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Abstract 

Amphizoic amoebae Naegleria fowleri and Acanthamoeba castellanii are distributed 

worldwide in diverse natural and anthropogenic environments. N. fowleri can infect healthy 

individuals, causing a rare but deadly brain disease called primary amoebic meningoencephalitis 

with a mortality rate of over 95%. Infection develops if amebae from contaminated water get 

into the nose. A. castellanii can infect the central nervous system of immunocompromised 

patients, causing granulomatous amoebic encephalitis with a survival rate of 2-3%, and the eyes 

of healthy people, leading to a severe sight-threatening infection called Acanthamoeba keratitis. 

N. fowleri and A. castellanii are aerobic organisms and require iron and copper cofactors. 

Both metals are crucial for almost all known organisms and toxic in excess, so the pathogens 

tightly control the homeostasis of iron and copper, which is critical for their virulence. However, 

the information about metal homeostasis in amphizoic amoeba is scarce. This work aimed to 

characterize some of the mechanisms employed by N. fowleri and A. castellanii for iron and 

copper acquisition and detoxification. 

Despite the similar morphology and lifestyle of studied amoebae, their mechanisms of 

iron homeostasis under iron-limiting conditions are entirely different. Both amoebae employ a 

two-step reductive mechanism of iron acquisition; however, N. fowleri does not induce iron 

uptake, instead, it relocates available iron in favor of vital mitochondrial processes, while 

A. castellanii enhances iron import, upregulating an iron uptake system, which consists of a ferric 

reductase from the STEAP family and a divalent transporter from the NRAMP family, and 

downregulating an iron exporter from the VIT family. A. castellanii ferric reductase, iron importer 

NRAMP, and iron exporter VIT are localized to the membranes of digestive vacuoles with 

endocytosed bacteria and liquid medium. 

N. fowleri employs a high-affinity copper importer homologous to yeast and human CTRs 

for copper uptake. The defense strategies against copper toxicity include copper efflux mediated 

by a Cu+-translocating ATPase and upregulation of the expression of various antioxidant proteins.  

Efficient coping with limited copper concentrations and high copper can be advantageous for 

N. fowleri both in the natural environment and in the host.  
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Abstrakt 

Amfizoické améby Naegleria fowleri a Acanthamoeba castellanii jsou rozšířeny po celém 

světě a vyskytují se v různých přírodních i antropogenních prostředích. N. fowleri může u zdravých 

jedinců způsobit vzácné, ale smrtelné onemocnění mozku zvané primární amébová 

meningoencefalitida, jejíž úmrtnost přesahuje 95 %. Infekce vzniká, pokud se améby z 

kontaminované vody dostanou do nosu. A. castellanii může infikovat centrální nervový systém 

pacientů se sníženou imunitou a způsobit u nich granulomatózní amébovou encefalitidu s mírou 

přežití 2-3 %, dale může infikovat oči zdravých lidí, což vede k závažné infekci ohrožující zrak zvané  

akantamébová keratitida. 

N. fowleri a A. castellanii jsou aerobní organismy a vyžadují kofaktory železo a měď. Oba 

kovy jsou klíčové pro téměř všechny známé organismy a v nadbytku jsou toxické, takže patogeny 

přísně kontrolují homeostázu železa a mědi, což je rozhodující pro jejich virulenci. Dostupných 

informací o homeostáze kovů u amfizoických améb je však málo. Cílem této práce bylo 

charakterizovat některé mechanismy, které N. fowleri a A. castellanii využívají k získávání a 

detoxikaci železa a mědi. 

Navzdory podobné morfologii a způsobu života studovaných améb jsou jejich 

mechanismy homeostázy železa v podmínkách s limitujícím obsahem železa zcela odlišné. Obě 

améby využívají dvoustupňový redukční mechanismus získávání železa, avšak N. fowleri 

neindukuje příjem železa, ale naopak relokalizuje dostupné železo ve prospěch životně důležitých 

mitochondriálních procesů, zatímco A. castellanii zvyšuje import železa, upreguluje systém 

příjmu železa, který se skládá ze železité reduktázy z rodiny STEAP a transportéru dvojmocného 

železa z rodiny NRAMP, a také downreguluje exportér železa z rodiny VIT. Železitá reduktáza 

A. castellanii, importér železa NRAMP a exportér železa VIT jsou lokalizovány na membránách 

trávicích vakuol společně s endocytovanými bakteriemi a tekutým médiem. 

N. fowleri využívá pro příjem mědi vysokoafinitní importér mědi homologní s kvasinkovým 

a lidským CTR. Obranné strategie proti toxicitě mědi zahrnují eflux mědi zprostředkovaný Cu+-

translokující ATPázou a upregulaci exprese různých antioxidačních proteinů.  Účinné vyrovnávání 

se s omezenými koncentracemi mědi a vysokým obsahem mědi může být pro N. fowleri výhodné 

jak v přirozeném prostředí, tak v hostiteli. 
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1. Introduction 

1.1 Amphizoic amoebae cause deadly diseases 

Amphizoic amoebae are generally free-living organisms that can occasionally infect 

humans, causing life-threatening diseases. Among them are phylogenetically distant species 

Naegleria fowleri and Acanthamoeba castellanii. 

N. fowleri is a thermophilic amoeba living in diverse freshwater environments, both 

natural and anthropogenic, such as lakes, ponds, water distribution systems, power plant cooling 

systems, and in soils (Maclean et al., 2004; Mull et al., 2013; Sykora et al., 1983; Wagner et al., 

2017). N. fowleri is distributed worldwide and found on all continents except Antarctica (De 

Jonckheere, 2011). The phenotype of N. fowleri depends on the environmental conditions. Under 

favorable conditions, it exists in amoeboid form, trophozoite; it is the only feeding and 

reproducing form and the only form infective to humans. In water without nutrients, 

trophozoites can become flagellates with two apical flagella that allow traveling long distances. 

Under hostile conditions, trophozoites switch to a dormant resistant cyst form (Maciver et al., 

2020). 

N. fowleri can cause a rare but deadly brain disease called primary amoebic 

meningoencephalitis (PAM). The infection usually occurs when trophozoites from contaminated 

water get into the nose, although “dry infections” were also reported when N. fowleri cysts enter 

the nose with dust (Maciver et al., 2020). The amoebae penetrate the nasal mucosa, cross the 

cribriform plate, migrate along the olfactory nerve and enter the brain (Siddiqui et al., 2014). The 

trophozoites feed on brain cells, causing an acute inflammatory reaction. The symptoms include 

severe headaches, stiff neck, fever, nausea, vomiting, seizures, brain dysfunction, and coma 

(Bellini et al., 2018; Siddiqui et al., 2014). The disease usually has a short incubation period (it 

may range from 1 to 16 days) and a high mortality rate of about 98%  (Siddiqui et al., 2014). 

The first stage of the infection is similar to bacterial or viral meningitis, so proper and fast 

diagnosis is critical for efficient medical intervention. However, the clinical diagnosis of PAM is 

time-consuming and technically challenging. It includes morphological analysis of cerebrospinal 

fluid samples, physiological tests of the found organisms such as exflagellation, encystment, and 
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thermotolerance, and PCR identification (Bellini et al., 2018). Thus, in many cases, PAM is only 

diagnosed post-mortem. Currently, drug combinations are used to treat PAM, including 

amphotericin B as the first choice and rifampin, azoles, miltefosine, chlorpromazine, 

azithromycin, dexamethasone (Bellini et al., 2018; Mungroo et al., 2022). 

Historically, the cases of PAM have mostly been reported from developed countries; 

however, this might be due to the poor healthcare system in the developing regions where many 

PAM cases are probably not diagnosed. N. fowleri thrives in warm water basins of equatorial and 

tropical countries, and people’s recreational activities and religious traditions combined with low 

education levels and poor hygiene create the perfect conditions for N. fowleri infections (Maciver 

et al., 2020; Siddiqui et al., 2014). The global climate changes may eventually increase the number 

of PAM cases by expanding N. fowleri “comfort zone” and increasing people’s recreational 

activity (Maciver et al., 2020, 2021; Siddiqui et al., 2014), thus making the study of the parasite 

metabolism even more important. 

Acanthamoeba spp. are among the most prevalent protozoa in the environment. They 

are found worldwide in soil, dust, air, water, including swimming pools and sewage, tap and 

bottled water, sediments, air-conditioning units, hospitals, contact lenses and lens cases, and as 

contaminants in laboratory cell cultures. Acanthamoeba spp. have also been isolated from 

animals, including fish, amphibia, reptiles, and mammals (Marciano-Cabral et al., 2003). In 

favorable conditions, Acanthamoeba exists as actively moving and dividing trophozoite feeding 

on bacteria; under poor conditions, it turns into a dormant resistant cyst (Siddiqui et al., 2012). 

The genus Acanthamoeba has been divided into different species based on morphology; 

several of them can cause infections in humans, namely A. castellanii, A. culbertsoni, A. hatchetti, 

A. healyi, A. astroonyxix, A. divionensis and A. polyphaga. Later, about 20 genotypes (named T1, 

T2, etc.) of Acanthamoeba were established based on rRNA genes sequencing, with the 

A. castellanii T4 strain being the most commonly associated with human diseases (Duggal et al., 

2017; Lorenzo-Morales et al., 2015; Mungroo et al., 2022). 

Acanthamoeba spp. can infect the central nervous system of immunocompromised 

patients, causing granulomatous amoebic encephalitis (GAE), and the eyes of healthy people, 

leading to a severe sight-threatening infection called Acanthamoeba keratitis (AK) (Duggal et al., 



9 
 

2017; Lorenzo-Morales et al., 2015). Also, in immunocompromised individuals, Acanthamoeba 

may disseminate to internal organs like the liver, kidneys, trachea, pancreas, lymph nodes, and 

bone marrow; moreover, it can cause secondary infections, especially in the disrupted skin 

(Mungroo et al., 2022). 

GAE is a rare disease with unspecific symptoms such as low-grade fever, headaches, stiff 

neck, and nausea; neurological symptoms depend on the involved brain area and may include 

altered mental state, seizures, hemiparesis, confusion, personality changes, decreased level of 

consciousness and coma (Duggal et al., 2017; Mungroo et al., 2022). The incubation period of the 

disease is supposed to be weeks or months. Amoebae may enter the body through the 

respiratory tract or breaks in the skin, invading the blood vessels with the following 

hematogenous dissemination to the brain through the blood-brain barrier and to other organs. 

Also, they may enter the central nervous system through the olfactory neuroepithelium (Duggal 

et al., 2017; Mungroo et al., 2022). Due to the rarity of the disease and the similarity of the 

symptoms to fungal, viral, or bacterial encephalitis, GAE diagnostic is problematic. It includes 

brain imaging using computed tomography or magnetic resonance imaging, analysis of glucose 

and protein concentration in cerebrospinal fluid, microscopy and culturing of cerebrospinal fluid 

samples, detection of anti-Acanthamoeba antibodies in serum, and PCR detection of amoebal 

DNA (Duggal et al., 2017; Mungroo et al., 2022). GAE is challenging to treat because of 

complicated diagnostic, which postpones the start of proper medical intervention, and because 

most available antimicrobial agents are amoebostatic rather than amoebicidal and are toxic to 

the patient or do not penetrate the blood-brain barrier (Duggal et al., 2017). Moreover, the 

effectiveness of the treatment may depend on the exact Acanthamoeba strain. Thus, there is no 

optimal approach for GAE treatment. Drug combinations that have been tried include the 

compounds interacting with ergosterol and its synthesis (amphotericin B, fluconazole, 

voriconazole, and ketoconazole), the drugs disturbing nucleic acids metabolism (rifampin, 5-

fluorocytosine, pentamidine, and amikacin) as well as other antimicrobials such as miltefosine, 

trimethoprim-sulfamethoxazole, meropenem, linezolid, moxifloxacin (Duggal et al., 2017; 

Mungroo et al., 2022). However, the survival rate of the disease does not exceed 2-3%. 
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AK is a severe infection of the cornea. It mainly affects contact lens wearers but is not 

limited to those. The symptoms include pain, tearing, photophobia, ring-like stromal infiltrate, 

epithelial defect, and lid edema. If AK is not treated correctly, it can lead to sight loss (Lorenzo-

Morales et al., 2015). The infection occurs when corneal trauma is followed by exposure to 

contaminated lens solution, water, or soil (Khan, 2006). Similar to GAE, AK is difficult to diagnose 

due to unspecific symptoms, so it is commonly misdiagnosed as a viral infection. The diagnostic 

includes in vivo confocal microscopy, corneal scrap microscopy and culturing, and PCR-based 

technics. AK treatment is problematic as acanthamoebae can form cysts within the tissue.  While 

trophozoites are readily eliminated, cysts are resistant to many chemotherapeutics, and a single 

cyst surviving in the cornea can induce reinfection. Thus, even after the recovery, health checks 

are required for about half a year (Lorenzo-Morales et al., 2015). So far, there is no single 

effective drug against AK, so a combination of topical antimicrobials is generally used, such as 

polyhexanide, chlorhexidine, propamidine isethionate, dibromopropamidine, hexamidine, and 

neomycin. Polyhexanide is very efficient against Acanthamoeba but toxic to corneal cells 

(Lorenzo-Morales et al., 2015). The number of AK cases is increasing every year since more and 

more people start using contact lenses; thus, increased awareness about the disease is required 

to prevent new cases, and early diagnosis and new treatments are needed for better outcomes 

(Lorenzo-Morales et al., 2015). 

1.2 Model protozoan and fungal pathogens 

1.2.1 Metal homeostasis in amphizoic amoebae is understudied 

N. fowleri and A. castellanii are aerobic organisms using oxygen respiration to generate 

ATP, although both probably have hydrogenase, an enzyme generally associated with an 

anaerobic lifestyle (Leger et al., 2013; Tsaousis et al., 2014). Like other aerobes, N. fowleri and 

A. castellanii require metal cofactors for the proper function of the respiratory chain and other 

cellular processes, but the information about metal homeostasis in amphizoic amoeba is scarce. 

More data are available about other pathogenic protists, although their metal metabolism is not 

extensively studied either, and about pathogenic fungi. In the following chapters, I summarize 
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the information about iron and copper metabolism in important pathogenic protozoans, such as 

trypanosomatids, apicomplexans, Entamoeba histolytica, as well as pathogenic fungi Candida 

albicans, Cryptococcus neoformans, Aspergillus fumigatus and the non-pathogenic model yeast 

Saccharomyces cerevisiae. 

1.2.2 Digenetic trypanosomatids are important human parasites 

Trypanosomatids include multiple species of parasitic protists infecting various 

organisms, from insects to humans. The most important for human health are Leishmania spp. 

causing leishmaniases, Trypanosoma cruzi causing Chagas disease, and Trypanosoma brucei 

causing sleeping sickness. All these species are digenetic and circulate between intermediate 

mammal and definitive insect hosts. Proliferative forms in the vector’s midgut are called 

“procyclic”, and non-dividing infective forms are called “metacyclic”. There are several species- 

and stage-specific morphotypes based on the position and length of the flagellum: 

“promastigotes” that have elongated form with a long flagellum anterior to the nucleus, 

“trypomastigotes” that are also elongated and have a long flagellum that starts from the 

posterior part of the cell and goes through the side of the whole cell forming so-called undulating 

membrane (making wavelike movements), “amastigotes” that have a circular form with non-

protruding flagellum, and others (Lopes et al., 2010). 

Leishmania spp. are transmitted by phlebotomine sandflies and found in most tropical 

and temperate regions worldwide. Leishmaniases are divided into several forms: cutaneous with 

ulcers on the skin, mucocutaneous with mucosa and cartilage destruction, mainly on the face, 

and visceral form affecting inner organs, which is lethal if untreated. Leishmania life cycle 

includes three developmental stages: procyclic promastigotes, metacyclic promastigotes and 

intracellular amastigotes in the phagolysosomes of the host macrophages. The amastigotes 

multiply in phagolysosome and eventually kill the host macrophage. The released amastigotes 

are phagocytosed by other macrophages (Lopes et al., 2010). 

Chagas disease is transmitted by hematophagous triatomine insects and is spread in 

South, Central, and partly North America. Chagas disease is chronic and untreatable; the 

manifestation may differ depending on infected organs and usually includes cardiomyopathy and 
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digestive megasyndromes. At the site of entry, T. cruzi infects macrophages and fibroblasts. 

Later, the parasite may disseminate through the organism and infect different types of human 

cells, although stable infection usually occurs in muscles, including cardiac, and enteric nerves. In 

contrast to Leishmania, T. cruzi eventually escapes from the lysosomal compartment and lives 

and multiplies in the cytosol. Still, it has to survive at least for some time in the harsh acidic 

lysosomal environment (Lopes et al., 2010). 

T. brucei are transmitted by tsetse flies and cause sleeping sickness in humans. Its 

symptoms start with fever, headaches, lymph node enlargement, hepatomegaly and 

splenomegaly, later, the parasites cross the blood-brain barrier and invade the central nervous 

system provoking insomnia, progressive mental deterioration, and psychiatric manifestations. If 

untreated, the disease eventually leads to death. In contrast to Leishmania and T. cruzi, T. brucei 

is exclusively extracellular and lives in the blood and lymphatic system, hence the parasites in the 

human host are called “bloodstream forms” or “bloodstream trypomastigotes” (Lopes et al., 

2010). Bloodstream forms use glycolysis as the primary energy source and have underdeveloped 

mitochondria, while vector forms use respiration and have normal mitochondria with the full 

electron transport chain (Zíková et al., 2016). 

1.2.3 Apicomplexans are among the most well-known protozoan parasites 

Among the most prevalent pathogens worldwide are the parasites from Apicomplexa 

phylum: Plasmodium spp., Toxoplasma gondii, and Cryptosporidium spp. Plasmodium 

falciparum, which causes malaria in humans, is probably the most notorious parasite in the world. 

Its relative P. berghei causes malaria in rodents and is used to study animal model of the disease 

(Janse et al., 1995). Plasmodium parasites have complicated life cycles including several stages in 

the intermediate vertebrate host and definitive mosquito host (Fujioka et al., 2002). The infective 

sporozoites travel from the mosquito bite site through lymph and blood to the liver and infect 

hepatocytes, where each of them multiplies into thousands of new cells through a process 

termed schizogony, differentiate into merozoites and eventually rupture the host cells. This stage 

is called “pre-“ or “extraerythrocytic”. Extraerythrocytic merozoites enter the bloodstream and 

infect red blood cells. The merozoite multiplies within the red blood cell by erythrocytic 
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schizogony, which includes ring, trophozoite, and schizont stages, producing the new merozoites 

that invade new erythrocytes and may go through the same process or differentiate into sexual 

forms, female macrogametocyte and male microgametocyte. The sexual process takes place in 

the mosquito midgut. Plasmodium erythrocytic stages use host hemoglobin as a source of amino 

acids; however, they cannot degrade potentially toxic heme. Therefore, most heme is 

polymerized into specific malaria pigment hemozoin, which is stored in the food vacuoles (Fujioka 

et al., 2002). 

T. gondii is an obligate intracellular parasite that infects more than 200 species of birds 

and mammals, including humans. Human toxoplasmosis is generally asymptomatic; however, it 

can be dangerous for the fetus if the mother is infected during pregnancy (Arisue et al., 2015). 

Definitive hosts of T. gondii are felids, all other species it infects are intermediate hosts. The 

primary infective stage is resistant oocysts with four sporozoites in felids’ feces. If oocyst is 

swallowed, sporozoites are released in the digestive tract of the intermediate host and infect any 

nucleated cell where they live in a special parasitophorous vacuole that does not fuse with 

lysosomes. Sporozoites differentiate into so-called tachyzoites, rapidly multiplying cells. After 

several division cycles, they finally rupture and leave the host cell to infect the new one. Within 

a few days of infection, tachyzoites gradually slow down the metabolism and division rate, 

developing into bradyzoites which form cysts in tissues, especially in muscle cells and neurons. 

Both tachyzoites and bradyzoites are infectious if swallowed, for example, in uncooked meat 

(Attias et al., 2020). 

 Cryptosporidium species cause intestinal diarrheal infections in animals, including 

humans, which can be life-threatening for immunocompromised patients. The parasites exhibit 

unique intracellular but extracytoplasmic localization within the host cells. The life cycle 

of Cryptosporidium is complicated and involves both sexual and asexual stages developing in the 

same organism. The infectious stage is oocyst with four sporozoites; some oocysts stay in the 

intestine and reinfect the same host (Thompson et al., 2005). 
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1.2.4 Entamoeba histolytica is an anaerobic enteric amoeba 

Entamoeba histolytica is an enteric parasite infecting hundreds of millions of people 

annually. Most cases of infection are asymptomatic; however, approximately 50 million people 

get invasive, potentially life-threatening diseases: amoebic colitis or amoebic liver abscess 

(Stauffer et al., 2003). E. histolytica has a simple two-stage life cycle. In the human intestine, it 

exists as amoeboid trophozoite or forms a dormant cyst to survive the external environment and 

infect the next host. The parasite obtains energy by anaerobic fermentation and does not have 

classical mitochondria (Muller et al., 2012). 

1.2.5 Fungi are important opportunistic pathogens 

Fungal pathogens are relatively easy to study because they don’t require complicated 

growth conditions and are easily subjected to genetic manipulations. The most studied 

pathogenic fungi are Candida albicans, Cryptococcus neoformans, and Aspergillus fumigatus. 

These species are opportunistic and occupy different environmental niches within the host 

during infection. C. albicans usually exists on the mucosal surfaces and the skin of healthy people. 

Under immune deficiency, malnutrition or antibiotic treatment, it can cause superficial mycoses 

or even life-threatening systemic infections (López-Martínez, 2010; Martínez-Pastor et al., 2020). 

C. neoformans is found in nature worldwide, primarily in bird excrements and soil. It may cause 

pulmonary infections and meningoencephalitis in immunocompromised patients (Levitz, 1991). 

A. fumigatus normally inhabits soils and decaying vegetation. It is easily dispersed in the air as 

spores and causes severe pulmonary and invasive diseases in immunodeficient people (Martínez-

Pastor et al., 2020). 

1.3 Transition metals are crucial for biological processes 

Transition metals are the elements with partially filled d atomic shell. Most transition 

metals have more than one oxidation state. Also, they can form coordination complexes, which 

are compounds consisting of several groups arranged around a central metal atom, the most 

well-known being heme. These characteristics determine the importance of transition metals in 
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biological systems. Biologically essential transition elements include iron, manganese, copper, 

cobalt, and zinc, to less extent nickel, chromium, and vanadium (Thomson, 1975). Transition 

metals are involved in numerous crucial biological processes such as oxygen carriage and 

utilization, electron transfer, reactive oxygen species detoxification, nitrogen fixation, methyl 

transfer, and others (Brill, 1977). 

The roles performed by metals in enzymatic processes may be divided into two broad 

groups: redox and non-redox reactions catalysis. Transition metals usually participate in redox 

processes, which is based on their ability to be in different oxidation states, except for zinc, which 

is only present in cells as Zn2+ and participates in non-redox reactions (Andreini et al., 2008). The 

most abundant metal in redox processes is iron, followed by copper. Both are crucial for almost 

all known organisms and are toxic in excess. The strategies employed by the pathogens to tightly 

control the homeostasis of these metals, which is critical for their virulence, are further discussed. 

1.4 Iron is the predominant redox metal 

1.4.1 Iron and immunity 

Iron is used in various cofactors such as heme, iron-sulfur (Fe-S) clusters, diiron, and 

mononuclear iron centers in countless proteins; it is the predominant redox metal in biological 

systems (Andreini et al., 2008). Such a predominance is the result of the early evolution of life, as 

soluble Fe(II) was highly available before the oxygenation of the atmosphere and its redox 

properties were suitable for early life chemistry (Crichton et al., 2001). Primordial iron-sulfur 

clusters, the ancestors of modern Fe-S clusters, which are widespread and broadly employed in 

different enzymes, were probably able to assemble spontaneously on protein templates (Imlay, 

2006). The rise of oxygen levels in the atmosphere and ocean waters induced by the emergence 

of photosynthesis and intensified during the Neoproterozoic Oxygenation Event resulted in iron 

oxidation and precipitation as ferric hydroxide and insoluble salts, reducing its bioavailability 

(Canfield et al., 2007; Och et al., 2012; Shields-Zhou et al., 2011). Nevertheless, iron remains 

crucial for many biochemical processes in living cells, and iron availability is often a limiting 

growth factor, for example, in oceanic primary production (Boyd et al., 2007). 
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Limiting the amount of available transition metals, including iron, is one of the 

mammalian defensive strategies against invading pathogens called nutritional immunity. Initially, 

the term “nutritional immunity” was referred to strategies for iron withholding, although now it 

is known that mammals also restrict access to other transition metals such as manganese and 

zinc (Hennigar et al., 2016; Kehl-Fie et al., 2011). There are various approaches that mammals, 

including humans, use to limit the amount of iron available for pathogens. Generally, these 

mechanisms regulate iron homeostasis and prevent iron toxicity: free iron is a potent catalyst for 

the formation of hydroxyl radicals in the cells, which can cause peroxidation of lipids in 

membranes, oxidation of side chains of amino acids with following protein degradation, protein 

cross-linking, nucleic acids damage (Hershko, 2007). Therefore, “free” iron concentration in cells 

is profoundly low, and organisms tightly regulate iron homeostasis. During infection, some of 

these mechanisms are intensified and used against pathogens. 

A large proportion of human iron is complexed to heme in hemoglobin of erythrocytes or 

myoglobin of muscle cells. If free hemoglobin is released from the cells, it gets bound by 

haptoglobin; heme is bound by hemopexin, albumin, and high- or low-density lipoproteins. The 

resulting protein complexes are cleared from the plasma by the liver or macrophages (Ascenzi et 

al., 2005). Intracellular non-heme iron is sequestered by the storage protein ferritin (Harrison et 

al., 1996). The synthesis of both haptoglobin and ferritin is increased during inflammation 

(Ascenzi et al., 2005; Harrison et al., 1996). 

Extracellular iron is tightly bound to a glycoprotein called transferrin in plasma (Weinberg, 

1975). Transferrin is the primary source of iron for most cells in the organism. Cells express 

transferrin receptor on their surface that binds transferrin from the bloodstream, and the 

transferrin-receptor complex is internalized. In the endosome, pH eventually decreases, and Fe3+ 

dissociates from transferrin. Metalloreductases reduce iron which is transported into the cytosol 

by divalent metal transporter 1 (DMT1), while the receptor returns to the plasma membrane and 

apo-transferrin is released back to the bloodstream (Kawabata, 2019). Similar glycoprotein 

lactoferrin is found in milk, saliva, tears, mucosal secretions, and other liquids (Weinberg, 1975).  

Both transferrin and lactoferrin have antimicrobial activity against a broad spectrum of 

pathogens, including bacteria, fungi, and protists (Bruhn et al., 2015; Jenssen et al., 2009). 
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Neutrophils release lactoferrin in infected tissues and blood (Legrand et al., 2005). Another 

protein known for antimicrobial function due to depriving pathogens of manganese, iron, and 

zinc is human calprotectin. It is produced by various immune cells, especially neutrophils, and 

epithelial cells, and is released during infection (Zygiel et al., 2019). Fecal calprotectin level 

detection is used as a marker of gastrointestinal inflammation (Ayling et al., 2018). 

During infection, the concentration of the serum iron is notably decreased, which is 

mediated by the peptide hormone hepcidin. Hepcidin regulates the iron transporter ferroportin. 

Ferroportin exports iron from duodenal enterocytes, macrophages recycling senescent 

erythrocytes, and iron storing hepatocytes. Hepcidin synthesis is upregulated at the 

transcriptional level by inflammatory stimuli, and when hepcidin binds to ferroportin, the latter 

is degraded, and the export of iron to plasma is diminished, resulting in decreased iron 

concentration in circulation (Ganz, 2009; Kawabata, 2019). 

Furthermore, there is a mechanism to limit the amount of iron for intracellular pathogens 

of macrophages, such as Mycobacterium, Salmonella, and Leishmania spp. Iron is removed from 

phagolysosomes by natural resistance-associated macrophage protein NRAMP1 (homolog of 

DMT1), whose expression is upregulated in response to infection, and the loss-of-function 

mutations in this protein make the host more susceptible to diseases caused by these species 

(Cellier et al., 2007; Searle et al., 1998). 

Another known mechanism of iron withdrawal by the host is the synthesis of siderocalin, 

also called lipocalin 2, which is employed to scavenge secreted microbial iron chelators 

siderophores (Ganz, 2009). Siderocalin is highly upregulated in mucosa during infection (Nelson 

et al., 2005). 

To sum up, while nutritional immunity does not kill the pathogen, it efficiently slows its 

propagation, giving the organism time to raise other immune responses and eliminate the 

invader. 

1.4.2 Iron acquisition in parasitic protists 

Despite the variety of the ways used by the host for iron withholding, pathogens employ 

many strategies allowing them to successfully overcome this defensive mechanism, which 
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include reductive iron uptake, acquisition of iron from host iron-binding proteins using specific 

receptors or non-specific proteases, heme uptake, iron acquisition from siderophores, and 

phagocytosis or trogocytosis of whole host cells or their parts. Some organisms use a combination 

of several different approaches (Mach et al., 2020). 

Two-step reductive iron uptake is well-known since it is used by the model yeast 

S. cerevisiae. The first step, Fe3+ reduction by a ferric reductase, increases iron solubility and 

results in iron release from various complexes or host proteins since they have a lower affinity to 

Fe2+; in the second step, iron is imported to the cytoplasm by an iron transporter. This mechanism 

is employed by human cells in the transferrin cycle described above, and by many fungal 

pathogens, including C. albicans, C. neoformans, and A. fumigatus (Martínez-Pastor et al., 2020). 

The proteins participating in the reductive iron acquisition are highly conserved in fungi. They 

include plasma membrane metalloreductases (Fre1 and Fre2 in S. cerevisiae for ferric reductase) 

and the complex of ferroxidase, which re-oxidizes iron to ferric form, and permease, which 

imports iron to the cytoplasm (Fet3 for ferrous transport and Ftr1 Fe transporter, respectively). 

Ferroxidase is a copper-dependent enzyme, so high-affinity iron uptake in fungi requires copper, 

which will be discussed later. Copper-dependent ferroxidase-permease complex is a fungal 

characteristic feature; plants also use reductive iron uptake; however, they employ divalent iron 

transporter IRT1 (iron-regulated transporter) and do not require iron re-oxidation for high-

affinity iron uptake (Walker et al., 2008). 

Among parasitic protists, reductive iron acquisition is employed, for instance, by 

L. amazonensis. Leishmania does not require specific receptors for the host iron-binding proteins 

since it is an intracellular parasite residing in the macrophage phagolysosomes, where it can take 

up iron released from the host-endocytosed transferrin due to acidic pH. Huynh and colleagues 

(2006) found that Leishmania has an iron transporter homologous to Arabidopsis thaliana IRT1, 

which is localized to the parasite’s plasma membrane and a lysosome-like compartment and is 

upregulated under iron deprivation. This protein called LIT1, for Leishmania iron transporter, can 

functionally complement high sensitivity to iron deprivation of the yeast mutant defective in both 

high and low-affinity iron uptake systems (fet3Δfet4Δ). The transporter is not necessary for the 

axenic growth of promastigotes and their differentiation to infective metacyclic promastigotes, 
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nor is it required for their differentiation to amastigotes in axenic culture. However, it is crucial 

for replication in macrophages, both cultured and in vivo. Null mutant lit1Δ/lit1Δ cannot cause 

cutaneous lesions in mice, although the amastigotes can survive within mice macrophages for 

weeks. LIT1 is predicted to have the same membrane topology as IRT1 and shares five conserved 

amino acid residues that were demonstrated to be essential for iron transport in both 

Arabidopsis and Leishmania transporter (Jacques et al., 2010). Another protein of L. amazonensis 

iron acquisition pathway was characterized later in the same laboratory by Flannery and 

colleagues (2011). Leishmania ferric reductase LFR1 was identified as a homolog of Arabidopsis 

ferric reduction oxidase gene FRO1; the protein is upregulated under iron-depleted conditions 

and displays Fe3+ reductase activity, which was confirmed by its overexpression. Lfr1Δ/lfr1Δ 

knockouts show a decreased level of differentiation into infective promastigotes or amastigotes 

in axenic culture and reduced viability, do not replicate within macrophages, and display impaired 

virulence in mice. 

Another kinetoplastid, the extracellular parasite T. brucei, employs a different iron 

acquisition mechanism. In the mammalian host, T. brucei invades the bloodstream; accordingly, 

its primary iron source is transferrin. T. brucei expresses a heterodimeric transferrin receptor at 

the surface of its flagellar pocket, the only area where endocytosis occurs, and transferrin is 

endocytosed upon binding to the receptor. After the endosome acidification, iron is released, the 

apoprotein is degraded, and the receptor is recycled back to the flagellar pocket surface. The 

transferrin receptor expression is upregulated under iron-depleted conditions (Taylor et al., 

2010). Taylor and colleagues (2013) investigated how the released iron is exported from the 

endocytic compartment. They discovered a T. brucei homolog of mucolipin 1, a human Fe2+ 

channel, which they named TbMLP (mucolipin-like protein). Interestingly, this protein is from a 

different protein family than Leishmania LIT1. TbMLP is localized to the lysosome and, in contrast 

to the transferrin receptor, is not regulated by iron concentration. The authors could not 

generate a null mutant of TbMLP unless an ectopic copy of the gene was introduced, which 

suggests that the protein is essential. TbMLP knockdown trypanosomes have increased 

sensitivity to iron chelators and superoxide; the latter can be explained by the fact that T. brucei 

only expresses iron-dependent superoxide dismutase. TbMLP is proposed to mediate the 
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transport of divalent iron, since the human mucolipin 1 functions as a channel for Fe2+ (Taylor et 

al., 2010) and the trypanosome homolog shares the critical conserved amino acid residues (Taylor 

et al., 2013). A respective ferric reductase in T. brucei is not known, although its genome contains 

two putative ferric reductases (Taylor et al., 2010). My colleagues Mach et al. (2013) 

demonstrated that procyclic trypanosomes, which, in contrast to bloodstream forms, are not 

able to take up transferrin, acquire iron by reductive mechanism. However, the exact proteins 

involved in the process were not questioned. Possibly, T. brucei employs the same ferric 

reductase and iron channel in procyclic and bloodstream forms; at least TbMLP is constitutively 

expressed in both stages (Taylor et al., 2013); however, this hypothesis is yet to be elucidated. 

A transporter from the ZIP family (ZRT, IRT-like proteins) was demonstrated to be involved 

in iron uptake in P. berghei (Sahu et al., 2014). The protein named ZIPCO (ZIP-containing protein) 

is localized to the plasma membrane of the liver stage parasite. It is not essential for the parasite 

replication in red blood cells and the development of the mosquito stages; however, the gene 

disruption reduces the infectivity of pre-erythrocytic stage parasites 1000 times. ZipcoΔ knockout 

extraerythrocytic forms show reduced cell size and impaired growth and viability in vitro, which 

results in delayed and decreased release of merozoites. The impaired size and growth can be 

reversed by adding iron to the growth medium and partly by zinc supplementation. Sahu and 

colleagues conclude that ZIPCO is an essential iron transporter for the liver stage development 

and suggest the existence of another transporter that can import iron to the parasite cells in the 

absence of ZIPCO and might also be used by the erythrocytic stages of Plasmodium. Despite the 

exceptionally high concentrations of heme in Plasmodium environment, there is still 

controversial evidence on whether the parasite uses only heme-derived iron or exploits other 

iron sources to satisfy its metabolic needs (Scholl et al., 2005). Interestingly, homologs of NRAMP 

(the previously mentioned family of proteins involved, for instance, in iron metabolism and 

nutritional immunity in mammals) are identified in the genomes of several Plasmodium species, 

although not yet studied (Mach et al., 2020). 

Enteric amoeba E. histolytica can use “free” iron, both ferric and ferrous, for growth, 

which indicates that it has an iron importer(s) and possibly a ferric reductase, however, the 

proteins involved in iron transport remain unknown  (López-Soto et al., 2009). E. histolytica has 
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a specific receptor for lactoferrin, which is endocytosed and trafficked to the acidic lysosomes 

where iron is probably released, and the protein is degraded by proteases. Interestingly, apo-

lactoferrin (lactoferrin without iron) shows a concentration-dependent microbicidal effect on E. 

histolytica trophozoites. Also, Entamoeba may use hemoglobin, transferrin, and ferritin as iron 

sources. Investigations of Entamoeba receptors for host iron-binding proteins, endocytosis, and 

multiple lysosomal and secreted proteases are reviewed by López-Soto et al. (2009); however, it 

is not studied how the iron enters the cytoplasm after its release from the degraded proteins in 

the lysosomes. 

Some protozoan parasites are capable of acquiring host heme. Leishmania, for instance, 

is unable to synthesize heme de novo, so it must acquire it from the environment. For heme 

acquisition, L. amazonensis employs the transporter LHR1 (Leishmania heme response), which 

was discovered based on its similarity with plasma membrane heme importer HRG4 (heme 

responsive gene) from Caenorhabditis elegans (Huynh et al., 2012). LHR1 is localized to the 

plasma membrane and lysosomes. Leishmania promastigotes grown under heme depleted 

conditions have significantly upregulated expression of LHR1 at the transcriptional level and 

substantially increased heme uptake. Also, LHR1 can support the growth of S. cerevisiae hem1Δ 

mutant (lacking the first enzyme of the heme biosynthesis pathway) on the hemin-supplemented 

medium. LHR1 seems essential for L. amazonensis since the authors could not create a double 

knockout of the gene. In the single knockout (LHR1/Δlhr1) strain, heme uptake is reduced 

approximately twice. The genes highly similar in sequence to LHR1 are present in the genomes 

of T. cruzi and T. brucei, suggesting that trypanosomes may use them for the host heme uptake 

(Huynh et al., 2012). T. brucei is known to express a receptor for the host haptoglobin-

hemoglobin complex, which it uses to acquire heme (Vanhollebeke et al., 2008). LHR1 ortholog 

may be required to import heme from the endocytic compartment. 

E. histolytica can use heme as a sole iron source (Cruz-Castañeda et al., 2011). Iron-

starved trophozoites prefer heme over hemoglobin and can acquire the cofactor from 

hemoglobin in the medium. Entamoeba secretes two heme-scavenging proteins, namely 

EHHMBP26 and EHHMBP45 (26 kDa and 45 kDa E. histolytica hemoglobin-binding proteins), 

which probably act as hemophores, facilitating heme acquisition. These proteins also bind 
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hemoglobin, although with lower affinity. The mechanisms of uptake and the subsequent 

utilization of the complex of these proteins with heme are not described yet. In the more recent 

research, Hernandes-Cuevas and colleagues (2014) found that iron modulates transcription of 

several putative Entamoeba transporter genes, sharing homology with genes involved in 

siderophore transport in bacteria and heme export in humans. Some of them may be used for 

uptake of EHHMBP-heme complexes, or, alternatively, they may be involved in the uptake of 

bacterial siderophores by Entamoeba or transport of yet unknown Entamoeba own 

siderophores. 

Interestingly, P. berghei was demonstrated to incorporate both host-derived and de novo 

synthesized heme into mitochondrial cytochromes into hemozoin (Nagaraj et al., 2013). The 

double knockout of the first and last genes of the heme biosynthetic pathway showed no 

influence on intraerythrocytic stages of parasite growth in mice, although de novo heme 

synthesis is essential for parasite development in the mosquito and liver stages. This result 

indicates that intraerythrocytic stage cells can acquire host heme and that host-derived heme is 

sufficient to satisfy the parasite’s need for this cofactor. The exact mechanism of heme delivery 

to Plasmodium cytoplasm and mitochondria remains unknown, as well as how heme synthesized 

by the parasite ends up in hemozoin (Nagaraj et al., 2013). 

The mechanisms of iron acquisition by amphizoic amoebae A. castellanii and N. fowleri 

are understudied. Ramírez-Rico et al. (2015) demonstrated that crude extracts of Acanthamoeba 

and the conditioned culture medium contain proteases that can cleave lactoferrin, transferrin, 

and ferritin; however, it remains unknown how the released iron enters the cells. 

1.4.3 Iron transport to mitochondria 

Acquired iron must be effectively distributed between the cell compartments, and 

mitochondria play an essential role in cellular iron utilization. In addition to being the main 

energy-generating organelles of aerobic cells, mitochondria are the central sites for synthesizing 

iron-containing cofactors, namely iron-sulfur clusters and heme (Mühlenhoff et al., 2015; Zíková 

et al., 2016). Fe-S cluster assembly function remains in altered mitochondrion-related organelles 

such as Trichomonas vaginalis anaerobic hydrogenosomes (Tachezy et al., 2001, 2022), and even 
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in Giardia intestinalis mitosomes, extremely reduced mitochondria remnants (Jedelsky et al., 

2011; Tovar et al., 2003). E. histolytica employs Fe-S cluster synthesis machinery of non-

mitochondrial origin, which the parasite acquired by lateral gene transfer from bacteria, 

however, these proteins probably also function within the mitosomes (Maralikova et al., 2010). 

Despite the importance of iron utilization pathways in mitochondria for the whole cell 

metabolism, the mechanism of iron delivery to the organelle in protists is not fully understood, 

although it is studied in S. cerevisiae. 

While the transport of small hydrophilic compounds through the outer mitochondrial 

membrane is probably non-specific and occurs via the number of outer membrane channels 

(Becker et al., 2018), the transfer across the inner membrane requires specific transporters 

(Palmieri et al., 2010). Lange and colleagues (1999) studied the mechanism of iron transport to 

ferrochelatase, the terminal enzyme of the heme synthesis pathway inserting iron into the 

protoporphyrin ring. They demonstrated that iron import to mitochondria is a membrane 

potential-dependent process and requires iron in reduced (ferrous) form. Surprisingly, they 

showed that ferrochelatase does not utilize the iron pool in the mitochondrial matrix and gets 

iron directly from the inner membrane; therefore, the enzyme is probably prevented from 

interaction with zinc, which is known as a strong competitive ferrochelatase inhibitor, and 

incorporation of zinc into the porphyrin ring instead of iron is avoided. Several years later, the 

exact transporters responsible for iron import to mitochondria were demonstrated. Interestingly, 

these proteins, Mrs3 and Mrs4, were already known by that time as suppressors of mitochondrial 

RNA splicing defects (hence the name MRS for mitochondrial RNA splicing) when expressed from 

high copy number plasmid (Wiesenberger et al., 1991), but their role in iron metabolism was only 

shown in 2002 by Foury and Roganti. They studied the function and regulation of Mrs3 and Mrs4 

and demonstrated that the deletion of MRS3 together with MRS4 severely limited iron 

accumulation in mitochondria, while increasing the overall amount of iron in cells, and, 

conversely, overexpression of MRS4 increased the mitochondrial iron content. Soon after that 

Muhlenhoff and colleagues (2003) showed a strong correlation between MRS3/4 expression and 

the efficiency of heme synthesis and iron-sulfur cluster assembly both in vitro and in vivo, proving 

the direct involvement of Mrs3 and Mrs4 in mitochondrial iron import. Mrs3 and Mrs4 are 
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members of mitochondrial carrier family (MCF) and both display a characteristic tripartite 

structure, each part comprised of two transmembrane helices and a conserved motif; Mrs3/4 

specificity for iron is provided by three conserved histidine residues in helices 1, 2 and 5 

(Brazzolotto et al., 2014; Long et al., 2016). In the absence of both Mrs3 and Mrs4, a 

mitochondrial pyrimidine nucleotide transporter Rim2 (replication in mitochondria) can 

overcome the low iron-related phenotype co-transporting iron with pyrimidine nucleotides to 

the mitochondrial matrix. However, Rim2 does not seem to play an important role in the 

mitochondrial iron acquisition under normal physiological conditions and probably represents a 

low-affinity iron transport system (Froschauer et al., 2013). 

Human cells employ mitochondrial iron transporters homologous to Mrs3/4 called 

mitoferrin 1 and 2 (Paradkar et al., 2009); moreover, the involvement of mitoferrins in iron 

homeostasis has been shown in other eukaryotes such as zebrafish, Drosophila, Caenorhabditis 

and mice (Brazzolotto et al., 2014). 

MRS3/4 and mitoferrin homologs are required for the normal growth of some pathogenic 

organisms. For instance, C. albicans mrs4Δ/mrs4Δ double knockout mutant has fragmented and 

aggregated mitochondria, grows poorly on media containing non-fermentable carbon sources, 

and demonstrates a decrease in filamentous growth rate under hyphae-inducing conditions (Xu 

et al., 2012). In addition, it exhibits hypersensitivity to oxidants and most metal ions. Similarly, 

A. fumigatus mrsAΔ null mutant shows severe growth defects under iron depletion and increased 

sensitivity to oxidative stress and antifungal drug itraconazole (Long et al., 2016). Moreover, 

MRSA deletion causes significantly decreased virulence in the immunocompromised murine lung 

infection model: the mortality rate of the mice infected with the mrsAΔ mutant was 60% lower 

than in the case of infection with the wild-type strain, and histopathological examination of lungs 

of the infected mice revealed that no fungal colonies were evident in mrsAΔ infection, suggesting 

that the host immune system was able to eliminate the pathogen. The disruption of MRS3/4 gene 

of C. neoformans leads to slow growth under low iron conditions and increased sensitivity to 

hydrogen peroxide (Nyhus et al., 2002). 

Homologs of MRS3/4 and mitoferrins are highly conserved among trypanosomatids. In 

L. amazonensis, expression of mitoferrin homolog LMIT1 (Leishmania mitochondrial iron 
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transporter) is presumed essential for promastigote viability since LMIT1 null mutants could not 

be generated (Mittra et al., 2016). LMIT1/lmit1Δ promastigotes (lacking one LMIT1 allele), 

although demonstrating a normal log phase of growth, reach a stationary phase at a lower cell 

density and with significantly higher iron content in the cells; they are more susceptible to ROS 

toxicity than the wild-type cells. LMIT1/lmit1Δ promastigotes can undergo metacyclogenesis 

normally; however, metacyclic promastigotes cannot cause cutaneous lesions in mice since they 

cannot replicate as intracellular amastigotes after infecting macrophages. 48 hours after 

induction of differentiation into amastigotes axenically, LMIT1/Δlmit1 mutant strain 

demonstrated a significant drop in mitochondrial membrane potential and reduced 

mitochondrial aconitase activity. Moreover, the mutant failed to upregulate Fe superoxide 

dismutase, an iron-dependent ROS detoxifying enzyme (Mittra et al., 2016). 

Furthermore, TbMCP17, mitoferrin/LMIT1 homolog of T. brucei, is essential for the 

survival of procyclic forms, which require proper mitochondrial function, but not bloodstream 

forms, which lack a functional respiratory chain (Mittra et al., 2016). 

Homologs of MRS3/4 and mitoferrins are found in the genomes of apicomplexan 

parasites Plasmodium, Toxoplasma (Sloan et al., 2021), and Cryptosporidium (Fung, 2019), 

although they have not been characterized yet. Also, mitoferrin homologs are present in the 

genomes of both A. castellanii and N. fowleri (Mach et al., 2020). No homologs of MRS3/4 were 

found in the genomes of Entamoeba, Trichomonas, or Giardia (Mach et al., 2020), although all of 

them have Fe-S cluster synthesis machinery present in their mitochondria-related organelles, as 

it was mentioned previously. They might use iron transporters from other protein families or 

highly divergent mitoferrin homologs that are difficult to be identified by bioinformatic tools. 

Interestingly, E. histolytica, which does not have a distinguishable homolog of MRS3/4, 

has a homolog of yeast mitochondrial metal transporters MMT1/MMT2 (Mach et al., 2020). 

MMT1 and MMT2 were discovered by Li and Kaplan (1997) as genes that, when expressed from 

a multicopy plasmid, were able to restore the impaired growth of erg25Δ mutant with defective 

iron-dependent methyl sterol oxidase in low iron media. The corresponding proteins were later 

demonstrated to be mitochondrial iron exporters (Li et al., 2014). The phenotype of 

mmt1Δmmt2Δ resembles that of the strain with overexpressed MRS3 and MRS4 and, vice versa, 
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the overexpression of MMT1 and MMT2 mimics the phenotype of mrs3Δmrs4 knockout. The 

authors propose that Mmt1 and Mmt2 reduce the level of mitochondrial free iron and thus 

protect mitochondria from oxidative damage (Li et al., 2020). MMT1/2 homologs were found in 

higher plants (but not algae) where they probably have the same function as in yeast (Li et al., 

2020; Vigani et al., 2019). No homologs were identified in vertebrates, however, murine protein 

ABCB8 (ATP-binding cassette subfamily B member 8) from another protein family has 

mitochondrial iron exporting function and is required for mitochondrial iron homeostasis and 

maturation of cytosolic Fe-S proteins; reduced ABCB8 level is associated with elevated 

susceptibility to oxidative stress (Ichikawa et al., 2012). The role of MMT1/2 homolog in 

E. histolytica is not known. MMT homologs are also present in trypanosomatids, A. castellanii, 

N. fowleri (Mach et al., 2020), however, their function is not studied. 

1.4.4 Role of transporters in iron storage and detoxification 

As it was mentioned previously, iron is toxic in excess, so its distribution and storage must 

be carefully balanced. The mechanisms of iron storage and detoxification are generally less 

studied than the mechanisms of iron acquisition. The best-studied iron storage protein used by 

most organisms, including vertebrates, mollusks, worms, insects, plants, and bacteria, is ferritin 

(Harrison et al., 1996). It is a multi-subunit protein capable of binding thousands of Fe3+ ions, 

which serves for iron detoxification and as a reserve at the same time. However, few if any 

parasitic protists have functional ferritin, relying more on iron compartmentalization or extrusion 

from the cell. 

In fungi, including S. cerevisiae, C. albicans, and A. fumigatus, excessive iron is stored in 

vacuole, where it is transported by the protein called Ccc1 (Ca2+-sensitivity cross complementer), 

(Sorribes-Dauden et al., 2020). S. cerevisiae ccc1Δ mutant is highly sensitive to elevated iron 

concentrations and shows signs of oxidative damage. Ccc1 is a member of CCC1/VIT (vacuolar 

iron transporter) family, which also includes VIT1 from A. thaliana, a protein with the same 

function, namely iron sequestration to the vacuole (Ram et al., 2021). VIT homologs and VIT-like 

proteins are widely distributed among plants. 
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Besides the well-known detoxification mechanism based on the accumulation of heme in 

the form of hemozoin crystals, Plasmodium has been shown to use a VIT1 homolog for iron 

detoxification (Slavic et al., 2016). Codon-optimized truncated PfVIT from P. falciparum can 

restore the growth of S. cerevisiae ccc1Δ mutant on media with elevated iron concentrations. 

PfVIT mediates iron influx to vacuolar vesicles purified from PfVIT-expressing ccc1Δ yeast cells. P. 

berghei ortholog PbVIT is expressed in all stages of the parasite life cycle, and the GFP- or myc-

tagged protein localizes to the endoplasmic reticulum. Successful knockout of the gene 

demonstrates a non-essential role for the transporter during asexual blood stages of P. berghei; 

however, knockout-infected mice have significantly lower parasitemia and longer survival time. 

Knockout of PbVIT has no adverse effects on transmission to mosquitoes and development in the 

vector; thus, the gene seems significant only for the blood and liver stages of infection. 

VIT orthologs are present in other alveolates, including Cryptosporidium and Toxoplasma 

(Mach et al., 2020; Slavic et al., 2016). In T. gondii, VIT probably also mediates iron detoxification 

(Aghabi et al., 2021).  T. gondii VIT is not essential, but it does reduce intracellular growth of the 

parasite, although it has no effect on extracellular survival in culture. Toxoplasma vitΔ knockout 

cells are hypersensitive to iron and accumulate ROS under elevated iron concentrations; 

knockout parasites cause milder disease as the survival of mice after the infection was 

significantly increased. The authors propose that T. gondii VIT changes its localization throughout 

the life cycle and at least partly localizes to the vacuolar-associated compartment, which might 

be used for iron storage. The role of VIT in Cryptosporidium is not yet studied. 

A putative transporter sharing homology with the so-called VIT-like group of plant iron 

transporters (Ram et al., 2021) from L. amazonensis was studied by Laranjeira-Silva et al. (2018). 

The protein named LIR1 (Leishmania iron regulator) is localized to the plasma membrane in both 

promastigotes and amastigotes. Experiments with heterologous LIR1 expression in A. thaliana 

demonstrated that in the plant cells, the protein was also targeted to the plasma membrane; 

moreover, it significantly reduced the amount of intracellular iron. Next, the authors 

preincubated iron-depleted wild-type and double knockout (lir1Δ/lir1Δ) Leishmania cells for 90 

minutes with radioactive iron isotope 55Fe and analyzed the amount of retained isotope after 18 

hours. The results showed that the double knockout retained significantly more iron than wild-
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type cells. Thus, the authors proposed that LIR1 is an iron exporter. Interestingly, lir1 null mutant 

cells cannot replicate in macrophages, and even the single (lir1Δ/LIR1) knockout impairs the 

intracellular Leishmania replication. The knockout of both LIR1 copies dramatically ablates and 

postpones the development of cutaneous lesions in infected mice lowering the parasite load 106-

fold compared to the wild type; the single gene knockout also decreases the severity of infection, 

reducing the parasite load 103-fold. These observations are surprising since the Leishmania 

environment seems to be depleted of iron, however, the authors do not suggest any explanation 

to this curious contradiction. Potential orthologs of LIR1 are also present in other 

trypanosomatids, including, T. cruzi and T. brucei. 

A VIT1 homolog (different from LIR1) TbVIT1 was identified in the proteome of T. brucei 

acidocalcisomes, acidic organelles rich in polyphosphates (Huang et al., 2014). The role of the 

TbVIT1 and its relation to iron metabolism has not been determined, although iron is detected in 

acidocalcisomes in many species. Knockdown of TbVIT1 reduces the growth of both bloodstream 

and procyclic forms of T. brucei to about 60% of normal.  

In yeast, iron mobilization from the vacuole in response to iron depletion occurs 

analogously to the reductive iron uptake: Fre6 metalloreductase reduces vacuolar Fe3+ to Fe2+, 

and then high-affinity Fet5-Fth1 complex (paralogs of Fet3/Ftr1, Fth1 meaning Ftr homolog) 

transports it across the membrane. Low-affinity iron Smf3 transporter (suppressor of 

mitochondria import function) also participates in iron mobilization exporting iron to the 

cytoplasm (Sorribes-Dauden et al., 2020). However, it is unknown whether an iron mobilization 

system exists in parasitic protozoa and which transporters may be used in it. 

A VIT homolog is present in the genome of A. castellanii. Interestingly, in the genome of 

N. fowleri a homolog of iron exporter ferroportin was found (Mach et al., 2020). Ferroportin 

mediates iron export in mammalian cells and some bacteria (Bonaccorsi di Patti et al., 2015; 

Coffey et al., 2017). The role of both proteins in iron detoxification is yet to be elucidated. 

N. fowleri non-pathogenic relative Naegleria gruberi is one of few protozoans with a ferritin 

homolog; surprisingly, it has a unique mitochondrial localization (Mach et al., 2018). N. fowleri 

also has a ferritin homolog in the genome, but the protein localization is not yet known (Mach et 

al., 2020).  
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Interestingly, there are several, although not many, investigations on iron transporters in 

the secretory compartment, which are found in animals and plants. For example, BCD1 (Bush and 

chlorotic dwarf) from A. thaliana is downregulated in iron deficiency and induced by excessive 

iron as well as abiotic stress and dark. The protein localizes to the Golgi complex and is supposed 

to modulate iron redistribution in plants, possibly by excreting excess iron from damaged plant 

cells under stress conditions (Seo et al., 2012). ZIP-family protein OsZIP11 from rice (Oryza 

sativa), also localized to the Golgi network, is upregulated at the transcriptional level under iron 

deficiency; mutations in the transporter cause reduced growth and lower fertility, and the 

authors propose its role in iron allocation and distribution (Zhao et al., 2022). Another ZIP-family 

transporter, ZIP13 from Drosophila melanogaster, transports iron to the endoplasmic reticulum 

and is crucial for dietary iron absorption in the fly’s gut (Xiao et al., 2014). Whether parasitic 

protists also require iron loading into the secretory compartment and what transporters may be 

involved is a topic for future studies. 

1.5 Copper is crucial for aerobic organisms 

1.5.1 Copper and immunity 

While the oxygenation of the atmosphere resulted in the oxidation of Fe(II) into insoluble 

hydroxide and salts, at the same time, it led to the emergence of soluble Cu(II) compounds from 

insoluble Cu(I). The presence of dioxygen created the requirement for a metal acting in the higher 

redox potential spectrum than the previously used iron cofactors, and copper started to be used 

by living organisms (Crichton et al., 2001). Although there are far fewer copper-requiring proteins 

than iron-dependent proteins in biological processes, copper is the second most used transition 

metal in redox reactions (Andreini et al., 2008). Copper is crucial for aerobic respiration, the key 

energy-deriving process of most aerobic species (Llases et al., 2019). Copper-dependent enzymes 

include, for instance, superoxide dismutase, multicopper oxidases, phenol oxidases, tyrosinase, 

galactose oxidase, and amine oxidase; most known copper-dependent enzymes are 

comprehensively reviewed in (Solomon et al., 2015). 
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Copper, as well as iron, is toxic when present in excess. Previously, it was presumed that 

the mechanism of copper toxicity is similar to that of iron and consists in the generation of ROS, 

mainly the hydroxyl radical in reaction with peroxide (Halliwell et al., 1984; Rainsford et al., 1998). 

Indeed, excess copper induces oxidative stress and upregulates antioxidant enzymes in different 

organisms (e. g. Thounaojam et al., 2012; Ozcelik et al., 2003). However, Macomber et al. (2007) 

demonstrated that copper rather protects E. coli from H2O2-mediated killing and does not 

catalyze significant oxidative DNA damage in vivo. Pham et al. (2013) studied the kinetics of 

reactions of nanomolar copper concentrations with H2O2 at pH 8. They demonstrated that 

interaction between Cu(I) and H2O2 results in the formation of a higher oxidation state of copper, 

Cu(III), while the rate of hydroxide radical production as a result of Cu(III) dissociation is relatively 

slow at pH 8.0 and is not an important oxidant in this system. Cu(III) reacts with the used 

substrates at much slower rates than •OH (Pham et al., 2013). 

Macomber and Imlay (2009) suggested an alternative mechanism of copper toxicity in 

E. coli based on damaging iron-sulfur clusters. Copper can displace ferrous iron from Fe-S 

clusters, impairing enzymes functions; high copper concentrations disintegrate Fe-S clusters 

completely. This mechanism is independent of oxygen; in fact, E. coli is more sensitive to growth 

inhibition by copper in anaerobic conditions. The primary targets of copper toxicity are the 

enzymes with Fe-S clusters exposed to solvents such as hydratases, while the enzymes with 

buried clusters are resistant to copper. Copper can damage Fe-S cluster-containing enzyme 

fumarase A even in the presence of ROS-detoxifying enzymes, indicating that ROS are not 

involved in copper-mediated damage. However, it is possible that the iron released from Fe-S 

clusters produces ROS via the Fenton reaction and is responsible for the oxidative damage to cells 

(Macomber et al., 2009). Later, copper was shown to destabilize Fe-S cluster formation in Bacillus 

subtilis and upregulate the expression of genes coding for Fe-S cluster assembly (Chillappagari et 

al., 2010). Copper can also impair Fe-S cluster assembly in human mitochondria by occupying the 

cluster binding site on Fe-S cluster assembly proteins or removing the Fe-S cluster bound to the 

proteins (Brancaccio et al., 2017). Garcia-Santamarina et al. (2017) demonstrated that iron-sulfur 

clusters are critical targets of copper toxicity in S. cerevisiae and C. neoformans. These findings 

confirm that this is indeed the primary mechanism of copper toxicity. 
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The mammalian immune system exploits the toxicity of copper in antimicrobial defense. 

Pathogen engulfed by a macrophage gets into a phagolysosome where it meets extremely harsh 

conditions with low pH, reactive oxygen and nitrogen species, proteases, and high copper levels 

– all to kill the invader (Besold et al., 2016). An increase in the copper amount in phagolysosomes 

was first demonstrated during in vitro infection of interferon-activated macrophages by 

Mycobacterium spp. (D. Wagner et al., 2005). It was later shown that E. coli, M. tuberculosis, and 

Salmonella typhimurium mutants lacking Cu+-exporting ATPases required for copper 

detoxification were more susceptible to elimination by macrophages and less virulent (García-

Santamarina et al., 2015). The acidic environment of the phagolysosome in combination with 

reactive oxygen and nitrogen species may exaggerate copper toxicity. Copper detoxification 

machinery is also crucial for the virulence of C. neoformans and A. fumigatus in lung colonization 

and C. albicans in the early stage of kidney infection (Ding et al., 2013; Mackie et al., 2016; 

Wiemann et al., 2017). 

Microbicidal levels of copper in the phagolysosomes are supposed to be reached due to 

consecutive action of two copper transporters, CTR1, which is increased during infection and 

imports copper into the cell, and Cu+-transporting ATPase ATP7A, which is also induced and 

relocalizes from the Golgi complex to the phagolysosome (Hodgkinson et al., 2012). Microbial 

homologs of both CTR1 and ATP7B will be discussed later. 

Copper may be exploited in infection therapy. Copper complexes are efficient against 

Leishmania promastigotes and showed antimalarial activity (Duncan et al., 2012). Copper 

ionophores 8-hydroxyquinoline, thiomaltol, and disulfiram demonstrated fungicidal activity 

against C. neoformans in the presence of copper (Helsel et al., 2017). Thus, copper compounds 

may potentially be used as efficient antimicrobials, although more research is required in this 

field. 

Parasites occupy different niches within their hosts; in some of those, copper may be not 

dangerously high but, quite contrary, limiting. It was shown that C. neoformans and C. albicans 

meet copper deprivation and induce copper import in the brain and late kidney infection, 

respectively, and copper uptake systems are necessary for full virulence (Mackie et al., 2016; Sun 

et al., 2014). Copper also might be limiting in the insect hosts of the parasites. The addition of 
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extracellular copper chelator bathocuproine disulfonate to mosquitoes’ food source reduced the 

average number of oocysts per midgut of Anopheles albimanus mosquitoes susceptible to P. 

berghei by 40% (Maya-Maldonado et al., 2021). Thus, a tight balance between copper acquisition 

and detoxification is required for the parasites to reproduce within their hosts efficiently. 

1.5.2 Transporters for copper acquisition 

In 1994, Dancis and colleagues working with S. cerevisiae described and characterized the 

first high-affinity copper uptake protein, which they named simply copper transporter, or CTR 

(Dancis, Haile, et al., 1994; Dancis, Yuan, et al., 1994). Interestingly, they found this gene while 

searching for mutants with impaired ferrous iron uptake, thus demonstrating the connection 

between copper and iron metabolism. They proposed that copper is required for the proper 

function of Fet3 protein, which was subsequently characterized as a membrane multicopper 

ferroxidase involved in high-affinity iron uptake (Dancis, Haile, et al., 1994; Stearman et al., 1996). 

Later, CTR3, a functionally redundant homolog of CTR1, was discovered in yeast; its expression is 

blocked in mostly used laboratory strains due to the transposable element in its promoter (Knight 

et al., 1996). A double knockout mutant ctr1Δctr3Δ is used for complementation studies of 

copper transporters from other organisms. This mutant exhibits defective growth on media with 

non-fermentable carbon sources as it has impaired respiratory chain function due to the lack of 

copper (e. g. Sancen et al., 2003; Zhang et al., 2016). 

CTR proteins transport Cu(I) and therefore require Cu(II) reduction, which is mainly 

carried out by ferric reductases as they can reduce both iron and copper (Hassett et al., 1995; 

Ohgami et al., 2006). CTRs are usually comprised of three transmembrane domains and act as 

homotrimers (Dumay et al., 2006; Logeman et al., 2017; Nose et al., 2006). 

The expression levels of high-affinity copper transporters have been shown to change in 

response to environmental copper concentration fluctuations. S. cerevisiae Ctr1 and Ctr3 

proteins are highly upregulated by copper depletion (Dancis, Haile, et al., 1994; Knight et al., 

1996). In C. neoformans, the levels of CTR1 and CTR4 transcripts are increased after adding a 

copper chelator to the growth medium and decreased or almost absent in copper-repleted 

conditions (Ding et al., 2011). Similarly, the transcript levels of C. albicans CTR1 decrease in 
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response to elevated copper concentration in the medium (Mackie et al., 2016). In addition, CTR1 

is induced by iron limitation, consistent with the previously mentioned connection between iron 

and copper metabolism. Both C. albicans and C. neoformans mutants impaired in high-affinity 

copper uptake show reduced virulence in infection models (Ding et al., 2011; Mackie et al., 2016). 

CTR homologs are found in the genomes of organisms belonging to all eukaryotic 

kingdoms, including fungi, animals, plants, and protozoa (Dumay et al., 2006). The function and 

regulation of copper transporters in fungi, including pathogenic, have been investigated and 

thoroughly reviewed in Smith et al. (2017); copper uptake in parasitic protists is much less 

studied. 

Choveaux et al. (2012) identified two presumable CTR homologs in the P. falciparum 

genome and studied one of them, CTR1 (PF14_0369). They demonstrated that the protein is 

expressed in the asexual stages of the parasite and is localized to the erythrocyte and parasite 

plasma membrane. Furthermore, it binds copper in vitro and in vivo when expressed in E. coli. 

However, the copper transporting function was not demonstrated, and the function of the 

protein remains disputable. The second presumable P. falciparum copper transporter paralog, 

CTR2 (PF14_0211), was not studied. Orthologs of both P. falciparum CTR1 and CTR2 are present 

in the genome of P. berghei. In their extensive study of P. berghei transporters, Kenthirapalan et 

al. (2016) demonstrated that the deletion of CTR1 results in normal mosquito midgut colonization 

but markedly reduces colonization of salivary glands by sporozoites. Natural transmission from 

mosquitoes to mice is also impaired. The ctr2Δ null mutant shows normal sporozoite production 

but impaired natural transmission, which could be alleviated by intravenous, but not 

subcutaneous, syringe delivery of sporozoites. The liver-stage development of the ctr2Δ 

parasites, as well as their gliding motility, are normal.  Thus, CTR paralogs in Plasmodium species 

seem to have at least partly different roles during the parasite life cycle and seem critical for the 

transmission from mosquito to mammal host, but not for liver or intraerythrocytic stages. 

Although CTRs were not found in T. brucei, trypanosomes express several copper-

containing proteins, including cytochrome c oxidase, indicating another way of copper 

acquisition (Isah et al., 2020). There is no available information about copper transporters in 

Acanthamoeba or Naegleria species. 
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1.5.3 Intracellular copper trafficking 

1.5.3.1 Copper trafficking to mitochondria 

Respiration, the key energy metabolism process in aerobic cells, requires copper for its 

function. Three copper ions are used as cofactors for the terminal enzyme of the respiratory 

electron transport chain, cytochrome c oxidase (COX), a large multi-subunit membrane complex 

(Steffens et al., 1987). Cox1 subunit incorporates one copper in the so-called CuB site, while Cox2 

contains a binuclear CuA site requiring two copper ions (Horn et al., 2008). Despite the central 

role of respiration in the metabolism of aerobic organisms, the process of COX metalation with 

copper is not fully understood even in S. cerevisiae. Several different copper chaperones are 

employed to load COX with copper properly.  In yeast, copper chaperone Cox11, anchored to the 

inner mitochondrial membrane, delivers copper to Cox1, and, similarly, membrane chaperone 

Sco1 (suppressor of cytochrome c oxidase deficiency) supplies copper to Cox2. Sco1 was first 

identified as a multicopy suppressor of the cox17Δ null mutant. Cox17 is a soluble chaperone 

required for the proper functioning of Cox11 and Sco1; it is localized predominantly to the 

intermembrane space and partly in the cytosol (Horn et al., 2008). Due to this dual localization, 

Cox17 was previously thought to shuttle copper between the cytosol and the intermembrane 

space; it was later demonstrated that Cox17 is functional even when tethered to the inner 

mitochondrial membrane, indicating that its role is confined to the mitochondrial 

intermembrane space (Maxfield et al., 2004). Two Cox17 homologs, small soluble proteins Cox19 

and Cox23, have a similar cellular localization to Cox17 (mainly in the intermembrane space and 

partly in the cytosol) and are necessary for proper COX function (Barros et al., 2004; Nobrega et 

al., 2002). Cox19 has been described as an interaction partner of Cox11 that is required for 

maintaining the cysteine residues in Cox11 in a functional fully reduced state (Bode et al., 2015). 

The role of Cox23 has not been characterized yet. 

The mechanism of copper delivery to these chaperones is not clear. Paul Cobine et al. 

(2004) showed that only a small fraction of the mitochondrial copper pool is associated with 

known copper-containing mitochondrial proteins, while the rest is bound to an unknown low 

molecular weight anionic ligand. Most mitochondrial copper is localized to the mitochondrial 
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matrix, which is surprising since there are no known copper-dependent proteins in the matrix 

(Cobine et al., 2004). In yeast, copper import into the matrix is mediated by the Pic2 transporter 

(Vest et al., 2013). Pic2 was previously characterized as a phosphate transporter, hence the name 

Pi carrier isoform 2 (Hamel et al., 2004). Interestingly, SLC25A3, the closest Pic2 homolog in 

mammalian cells, has a dual function and can transport both copper and phosphate into the 

mitochondrial matrix (Boulet et al., 2018), whereas the yeast Pic2 paralog Mir1 transports 

phosphate but not copper (Zhu et al., 2021). Yeast iron transporter Mrs3 has also been shown to 

mediate copper import into mitochondria (Vest et al., 2016). Pic2Δ null mutant has a growth 

defect on copper-limited media with a non-fermentable carbon source, and double knockout of 

both PIC2 and MRS3 (but not MRS4) exaggerates this phenotype (Hamel et al., 2004; Vest et al., 

2016). Moreover, pic2Δmrs3Δ accumulates less copper in mitochondria than the single knockouts 

(Vest et al., 2016). 

The Cu-ligand pool in the mitochondrial matrix is dynamic and depends on the copper 

concentration in the growth medium. Presumably, it is the source of copper for COX; however, 

how it is mobilized to the intermembrane space, where the COX metalation occurs, remains 

unknown. (Cobine et al., 2004, 2006). 

The information about copper trafficking to mitochondria in protozoa is even scarcer. 

Homologs of both copper-containing cytochrome c oxidase subunits COX1 and COX2, as well as 

the above-mentioned chaperones SCO1, COX11, COX17, and COX19, were found in the genome 

of P. falciparum (Choveaux et al., 2015). Recombinant PfCox17 with GST tag and PfCox11 with 

MBP tag can bind Cu(I) in vitro and in E. coli (Choveaux et al., 2015; Salman et al., 2022). The 

expression of native PfCox17 was demonstrated in the ring, trophozoite, and schizont stages in 

vitro (Choveaux et al., 2015). 

Homologs of COX1 and COX2, SCO1, COX11, COX17, and COX19 are present in the 

genomes of several Trypanosoma species, including T. brucei (Isah et al., 2020). A homolog of 

PIC2 is also identified. However, considering that the mentioned above Mir1 (a paralog of Pic2) 

from yeast is a phosphate carrier that does not transport copper, the role of Trypanosoma Pic2 

homolog needs to be carefully elucidated before conclusions can be drawn about its role in 

copper trafficking. 
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1.5.3.2 Copper transport to the secretory compartment 

Copper delivery to the secretory compartment is comprehensively studied in S. cerevisiae 

since it is required for high-affinity iron uptake. In yeast, it is mediated by Cu+-translocating 

ATPase called CCC2. It was identified by Fu, Beeler, and Dunn (1995) when they searched for the 

genes that could overcome calcium sensitive growth of csg1Δ mutant, hence the name CCC2 

meaning cross-complementer of Ca2+-sensitivity. Fu and colleagues discovered that the gene 

shared considerable homology with P-type ATPases that transport copper, namely human ATP7A 

and ATP7B and copA of Enterococcus hirae. Mutations in ATP7A and ATP7B genes can cause 

Menkes and Wilson diseases, respectively. Moreover, Fu and colleagues demonstrated that 

ccc2Δ mutant required increased concentrations of copper for growth. Yuan et al. in the same 

year (1995) showed that the CCC2 gene function was compulsory for high-affinity iron uptake, 

similarly to the previously described CTR function, and the ccc2Δ mutant’s defect in growth on 

media containing non-fermentable carbon sources could be restored by adding either copper or 

iron to the growth medium. As the next step, Fu and colleagues determined that Ctr1 and Ccc2, 

acting consecutively, transported copper first across the plasma membrane and then out of the 

cytosol across one or more other cell membranes, finally delivering it to the multicopper oxidase 

Fet3. Based on the observations that mutations in several post-Golgi sorting proteins caused the 

same phenotype due to impaired loading of Fet3 with copper, they presumed post-Golgi 

localization of Ccc2. Yuan, Dancis, and Klausner (1997) confirmed the localization of Ccc2 to late 

or post-Golgi compartment by analyzing the Fet3 function and copper load in yeast strains with 

mutations of various Golgi proteins and imaging the distribution of fluorescently labeled Ccc2. 

C. albicans has two Ccc2 paralogs. One of them, CaCrp1, is employed for copper 

detoxification and will be discussed later in the text, while the other, CaCcc2, has a similar 

function to S. cerevisiae Ccc2 and can complement the ccc2Δ yeast mutant growth defect in iron-

depleted medium (Weissman et al., 2002). CaCcc2 is strongly upregulated at mRNA level after 

iron starvation induction by ferrozine; deletion of one allele does not affect the growth of the 

cells under iron-depleted conditions, whereas homozygous mutant fails to grow on iron-depleted 

medium due to impaired high-affinity iron uptake. However, the pathogenicity of the null mutant 

is not altered, probably since C. albicans can use other iron sources such as hemin or hemoglobin 
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independently of the ferroxidase-permease complex, which requires Ccc2 function. GFP-tagged 

CaCcc2 is functional and has a punctate distribution pattern similar to Ccc2 in S. cerevisiae, 

indicating probable trans-Golgi localization. 

Similar to S. cerevisiae and C. albicans, the ccc2Δ mutant of C. neoformans shows impaired 

growth in the iron-depleted medium, indicating a similar copper-dependent iron uptake system 

(Walton et al., 2005). Disruption of Cryptococcus CCC2 gene also diminishes its ability to produce 

melanin, which is a virulence factor of the pathogen, since laccase, the key enzyme of melanin 

biosynthesis, is a multicopper oxidase and, similarly to Fet3, acquires copper cofactor in Golgi 

apparatus (Walton et al., 2005). 

Cu+-transporting ATPases are present in phylogenetically different clades, including fungi 

such as S. cerevisiae and C. albicans, apicomplexans P. falciparum, and Cryptosporidium, 

kinetoplastids Trypanosoma and Leishmania, N. fowleri, A. castellanii. However, they appear to 

have various functions in the cells, including detoxifying functions, which will be discussed later. 

Cu+-transporting ATPase has also been described in P. falciparum. Rasoloson et al. (2004) 

suggested that the parasite employs ATPase to avoid copper toxicity by extruding it from the cell. 

According to this study, PfCuP-ATPase is localized not only to the parasite plasma membrane but 

also to the plasma membrane of the infected erythrocyte. They also showed that the copper 

content in the red blood cells infected with plasmodia is lower than in uninfected erythrocytes, 

which, however, contradicts the data received by Marvin et al. (2012), who showed that infected 

erythrocytes contain twice more copper than uninfected ones. However, the two groups used 

different methods and Plasmodium stages for copper content determination: Rasoloson et al. 

studied rings and trophozoites, while Marvin and colleagues used late trophozoite and schizont 

stage parasites, making the results difficult to compare. Further research is required, especially 

considering that although PfCuP-ATPase has been demonstrated to bind copper, the copper-

transporting function has not been proved. In a later study, Kenthirapalan et al. (2014) 

demonstrated that P. berghei Cu+-transporting ATPase (CuTP) is required for parasite fertility and 

thus for transmission to the mammal host. The number of oocysts in cutpΔ null mutant was 

dramatically reduced, and the transfer of the parasite to a mouse host was severely impaired due 

to reduced exflagellation of male gametes (10-15% activity compared to wild type). Female 
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gametes also have a fertility defect. CuTP with a red fluorescent protein tag was localized to 

vesicle-like structures inside the cell cytoplasm throughout the parasite life cycle, which, 

according to the authors’ suggestion, may be an unknown storage vacuole, an acidocalcisome, 

or part of the Golgi complex. They propose that the primary role of the protein is copper storage 

or redistribution, although it cannot be ruled out that in intracellular life stages the protein has a 

detoxifying function. 

P-type ATPase expression has also been demonstrated in the bloodstream forms 

of T. brucei brucei and T. congolense. In T. b. brucei, the ATPase was localized to subcellular 

vesicles, which may represent the secretory compartment, and probably in the cell membrane. 

The N-terminal domain of the protein has been demonstrated to bind copper, but the function 

of the protein has not been confirmed (Isah et al., 2020). 

1.5.4 Copper detoxification 

Since copper is toxic in excess, there are various strategies for keeping the concentration 

of free copper in the cells close to zero. Probably the best-known way of detoxifying metals, 

including copper, is the use of metallothioneins. Metallothioneins are small heterogeneous 

cysteine-rich proteins binding metals such as cadmium, zinc, or copper with high stoichiometry. 

The first described metallothionein was a cadmium-binding protein purified from intoxicated 

horse liver, and later on, metallothioneins were described in many evolutionally distinct 

organisms, including worms, mollusks, insects, fungi, plants, bacteria, and others. Interestingly, 

proteins from different groups do not share sequence homology (Capdevila et al., 2011). The role 

of copper metallothioneins of S. cerevisiae (Cup1, Crs5) and C. neoformans (Cmt1, Cmt2) in 

copper detoxification is quite well characterized. Cup1 (derived from cuprum), the main protein 

conferring copper tolerance in S. cerevisiae, binds seven copper ions (Narula et al., 1993). 

Another non-homologous metallothionein, Crs5 (copper-resistant suppressor), binds more 

copper per protein, 11 or 12 copper ions; however, it plays only a minor role in copper 

detoxification. Cup1 shows a higher copper-binding affinity compared to Crs5. The yeast genome 

usually contains several copies of the CUP1 gene; also, CUP1 promoter responsiveness is higher 

than that of CRS5, so CUP1 is much more upregulated by increased copper concentrations than 
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CRS5 (Jensen et al., 1996). It was later demonstrated that in addition to its copper-binding ability, 

Crs5 can coordinate 6-7 zinc ions and is, in fact, required for zinc detoxification  (Pagani et al., 

2007). Copper metallothioneins of C. neoformans Cmt1 and Cmt2 exhibit remarkably high 

copper-binding capacity, coordinating 16 and 24 copper ions, respectively, and although these 

two proteins have redundant functions, the presence of at least one of them is essential for the 

pathogen’s virulence (Ding et al., 2013). 

Another mechanism of copper detoxification used by various organisms is the metal 

expulsion from the cell using Cu+-translocating P-type ATPase. In 2000, two groups independently 

demonstrated that a Cu+-transporting ATPase (CRP1, for copper resistance-associated P-type 

ATPase) is the major determinant of resistance to elevated copper concentrations in C. albicans 

(Riggle et al., 2000; Weissman et al., 2000). CRP1 is a homolog of the above-described CCC2; 

however, it has a different function and is localized to the plasma membrane. The sensitivity of 

crp1Δ/crp1Δ knockout mutant to copper is 40-fold higher compared to the wild type, and 

increased copper highly upregulates CRP1 at the transcriptional level (Weissman et al., 2000). 

Although C. albicans also has a metallothionein (named Cup1 analogously to S. cerevisiae), it 

plays a minor role in the detoxification of copper, binding residual metal in the cytoplasm (Riggle 

et al., 2000; Weissman et al., 2000). 

The first heavy metal ATPase identified in protists is a Cu+-transporting ATPase in 

apicomplexan parasite Cryptosporidium parvum (LaGier et al., 2001). The protein, named 

CpATPase2, is expressed in sporozoites and asexual intracellular stages of the parasite, and its N-

terminal part, containing a presumed heavy metal binding domain, can bind Cu+ with the 

proposed stoichiometry of 1:1. The diffuse and patchy localization of CpATPase2 in 

Cryptosporidium sporozoites led the authors to suggest that the transporter may be present in 

the plasma membrane and also associated with membranes of some cytoplasmatic organelles, 

similarly to human copper ATPases, and propose the copper extrusion function of the protein. 

Since Cryptosporidium is an enteric pathogen, the mechanism of copper detoxification by 

expulsion agrees with the proposed concept of Weissman et al. (2000): in their work describing 

the formerly mentioned Candida CRP1, they noted that many bacteria with known copper 

expulsion ATPases are commensal or pathogenic enteric organisms, and found that under the 
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acidic anaerobic conditions, which characterize a part of the digestive system, copper becomes 

much more toxic. The latter fact complies with the observations of Beswick et al. (1976), who 

demonstrated that copper is more toxic to E. coli grown in anoxic conditions. Weissman proposes 

that copper extruding ATPase may confer higher resistance to copper than metallothioneins 

because it acts catalytically rather than stoichiometrically. 

Recently, the same mechanism of copper detoxification was demonstrated in Leishmania 

major, an intracellular parasite residing in phagolysosomes of macrophages. Overexpression of 

LmATP7, the Cu+-translocating ATPase of L. major, provides the parasite with elevated tolerance 

to toxic copper concentrations, higher survival level in macrophages, and increased virulence 

compared to the wild type, whereas all these parameters are significantly decreased in 

heterozygous knockout (Paul et al., 2021). The ATPase localizes primarily to the plasma 

membrane, although it is also present in intracellular membrane structures, where it might 

perform other functions apart from detoxification. Paul and colleagues proposed that LmATP7 

could also deliver copper to the secretory compartment providing it to essential enzymes, in 

parallel with mammalian copper ATPases ATP7A and ATP7B, which transport copper to the 

secretory pathway and participate in copper detoxification. This hypothesis is based not only on 

the localization of LmATP7 but also on the repeated failures to generate a complete knockout, 

which suggests an essential function for LmATP7.  

In T. cruzi, a homolog of Cu+-transporting ATPase is upregulated at the transcriptional 

level in the intracellular stage in mammalian host cells compared to the extracellular stage in the 

insect vector (Meade, 2019). The intracellular stage must survive for some time in the 

phagosomal compartment with excessive copper levels, and the upregulation of Cu+- 

translocating ATPase may indicate its role in detoxification.  
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2. Aims and objectives 

1) To study the iron uptake system employed by N. fowleri 

2) To elucidate the iron acquisition and detoxification mechanisms in A. castellanii 

3) To characterize the N. fowleri transporters involved in the copper acquisition and 

detoxification 

3. Contribution to publications 

The thesis is based on the following articles (listed according to the author’s logic): 

1) Arbon, D., Ženíšková, K., Mach, J., Grechnikova, M., Malych, R., Talacko, P., & Sutak, R. 

(2020). Adaptive iron utilization compensates for the lack of an inducible uptake system in 

Naegleria fowleri and represents a potential target for therapeutic intervention. PLoS Neglected 

Tropical Diseases, 14(6), 1–25. doi: 10.1371/journal.pntd.0007759 

Preparation of transcriptomic libraries, data analysis. 

2) Grechnikova, M., Arbon, D., Ženíšková, K., Malych, R., Mach, J., Krejbichová, L., 

Šimáčková, A., & Sutak, R. (2022). Elucidation of iron homeostasis in Acanthamoeba castellanii. 

International Journal for Parasitology, 52(8), 497–508. doi: 10.1016/j.ijpara.2022.03.007 

Proteomic data analysis, Acanthamoeba transfection, confocal microscopy, 55Fe 

radioisotope uptake experiments, expression in yeast, qPCR, manuscript preparation. 
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4. Results, conclusions, and future prospective 

For successful propagation in the human body, parasites have to overcome the iron 

deprivation caused by nutritional immunity, and iron uptake machinery is crucial for the virulence 

of many pathogens. Also, some niches in the human organism, including the brain, are supposed 

to be depleted of copper, another crucial metal. At the same time, both iron and copper are toxic 

when present in excess, and the parasites must have efficient mechanisms to avoid this toxicity. 

The means of metal transport in amphizoic amoebae are generally unknown. It was shown 

that A. castellanii can cleave the host iron-containing proteins (Ramírez-Rico et al., 2015); 

however, the proteins responsible for iron import to the cytoplasm are not studied. Thus, this 

work aimed to investigate the transporters participating in iron and copper acquisition, 

distribution across the cell compartments, and detoxification in N. fowleri and A. castellanii. 

First, we studied the iron uptake system in N. fowleri. To determine 

whether Naegleria employs a reductive mechanism of iron uptake, we compared the uptake of 

55Fe radioisotope in the oxidized and reduced form. Our results suggest that N. fowleri has a 

preference for divalent iron, indicating the presence of a reductive step. Surprisingly, we could 

not observe any increase in iron uptake, neither ferric nor ferrous, by iron-starved cells compared 

to the control. The activity of ferric reductase was not changed either. We also examined whether 

iron starvation can stimulate phagocytosis of bacteria, which might be the primary source of iron 

for amoebae in nature. However, the phagocytic activity of iron-depleted cells was even lower 

than in control. 

To get a hint about proteins participating in iron acquisition, we performed the proteomic 

analysis of the whole-cell lysates and the total membrane fraction of the amoebae grown under 

iron-limited and iron-supplemented conditions. We observed the changes in expression of 

multiple iron-dependent proteins; however, we did not detect any transporters or 

metalloreductases that could serve for iron uptake. Considering that membrane proteins may be 

under-represented in proteomic analyses due to losses during sample preparation (Tan et al., 

2008), we additionally performed the whole-cell transcriptomic analysis. 
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In general, the transcriptomic data did not correlate with the results of proteomic 

analysis, indicating that most changes in protein expression in iron-starved N. fowleri cells are 

likely to happen at the post-translational level. Post-transcriptional regulation of important 

developmental processes has also been demonstrated in Leishmania donovani (Arvan et al., 

2002). We observed the transcripts of two ZIP-family transporters (NF0080770 and NF0002900) 

that share homology with L. amazonensis iron importer LIT1 and Arabidopsis IRT1 (Huynh et al., 

2006; Jacques et al., 2010). Interestingly, the five amino acid residues essential for LIT1 and IRT1 

iron transport are conserved in both NF0080770 and NF0002900. However, none of these genes 

were regulated by iron availability. Furthermore, we observed the transcripts of ferroportin, an 

iron exporter of bacteria and mammals that we propose might participate in iron detoxification; 

however, it was not regulated by iron either. Since there are no established methods for genetic 

manipulations of Naegleria species, we cannot knock out these genes to observe the 

corresponding phenotype. Heterologous ferroportin expression in yeast mutant did not show 

functional complementation (unpublished data). The absence of regulation by iron does not 

allow us to make any conclusions about the functions of these genes. 

Our findings suggest that N. fowleri fails to stimulate iron acquisition in response to iron 

starvation. Instead, Naegleria rebalances the iron homeostasis in favor of more crucial 

mitochondrial processes, downregulating the iron-demanding non-essential proteins in the 

cytoplasm. Importantly, this conclusion is consistent with the fact that the only presumable iron 

transporter significantly upregulated in iron-depleted cells was the mitochondrial Fe2+ importer 

homologous to yeast Mrs3/4 and human mitoferrin. It was the only iron transporter we observed 

in the proteomic data; the proteins participating in N. fowleri iron uptake remain enigmatic. 

A. castellanii has an entirely different response to iron depletion. The whole-cell 

proteomic analysis demonstrated the upregulation of a ferric reductase from the STEAP family 

and a divalent metal transporter from the NRAMP family in iron-depleted cells, proteins 

homologous to human STEAP3 and DMT1 (NRAMP2), which supply most body cells with iron 

through the transferrin cycle. We overexpressed these proteins in acanthamoebae with the GFP 

tag and determined that they localize to the membranes of multiple acidified digestive vacuoles 

with endocytosed bacteria and liquid medium. In contrast to N. fowleri, iron-starved A. castellanii 
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cells acquired 55Fe radioisotope at a significantly higher rate than iron-supplemented cells, 

although the total pinocytosis rate was reduced. Interestingly, we identified a novel protein in 

the proteomic data with no homologs in other organisms. The protein, which we named IDIP, 

was significantly upregulated in iron-depleted cells and increased the rate of iron uptake when 

overexpressed. Our assumption that it is a transcription regulator of iron uptake-responsible 

genes proved wrong, as the transcript levels of both ferric reductase and NRAMP remained 

unchanged in cells overexpressing GFP-tagged IDIP, while the iron uptake was increased. Our 

later yet unpublished data suggest that this protein may regulate endocytosis. 

The most downregulated protein in iron-depleted cells was a divalent transporter from 

Ccc1/VIT family. The proteins from this family participate in iron detoxification in different 

organisms removing excess iron from the cytosol. VIT from Acanthamoeba restored the growth 

of iron-sensitive yeast mutant on the medium containing the inhibitory iron concentration. We 

expressed this protein with the GFP tag, and surprisingly, according to our observations, it was 

localized to the same digestive vacuoles as the ferric reductase and NRAMP. Later, we 

demonstrated the colocalization of coexpressed VIT and NRAMP with GFP and RFP tags, 

respectively (unpublished data). We propose that the amoebae balance the abundance of iron 

importer NRAMP and exporter VIT in dependence on iron availability. 

Thus, despite the similar morphology and lifestyle of studied amoebae, their mechanisms 

of iron homeostasis under iron-limiting conditions are entirely different. While both employ a 

two-step reductive mechanism of iron acquisition, N. fowleri does not induce the iron uptake but 

balances available iron in favor of vital mitochondrial processes, and A. castellanii upregulates 

the iron uptake system and downregulates the iron exporter, thereby enhancing iron import. 

Our study of copper metabolism in N. fowleri began with a search for CTR homologs in 

the genome. We identified two potential copper transporters, NF0078940 and NF0118930, and 

expressed them in yeast ctr1Δctr3Δ mutant. One of the genes, NF0078940, rescued the growth 

of the mutant on the medium with a non-fermentable carbon source, indicating a copper import 

function. To determine their localization, we expressed both proteins in yeast with a GFP tag. 

While NF0078940 was localized to the plasma membrane, consistent with its role as a copper 

importer, the second presumed CTR, NF0118930, was stuck in the endoplasmic reticulum. 
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Retention of membrane proteins in ER occurs when they do not pass the quality control 

mechanisms, which might often happen with heterologously expressed proteins, even when they 

are fully functional (Arvan et al., 2002; Villalba et al., 1992). Thus, we propose that NF0078940 is 

a high-affinity copper importer, while the function of NF0118930 is unclear. It may be another 

high-affinity importer, like in S. cerevisiae, which has redundant Ctr1 and Ctr3, or represents a 

low-affinity copper import system, or it may mobilize copper from some storage compartment 

within the cell like yeast Ctr2. 

Next, we analyzed the proteomic response of N. fowleri to copper deprivation and toxic 

copper concentration. N. fowleri seems to have very efficient copper uptake and/or homeostasis 

mechanisms as its growth was hardly affected by extracellular copper chelator, in contrast to its 

non-pathogenic relative N. gruberi. We did not observe the presumed CTRs in the whole-cell 

proteomic data, either in low copper concentration or in control or toxic conditions; however, as 

mentioned above, it is not surprising as membrane proteins may not be detected. We assessed 

the transcript levels of the CTRs by RT-qPCR, expecting the upregulation of one or both genes in 

response to copper deprivation and downregulation in response to high copper, as in 

C. neoformans or C. albicans (García-Santamarina et al., 2015; Mackie et al., 2016). However, 

neither was regulated by copper availability at the transcriptional level. If the expression of 

transporters is changed, it happens post-translationally, similar to the response to iron 

deprivation.  

N. fowleri can survive copper concentrations around 1 mM without changing growth rate 

or cell density, indicating an effective copper detoxification mechanism. We demonstrated that 

the defense strategies include copper efflux mediated by a Cu+-translocating ATPase 

(NfCuATPase) and upregulation of the expression of various antioxidant proteins. Expulsion of 

excessive copper is employed by C. albicans, L. amazonensis, and presumably T. cruzi. N. fowleri 

copper ATPase restored the copper-sensitive cup2Δ yeast mutant growth on the medium with 

elevated copper concentration. Moreover, it reduced the amount of copper in the yeast cells, 

indicating copper export rather than compartmentalization within the cell. Interestingly, 

NfCuATPase was upregulated at both protein and transcript levels. 
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Efficient coping with limited copper concentrations and the high copper tolerance 

provided by the copper-exporting ATPase in combination with the antioxidant system can be 

advantageous for N. fowleri both in the natural environment and in the host. However, it is 

implausible that any of these strategies appeared as the result of evolutionary benefits for the 

pathogenicity since human brain infection is infrequent and a dead end for N. fowleri. 

The investigation of A. castellanii response to copper deprivation and toxicity is now in 

progress. Our preliminary data suggest that acanthamoebae cope less well with elevated copper 

concentration than N. fowleri and start to encyst, although they also upregulate a presumable 

copper-exporting ATPase. We want to compare the strategies that both amoebae employ to 

overcome copper deprivation and toxicity. It will be interesting to investigate whether these 

strategies differ as much as their responses to iron deficiency. 
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Aneta Šimáčková, Robert Sutak ⇑
Department of Parasitology, Charles University, Faculty of Science, BIOCEV, Průmyslová 595, 252 50 Vestec, Czech Republic
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a b s t r a c t

Acanthamoeba castellanii is a ubiquitously distributed amoeba that can be found in soil, dust, natural and
tap water, air conditioners, hospitals, contact lenses and other environments. It is an amphizoic organism
that can cause granulomatous amoebic encephalitis, an infrequent fatal disease of the central nervous
system, and amoebic keratitis, a severe corneal infection that can lead to blindness. These diseases are
extremely hard to treat; therefore, a more comprehensive understanding of this pathogen’s metabolism
is essential for revealing potential therapeutic targets. To propagate successfully in human tissues, the
parasites must resist the iron depletion caused by nutritional immunity. The aim of our study is to elu-
cidate the mechanisms underlying iron homeostasis in A. castellanii. Using a comparative whole-cell pro-
teomic analysis of cells grown under different degrees of iron availability, we identified the primary
proteins involved in Acanthamoeba iron acquisition. Our results suggest a two-step reductive mechanism
of iron acquisition by a ferric reductase from the STEAP family and a divalent metal transporter from the
NRAMP family. Both proteins are localized to the membranes of acidified digestive vacuoles where endo-
cytosed medium and bacteria are trafficked. The expression levels of these proteins are significantly
higher under iron-limited conditions, which allows Acanthamoeba to increase the efficiency of iron
uptake despite the observed reduced pinocytosis rate. We propose that excessive iron gained while
grown under iron-rich conditions is removed from the cytosol into the vacuoles by an iron transporter
homologous to VIT/Ccc1 proteins. Additionally, we identified a novel protein that may participate in iron
uptake regulation, the overexpression of which leads to increased iron acquisition.

 2022 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Protozoa from the genus Acanthamoeba are ubiquitously dis-
tributed free-living amoebae. They were first discovered as con-
taminants of a yeast culture (Castellani, 1930) and later isolated
from different environments around the world including soil, dust,
air, natural water and sediments, tap water, seawater, swimming
pools, sewage, air-conditioning units, hospitals, contact lenses,
and fecal material from birds, reptiles, and mammals, and human
throat swabs and mucosa (Martinez, 1991; Marciano-Cabral and
Cabral, 2003). Acanthamoeba has two stages in its life cycle: an
actively moving trophozoite with typical thin protrusions on pseu-
dopodia called acanthopodia (from the Greek ‘‘acanth” meaning
‘‘spikes”) and a dormant cyst stage (Siddiqui and Khan, 2012).
Acanthamoebae feed on organic particles or consume bacteria
and fungi, and they can be grown on agar containing Escherichia

coli or yeasts, or axenically in liquid medium (Byers, 1979;
Rodríguez-Zaragoza, 1994).

Several species in the genus, including the best known Acan-
thamoeba castellanii, are causative agents of the deadly CNS disease
called granulomatous amoebic encephalitis (GAE; Martinez, 1991)
and the sight-threatening corneal infection known as Acan-
thamoeba keratitis (Lorenzo-Morales et al., 2015). GAE is a rare
but severe disease, with immunocompromised patients being at
the greatest risk. Amoebae are most likely spread in the organism
hematogenously, entering through the lower respiratory tract or
skin ulcers, or invading the brain via the olfactory epithelium.
The disease usually starts with a headache, nausea and vomiting,
dizziness and low-grade fever. Neurological symptoms develop
gradually, depending on the area of the brain involved, and include
confusion, irritability, somnolence, hallucinations, seizures, cranial
nerve palsies, visual disturbances, anorexia, ataxia, and coma. GAE
is lethal within 1–2 months of symptom onset and almost incur-
able (Martinez, 1991; Duggal et al., 2017). Acanthamoebic keratitis
mostly affects contact lens wearers, although it is not limited to
this population. Corneal abrasion followed by exposure to a heavily
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contaminated solution or water may lead to the disease. The symp-
toms include pain in the eye, tearing photophobia, ring-like stro-
mal infiltrate, and lid edema, and without proper therapy,
acanthamoebic keratitis can lead to complete vision loss. Amoeba
cysts formed within the cornea are highly resistant to antimicro-
bials, which lowers the effectiveness of treatment, because the sur-
vival of a single cyst in the infected tissue can lead to reinfection
(Lorenzo-Morales et al., 2015). Additionally, Acanthamoeba spp.
have been associated with cutaneous lesions in immunocompro-
mised people (Marciano-Cabral and Cabral, 2003).

As an organism that survives and propagates in human tissues,
Acanthamoeba must resist human immunity mechanisms. One of
the mammalian defensive strategies called nutritional immunity
is based on restricting the amount of iron available to pathogens.
Iron is essential for virtually all known forms of life: based on its
ability to cycle between oxidized and reduced states, it serves as
a cofactor for different enzymes necessary for various biochemical
processes including respiration and nucleic acid metabolism. Iron
is an essential constituent of ferredoxins, cytochromes and many
others. Host iron is tightly bound to the intracellular protein fer-
ritin or extracellular transferrin and lactoferrin (Gulec and
Collins, 2014). During infection, the extracellular iron concentra-
tion is significantly reduced via the action of the peptide hormone
hepcidin. Furthermore, a protein called siderocalin or lipocalin 2 is
employed to bind some of the secreted microbial iron chelators, or
siderophores, that are used to obtain iron (Ganz, 2009).

Nevertheless, pathogens employ several strategies, allowing
them to elude this host defensive system (for a comprehensive
review check Mach and Sutak, 2020). One possibility for iron acqui-
sition is the secretion of siderophores, which have a higher affinity
for iron than the host proteins and cannot be bound by siderocalin
(Sutak et al., 2008). Siderophores with iron are subsequently trans-
ported into the cell by specific transporters, and iron is released
intracellularly. Analogously, hemophores binding the host heme
are used by some pathogens (Wandersman and Delepelaire,
2004). Another mechanism employed, for instance, by Candida
albicans, is the high affinity, two-step reductive iron uptake mech-
anism. During the first step, ferric reductase reduces ferric iron
(Fe3+) to the ferrous state (Fe2+), which lowers the affinity of iron
to the host proteins (for example, transferrin). The second step is
performed by a protein complex consisting of a multicopper oxi-
dase and a ferrous permease, which oxidizes Fe2+ back to Fe3+,
and the Fe3+ is taken up (Knight et al., 2005) Leishmania amazonen-
sis also employs a reductive iron uptake mechanism, however, the
iron reduced by ferric reductase is taken up by a divalent iron
transporter with no oxidation step (Flannery et al., 2011). Another
way of obtaining iron occurs through the receptor-mediated inter-
nalization of the host iron-binding proteins with subsequent intra-
cellular iron release as shown for different parasites such as
Trichomonas vaginalis, which acquires hemoglobin, and Try-
panosoma brucei, which uses transferrin (Ardalan et al., 2009;
Kariuki et al., 2019) Entamoeba histolyticawas shown to use several
different mechanisms of iron uptake; one is to secrete proteases
capable of destroying host hemoglobin and two heme-binding pro-
teins that facilitate acquisition of the released heme (Ocádiz et al.,
2005; Cruz-Castañeda et al., 2011). In some respects, a similar
mechanism may also be employed by Acanthamoeba: Ramírez-
Rico et al. (2015) identified several proteases in Acanthamoeba
crude extracts and conditioned medium that are able to cleave dif-
ferent iron-binding proteins, namely, human holo-lactoferrin,
holo-transferrin and hemoglobin, and horse spleen ferritin. How-
ever, despite the importance of efficient iron uptake machinery
in parasitic organisms, it remains unknown how the released metal
is internalized by Acanthamoeba.

Moreover, nothing is known about iron storage and redistribu-
tion mechanisms in Acanthamoeba, which are very important for

every organism since iron is toxic if present in excess; it may cat-
alyze the production of hydroxyl radicals via the Fenton and
Haber-Weiss reactions, which damage DNA, RNA, proteins and
lipids (Hershko, 2007) Generally, to store iron and avoid its toxic-
ity, many organisms keep it bound to the conserved intracellular
protein ferritin (Harrison and Arosio, 1996) or sequester it from
the cytoplasm using iron transporters such as Saccharomyces cere-
visiae Ccc1, which transfers iron to the vacuole (Li et al., 2001)
Acanthamoeba does not possess ferritin according to bioinformatic
data; however, a homolog of yeast ccc1 is present in its genome.

The present study is aimed at investigating the iron homeosta-
sis machinery of A. castellanii. We analyzed the whole-cell pro-
teomic response to iron deprivation and investigated the
localization of several proteins for which the expression levels
were significantly affected by iron availability. Our results demon-
strate that A. castellanii employs a ferric reductase and a divalent
metal transporter that are expressed in membranes of multiple
intracellular vesicles and promote iron delivery to cytosol. These
proteins are significantly upregulated under iron deprivation,
which probably allows iron-starved cells to increase the efficiency
of iron uptake despite a decreased pinocytosis rate. When iron is
abundant, its excess is removed from the cytosol by another diva-
lent iron transporter from a different family.

2. Materials and methods

2.1. Acanthamoeba growth conditions

The A. castellanii Neff strain was maintained in 25 cm2 aerobic
cultivation flasks at 27 C in PYG medium (0.75% yeast extract,
0.75% proteose peptone, and 1.5% glucose); A. castellanii transfor-
mants were maintained in PYG medium with the additives (PYG-
A) described in dx.https://doi.org/10.17504/protocols.io.s4regv6
without added iron citrate (0.75% yeast extract, 0.75% proteose
peptone, 2 mM KH2PO4, 1 mM MgSO4, 1.5% glucose, 0.05 mM
CaCl2, 1 lg/mL of thiamine, 0.2 lg/mL of D-biotin, and 1 ng/mL
of vitamin B12).

2.2. Growth curves

Acanthamoeba castellanii cells (5  104) were inoculated into
5 ml of PYG-A supplemented with iron in ferric nitrilotriacetate
(Fe-NTA) form at concentrations of 25 lM or 50 lM, supplemented
with the iron chelator bathophenanthrolinedisulfonic acid (BPS,
Sigma-Aldrich, USA) at concentrations of 25 lM or 50 lM, or with-
out iron or BPS supplementation as a control. Cells were grown in
biological triplicate. Every 24 h, the cells were counted with a Z2
Particle Count and Size Analyzer (Beckman Coulter, USA).

2.3. Whole-cell proteomics

Acanthamoeba castellanii was grown in 75 cm2 aerobic cultiva-
tion flasks in 20 ml of PYG medium supplemented with 25 lM
Fe-NTA or 25 lM BPS for 72 h in triplicate. The cells were washed
three times with PBS (1000 g, 10 min, 4 C) and pelleted. Whole-
cell proteomic analysis of the samples was performed using the
method described by Mach et al. (2018), employing nanoflow liq-
uid chromatography coupled with mass spectrometry (MS). The
resulting MS data were searched with MaxQuant software (Cox
et al., 2014) against the AmoebaDB (Aurrecoechea et al., 2011) A.
castellanii database as downloaded on March 10th, 2020. The car-
bamidomethylation of cysteine (Unimod #: 4) was set as a fixed
modification, and methionine oxidation (Unimod #: 35) was
allowed as a variable modification. Further processing of the data
was performed with Perseus software (Tyanova et al., 2016). We

M. Grechnikova, D. Arbon, Kateřina Ženíšková et al. International Journal for Parasitology 52 (2022) 497–508

498



used normalized label-free quantitation values of intensities. We
filtered out reverse hits, potential contaminants and proteins iden-
tified only by site with posttranslational modification. Then, we
took the binary logarithms of the intensities and filtered out the
proteins with insufficient numbers of valid quantification values,
leaving only those with at least two values per group. Student’s
t-test with Benjamini-Hochberg correction was used to evaluate
significantly changed proteins at the 5% false discovery rate level.
Only the proteins that changed more than 1.5–fold were consid-
ered. The selected proteins were manually annotated using
HHpred (Söding et al., 2005, https://toolkit.tuebingen.mpg.
de/tools/hhpred) or by sequence alignment with homologous pro-
teins from other organisms using BLAST (Altschul et al., 1990,
https://blast.ncbi.nlm.nih.gov/Blast.cgi). Transmembrane domains
were predicted using TMHMM v 2.0 (Krogh et al., 2001, https://
www.cbs.dtu.dk/services/TMHMM/). Protein localization was pre-
dicted with DeepLoc (Armenteros et al., 2017, https://www.cbs.
dtu.dk/services/DeepLoc/). Sequence analysis was performed using
Geneious Prime 2019.2.3 (www.geneious.com).

2.4. Cloning of Acanthamoeba genes of interest

We introduced a polylinker with several restriction sites into
pTPBF and pGAPDH plasmids kindly provided by Morgan Colp
(PhD Candidate in John Archibald’s laboratory at Dalhousie Univer-
sity, Canada). The sequence of the polylinker is provided in Supple-
mentary Table S1. We cloned A. castellanii genes fered, nramp and
vit into both plasmids using suitable restriction sites. The native
vit promoter was cloned instead of the gapdh promoter, and the
resulting plasmid was called pACVIT (Supplementary Table S1).
To clone vit with an N-terminal GFP tag, we introduced another
polylinker immediately after the GFP in the pTPBF and pGAPDH
plasmids (the resulting plasmids were named pTN and pGN,
respectively).

2.5. Acanthamoeba transfection

Transfection was performed according to doi.org/10.17504/pro-
tocols.io.s4regv6. In brief, the cells were grown in PYG medium
supplemented with 10 mM iron citrate for 3 days, collected and
resuspended in encystment medium (20 mM Tris-HCl (pH 8.8),
100 mM KCl, 8 mM MgSO4, 0.4 mM CaCl2, and 1 mM NaHCO3). A
total of 5  104 cells in 500 ll of medium were placed in each well
of a 6-well plate. Then, 20 ll of SuperFect Transfection Reagent
(Qiagen, Germany) were added to 4 lg of plasmid DNA diluted in
100 ll of encystment medium, incubated at room temperature
for 10 min, mixed with 600 ll of encystment medium and added
to the cells (the same mixture without DNA was used as a negative
control). The cells were incubated with DNA and SuperFect reagent
for 3 h at room temperature, the mixture was pipetted out, and
fresh PYG-A and iron were added. The cells were allowed to
recover for 24 h at 27 C, and then 10 lg/ml of geneticin (G418
disulfate salt, Sigma-Aldrich, USA) were added to each well. Fresh
PYG-A with antibiotic was added once during approximately
1.5 weeks. After sufficient growth of transformants occurred (3–
5 weeks), the transformants were transferred to 25 cm2 flasks with
PYG-A and 50 lg/ml of geneticin.

2.6. Microscopy

To localize the proteins of interest, A. castellanii expressing GFP-
tagged proteins were placed on cover slips in growth medium and
left for 30 min to attach to the surface. Then, the medium was
removed, and the cover slips were mounted to microscope slides
and imaged with a Leica TCS SP8 WLL SMD-FLIM microscope
(Leica, Germany) equipped with an HC PL APO CS2 63x/1.20 water

objective. The fluorescence excitation was at 488 nm, the emission
at 498–551 nm was detected with a hybrid HyD SMD detector, and
a photomultiplier tube (PMT) detector was used for phase contrast
imaging. To visualize the localization of phagocytosed particles and
pinocytosed medium, live amoebae were incubated with the fluo-
rescent bacteria pHrodo Red E. coli BioParticles Conjugate for
phagocytosis or pHrodo Red Dextran 10,000 MW for endocytosis
(Invitrogen, USA), and the fluorescent signal was detected using
excitation and emission wavelengths set according to the manu-
facturer’s manual. To investigate the mitochondrial localization,
25 nM MitoTracker Red CMXRos (Thermo Fisher Scientific, USA)
were added to the medium for 15 min and then carefully changed
to fresh medium. Fluorescent signals were detected according to
the manual. Images were processed using LAS X 3.5.1.18803 (Leica,
Germany). To observe the localization of phagocytosed particles
with pH-independent fluorescence, approximately 5  105 live
cells were resuspended in HEPES-glucose buffer (50 mM glucose,
20 mM HEPES, pH 7.2), transferred to 6-well plates suitable for
microscopy and left to settle at 27 C for 30 min. Fluorescent
E. coli (E. coli BioParticles Alexa Fluor 594 conjugate, Invitrogen)
were added to final concentration of 10 lg/ml. The cells were
observed with a Nikon CSU-W1 Spinning disc confocal microscope
using the dual camera setting with 488 nm and 561 nm excitation
lasers, 503–548 nm and 575–625 nm detection.

2.7. Western blotting

Acanthamoeba castellanii expressing GFP-VIT and wild type cells
were grown in PYG-A medium for 72 h. The whole-cell lysates
were used for the protein detection in western blotting analysis
using the primary monoclonal antibody against GFP (Santa Cruz
Biotechnology, USA) and secondary anti-mouse peroxidase-
conjugated antibodies (Merck, Germany) with Luminata Forte
Western horseradish peroxidase substrate (Merck, Germany).

2.8. Iron uptake

Acanthamoeba castellanii was grown for 72 h under iron-
supplemented (25 lM Fe-NTA) and iron-depleted (25 lM BPS)
conditions in pentaplicate. Starting cultures were chosen so that
the cells would reach similar cell densities just before forming a
monolayer. The cells were washed three times with HEPES-
glucose buffer (50 mM glucose, 20 mM HEPES, pH 7.2; 1200g for
5 min) and resuspended in the same buffer. Then, the number of
cells in each sample was counted using a Guava EasyCyte8HT flow
cytometer (Luminex Corporation, USA), and 5  105 cells were dis-
pensed into 1.5 ml tubes. To assess their iron uptake, the cells were
supplemented with 2 lM 55Fe citrate as a ferric iron source or
2 lM 55Fe citrate and 1 mM ascorbate as a ferrous iron source.
The samples were incubated at 27 C for 2 h, washed three times
with the same buffer, and pelleted and lysed with 50 ll of 0.2% Tri-
ton X-100. Two 5 ll aliquots were taken to measure the protein
concentration using a bicinchoninic acid (BCA) kit. To the rest of
the lysed cells, 800 ll of liquid scintillation cocktail Ultima Gold
LLT (PerkinElmer, USA) were added, and the samples were vor-
texed and analyzed with Triathler Multilabel Tester (Hidex, Fin-
land). To calculate the iron contents in the cells, a calibration
curve with the same radioactive iron sample was plotted. Student’s
t-test with Bonferroni correction for multiple comparisons was
used to evaluate statistical significance. To assess the iron uptake
by acanthamoebae expressing AcNRAMP or AcIDIP, the cells were
grown in tetraplicate for 72 h under iron-supplemented condi-
tions. The following procedures were the same as those described
above, and only ferrous iron (2 lM 55Fe citrate and 1 mM ascor-
bate) was used as an iron source. Two independent experiments
were performed.
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2.9. Quantitative reverse transcription PCR

Acanthamoeba castellanii was grown in triplicate for 72 h under
iron-supplemented and iron-depleted conditions. Acanthamoebae
expressing AcIDIP and wild type cells were grown in tetraplicate
for 72 h in PYG-A medium without iron or chelator supplementa-
tion. Total RNA was purified using the High Pure RNA Isolation
Kit (Roche, Switzerland). Quantitative reverse transcription quanti-
tative PCR (qRT-PCR) was conducted using the KAPA SYBR FAST
One-Step universal kit (Sigma-Aldrich, USA) according to the man-
ufacturer’s protocol in the RotorGene 3000 PCR cycler (Corbett
Research, Australia) with the following thermocycling conditions:
reverse transcription at 42 C for 30 min, DNA denaturation at
95 C for 5 min, 40 cycles of 95 C for 10 s, 56 C for 20 s, and
72 C for 20 s; and melt-curve analysis from 55 C to 95 C with
1 C step for 5 s per step. For normalization we used actin gene
ACA1_151070 as an endogenous reference. The gene for normaliza-
tion was chosen using the proteomic data; it was expressed at the
same level under all conditions. The list of the primers is presented
in Supplementary Table S2. The fold change was calculated using
2–DDCt method, for the statistical analysis used 2–Ct values were
used (Livak and Schmittgen, 2001).

2.10. Pinocytosis rate

To quantify the iron deficiency effects on pinocytosis, amoebae
were cultivated under iron-supplemented and iron-deficient con-
ditions for 72 h to similar cell densities in quadruplicate. The sizes
of the cells were analyzed with Z2 Particle Count and Size Analyzer.
The cells were washed and transferred into HEPES-glucose buffer
and counted using the Guava flow cytometer, and 1  106 cells
were dispensed into the wells of a 12-well plate. The amoebae
were left to settle down at 27 C for 30 min and afterwards checked
under a light microscope. Fluorescent pHrodo Green Dextran
10,000 MW for endocytosis (Invitrogen, USA) was added to a final
concentration of 10 lg/ml and incubated for 4 h at 27 C. Cell ali-
quots were taken immediately after dextran addition, at 15 min
and then every hour. The cells were released by gentle pipetting
and immediately measured with the Guava flow cytometer using

488 nm excitation and 525/30 nm acquisition. Acquisition was
set to 10,000 events, and the mean fluorescence intensity of each
sample was recorded. Student’s t-test with Bonferroni correction
for multiple testing was used to evaluate statistical significance.

2.11. Yeasts procedures

The fre1-his3 yeast strain was kindly provided by Emmanuel
Lesuisse (Institut Jacques Monod, France), vit was cloned into a
pCM189 plasmid (Garí et al., 1997). Yeast transformations were
performed according to Gietz and Schiestl (2007). For phenotype
assays, yeast cultures were grown overnight in liquid synthetic
complete (SC) medium without uracil, with 2% glucose as the
energy source. Five microliters of five serial ten-fold dilutions
starting from OD600 0.2 were plated on agar plates with SC medium
without both uracil and histidine; the plates were supplemented
with 10 lM or 15 lM BPS with or without the addition of 1 lg/
ml of doxycycline. SC plates without uracil and with histidine were
used as a control.

3. Results

3.1. Iron deprivation reduces Acanthamoeba growth

The growth curves of A. castellanii under iron-deprived and
iron-rich conditions are shown in Fig. 1. Iron deprivation notice-
ably reduced the rate of cell growth as well as the maximum cell
density; adding 25 lM BPS resulted in an approximately 50%
reduction in the maximum cell count, while 50 lM BPS reduced
it more than 12 times. The addition of ferrous iron at a 25 lM con-
centration did not significantly influence cell growth, which corre-
sponds with the data obtained by Hryniewiecka et al. (1980), who
showed that there was only a negligible difference between Acan-
thamoeba growth in 6 lM and 32 lM iron, while in the absence of
iron cell growth significantly decreased. The addition of 100 lM
iron reduces the rate of cell replication but allows continuous
growth so that the cell density ultimately reaches almost the same
number as that of the control.

Fig. 1. Iron-dependent growth curves of Acanthamoeba castellanii. Amoebae were grown in PYG-A medium supplemented with 25 lM ferric nitrilotriacetate (Fe-NTA),
100 lM Fe-NTA, 25 lM bathophenanthrolinedisulfonic acid (BPS), or 50 lM BPS, or without iron and BPS supplementation as a control. Cells were counted every 24 h. Mean
values with S.D.s are shown.
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Based on growth curves, for future experiments we used cells
grown in 25 lM iron or 25 lM BPS. The chosen chelator concentra-
tion ensures iron deficiency but allows the cells to multiply, which
is a prerequisite for a successful proteomic analysis without exces-
sive changes accompanying cell death or cyst formation. As a con-
trol, we used the mediumwith 25 lM iron added to guarantee iron
supplementation.

3.2. Whole-cell proteomics reveals the proteins involved in iron
metabolism

To identify the proteins participating in A. castellanii iron meta-
bolism, we compared the whole-cell proteomes of amoebae grown
for 72 h in media supplemented with 25 lM Fe-NTA (iron-
sufficient conditions) and with 25 lM BPS (to induce iron depriva-
tion). The expression of 224 proteins was changed significantly:
104 proteins were upregulated and 120 were downregulated
under iron starvation (Supplementary Table S3). The proteins most
relevant for our study are summarized in Table 1.

The most upregulated protein (ACA1_155690 in the AmoebaDB
database, 18.6 times upregulation) under iron-deprived conditions
is homologous to STEAP metalloreductases. The name STEAP is
derived from the 6-transmembrane epithelial antigen of the pros-
tate; these proteins share similarity at the C terminus to the trans-
membrane domains of yeast FRE metalloreductases and promote
the reduction of iron (Ohgami et al., 2006). Based on protein
sequence homology and dramatic regulation by iron availability,
we propose that ACA1_155690 (called below AcFERED) is a ferric
reductase that reduces Fe3+ to Fe2+, the latter of which is conse-
quently taken up by divalent metal transporter(s).

The second most upregulated protein (ACA1_099250, 12.1
times) did not show significant homology to any other known pro-
teins, and HHpred analysis did not reveal any probable function.
Therefore, we called it AcIDIP (iron deprivation-induced protein).
Bioinformatic analysis, namely TMHMM (Krogh et al., 2001) and
DeepLoc (Armenteros et al., 2017), predicted a soluble protein with
presumed nuclear localization; however, our experimental deter-
mination showed cytosolic localization (see below).

The protein exhibiting the third strongest upregulation upon
iron deprivation (ACA1_225890, 5.2 times) was a homolog of the
metal transporter NRAMP (natural resistance-associated macro-
phage protein). NRAMP proteins are present in bacteria and
eukaryotes, and comprise a large family of metal transporters
(Nevo and Nelson, 2006). In Dictyostelium discoideum, a social
amoeba that is a distant relative of A. castellanii, two NRAMP
homologs were demonstrated to transport Fe2+, with one of them

mediating iron export from phagosomes and macropinosomes
(Buracco et al., 2015). We assume that ACA1_225890 (AcNRAMP)
is an Fe2+ transporter that participates in the uptake of iron
reduced by the ferric reductase AcFERED.

Importantly, 10 different proteases were upregulated 1.7 – 3.2
times. Previously, Ramírez-Rico et al. (2015) reported that there
were several proteases in Acanthamoeba cell extracts and condi-
tioned medium capable of cleaving different iron-containing pro-
teins. The upregulation of these proteases in natural habitats
may result in increased iron consumption due to the more efficient
use of proteins containing iron cofactors.

The most downregulated protein (ACA1_261050, 4.6 times
downregulation) was homologous to proteins from the vacuolar
iron transporter (VIT) family and yeast Ccc1 (Ca2+-sensitive
cross-complementer). In yeasts, the Ccc1 protein is an iron trans-
porter that removes excessive iron from the cytosol, transferring
it into the vacuole (Li et al., 2001). Its homolog participates in iron
detoxification in Plasmodium falciparum (Slavic et al., 2016). It is
thus reasonable to propose that, analogously, Acanthamoeba uses
the VIT homolog (AcVIT) to eliminate iron from the cytosol when
it is present in excess; thus, a significant reduction in its expression
would be beneficial during iron starvation.

3.3. Localization of proteins involved in iron metabolism

To determine the cellular localization of AcFERED, AcNRAMP,
AcIDIP and AcVIT, we cloned the genes with a C-terminal GFP tag
into two plasmids with different promoters: glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, pGAPDH plasmid) and TATA-
box binding factor (TPBF, pTPBF plasmid). The tpbf promoter drives
a moderate level of protein expression, whereas more protein is
produced from the gapdh promoter (Bateman, 2010). The genes
fered and nrampP appeared to be present in the genome in two alle-
lic variants with minor sequence differences (Supplementary
Table S1); thus, both variants were cloned in both plasmids. All
the resulting plasmids were transfected into A. castellanii, and liv-
ing cells expressing the investigated proteins were imaged under a
fluorescence microscope. The localization pattern was the same for
allelic variants and did not depend on the promoter either, so here,
we only show the cells expressing the proteins under the gapdh
promoter (Fig. 2A–D). GFP-expressing cells were used as a control
(Fig. 2A).

To rule out the possibility that the expression of GFP-tagged
proteins may lead to their mislocalization in acanthamoebae, we
expressed the iron-sulfur cluster assembly protein IscA under the
same conditions. This protein has a predicted mitochondrial local-
ization, so we used the mitochondrial dye MitoTracker Red
CMXRos to confirm that expressed IscA-GFP is directed to the
mitochondria. The GFP signal indeed colocalized with mitochon-
drially targeted dye (Supplementary Fig. S1); therefore, we assume
that our experimental design does not affect the localization of
proteins.

Both AcFERED and AcNRAMP localize to the membranes of mul-
tiple intracellular vesicles, which probably comprise the digestive
vacuolar system to which phagocytosed food particles and pinocy-
tosed solutes are delivered for the digestion and internalization of
nutrients (see below).

AcIDIP appears to be localized to the cytosol, despite its pre-
dicted nuclear localization (Fig. 2B); its localization is analogous
to GFP itself. Nevertheless, we cannot exclude the possibility that
AcIDIP requires posttranslational modification or binding to yet
unknown ligands to be translocated to the nucleus under specific
conditions.

Using the abovementioned plasmids, we were unable to obtain
conclusive images of AcVIT localization since only a weak green
signal was left in the cytoplasm or vesicles, probably due to the

Table 1
Selected Acanthamoeba castellanii proteins that were significantly changed in cells
grown in 25 lM bathophenanthrolinedisulfonic acid compared with 25 lM ferric
nitrilotriacetate. Arrows indicate upregulation or downregulation.

Gene number in AmoebaDB
database

Manual annotation with BLAST
and HHpred

Fold
change

ACA1_155690 Ferric reductase STEAP "18.6
ACA1_099250 Unknown protein "12.1
ACA1_225890 Iron transporter NRAMP "5.2
ACA1_264610 Leucine aminopeptidase "3.2
ACA1_236350 Leucine aminopeptidase "2.7
ACA1_223330 Serine proteinase "2.6
ACA1_033570 Methionine aminopeptidase "2.6
ACA1_144920 Metallo-endopeptidase "2.6
ACA1_222700 Serine proteinase "2.5
ACA1_399750 Carboxypeptidase "2.2
ACA1_092600 Dipeptidyl-peptidase "2.0
ACA1_087870 Tripeptidyl-peptidase "1.8
ACA1_286170 Oligopeptidase "1.7
ACA1_261050 Vacuolar iron transporter (VIT) ;4.6
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degradation of the chimeric protein. The recloning of the GFP-
tagged gene under its native promoter did not improve our ability
to visualize the protein in the cells. We thus recloned AcVIT with an
N-terminal GFP tag, ultimately allowing us to assess its localization
(Fig. 2E) even though the signal was still weaker than that of
AcFERED or AcNRAMP. Expression was visible only under the mod-
erate tpbf promoter. Nevertheless, this experiment revealed that,
similar to AcFERED and AcNRAMP, AcVIT is localized to membranes
in the intracellular vesicular system.

To verify that we observed the localization of the full-length
GFP-AcVIT and not GFP-fused signal peptide cut from the protein,
we performed western blotting analysis of whole-cell lysates of
GFP-AcVIT using anti-GFP antibodies (Supplementary Fig. S2).
The major band corresponds to the size of GFP-AcVIT (55.7 kDa)
confirming the expression of the full-size fusion protein in the
cells.

3.4. AcFERED, AcNRAMP and AcVIT are colocalized with food particles

Considering the localization of AcFERED and AcNRAMP as well
as the fact that acanthamoebae are believed to obtain food by
pino- and phagocytosis (Byers, 1979), we proposed that these
two proteins participate in iron acquisition from pinocytosed med-
ium or phagocytosed particles. Therefore, we expected endocy-
tosed material to be trafficked into vesicles containing the

expressed proteins. To check whether the vesicles with AcFERED
and AcNRAMP represent the terminal points for endocytosis, we
incubated the transformants with fluorescently labeled dextran
(10,000 MW) or E. coli. The fluorescence of the selected pHrodo
Red dye increases strongly with decreasing pH, meaning that the
fluorescent signal is probably mostly gained from digestive vac-
uoles with acidic content. Indeed, the fluorescent label is targeted
into the vesicles framed with the expressed proteins (Fig. 3A–B, D–
E, Supplementary Movies S1-S3), confirming the role of AcFERED
and AcNRAMP in nutrient acquisition. From these data, we cannot
unequivocally conclude that these proteins are present in the same
vesicles within the cell; nevertheless, we believe that they act con-
secutively in one compartment to deliver iron into the cytosol.

Furthermore, we performed the same experiment with AcVIT-
expressing cells (Fig. 3C, F). Similar to AcFERED and AcNRAMP,
AcVIT is targeted to the acidic vesicular compartment, which is
consistent with the vacuolar localization of the yeast Ccc1 iron
transporter.

Since pHrodo dyes are pH-dependent, they can only be visu-
alised in an acidic environment developing in late endosomal
stages. Taking into consideration that AcNRAMP is presumably an
iron importer and AcVIT is an iron exporter, we would expect the
former to be more abundant in early endosomes and the latter to
be present mostly in later endocytosis stages. Thus, we decided
to investigate phagocytosis of bacteria labelled with Alexa Fluor

Fig. 2. Localization of GFP-tagged proteins involved in iron metabolism in Acanthamoeba castellanii. The proteins were expressed under the constitutive promoter of the
gapdh gene (A-D) or tpbf gene (E). All scale bars are 10 lm. (A) GFP (control). (B) AcIDIP-GFP. (C) AcFERED-GFP. (D) AcNRAMP-GFP. (E) GFP-AcVIT.
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dye which does not depend on pH. However, we were not able to
see any difference in bacteria trafficking between the cells express-
ing AcFERED, AcNRAMP and AcVIT (Supplementary Fig. S3). In all
three transformant lines we were able to observe both intact
rod-shaped bacteria and dissolved red fluorophore, presumably
derived from digested bacteria, in vacuoles framed by GFP-
tagged protein. Based on our observations, AcVIT was present in
vacuoles with early and medium endocytic stages represented
with intact bacteria, while AcFERED and AcNRAMP were present
in vacuoles with dissolved fluorophore which we assume to repre-
sent phagocytosed material on later stages. Thus, we propose that
there is at least partial colocalization of AcFERED, AcNRAMP and
AcVIT; however, further investigation is needed to prove this
hypothesis.

3.5. Iron acquisition effectiveness is induced by iron starvation and
expression of AcIDIP

Upregulation in the expression of the proteins participating in
iron uptake is expected to increase the efficiency of iron acquisi-
tion. Since our proteomic analysis revealed that AcFERED and AcN-
RAMP are among the three most induced proteins upon iron
starvation, we compared the uptake of 55Fe radioisotopes by acan-
thamoebae grown for 72 h under iron-sufficient (25 lM Fe-NTA)
and iron-depleted (25 lM BPS) conditions. The cells were washed
clean of any external iron or chelator and placed in HEPES buffer
with glucose to supplement the cells with an energy source and
avoid low osmolarity. Then, the cells were supplemented with a
source of iron radioisotope, either as Fe3+ (ferric citrate) or Fe2+

(ascorbate was added to the reaction buffer as a reducing agent).
The results are shown in Fig. 4A. As expected, the acquisition of
iron by cells grown under iron-depleted conditions was signifi-

cantly more efficient, regardless of the provided form of iron. How-
ever, the uptake of the Fe2+ form occurs more effectively, indicating
the requirement for the reduction step.

Peracino et al. (2006) demonstrated in their work that the Dic-
tyostelium NRAMP-GFP chimera is at least partially functional in
terms of iron translocation. Therefore, we decided to compare iron
uptake in Acanthamoeba cells expressing GFP-tagged AcNRAMP
under the gapdh promoter and wild-type cells. Additionally, we
assessed iron uptake in cells expressing AcIDIP-GFP. Cells were
grown for 72 h in 25 lM iron to decrease the levels of intrinsic
AcNRAMP and AcIDIP. The summarized results of two independent
experiments, each performed in biological tetraplicate, are shown
in Fig. 4B; there was no difference in iron uptake between the cells
expressing AcNRAMP-GFP and the wild type cells. We believe,
however, that this observation is due to the GFP tag, which
impaired the protein function. Interestingly, expression of the Ac-
IDIP-GFP fusion protein induced iron acquisition approximately
twice. Since bioinformatic analysis did not reveal any potential
function of this protein, we can only hypothesize its role to be
regulatory.

3.6. QRT-PCR demonstrates the change in expression of fered, idip,
nramp and vit genes

To further investigate the regulation of iron metabolism related
proteins, we conducted qRT-PCR using cells grown under iron-
depleted and iron-rich conditions (Table 2). Our results demon-
strated that all four proteins are changed at a transcription level.
The transcript level changes reflect the changes we observed at a
proteomic level: fered, idip and nramp are upregulated under low
iron conditions while vit is downregulated, although the fold
change of transcript amounts differ from protein amount fold

Fig. 3. Colocalization of GFP-tagged proteins involved in the iron metabolism of Acanthamoeba castellanii and fluorescent food particles or solutes. Live A. castellanii cells
expressing GFP-tagged proteins were incubated with pHrodo Red Dextran 10,000 MW for endocytosis (A–C) or pHrodo Red Escherichia coli BioParticles Conjugate for
phagocytosis (D–F). All scale bars are 10 lm. (A) AcFERED-GFP+dextran. (B) AcNRAMP-GFP+dextran. (C) GFP-AcVIT+dextran. (D) AcFERED-GFP+E. coli. (E) AcNRAMP-GFP
+E. coli. (F) GFP-AcVIT+E. coli.
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changes, which might be due to different transcript stability in the
cell or due to additional regulation of expression at the protein
level.

Additionally, we investigated the changes in expression of iron
metabolism-related proteins in cells expressing AcIDIP-GFP com-
pared with wild type cells using qPCR. As expected, the transcript
level of idip in the cells expressing AcIDIP-GFP is dramatically
higher (1863 times) than in the wild type cells (Supplementary
Table S4). However, we did not observe any differences in tran-
script abundance of nramp, fered or vit. Thus, expression of Ac-
IDIP-GFP does not increase the expression of presumed iron
transporters or ferric reductase at a transcriptional level.

3.7. Pinocytosis is reduced in iron-depleted amoebae

Considering that A. castellanii axenic culture in liquid medium
takes up nutrients, including iron, by pinocytosis (Bowers and
Olszewski, 1972), the observed increase in iron uptake could pos-
sibly be a result of enhanced pinocytosis. Therefore, we compared
the pinocytosis rate in cells grown under iron-sufficient and iron-
depleted conditions. The cells were incubated for 15 min, 1, 2 or
3 h with fluorescent pHrodo Green dextran in HEPES buffer with
glucose and analyzed by flow cytometry. We found that pinocyto-
sis was, in fact, reduced 1.7 times in the cells grown under iron
deficiency (Fig. 5). Also, we estimated the average size of the cells
grown under different conditions since the reduction in pinocyto-
sis rate might have happened due to the decrease in cell size. How-
ever, it did not depend on the growth conditions: the mean size of
cells grown with the addition of iron was 15.30 lm with S.D.
= 2.166 lm while the size of the cells under iron-starved condi-
tions was 15.33 lm (S.D. = 1.870 lm).

Thus, we conclude that the increase in iron acquisition occurs
due to the upregulation of proteins directly involved in iron uptake
(e.g., AcFERED and AcNRAMP) and not due to more intensive
pinocytosis.

3.8. AcVIT is able to complement iron-sensitive yeast mutants
functionally

To validate the iron transport function of the AcVIT protein, we
performed complementation assays using the Saccharomyces cere-
visiae strain with an iron-regulated fre1/his3 reporter construct (Shi
et al., 2008) containing the imidazole glycerol-phosphate dehy-
dratase gene (his3, which participates in the histidine biosynthesis
pathway) under the fre1 promoter. This construct confers histidine
prototrophy to cells when the reporter is activated by Aft1 (the
activator of ferrous transport), the major iron-dependent transcrip-
tion factor in yeast. Aft1 is activated during cytosolic iron deple-
tion, meaning that under iron deficiency, this strain can grow
without added histidine, while an increase in the cytosolic iron
concentration impairs histidine biosynthesis. AcVIT expression
partly restored the defective growth of the mutant on synthetic
medium without uracil and histidine (Fig. 6); AcVIT-expressing
cells were able to grow under higher iron concentrations than
the transformant with empty plasmid, although the addition of
some amount of iron chelator was still needed to support growth.
The effect was eliminated by adding doxycycline, which blocks the
transcription of the gene from the plasmid, which confirms that
the effect is indeed caused by AcVIT expression. The lower effi-
ciency of functional complementation may be due to the low
expression of heterologous proteins, partial misfolding or mislocal-
ization, or the absence of interaction partners in the yeast cell.
Nevertheless, this result clearly shows that the AcVIT protein func-
tions in the transport of iron from the cytosol, which, together with
its vesicular localization and reduced expression upon iron starva-
tion, strongly indicates its role in iron detoxification/storage in
Acanthamoeba.

4. Discussion

It was already demonstrated by Hryniewiecka et al. (1980) that
Acanthamoeba growth is significantly affected by iron availability;
in their work, excluding iron from the medium resulted in a nota-
ble reduction in the growth rate and a decrease in the steady-stage

Fig. 4. 55Fe radioisotope uptake in Acanthamoeba castellanii. (A) Wild type cells were grown under iron deprivation (bathophenanthrolinedisulfonic acid (BPS) 25 lM) or iron
supplementation (ferric nitrilotriacetate (Fe-NTA) 25 lM), and the acquisition of Fe2+ and Fe3+ was determined by liquid scintillation counting. The means of five biological
replicates with 95% confidence intervals are shown (adjusted for multiple testing, a = 0.0125). Asterisks indicate statistical significance of the difference: **P < 0.005,
***P < 0.001. (B) Iron uptake in A. castellanii control (wild type) cells and cells expressing GFP-tagged AcNRAMP and AcIDIP. The means of eight biological replicates with 95%
confidence intervals are shown (adjusted for multiple testing, a = 0.0167). Asterisks indicate statistical significance of the difference: ***P < 0.001.

Table 2
The changes in transcript abundance of selected genes in cells grown in 25 lM
bathophenanthrolinedisulfonic acid compared with 25 lM ferric nitrilotriacetate,
determined with quantitative reverse transcription PCR. Arrows indicate upregulation
or downregulation. Asterisks indicate statistical significance of the change: *P < 0.05,
**P < 0.005, ***P < 0.001.

Fold change with S.D. P value

idip " 52.9 ± 8.3 ** 0.0015
fered " 2.6 ± 0.8 * 0.007
nramp " 12.4 ± 1.4 *** 0.0008
vit ; 1.5 ± 0.2 * 0.03
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cell density. Using different cultivation methods (cells grown in
monolayers instead of agitated cultures), we observed a similarly
substantial decrease in growth under iron depletion (Fig. 1).
Hryniewiecka and her colleagues (1980) showed that the overall
respiratory level is lower under iron deprivation and that the ratio
between cytochrome oxidase- and alternative oxidase-dependent
respiration depends on the availability of iron; when there is a lim-
ited iron supply, the cells rely on a more energetically effective
cytochrome oxidase pathway. Interestingly, it was demonstrated
that another amphizoic amoeba, Naegleria fowleri, decreases its
complex IV activity under iron deficiency, while the activity of (less
iron-demanding) alternative oxidase is, by contrast, significantly
increased (Arbon et al., 2020).

To identify the proteins participating in iron metabolism, we
first studied the whole-cell proteomic response to iron deprivation,
since these conditions are expected to result in the induction of the
components of the iron uptake system. Based on the growth
curves, we chose the iron chelator concentration that promotes
iron deficiency, allowing for sufficient cell growth without cyst for-
mation or cell death. Iron was added to the control cells at a con-
centration that ensured iron repletion without toxic effects. The
first and third most upregulated proteins under iron deprivation
were a homolog of STEAP metalloreductases, AcFERED (Table 1)
and a homolog of NRAMPmetal transporters, AcNRAMP; qPCR con-
firmed the upregulation of expression of the corresponding genes
at a transcriptional level (Table 2). STEAP3 protein was discovered

in human erythroid cells as a part of the transferrin cycle, a classi-
cal iron acquisition pathway in mammalian cells (Ohgami et al.,
2005). In this cycle, the transferrin receptor mediates transferrin
endocytosis by the cell, followed by endosome acidification which
facilitates the release of ferric iron from transferrin. The released
iron is transported to the cytosol by the NRAMP2 (or DMT1) trans-
porter. NRAMP2 is a divalent metal transporter, so the reduction of
ferric iron is essential. STEAP3 was demonstrated to implement
this function in erythroid cells; later, it was shown that its homo-
logs STEAP2 and STEAP4 also have ferric reductase activity
(Ohgami et al., 2006). We assume that a similar pathway of iron
trafficking is employed by Acanthamoeba cells: endocytosed ferric
iron is reduced by AcFERED and transported to the cytosol by AcN-
RAMP. This mechanism is confirmed by the fact that Acanthamoeba
preferably takes up divalent iron, while Fe3+ is acquired with less
efficiency. This type of system was proposed for the distantly
related social amoeba D. discoideum (Bozzaro et al., 2013;
Buracco et al., 2015). In Dictyostelium cells, NRAMP1 mediates
Fe2+ export from phagosomes and macropinosomes, and although
STEAP homologs are not found in the D. discoideum genome, there
are at least two putative ferric reductases present, one of which is
recruited to phagosomes according to preliminary data (Buracco
et al., 2015).

Both AcFERED and AcNRAMP in A. castellanii are localized to
membranes of multiple intracellular vesicles of different sizes
(Fig. 2C–D). Although a two-step reductive mechanism for iron

Fig. 5. Pinocytosis in Acanthamoeba castellanii iron-deprived and iron-supplemented cells. The cells were incubated with pHrodo Green Dextran 10,000 MW for up to 4 h.
Fluorescence was measured in aliquots immediately after dextran addition and during incubation by flow cytometry. The means of four biological replicates with 95%
confidence intervals are shown (adjusted for multiple testing, a = 0.01). Asterisks indicate statistical significance of the difference: *P < 0.05, ***P < 0.001.

Fig. 6. Functional complementation of the iron-sensitive fre1-his3 yeast strain by AcVIT. The fre1-his3 strain was transformed with empty tetracycline-regulatable plasmid
pCM189 or pCM189 carrying vit gene, spotted on synthetic complete medium without uracil and histidine (SC-ura -his) or without uracil and with histidine (SC -ura) and
grown for 3 days at 30 C. AcVIT-expressing cells were able to grow under higher iron concentrations than the transformant containing empty plasmid. This effect was
eliminated by doxycycline (dox), which blocks transcription from the vector. BPS, bathophenanthrolinedisulfonic acid.
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assimilation is employed by many organisms including bacteria
and archaea, yeasts such as Candida albicans and S. cerevisiae, par-
asitic protists such as Leishmania amazonensis, plants and others,
its components are typically localized to the plasma membrane
(Moog and Brüggemann, 1994; Schröder et al., 2003; Flannery
et al., 2011). Therefore, the localization of AcFERED and AcNRAMP
to intracellular vesicles is quite unusual. Unfortunately, it does not
allow us to assess ferric reductase activity using ferrozine or BPS
assays to detect ferrous iron complex production, as is done for
plasma membrane ferric reductases (for example, in Knight et al.,
2005 or Arbon et al., 2020). Our results demonstrate that phagocy-
tosed bacteria and pinocytosed medium are trafficked into this
vesicular compartment (Fig. 3A–B, D–E), and at least some of these
vesicles are acidified, since we were able to observe the signal of
pH-sensitive fluorescent dye inside them. These data are consistent
with studies demonstrating that different NRAMP proteins func-
tion as metal-proton symporters (Coutville et al., 2006), which
means that the acidification of vesicles would facilitate iron trans-
port, and with the findings of Peracino et al. (2006) showing that in
Dictyostelium amoebae, NRAMP1 colocalizes with v-type H+-
ATPase.

Unfortunately, there are no well-established methods to knock
out genes in A. castellanii yet. Since there are several papers
describing gene knockdowns in Acanthamoeba (Lorenzo-Morales
et al., 2005, 2010; Huang et al., 2017), we tried to use this method,
however, the fitness of the cells was strongly affected by the pro-
cedure and, in our opinion, further analysis would be arguable.
Therefore, we were not able to directly prove the function of the
investigated proteins and had to study their function indirectly,
focusing on physiological characteristics of the cells grown under
iron-rich and iron-limited conditions.

Considering the higher expression levels of the proteins import-
ing iron to cytosol under iron starvation, we expected that the effi-
ciency of iron uptake would be increased. Indeed, cell growth in
iron-depleted medium results in more efficient iron uptake
(Fig. 4A), demonstrating the ability of amoebae to respond to nutri-
ent deprivation.

Bowers and Olszewski (1972) demonstrated that acanthamoe-
bae obtain different compounds such as albumin, inulin, leucine
and glucose at similar rates, and linearly, over time without any
evident saturation, and therefore proposed pinocytosis to be the
feeding mechanism of Acanthamoeba in liquid media. Thus, the
increase in iron uptake that we observed in cells grown under iron
deficiency could possibly be caused by a higher pinocytosis rate
rather than the upregulation of the expression of proteins partici-
pating in iron efflux from vacuoles to cytosol. However, according
to our findings, pinocytosis is in fact notably reduced in iron-
starved cells (Fig. 5). It was shown that both pino- and phagocyto-
sis are energy-dependent processes that require oxidative phos-
phorylation (Bowers, 1977), and their high energy demand is not
surprising since membrane turnover due to pino- and phagocytosis
was estimated to be strikingly high in Acanthamoeba (2–10 times
per h), especially compared with other amoebae and macrophages
(Bowers and Olszewski, 1972). As mentioned above, the total res-
piration level in iron-starved Acanthamoeba was decreased, proba-
bly indicating a lower energy production level, which might not be
sufficient to maintain the same level of endocytosis as in iron-
supplemented cells. Hence, pinocytosis in iron-depleted amoebae
is reduced, and the increased iron acquisition level in these cells
appears to occur due to the upregulation of proteins participating
in iron import to cytosol, presumably AcFERED and AcNRAMP.

Ramírez-Rico et al. (2015) studied the ability of Acanthamoeba
crude cell extracts and conditioned medium to cleave different
iron-containing proteins. They found that there were several pro-
teases that can break down human holo-lactoferrin, holo-
transferrin and hemoglobin, and horse spleen ferritin. They

searched the MEROPS database and found several proteases with
molecular weights similar to those discovered in their study. Based
on our proteomic data, two of the suggested proteases (https://
www.uniprot.org/uniprot/L8H8J9 or ACA1_184420 in AmoebaDB
database and https://www.uniprot.org/uniprot/L8GXX7 or
ACA1_066290) are indeed expressed in Acanthamoeba cells, although
there was no change in expression depending on iron availability.
Nevertheless, we discovered that several proteases and peptidases
were upregulated under iron-deprived conditions. Higher protease
levels may be beneficial for acanthamoebae both in soil where bacte-
ria are believed to be their food source (Rodríguez-Zaragoza, 1994)
and in host tissues, because they would result in increased iron
assimilation due to the more efficient use of host iron-containing
proteins. Interestingly, one of the upregulated proteases, aminopep-
tidase M20/M25/M40 family protein (ACA1_264610), has recently
been studied by Huang et al. (2017), who demonstrated its ability
to induce cell cytopathic effects on rat glial cells, mediating
contact-independent host cell injury. This protein might be upregu-
lated upon Acanthamoeba colonization of the host tissues due to iron
depletion caused by nutritional immunity.

Interestingly, our proteomic analysis revealed a protein that is
highly upregulated by iron starvation and does not share any pro-
nounced homology to other known proteins (AcIDIP). Although we
were not able to predict its function, based on bioinformatic tool
prediction, we expected a soluble protein with nuclear localization.
It was thus temping to speculate that the protein is involved in the
regulation of gene expression, however our further experiment
revealed its cytosolic localization. Interestingly, expression of the
AcIDIP-GFP fusion protein induced iron acquisition by acan-
thamoebae more than twice (Fig. 4B), indeed suggesting its role
in iron acquisition. We proposed that AcIDIP might function as a
transcriptional regulator, despite its cytosolic localization, since
many transcription factors reside in the cytosol and require speci-
fic conditions to be translocated to the nucleus, such as phosphory-
lation by specific kinases, ligand binding or interaction with other
proteins (Whiteside and Goodbourn, 1993; Cyert, 2001). However,
our further analysis revealed that there is no upregulation of tran-
scription of ferric reductase or iron transporters in the transfected
cells expressing AcIDIP-GFP fusion protein (Supplementary
Table S4). The mechanism of its participation of AcIDIP in iron
uptake remains unknown; it might regulate one or several proteins
of the iron trafficking machinery by direct interaction. We believe
that it is of great interest to focus further investigation on the elu-
cidation of the function of this novel unique protein.

Since iron is toxic when present in excess, all organisms must
tightly balance iron acquisition with its storage and/or removal.
The major iron storage/detoxification protein ferritin is ubiqui-
tously distributed among living species (Harrison and Arosio,
1996); however Saccharomyces, Plasmodium and some other organ-
isms, including Acanthamoeba, lack its homologs. We assume that
AcVIT, which was the most downregulated protein under iron-
depleted conditions, performs the iron detoxification function in
A. castellanii. AcVIT is a homolog of Arabidopsis thaliana VIT1 and
yeast Ccc1. Ccc1/VIT family proteins are widely distributed in nat-
ure and found in plants, fungi, and protists (Ram et al., 2021). In
yeasts, Ccc1 promotes iron accumulation in the vacuole, and its
disruption affects cytosolic iron levels and causes increased sensi-
tivity to external iron (Li et al., 2001). Similarly, VIT-deficient Plas-
modium parasites are more sensitive to increased iron
concentrations and have higher levels of labile iron in cells. Curi-
ously, the VIT in Plasmodium localizes to the endoplasmic reticu-
lum rather than the vacuolar compartment (Slavic et al., 2016).
In A. thaliana, VIT1 also mediates iron sequestration into vacuoles,
although this protein serves in iron storage; VIT1-deficient seed-
lings grow poorly when iron availability is low, even though plant
cells possess ferritin (Kim et al., 2006).
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According to our data, AcVIT localizes, at least partly, to the
same compartment as AcFERED and AcNRAMP, namely, to the
membranes of multiple vesicles (Figs. 2E, 3C, F, Supplementary
Fig. S3), and it is able to complement iron-sensitive yeast mutants
functionally (Fig. 6). Unlike D. discoideum, in which the contractile
vacuole network seems to be used for iron storage (Peracino et al.,
2013), A. castellanii probably extrudes excessive iron into digestive
vacuoles, where it might be transiently stored or discarded
together with undigested food remnants by exocytosis.

In conclusion, our study elucidates the primary mechanisms of
iron acquisition and detoxification in A. castellanii cells (Fig. 7). Amoe-
bae pinocytose liquid with solutes or phagocytose bacteria/other
food particles, which are trafficked into acidified digestive vacuoles.
These vacuoles somehow resemble the digestive system of higher
organisms: the nutrients are internalized but are not necessarily
available for utilization in cell metabolism, and amoebae employ dif-
ferent proteins to efficiently assimilate them. The drop in pH and
protease activity destroys the internalized bacteria and breaks down
the proteins containing iron. The released ferric iron is reduced by
the ferric reductase AcFERED, and ferrous iron is delivered to cyto-
plasm by the divalent iron transporter AcNRAMP. When iron avail-
ability is limited, the rate of pinocytosis is reduced, while the
expression of AcFERED and AcNRAMP, as well as multiple proteases,
is increased, allowing more efficient iron assimilation. When iron is
abundant, its excess is removed from the cytosol by the AcVIT iron
transporter into the same digestive vacuoles and stored or exocy-
tosed together with the remaining undigested material. Elucidating
the iron acquisition and assimilationmachinery in pathogens is espe-
cially important for our understanding of virulence mechanisms,
since nutritional immunity causes iron deprivation within the host
tissue and iron plays an important role in the host-pathogen battle.
Consequently, iron homeostasis-related proteins represent potential
targets in future research regarding the treatment of diseases caused
by pathogens such as Acanthamoeba.
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Arbon, D., Ženíšková, K., Mach, J., Grechnikova, M., Malych, R., Talacko, P., Sutak, R.,
2020. Adaptive iron utilization compensates for the lack of an inducible uptake
system in Naegleria fowleri and represents a potential target for therapeutic
intervention. PLoS Negl. Trop. Dis. 14, 1–25. https://doi.org/10.1371/journal.
pntd.0007759.

Ardalan, S., Craig Lee, B., Garber, G.E., 2009. Trichomonas vaginalis: the adhesins
AP51 and AP65 bind heme and hemoglobin. Exp. Parasitol. 121, 300–306.
https://doi.org/10.1016/j.exppara.2008.11.012.

Armenteros, J.J.A., Sønderby, C.K., Sønderby, S.K., Nielsen, H., Winther, O., Hancock,
J., 2017. DeepLoc: prediction of protein subcellular localization using deep
learning. Bioinformatics 33 (21), 3387–3395.

Aurrecoechea, C., Barreto, A., Brestelli, J., Brunk, B.P., Caler, E.V., Fischer, S., Gajria, B.,
Gao, X., Gingle, A., Grant, G., Harb, O.S., Heiges, M., Iodice, J., Kissinger, J.C.,
Kraemer, E.T., Li, W., Nayak, V., Pennington, C., Pinney, D.F., Pitts, B., Roos, D.S.,
Srinivasamoorthy, G., Stoeckert, C.J., Treatman, C., Wang, H., 2011. AmoebaDB
and MicrosporidiaDB: functional genomic resources for Amoebozoa and
Microsporidia species. Nucleic Acids Res. 39, 612–619. https://doi.org/
10.1093/nar/gkq1006.

Bateman, E., 2010. Expression plasmids and production of EGFP in stably
transfected Acanthamoeba. Protein Expr. Purif. 70, 95–100. https://doi.org/
10.1016/j.pep.2009.10.008.Expression.

Fig. 7. Schematic representation of iron uptake and detoxification in Acanthamoeba castellanii. Amoebae phagocytose bacteria or pinocytose solutes that are trafficked into
acidified digestive vacuoles. Acidic pH and protease activity destroy bacterial cells and break down proteins containing iron. The released ferric iron is reduced by the ferric
reductase AcFERED, and ferrous iron is taken up by the iron transporter AcNRAMP and introduced into the cell proteins. When iron is abundant, its excess amount is removed
from the cytosol by the AcVIT iron transporter into the same digestive vacuoles and stored or exocytosed with undigested material.
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Copper Metabolism in Naegleria
gruberi and Its Deadly Relative
Naegleria fowleri
Kateřina Ženíšková, Maria Grechnikova and Robert Sutak*

Department of Parasitology, Faculty of Science, Charles University, BIOCEV, Vestec, Prague, Czechia

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: nonpathogenicNaegleria 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; García-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, Cu1+ and Cu2+, 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 Gx3G and Mx3M
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

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 (Güldener
and Hegemann, http://mips.gsf.de/proj/yeast/info/tools/
hegemann/gfp.html) and a pCM189 plasmid (Garí et al.,
1997) with a tetracycline-regulatable promotor. The yeast
mutant strain ctr1Δ/ctr3Δ (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 OD600 of 0.2, and 5-µl 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 ImageJ
(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 Amherst,
United States), was grown axenically at 27°C in M7
medium (Fulton, 1974) with the addition of penicillin
(100 U/ml) and streptomycin (100 μg/ml) in a 25-cm2

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 μg/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 µM neocuproine or 25 µM
bathocuproinedisulfonic acid disodium salt (BCS), while
copper enrichment was achieved by the addition of 25 µM
Cu2SO4.

b) To examine the effect of copper availability on NgDJ-1
expression by western blot, cells were grown in 25 µM BCS
or 1 μM, 25 μM, or 750 µM Cu2SO4 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 72 h with 100 µM
Cu2SO4 or 25 µM BCS.

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

Crude Fractionation of N. gruberi and N.
fowleri Cells
The grown cells were washed twice in S-M buffer (250 mM
Saccharose, 10 mM 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 ofN.
gruberi and N. fowleri, the cultures were grown in the presence of
copper chelators BCS (concentrations: 25 and 100 µM) and
neocuproine (concentrations: 5 and 20 µM). Copper-rich
conditions (25 µM Cu2SO4) 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: 72 h. Cells were grown in three biological
replicates with starting concentrations of 1 × 104 cells/ml (N.
gruberi) and 4 × 103 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
10 mM HEPES with 140 mM NaCl buffer, pH 7.2, and
pelleted by centrifugation. The pellets were dried at 100°C,
digested in 65% HNO3 in Savillex vials overnight at room
temperature, incubated for 2 h at 130°C in Savillex vials
(Millipore, United States) and diluted to a final volume of
10 ml 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 samemethod 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–qPCR
Naegleria cells were grown in copper-rich and copper-deficient
conditions, and control untreated cells were grown for 72 h in
quadruplicate. Cells were washed twice with PBS and spun
(1,200 g, 4°C, 10min). Total RNA was isolated using the High
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 5 min, and 40
cycles of 95°C for 10 s, 55°C for 20 s, and 72°C for 20 s; formelt-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 β-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 bioinformatic
analysis was performed by InterProScan in Geneious Prime®
2019 2.3 (www.geneious.com), including protein domain
prediction software such as Phobius (Käll 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 0.5 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG, Sigma Aldrich) for 4 h at 37°C.
Protein was purified under denaturing conditions according to
the manufacturer’s protocol using Ni-NTA agarose beads
(Qiagen, Germany).

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,
DPKSKKILVTDHLKVKGFE). 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 μm 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 ×5 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 30 min 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 (800 g, 5 min, 24°C), resuspended in PEM
(100 mM piperazine-N,N′-bis(2-ethane sulfonic acid), 1 mM
ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic
acid, and 0.2 mM MgSO4) 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
526–655 nm 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 (1,200 g, 10 min, 4°C),
washed twice, and resuspended to the same cell concentration
in glucose buffer (50 mM glucose, 0.5 mMMgCl2, 0.3 mM CaCl2,
5.1 µMKH2PO4, 3 µMNa2HPO4, 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 µl. The whole system was calibrated for 27°C forN.
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 I 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 72 h 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 5 min on ice
and added to a reaction mixture containing 100 µM KPi buffer
at pH 7.5 and 300 µM NADH. The reaction was started by the
addition of 50 µM 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 5 min with the inhibitor of
Complex I, 75 µM 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).

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 × 106 cells per sample. The cell
concentration was estimated by a Guava easyCyte 8HT flow
cytometer (Merck). Samples were incubated for 1 h with 1 µM
55Fe-citrate or with 1 µM 55Fe-citrate with the addition of
1 mmM 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 buffer, 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 2 h 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.
cerevisiae 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 (ctr1Δ/
ctr3Δ). One of the selected Ctrs from each amoeba (NgCTR1,
NAEGRDRAFT_61759, and NfCTR1, 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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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 µM Cu2SO4) 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 S3). 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

FIGURE 1 | Identification of copper uptake proteins (Ctrs) of Naegleria gruberi and Naegleria fowleri. (A) Functional complementation spot assay of NgCTRs and
NfCTRs in Δctr1/ctr3 mutant yeast cells lacking genes for high-affinity copper transporters. Wild-type BY4741 cells transformed with the empty tetracycline-regulated
expression vector pCM189 and Δctr1/ctr3 mutant cells transformed with the same plasmid carrying yeast CTR1, NfCTRs (NF0078940, NF0118930) 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 fromN. fowleri (NF0078940) andN. gruberi (NG61759), which functionally complement themissing yeast copper
transporters CTR1 and CTR3, are marked in red. (B) Localization of NfCtr (NF0078940) 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 (NF0078940 + pUG35), and GFP (empty
pUG35 vector).
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the cells grown with the addition of 25 µM BCS and the cells
grown in 5 µM neocuproine to achieve copper deprivation for
both amoebas. To ensure sufficient copper status, the cells
cultivated in presence of 25 µM Cu2SO4 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

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 qPCR 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 β-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).

FIGURE 2 | Effect of copper availability on Naegleria gruberi and
Naegleria fowleri. (A) Copper contents in N. gruberi and N. fowleri
supplemented with 25 µMCu2SO4, 25 μMBCS, or 250 µMBCS 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 µM BCS (BCS) or 25 µM Cu2SO4 (Cu) and separated by
SDS–PAGE and on cytosolic (C) and mitochondrial (M) fractions of N. fowleri
cells incubated with 25 µM Cu2SO4 (Cu) or 5 µM neocuproine (Neo)
separated by clear native PAGE.
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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 c oxidase
(CCOX) and alternative oxidase (AOX), which couple the
electron flow from ubiquinol with the reduction of O2 to H2O
(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

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 NfNDH-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/PfpI
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 μM, 25 μM, and 750 µM). 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

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 Accession Number in Database Database Annotation/Manual Annotation

↑4.3 1.3 XP_002681229.1 AOX
1.1 1.2 XP_002672148.1 NDH-2
↓3.3 1.1 XP_002680488.1 DJ-1
↑2.0 Not Found XP_002680302.1 Hemerythrin
1.4 ↓1.9 XP_002674924.1 Thioredoxin reductase
↓2.2 1.2 XP_002670102.1 Glutathione-S-transferase
↓1.6 1.3 XP_002670607.1 Glutathione-S-transferase III

Naegleria fowleri

Fold change in BCS Fold change in Neo Accession Number in Database Database Annotation/Manual Annotation

1.1 1.4 NF0004720 AOX
1.1 ↑8.4 NF0090420 NDH-2
1 1.1 NF0125230 DJ-1
1.4 ↑3.5 NF0127030 Hemerythrin
1.0 1.2 NF0014440 Thioredoxin reductase
1.1 1.3 NF0101120 Glutathione-S-transferase
1.1 Not Found NF0101840 Glutathione-S-transferase
1.1 1.1 NF0039660 Glutathione-S-transferase
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N. gruberi cells exposed for 24 h to two ROS-inducing agents,
rotenone and PEITC, by western blot using an NgDJ-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 30 kDa), 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 (FeII)
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

FIGURE 3 | The activity of NgAOX and NfNDH2 reflects the proteomic analysis results. (A)Oxygen consumption of NgAOX is increased due to copper deprivation.
Oxygen consumption wasmeasured inN. gruberi andN. fowleri cells incubated for 72 h with 25 M BCS or 5 µM neocuproine, and control cells were supplemented with
25 µMCu2SO4. Specific inhibitors of alternative oxidase (SHAM) and complex IV (KCN) were used to distinguish the activities of these enzymes. For easier interpretation,
oxygen consumption activity was calculated as the relative activity, where the whole respiration of control samples (Cu 25 µM) corresponds to 100%. The graphs
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
nonnatural Q2, the analog of Q10, at 340 nm on N. fowleri cells incubated in low or normal copper conditions. The potential NDH2 activity was measured after
preincubation of the cells with rotenone. The activity of complex I was calculated by subtracting the potential NDH2 activity from overall NADH dehydrogenase activity.
For easier interpretation, the activities are shown as the relative activity (%), and the activities of control cells (Cu 25 µM) correspond to 100%. To evaluate the statistical
confidence, Student’s t test was used (**indicates a p value ≤0.01).

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 8534639

Ženíšková et al. Copper Metabolism in Naegleria

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


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

FIGURE 4 | The expression of mitochondrially localized NgDJ-1 is copper-dependent and is not induced by ROS accumulation. (A) NgDJ-1 protein expression is
copper-dependent. Western blot analysis of whole-cell lysates of cells incubated for 72 h in low or high copper conditions (BCS 25 µM and Cu2SO4 1/25/750 µM) using
an anti-NgDJ-1 antibody. To compare signal strength in each condition, densitometry of four independent replicates was performed using ImageJ. Changes in signals
are demonstrated on the graph showing the mean of the signal with standard deviation error bars (*indicates a p value ≤0.05; **indicates a p value ≤0.01. (B) ROS
accumulation does not induce NgDJ-1 expression. Western blot analysis of DJ-1 expression in cells preincubated with the ROS-inducing agents 20 µM PEITC and
10 µM rotenone for 24 h. The control sample (K) was N. gruberi without any additions. The graph demonstrates the difference in signal strength in each condition. (C)
Localization of NgDJ-1 is mitochondrial regardless of copper availability. NgDJ-1 was visualized by immunofluorescence microscopy using a polyclonal antibody (anti-
NgDJ-1) on N. gruberi cells precultivated with 25 µM BCS and 100 µM Cu2SO4 for 72 h. MitoTracker CMXRos (Thermo Fisher) was used for visualization of
mitochondria. DIC–differential interference contrast. Mitochondrial localization of NgDJ-1 was also demonstrated by immunoblot detection of cytosolic (Cyt) and
mitochondria-enriched (Mit) fractions of N. gruberi.
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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 inN. gruberi, and two inN.
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 ctr1Δ/ctr3Δ 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

FIGURE 5 | Iron uptake is regulated by copper inN. gruberi but not inN. fowleri. Ferrous and ferric iron uptake byN. gruberi (A) andN. fowleri (B) under copper-rich
and copper-deficient conditions. Autoradiography of blue native electrophoresis gels of whole-cell lysates of N. gruberi and N. fowleri cells incubated with 25 µM BCS
(BCS), 5 µM neocuproine (Neo), and 25 µM Cu2SO4 (Cu) for 72 h and further incubated with 55Fe(II) (ferrous ascorbate) or 55Fe(III) (ferric citrate) for 1 h.
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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 c 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/ThiJ/PfpI
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.,

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
et al., 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-1may 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 β 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 NgDJ-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 inN. gruberi, but the main and surprising difference is that in
contrast toN. 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,
unlikeN. gruberi. To hypothesize whether the particularities inN.
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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Copper detoxification machinery of the brain-eating amoeba Naegleria 
fowleri involves copper-translocating ATPase and the antioxidant system 
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A B S T R A C T   

Copper is a trace metal that is necessary for all organisms but toxic when present in excess. Different mechanisms 
to avoid copper toxicity have been reported to date in pathogenic organisms such as Cryptococcus neoformans and 
Candida albicans. However, little if anything is known about pathogenic protozoans despite their importance in 
human and veterinary medicine. Naegleria fowleri is a free-living amoeba that occurs naturally in warm fresh 
water and can cause a rapid and deadly brain infection called primary amoebic meningoencephalitis (PAM). 
Here, we describe the mechanisms employed by N. fowleri to tolerate high copper concentrations, which include 
various strategies such as copper efflux mediated by a copper-translocating ATPase and upregulation of the 
expression of antioxidant enzymes and obscure hemerythrin-like and protoglobin-like proteins. The combination 
of different mechanisms efficiently protects the cell and ensures its high copper tolerance, which can be ad-
vantageous both in the natural environment and in the host. Nevertheless, we demonstrate that copper iono-
phores are potent antiamoebic agents; thus, copper metabolism may be considered a therapeutic target.   

1. Introduction 

Copper is a trace element that is vital for all organisms from bacteria 
to higher eukaryotes. Based on its ability to cycle between reduced (Cu+) 
and oxidized (Cu2+) states, copper serves as a cofactor for different 
enzymes such as cytochrome c oxidase, Cu/Zn-SOD, tyrosinase, and 
hexose oxidase. High copper concentrations, however, are toxic. The 
main mechanism underlying copper toxicity is not well understood; it 
has generally been assumed that copper acts in a manner similar to iron, 
causing reactive oxygen species production via the Fenton and Haber- 
Weiss reactions with subsequent damage to macromolecules including 
nucleic acids, proteins and lipids (Rainsford et al., 1998). Indeed, cells 
that are exposed to high copper conditions demonstrate signs of oxida-
tive stress (Gaetke and Chow, 2003). Recently, however, it was shown 
that enzymes containing iron-sulfur (Fe–S) clusters might be the primary 
targets of copper toxicity. Copper degrades Fe–S clusters by replacing 
iron, impairing the function of enzymes; additionally, the free iron 
concentration in the cell is increased, promoting iron toxicity via 
iron-based Fenton chemistry. Thus, excessive copper promotes iron 
toxicity and the subsequent oxidative stress (Macomber and Imlay, 
2009). Moreover, copper might impair Fe–S clusters biogenesis (Bran-
caccio et al., 2017; Garcia-Santamarina et al., 2017). 

Free copper is virtually nonexistent in living organisms, and there are 
different mechanisms to regulate cell copper concentrations. One is the 
downregulation of high-affinity copper transporters during copper 
excess, which has been shown, for example, in Candida albicans (Mackie 
et al., 2016) and Aspergillus fumigatus (Wiemann et al., 2017). Another 
mechanism is copper sequestration by metallothioneins or glutathione. 
Metallothioneins are small highly heterogeneous cysteine-rich proteins 
that bind copper with high stoichiometry; they are found in different 
organisms, including bacteria, fungi, plants and animals (Capdevila and 
Atrian, 2011). One of the most extensively characterized metal-
lothioneins, Cup1 from Saccharomyces cerevisiae, binds 8 copper ions, 
while metallothioneins Cmt1 and Cmt2 from a well-studied human 
pathogen Cryptococcus neoformans bind up to 16 and 24 copper ions, 
respectively (Smith et al., 2017). Glutathione is another intracellular 
compound that is quite effective in buffering copper and effectively 
reducing its toxicity (Macomber and Imlay, 2009). Free amino acids 
such as methionine and histidine probably also participate in copper 
buffering (Fung et al., 2013; Pearce and Sherman, 1999). A third 
well-known mechanism of copper detoxification is its export by 
copper-translocating P-type ATPases. This mechanism is employed by 
C. albicans (Weissman et al., 2000). Although C. albicans possesses 
metallothionein CaCup1, it plays only a minor role in copper 
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detoxification. 
Less is known about copper detoxification in parasitic protists. In 

silico approaches have shown that at least some protists possess homo-
logs of copper-transporting P-type ATPases and copper chaperones 
(Rasoloson et al., 2004). Most of the experimental evidence is available 
for Plasmodium as one of the most important human protozoan parasites. 
Plasmodium falciparum copper-transporting P-type ATPase (PfCu-
P-ATPase), localizing to the plasma membrane of both the parasite and 
erythrocyte, is probably responsible for decreasing the copper content in 
the infected erythrocyte, suggesting that P. falciparum avoids copper 
toxicity by copper efflux (Rasoloson et al., 2004). P-type ATPase 
expression has also been demonstrated in Trypanosoma brucei brucei, 
where it is localized to subcellular vesicles and probably the cell mem-
brane, although its detoxification function has not been confirmed (Isah 
et al., 2020). In Trypanosoma cruzi, a probable copper-transporting 
ATPase is upregulated in the intracellular stage in host cells compared 
with the extracellular stage in the insect vector (Meade, 2019). The 
intracellular stage has to survive in the phagosomal compartment with 
excessive copper levels, and the upregulation of copper translocating 
ATPase may indicate its role in detoxification. 

Naegleria fowleri is a pathogenic free-living amoeba that is found in 
warm fresh water and sediments worldwide (Maciver et al., 2020; Mull 
et al., 2013; Sykora et al., 1983). It is often called a “brain-eating 
amoeba” because of its ability to infect humans, causing a rapid and 
deadly brain infection designated as primary amoebic meningoen-
cephalitis (PAM). Infection occurs when water contaminated with 
N. fowleri enters the nose, for example, during swimming. The amoebae 
migrate via the olfactory nerve to the brain, where they multiply and 
destroy nerve cells, causing tissue damage and hemorrhagic necrosis. 
The disease has an abrupt onset, and most patients die within days after 
symptoms begin (Siddiqui et al., 2016). Treatment options are very 
limited: antibiotics and antifungals such as amphotericin B, fluconazole, 
rifampicin and miltefosine are usually used, but death rate is over 95%. 
Due to the rapid progression of the disease, the diagnosis is usually made 
after the patient’s death (Bellini et al., 2018). 

Although the genomes of N. fowleri as well as its nonpathogenic 
relative model amoeba Naegleria gruberi have been annotated, little is 
known about the physiology and biochemistry of this pathogen. Like-
wise, our understanding of the cellular processes that allow this free- 
living amoeba to survive and destroy the human host is very limited 
(Herman et al., 2020). We have recently described how N. fowleri 
respond to limited iron availability and how iron metabolism could 
potentially be exploited in antiamoebic interventions (Arbon et al., 
2020). In the current study, we aimed to characterize the mechanisms 
employed by N. fowleri to deal with toxic copper levels. We show that a 
combination of antioxidant proteins with copper efflux mediated by 
copper-translocating ATPase is used to protect the cell and ensure high 
copper tolerance of N. fowleri. We also consider copper metabolism as a 
possible therapeutic target, since we demonstrated that copper iono-
phores are potent antiamoebic agents. 

2. Materials and methods 

2.1. Cell cultures 

N. fowleri, strain HB-1, kindly provided by Dr. Hana Pecková (Insti-
tute 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 μg/ml) in 25-cm2 aerobic cultivation flasks at 
37 ◦C. When required, the culture was cultivated for 72 h with the 
addition of 25 μM, 100 μM or 1 mM CuSO4 (Sigma-Aldrich, USA). 
N. gruberi strain NEG-M (kindly provided by Lillian Fritz-Laylin, Uni-
versity of Massachusetts Amherst, USA) was cultivated in M7 medium 
(Fulton, 1974) supplemented with streptomycin (100 μg/ml) in 25-cm2 

aerobic cultivation flasks at 27 ◦C. 

2.2. Copper and ionophore toxicity 

To determine the IC50 values for copper, N. fowleri or N. gruberi cells 
were cultivated for 72 h in quadruplicate in black 96-well plates in 100 
μl of medium per well with concentrations of copper up to 20 mM. To 
determine the IC50 values for ionophores, N. fowleri cells were grown for 
72 h in triplicate in black 96-well plates in 100 μl of medium per well 
with 1 μM–10 μM concentrations of 8-hydroxyquinoline, pyrithione or 
disulfiram with or without the addition of 100 μM copper. Dimethyl 
sulfoxide (DMSO) was added to control cells in the case of DSF and 8-HQ 
testing as they were diluted in DMSO. The maximum DMSO concen-
tration did not exceed 1%. The cell viability was determined using the 
CellTiter-Glo® Luminescent Cell Viability Assay (Promega, USA) ac-
cording to the manufacturer’s protocol. Statistical analysis was per-
formed using GraphPad Prism 8.3.1 (www.graphpad.com). 

2.3. Copper content determination 

N. fowleri cells supplemented with 25 μM, 100 μM or 1 mM copper or 
with 1 μM 8-HQ in the presence or absence of 100 μM copper were 
grown in triplicate, washed three times (1000 g, 15 min, 4 ◦C) in 10 mM 
Hepes buffer, pH 7.2, containing 140 mM NaCl and pelleted. The pellets 
were dried at 100 ◦C, digested in 65% HNO3 overnight and then for 2 h 
at 130 ◦C in Savillex vials and diluted in deionized water (Millipore, 
USA) to final volume 10 ml. The copper concentration was determined 
by inductively coupled plasma mass-spectrometry (ICP-MS) using iCAP 
Q ICP-MS (Thermo Fisher Scientific, USA). 

2.4. Whole-cell proteomic analysis 

N. fowleri cells supplemented with 25 μM CuSO4 were used as a 
control, and cells supplemented with 100 μM or 1 mM copper were used 
for the copper overload investigation. The cells (grown in triplicate) 
were washed three times with PBS and pelleted. Whole-cell proteomic 
analysis of the samples was carried out using the method described by 
Mach et al. (2018) employing nanoflow liquid chromatography coupled 
with mass spectrometry (MS). The resulting MS data were searched with 
MaxQuant software (Cox et al., 2014) against the AmoebaDB (Aurre-
coechea et al., 2011) N. fowleri database downloaded on Aug 6, 2018. 
The carbamidomethylation of cysteine (Unimod #: 4) was set as a fixed 
modification, and methionine oxidation (Unimod #: 35) was allowed as 
a variable modification. Further processing of the data was performed 
with Perseus software (Tyanova et al., 2016). Normalized label-free 
quantitation values of intensities were used. We filtered out reverse 
hits, potential contaminants and proteins identified only by site. Then, 
we took the log of the intensities (binary logarithms) and filtered out 
proteins with insufficient numbers of valid quantification values (leav-
ing only those with at least 2 values in at least one group). The Student’s 
t-test with Benjamini-Hochberg correction was used to evaluate signif-
icantly changed proteins at the 5% false discovery rate level. Only the 
proteins that changed more than 1.5-fold or those found in just one 
condition and having a normalized intensity greater than 23 were 
considered. The selected proteins were manually annotated using 
HHpred (Söding et al., 2005) or by sequence alignment with homolo-
gous proteins from other organisms using BLAST (Altschul et al., 1990). 
The mass spectrometry proteomics data have been deposited to the 
ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) 
partner repository with the dataset identifier PXD018807. The addi-
tional information about proteomic experimental procedures is sum-
marized in Table S2. Bioinformatics analysis was performed using 
Geneious Prime® 2019.2.3 (www.geneious.com). 

2.5. Western blotting 

N. gruberi cells were grown with the addition of 25 or 750 μM copper. 
The primary polyclonal antibody against N. fowleri protoglobin was 
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generated as described by Mach et al. (2018). The produced antibodies 
were used for protoglobin detection in the Western blot analyses of 
N. gruberi whole-cell lysates. For Western blot development, anti-rat IgG 
peroxidase secondary antibodies (Merck, Germany) and Luminata Forte 
Western horseradish peroxidase substrate (Merck, Germany) were used. 

2.6. Real-time PCR 

Total RNA was isolated from N. fowleri cultures supplemented with 
25 μM or 1 mM copper (grown in quadruplicate) using the High Pure 
RNA Isolation Kit (Roche, Switzerland). RT-PCR was conducted using 
the KAPA SYBR® FAST One-Step universal kit (Sigma-Aldrich, USA) 
according to the manufacturer’s protocol in the RotorGene 3000 PCR 
cycler (Corbett Research, Australia) with the following thermocycle 
conditions: 42 ◦C for 30 min (reverse transcription), 95 ◦C for 5 min, 40 
cycles of 95 ◦C for 10 s, 56 ◦C for 20 s, and 72 ◦C for 20 s; and melt-curve 
analysis from 55 ◦C to 95 ◦C with 1 ◦C step for 5 s per step. The transcript 
abundance was calculated after normalization to the endogenous 
reference gene β-actin. The primers are listed in Table 3. 

2.7. RACE and cloning 

The full 5′ sequence of Nf-CuATPase gene was determined by rapid 
amplification of 5′ cDNA ends using the FirstChoice™ RLM-RACE kit 
(Thermo Fischer Scientific, USA) according to the manufacturer’s pro-
tocol. cDNA was synthesized with SuperScript™ III Reverse transcrip-
tase (Thermo Fisher Scientific, USA). The Nf-CuATPase gene was 
amplified from cDNA using SapphireAmp® Fast PCR Master Mix 
(TakaraBio, Japan) and cloned into pCM189 plasmid with the 
tetracycline-regulatable promotor using FastDigest™ restriction en-
zymes and T4 DNA ligase (Thermo Fisher Scientific, USA). 

2.8. Yeast procedures 

Strains BY4741 (MATa; his3D1; leu2D0; met15D0; ura3D0), cup2Δ 
(BY4741; MATa; ura3Δ0; leu2Δ0; his3Δ1; met15Δ0; YGL166w:: 
kanMX4) and ccc2Δ (BY4741; MATa; ura3Δ0; leu2Δ0; his3Δ1; 
met15Δ0; YDR270w::kanMX4) were obtained from Euroscarf (euroscar 
f.de). Yeast transformations were performed according to Gietz and 
Schiestl (2007). For phenotypic assays, yeast cultures were grown 
overnight in liquid synthetic complete medium without uracil (SC-ura); 
5 μl of six serial ten-fold dilutions starting from OD600 0.2 were plated on 
agar SC-ura plates. For assays with the cup2Δ strain, plates were sup-
plemented with 1 mM CuSO4 with or without 1 μg/ml doxycycline. For 
assays with the ccc2Δ strain, plates were supplemented with 50 μM 
bathophenanthroline disulfonate (BPS) with or without doxycycline, or 
with 50 μM BPS and 50 μM (NH4)2Fe(SO4)2 ∙ (H2O)6 (Sigma-Aldrich, 

USA). For copper content analysis, we used ICP-AES. Yeast cells were 
grown overnight in triplicate in liquid SC-ura medium supplemented 
with 0, 0.05, 0.1 or 0.5 mM copper, washed three times (3000 g, 5 min, 
4 ◦C) in ultrapure water and pelleted. All further manipulations were 
performed as described above for N. fowleri. 

3. Results 

3.1. Copper and copper ionophores are toxic to N. fowleri 

Excess copper is toxic for N. fowleri, although it survives at relatively 
high copper concentrations: the half maximal inhibitory concentration 
(IC50) of copper for N. fowleri is 1.62 mM (95% confidence interval from 
1.48 to 1.70, Fig. 1). Copper is dramatically more toxic for N. fowleri 
when provided in the presence of lipid-soluble ionophores – substances 
that transport ions across the plasma membrane, such as pyrithione 
(PyS), disulfiram (DSF) or 8-hydroxyquinoline (8-HQ). We tested the 
toxicity of these compounds in the absence of copper and with the 
addition of 100 μM copper – a relatively low concentration that is well 
below the IC50 and does not inhibit N. fowleri growth. Dimethyl sulfoxide 
(DMSO) was added to the control cells for the testing of DSF and 8-HQ, 
as they were diluted in DMSO. The maximum concentration of DMSO 
did not exceed 1%, and we did not observe any significant effect of 
DMSO on the growth of amoebae even at the highest concentration used. 
All three tested ionophores showed copper-dependent amoebicidal ac-
tivity (Fig. 1). The IC50 of DSF in the presence of copper was 2.09 μM, 
and the IC50 of PyS was 1.05 μM and of 8-HQ was 2.09 μM. We believe 
that these results show a promising potential of ionophores as future 
potent antiamoebic agents. 

3.2. Copper accumulation in N. fowleri 

To determine how copper concentrations in the growth medium in-
fluence the amount of copper accumulated in cells, we used inductively 
coupled plasma mass spectrometry (ICP-MS). As a control, we used 
amoebae grown in 25 μM CuSO4. The copper concentration in the 
growth medium before adding CuSO4 was less than 1 μM. Copper 
accumulation in the amoebae was dependent on the concentration of 
free copper in the medium (Fig. 2): copper content in control cells was 
84.10 ± 17.85 ng/mg dry mass, while the addition of 100 μM copper to 
the medium increased the copper content in the amoebae ~3.5-fold. The 
amount of copper in cells supplemented with 1 mM CuSO4 was 369.21 
± 20.03 ng/mg dry mass which was slightly higher than in medium with 
100 μM CuSO4, however, the difference was not statistically significant. 

Additionally, we determined the amount of copper in cells treated 
with the ionophore 8-HQ in the absence or presence of 100 μM CuSO4 
(Fig. 2). In the cells which were not supplemented with CuSO4 the 
copper content was 8.64 ± 1.09 ng/mg, while supplementation with 
copper increased it to 259.08 ± 48.62 ng/mg. This number was close to 
the copper content in the cells grown with 100 μM CuSO4 without the 
ionophore. Thus, the treatment of N. fowleri with the copper ionophore 
8-HQ did not increase the amount of copper in the cells. 

Table 1 
Selected N. fowleri proteins that were significantly changed in 1 mM CuSO4 
compared with 25 μM CuSO4. Arrows indicate upregulation (no downregulated 
proteins were selected).  

Fold 
change 

Gene number in AmoebaDB 
database 

Annotation 

↑ 11.2 NF0109980 Predicted protein 
↑ 4.9 NF0013290 Probable methanethiol oxidase 
↑ 4.3 NF0127030 Hemerythrin 
↑ 3.6 NF0021200 Copper-transporting ATPase 
↑ 3.5 NF0028890 Glutathione S-transferase 
↑ 3.5 NF0117840 Protoglobin 
↑ 2.1 NF0071710 Deferrochelatase/peroxidase 
↑ 2.1 NF0042620 Glutathione S-transferase 
↑ 1.9 NF0036980 Thioredoxin reductase 
↑ 1.9 NF0112140 Sulfiredoxin 
↑ 1.8 NF0061690 Protoglobin domain-containing 

protein 
↑ 1.8 NF0108900 Glutathione S-transferase  

Table 2 
The changes in transcript abundancy of selected genes in 1 mM CuSO4 compared 
with 25 μM CuSO4 determined by real-time PCR. Arrows indicate down-
regulation or upregulation. Significantly changed genes (p-value < 0.05) are 
marked with a star. Cells were grown in quadruplicate.   

Fold change p-value 

Nf-CTR (1) ↓ 1.17 4.3914 
Nf-CTR (2) ↓ 2.27 0.2666 
Nf-CuATPase ↑ 4.21* 0.0491 
Nf-Hemerythrin ↑ 4.71* 0.0057 
Nf-Protoglobin ↑ 7.10* 0.0002  
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3.3. Proteomic analysis of the N. fowleri response to high copper 
concentrations identified a set of detoxification proteins 

To identify the proteins responsible for copper detoxification in 
N. fowleri, we analyzed the whole-cell proteomes (including soluble and 

membrane proteins) of amoebae grown in medium supplemented with 
25 μM CuSO4 as a control and either 100 μM or 1 mM CuSO4, with the 
latter being considered a toxic copper concentration. We identified 57 
proteins that were significantly changed when the cells were grown in 1 
mM copper: 36 upregulated and 21 downregulated (Supplementary 

Table 3 
Primers used for real-time PCR and product sizes.   

Forward primer Reverse primer Product size 

Nf β-actin TTGGTATGGAAGCTGCTGGT AACCTCCAATCCAGACCGAG 231 
Nf-CTR (1) TGGTGAAGAGAAAGGTGACCA ATCCGACAGTGTTACCAGCA 225 
Nf-CTR (2) GTGAAACTACAGAGCATGAGGA CTCCTGACTGAAGAGCTCGT 220 
Nf-CuATPase ATTGGTGGAACCGTCAATGT GCAAGATGACAGCAGGAACA 178 
Nf-Hemerythrin CCAACAGATCCAGTGCTTCA TGTGATTCACCAACCATTGC 210 
Nf-Protoglobin CGAGGAACAACGTGTCAAGA TTGTTGAGCAAAGCAGCATC 175  

Fig. 1. Copper and copper ionophore toxicity to N. fowleri. A. Copper toxicity to N. fowleri cells after 72 h in the presence of different concentrations of CuSO4. Cells 
were grown in quadruplicate. B-D. Determination of the IC50 of ionophores on N. fowleri in the presence or absence of 100 μM CuSO4. Cells were grown in triplicate. 

Fig. 2. Copper content in N. fowleri cells grown in media supplemented with 25 μM, 100 μM or 1 mM CuSO4, or with 1 μM 8-HQ in absence or presence of 100 μM 
CuSO4. Data represent the mean with 95% confidence intervals of three replicates. 
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Table 1). When 100 μM copper was added to the medium, there were no 
statistically significant changes in protein expression levels compared 
with the control conditions. The proteins most relevant for this study are 
summarized in Table 1. 

The most upregulated protein (NF0109980 in AmoebaDB Database 
(Aurrecoechea et al., 2011)) did not show any significant homology to 
known proteins. It contained 133 amino acid residues, including 4 
cysteine-proline motifs and 6 histidines, which might indicate copper- or 
iron-binding properties (Kung et al., 2006; Wu et al., 2010; Zhang and 
Guarente, 1995). The second most upregulated protein (NF0013290) 
showed homology to methanethiol oxygenases and to a family of 
selenium-binding proteins. 

Importantly, we observed a 3.6-fold upregulation of a protein ho-
mologous to copper-translocating P-type ATPase (which we named Nf- 
CuATPase). Copper transporting ATPases have been shown to mediate 
copper tolerance and detoxification in C. albicans (Weissman et al., 
2000) and P. falciparum (Rasoloson et al., 2004), suggesting a similar 
role in N. fowleri. 

Moreover, among the 36 upregulated proteins, at least 9 are known 
or proposed to be oxidative stress related, namely, three glutathione S- 
transferases (GSTs), thioredoxin reductase, sulfiredoxin, deferrochela-
tase/peroxidase (dye-decolorizing peroxidase), a hemerythrin-like and 
two protoglobin-like proteins. Since a homolog of protoglobin is also 
present in the genome of the nonpathogenic amoeba N. gruberi, we were 
curious to determine whether its expression was affected by copper 
toxicity similarly to in N. fowleri. Western blot analysis using a specific 
antibody against N. gruberi protoglobin confirmed the induction of 
protein expression under conditions of copper toxicity (Supplementary 
Fig. 1), suggesting a common detoxification mechanism in Naegleria. 

3.4. Bioinformatics analysis of Nf-CuATPase confirms its structural 
similarity to copper-translocating ATPases 

Since the annotation of Nf-CuATPase in the AmoebaDB database 
(Aurrecoechea et al., 2011) is incomplete at the N-terminal end of the 
protein, we performed a rapid amplification of cDNA ends (RACE) to 
obtain the full mRNA sequence. The correct Nf-CuATPase gene had 1330 
amino acids with no introns. Topology prediction programs, including 
CCTop (Dobson et al., 2015), Phobius (Käll et al., 2004), Scampi 
(Bernsel et al., 2008) and others, proposed 8 transmembrane domains 
and 3 cytosolic segments, including a long N-terminal part (Fig. 3) 
containing 5 CXXC motifs, which are considered to be involved in 
binding heavy metals such as copper and cadmium (Solioz and Vulpe, 

1996). The overall topology with the first small and second big cytosolic 
loop was characteristic of P-type ATPases. The number of trans-
membrane domains indicated a heavy metal ATPase: it had four trans-
membrane domains between the N-terminus and small cytosolic loop 
(while nonheavy metal ATPases only have two) and, in contrast, only 
two transmembrane domains preceding the C-terminus instead of four 
or six characteristic of nonheavy metal ATPases (Solioz and Vulpe, 
1996). The second cytoplasmic loop of Nf-CuATPase encompassed the 
highly conserved D1013-K-T-G-T1017 phosphorylation motif containing 
the aspartate residue, which is phosphorylated by ATP, and the 
G1217-D-G-I-N-D-A-P1224 site presumably involved in ATP binding 
(Møller et al., 1996). The first cytoplasmic domain contained the 
invariant T851-G-E853 motif, which is probably necessary for stabiliza-
tion of phosphorylated aspartate (Kühlbrandt, 2004). There was a pro-
line residue 43 amino acids upstream of the phosphorylation site in the 
predicted transmembrane domain, which is conserved in all P-type 
ATPases and considered to be involved in ion transduction. Together 
with two surrounding cysteines, it forms the C969–P–C971 motif, which is 
believed to be necessary for the translocation of heavy metals. Down-
stream from the phosphorylation site, a histidine-proline dipeptide was 
present. This is a peculiar feature for heavy metal ATPases, and although 
its function is unknown, it is not found in other ATPases (Solioz and 
Vulpe, 1996). Alignments with other copper-transporting ATPases with 
confirmed function are presented on Fig. S3. 

3.5. RT-PCR of selected copper-regulated genes 

The genome of N. fowleri contains two homologs of yeast and human 
high-affinity copper transporters (CTRs) that presumably mediate cop-
per influx. It would be rational to expect copper influx to be down-
regulated at high copper concentrations, as shown in C. albicans (Mackie 
et al., 2016) and C. neoformans (Ding et al., 2013). We did not identify 
any CTRs in our proteomic data, which was not unexpected considering 
that membrane transporters might be lost during sample preparation for 
proteomic analyses (Harwood et al., 2014). Thus, to investigate the 
regulation of putative N. fowleri copper transporters at high copper 
concentrations, we conducted RT-PCR using cells grown with 25 μM or 
1 mM CuSO4. Additionally, we investigated relevant genes encoding 
proteins that were upregulated by toxic copper levels based on the 
proteomic analysis (Nf-CuATPase, hemerythrin and protoglobin) to 
determine whether they were regulated at the transcriptional or trans-
lational level. 

Our results showed that, while there was no statistically significant 

Fig. 3. Schematic representation of the Nf-CuATPase membrane topology and of its key features: 5 CXXC motifs near the N-terminus are supposed to be involved in 
copper binding; the TGE motif is needed for stabilization of phosphorylated aspartate; the CPC motif in the transmembrane domain is necessary for copper trans-
location; P indicates conserved aspartate, which is phosphorylated and dephosphorylated in the enzymatic cycle; the HP motif with unknown function is typical for 
heavy metal ATPases; the ATP binding site participates in ATP binding. 
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change in the CTR1 and CTR2 transcription levels between control and 
copper-loaded cells, Nf-ATPase was indeed upregulated at the tran-
scriptional level and increased 4.21 ± 1.57 times under copper overload 
(Table 2). Nf-protoglobin and Nf-hemerythrin were also increased 7.10 
± 2.28 and 4.71 ± 1.07 times, respectively. Thus, the response of 
amoebae to copper stress appeared to occur at the transcriptional level, 
in contrast to the iron-starvation-induced changes that were almost 
exclusively post-transcriptional in N. fowleri (Arbon et al., 2020). 

3.6. N. fowleri Cu-ATPase complements the S. cerevisiae cup2Δ mutant 

To validate a role for Nf-CuATPase in copper detoxification, we 
cloned the gene into a yeast expression plasmid pCM189 with the 
tetracycline-regulatable promotor and transformed two S. cerevisiae 
strains impaired in copper metabolism: the cup2Δ strain lacks a copper 
metallothionein transcription activator and fails to grow at high copper 
concentrations; the ccc2Δ strain is deficient in trans-Golgi copper- 
translocating ATPase and is unable to grow on media containing iron 
chelators due to inefficient copper incorporation into the multicopper 
iron oxidase involved in iron acquisition. In agreement with the pro-
posed role in copper detoxification, Nf-CuATPase enables the cup2Δ 
strain to grow at high copper concentrations, and the effect is lost in the 
presence of doxycycline, which blocks transcription from the plasmid 
(Fig. 4). Similar to the copper transporting ATPase of C. albicans CaCrp1 
(Weissman et al., 2000), Nf-CuATPase was unable to functionally com-
plement the ccc2Δ mutant and restore its defective growth on medium 
containing the iron chelator bathophenanthroline disulfonate (BPS) 
(Fig. 4), indicating that it does not translocate copper into trans-Golgi 
vesicles. To localize Nf-CuATPase, we overexpressed the 
Nf-CuATPase-GFP fusion as well as Nf-CuATPase fused to the 

hemagglutinin (HA) epitope tag in the cup2Δ mutant; however, neither 
of the fusion proteins complemented the mutant copper sensitivity (data 
not shown). Thus, we decided to establish the localization of the protein 
indirectly to determine whether Nf-CuATPase exports copper from the 
cell or compartmentalizes it within the cell. 

3.7. Analysis of copper content in transformed yeast 

To determine whether copper was transported outside or accumu-
lated within the cell, we carried out ICP-AES analysis of copper content 
in wild type yeast cells (BY4741) containing empty pCM189, cup2Δ 
mutant cells with empty plasmid and cup2Δ cells expressing Nf- 
CuATPase (Fig. 5). From the obtained data, it was evident that copper 
content in wild type and cup2Δ yeasts was significantly higher than in 
Nf-CuATPase-expressing cup2Δ cells. The amount of copper in wild type 
grown in 0.05 and 0.1 mM copper was approximately twice as high 
compared with the Nf-CuATPase-expressing mutant, which strongly 
suggested that Nf-CuATPase exports copper. 

4. Discussion 

Copper is an essential element for life. There are at least thirty en-
zymes containing copper cofactors catalyzing redox reactions or trans-
porting dioxygen (Flemming and Trevors, 1989). However, copper is 
toxic when present in excess as it displaces iron in Fe–S clusters and 
promotes oxidative stress, possibly via the Fenton reaction caused by 
released iron (Macomber and Imlay, 2009). Copper toxicity is employed 
by innate immune cells in host-parasite interactions: macrophages 
actively accumulate copper and use it against pathogens (Sheldon and 
Skaar, 2019; White et al., 2009). High copper resistance is crucial for the 

Fig. 4. Nf-CuATPase functional complementation of the S. cerevisiae cup2Δ copper sensitivity and inability to complement ccc2Δ defective growth on medium 
containing the iron chelator. Wild type strain BY4741 (WT) transformed with empty tetracycline-regulatable plasmid, cup2Δ and ccc2Δ mutant strains transformed 
with empty plasmid or plasmid carrying Nf-CuATPase were spotted on synthetic complete medium without uracil (SC-ura) and grown for 3 days at 30 ◦C. A. The 
cup2Δ mutant with empty vector failed to grow on SC-ura supplemented with 1 mM CuSO4, while cup2Δ-expressing Nf-CuATPase grew normally. This effect was 
eliminated by doxycycline, which blocks transcription from the vector. B. Nf-CuATPase was unable to restore ccc2Δ mutant defective growth on medium containing 
the 50 μM iron chelator bathophenanthroline disulfonate (BPS). Iron supplementation restored the growth of the mutant. 
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virulence of many pathogenic species, and deletions of copper 
resistance-related genes result in severe virulence reduction (Hodgkin-
son and Petris, 2012). Resistance to copper is higher in pathogenic 
yeasts C. albicans and C. neoformans compared with nonpathogenic 
S. cerevisiae, suggesting that efficient copper detoxification is essential 
for occupation of niches within a host (Ding et al., 2013; Weissman et al., 
2000). 

In this study, we explored copper resistance of the human pathogenic 
protist N. fowleri. The half maximal inhibitory concentration (IC50) of 
copper on N. fowleri was 1.62 mM (Fig. 1), which was lower than that 
obtained for C. neoformans but higher than that estimated for 
S. cerevisiae (although comparisons are difficult because the chemistry of 
metals may differ in different media even for the same species). The IC50 
of copper on C. neoformans was shown to be 2.3 mM (Ding et al., 2013), 
on C. albicans approximately 10 mM (Weissman et al., 2000), on 
S. cerevisiae approximately 1.1 mM and on N. gruberi (a close 
nonpathogenic relative of N. fowleri) approximately 1.05 mM (this work, 
Supplementary Fig. 2). Unlike C. neoformans, N. fowleri infection pro-
gresses from the primary site directly to the brain, a niche that is rather 
depleted of copper bioavailable to pathogens: experimental evidence 
showing the upregulation of high-affinity copper importers in 
C. neoformans during brain infection is in agreement with the reduced 
copper availability in the brain (Smith et al., 2017). Thus, it is ques-
tionable whether such a high copper tolerance plays a role in the 
pathogenicity of N. fowleri. Conversely, we cannot exclude the possi-
bility that the parasite faces high copper concentrations during immune 
response in later stages of the disease. 

Nevertheless, high copper tolerance may be beneficial for N. fowleri 
in its natural habitats. The levels of biologically available copper in the 
environment are rising as a result of anthropogenic activities (Flemming 
and Trevors, 1989). Elevated copper levels have been widely docu-
mented in surface waters and especially sediments which are the natural 
habitat of N. fowleri (Mull et al., 2013; Sykora et al., 1983). The addition 
of copper changes sediment microbial communities structure and 
modifies the levels of biological processes (Ahmed et al., 2018). Or-
ganisms that are highly tolerant to elevated copper, including N. fowleri, 
may thrive in such environments and become more prevalent. 

Copper toxicity is exploited not only by the immune system but also 
in chemotherapeutic interventions. The lipophilic substances that 
reversibly bind ions and transfer them across the cell membrane, called 
ionophores, show anticancer and antimicrobial activity (Ding and Lind, 
2009; Helsel et al., 2017). Several ionophores, such as 8-hydroxyquino-
line (8-HQ), pyrithione (PyS), thiosemicarbazones and others, are 
known to increase the copper content in cells (Helsel et al., 2017; Reeder 
et al., 2011). The mechanism of ionophore action is not completely 
understood. 

Ionophores 8-HQ, PyS, disulfiram (DSF) and thiomaltol have been 
shown to have strong fungicidal activity against C. neoformans in the 

presence of copper (Helsel et al., 2017). Also, derivatives of 8-HQ have 
been tested as potential drugs for Alzheimer disease: in vitro assays, 
experiments with transgenic mice and pilot phase clinical trials 
demonstrated their neuroprotective effects and high blood brain barrier 
permeability (Adlard et al., 2008; Song et al., 2015; Yang et al., 2018). 
Since N. fowleri is a parasite occupying brain, we proposed that some of 
the copper ionophores may be repurposed as potential agents against 
primary amoebic meningoencephalitis if they show strong antiamoebic 
properties, although investigation of mechanism of action and cellular 
targets is needed. 

In our study, we tested the effect of 8-HQ, PyS and DSF on N. fowleri 
in the absence and presence of copper (Fig. 1). All three compounds 
demonstrated copper-dependent amoebicidal activity with the lowest 
IC50 for PyS (1.05 μM) and slightly higher IC50 for 8-HQ and DSF (~2.1 
μM), representing ionophore antimicrobial efficiency similar to that 
observed against C. neoformans (Helsel et al., 2017). We believe that 
these results are promising, especially considering the possibility of 
employing more effective ionophore derivatives. A remarkable 
approach is the use of inactive prochelator which is converted to 8-HQ 
via reactive oxygen species produced by the immune system, a strat-
egy shown to be effective in vivo against C. neoformans (Festa et al., 
2014). Nevertheless, it is important to understand the mechanism of 
action and cellular targets of ionophores in N. fowleri. Since the anti-
amoebic properties of these ionophores are copper-mediated, we studied 
the mechanisms generally exploited by N. fowleri for copper 
detoxification. 

First, we studied the copper content in N. fowleri cells grown in 
different copper concentrations. The amount of copper in the amoebae 
under normal conditions was 84.10 ± 17.85 ng per mg dry mass. The 
addition of copper to growth medium up to 1 mM concentrations did not 
affect the growth of amoebae, although the amount of copper inside the 
cells significantly increased: 100 μM and 1 mM copper in the medium 
increased the copper content in the amoebae to 295.90 ± 61.09 and 
369.21 ± 17.70 ng/mg, respectively (Fig. 2). Further, we determined the 
copper content in the cells grown with the addition of the ionophore 8- 
HQ in the absence or presence of 100 μM CuSO4 (Fig. 2). The amount of 
copper in the cells grown in 100 μM CuSO4 with 8-HQ was the same as in 
the cells grown in the same copper concentration without the ionophore. 
Thus, the addition of 8-HQ did not increase the amount of copper in the 
amoebae. Presumably, this ionophore rather promoted copper toxicity 
against the amoebae than mediated killing of the cells by increasing 
intracellular copper concentration. 

To inspect the proteins involved in copper detoxification, we 
analyzed the whole-cell proteomes of amoebae grown in media con-
taining different concentrations of CuSO4. The most upregulated protein 
NF0109980 (11.2-fold change in 1 mM CuSO4) showed homology to an 
unknown protein from another species of the same genus, N. gruberi, but 
not to any other known proteins. The protein is rather short: it contains 

Figure 5. Copper content in S. cerevisiae cells grown 
under different copper concentrations. Wild type 
strain BY4741 (WT) transformed with empty plasmid 
(pCM189) and cup2Δ mutant strain transformed with 
the empty plasmid or the plasmid carrying Nf- 
CuATPase were grown overnight in liquid SC-ura 
medium supplemented with 0, 0.05, 0.1 or 0.5 mM 
CuSO4 and analyzed for copper content. The amount 
of copper in wild type and mutant cells with empty 
plasmid was higher than in Nf-CuATPase-expressing 
mutant cells, suggesting that Nf-CuATPase exports 
copper. Cup2Δ with empty plasmid failed to grow at 
copper concentrations higher than 0.1 mM. Cells were 
grown in triplicate; data represent the mean with 
95% confidence intervals.   
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101 amino acid residues, containing 6 histidines, including H-(X)7-H 
and H-(X)12-H motifs, and 4 cysteine-proline motifs, which might 
indicate that it binds copper (Kung et al., 2006; Wu et al., 2010) or in-
teracts with heme (Ogawa et al., 2001; Shimizu, 2012; Zhang and 
Guarente, 1995). 

The second most upregulated protein (NF0013290) was a probable 
methanethiol oxidase: this enzyme oxidizes methanethiol to formalde-
hyde and hydrogen sulfide. Its bacterial homolog was recently shown to 
be copper-dependent, and the enzyme is widely distributed among 
bacteria from different environmental samples and participates in global 
marine carbon and sulfur cycling (Eyice et al., 2018). However, the role 
of methanethiol oxidase in N. fowleri metabolism is obscure. Upregula-
tion of this enzyme may demonstrate an increased turnover of cellular 
sulfur-containing compounds and mobilization of available sulfur 
sources for the synthesis of protective compounds such as glutathione. 
Glutathione balance is highly important for copper homeostasis. It 
effectively buffers copper and reduces its toxicity. 

The importance of glutathione and thiol groups for N. fowleri sub-
jected to high copper concentrations is emphasized by upregulation of 
three probable GSTs, thioredoxin reductase and sulfiredoxin. i/GSTs are 
known to participate in detoxification processes conjugating glutathione 
to different compounds (Vuilleumier and Pagni, 2002). The data 
regarding the influence of copper on GSTs are controversial; however, 
there is evidence that GSTs may be inhibited by increased copper con-
centrations (Cunha et al., 2007; Letelier et al., 2006; Salazar-Medina 
et al., 2010). Additionally, certain GSTs are upregulated at the tran-
scriptional level under copper toxicity (Rhee et al., 2007). Thus, upre-
gulation of GST expression may compensate for its reduced enzymatic 
activity. ii/Thioredoxin reductase and thioredoxin comprise the major 
cellular disulfide reducing system. Thioredoxins are multifunctional 
dithiol-containing proteins: they are used as a substrate for reductive 
enzymes, or function as protein disulfide oxidoreductases, or regulate 
the enzymes or receptors (Holmgren, 1985). Thioredoxin reductase is an 
enzyme that specifically reduces the disulfide bond in the active site of 
oxidized thioredoxin (Arnér and Holmgren, 2000). The thioredoxin 
reductase/thioredoxin system regenerates the proteins inactivated by 
oxidative stress (Fernando et al., 1992; Holmgren and Lu, 2010). iii/-
Sulfiredoxin is an antioxidant protein that reduces sulfinic acid to 
cysteine residues (Biteau et al., 2003). Sulfiredoxin and subsequent 
thioredoxin action regenerate thiol groups in various proteins. Another 
function of sulfiredoxin is to deglutathionylate proteins. Gluta-
thionylation occurs under oxidative stress conditions when a gluta-
thione thiol radical reacts with a thiol group of protein forming a 
disulfide bond, and sulfiredoxin reverses this process (Findlay et al., 
2006). 

The upregulation of these proteins indicates that the thiol-reducing 
system is of particular importance under copper overload and assumes 
that copper causes oxidative stress, either directly or indirectly. 

Interestingly, a hemerythrin-like protein was highly upregulated 
(4.3-fold) under copper overload. Hemerythrins are ancient iron- 
containing oxygen-binding respiratory proteins of some marine in-
vertebrates (Bailly et al., 2008). Hemerythrin-like proteins are also 
found in bacteria, archaea and some eukaryotic groups including 
humans; however, their functions are not clear. They are proposed to be 
oxygen or iron sensors, oxygen carriers, or to act as protectors under 
oxidative stress conditions (Alvarez-Carreño et al., 2018). Also, among 
the proteins that were considerably upregulated under excessive copper 
we found two homologs of a heme-containing protein, protoglobin. 
Protoglobins are ancient archaeal and bacterial proteins that can bind 
O2, CO and NO. Their functions remain unknown, although they have 
been proposed to participate in CO metabolism for methanogenesis or in 
scavenging reactive nitrogen and oxygen species, or to act as oxygen 
sensors (Pesce et al., 2013). The upregulation of hemerythrin and pro-
toglobin in copper-overloaded N. fowleri cells is intriguing and may 
indicate their protective role against oxidative stress. Macomber and 
Imlay (2009) proposed that free iron is released from Fe–S clusters due 

to the action of copper. We believe that hemerythrin may participate in 
iron buffering to prevent the Fenton reaction. This hypothesis is sup-
ported by the finding that hemerythrin is dramatically regulated by iron 
availability in both N. fowleri and N. gruberi (Arbon et al., 2020; Mach 
et al., 2018). However, both hemerythrin and protoglobin of N. fowleri 
failed to functionally complement the cup2Δ yeast mutant (data not 
shown), probably due to the lack of some redox partner or other inter-
acting protein in the yeast cell. Thus, the exact function of hemerythrin 
and protoglobin in Naegleria metal homeostasis and/or oxidative stress 
response remains to be elucidated. 

Importantly, the proteomic analysis revealed the upregulation of a P- 
type copper translocating ATPase (Nf-CuATPase), a protein homologous 
to CaCrp1 of C. albicans as well as human ATP7A and ATP7B and 
S. cerevisiae CCC2. CaCrp1 is localized to the plasma membrane and 
extrudes copper into the environment, thus functioning as the main 
copper detoxification system in C. albicans (Weissman et al., 2000). 
Detoxification of copper by the efflux pump was also demonstrated for 
A. fumigatus (Wiemann et al., 2017) and P. falciparum (Rasoloson et al., 
2004). However, S. cerevisiae CCC2 is localized to the Golgi apparatus 
and is not employed for copper detoxification (Yuan et al., 1997). 
Human ATP7A and ATP7B are normally localized to the Golgi network 
and participate in copper trafficking but not detoxification (Lutsenko 
et al., 2007). Additionally, a copper translocating ATPase was recently 
demonstrated to be expressed in T. brucei brucei, although its detoxifi-
cation or trafficking function has not been confirmed (Isah et al., 2020). 

Bioinformatics analysis of the Nf-CuATPase sequence predicted a 
topology typical of copper-translocating ATPases and indicated the 
presence of all the sites required for functional ATP-dependent copper 
transport, including a cysteine-containing binding site, conserved 
phosphorylation and ATP-binding sites, among others (Fig. 3, Fig. S3). 
Due to the lack of established protocols for N. fowleri transfection or 
knockout, we employed a yeast model to investigate the mechanism of 
Nf-CuATPase copper detoxification. To test whether Nf-CuATPase ex-
trudes copper from the cytosol to the environment or actions in the 
trans-Golgi compartment, we cloned Nf-CuATPase into a yeast expres-
sion vector and tested its functional complementation in two S. cerevisiae 
mutants, cup2Δ and ccc2Δ. The first one failed to express metal-
lothioneins for copper detoxification, and the second one lacked Golgi- 
localized ATPase CCC2. Nf-CuATPase allowed the cup2Δ strain to grow 
in high copper concentrations, but it was unable to functionally com-
plement ccc2Δ (similarly to copper-transporting ATPase of C. albicans 
CaCrp1 (Weissman et al., 2000),), indicating that it did not translocate 
copper into trans-Golgi vesicles but rather functioned in a copper 
toxicity resistance mechanism. Thus, it might be localized to the plasma 
membrane, as observed for C. albicans CaCrp1, or to some subcellular 
compartment such as the vacuole, shown to play a role in maintaining 
copper homeostasis in S. cerevisiae (Szczypka et al., 1997). We were not 
able to establish the localization of Nf-CuATPase using the GFP fluo-
rescent tag or hemagglutinin epitope tag since the fusion proteins did 
not complement the cup2Δ mutant copper sensitivity, possibly due to 
mislocalization or loss of function caused by the fusions. However, we 
found that Nf-CuATPase-expressing cup2Δ yeasts grown in media with 
copper overload accumulated less copper than wild type cells and cup2Δ 
cells with an empty plasmid. These results indicated that Nf-CuATPase 
transported copper outside the cell rather than compartmentalizing it 
within the cell. Thus, it is more probable that Nf-CuATPase localizes to 
the plasma membrane and mediates copper efflux, akin to C. albicans 
CaCrp1, although more studies will be needed to verify the localization 
of this protein once appropriate antibodies or effective transfection 
system for N. fowleri are available. 

We observed no significant increase of the copper content in the cells 
grown with 1 mM extracellular copper compared to the cells grown with 
100 μM copper, which could be the effect of either upregulation of 
copper export or the restriction of copper import. It is known that 
C. albicans, C. neoformans and A. fumigatus downregulate copper im-
porters under copper overload (Ding et al., 2011; Mackie et al., 2016; 
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Wiemann et al., 2017). Although the N. fowleri genome contains two 
CTR homologs that might function in copper influx, RT-qPCR data 
demonstrated that their expression was not significantly changed at the 
transcriptional level. Apparently, N. fowleri relies more on the removal 
of excessive copper by Nf-CuATPase than on copper influx restriction. 

In conclusion, our data demonstrate that N. fowleri employs a range 
of different strategies to ensure its high copper tolerance, including 
copper efflux and production of antioxidant enzymes and obscure 
hemerythrin-like and protoglobin-like proteins. This capability can be 
advantageous for amoebae both in the natural environment and in the 
host. Nevertheless, copper metabolism may be considered a therapeutic 
target since copper ionophores have been demonstrated to be potent 
antiamoebic agents. 
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Maciver, S.K., Piñero, J.E., Lorenzo-Morales, J., 2020. Is Naegleria fowleri an emerging 
parasite? Trends Parasitol. 36, 19–28. 

M. Grechnikova et al.                                                                                                                                                                                                                          

https://doi.org/10.1016/j.ijpddr.2020.10.001
https://doi.org/10.1016/j.ijpddr.2020.10.001
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref1
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref1
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref1
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref1
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref1
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref1
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref2
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref2
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref2
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref3
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref3
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref4
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref4
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref5
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref5
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref5
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref5
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref6
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref6
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref7
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref7
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref7
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref7
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref7
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref7
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref8
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref8
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref8
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref9
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref9
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref10
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref10
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref10
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref11
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref11
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref12
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref12
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref12
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref13
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref13
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref14
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref14
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref14
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref15
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref15
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref15
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref15
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref16
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref16
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref16
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref16
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref17
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref17
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref17
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref18
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref18
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref19
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref19
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref20
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref20
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref20
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref20
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref20
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref21
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref21
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref21
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref22
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref22
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref22
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref23
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref23
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref23
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref24
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref24
http://refhub.elsevier.com/S2211-3207(20)30032-4/opty8Zi1qULH5
http://refhub.elsevier.com/S2211-3207(20)30032-4/opty8Zi1qULH5
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref25
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref25
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref25
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref26
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref26
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref27
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref27
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref27
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref28
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref28
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref29
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref29
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref29
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref30
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref30
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref30
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref31
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref31
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref31
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref31
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref31
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref31
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref32
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref32
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref33
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref34
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref34
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref35
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref35
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref35
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref36
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref36
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref37
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref37
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref38
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref38
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref38
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref39
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref39
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref39
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref40
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref40
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref41
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref41
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref41
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref42
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref42


International Journal for Parasitology: Drugs and Drug Resistance 14 (2020) 126–135

135

Mackie, J., Szabo, E.K., Urgast, D.S., Ballou, E.R., Childers, D.S., MacCallum, D.M., 
Feldmann, J., Brown, A.J.P., 2016. Host-imposed copper poisoning impacts fungal 
micronutrient acquisition during systemic Candida albicans infections. PLoS One 11, 
1–18. 

Macomber, L., Imlay, J.A., 2009. The iron-sulfur clusters of dehydratases are primary 
intracellular targets of copper toxicity. Proc. Natl. Acad. Sci. U. S. A. 106, 
8344–8349. 

Meade, J.C., 2019. P-type transport ATPases in Leishmania and Trypanosoma. Parasite 26, 
69. 

Moller, J.A., Juul, B., Maire, M. le, 1996. Structural organization, ion transport, and 
energy transduction of P-type ATPases. Biochim. Biophys. Acta 1286, 1–51. 

Mull, B.J., Narayanan, J., Hill, V.R., 2013. Improved method for the detection and 
quantification of Naegleria fowleri in water and sediment using immunomagnetic 
separation and real-time PCR. J. Parasitol. Res. 2013, 608367. 

Ogawa, K., Sun, J., Taketani, S., Nakajima, O., Nishitani, C., Sassa, S., Hayashi, N., 
Yamamoto, M., Shibahara, S., Fujita, H., Igarashi, K., 2001. Heme mediates 
derepression of Maf recognition element through direct binding to transcription 
repressor Bach1. EMBO J. 20, 2835–2843. 

Pearce, D.A., Sherman, F., 1999. Toxicity of copper, cobalt, and nickel salts is dependent 
on histidine metabolism in the yeast Saccharomyces cerevisiae. J. Bacteriol. 181, 
4774–4779. 

Perez-Riverol, Y., Csordas, A., Bai, J., Bernal-Llinares, M., Hewapathirana, S., Kundu, D. 
J., Inuganti, A., Griss, J., Mayer, G., Eisenacher, M., Pérez, E., Uszkoreit, J., 
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Söding, J., Biegert, A., Lupas, A.N., 2005. The HHpred interactive server for protein 
homology detection and structure prediction. Nucleic Acids Res. 33, 244–248. 

Solioz, M., Vulpe, C., 1996. CPx-type ATPases: a class of P-type ATPases that pump heavy 
metals. Trends Biochem. Sci. 21, 237–241. 

Song, Y., Xu, H., Chen, W., Zhan, P., Liu, X., 2015. 8-Hydroxyquinoline: a privileged 
structure with broad-ranging pharmacological potentials. Med. Chem. Commun. 6, 
61–74. 

Sykora, J.L., Keleti, G., Martinez, A.J., 1983. Occurrence and pathogenicity of Naegleria 
fowleri in artificially heated waters. Appl. Environ. Microbiol. 45, 974–979. 

Szczypka, M.S., Zhu, Z., Silar, P., Thiele, D.J., 1997. Saccharomyces cerevisiae mutants 
altered in vacuole function are defective in copper detoxification and iron-responsive 
gene transcription. Yeast 13, 1423–1435. 

Tyanova, S., Temu, T., Sinitcyn, P., Carlson, A., Hein, M.Y., Geiger, T., Mann, M., Cox, J., 
2016. The Perseus computational platform for comprehensive analysis of (prote) 
omics data. Nat. Methods 13, 731–740. 

Vuilleumier, S., Pagni, M., 2002. The elusive roles of bacterial glutathione S-transferases: 
new lessons from genomes. Appl. Microbiol. Biotechnol. 58, 138–146. 

Weissman, Z., Berdicevsky, I., Cavari, B.Z., Kornitzer, D., 2000. The high copper 
tolerance of Candida albicans is mediated by a P-type ATPase. Proc. Natl. Acad. Sci. 
U. S. A. 97, 3520–3525. 

White, C., Lee, J., Kambe, T., Fritsche, K., Petris, M.J., 2009. A role for the ATP7A 
copper-transporting ATPase in macrophage bactericidal activity. J. Biol. Chem. 284, 
33949–33956. 

Wiemann, P., Perevitsky, A., Lim, F.Y., Shadkchan, Y., Knox, B.P., Landero Figueora, J. 
A., Choera, T., Niu, M., Steinberger, A.J., Wüthrich, M., Idol, R.A., Klein, B.S., 
Dinauer, M.C., Huttenlocher, A., Osherov, N., Keller, N.P., 2017. Aspergillus fumigatus 
copper export machinery and reactive oxygen intermediate defense counter host 
copper-mediated oxidative antimicrobial offense. Cell Rep. 19, 1008–1021. 

Wu, Z., Fernandez-Lima, F.A., Russell, D.H., 2010. Amino acid influence on copper 
binding to peptides: cysteine versus arginine. J. Am. Soc. Mass Spectrom. 21, 
522–533. 

Yang, X., Cai, P., Liu, Q., Wu, J., Yin, Y., Wang, X., Kong, L., 2018. Novel 8-hydroxy-
quinoline derivatives targeting β-amyloid aggregation, metal chelation and oxidative 
stress against Alzheimer’s disease. Bioorganic Med. Chem. 26, 3191–3201. 

Yuan, D.S., Dancis, A., Klausner, R.D., 1997. Restriction of copper export in 
Saccharomyces cerevisiae to a late Golgi or post-Golgi compartment in the secretory 
pathway. J. Biol. Chem. 272, 25787–25793. 

Zhang, L., Guarente, L., 1995. Heme binds to a short sequence that serves a regulatory 
function in diverse proteins. EMBO J. 14, 313–340. 

M. Grechnikova et al.                                                                                                                                                                                                                          

http://refhub.elsevier.com/S2211-3207(20)30032-4/sref43
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref43
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref43
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref43
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref44
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref44
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref44
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref45
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref45
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref46
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref46
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref47
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref47
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref47
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref48
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref48
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref48
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref48
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref49
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref49
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref49
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref50
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref50
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref50
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref50
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref50
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref50
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref51
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref51
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref52
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref52
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref52
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref53
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref53
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref53
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref54
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref54
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref55
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref55
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref55
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref55
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref55
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref56
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref56
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref56
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref56
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref57
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref57
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref58
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref58
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref59
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref59
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref60
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref60
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref61
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref61
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref62
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref62
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref63
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref63
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref63
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref64
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref64
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref65
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref65
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref65
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref66
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref66
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref66
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref67
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref67
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref68
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref68
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref68
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref69
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref69
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref69
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref70
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref70
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref70
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref70
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref70
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref71
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref71
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref71
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref72
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref72
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref72
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref73
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref73
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref73
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref74
http://refhub.elsevier.com/S2211-3207(20)30032-4/sref74

	Elucidation of iron homeostasis in Acanthamoeba castellanii
	1 Introduction
	2 Materials and methods
	2.1 Acanthamoeba growth conditions
	2.2 Growth curves
	2.3 Whole-cell proteomics
	2.4 Cloning of Acanthamoeba genes of interest
	2.5 Acanthamoeba transfection
	2.6 Microscopy
	2.7 Western blotting
	2.8 Iron uptake
	2.9 Quantitative reverse transcription PCR
	2.10 Pinocytosis rate
	2.11 Yeasts procedures

	3 Results
	3.1 Iron deprivation reduces Acanthamoeba growth
	3.2 Whole-cell proteomics reveals the proteins involved in iron metabolism
	3.3 Localization of proteins involved in iron metabolism
	3.4 AcFERED, AcNRAMP and AcVIT are colocalized with food particles
	3.5 Iron acquisition effectiveness is induced by iron starvation and expression of AcIDIP
	3.6 QRT-PCR demonstrates the change in expression of fered, idip, nramp and vit genes
	3.7 Pinocytosis is reduced in iron-depleted amoebae
	3.8 AcVIT is able to complement iron-sensitive yeast mutants functionally

	4 Discussion
	Acknowledgements
	Appendix A Supplementary data
	References

	Copper Metabolism in Naegleria gruberi and Its Deadly Relative Naegleria fowleri
	Introduction
	Materials and Methods
	Identification of Naegleria CTRs
	Functional Complementation Spot Assay of Predicted Ctrs of N. gruberi and N. fowleri
	Localization of Ctrs by Fluorescence Microscopy
	Amoeba Cultivation
	Organisms
	Cultivation Conditions

	Crude Fractionation of N. gruberi and N. fowleri Cells
	The Effect of Different Copper Chelators on the Growth of N. gruberi and N. fowleri
	ICP–MS Analysis
	LC–MS
	RT–qPCR
	Obtaining the NgDJ-1 Recombinant Protein for Antibody Preparation
	NfNDH-2 and NgDJ-1 Antibody Production
	Sample Preparation for SDS–PAGE, Native PAGE, and Western Blot
	Immunofluorescence Microscopy
	Measurements of Oxygen Consumption
	Complex I and NDH-2 Enzyme Activity of Naegleria fowleri
	Iron Uptake

	Results
	Identification of Copper Uptake Proteins (Ctrs) of N. gruberi and N. fowleri
	Comparative Proteomic Analysis Revealed That ETC Components and NgDJ-1 Are the Most Affected by Copper Deprivation
	RT qPCR Analysis Revealed That Changes Caused by Copper Deprivation Are Posttranslational
	The Activity of NgAOX and NfNADH-2 Reflects Copper Availability
	Expression of the Mitochondrially Localized Protein NgDJ-1 is Copper-dependent and is Not Induced by ROS Accumulation
	N. gruberi Iron Uptake is Copper-Regulated

	Discussion
	Copper and host:pathogen Interface
	Copper Acquisition
	Branched Mitochondrial ETC
	DJ-1
	Iron Uptake in N. gruberi
	N. gruberi and N. fowleri: So Similar yet so Different. Similarities and Differences

	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Copper detoxification machinery of the brain-eating amoeba Naegleria fowleri involves copper-translocating ATPase and the a ...
	1 Introduction
	2 Materials and methods
	2.1 Cell cultures
	2.2 Copper and ionophore toxicity
	2.3 Copper content determination
	2.4 Whole-cell proteomic analysis
	2.5 Western blotting
	2.6 Real-time PCR
	2.7 RACE and cloning
	2.8 Yeast procedures

	3 Results
	3.1 Copper and copper ionophores are toxic to N. fowleri
	3.2 Copper accumulation in N. fowleri
	3.3 Proteomic analysis of the N. fowleri response to high copper concentrations identified a set of detoxification proteins
	3.4 Bioinformatics analysis of Nf-CuATPase confirms its structural similarity to copper-translocating ATPases
	3.5 RT-PCR of selected copper-regulated genes
	3.6 N. fowleri Cu-ATPase complements the S. cerevisiae cup2Δ mutant
	3.7 Analysis of copper content in transformed yeast

	4 Discussion
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


