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Abstract 

Peroxisomes and mitochondria play a key role in oxygen 

metabolism. It was widely accepted that the evolutionary adaptation 

of eukaryotes to anaerobiosis is reflected by the metabolic reduction 

of mitochondria, and concomitant loss of peroxisomes. The 

anaerobic protists Mastigamoeba balamuthi (Mb), Pelomyxa 

schiedti (Ps), and Entamoeba histolytica (Eh) contradict this 

paradigm. They possess anaerobic types of mitochondria 

(hydrogenosomes, mitosomes) but also host “anaerobic 

peroxisomes”. Mb/Ps peroxisomes contain a common set of 13 

peroxins (Pexs) that retain the core members of each functional 

category including components of both PTS1 and PTS2 machinery 

for matrix protein import. However, Eh peroxisomes harbour a 

reduced set of 7 known Pexs and lacks several components that are 

highly conserved among most eukaryotic lineages, including 

components of PTS2 machinery (Pex7), the RING complex 

(Pex2/10/12), docking complex (Pex13), and peroxisomal 

membrane protein import receptor (Pex3). Concerning the 

functional annotation, no clear biochemical context has been found 

in these anaerobic peroxisomes. They are diverse in enzymatic 

contents and are involved in various metabolic reactions, while 

catalase and typical peroxisomal enzymes of fatty acid beta-

oxidation are absent. Mb peroxisomes appear to be involved in the 

biosynthesis of pyrimidine and cofactors (CoA), signal-peptide 

removal from PTS2-containing proteins, and carbohydrate 

metabolism. The predicted peroxisomes in P. schiedti are possibly 

involved in amino acid metabolism, carbohydrate metabolism, and 

hydrolases. The metabolic context of Eh peroxisomes is unclear. 
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Mb/Eh/Ps peroxisomes are all involved in myo-inositol metabolism, 

mediated by myo-inositol dehydrogenase (myo-IDH). Kinetic 

analysis showed that Eh myo-IDH may utilize myo-inositol as a 

preferred substrate, but can also act on scyllo-inositol, D-glucose 

and D-xylose. Due to the lack of downstream components of the 

inositol catabolic pathway as well as the presence of cytosolic 

isoforms, we hypothesize that myo-IDH participates in the 

maintenance of redox homeostasis. In addition, the dual localization 

of EhPex11 and some matrix proteins in anaerobic peroxisomes and 

mitochondrion-related organelles in M. balamuthi suggests a 

possible interplay between these organelles. The presence of 

peroxisomes in E. histolytica, M. balamuthi, P. schiedti (and 

possibly other archamoebae) breaks the paradigm “no oxygen no 

peroxisomes”, opens a new field for evolutionary research of 

anaerobic protists, and may provide a new potential target for the 

development of antiparasitic therapies. 
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Abstrakt 

Peroxisomy a mitochondrie hrají důležitou roli v metabolismu 

kyslíku. U eukaryotických organismů, kteří se evolučně adaptovali k 

životu bez kyslíku (anaerobióze) proto dochází  

k metabolickéredukci mitochondrií a dosud se soudilo, že současné 

dochází ke ztrátě peroxisomů. Anaerobní protista Mastigamoeba 

balamuthi (Mb), Pelomyxa schiedti (Ps) a Entamoeba histolytica 

(Eh) toto paradigma popírají. Obsahují jak anaerobní typy 

mitochondrií (hydrogenosomy, mitosomy), tak rovněž „anaerobní 

peroxisomy“. Peroxisomy Mb/Ps obsahují soubor 13 peroxinů 

(Pexy), které zahrnují základní členy z každé funkční skupiny, 

včetně složek pro import proteinů do matrix peroxisomů pomocí 

adresových sekvencí PTS1 a PTS2. Naproti tomu Eh peroxisomy 

obsahují redukovaný soubor pouhých 7 Pexů a chybí jim několik 

komponent, které jsou vysoce konzervované u většiny eukaryotních 

linií včetně složek PTS2 systému (Pex7), RING komplexu (Pexy 

2/10/12), dokovacího komplexu (Pex13) a receptoru pro 

peroxisomální membránový import (Pex3). Funkce těchto organel 

zůstává ne zcela jasná. Jejich obsah je různorodý a neobsahují 

typické enzymy peroxisomální beta-oxidace a katalázu. Peroxisomy 

Mb obsahují některé enzymy pro biosyntézu pyrimidinu a kofaktorů 

(CoA), karbohydrátového metabolismu a specifickou peptidázu pro 

odštěpování signálního peptidu z proteinů obsahujících PTS2. 

Peroxisomy P. schiedti se zřejmě účastní metabolismu 

aminokyselin, karbohydrátů a hydroláz. Dosud jediným známým 

enzymem u peroxisomů Ehje myo-IDH, která je rovněž u   

peroxisomů Mb a Ps. Biochemická analýza ukázala, že myo-IDH Eh 
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nejspíše používá myo-inositol jako preferovaný substrát, ale dokáže 

rovněž využít scyllo-inositol, D-glukózu a D-xylósu. Navazující 

enzymy katabolické dráhy inositolu však chybí. Domníváme se 

proto, že se myo-IDH účastní udržování redoxní homeostázy. Duální 

lokalizace EhPex11 a některých matrixových proteinů v anarobních 

peroxisomech a hydrogenosomech navíc naznačují metabolické 

interakce mezi těmito organelami. Přítomnost peroxisomů u E. 

histolytica, M. balamuthi, P. schiedti (a zřejmě dalšími archaméb) 

bourá současné paradigma „žádný kyslík, žádné peroxisomy“ a 

otevírá nové možnosti pro evoluční výzkum anaerobních protistů a 

může přinést nové potenciální cíle pro vývoj antiparazitráních léčiv. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 

 

1. Introduction 

Peroxisomes, initially named microbodies (Rhodin, 1954), are 

multifunctional, dynamic, and interactive organelles that can be 

found in all major groups of eukaryotes. They display remarkable 

plasticity between species, cell types, developmental stage, and/or 

environmental milieu with respect to morphology (size, shape, 

abundance), protein composition, and metabolic properties (van den 

Bosch et al., 1992). The most conserved metabolic pathways of 

peroxisomes are involved in the oxidation of fatty acids and 

hydrogen peroxide degradation that gives rise to the term 

peroxisomes (Christian & Baudhuin, 1966). Our understanding of 

their biochemical functions has extended far beyond hydrogen 

peroxide metabolism as new peroxisomes from different organisms 

are characterized. In addition to fatty acid oxidation and reactive 

oxygen species (ROS) metabolism, some other functions also show 

a widespread distribution, including various reactions involved in 

purines and amino acid degradation, breakdown of polyamines, and 

biosynthesis of certain lipids (Smith & Aitchison, 2013). Some 

peroxisomal metabolic pathways are limited to only certain 

eukaryotic kingdoms, species, or cell types, such as bile acids 

biosynthesis in mammals, photorespiration in plants, penicillin 

biosynthesis in fungi, and glycolysis in kinetoplastids (Smith & 

Aitchison, 2013). The high degree of metabolic diversity is reflected 

by alternative names of peroxisomes.  For instance, in 

kinetoplastids, the majority of glycolytic enzymes reside in a 

specialized peroxisomal subtype known as glycosomes (Rybicka, 

1996), whereas glyoxysomes of land plants (also found in some 

fungi, alveolates, and lower animals) mainly harbour enzymes of the 
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glyoxylate cycle, which is required for the anabolic use of acetyl-

CoA as carbon source (Breidenbach & Beevers, 1967). In 

filamentous fungi, Woronin bodies, another specialized subtype of 

peroxisomes, are tightly packed with crystalline proteins and 

function in the maintenance of cellular integrity by sealing the septal 

pore in response to wounding (Markham & Collinge, 1987). 

Although peroxisomes display a high degree of metabolic diversity, 

they possess some general properties that are common to most 

organisms. In addition to their prevalent involvement in fatty acid 

oxidation and ROS detoxification, they are mostly spherical (0.1 to 

1 μm in diameter) consist of a protein-rich matrix enclosed by a 

single membrane, and do not possess an organellar genome or a 

protein translation machinery (van den Bosch et al., 1992). All 

peroxisomal proteins are encoded in the nuclear genome and must 

be incorporated into peroxisomes in a highly conserved manner that 

often relies on the presence of short peroxisomal targeting signals 

(PTSs). Most importantly, they possess a group of proteins essential 

for their biogenesis termed peroxins (Pexs) that are encoded by PEX 

genes (Distel et al., 1996). The most conserved set of Pexs 

encompasses components of peroxisomal membrane protein sorting 

(Pex3/16/19), proteins of the matrix protein import machinery 

(receptor Pex5/7, docking complex Pex13/14, RING complex 

Pex2/10/12, extractomer Pex1/6), and members of the Pex11 family 

(peroxisome proliferation, contact sites, and pore-forming proteins 

(Mindthoff et al., 2015). The presence of those general properties 

suggested the idea of a single evolutionary origin for all 

peroxisomes, although the exact scenario remains somewhat 

controversial (de Duve, 2007). 
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The eukaryotic supergroup Amoebozoa is a very attractive model 

for evolutionary studies of peroxisomes in the relationship with 

mitochondria as it includes both aerobes with conventional 

mitochondria such as Dictyostelium (Ogawa et al., 2000) as well as 

anaerobes such as parasitic amoebozoan Entamoeba with the most 

reduced forms of mitochondria called mitosomes (Tovar et al., 

1999). Mastagamoeba, a free-living relative of Entamoeba, houses 

hydrogen producing derivative of mitochondria, termed 

hydrogenosomes. Hydrogenosomes were also described in free-

living Pelomyxa (Seravin & Goodkov, 1987). Due to the key role of 

mitochondria and peroxisomes in oxygen metabolism, it had been 

widely accepted that the metabolic reduction of mitochondria to 

anaerobic adaptation is concomitant with the loss of peroxisomes 

(Zadrobílková et al., 2015). Unexpectedly and interestingly, the 

genome analysis of Entamoeba histolytica, Mastigamoeba 

balamuthi, and Pelomyxa schiedti revealed a set of the most 

conserved Pex proteins required for the formation of functional 

peroxisomes. This prompted us to investigate the presence of 

peroxisomes in these anaerobic amoebae. 

2.  Aims 

1. To demonstrate the presence of anaerobic peroxisomes in 

Mastigamoeba balamuthi based on the cellular localization of 

predicted peroxins. 

2. To investigate proteome of M. balamuthi peroxisomes and predict 

their functions. 
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3. To demonstrate the presence of anaerobic peroxisomes in 

Entamoeba histolytica and estimate their function.  

4. To identify putative peroxins and matrix peroxisomal proteins 

encoded in the genome of Pelomyxa schiedti and compare with 

other Archamoebae. 

3. Materials and methods  

In brief, the following methods were used in this thesis: 

bioinformatic searches for peroxisomal proteins, phylogenetic 

analysis, light microscopy, transmission immunoelectron 

microscopy, mass spectrometry and data processing, RT qPCR, 

Western blotting, enzymatic assay, size exclusion chromatography 

and multiangle light scattering (MALS)... 

4. Results and discussion 

4.1. Presence of peroxisomes in anaerobic hydrogenosome-

bearing protist M. balamuthi breaks the paradigm “no oxygen, 

no peroxisomes” 

In line with the reduction of mitochondria, the paradigm “no 

oxygen, no peroxisomes” was generally accepted, reflecting the 

adaptation of eukaryotic cells to anaerobiosis. Surprisingly, we 

found a common set of 13 Pexs encoded by the Mb genome that are 

required for protein import, peroxisomal growth, and division. The 

detected Pexs possess most important structural features of human 

orthologs. Components of peroxisomal membrane fission machinery 

were also identified in the Mb genome, including FIS1, and 
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dynamin-related protein 1 (DRP1). Experimentally, 10 of 14 

predicted Pexs, excluding Pex1/6/7/19, were identified by 

proteomics. MbPex3, MbPex11, and MbPex14 were visualized in 

numerous vesicles distinct from hydrogenosomes, the endoplasmic 

reticulum, and Golgi complex. Finally, MbPex14 was shown to be 

targeted to S. cerevisiae peroxisomes. Collectively, these results 

provide evidences for the presence of peroxisomes in anaerobic 

hydrogenosome-bearing protist M. balamuthi that we named 

“anaerobic peroxisomes”.  

4.2. Predicted metabolic pathways of M. balamuthi 

peroxisomes 

Proteomic analysis of cellular fractions, and bioinformatic searches 

for PTS1/PTS2-bearing proteins provided datasets of 1119, and 767 

peroxisomal candidates, respectively; of which 51 putative 

peroxisomal matrix proteins were shared by both datasets. 

Heterologous expression of selected proteins in Saccharomyces 

cerevisiae confirmed peroxisomal localization of 8 matrix proteins. 

Unexpectedly, Mb peroxisomes lack typical ROS-generating 

pathways, such as fatty acid β-oxidation, although a single copy of 

PTS1-bearing long-chain acyl-CoA synthetase was detected in the 

peroxisomal proteome of M. balamuthi that functions to activate the 

fatty acid before entering β-oxidation. They also lack common 

peroxisomal ROS detoxifying enzymes, including catalase and 

glutathione peroxidase. Interestingly, this subclass of peroxisomes 

likely participates in biosynthesis of cofactors, supported by 

peroxisomal localization of pantetheine-phosphate 
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adenylyltransferase that catalyzes the last-second step in CoA 

biosynthesis. Noticeably, proteomic analysis suggested that Mb 

peroxisomes are possibly involved in the de novo pyrimidine 

synthesis pathway, mediated by a unique fusion protein exhibiting 

domains of orotidine-5′-monophosphate decarboxylase, orotate 

phosphoribosyl transferase, and dihydroorotate dehydrogenase that 

may convert dihydroorotate to uridylate.   

In view of the metabolic interrelationship between anaerobic 

peroxisomes and hydrogenosomes, at least three enzymes are 

present in multiple copies, including malate dehydrogenase 

(MDH1/2/3), D-lactate dehydrogenase (D-LDH-M and D-LDH-P), 

and inorganic pyrophosphatase (IPP1/2/3/4). These enzymes display 

different targeting mechanisms for dual localization in both 

organelles. Probably, the dual localization is the result of lateral 

gene transfer from bacteria (IPP2 and IPP3) as well as of gene 

duplication and acquisition of different targeting signals. MDH and 

D-LDH were predicted to maintain the intraperoxisomal redox 

balance, as their products (malate and lactate, respectively) can be 

shuttled to hydrogenosomes, and serve as substrates for 

hydrogenosomal MDH and D-LDH, respectively. In addition, 

several other components of carbohydrate metabolism were 

identified in Mb peroxisomes, such as tagatose-6-phosphate kinase, 

inositol dehydrogenase (IDH), fumarylacetoacetate hydrolase, and 

nudix hydrolase (Nudt). They also contain peroxisomal processing 

peptidase (PPP) that possibly functions in the removal of signal 

peptides of PTS2-containing proteins (Okumoto et al., 2011). 
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4.3. E. histolytica possess a reduced form of anaerobic 

peroxisomes that metabolize myo-inositol 

E. histolytica and three other Entamoeba species, which infect 

humans and primates, possess a set of only 7 known Pexs (Pex1, 

Pex5, Pex6, Pex11, Pex14, Pex16, Pex19), and only a single Pex19 

seems to be present in E. invadens. Thus, peroxin machinery seems 

to be reduced in most Entamoeba species, and lost in E. invadens. 

Identified EhPexs are all expressed as confirmed by transcriptomic 

analysis, and may thus contribute to the formation of peroxisomes in 

E. histolytica. Indeed, immunofluorescence microscopy showed that 

Pex5, 14, 16, and 19 localized to vesicles distinct from mitosomes, 

endosomes/phagosomes, and ER, and immunoelectron microscopy 

revealed that Pex14 and Pex16 localized to single membrane bound 

organelles of size corresponding to peroxisomes (90-100 nm in 

diameter).    

Reduction of Pexs in E. histolytica includes the PTS2 receptor Pex7, 

RING members (Pex2/10/12), a component of docking complex 

(Pex13), and PMP import receptor Pex3. In line with the absence of 

RING E3 ubiquitin ligases, EhPex5 N-terminus lacks a conserved 

cysteine required for monoubiquitination, suggesting the absence or 

an unknown mechanism of Pex5 recycling. The possible lack of 

EhPex5 recycling raises a question “What is the function of receptor 

export machinery Pex1/6?”. It could be hypothesized that their 

function is not related to Pex5 recycling, but EhPex1 and EhPex6 

may mediate the heterotypic fusion of ERDppV subtypes, forming 

the fully functional peroxisomal translocon (Jansen & Klei, 2019). 
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Lack of Pex3 that mediates the incorporation of PMPs into the 

peroxisomal membrane by the Pex19-dependent direct pathway may 

suggest that all EhPexs are targeted into ER in a de novo 

biosynthetic model. EhPex16 may recruit other PMPs into ER as 

occurred in mammalian cells (Aranovich et al., 2014) as well as 

function in the intra-ER sorting of PMPs into distinct ER 

subdomains (J. Farré et al., 2019). EhPex19 may function in the 

intra-ER sorting of PMPs and the budding of ERDppVs (Agrawal et 

al., 2016; J. Farré et al., 2019).  

Proteomic analyses of affinity-purified peroxisomes and PTS1 

searches identified datasets of 655 and 56 peroxisomal candidates, 

respectively, with six proteins shared by both datasets, including 

putative myo-IDH. Predicted peroxisomal localization was verified 

for myo-IDH and two hypothetical proteins (EHI_051440 and 

EHI_045060) via heterologous expression in S. cerevisiae. So far, 

NAD+-dependent myo-IDH is the only enzyme known to be 

conserved in all Mb/Eh/Ps peroxisomes. Eh myo-IDH appears to be 

dimeric and preferably utilizes myo-inositol as substrate, but can 

also acts on scyllo-inositol, D-glucose and D-xylose. The oxidation 

of the axial hydroxyl of myo-inositol to form scyllo-inosose (keto-

inositol) catalyzed by the activity of myo-IDH is the first step of -

myo-inositol catabolism (Aamudalapalli et al., 2018). However, no 

other genes encoding downstream enzymes of this catabolic 

pathway were found, while enzymes required for the biosynthesis of 

myo-inositol were identified in the genomes of these anaerobes. This 

raised a question about the role of this “dead-end” reaction catalyzed 

by myo-IDH. Interestingly, myo-IDH of these protists is present in 

multiple isoforms, one is peroxisomal isoforms (IDH-P) and the 
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others are likely cytosolic (IDH-C) (m51a1_g5305, Pelo11053, 

Pelo13800, EHI_121900). The dual IDH localization raises the 

possibility that they function as a redox shuttle to maintain cellular 

redox balance: IDH-P converts myo-inositol into keto-inositol, with 

the concomitant reduction of the cofactor NAD+ to NADH, whereas 

IDH-C catalyzes the reverse reaction and vice versa. 

4.4. Prediction of peroxisomes in P. schiedti 

Similar to M. balamuthi, the P. schiedti genome encodes 13 most 

common Pexs, including members of each functional category (Fig. 

10). In addition to Pexs, a list of 67 putative PTS1/PTS2 proteins 

was identified. These proteins include mainly individual enzymes of 

various metabolic pathways, such as amino acid catabolism and 

anabolism, carbohydrate metabolism, and hydrolases. Some 

enzymes are shared with Mb peroxisomes including myo-IDH, PPP, 

Nudt, and LDH. 

Unlike in M. balamuthi and E. histolytica, P. schiedti peroxisomes 

possibly possesses pyridoxamine 5'-phosphate oxidase (PNPO, 

Pelo294, PTS1: PKL) that catalyzes several reactions of vitamin B6 

biosynthesis. Under aerobic conditions, PNPO utilizes molecular 

oxygen as an electron acceptor for the deamination of pyridoxamine 

5′-phosphate and pyridoxine 5-phosphate, generating pyridoxal 5′-

phosphate (the active form of vitamin B6). Both reactions are 

concomitant with the formation of H2O2 (McCormick & Chen, 

1999). The predicted peroxisomes possibly contain two copies of 

PTS1-bearing glutamate dehydrogenase that may produce 2-

oxoglutarate. This product may act as a nonenzymatic antioxidant 

https://en.wikipedia.org/wiki/Deamination


15 

 

for the decomposition of byproduct H2O2, via the reaction of the 

ketone group of the α-carbon atom with H2O2 to form succinate, 

CO2, and water. The possible oxygen utilization of Ps PNPO 

remains to be experimentally verified. 

5. Perspective 

Great progress has been achieved during last decades in 

evolutionary studies of eukaryotes that inhabit anaerobic and/or 

microaerobic environments. However, such studies focus mainly on 

investigations of anaerobic forms of mitochondria, while 

peroxisomes are neglected because it was generally believed that 

peroxiomes are absent in anaerobes. The discovery of peroxisomes 

in anaerobic protist M. balamuthi, E. histolytica, and P. schiedti 

changed this view, turning attention to the evolution of peroxisomes 

as well as the coevolution of peroxisomes and mitochondria in 

anaerobic or facultatively anaerobic organisms. In E. histolytica, a 

course of reductive evolution due to adaptation to anaerobiosis and 

parasitic lifestyle affected both mitochondria and peroxisomes.  

The findings of anaerobic peroxisomes raised several questions for 

future studies including: 

1. Elucidation of peroxisome biogenesis in E. histolytica: is EhPex5 

ubiquitinated and recycled? How does the export machinery 

EhPex1/6 function in the presence or absence of Pex5 recycling? Is 

Pex3 indeed absent in E. histolytica or does this parasite possess 

highly divergent Pex3 that has not been identified in current 

bioinformatic searches? Are Eh mitosomes involved in peroxisomal 

biogenesis via Pex11? 
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2. What is a function of Pex19 in Eh peroxisome biogenesis. What is 

its alternative function unrelated to peroxisome biogenesis? 

3. What is a metabolic function of anaerobic peroxisomes, 

particularly is myo-IDH involved in redox homeostasis?   

4. Are anaerobic peroxisomes essential for the life of anaerobes?  

5. Are anaerobic peroxisomes present in other lineages of anaerobic 

eukaryotes? 

 Therefore, our findings provide new interesting directions for future 

functional and evolutionary investigations. 
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