ-1 regardless of copper availability. Only a
few studies claim a certain link between copper metabolism and
the DJ-1 protein. In 2014, Stefania Girroto and others suggested a
putative role of DJ-1 as a copper chaperone for superoxide dismutase
(Girotto et al., 2014). Two novel copper-binding sites, one Cu(I)
binding site per monomer involving the highly conserved Cys-106
and the second Cu(I) binding site shared between two monomers,
were identified, and the kinetics and binding affinity of DJ-1 to
copper ions were determined (Girotto et al, 2014). Since the
conserved Cys-106 analog is also present in the sequence of
NgDJ-1 and the levels of the protein are regulated by copper
availability in the amoeba, we may speculate about its role in the
copper homeostasis of N. gruberi. Because NgD]J-1 is localized only
to mitochondria, it may act as a storage site for copper that can be
later allocated to complex IV when copper availability is limited,
which is somewhat analogous to the case of plastocyanin in
Chlamydomonas (Kropat et al,, 2015). We may also consider the
role of this protein as a protein with chelating properties to prevent
free copper accumulation, which can cause increased ROS
production and lead to impaired respiration. Since the levels of
NgDJ-1 are affected by both copper limitation and copper excess,
NgDJ-1 may play multiple roles in the amoeba.

Iron Uptake in N. gruberi

In our recent work, we showed that N. fowleri utilizes a reductive
system of iron uptake, as described in the model S. cerevisiae
(Arbon et al., 2020). This mechanism relies on the extracellular
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reduction of ferric ions from proteins, chelates, or other sources
before their import into the cell. In yeast, the high-affinity
ferrous-specific iron transport system is composed of
multicopper oxidase FET3 and FTR1 permease; thus, copper
availability is crucial for maintaining iron homeostasis (Askwith
et al., 1994; Kaplan and O’Halloran, 1996; Stearman et al., 1996).
Herein, we showed the same preference for the reduced form of
iron in N. gruberi, but the main and surprising difference is that in
contrast to N. fowleri, iron uptake efficiency in the nonpathogenic
amoeba is decreased in copper-limited conditions, which
corresponds to studies on S. cerevisiae (Dancis et al., 1994a)
and on the model green algae Chlamydomonas reinhardtii
(Herbik et al., 2002). An interesting question remains whether
the pathogenic amoeba employs a copper-independent iron
uptake mechanism or prioritizes extremely efficient copper
delivery to this system in times of copper deprivation. The
second hypothesis is rather unlikely since the N. fowleri iron
uptake system has been previously shown to not be inducible even
by iron starvation (Arbon et al., 2020).

N. gruberi and N. fowleri: So Similar yet so

Different. Similarities and Differences

Altogether, our study reveals how N. gruberi and N. fowleri deal
with copper deprivation and highlights the differences between
the two amoebas (Figure 6). We showed that while both amoebas
use Ctr homologs to acquire copper and increase the activity of
the branched mitochondrial ETC when copper is limited, their
responses to copper limitation differ significantly. Although
copper bioavailability limitation in the growth medium results

in a more pronounced decrease in the cellular concentration of
the metal in N. fowleri in comparison to N. gruberi, the growth of
the pathogen is not affected, and the intracellular copper chelator
neocuproine is required to observe a copper-related phenotype.
Moreover, even when neocuproine was used to starve the cells for
copper, iron uptake efficiency was not affected in N. fowleri,
unlike N. gruberi. To hypothesize whether the particularities in N.
fowleri copper homeostasis can contribute to its virulence would
be an exaggeration, however, one must take into account the fact
that copper is an important player in the host-pathogen
relationship.
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ABSTRACT Many of the currently available anti-parasitic and anti-fungal frontline
drugs have severe limitations, including adverse side effects, complex administration,
and increasing occurrence of resistance. The discovery and development of new
therapeutic agents is a costly and lengthy process. Therefore, repurposing drugs
with already established clinical application offers an attractive, fast-track approach
for novel treatment options. In this study, we show that the anti-cancer drug candi-
date MitoTam, a mitochondria-targeted analog of tamoxifen, efficiently eliminates a
wide range of evolutionarily distinct pathogens in vitro, including pathogenic fungi,
Plasmodium falciparum, and several species of trypanosomatid parasites, causative agents
of debilitating neglected tropical diseases. MitoTam treatment was also effective in vivo
and significantly reduced parasitemia of two medically important parasites, Leishmania
mexicana and Trypanosoma brucei, in their respective animal infection models. Functional
analysis in the bloodstream form of T. brucei showed that MitoTam rapidly altered mito-
chondrial functions, particularly affecting cellular respiration, lowering ATP levels, and dis-
sipating mitochondrial membrane potential. Our data suggest that the mode of action of
MitoTam involves disruption of the inner mitochondrial membrane, leading to rapid or-
ganelle depolarization and cell death. Altogether, MitoTam is an excellent candidate drug
against several important pathogens, for which there are no efficient therapies and for
which drug development is not a priority.

KEYWORDS Candida, Cryptococcus, drug, Leishmania, mitochondria, Plasmodium,
Trypanosoma

he ongoing search for novel treatment options to combat medically relevant para-
sitic protists (e.g., Plasmodium, Trypanosoma, and Leishmania spp.) is driven by the
need for more efficient, less toxic, and/or less expensive medications as well as by the
emergence and spread of drug resistance (1-3). Drug discovery and development have
been facilitated in recent decades by advances in the fields of genetics, molecular biol-
ogy, medicinal chemistry and the introduction of high-throughput target-based,
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phenotypic and virtual screening strategies. Nevertheless, repurposing of drugs origi-
nally approved for other indications presents a strategy of particular interest for the
implementation of novel treatments for neglected diseases (3). As repurposed drugs
are typically at least partly characterized or even approved for clinical use, both the
time and cost of the drug development process are dramatically reduced. This is partic-
ularly appealing for drugs against neglected diseases with little financial incentive for
commercial ‘de novo’ drug discovery approaches.

Phaosphonium salts are lipephilic cations with the ability to readily pass across phos-
pholipid bilayers, and due to their delocalized positive charge, they accumulate at the
interface of the inner mitochendrial membrane (IMM) and matrix according to the mi-
tochondrial membrane potential (AYW,,). The extent of accumulation of lipophilic cati-
ons at the IMM follows the Nernst equation, according toe which there is a 10-fold
increase in the concentration of lipophilic cations at the IMM-matrix interface for every
~60 mV increase in AW, {4). Phosphonium vectors have been employed for efficient
and selective mitochondrial delivery of various cargos such as therapeutic antioxidants
(5, 6), liposomes (7), functional probes (8, 9}, antimicrobial, anti-fungal and anti-parasitic
drugs {10-16) and anti-cancer treatments {10, 17, 18).

MitoTam, a new tamoxifen derivative conjugated to triphenylphosphonium vector
(TPP+), is a promising anti-cancer drug candidate acting by mitochondrial destabiliza-
tion {19). It was originally developed to selectively accumulate the pharmacophore ta-
moxifen in the mitochondria proportionally to AW,,,. The compound is well tolerated in
the mouse model and recently underwent a phase 1/1b clinical trial with favorable out-
come when it was intravenously administered to human advanced-stage cancer
patients (MitoTam-01 trial; EudraCT 2017-004441-25). Its molecule consists of three
parts: i} the functional pharmacophore residue, tamoxifen, a drug that has been used
for decades to treat early and advanced hormone-dependent breast cancer (20}, ii} the
TPP+ for mitochondrial targeting, and iii) the 10-carbon linear alkyl linker tethering ta-
maoxifen to the TPP+ moiety. The compound efficiently kills breast cancer cells and sup-
presses tumors progression, including treatment-resistant carcinomas with high Her2
protein levels (Her2hioh), for which the original precursor compound tamoxifen was
ineffective. Importantly, MitoTam exhibits low toxicity toward nonmalignant cells {19).
Similar to the mitochondria-mediated anti-cancer effects of tamoxifen, MitoTam modu-
lates or alters multiple mitochondrial processes, including the function of the respira-
tory complex | {Cl; NADH:ubiquinone dehydrogenase]} (19, 21-23). The superior efficacy
of MitoTam compared to tamoxifen is due to its accumulation at the interface of the
mitochondrial matrix and IMM that leads to suppression of Cl-dependent respiration,
disruption of respiratory supercomplexes, rapid dissipation of the AW, increased pro-
duction of reactive oxygen species {ROS), and ultimately cell death (19). MitoTam is
also effective in the treatment of the syngeneic renal cancer murine model, especially
in combination with immunotherapy (23). In addition, MitoTam selectively eliminates
senescent cells and is, therefore, a candidate for the treatment of age-related disorders
(22, 24).

In this work, we tested the potential activity of MitoTam against a wide range of para-
sitic protists and pathogenic fungi (Table 51). These models were selected for their me-
dicinal and economic relevance and for their suitability as cellular models for research of
mitochondrial function. We chose parasites from the Kinetoplastida group: Trypanosoma
cruzi, an intracellular parasite responsible for Chagas disease; Leishmania spp., the etio-
logical agent of a spectrum of disorders ranging from self-healing cutaneous lesions to
potentially fatal visceral diseases; and Trypanosoma brucei, a highly tractable model orga-
nism causing major ecenomical complications in the developing world due to livestock
infections and a causative agent of human African trypanosomiasis (sleeping sickness)—
a disease that is currently targeted for elimination due to combination of vector control,
active case-finding and development of new medicines (25-28).

We also tested the effect of MitoTam on Plasmodium falciparum, a parasite responsi-
ble for most malaria-related deaths in humans {29); on the pathogenic fungi Candida
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TABLE 1 MitoTam inhibits the growth of several pathogenic microorganisms in vitro?

MitoTam Tamoxifen Control
Pathogen ECs, [uM] SD EC,, [uM] SD Compound ECs, [uM] SD
Trypanosoma brucei BSF 0.02 =00 7.20 +1.47 Amphotericin B 1.09 +0.09
Tryparnosoma brucei PCF 0.6 +0.03 =10 Amphotericin B 0.24 *+0.06
T. brucei gambiense BSF 0.03 =0.01 =10 Pentamidine =0.01 =0.001
Trypanosoma cruzi {epimastigotes) 1.55 *0.04 =10 Benznidazole =10
Leishmania mexicana (amastigotes) 0.35 +0.05 7.93 +0.5% Amphotericin B 033 +0.08
Leishmania major (promastigotes) 0.60 *0.1e =10 Amphotericin B 0.06 +0.02
Plasmodium falciparum {erythrocytic stage) 0.03 *0.01 6.37 =011 Chloroquine 0.01 =0.01
Candida atbicans 0.56 *0.07 =10 Amphotericin B 0.37 *+0.01
Cryptococeus neoformans 0.61 +0.12 7.28 +1.97 Amphotericin B 012 +0.05
Naegleria fowleri =10 =10 Amphotericin B 0.08 +0.01
Acanthramoeba castellanii 1.95 +0.23 9.93 +0.58 Amphotericin B 6.17 +0.70
Giardia intestinalis =10 =10 Benznidazole 6.22 +(.66
Trichomonas vaginalis =10 =10 Metronidazole 6.54 +0.45

Mean EC,, values for MitoTam, tamoxifen (the functional pharmacophore of MitoTam) and specific antimicrobial drugs used as positive controls for each tested organism
derived from dose-response curves (Fig. 51) are given in @M (n > 3, *~ s.d.).

albicans and Cryptococcus neoformans, widespread opportunistic pathogens causing
life-threatening diseases in immunocompromised individuals {30, 31); on the amphi-
zoic amebae Naegleria fowleri and Acanthamoeba spp., whose infections lead to rare
diseases with extremely high mortality rate (32, 33); and on Giardia intestinalis and
Trichomonas vaginalis, anaerobic parasites with reduced mitochondria, causative
agents for widespread intestinal and urogenital infections (34-36}. Here, we show that
the anti-cancer drug candidate MitoTam efficiently and selectively inhibits viability of a
number of these pathogens in vitro. In pilot experiments using mouse models of infec-
tion with T. brucei and L. mexicana, MitoTam reduced parasite burdens and significantly
prelonged survival for T. brucei-infected animals. Furthermore, we demonstrate in
T. brucei that the trypanocidal activity of MitoTam relies, at least partly, on rapid disrup-
tion of IMM. Together, our data provide strong evidence that MitoTam is an excellent
candidate for further development as an anti-infective, especially for targeting several
neglected diseases.

RESULTS

Low levels of MitoTam are lethal to a variety of pathogenic eukaryotic microor-
ganisms. The mitochondrion is a promising drug target because of its pivotal role in
cellular metabolism, proliferation, and cell death signaling (26, 37, 38). We therefore
investigated the effect of MitoTam, a mitochondria-targeted tamoxifen derivative, on a
wide range of parasitic protists and yeasts. MitoTam proved to have a significant
growth inhibitory effect for the majority of these pathogens {Table 1 and Fig. 51}
exhibiting nanomolar potencies against P. falciparum, T. b. brucei and Leishmania spp.
Notably, the half-maximal effective concentration (EC.,) values are considerably lower
than corresponding cytotoxicity values reported for various mammalian cells {ranging
from 0.6 to 4.5 uM} (19}, indicating high selectivity. All pathogens were also challenged
with the parental compound tamoxifen lacking the TPP* vector for mitochondrial tar-
geting, with efficacy significantly lower than MitoTam (Table 1). This is consistent with
similar comparisons reported for the anti-cancer activity of the two molecules {19).
Each dose-response analysis was validated using a known, active compound against
individual pathogens tested, providing values consistent with published data {Table 1).

The highest efficacy of MitoTam was detected for the bloodstream form (BSF) of
T. brucei. This value was approximately 30-fold lower than Her2"e" cancer cells (0.02 uM
versus 0.65 uM) (19). Interestingly, MitoTam showed low nanomolar efficacy (0.03 uM)
against the erythrocytic stage of P. falciparum, which is protected inside the parasitopho-
rous vacucle within the host erythrocyte (39}, suggesting that MitoTam is able to cross sev-
eral membranes before reaching its target. Furthermore, MitoTam was found to inhibit the
growth of the T. brucei procyclic form (PCF), axenically grown Leishmania mexicana
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amastigotes and L major promastigotes, and the two pathogenic fungi Candida albicans
and Cryptococcus neoformans at submicromolar EC., values. T. cruzi epimastigotes also
responded to MitoTam treatment with low-micromolar EC., as did Acanthamoeba sp,
while no effect was ohserved on Naegleria fowleri proliferation. Also, Trichomonas vaginalis
and Giardia intestinalis, two anaerobic parasites that possess mitochondrion-related organ-
elles characterized by the absence of membrane-bound electron transport chain and
therefore by the lack of mitochondrial respiration (36), were insensitive to MitoTam treat-
ment. Overall, MitoTam effectively killed a range of clinically important, evolutionarily dis-
tinct pathogens, including intracellular parasites.

MiteTam efficiently eliminates L. major and L. infantum intracellular amastigotes.
The high efficacy of MitoTam against L. mexicana axenic amastigotes (EC., 0.35 = 0.05 uM)
prompted us to investigate the ability of MitoTam to eliminate the intracellular form of the
parasite in a macrophage infection model. Murine macrophage cells (J774A.1) were infected
with L magjor or L infantum promastigotes and exposed to different concentrations of
MitoTam {0 to 25uM). After controlled lysis of the infected macrophages, the released para-
sites were quantified using a resazurin-based viability assay (40). In this intramacrophage
assay, treatment with MitoTam eliminated intracellular amastigotes of L. major and L infan-
tum with EC., values of 175 = 51 nM and 293 = 29 nM, respectively (Fig. 52). This result is
highly encouraging considering how difficult is to effectively target the intracellular
Leishmania amastigotes in vivo since the parasites reside in a parasitophorous vacuole, a
phagolysosome-like structure with low pH and a potential drug target is protected by three
membranes (plasma membrane of a macrophage, parasitophorous vacuolar membrane
and plasma membrane of an amastigote) (26).

MitoTam treatment alleviates parasitemia leading to prolonged survival of
mice infected with T. brucei and te reduced frequency and lesion size caused by L.
mexicana infection. Activity for a compound detected in the intramacrophage assay
usually translates into activity in an animal infection model {41, 42), apart from poten-
tial issues with pharmacokinetics. Hence, we next tested the ability of MitoTam, which
is well tolerated in BALB/c mice {19), a mouse infection model of both L. mexicana and
T. brucei. MitoTam dosing regimen was based on the published data {19, 22).

For the T. brucei infection model, survival analysis revealed that MitoTam intrave-
nous {IV) administration at doses of 3 mgr/kg body weight (bw} on days 3 and 5 postin-
fection without further treatment delayed the death of T. brucei infected animals,
which succumb to the infection by 8 days (Fig. 1A).

In a second experiment, we followed T. brucei parasitemia levels in infected animals
(Fig. 1B). Automated analysis of blood smears revealed the presence of T. brucei para-
sites in samples from mice untreated and treated on days 2 and 4 postinfection, show-
ing that MitoTam-treated animals exhibited a significantly lower parasite load (Fig. 1B).
This explains the longer survival of treated animals compared to the untreated controls
(Fig. S3}.

The effect of MitoTam administration {3 mg/kg bw, intraperitoneally [IP]) in the
L. mexicana infection model was assessed by monitoring frequency and size of dermal
lesions. As shown in Fig. 1C, lesions occurred less frequently in MitoTam-treated BALB/
¢ mice than in the untreated controls during the 12-week course of the experiment
(50% versus 90% of mice at weeks 8 to 12 postinfection). In a separate experiment,
MitoTam at two doses reduced the size of lesions caused by L. mexicana in the weeks
following infection {Fig. 1D).

Collectively, these data demonstrate that MitoTam is highly effective against T. bru-
cei and L. mexicana parasites in vivo. Notably, we did not observe any notable adverse
effects of MitoTam on the treated animals.

MitoTam treatment causes alteration of T. brucei mitochondrial proteome and
leads to upregulation of multidrug efflux pumps in C. albicans. The potent anti-par-
asitic properties /n vitro and the promising in vivo experiments prompted us to explore
the MitoTam mode of action. First, we performed comparative whole-cell proteomic
analysis of control and MitoTam-treated cells for two parasitic model organisms, C. albi-
cans and T. brucei. In order to restrict indirect, secondary impact resulting from cell
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FIG 1 MitoTam is effective against T. brucei and L. mexicana parasites in mouse infection models. (A) Survival rate of BALB/c mice
infected with T. brucei was monitored daily for 13 days. Half of the infected mice were injected IV with MitoTam (+MitoTam) on
days 3 and 5 (dashed lines) postinfection (3 mg/kg bw). The number of surviving mice from MitoTam treated group (red line) as
well as from untreated control group (-MitoTam) (blue line) is plotted against the time (in days). (B) Parasitemia in BALB/c mice
infected with T. brucei was evaluated microscopically from blood smears. On day 2 and 4 postinfection (dashed lines), eight mice
were [V injected with MitoTam (3 mg/kg) (+MitoTam). The ratio of T. brucei cells to red blood cells (RBC) was calculated daily and
used to quantify the parasitemia levels of each animal from the MitoTam treated group (red line) and the respective untreated
control group (-MitoTam) (blue line). Statistically significant differences between the two groups are indicated with an asterisk
(unpaired t test, *, P < 0.05). (C) Formation of dermal lesions in 20 BALB/c mice was followed for 12 weeks after infection with
L. mexicana. As indicated (dashed lines), half of the infected animals were injected IP with MitoTam (+MitoTam) at 1, 2, 3, 5, 6
and 7 weeks postinfection. The appearance of lesions was monitored (+MitoTam, red) and compared to the number of lesions of
animals from the untreated control group (-MitoTam, blue). (D) Size of dermal lesions was recorded in 10 BALB/c mice infected
with L. mexicana. Five of the infected animals were treated with MitoTam (+MitoTam) at weeks 2 and 4 postinfection as
indicated (dashed lines). Throughout the course of the infection, the lesion areas of each animal were measured weekly. The
values were averaged for the MitoTam treated group (+MitoTam, in red) and untreated control group (-MitoTam, in blue). Box
and whisker graph is shown, statistically significant differences are indicated with an asterisk (paired t test, *, P < 0.05). A
representative lesion image is shown as an inset in the graph.

death, we chose short exposure times: yeast cells were treated with 4.4 uM MitoTam
(~7x ECy,) for 12 h, while T. brucei BSF cells were incubated with 100 nM MitoTam (5 x
EC,,) for 14 h. Proteomic data were processed by label-free quantification in MaxQuant
(43) and statistically analyzed in Perseus (44, 45). In C. albicans, out of 1,950 detected
protein groups, the abundance of only 1.69% of the quantified proteins was signifi-
cantly altered (Table S2) (Fig. 2A), with two homologs of multidrug efflux pumps being
among the most upregulated genes (=26 times).

In contrast, analysis of the T. brucei proteome revealed substantial changes after
treatment with MitoTam, with 26.3% of all identified proteins (2,063) significantly
altered (Table S3) (Fig. 2B). Data analyses did not reveal any specific single pathway or
protein as a direct target of MitoTam. Since MitoTam specifically affects mitochondrial
functions in various cells (19, 22, 23), we analyzed enrichment of mitochondrial pro-
teins using a T. brucei mitoproteome database (46). While mitochondrial proteins
accounted for 14.3% of all detected proteins, we observed an almost 2-fold enrichment
(27.6%) in the significantly altered subset of proteins, with 20.8% and 32.1% in the
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FIG 2 Global proteome changes upon MitoTam exposure. Shown are volcano plots of the t test
difference from label-free quantification from triplicate experiments, plotted against the respective
—log,,-transformed P values. Untreated control cells were compared to cells treated with MitoTam
for C. albicans (A) or BSF T. brucei (B). (A) Highlighted points are C. albicans significantly upregulated
efflux pumps (red dots): P78595—multidrug resistance protein CDR2; Q5ANA3—pleiotropic ABC efflux
transporter of multiple drugs CDR1. (B) T. brucei mitochondrial proteins are in red. (C) Western blot
analyses of whole-cell lysates harvested from BSF T. brucei cells treated with 100 nM MitoTam for 0 to
24 h as indicated. Equal amounts of total protein were loaded in each lane. A Coomassie stained gel
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increased and decreased cohort, respectively. These results indicate that MitoTam
treatment induces preferentially a decrease in the levels of various mitochondrial pro-
teins. To validate these results, we analyzed T. brucei whole-cell lysates from cultures
harvested at 4 different time points of MitoTam exposure (8, 12, 16, and 24 h) by im-
munoblotting with antibodies against 8 mitochondrial marker proteins and cytosolic
pyruvate kinase as a control (Fig. 2C). Consistent with the T. brucei proteomics analysis,
we detected significant abundance decrease for nine mitochondrial proteins after 8 h
of MitoTam treatment.

MitoTam treatment leads to disruption of the mitochondrial inner membrane
and rapid loss of AY,, in the bloodstream form of T. brucei. MitoTam was reported
to directly impact mitochondrial function in renal and breast cancer cells, tumors, and
senescent cells (19, 22, 23). In line with this, our proteomic analysis indicated that
MitoTam treatment perturbs the mitochondrial proteome in T. brucei. T. brucei BSF cells
lack cytochrome-mediated mitochondrial electron transport chain, respiring exclu-
sively via an alternative pathway consisting of mitochondrial glycerol-3-phosphate de-
hydrogenase and trypanosome alternative oxidase (AOX), and sustain the AY, by
reversed activity of F F,-ATP synthase (47-49). Importantly, the cancer molecular target
of MitoTam, respiratory Cl (19) was shown to be dispensable for BSF cells (50), yet our
data show that the drug efficiently eliminates these parasites.

To gain deeper insight into the anti-parasitic mode of action of MitoTam, we inves-
tigated its effect on mitochondrion in this model protist. When comparing the growth
of untreated cells with cells treated with two different concentrations of MitoTam, we
found that growth of T. brucei cells was significantly inhibited after 24 h (40 nM,
2x ECs,) or 12 h (100 nM, 5x ECs) (Fig. 3A). To establish a timeline for further experi-
ments, we performed a live/dead cell assay using the cell-impermeant dye Sytox. This
result shows that despite the reduced growth rate, 82.4% and 71% cells were still via-
ble upon 40 nM and 100 nM MitoTam treatment, respectively, after exposure to the
drug for 16 h. At 24 h of treatment, the viability was further decreased to 67.3% and
63.6% at 40 and 100 nM MitoTam, respectively (Fig. 3B). This was accompanied by
increased level of cellular ROS of cells treated with 100 nM MitoTam for 16 h (Fig. 4A).

To examine whether MitoTam affects mitochondrial activity, we analyzed changes
in several cellular attributes associated with mitochondrial function. T. brucei BSF cul-
tures were treated for 16 and/or 24 h with 40 nM or 100 nM MitoTam. We found that
incubation with 100 nM MitoTam significantly reduced glycerol-3-phosphate-depend-
ent respiration, increased cellular ADP/ATP ratio (by 2.6-fold), and decreased mitochon-
drial and cytosolic ATP as well as total cellular ATP levels (Fig. 4B to E). Next, we assessed
AW, in live cells using the cell-permeable red fluorescent dye TMRE and using the
Safranin O assay in digitonin-permeabilized cells. The results of both assays demonstrate
that treatment with 100 nM MitoTam rendered the cell incapable of maintaining AY,
(Fig. 4F and G). Experiments with cultures treated with MitoTam at 40 nM showed a simi-
lar but less pronounced overall effect on T. brucei mitochondrial activity (Fig. S4).

In agreement with these results, fluorescence microscopy evaluation revealed that
treatment with 1 wuM MitoTam for 1 h led to an ~8-fold decrease of the signal intensity
of MitoTracker Red CMX-ROS, a mitochondrial probe used to stain live cells that relies
on AY,, (Fig. 4H).

Furthermore, AY,, was assessed in digitonin-permeabilized wild-type BSF cells by
Safranin O dye upon addition of ATP. We found that AW, was quickly dissipated with
1 M MitoTam, a phenotype identical to the effect of addition of oligomycin, an inhibi-
tor of ATP synthase (Fig. 4l). Moreover, using mitochondrial superoxide indicator

FIG 2 Legend (Continued)

was used as a control for equal loading. The immunoblots were probed with antibodies against
cytosolic pyruvate kinase (PYK) and adenine phosphoribosyltransferase (APRT) and mitochondrial heat
shock protein 70 (Hsp70), proteins associated with the outer mitochondrial membrane (VDAC), inner
mitochondrial membrane (AOX, AAC), and subunits of the F F,-ATP synthase (B, p18, OSCP, Tb1,
Tb2). The relevant masses of the protein molecular weight are indicated.
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FIG 3 MitoTam affects T. brucei viability and alters the mitochondrial function of bloodstream T. brucei
cells. (A) Growth curve of BSF T. brucei cultures was evaluated in unstained cells by flow cytometry.
Untreated control BSF cells (0 nM MT, blue) were compared with cells incubated with 40 nM MitoTam
(40 nM MT, orange) and 100 nM MitoTam (100 nM MT, red). Statistically significant differences are
indicated with an asterisk (paired t test, *, P < 0.05, **, P < 0.01, ***, P < 0.001) (mean * sd., n = 3).
(B) Staining with the cell impermeant nucleic acid dye Sytox was used to distinguish viable (Sytox
negative) and dead (Sytox positive) BSF T. brucei cells. Concentrations of Sytox negative, live cells are
plotted. Untreated control cultures (0 nM MT, blue) were compared with cultures incubated in the
presence of 40 nM MitoTam (40 nM MT, orange) and 100 nM MitoTam (100 nM MT, red) (paired t test,
*, P < 005, **, P < 0.01, **, P < 0.001) (mean * s.d, n = 3).

(MitoSOX), we detected a significant decrease of mitochondrial ROS levels upon
MitoTam treatment, suggesting that the mode of action of MitoTam in trypanosomes
differs from its effect in cancer cells (Fig. 4J).

While the observed changes in the evaluated attributes are consistent with inhibi-
tion of F_F,-ATP synthase that generates AW, in BSF T. brucei cells (48), we also tested
if the rapid drop in AW, is caused by a physicochemical disruption of the IMM. To this
end, we assessed the integrity of isolated mitochondria using the mitochondrial
marker threonine dehydrogenase (TDH), whose activity is detectable only if the added
substrate threonine can freely pass through ‘compromised’ mitochondrial membrane.
As shown in Fig. 4K, treatment with MitoTam at 7.4 uM decreased mitochondrial mem-
brane integrity by 50%. This relatively high value (369 times higher than EC;,) deter-
mined in this in vitro experiment can be explained by a need to form much larger
membrane pores for threonine {(molecular weight 119.12 g/mol) to enter mitochondria
compared to the formation of much smaller or temporal pores allowing the passage of
H*. In addition, in this experiment, the BSF form mitochondrion is not energized due
to the lack of substrates and therefore this could have prevented accumulation of
MitoTam from in the organelle.

Furthermore, to corroborate these results we estimated the effect of MitoTam to
membrane phase transition temperature. The methodology relies on an estimation of
degree of free rotation of membrane fluorescent probes N,N,N-trimethyl-4-(6-phenyl-
1,3,5,-hexatrien-1-yl), trimenthylammonium p-toluenesulfonate (TMA-DPH) and 1,6-di-
phenyl-1,3,5-hexatriene (DPH) (51, 52). The rigid membrane prevents free rotation of
the fluorophore, therefore emitted fluorescence can be vertically and horizontally
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FIG 4 Overall effect of MitoTam on the T. brucei cell. (A) Production of intracellular ROS in BSF T. brucei was quantified by flow cytometry using DCFH-DA
detection reagent in untreated control cells (—MT, blue) and cells treated with 100 nM MitoTam for 16 h (+MT 16 h, red) (mean * sd, n =3, ™, P <
0.01). (B) The O, flux per cell using high-resolution respirometry after addition of glycerol-3-phosphate was determined in BSF T. brucei untreated control
cells (—MT, blue) and BSF cells treated with 100 nM MitoTam for 16 h (+MT 16 h, red) and 24 h (+MT 24 h, red) (box and whisker plot, n = 3, ™, P <
0.01). (C) Relative ADP/ATP ratio analyzed using a bioluminescence assay kit in BSF T. brucei untreated control cells (—MT, blue) and BSF cells treated with
100 nM MitoTam for 16 h (+MT 16 h, red) and 24 h (+MT 24 h, red) (box and whisker plot, n = 3, ***, P < 0.001, ****, P < 0.0001). (D) Cytosolic and
mitochondrial ATP levels were assessed in transgenic BSF T. brucei cell lines expressing firefly luciferase. Untreated control cells (—MT, blue) were compared

(Continued on next page)
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polarized. Readout of fluorescence anisotrophy (r) then reflects changes in fluidity of
membrane subdomains which allows for construction of a thermotropic profile.

The effect of MitoTam {10 mol%) to artificial membrane prepared from dipalmitoyl-
phosphatidylcholine {DPPC) was measured for both the upper bilayer region (0.2 mol%
TMA-DPH} as well as for the hydrophobic region (0.1 mol% DPH) across a range of tem-
peratures (22 - 49°C). Indeed, our analysis of the interaction of 10 mol% MitoTam with
DPPC liposomes indicated a significant increase in membrane fluidity (Fig. 4L and M).
Interestingly, a bigger phase transition temperature shift occurred at the upper mem-
brane region compared to the hydrophobic region {At = 1.6°C versus 4.2°C). Although
fluorescence polarization measurements require suprapharmacological concentration
of the drug these results suggest that modulation of membrane properties likely
occurs at interface IMM/matrix or IMM/intermembrane space, whereas the hydropho-
bic region is less likely to be affected.

Taken together, our data indicate that MitoTam likely changes physicochemical
characteristics and disrupts the integrity of the IMM, which leads to the AW, collapse
and cell death.

DISCUSSION

In cancer cells, MitoTam was shown to inhibit Cl-dependent respiration, which leads
to a rapid decrease of AW, increased ROS production, and disruption of respiratory
supercomplexes. These effects ultimately trigger cell death. The phenotype is even
maore prenounced in cancer cells, which exhibit high levels of the Her2 protein in mito-
chondria and elevated Cl-dependent respiration. Consistently, mammalian cells defi-
cient in CI are more resistant to MitoTam (19}. In metabolically active senescent cells,
MitoTam treatment led to increased levels of ROS, reduced AWm, impaired mitochon-
drial morphology, and metabolic switching to glycolysis for cellular ATP generation
{22). Interestingly, the mitochondrial phenotype was alleviated and cell survival pro-
longed in MitoTam-treated senescent cells overexpressing adenine nucleotide translo-
case-2 (ANT2), which imports ATP into mitochondria (22). Furthermore, restriction of
glycolytic pathways, either by limiting substrate levels or by adding glycolytic inhibi-
tors competing with glucose sensitized control cells to MitoTam {22). In contrast to
cancer cells, ROS scavengers failed to rescue MitoTam-treated senescent cells from
death. Moreover, treatment with established Cl inhibitors (rotenone and piericidin A)
alone did not selectively eliminate senescent cells, while they are sensitive to MitoTam
treatment {22). Therefore, the senolytic effect of MitoTam appears to involve additional
mechanisms to Cl inhibition. Taken together, the effect of MitoTam on cancer and

FIG 4 Legend (Continued)

with cells treated with 100 nM MitoTam for 16 h {+MT 16 h, red} and 24 h {+MT 24 h, red). Data were normalized to the values of the untreated control
cells and expressed as a percentage {mean * s.d., n = 4). {E) Total cellular ATP levels in BSF T. brucei were determined using a bioluminescence assay kit.
Data from cultures treated with MitoTam for 16 h {(+MT 16 h, red} and 24 h {(+MT 24 h, red} were normalized to the respective values of the untreated
control cells {—MT, blue} and expressed in percentage {box and whisker plot, n = 4}, ****, P <2 0.0001}. {F} Flow cytometry of TMRE stained cells was used
to determine A¥  of BSF T. brucei. Data from cultures treated with 100 nM MitoTam for 16 h {16 h +MT, red} and 24 h {+MT 24 h, red} were normalized
to the respective values of the untreated control cells (—MT, blue} and expressed in percentage. Uncoupler FCCP was added as a control for AW,
depolarization (box and whisker plot, n = 6, ****, P <2 0.0001}. {G} In sitv A¥  was measured in digitonin-permeabilized BSF T. brucei cells stained with
Safranin O dye. Where indicated, the F F,-ATP synthase substrate—ATP, the F_F,-ATP synthase inhibiter—oligemycin (Olgm} and the protoncphore SF6847
were added. Representative trace from the measurement of untreated control cells {—MT, blue} in comparison with cells treated with 100 nM MitoTam for
16 h {(+MT 16 h, crange} and 24 h {+MT 24 h, red} is shown. (H)} Automated microscopic analysis of BSF T. brucei cells stained with Mitotracker Red CMX-ROS
was used to determine AW in contrel untreated cells {0 xM MT) and in cells treated with 1 xM MitoTam for 1 h {1 uM MT). Staining with DAP| was used as
an internal control for the analysis. Mean signal intensities of Mitctracker Red CMX-ROS and DAP| are depicted on the y axis (mean * sd., **** P < 0.0001}.
(I} in site AY,, was measured in digitonin-permeabilized BSF T. brucei cells stained with Safranin G dye. Where indicated, the F_F,-ATP synthase substrate—
ATP, the F_F,-ATP synthase inhibiter—cligemycin (Olgm, green line} and MiteTam {1 uM, red line} were added. (J} Red mitochondrial superoxide indicator
MitoSGX was used to detect intramitochondrial ROS nroduction in untreated BSF T. brucei control cells {—MT, blue} and BSF cells treated with 100 nM
MitoTam for 16 h {+MT 16 h, red) and 24 h {+MT 24 h, red). Data were normalized to the values of the untreated control cells and expressed as a
percentage {mean = sd., n = 6, ", P < 0.0001). (K} Integrity of the inner BSF 7. brucei mitochondrial membrane was assessed n isolated mitochondria
incubated with increasing concentration of MiteTam. The mitochendrial enzyme threcnine dehydrogenase {TDH)} was used as a marker for permeability of the
membrane, as the TDH activity is detectable only if a substrate passes freely through compromised mitochondrial membrane {mean * sd. n = 3}. {L} Phase
transition profile of artificial membranes prepared via hydration of lipide film {DPPC + MiteTam [MT] 0 and 10 mol % + 0.1 mol % DPH} with physiological
saline and measured over range of temperatures {22 to 49°C}. Fluidity change is plotted as a fluorescence anisotropy {r} against temperature. (M} Phase
transition profile of artificial membranes prepared via hydration of lipide film (DPPC + MitoTam [MT] 0 and 10 mol % + 0.2 mcl % TMA-DPH} with
physiological saline and measured over range of temperatures {22 to 49°C). Fluidity change is plotted as a flucrescence anisotropy {r} against temperature.
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senescent cells seems to be complex and includes targeting of Cl, mitochondrial mem-
brane depolarization, loss of ATP, increased levels of ROS, and possibly interplay
between ATP/ADP exchange mechanism and ATP synthase (19, 22).

In this study, we showed that MitoTam inhibits the growth of a variety of parasitic
protists and fungi. Different sensitivity to the compound may reflect different meta-
bolic adaptations that the pathogens have developed to thrive in their host organism.
High potencies were determined for T. brucei BSF and for the erythrocytic stage of
P. falciparum, the relevant life cycle stages persisting in the mammalian host of both
these medically important parasites. Notably, canonical Cl is missing in P. falciparum
{53) and is dispensable in BSF T. brucei (50, 54) suggesting that MitoTam has additional
molecular targets besides Cl. The EC., value of MitoTam was one or 2 orders of magni-
tude higher {(but still in in the micromolar range) for other tested organisms such as
Leishmania, Acanthamoeba sp. and the widespread pathogenic yeasts C. albicans and
C. neoformans. MitoTam was the least active against anaerobic protists Trichomonas
vaginalis and Giardia intestinalis, likely due to the absence of conventional energized mito-
chondria in these organisms (36). The low activity observed against facultatively parasitic
amebae Naegleria fowleri requires further research.

Following the encouraging results from in vitro testing, we demonstrated that
MitoTam significantly decreases parasitemia levels, as well as frequency and size of
lesions in animals infected with T. brucei and L. mexicana, respectively. In agreement
with published data (19, 22, 23), repeated injection of MitoTam had no apparent
adverse effect on BALB/c mice used in our studies.

To investigate the mode of action of MitoTam in unicellular pathogens, we per-
formed comparative proteomic analysis using two distinct model organisms, T. brucei
(BSF) and C. albicans. Only minor changes were detected in the C. albicans proteome
upon MitoTam treatment, the most upregulated proteins being two homologues of
multidrug efflux pumps, possibly explaining the 28 times higher EC., value compared
to BSF T. brucei cells. The corresponding analysis in T. bruce/ cells revealed substantial
proteome changes upon 12 h MitoTam treatment. While the complexity of the
observed alterations failed to pinpoint the exact molecular target(s) of MitoTam, there
was a significant impact on the mitochondrion.

To get insight into the complex mode of action that is linked to the function of Cl in
cancer cells {19), we decided to examine the effect of MitoTam on mitochondrial pa-
rameters in BSF T. brucei, where the respiratory complex is dispensable {50). Consistent
with studies on cancer and senescent cells {19, 22, 23), we found that cells incubated
with MitoTam exhibit increased levels of cellular ROS and resulted in rapid dissipation
of AW, which leads to cell death. In contrast, mitochondrial superoxide levels in
T. brucei cells were decreased upon treatment with MitoTam, indicating that the oxida-
tive burst caused by inhibition of Cl-dependent respiration is not responsible for T. brucei
growth inhibition. Furthermore, T. brucei BSF cells incubated with MitoTam exhibited
reduced glycerol-3-phosphate-stimulated oxygen consumption, decreased ATP levels,
and increased ADP/ATP ratio, suggesting that the biochemical effect of MitoTam could
either be due to inhibition of F_F,-ATP synthase that generates A¥,, in these cells (47,
48) or, simply, due to disruption of the mitochondrial membrane integrity, resulting in
AY , collapse.

Our analysis shows that MitoTam at micromolar concentrations significantly increases
the membrane permeability of isclated mitochondria, which could be the cause of the
altered mitochondrial phenotype. This effect could be ascribed to a direct interaction of the
lipephilic MitoTam molecule with the IMM and alteration in membrane fluidity as demon-
strated on artificial liposomal DPPC membrane at suprapharmacological concentration.
Disruption or perhaps modulation of the membrane physicochemical properties might
indeed rapidly dissipate AW, in live cells whether it be via unregulated proton leak or via
affecting fundamental interactions of IMM and integral proteins, such as F_F,;-ATP synthase.

Alternatively, the effect of MitoTam on membranes may be due to a disruption of
enzymes involved in phospholipid synthesis. Intriguingly, studies on T. cruzi, Leishmania
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spp. and P. falciparum indicate that tamoxifen, the functional pharmacophore of MitoTam,
has an inhibitory effect on phospholipid metabolic pathways (55-57). Additional experi-
ments are needed to reveal the multifactorial MitoTam mode of action. Nevertheless, our
study shows that MitoTam represents a promising candidate to be repurposed as an effec-
tive anti-parasitic and anti-fungal compound with high selectivity.

MATERIALS AND METHODS

Pathogen culture. Culture conditions for all organisms used in this study are summarized in Table S4.

Drug sensitivity assays. The cytotoxicity effect of MitoTam was tested in a variety of organisms.
Briefly, cells were seeded in 96-well plates at concentrations summarized in Table S4 and grown under
standard conditions for 24 to 120 h, as indicated. The drug was serially diluted in a medium using a
2-fold dilution across a plate, resulting in a total volume of 200 uL per well. Each experiment included
untreated control cells, as well as a positive control treated with a known growth inhibitory compound
for each respective pathogen. The results were statistically analyzed, and dose-response curves plotted
using Prism 6.01 (GraphPad Software) and expressed as the half-maximal effective concentration (ECy).

The growth of C. albicans and C. neoformans cultures was determined from OD,, values measured
on the I-Mark microplate reader (Bio-Rad). Plasmodium falciparum dose-response curves were generated
using SYBR green |, as described previously (58). In brief, triplicate 2-fold compound dilution series were
set up in 100 uL parasite cultures ( ~0.2% parasitemia in 2% hematocrit). After two cycles (96 h), para-
sites were lysed with 20 uL of 6x SYBR green | lysis buffer (0.16% saponin; 20 mM Tris-HCl, 5 mM EDTA,
1.6% Triton X-100, pH 7.4), supplemented with 1:1000 SYBR green | (from 10000 x stock, Thermo Fisher).
Fluorescence intensity was measured with an Infinite M200 Pro Multimode Microplate Reader (Tecan).
Trypanosoma cruzi epimastigote cell growth was assessed by CellTiter-Glo 2.0 cell viability assay in a 96-
well plate according to the manufacturer’s protocol. As indicated, the dose-response curves of T. brucei
and other pathogens were plotted from cell counts performed on the Guava EasyCyte 8HT flow cytome-
ter (Luminex). The instrument setting and gate selection were adjusted using untreated control for each
organism. For G. intestinalis, A. castellanii, and N. fowleri, that tend to adhere to the walls of the cultiva-
tion vessel, were placed on ice for 20 min and subsequently paraformaldehyde was added to a final con-
centration of 2% before counting the cells on the flow cytometer.

Trypanosoma brucei growth analysis. T. brucei bloodstream cells were seeded at a concentration
of 2 x 10° and 8 x 10° cells/mL of 5 mL HMI-9 medium in aerobic culture flasks. Biological triplicates
were analyzed, including untreated control cultures and cultures treated with final concentrations of
40 nM and 100 nM MitoTam, respectively. Cells were grown under standard growth conditions (37°C,
5% CO,). At each time point (8, 12, 16, 24, and 48 h), 20 uL were sampled, diluted 10x in fresh HMI-9,
and the culture concentration was assessed using Guava EasyCyte 8HT flow cytometer (Luminex). The
count parameters and gates were set according to previously measured cultures. In parallel, cells were
checked under the microscope at each time point to confirm that live, moving cells were present in
each culture.

Trypanosoma brucei dead cell staining. T. brucei BSF cells were seeded at a concentration of
2 x 10° cells/mL in 5 mL HMI-9 medium in aerobic cultivation flasks. Biological triplicates were set up,
including an untreated control group and groups treated with final concentrations of 40 nM and
100 nM MitoTam. The cells were grown under regular growth conditions. At each time point (8, 12, 16,
and 24 h), 20 uL were sampled from each flask, 10x diluted in fresh HMI-9 to a final volume of 200 uL
and 2 uL of SYTOX Green Dead Cell Stain (Invitrogen) was added. Cells were incubated at standard
growth conditions for 30 min, after which live cell counts were analyzed using Guava EasyCyte 8HT flow
cytometer (Luminex). The count parameters and gates were set according to previously measured
cultures.

Measurement of ROS production in T. brucei. Intracellular and intramitochondrial ROS production
was monitored using published protocols (59). Intracellular ROS levels were evaluated using three bio-
logical replicates of approximately 1 x 10° untreated cells and cells treated with 100 nM MitoTam for
12 h. The samples were collected, incubated with 10 uM 2’,7’-dichlorofluoresceine diacetate (DCFH-DA,
Sigma-Aldrich) for 30 min and washed with PBS-G (1x PBS with 6 mM glucose). Using a 488 nm excita-
tion laser and a 530/30 nm detector, 10,000 events were immediately counted on the BD FACSCanto II
instrument.

Mitochondrial ROS production was assessed using the MitoSOX indicator (Thermo Fisher Scientific)
in untreated cells and cells treated with 40 nM or 100 nM MitoTam. An equal number of cells (1 x 10°)
for each treatment was collected, washed in PBS-G, resuspended in HMI-9 medium with 5 M MitoSOX
and stained for 30 min at 37°C, 5% CO,. After staining, cells were spun down, resuspended in PBS, and
immediately analyzed by flow cytometry (BD FACS Canto Il Instrument, 488 nm excitation laser and 585/
15 nm emission). For each sample, 10 000 events were collected. All values were plotted and statistically
analyzed using Prism (8.0) (GraphPad Software).

Comparative label-free proteomics. For T. brucei bloodstream forms, a final concentration of
100 nM MitoTam was added to approximately 3 x 107 cells in the exponential growth phase and cul-
tures incubated for 14 h. Cell viability was checked microscopically before harvesting and washing three
times in PBS (1200g, 10 min, 4°C). An untreated control group was prepared in parallel. Both groups
were prepared in three biological replicates. The pellets were subjected to reductive alkylation and tryp-
tic digest using routine procedures. Peptides were then analyzed by liquid chromatography-tandem mass
spectrometry on an ultimate3000 nano rapid separation LC system (Dionex) coupled to an Orbitrap Fusion
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mass spectrometer (Thermo-Fisher Scientific). Data were analyzed as described in (45, 60) using label-free
quantification in MaxQuant (43) searching the TriTrypDB T. brucei strain TREU927 protein database version
54 (61).

For C. albicans, approximately 1 x 10* cells were inoculated in RPMI medium, as described in (62) and
left to grow for 24 h at 35°C without agitation. MitoTam was added to the final concentration of 44 M and
cultures incubated for 12 h. Cells were then checked under a microscope, harvested, washed three times
with PBS (1 200g, 10 min, 4°C). Pellets were then lyzed using FastPrep 24 5G homogenizer (MP Biomedicals)
according to the manufacturer’s instructions. Lysates were used for the label-free proteomic analysis and
compared with the untreated control group prepared in parallel. Both groups were prepared in three biolog-
ical replicates. Analysis was performed based on the C. albicans protein database downloaded from Uniprot
on 12.11.2019 (63). The threshold settings for comparative proteomic analyses and data processing were
chosen as described in (45) for both organisms. Briefly, thresholds were set to Q-value = 0, unique peptides
detected >2 and the protein had to be identified at least twice in one of the conditions. For proteins found
under only one condition, the average log, converted intensity of 23 was selected as a minimum threshold.
Significantly changed proteins were considered only if the fold change was >2.0.

In the proteomic results of C. albicans, localization was predicted based on Uniprot (63). For T. brucei
proteomic analysis, manual annotation and localization prediction were based on T. brucei 927 database
or T. brucei bloodstream form mitoproteome database obtained from (46). Volcano plots were drawn in
Perseus 1.6.15.0 (44). At first, proteins only identified by site, reverse, potential contaminants, and pro-
teins detected in less than two experiments within at least one group were excluded. The imputation
was performed using a normal distribution with width 0.3 and downshift of 1.8, separately for each col-
umn. The parameters of the volcano plot were set up as following: statistical t test for both sides, 250
randomizations, false discovery rate of 0.05 and S, of 0.1.

Mitochondrial membrane potential measurements. The mitochondrial membrane potential (A%¥'m)
of BSF T. brucei cells was estimated using the red fluorescent stain MitoTracker Red CMXRos (Invitrogen).
MitoTam was added to 5 mL T. brucei culture in an exponential growth phase at a final concentration of
1 uM and cells were incubated for 1 h under standard conditions. Subsequently, MitoTracker Red CMXRos
was added to a final concentration of 100 nM and samples were incubated for another 10 min. Cultures
were spun (1,300 g, 10 min, RT), resuspended in 5 mL of growth medium with 1 ©«M MitoTam and left for an
additional 20 min under standard growth conditions. An untreated control was prepared in parallel. Treated
and untreated cells were washed and transferred to 300 L PBS, spread on microscopy slides, and left to set-
tle. The slides were fixed by immersion in ice-cold methanol for 10 min, once the excess methanol had
evaporated, the slides were mounted using Vectashield with DAPI (Vector laboratories), covered with cover
slides, and sealed using nail varnish. The slides were imaged on a Leica TCS SP8 WLL SMD-FLIM microscope,
using LAS X 3.5.6 imaging software. All images were captured using the exact same microscope setting.
Quantification and comparison of signals were performed in NIS-Elements 5.30 (Nikon). Briefly,10 to 20 z-
stacks were captured using LAS X automatic settings. A single stack with the highest overall intensity was
chosen from the batch, and using the Artificial Intelligence module, areas of signal corresponding to individ-
ual cells were mapped and the average intensity was determined from the selected area. Furthermore, cell
DNA visualized by DAPI was also quantified in the same manner and compared across all images as a refer-
ence value. The signal intensity of MitoTracker Red CMXRos was then compared in treated and untreated
control, while the intensity of the DAPI signal was used to confirm the reproducibility of the reading.

Estimation of AWm in live cells was performed as described previously (59). Briefly, an equal number
of cells (1 x 10°) for each treatment was spun (1,400 g, 10 min, RT), the pellets were resuspended in
HMI-9 medium with 60 nM TMRE (Thermo Fisher Scientific T669) and stained for 30 min at 37°C, 5% CO,.
After staining, cells were spun down (1,400 g, 10 min, RT) and resuspended in 2 mL of PBS and immedi-
ately analyzed by flow cytometry (BD FACS Canto Il Instrument). For each sample, 10,000 events were
collected. As a control for mitochondrial membrane depolarization, cells were treated with 20 .M proto-
nophore FCCP (carbonyl cyanide 4-[trifluoromethoxy] phenylhydrazone, Sigma). Data were evaluated
using BD FACS Diva software (BD Company) and further analyzed using Prism (8.0) (GraphPad Software).

Estimation of the AWYm was also performed using the fluorescent probe Safranin O (Sigma) accord-
ing to (59). From each treatment, 2 x 107 cells were collected, spun down (1,400 g, 10 min, RT), and
resuspended in ANT buffer (8 mM KCI, 110 mM potassium gluconate, 10 mM NaCl, 10 mM HEPES,
10 mM K,HPO,, 0.015 mM EGTA, 0.5 mg/mL fatty acid-free BSA, 10 mM mannitol, 1.5 mM MgCl,) with
5 uM Safranin O. Intact live cells were permeabilized by the addition of 4 uM digitonin (Calbiochem).
The fluorescence of all samples was measured at RT and constant stirring and recorded on a Hitachi F-
7100 spectrofluorometer (Hitachi High Technologies) at a 5 Hz acquisition rate, using 495 and 585 nm
excitation and emission wavelengths, respectively. As indicated, the reaction was started by adding
1 mM ATP (PanReac AppliChem), F_F,-ATP synthase substrate, and stopped by the addition of 10 ug/mL
oligomycin (Sigma), F_F,-ATP synthase inhibitor. The protonophore SF6847 (Enzo Life Sciences) was
added at a final concentration of 250 nM as control for maximal depolarization. Fluorescence data were
analyzed using Prism (8.0) (GraphPad Software).

High-resolution respirometry. The effect of MitoTam on respiration was analyzed by Oroboros
Oxygraph-2K (Oroboros Instruments Corp., Innsbruck, Austria) as described (59). Bloodstream form T. brucei
cells were incubated with 40 nM or 100 nM MitoTam for 16 h and 24 h, as indicated. For each treated sample
and control, 2 x 107 cells were spun down (1,400 g, 10 min, RT) and pellets were washed in Mir05 medium
(0.5 mM EGTA, 3 mM MgCl,, 60 mM lactobionic acid, 20 mM taurine, 10 mM KH,PO,, 20 mM HEPES, 110 mM
sucrose, 1 mg/mL fatty acid-free BSA, pH 7.1). Before the measurement started, the pellets were resuspended
in 0.5 mL of Mir05 medium preheated to 37°C and transferred to the respiration chamber. Respiration was
monitored at 37°C and with constant stirring. The experiment started with the addition of 10 mM glycerol-3-
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phosphate (Sigma), the mitochondrial glycerol-3-phosphate dehydrogenase substrate, and respiration was
inhibited by the addition of 250 «M SHAM (Salicylhydroxamic acid), the inhibitor of the trypanosomal alterna-
tive oxidase. The acquired data were analyzed using Prism (8.0) (GraphPad Software).

Western blot analysis. T. brucei BSF cells were incubated with 100 nM MitoTam and harvested at
different time points after addition as indicated (Oh, 8h, 12h, 16h and 24h). Cells were spun down (1,400 g,
10 min, RT), pellets were washed in PBS (pH 7.4) and resuspended in 3 x SDS-Page sample buffer
(150 mM Tris pH 6.8, 300 mM 1,4-dithiothreitol, 6% (wt/vol) SDS, 30% (wt/vol) glycerol, 0.02% (wt/vol)
bromophenol blue). The whole-cell lysates were denatured at 97°C for 8 min and stored at —80°C. For
Western blot analysis, a volume of sample equal to 2.5 x 10° cells per well was loaded onto 12% gel,
separated by SDS-Page, blotted onto a nitrocellulose membrane (Amersham Protram 0,2 um PC GE
Healthcare Life Sciences) and probed with a monoclonal (MAb) or polyclonal antibody (pAb). Incubation
with primary antibodies was followed by a secondary antibody, either HRP-conjugated goat anti-rabbit or
an anti-mouse antibody (1:5,000, Bio-Rad). Antibodies were detected using the enhanced chemilumines-
cence system (Immobilon Forte Western HRP substrate, Merck) on the Amersham Imager 600 (GE Health
Care Life Sciences). The PageRuIerTM Plus prestained protein ladder (Thermo Fisher Scientific 26619) was
used to determine the size of the detected bands. Primary antibodies were: MAb anti-Hsp70 (1: 2,000),
MAb anti-AOX (1:1,000), pAb anti-AAC (1:1,000), anti-VDAC (1:1,000), pAb anti-PYK (pyruvate kinase)
(1:1,000), pAb anti-APRT (adenine phosphoribosyl transferase) (1:1,000) and antibodies against FF,-ATP
synthase subunits 3 (1:2,000), p18 (1:1,000), Tb1 (1:1,000), Tb2 (1:1,000), and OSCP (1:1,000) (59, 64-66).

Measurement of the ATP/ADP ratio and total cellular ATP levels. Changes in the ATP/ADP ratio
and total cellular ATP were determined in BSF T. brucei cells using the d-luciferin-luciferase biolumines-
cent enzymatic reaction (assay kit Sigma MAK135) according to manufacturer’s instructions. Briefly, from
each sample 1 x 10° cells were harvested and washed once with PBS supplemented with 6 mM glucose
(PBS-G). Pellets were resuspended in PBS-G and the mixture transferred into a microtiter plate (96-well
white flat-bottom). The bioluminescence signal was recorded in an Orion Il microplate luminometer
(Titertek Berthold) and analyzed using Prism (8.0) (GraphPad Software).

In situ measurement of ATP levels. Cytosolic and mitochondrial ATP was measured using BSF T. bru-
cei cell lines expressing firefly luciferase with or without N-terminal mitochondrial localization signal (MLS)
following published protocols (67). Briefly, MitoTam treated cells, as well as untreated control, were spun
(1 x 107 cells) (1,400 g, 10 min, RT) and washed in PBS-G. The pellets were resuspended in HEPES-LUC+Glu
buffer (10 mM p-glucose, 20 mM HEPES, 116 mM NaCl, 5.6 mM KCl, 8 mM MgSO,, 1.8 mM CaCl, pH 7.4)
and transferred to a 96-well microtiter plate. ATP-dependent luciferase bioluminescence was recorded on a
plate reader (Tecan Infinite M100). The light emission was started with the addition of a p-LuciFeriNn solution
(50 M; Sigma), collected for 5 min, and statistically analyzed using Prism (8.0) (GraphPad Software).

Determination of the mitochondrial membrane integrity. T. brucei bloodstream mitochondria
were isolated by digitonin fractionation, according to (68). Briefly, approximately 1 x 108 cells were har-
vested (1400 g, 10 min, RT) and transferred to Hanks’ balanced salt solution (Sigma-Aldrich). The protein
concentrations of the samples were determined by the BCA assay kit (Sigma-Aldrich, USA). Digitonin
(Calbiochem) was added to a protein:mass ratio of 1:0.15, lysate was incubated for 4 min and then spun.
The pellet was washed and used as a mitochondria-enriched fraction, while the supernatant was used as a
cytosolic fraction. Activities of two marker enzymes were used to assess the purity of fractions and intact-
ness of mitochondrial membranes. The enzyme activities of cytosolic pyruvate kinase (PYK) and mitochon-
drial threonine dehydrogenase (TDH) were assayed spectrophotometrically at 340 nM by monitoring
NADH concentration changes during the reaction. The activity of PYK was measured according to (69) in
0.1 M TEA buffer (ThermoFisher Scientific) (final pH 7.6), 5 mM MgSO, and 50 mM KCl, with the addition of
2.8 mM phosphoenolpyruvate, 2 mM ADP, 0.3 mM NADH and lactate dehydrogenase. The activity of TDH
was measured in 0.2 M Tris-HCI buffer with 0.25 M KCI (final pH 8.6), with the addition of 120 mM threo-
nine and 2.5 mM NAD™. Different concentrations of MitoTam were added to the reaction and TDH activity
was monitored as a marker for disruption of the mitochondrial membranes. Treatment with nonionic de-
tergent Triton X-100 was used to completely disrupt mitochondrial membranes and thus release maxi-
mum TDH activity. Data were statistically analyzed and plotted with Prism (8.0) (GraphPad Software).

Membrane fluidity expressed as the regiospecific anisotropy of fluorescence polarization.
Artificial membranes were prepared via hydration of lipide film (2.5 mg, 0.0034 mmol DPPC + MitoTam
10 mol.% + 0.1 mol% DPH or 0.2 mol % TMA-DPH) with physiological saline (2 mL). The lipide solution
was extruded through polycarbonate membrane with pore size 0.4 xm. An 100 L aliquot of liposomal
solution was diluted with additional 900 uL of physiological saline to give clear solution of subvisible
particles (=~ 0.125 mg/mL). Fluorescence anisotropy was measured over range of temperatures (22 -
49°C) in 3°C increments while the slides in the spectrometer FLS1000 were set to 1 to 3 nm. In between
the individual temperature measurements was the sample stirred with magnetic stir bar. Each measure-
ment was average of three subsequent scans and the whole data set was collected as triplicate (DPH exci-
tation 360 nm, emission 435 nm; TMA-DPH excitation 365 nm, emission 425 nm). Fluorescence anisotropy
(r) is calculated automatically by software provided with the instrument, according to r = (lvw—IvhG)/
(v + 2IvhG), where Ivv and Ivh are the intensities of the vertically and horizontally polarized components
of the fluorescent light, respectively, after excitation with vertically polarized light. G = lhv/lhh is a grating
correction factor for the optical system.

Survival analysis in a mouse model. To evaluate the trypanosomiasis effect of MitoTam on the
mortality in mice, a group of 14 BALB/c mice was infected IP with approximately 2 x 10° BSF T. brucei
cells strain STIB920 and the group of 14 mice was infected with 5 x 10° BSF cells of T. brucei brucei 427
strain, both in 100 uL sterile PBS. Mice were monitored every 12 h. Based on previous experience with
the progression of the disease, half of the infected mice from each group were IV injected with MitoTam
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(3 mg/kg bw) on days 3 and 5 after infection. The survival of the mice was visually monitored for up to
13 days after infection, the day of death was recorded for each animal.

T. brucei mouse infection model. To assess the effect of MitoTam on the morbidity of trypanosomiasis
in mice, 16 BALB/c mice were infected with 2 x 10° BSF T. brucei cells (strain STIB920) in 100 wL of sterile PBS.
On day 2 and 4 postinfection, eight mice were injected with MitoTam at a final concentration of (3 mg/kg bw).

Mice were monitored daily, and blood samples were collected from a tail prick from each animal.
Blood drops were smeared on microscopy slides and stained using Wright-Giemsa stain modification,
Diff-Quick (Medion Diagnostics) according to the manufacturer’s protocol. From each slide three images
of random places, where red blood cells were not overlaying, were taken using an inverted widefield
microscope Eclipse Ti2 (Nikon) using the CFI Plan Apochromat Lambda 20x objective (Nikon) with NIS-
Elements AR 5.20 (Nikon). The images were then processed using the Artificial Intelligence module on
NIS-Elements 5.30 (Nikon), manually trained to detect and quantify the number of red blood cells and
trypanosomes. The ratio of trypanosomes to red blood cells was calculated and used to plot the data
and calculate the statistical difference (Student's t test) between the treated and untreated groups in a
given days. Data were plotted with Prism (8.0) (GraphPad Software). Animal handling was approved by
the Czech Ministry of Agriculture (53659/2019-MZE-18134).

L. mexicana mouse subcutaneous leishmaniasis model. The culture conditions of the L. mexicana
promastigotes were as indicated in Table S4, their concentration was determined by hemocytometer.
Before infection experiments, promastigotes were harvested, washed three times and resuspended in
PBS. Twenty BALB/c mice (10 weeks old) were anesthetized IP with a mixture of ketamine (150 mg/kg)
and xylazine (15 mg/kg) and infected intradermally in the ear pinnae by injection of 107 promastigotes.
For a group of 10 animals, MitoTam was administered IP at 1, 2, 3, 5, 6 and 7 weeks after infection at a
dose of (3 mg/kg body weight), other 10 animals served as nontreated controls. The presence of lesions
was monitored for 12 consecutive weeks.

Rescue assay for Leishmania spp. amastigotes. Initially, murine macrophage cells (J774) were seeded
in RPMI supplemented with 10% FCS and 50 wg/mL phorbol 12-myristate 13-acetate and left to differentiate
for 24 h. Then, after washing the cells once with warm (37°C) serum-free RPM|, stationary phage promastigotes
of L. infantum or L. major were added in a 10:1 ratio (2.5 x 10° cell/mL). After 24 h of incubation, cells were
washed five times with serum-free RPMI and exposed to increasing concentration of MitoTam (or amphoteri-
cin B, as positive control) in RPMI (2% FCS). After 2 days, macrophages were | ysed with 20 uL of 0.05% SDS in
RPMI for 30 s and released Leishmania cells were incubated with M199 10% FCS for another 3 days. Finally,
the viability of transformed live cells was determined by the resazurin viability assay.
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