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Trypanosomatid parasites are kinetoplastid protists that compartmentalize glycolytic enzymes in unique peroxisome-related organelles called glycosomes. The heterohexameric AAA-ATPase complex of PEX1-PEX6 is anchored to the peroxisomal membrane and functions in the export of matrix protein import receptor PEX5 from the peroxisomal membrane. Defects in PEX1, PEX6 or their membrane anchor causes dysfunction of peroxisomal matrix protein import cycle. In this study, we functionally characterized a putative Trypanosoma PEX1 orthologue by bioinformatic and experimental approaches and show that it is a true PEX1 orthologue. Using yeast two-hybrid analysis, we demonstrate that TbPEX1 can bind to TbPEX6. Endogenously tagged TbPEX1 localizes to glycosomes in the T. brucei parasites. Depletion of PEX1 gene expression by RNA interference causes lethality to the bloodstream form trypanosomes, due to a partial mislocalization of glycosomal enzymes to the cytosol and ATP depletion. TbPEX1 RNAi leads to a selective proteasomal degradation of both matrix protein import receptors TbPEX5 and TbPEX7. Unlike in yeast, PEX1 depletion did not result in an accumulation of ubiquitinated TbPEX5 in trypanosomes. As PEX1 turned out to be essential for trypanosomatid parasites, it could provide a suitable drug target for parasitic diseases. The results also suggest that these parasites possess a highly efficient quality control mechanism that exports the import receptors from glycosomes to the cytosol in the absence of a functional TbPEX1-TbPEX6 complex.
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1 Introduction

Trypanosomes are flagellated kinetoplastid protists that cause deadly neglected tropical diseases (NTDs) in vertebrates. Human African trypanosomiasis (HAT), also known as sleeping sickness is caused by Trypanosoma brucei and is transmitted to humans by the tsetse fly. This disease is endemic in the sub–Saharan African countries (Buscher et al., 2017). Parasites causing Chagas disease and leishmaniasis are transmitted to humans by insect vectors called triatomine bugs and sand flies, respectively (Bern, 2015; Burza et al., 2018). Progression of HAT involves two stages where parasites first proliferate in the host bloodstream and lymph (haemolymphatic stage). In the second stage, these parasites penetrate the blood brain barrier (BBB) invading the central nervous system (CNS). Further it leads to an encephalitic reaction (meningoencephalitic stage) that results in sleep disorders, systemic organ failure, and even death if left untreated (Kennedy, 2004). Currently used treatments against HAT include suramin, pentamidine (both administered to cure stage 1 of HAT), Eflornithine, Nifurtimox-Eflornithine combination therapy (NECT) and melarsoprol (to treat the latent second stage). However, the emergence of drug resistance is a major threat and many of these drugs have limitations such as adverse side effects and difficult routes of administration (Fairlamb, 2003; Neau et al., 2020). In recent years, the development of the first orally administered drug fexinidazole has proven effective to treat the early stages of the disease. However, further clinical trials are ongoing to assess the efficacy of fexinidazole (Sutherland et al., 2017; Dickie et al., 2020). Compared to the HAT where the number of cases has fallen dramatically, Chagas’ disease and leishmaniasis still pose a global public threat. Treatments against these infections also have several drawbacks such as low efficacy against the chronic stages of the Chagas’ disease and emergence of the drug resistant Leishmania strains (Wilkinson and Kelly, 2009). These shortcomings imposed by the currently available therapeutic approaches calls for the need to identify novel drug targets that would be more effective and safer for the treatment of trypanosomatid infections (De Rycker et al., 2023).

Trypanosomes contain organelles called glycosomes that are evolutionarily related to peroxisomes (Opperdoes et al., 1984; Quinones et al., 2020). Glycosomes do not possess DNA and rely on the post translational import of the proteins from cytosol for organelle biogenesis. Similar to peroxisomes, glycosome biogenesis also requires peroxins, encoded by PEX genes, which mediate matrix and membrane protein import (Haanstra et al., 2016; Bauer and Morris, 2017). Enzymes of several metabolic pathways, including the first seven enzymes of glycolysis are compartmentalized within glycosomes. In the mammalian bloodstream form of T. brucei parasites, glycosomes are the sole source of ATP, whereas the mitochondrial activity is repressed. Since parasite glycolytic enzymes lack feedback inhibition, impairment of glycosomal biogenesis leads to their mislocalization to the cytosol, resulting in an accumulation of glucose metabolites at toxic levels, depletion of ATP and cell death (Furuya et al., 2002; Kessler and Parsons, 2005; Haanstra et al., 2008). Thus, targeting glycosomal biogenesis has become an attractive drug target. This druggability of the glycosome biogenesis machinery has been genetically validated using RNA interference mediated knockdown of various peroxins (Moyersoen et al., 2003; Barros-Alvarez et al., 2014; Banerjee et al., 2019), as well as pharmacologically through identification and development of small molecule inhibitors that block peroxin protein-protein interactions (PPIs) (Dawidowski et al., 2017; Kalel et al., 2018; Banerjee et al., 2021; Napolitano et al., 2022).

In trypanosomes, so far 13 peroxins have been identified and their role in glycosomal protein import pathway has been characterized. Similar to the peroxisomal import pathways in yeast and mammals (Hasan et al., 2013; Fujiki et al., 2014), the cytosolic receptors PEX5 and PEX7 recognize the cargo proteins through their PTS1 and PTS2 signals, respectively, and facilitate the cargo protein import into the glycosomal lumen by shuttling between glycosomal membrane and the cytosol (Moyersoen et al., 2004). After release of cargo, PEX5 is monoubiquitinated, which functions as a signal for receptor recycling (Platta et al., 2007, 2009; Gualdron-Lopez et al., 2013; Feng et al., 2022). In yeast and mammals, receptor cycling is mediated by the heterohexameric complex of AAA+ ATPases PEX1 and PEX6 (Miyata and Fujiki, 2005; Platta et al., 2005). PEX1 and PEX6 are both Type II AAA-ATPases containing an N-domain and two distinct AAA domains i.e., D1 and D2 in tandem. Phylogenetic analysis of AAA protein family shows that PEX1 and PEX6 form separate clades or sub-families indicating their functionally speciation (Kienle et al., 2016). D1 domain of PEX1 and PEX6 significantly differs from D2, Where D1 can bind but not hydrolyze ATP. PEX1-PEX6 heterohexameric complex is anchored to the peroxisomal membrane by binding of N-domain in PEX6 with PEX15 in yeast (Birschmann et al., 2003) or PEX26 in mammals (Matsumoto et al., 2003). Defects in receptor recycling abrogates peroxisome biogenesis. Particularly, in mammals, mutations in PEX1 (58%), PEX6 (16%) or PEX26 (3%) are together the most prevalent genetic defects that lead to lethal peroxisome biogenesis disorder (PBDs) i.e. Zellweger Syndrome (Ebberink et al., 2011).

Of the three known peroxins involved in the receptor recycling (PEX1, PEX6, PEX15/26), only TbPEX6 has been identified and characterized in trypanosomatid parasites (Krazy and Michels, 2006). Putative PEX1 orthologues are detected in the trypanosomatid databases (Krazy and Michels, 2006; Jansen et al., 2021), however, their characterization and validation are lacking. Furthermore, identity of the membrane anchor of PEX1-PEX6 complex in trypanosomatids remained completely unknown until now (Krishna et al., 2023). In this study, we report on the functional characterization of the trypanosomal PEX1 using bioinformatic and experimental studies in T. brucei. We show that TbPEX1 localizes to the glycosomes and that it can bind to TbPEX6. RNAi knockdown of TbPEX1 expression leads to parasite cell death by blocking glycosomal protein import and ATP depletion. PEX1 knockdown resulted in a nearly complete degradation of the cargo receptors PEX5 and PEX7, in a proteasome dependent manner. This indicates that trypanosomatid parasites possess a quality control mechanism that dislocates the receptors from the glycosomal membrane when receptor recycling machinery is defective.




2 Materials and methods



2.1 Bioinformatic analysis

The plant, insect, yeast and human PEX1 protein sequences were retrieved from UniProt database (UniProt IDs: Arabidopsis thaliana, Q9FNP1; Drosophila melanogaster, Q9VUC7; Saccharomyces cerevisiae, P24004; Homo sapiens, O43933). The TritrypDB database (an integrated platform, which provides access to genome scale datasets for kinetoplastid parasites) (Shanmugasundram et al., 2023) was used to obtain PEX1 homolog sequences of Trypanosoma brucei (Tb927.4.1250), Trypanosoma cruzi (TcC4B63_263g10), and Leishmania donovani (LdBPK.34.2.003300). After sequence retrieval, multiple sequence alignment was performed using MEGA v11 MUSCLE tool (Tamura et al., 2021) and the aligned sequences were visualized with Jalview (version 2.11.0) using ClustalX color scheme and conservation threshold of 30%. Phylogenetic comparison between the sequences was also performed using MEGA v11 software. The phylogenetic tree was generated using the maximum likelihood (ML) method with default parameters (JTT matrix-based model, with 1000 bootstraps). The bootstrap measure indicates the consistency of a biological dataset by repeating the generation of the phylogenetic tree or estimating the significance of the branches of a tree. Phobius tool of Stockholm Bioinformatics Centre was used to predict the transmembrane domain and topology. InterPro scan (https://www.ebi.ac.uk/interpro, Release 95.0) was used to identify the domain architecture of the yeast, human and Trypanosoma PEX1 sequences (Paysan-Lafosse et al., 2023). PDBsum (http://www.ebi.ac.uk/thornton-srv/databases/pdbsum) and Robetta server (https://robetta.bakerlab.org) were used to predict secondary and tertiary structures, respectively, and the obtained predicted 3D structures were validated using Ramachandran plot analysis (https://saves.mbi.ucla.edu). The validated 3D structures were further visualized and analyzed using PyMOL software (The PyMOL Molecular Graphics System, Version 1.8 Schrödinger, LLC).




2.2 Yeast two hybrid assay

Plasmids expressing TbPEX1 and TbPEX6 fused to GAL4 activation domain (AD) or GAL4 binding domain (BD) were cloned using primer pairs RE7071-RE7072 and RE7073-RE7074, respectively. These plasmids were co-transformed into yeast strains PCY2 and PJ694A. Double transformants were selected on double dropout plates (-Tryp -Leu). Interaction between yeast Pex5p and Pcs60p (Hagen et al., 2015) as well as yeast Pex1p and Pex6p were used as positive controls. Yeast 2-hybrid (Y2H) analysis was performed using the protocols described in the Yeast protocols handbook (Clontech, Protocol No. PT3024-1, Version No. PR742227). Positive interaction between two proteins in PCY2 was indicated by the appearance of blue color in the filter based β‐ galactosidase assay, where X-gal was used as a substrate due to its high degree of sensitivity. For the quantitative assessment of the interaction, ONPG was used as the substrate in a liquid assay. The positive interaction in PJ694A was assessed by the growth of double transformants in triple dropout plates (-leu -tryp -his) containing 3-amino 1,2,4 triazole (3-AT), over a period of ten days, where the growth of cells in double dropout plates served as a control. 3-AT, a competitive inhibitor of HIS gene product, was used to avoid false positives in the assay.




2.3 Parasite culture and transfection

Bloodstream form (BSF) and Procyclic form (PF) of T. brucei Lister 427 strain, cell lines 90.13 and 29.13, respectively, that are genetically modified to express T7 RNA polymerase and Tetracycline repressor, were used in this study. The parasites were grown in HMI-11 (BSF) and SDM79 (PF) medium, containing 10% heat inactivated fetal calf serum (Sigma), 1% Penicillin-streptomycin (Gibco), G418 (15 µg/mL, InvivoGen) and Hygromycin (50 µg/mL, InvivoGen) respectively. The cultures were maintained in logarithmic phase at 37°C in a humidified incubator with 5% CO2 for BSF, or at 27°C for PF. For genetic integration, the constructs were linearized by digestion with NotI, and the DNA was purified by ethanol precipitation. Stable transfection of trypanosomes and clonal selection was performed as described previously (Kalel et al., 2015). The selected clones were stored at −80°C in respective HMI-11 or SDM79 media (without antibiotic) containing 12% glycerol.




2.4 Genetic manipulations and plasmid construction

To genomically tag the PEX1 gene in trypanosomes with mNeonGreen, pPOTv7-blast-mNG plasmid was used as a template, with primer pairs RE7224-RE7225 for C-terminal and RE7226-RE7227 for N-terminal tagging. The procedures for the genomic tagging were performed as described previously (Dean et al., 2015). For RNA interference, a stem loop construct was generated using two fragments of PEX1 gene. The fragments 1 (1977bp-2407bp) and 2 (1977bp-2458bp) were PCR amplified using primers RE7323-7324 (HindIII and ApaI) and RE7325-RE7326 (ApaI and BamHI), respectively. Following digestion of these two fragments with the above-mentioned restriction enzymes and ligation, the ligated fragment was further digested with HindIII and BamHI and cloned into pHD1336 vector, which contains a tetracycline-inducible trypanosome-specific promoter. Upon induction of gene expression, a double stranded RNA with a stem loop will be generated, which will cause interference of PEX1 gene expression.




2.5 Microscopy

Trypanosomes were harvested by centrifugation and fixed with 4% paraformaldehyde in Phosphate Buffered Saline (PBS, supplemented with 250 mM sucrose in case of RNAi experiments) for 15 min at 4°C. After two washes, the fixed cells were resuspended in PBS and immobilized on poly-L-lysine (Sigma) coated wells, further permeabilized with PBS containing 1% Triton X-100 and blocked with blocking buffer (PBS containing 3% BSA and 0.25% Tween 20). To study the subcellular localization, α-TbAldolase (1:500 dilution in blocking buffer) was used as glycosomal marker, while Rabbit Alexa Fluor 594 (Thermo Fischer Scientific) at 1:1000 in blocking buffer was used as secondary antibody. The Nuclear and kinetoplast DNA were stained with DAPI. Stained cells were layered with Mowiol (Sigma) antifade-medium and covered with coverslips. After an overnight setting time that allows the polymerization of Mowiol, the images were captured using Zeiss ELYRA Super Resolution Microscopy and analyzed using Zen 3.6 (blue edition) (Carl Zeiss Microscopy GmbH).




2.6 RNA interference and RT-PCR

RNAit tool was used to design RNAi target against PEX1 coding sequence (CDS), the selected RNAi target has no significant similarity to other CDSs in T. brucei. PEX1 RNAi construct was stably transfected into bloodstream form trypanosomes and following clonal selection, the cells were seeded at a density of 0.5 million cells/ml and treated with DMSO as negative control (-Tet) or RNAi-induced with 2 µg/mL tetracycline (+Tet) in biological triplicates. The growth of the cells was monitored daily by cell counting using the Neubauer chamber over a period of 6 days, both in the presence (+Tet) and absence of inducer (-Tet i.e., equivalent DMSO). Cells were harvested on days 1 and 2, and RNA was isolated using NucleoSpin® Mini kit (Macherey Nagel). Quantitative Realtime PCR (qRT-PCR) was performed using GoTaq® 1-Step RT-qPCR kit (Promega) with primers specific for PEX1 (RE7039-RE7040) and Tubulin (control, RE7000-RE7001), respectively. qRT-PCR of the samples was performed using Rotor-Gene™ 6000 (Qiagen). The results were analyzed using double delta Ct method (Livak and Schmittgen, 2001) and graphically plotted using GraphPad Prism 10 software. To study the effect of proteasomal inhibition, cells were treated with 25 µM MG-132 (Sigma) for 6 h, along with tetracycline induction at 2 µg/mL.




2.7 Estimation of cell viability and ATP levels

To assess the cell viability, the PEX1 RNAi stably integrated cells were induced as described in Section 2.6. On each day (from day 1 to day 7) post induction, 100 µL of cell suspension was gently transferred to sterile 96-well white opaque bottom plates (Brand GmbH, Germany). To this, 100 µL of CellTiter-Glo® reagent (Promega) was added, and the plate was incubated at room temperature for 20 min. The Luminescence signal was measured using Synergy H1 (BioTek) 96 well-plate reader.

To measure the relative cellular ATP levels in the equal number of parasites, on each day post induction, 0.2 million cells from both DMSO and Tet treatment were harvested, resuspended in 100 µL media, and transferred to a 96-well white opaque bottom plate and the CellTiter-Glo® assay was performed as described above. The luminescence recordings from both cell viability and ATP assessment experiments were analyzed using Graphpad Prism 10 software.




2.8 SDS-PAGE and Immunoblotting

The cells harvested from RNAi studies were directly denatured in 1x Laemmli buffer and analyzed by 12% SDS-PAGE. Proteins were transferred to nitrocellulose membranes (Amersham Biosciences) by standard immunoblotting procedure. The membranes were blocked with 5% (w/v) low-fat milk powder to prevent non-specific binding of antibodies and probed with primary antibodies raised in rabbits against purified Trypanosoma proteins. To assess the effect of RNAi, α-TbAldolase, α-TbPFK, α-TbPEX5, α-TbPEX7, α-TbPEX14 and α-TbPEX11 were used as glycosomal markers, while α-TbEnolase was used as cytosolic marker and loading control (each antibody used at 1:10,000 dilution in PBST i.e., PBS containing 1% BSA and 0.05% Tween20). Following the binding of primary antibodies at 4°C overnight under continuous shaking and washing of the membranes, secondary antibody (goat anti-rabbit IRDye 800CW, LI-COR, dilution 1:15,000 in PBST without BSA) was added to the membrane for 1 h at room temperature with continuous shaking. Immunodetection of proteins was performed using the Odyssey Infrared Imager and the software Odyssey V3.0 (Li-Cor Biosciences GmbH, Bad Homburg).




2.9 Digitonin fractionation

Bloodstream form trypanosomes stably transfected with the PEX1 stem-loop RNAi construct were treated with DMSO or induced for RNAi with 2 µg/mL tetracycline. After 40 h induction, 100 million cells were harvested for both control and RNAi cultures. The harvested cells were subjected to treatment with various amounts of digitonin to assess the release pattern of glycosomal enzymes to the cytosol. After harvesting, the cells were gently washed with ice-cold 1X TNE buffer (50 mM Tris, 150 mM NaCl, 10 mM EDTA; pH 7.4) and briefly centrifuged at 1,500g for 5 min at 4°C. The cell pellets were resuspended in 1x TNE containing EDTA-free Protease inhibitor cocktail (Roche). Following protein estimation using the Bradford method, the cell suspension was aliquoted into several microfuge tubes such that each tube contained cell amount equivalent to 100 µg protein. Various amounts of digitonin (Final concentration of 0-3 mg/mg protein) were added to the aliquots. The tubes were briefly vortexed with mild intensity and incubated for 3 min at 37°C. 1% Triton X-100 was used as a positive control (complete disruption of cellular membranes and total release of cytosolic as well as glycosomal matrix proteins to the cytosol). The cell suspensions treated with detergents were centrifuged at 13,000 rpm, 10 min at 4°C. The supernatants were carefully aspirated, denatured in 1x Laemmli buffer, and subjected to immunoblotting analysis.




2.10 Data analysis

The Pearson colocalization coefficient was calculated for the immunofluorescence microscopic images using the colocalization tool of the Zen Blue software version 3.6. Statistical analysis was performed by One-way ANOVA (Dunnett’s test) and the p values determined at 95% confidence are indicated by **** in the graph. Densitometric analysis using ImageJ software was performed to assess the levels of various proteins in PEX1 RNAi experiments. The values were normalized with α-TbEnolase and the obtained ratios with arbitrary units were graphically represented using GraphPad Prism 10.0 software. The error bars represent the standard deviation among 3 biological replicates.

Primer sequences, strains, plasmids, and cloning strategies are provided in Supplementary Tables (See Supplementary Material File).





3 Results



3.1 Bioinformatic characterization of the putative PEX1 of T. brucei

To identify the PEX1 homolog in trypanosomatid parasites, we performed a BLAST search in the TriTrypDB database (www.tritrypdb.com) (Shanmugasundram et al., 2023) against the Trypanosoma brucei TREU927 reference proteome, using yeast and human PEX1 protein sequences. Both queries led to the identification of a top hit Tb927.4.1250, which was annotated as a putative peroxisome biogenesis factor 1 i.e. putative TbPEX1 (Krazy and Michels, 2006; Jansen et al., 2021). Other top hits were TbVCP/p97 (Roggy and Bangs, 1999), a nucleolus localized protein (Tryptag.org) followed by PEX6 (Krazy and Michels, 2006). Due to the higher conservation of D-domains, all hits in the BLAST search showed homology to D-domains. The putative TbPEX1 has syntenic orthologs in all Trypanosoma and Leishmania reference strain species. We retrieved the sequences of the putative TbPEX1 and its counterpart in T. cruzi and L. donovani from TriTrypDB and aligned them with the known PEX1 protein sequences (Figure 1A). Among the PEX1 sequences of all compared organisms, TbPEX1 is the shortest, with 911 amino acids length and a molecular weight of ~99 kDa. As PEX1 belongs to the Type II of AAA+ ATPases family of proteins, it has two AAA+ domains, namely D1 and D2 positioned after the N-terminus (Grimm et al., 2016). Each domain has a nucleotide binding motif (Walker A) and a nucleotide hydrolysis motif (Walker B) (Grimm et al., 2016). The nucleotide binding domains of TbPEX1 were identified based on the aligned similarity with the yeast and human Walker A motifs (from UniProt database) that are GGSGTGKT (Walker A of domain1, A1) and GASGCGKT (Walker A of domain2, A2). Similar to PEX1 proteins of other organisms, the first domain of TbPEX1 does not contain a second region of homology (SRH) and a complete Walker B motif, indicating that this domain is not capable to hydrolyse ATP (Grimm et al., 2012) (Figure 1A).




Figure 1 | Bioinformatic analysis of PEX1 orthologs of yeast, human, plant, insect, and parasites. (A) Multiple sequence alignment of yeast (S. cerevisiae), human (H. sapiens), plant (Arabidopsis thaliana), insect (Drosophila melanogaster) and trypanosomatid parasite protein sequences. Sequences of yeast, human, plant, and insect PEX1 were obtained from UniProt (UniProt IDs P24004, O43933, Q9FNP1 and Q9VUC7), parasite protein sequences were obtained from TriTrypDB with Accession IDs Tb927.4.1250 (T. brucei), TcCLB.505989.74 (T. cruzi) and LdBPK_343300.1 (L. donovani). Multiple Sequence alignment was performed using MUSCLE tool and the aligned sequences were visualized using Jalview software with ClustalX color scheme. The nucleotide binding regions (Walker A) and nucleotide hydrolysis regions (Walker B) of domains 1 and 2 are indicated by black boxes, with the nomenclature Walker A1/B1 and Walker A2/B2, respectively. The Walker B1 motif in D1 of PEX1 lacks amino acid residues required for ATP hydrolysis. The ‘Second region of homology (SRH)’ harboring Arginine residues required for ATP hydrolysis is only present in D2. These features indicate that like other organisms, parasite D1 of PEX1 can bind ATP but not hydrolyze it (Blok et al., 2015) (B) i) Comparison of the three-dimensional (3D) structure of the N-terminal region (NTD) of the putative PEX1 of Trypanosoma brucei (blue) with mammalian PEX1 (cyan) (obtained from the comparative modeling), and Saccharomyces cerevisiae PEX1 (lemon). ii) 3D structure of the identified AAA+ lid of the putative PEX1 of Trypanosoma brucei (blue) with mammalian PEX1 (cyan), and PEX1 from Saccharomyces cerevisiae (olive green) (C) Schematic representation of the domain architecture of the putative TbPEX1, HsPEX1 and ScPEX1. The NTD (TbPEX1: 5-180aa, 194-299; HsPEX1: 15-177aa, 399-542aa; ScPEX1: 7-182aa, 210-400aa) is highly conserved and is structurally similar across the organisms. The RMSD score between the NTD structures is less than 2 (Å) Like AAA+ domains, also the AAA+ lid (yellow) is well conserved and is found to be structurally identical in all three organisms.



According to the results from Sequence Identities and Similarities (SIAS) webtool, PEX1 of parasites is poorly conserved: the parasite protein sequences (Tb, Tc, Ld) themselves share only an overall identity of 9-17%, and a mere ~6% identity with the entire length of yeast and human PEX1 proteins (Supplementary Figure 1A). The phylogenetic analysis suggests that the putative TbPEX1 is evolutionarily closely related to its identified homologues in Tc, Ld, and Dm and less related to At, Sc, and HsPEX1 (Supplementary Figure 1B). The prediction of combined transmembrane topology and signal peptide using Phobius software indicated that TbPEX1 does not possess transmembrane domains (not shown), which is similar to the homologs in plant, yeast and mammals (Tamura et al., 1998; Birschmann et al., 2005). The PEX1 protein 2D structures of Tb, Hs, and Sc predicted using PDBsum suggested that they share fewer similarities (Supplementary Figure 2A).

Since the overall sequence similarity of PEX1 proteins was low, we further assessed the structural homology of TbPEX1 with the mammalian counterpart. Molecular modeling is a theoretical-based computational technique to generate or derive the three-dimensional structure of target proteins using machine learning, genetic algorithms, and artificial intelligence. In this study, the Robetta server predicted the full-length 3D structure of TbPEX1, TcPEX1, and HsPEX1 with a high confidence score (more than 0.6). Moreover, the predicted structures were minimized using the maestro tool of Schrödinger software and validated through the Ramachandran plot. Modeled structures showed that more than 98.5% of residues were present in the allowed region of the Ramachandran plot (Supplementary Figure 2B).

The crystal structure of the mammalian PEX1 N-terminal domain (NTD) (PDB ID- 1WLF), with a few missing residues, is available in the Protein Data Bank (Shiozawa et al., 2004). The NTD structure was retrieved, and the missing amino acids were filled in by comparative modeling using the Robetta server. The crystal structure and modeled protein nicely superimposed on each other with 0.29 Å RMSD (Supplementary Figure 2C). Moreover, the NTDs of TbPEX1 and ScPEX1 superimposed with the mammalian (HsPEX1) NTD structure. The NTD regions of Tb, Hs, and Sc were found to be structurally similar with an RMSD of 1.69 Å (between Hs and Tb) and 1.86 Å (between Hs and Sc) (Figure 1B, left panel). A literature survey and InterPro scan indicated the presence of four conserved sequence regions in Hs and Sc, comprising the NTD, which consists of two lobes, the two AAA+ domains and the corresponding lid region. (Figure 1C). InterPro Scan identified the NTD and AAA+domain of the putative TbPEX1 but not the AAA+ lid region. We further performed structural analysis and identified the AAA+ lid feature in TbPEX1 (Figure 1B, right panel and 1C). The AAA+ lid in TbPEX1 encompasses 747 to 807 residues, and it is structurally similar to the AAA+ lid of ScPEX1 and HsPEX1 (Figure 1C). Furthermore, the high throughput endogenous tagging studies indicate that this protein localizes as puncta in parasites (Tryptag.org), and it was also identified in the proteomic analysis of glycosomes (Guther et al., 2014). This information along with the characterization described further in this study demonstrate that the identified putative protein is the true TbPEX1 ortholog.




3.2 TbPEX1 interacts with TbPEX6 in a yeast two-hybrid assay

PEX1 is known to bind to PEX6 and to form heterohexameric complexes in yeast and mammalian cells. To investigate if this interaction is conserved in Trypanosoma parasites, we performed a Y2H analysis with full length TbPEX1 and TbPEX6 proteins fused to either GAL4-AD or -BD. Double-transformed clones of the PCY2 yeast strain were selected on -leu -tryp dropout media and were assayed for β-galactosidase activity using a colony-lift filter assay with X-gal as the substrate (Figure 2A). An autoactivation was observed with TbPEX1 fused to GAL4-BD, therefore this plasmid is not suitable to study the interaction with TbPEX6. However, no autoactivation was observed for TbPEX1 fused to GAL4-AD. From the blue color appearance of colonies in the plate assay, it is clear that TbPEX6 fused to GAL4-BD interacts with TbPEX1 fused to GAL4-AD. The positive interaction was further assessed quantitatively in a liquid assay using ONPG as a substrate (Figure 2A), which confirmed the results of the plate assay. The interaction of TbPEX1 fused to GAL4-AD with TbPEX6 fused to GAL4-BD was a bit stronger than the ScPEX1-ScPEX6 interaction (positive control) but weaker in comparison to the interaction of ScPEX5 and ScPCS60 (positive control). This could be due to a lower affinity of the protein pair but could also be caused by a poor nuclear translocation of the large PEX1-PEX6 complex as compared to PEX5-PCS60, or differences in their expression levels. However, the interaction between TbPEX1-GAL4-AD and TbPEX6-GAL4-BD was also confirmed in the PJ694A strain, where the interaction is indicated by the growth of cells in triple dropout plates (-leu -tryp -his) (Figure 2B).




Figure 2 | TbPEX1 interacts with TbPEX6 in yeast two-hybrid (Y2H) system. (A) TbPEX1 or PEX6 were fused with GAL4-AD or -BD in Y2H vectors pPC86 or pPC97. PCY2 yeast strain was co-transformed with the construct or empty vector as indicated, and double transformants were selected using double dropout media (-leu -tryp). Three independent PCY2 transformed clones were analyzed by a qualitative colony-lift filter assay using X-Gal as substrate (i) or a quantitative liquid assay using ONPG as the substrate which was then quantified spectrophotometrically (ii). TbPEX1 (AD fusion) showed interaction with TbPEX6 (BD fusion) in both solid and liquid assays and respective controls (interaction with empty vector) did not show any autoactivation. The interaction between ScPEX5-ScPCS60 and ScPEX1-ScPEX6 served as a positive control. Error bars shown in the graph represent the Standard deviation between three biological replicates used in the assay. (B) PJ694a (yeast strain) double transformed clones were grown in -leu -tryp plates and in -leu -tryp -his dropout plates containing 3-amino-1,2,4 triazole. Cell growth after 3 days and 10 days indicated the interaction between TbPEX6 (AD) and TbPEX1 (BD). The interaction between ScPEX5 and its cargo ScPCS60 was used as a positive control.






3.3 Subcellular localization of TbPEX1 to glycosomes

To monitor the sub-cellular localization of the TbPEX1 protein in parasites, the protein was C-terminally or N-terminally tagged with mNeonGreen (PEX1-mNG, mNG-PEX1). Following stable genomic integration in procyclic form trypanosomes, single clones were selected by limiting dilution of the transformants. The selected clones were confirmed for endogenous tagging by PCR (Supplementary Figure 3). The procyclic form trypanosomes encoding the endogenously tagged PEX1 were fixed with formaldehyde and visualized for colocalization of TbPEX1 with the glycosomal marker aldolase by immunofluorescence microscopy. Aldolase labelling of the cells resulted in a punctate pattern (Figure 3ii, red labelling), which is a typical morphological hallmark feature of peroxisomes/glycosomes. mNeonGreen fluorescence indicated the localization of the tagged TbPEX1 in cells (Figure 3i, labelled in green). The colocalization of both N- or C-terminally mNG-tagged PEX1 with the punctate labelling of aldolase indicates that TbPEX1 is a glycosomal protein, as evident in the merge channel (Figure 3, middle and lower panel). This is also consistent with the finding that the TbPEX1 is detected in the high confidence glycosomal proteome of trypanosomes (Guther et al., 2014). The data show that TbPEX1 localizes to glycosomes. Whether a portion of PEX1 localizes to the cytosol could not be revealed by this microscopic analysis.




Figure 3 | TbPEX1 endogenously tagged with mNeonGreen localizes to glycosomes in procyclic form trypanosomes. Immunofluorescence microscopy staining of glycosomes was performed using antibodies against glycosomal enzyme TbAldolase, which did result in a typical punctate pattern of glycosomes. Both N- and C-terminally mNG tagged TbPEX1 (PEX1-mNG, mNG-PEX1) colocalized with the glycosomal marker as seen in merge panel. Nuclear and kinetoplast DNA has been stained with DAPI (blue). Scale bars: 2 µm. The graphical data presentation (right panel) using GraphPad Prism 10.0 software represents the Pearson colocalization coefficient calculated with the colocalization tool of the Zen Blue software version 3.6. The line in the box and whiskers plot denotes the median value of each dataset (n =10 cells). One-way ANOVA (Dunnett’s test) performed with the datasets gave a p<0.0001 at 95% confidence indicated by ****.






3.4 RNA interference of TbPEX1 leads to severe growth defect in bloodstream form trypanosomes

To evaluate the effects of PEX1 gene knockdown on the parasites, bloodstream form trypanosomes were transfected with a tetracycline inducible stem-loop RNAi construct. Following the clonal selection, RNA interference was induced by adding 2 µg/mL of tetracycline. DMSO treatment (non-induced) served as control in this experiment. After induction of RNAi, the growth of the cells was assessed over a period of 6 days. The cell viability was manually determined on each day of the experiment by counting the cells using a Neubauer chamber. The initial seeding density of cells was 0.2 million cells/mL and after every day’s count, the cells were adjusted to the initial seeding density. To assess the TbPEX1 gene expression levels of the RNAi cells, they were harvested from days 0 to 2 of the study. After total RNA isolation from the cells, quantitative RT PCR of TbPEX1 was performed with Tubulin as control. The qRT-PCR data graphically plotted using GraphPad Prism (Figure 4A) demonstrated that an RNAi knock-down was very efficient in reducing the PEX1 gene expression post RNAi induction with tetracycline. Cumulative growth of the cultures was plotted to assess cell survival (Figure 4B). The cells induced for TbPEX1 RNAi displayed decline in growth pattern from day 1 onwards and this effect was observed until day 6, while the cells in the control group (DMSO treated TbPEX1 RNAi cell line i.e., uninduced) continued to grow exponentially. Assessment of the cell viability, using the Luminescent CellTiter-Glo® based method, also indicated the significantly reduced cell number over time upon PEX1 RNAi induction (Supplementary Figure 4).




Figure 4 | TbPEX1 is essential for the survival of bloodstream form trypanosomes (A) Quantitative RT-PCR analysis to determine the expression of TbPEX1 mRNA in cells induced for RNAi by tetracycline addition on days 1 and 2. The data shown are normalized values with respect to the control (DMSO). qRT-PCR with Tubulin specific primers served as internal control to calculate double delta CT values which allow normalization between DMSO and Tet induced RNAi samples. (B) BSF trypanosomes stably transfected with the tetracycline inducible TbPEX1 RNAi construct was induced with tetracycline or treated with DMSO as control. Cells were manually counted every day and diluted back to the seeding density of 0.2 million cells/ml. Cumulative growth was plotted in Log10 scale using GraphPad Prism (version 10). The cell survival analysis demonstrates that TbPEX1 RNAi led to a severe growth defect of BSF parasites. The error bars represent the standard deviation among three biological replicates.






3.5 Knockdown of PEX1 results in partial mislocalization of glycosomal enzymes and ATP depletion

Defects in PEX1, PEX6 or their anchor protein are known to disrupt peroxisomal protein import in other organisms (Reuber et al., 1997; Mastalski et al., 2020). To biochemically assess whether the RNAi knockdown of PEX1 leads to a mislocalization of glycosomal enzymes, the RNAi cell line treated with DMSO alone i.e., non-induced and Tet-induced cells (labelled as ‘Ctrl’ and ‘RNAi’, respectively in Figure 5) were both analyzed by digitonin fractionation. Equal amounts of cells were aliquoted in different microfuge tubes and treated with increasing amounts of the digitonin that allows release of cytosolic and organellar matrix proteins in a concentration dependent manner. Treatment with 1% Triton X-100 ensures complete dissolution of cellular membranes, while treatment without digitonin served as negative control. After treatment, cell suspensions were centrifuged, and the supernatants were analyzed by immunoblotting. Enolase is a cytosolic marker and is released completely in both control and RNAi-induced samples even at lowest concentration of digitonin i.e., 0.1 mg/mg protein (Figure 5), except for the negative control (no digitonin treatment) where the plasma membrane remains intact. The data indicate that glycosomal enzymes require more than 0.5 mg digitonin per mg cells for complete release. In the RNAi-induced samples, glycosomal enzymes aldolase, hexokinase (both PTS2 signal containing enzymes) and PFK (PTS1 containing enzyme) were specifically released in higher amounts and at lower concentrations of digitonin than in the non-treated control cells. This indicates that glycosomal enzymes are mislocalized at least partially to the cytosol upon PEX1 RNAi. However, the PTS1 containing enzyme glycosomal GAPDH was not affected by the RNAi. Here, we must consider that the growth of the cells is severely affected after two days of RNAi, which means that the glycosomes of the cells still contain proteins that were imported prior to the RNAi treatment. Consequently, only newly synthesized proteins will remain in the cytosol upon RNAi. This consideration explains that the glycosomal proteins in this experiment show a bipartite behavior upon RNAi. Accordingly, the newly synthesized proteins remain in the cytosol and are released at low digitonin concentrations, while the glycosomal proteins that were imported earlier are released at higher concentrations.




Figure 5 | RNAi knockdown of TbPEX1 leads to a partial mislocalization of glycosomal enzymes to the cytosol. Immunoblot analysis (left panel) showing the differential release pattern of glycosomal enzymes from bloodstream form PEX1 RNAi cell line that were treated with DMSO (Control) or tetracycline to induce PEX1 RNAi (RNAi) for 2 days. Digitonin fractionation was performed with indicated amounts of digitonin, which permeabilizes the plasma membrane and releases cytosol already at low concentrations. At higher concentrations organellar membranes are permeabilized and luminal proteins of the organelles are released. The ‘No detergent’ sample served as negative control (0 mg digitonin/mg of protein), while 1% Triton X-100 treatment as positive control for complete release of cytosolic and matrix proteins. Supernatants of the treated samples were analyzed by immunoblotting with antibodies against cytosolic marker Enolase (which also served as loading control) and indicated glycosomal matrix markers: PFK-Phosphofructokinase, GAPDH – Glyceraldehyde 3 phosphate dehydrogenase (both PTS1 proteins); Aldolase and Hexokinase (both PTS2 proteins). Even low concentration of digitonin i.e., 0.1 mg/mg of protein led to the complete release of cytosol in both ‘Control’ and ‘RNAi’ cells. Glycosomal enzymes Aldolase, Hexokinase and PFK were detected in the supernatants of RNAi cells even at the lowest digitonin concentration, indicating that these three enzymes are partially mislocalized to the cytosol upon PEX1 RNAi. GAPDH did not show this behavior. Shown here is a representative of the results obtained in three independent biological replicates. In the right panel, densitometry analysis of TbAldolase, TbHexokinase and TbPFK calculated for 0.1 mg digitonin/mg of protein treatment condition is graphically presented using GraphPad Prism 10.0 software.



If glycosomal enzymes are mislocalized to the cytosol, their unregulated activity results in ATP depletion, which kills trypanosomes (Haanstra et al., 2008). TbPEX1 RNAi led to a partial mislocalization of glycolytic enzymes to the cytosol, including the ATP consuming kinases, Hexokinase and PFK. To investigate whether this mislocalization is accompanied by ATP depletion, we measured the total cellular ATP levels in cells induced for PEX1 RNAi relative to DMSO treated control cells (Figure 6). We observed a significant reduction in ATP levels from day 1 to day 3 of TbPEX1 RNAi induction. This confirms the mislocalization of glycolytic enzymes upon TbPEX1 RNAi and shows that even a partial mislocalization of glycolytic enzymes (as seen in Figure 5) results in ATP depletion and killing of Trypanosoma parasites.




Figure 6 | RNAi knockdown of PEX1 led to ATP depletion in Trypanosoma parasites. Bloodstream form T. brucei PEX1 RNAi cells were treated with DMSO as control or tetracycline to induce PEX1 RNAi. Equal number of control and RNAi cells were harvested, and the ATP content was estimated using CellTiter-Glo® reagent (Promega). The luminescence readings were normalized and the percent relative ATP levels in RNAi induced cells were graphically represented using GraphPad Prism version 10. A clear reduction in ATP levels was observed upon PEX1 RNAi induction on days 2 and 3. The error bars indicate the standard deviation among three biological replicates.






3.6 Silencing of PEX1 expression results in degradation of the cargo receptors in a proteasome-dependent manner

To study the effects of PEX1 RNAi knockdown on the receptor recycling process, control and RNAi induced cells were harvested on days 1 and 2. Total cell lysates were analyzed for the steady state levels of the glycosomal cargo receptors PEX5 and PEX7. Docking factor PEX14 and PEX11 were analyzed as glycosomal membrane markers, PFK and Aldolase were analyzed as glycosomal enzymes, while the cytosolic marker Enolase served as loading control (Figure 7A). A significant reduction in the steady state levels of PEX5 was clearly evident on day 1 of the RNAi induction (+Tet), while at later time points PEX5 could be hardly detected in the immunoblots (Figure 7A, Top panel). A similar trend of reduction and disappearance of PEX7 is seen, albeit in a delayed manner on day 2 and 3, as compared to PEX5. In contrast, glycosomal membrane proteins PEX14 or PEX11 were unaffected, and the glycosomal matrix enzymes PFK and Aldolase were either not or mildly affected, indicating that the observed decrease in PEX5 and PEX7 is not caused by pexophagy. This shows that both cargo receptors PEX5 and PEX7 are specifically degraded, when PEX1 expression is knocked down. A densitometric analysis of the protein levels on day 2 of PEX1 RNAi induction is shown in Figure 7A (lower panel). The densitometric analysis of various proteins from day 1 to day 3 of PEX1 RNAi induction is shown in Supplementary Figure 5.




Figure 7 | Glycosomal import receptors are degraded upon PEX1 RNAi (A) Immunoblot analysis of total cell lysates from PEX1 RNAi cells treated with DMSO (Tet-) or RNAi-induced with tetracycline (Tet+) was performed using antibodies as indicated. It is evident that the cargo receptors PEX5 and PEX7 that recognize PTS1 and PTS2, respectively, are unstable upon depletion of PEX1. Significant degradation of PEX5 is evident on day 1, and for PEX7 on day 2 onwards. Enolase served as a loading control. Other glycosomal markers such as PFK, Aldolase and membrane proteins PEX14 and PEX11 showed no or minor degradation on day 3. This suggests that only the cargo receptors are specifically degraded, with no or minimal contribution from pexophagy. In the lower panel, the densitometric analysis of the protein levels of TbPEX5, TbPEX7 and TbPEX11 on day 2 is graphically shown. (B) PEX1 RNAi cell line was grown for 2 days (Tet-/+), and subsequently treated with proteasome inhibitor MG-132 or DMSO for 6 (h) Total cell lysates were analyzed by immunoblotting. The analysis (top panel) shows that the cargo receptors PEX5 and PEX7 are partially protected from proteasomal degradation in PEX1 knockdown cells by MG-132 treatment (last lane). In the lower panel, the corresponding densitometric analysis, performed using ImageJ, is graphically shown.



In the absence of PEX1, PEX5 should remain stuck at the membrane, however specific degradation of the cycling import receptors suggests that they are removed from the membrane and further degraded. To investigate whether degradation of the proteins involves the proteasome, MG-132, a specific inhibitor of 26S proteasome was used. After 6 h treatment with 25 µM MG-132, PEX1 RNAi cell line (with and without tetracycline addition) were harvested and assessed for PEX5 and PEX7 levels. As shown in Figure 7B, PEX5 is partially rescued from degradation in RNAi induced cells when the proteasomal activity is inhibited by MG-132. Since the parasites can only be treated with MG-132 for limited time, full rescue of PEX5 cannot be expected, as longer MG-132 treatment itself would lead to cell toxicity. Taken together, the data shows that the import receptor PEX5 is degraded in PEX1-deficient cells in a proteasome-dependent manner.





4 Discussion

In this work, we report the identification and characterization of the trypanosomal PEX1, a key component of the glycosomal protein import and quality control machinery. Over the past years, using the sequences of known peroxins from yeast, mammals and plants, primary sequence-based BLAST search led to the in silico identification of several trypanosomatid peroxins. Putative PEX1 orthologues have been detected in the trypanosomatid databases (Krazy and Michels, 2006; Jansen et al., 2021), however, their characterization and validation were missing. Similarly, we identified trypanosomal PEX1 by BLAST search using the sequences of yeast and mammalian orthologs. Despite the low overall sequence similarity, the AAA+ domain, in particular the D2 ring shows higher degree of sequence conservation. Further, structural modelling showed that the domain architecture and 3D structures of PEX1 are highly conserved across different organisms (Shiozawa et al., 2004). Similar approaches were used for the identification of TbPEX3, using remote homology (HHPRed) and structural similarity (Phyre2) (Banerjee et al., 2019; Kalel et al., 2019). We further showed that TbPEX1 interacts with TbPEX6, and endogenously mNeonGreen-tagged PEX1 localizes to glycosomes in Trypanosoma parasites.

Glycosomes are essential for the parasite survival. Glycosomal enzymes have been explored as potential drug targets including phosphofructokinase which can be inhibited by classical drug Suramin as well as recently developed novel small molecule PFK inhibitors (Willson et al., 1993; Brimacombe et al., 2014; McNae et al., 2021). Accordingly, disruption of glycosome biogenesis by RNAi knockdown or chemical inhibition of PEX proteins kills Trypanosoma parasites (Haanstra et al., 2016; Dawidowski et al., 2017). RNAi knockdown of PEX1 expression led to a severe growth defect in bloodstream form trypanosomes, which validates that PEX1 is essential for the survival of the parasites. PEX1 RNAi resulted in a partial glycosomal protein import defect, which is enough to kill the bloodstream form Trypanosoma parasites, as they solely rely only on glycosomes for the energy production. However, as Trypanosoma produces polycistronic mRNAs, and as the knock-down of PEX1 might influence the expression of other proteins, we cannot completely rule out that the suppression of other proteins expressed from such an mRNA or influence of PEX1 on associated proteins might have contributed to the phenotype. Nevertheless, a similar growth phenotype and glycosomal protein import defect was also observed in trypanosomes upon RNAi knockdown of the partner AAA+ ATPase of TbPEX1 i.e. TbPEX6 (Krazy and Michels, 2006). Mislocalized glycosomal enzymes exhibit uncontrolled activities in the cytosol, thus leading to ATP depletion and accumulation of glucose metabolites to toxic levels, which causes death of parasites (Furuya et al., 2002; Kessler and Parsons, 2005; Haanstra et al., 2008). Accordingly, we also observed ATP depletion upon PEX1 RNAi knockdown.

TbPEX1 RNAi led to cytosolic mislocalization of both PTS1 and PTS2 containing glycosomal enzymes and to a selective degradation of both the PTS1- and the PTS2-import receptor, TbPEX5 and TbPEX7, respectively. Ubiquitination of PEX5 and its role in receptor recycling (mono-ubiquitination) or proteasomal degradation (poly-ubiquitination) has been widely studied in yeast and mammalian systems. Defects in Pex1, Pex6 or Pex15/PEX26 (exportomer components) disrupt recycling of Pex5, and this results in an accumulation of the ubiquitinated Pex5 in the peroxisomal membrane in budding yeast (Platta et al., 2004; Kiel et al., 2005), while in Pichia pastoris (Komagataella phaffii) and human PBD patient cells, there is striking reduction in the steady state levels of PEX5 (Dodt and Gould, 1996; Collins et al., 2000). The stuck and ubiquitinated receptor is released by a quality control pathway called RADAR (receptor accumulation and degradation in the absence of recycling) (Leon et al., 2006). The effect of PEX1 or PEX6 depletion on the steady state levels of PEX7 and the role of the RADAR pathway for quality control of PEX7 remained poorly characterized. The PTS2-import receptor PEX7 requires a co-receptor in all organisms, which is Pex18p/Pex21p (S. cerevisiae), PEX20 (Y. lipolytica and other yeasts) (Einwachter et al., 2001) or PEX5 itself in humans (Braverman et al., 1998) and plants (Woodward and Bartel, 2005). In humans, two isoforms of PEX5 are produced by alternative splicing, i.e., PEX5L and PEX5S. Only the long isoform HsPEX5L contains a PEX7 binding box. Similar to plants, trypanosomatid parasites encode a single PEX5 protein, which also harbors a PEX7-binding motif (Galland et al., 2007). PEX5 is shown to be ubiquitinated in trypanosomes (Gualdron-Lopez et al., 2013). Regarding the PTS2 pathway, co-receptors PEX18/PEX20 are known to be ubiquitinated (Hensel et al., 2011; El Magraoui et al., 2013; Liu and Subramani, 2013). It can be envisaged that PEX5 and PEX7 remain stuck at the glycosomal membrane and get poly-ubiquitinated in the absence of PEX1 in trypanosomes. This would further signal for the recruitment of a quality control machinery that dislocates PEX5 along with PEX7 from the glycosomal membrane, further destined for proteasomal degradation. Accordingly, our study shows that both import receptors steady state levels fall below the detection limit upon PEX1 RNAi knockdown. Our data suggest that trypanosomes also contain the RADAR pathway, which takes care of the removal of the import receptors that are stuck at the glycosomal membrane. The data also suggest that the RADAR pathway, at least in trypanosomes, is not only responsible for quality control of the PTS1 receptor PEX5 but also for the PTS2-receptor PEX7. For PEX5, it is known that the released receptor is degraded by the proteasome (Platta et al., 2004; Kiel et al., 2005; Leon et al., 2006). However, it is still unknown how the receptor is released from the membrane. A possible candidate could be ATAD1/Msp1 (Grimm et al., 2016; Weidberg and Amon, 2018) ortholog, which has been recently characterized in the trypanosomatid parasites as a protein involved in the mitochondrial quality control pathway (Gerber et al., 2023).

TbPEX6 and TbPEX1 do not contain predicted transmembrane domains, yet they localize to the glycosomes. This suggests that they are anchored to the glycosomal membrane by an adaptor protein. In other organisms, this anchoring is performed by tail-anchored (TA) proteins Pex15p/PEX26/APEM9 (Birschmann et al., 2003; Matsumoto et al., 2003; Goto et al., 2011). For yeast, it has been shown that Pex1p and Pex6p form a stable complex in the cytosol, and this complex binds to the peroxisomal membrane anchor Pex15p (Rosenkranz et al., 2006). Furthermore, Pex15p also associates with components of importomer, thus bridging the importomer with the exportomer. The similarity of the trypanosomal PEX1 and PEX6 to its counterparts in other species allow to predict the existence of such a membrane anchor also in parasites, however, primary sequence as well as structure-based homology searches so far failed to identify Trypanosoma counterpart until recently (Krishna et al., 2023). Regarding the druggability against trypanosomatid parasites, the PEX1 ATPase activity or the PEX1-PEX6 interaction might be poor drug targets, due to high degree of conservation with the human counterpart. However, the interaction of PEX1-PEX6 complex with the glycosomal membrane anchor could be an attractive target, as it appears to be highly divergent.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Ethics statement

The manuscript presents research on animals that do not require ethical approval for their study.





Author contributions

LM: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. HA: Formal analysis, Software, Writing – original draft. AD: Formal analysis, Investigation, Methodology, Writing – review & editing. WS: Project administration, Supervision, Writing – review & editing. RE: Conceptualization, Funding acquisition, Project administration, Resources, Supervision, Validation, Writing – original draft, Writing – review & editing. VK: Conceptualization, Data curation, Project administration, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This project work has received funding from the European Union’s Horizon 2020 research and innovation program under the Marie Skłodowska-Curie grant agreement No. 812968 - PerICo to LM and RE. The work was supported by DFG grant FOR1905 and ER178/17-1 to RE. We acknowledge support by the Open Access Publication Funds of the Ruhr-Universität Bochum.




Acknowledgments

We thank Prof. Paul Michels for kindly providing various antibodies and Nadine Schmidt for providing assistance in ELYRA microscopy.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2024.1274506/full#supplementary-material




References

 Banerjee, H., Knoblach, B., and Rachubinski, R. A. (2019). The early-acting glycosome biogenic protein Pex3 is essential for trypanosome viability. Life Sci. Alliance 2. e201900421 doi: 10.26508/lsa.201900421

 Banerjee, H., LaPointe, P., Eitzen, G., and Rachubinski, R. A. (2021). A small molecule inhibitor of pex3-pex19 interaction disrupts glycosome biogenesis and causes lethality in trypanosoma brucei. Front. Cell Dev. Biol. 9:703603. doi: 10.3389/fcell.2021.703603

 Barros-Alvarez, X., Gualdron-Lopez, M., Acosta, H., Caceres, A. J., Graminha, M. A., Michels, P. A., et al. (2014). Glycosomal targets for anti-trypanosomatid drug discovery. Curr. Med. Chem. 21, 1679–1706. doi: 10.2174/09298673113209990139

 Bauer, S., and Morris, M. T. (2017). Glycosome biogenesis in trypanosomes and the de novo dilemma. PloS Negl. Trop. Dis. 11:e0005333. doi: 10.1371/journal.pntd.0005333

 Bern, C. (2015). Chagas’ Disease. N Engl. J. Med. 373, 456–466. doi: 10.1056/NEJMra1410150

 Birschmann, I., Rosenkranz, K., Erdmann, R., and Kunau, W. H. (2005). Structural and functional analysis of the interaction of the AAA-peroxins Pex1p and Pex6p. FEBS J. 272, 47–58. doi: 10.1111/j.1432-1033.2004.04393.x

 Birschmann, I., Stroobants, A. K., van den Berg, M., Schafer, A., Rosenkranz, K., Kunau, W. H., et al. (2003). Pex15p of Saccharomyces cerevisiae provides a molecular basis for recruitment of the AAA peroxin Pex6p to peroxisomal membranes. Mol. Biol. Cell 14, 2226–2236. doi: 10.1091/mbc.e02-11-0752

 Blok, N. B., Tan, D., Wang, R. Y., Penczek, P. A., Baker, D., DiMaio, F., et al. (2015). Unique double-ring structure of the peroxisomal Pex1/Pex6 ATPase complex revealed by cryo-electron microscopy. Proc. Natl. Acad. Sci. U.S.A. 112, E4017–E4025. doi: 10.1073/pnas.1500257112

 Braverman, N., Dodt, G., Gould, S. J., and Valle, D. (1998). An isoform of pex5p, the human PTS1 receptor, is required for the import of PTS2 proteins into peroxisomes. Hum. Mol. Genet. 7, 1195–1205. doi: 10.1093/hmg/7.8.1195

 Brimacombe, K.R., Walsh, M.J., Liu, L., Vasquez-Valdivieso, M.G., Morgan, H.P., and McNae, I. (2014). AIdentification of ML251, a Potent Inhibitor of T. brucei and T. cruzi Phosphofructokinase. ACS Med Chem Lett 5:(1), 12–17. doi: 10.1021/ml400259d

 Burza, S., Croft, S. L., and Boelaert, M. (2018). Leishmaniasis. Lancet 392, 951–970. doi: 10.1016/S0140-6736(18)31204-2

 Buscher, P., Cecchi, G., Jamonneau, V., and Priotto, G. (2017). Human african trypanosomiasis. Lancet 390, 2397–2409. doi: 10.1016/S0140-6736(17)31510-6

 Collins, C. S., Kalish, J. E., Morrell, J. C., McCaffery, J. M., and Gould, S. J. (2000). The peroxisome biogenesis factors pex4p, pex22p, pex1p, and pex6p act in the terminal steps of peroxisomal matrix protein import. Mol. Cell Biol. 20, 7516–7526. doi: 10.1128/MCB.20.20.7516-7526.2000

 Dawidowski, M., Emmanouilidis, L., Kalel, V. C., Tripsianes, K., Schorpp, K., Hadian, K., et al. (2017). Inhibitors of PEX14 disrupt protein import into glycosomes and kill Trypanosoma parasites. Science 355, 1416–1420. doi: 10.1126/science.aal1807

 Dean, S., Sunter, J., Wheeler, R. J., Hodkinson, I., Gluenz, E., and Gull, K. (2015). A toolkit enabling efficient, scalable and reproducible gene tagging in trypanosomatids. Open Biol. 5:140197. doi: 10.1098/rsob.140197

 De Rycker, M., Wyllie, S., Horn, D., Read, K. D., and Gilbert, I. H. (2023). Anti-trypanosomatid drug discovery: progress and challenges. Nat. Rev. Microbiol. 21, 35–50. doi: 10.1038/s41579-022-00777-y

 Dickie, E. A., Giordani, F., Gould, M. K., Maser, P., Burri, C., Mottram, J. C., et al. (2020). New drugs for human African trypanosomiasis: A twenty first century success story. Trop. Med. Infect. Dis. 5, (29). doi: 10.3390/tropicalmed5010029

 Dodt, G., and Gould, S. J. (1996). Multiple PEX genes are required for proper subcellular distribution and stability of Pex5p, the PTS1 receptor: evidence that PTS1 protein import is mediated by a cycling receptor. J. Cell Biol. 135, 1763–1774. doi: 10.1083/jcb.135.6.1763

 Ebberink, M. S., Mooijer, P. A., Gootjes, J., Koster, J., Wanders, R. J., and Waterham, H. R. (2011). Genetic classification and mutational spectrum of more than 600 patients with a Zellweger syndrome spectrum disorder. Hum. Mutat. 32, 59–69. doi: 10.1002/humu.v32.1

 Einwachter, H., Sowinski, S., Kunau, W. H., and Schliebs, W. (2001). Yarrowia lipolytica Pex20p, Saccharomyces cerevisiae Pex18p/Pex21p and mammalian Pex5pL fulfil a common function in the early steps of the peroxisomal PTS2 import pathway. EMBO Rep. 2, 1035–1039. doi: 10.1093/embo-reports/kve228

 El Magraoui, F., Brinkmeier, R., Schrotter, A., Girzalsky, W., Muller, T., Marcus, K., et al. (2013). Distinct ubiquitination cascades act on the peroxisomal targeting signal type 2 co-receptor Pex18p. Traffic 14, 1290–1301. doi: 10.1111/tra.12120

 Fairlamb, A. H. (2003). Chemotherapy of human African trypanosomiasis: current and future prospects. Trends Parasitol. 19, 488–494. doi: 10.1016/j.pt.2003.09.002

 Feng, P., Wu, X., Erramilli, S. K., Paulo, J. A., Knejski, P., Gygi, S. P., et al. (2022). A peroxisomal ubiquitin ligase complex forms a retrotranslocation channel. Nature 607, 374–380. doi: 10.1038/s41586-022-04903-x

 Fujiki, Y., Okumoto, K., Mukai, S., Honsho, M., and Tamura, S. (2014). Peroxisome biogenesis in mammalian cells. Front. Physiol. 5:307. doi: 10.3389/fphys.2014.00307

 Furuya, T., Kessler, P., Jardim, A., Schnaufer, A., Crudder, C., and Parsons, M. (2002). Glucose is toxic to glycosome-deficient trypanosomes. Proc. Natl. Acad. Sci. U.S.A. 99, 14177–14182. doi: 10.1073/pnas.222454899

 Galland, N., Demeure, F., Hannaert, V., Verplaetse, E., Vertommen, D., van der Smissen, P., et al. (2007). Characterization of the role of the receptors PEX5 and PEX7 in the import of proteins into glycosomes of Trypanosoma brucei. Biochim. Biophys. Acta 1773, 521–535. doi: 10.1016/j.bbamcr.2007.01.006

 Gerber, M., Suppanz, I., Oeljeklaus, S., Niemann, M., Kaser, S., Warscheid, S., et al. (2023). A Msp1-containing complex removes orphaned proteins in the mitochondrial outer membrane of T. brucei. Life Sci Alliance 6(11), 1–15. doi: 10.26508/lsa.202302004

 Goto, S., Mano, S., Nakamori, C., and Nishimura, M. (2011). Arabidopsis ABERRANT PEROXISOME MORPHOLOGY9 is a peroxin that recruits the PEX1-PEX6 complex to peroxisomes. Plant Cell 23, 1573–1587. doi: 10.1105/tpc.110.080770

 Grimm, I., Erdmann, R., and Girzalsky, W. (2016). Role of AAA(+)-proteins in peroxisome biogenesis and function. Biochim. Biophys. Acta 1863, 828–837. doi: 10.1016/j.bbamcr.2015.10.001

 Grimm, I., Saffian, D., Platta, H. W., and Erdmann, R. (2012). The AAA-type ATPases Pex1p and Pex6p and their role in peroxisomal matrix protein import in Saccharomyces cerevisiae. Biochim. Biophys. Acta 1823, 150–158. doi: 10.1016/j.bbamcr.2011.09.005

 Gualdron-Lopez, M., Chevalier, N., van der Smissen, P., Courtoy, P. J., Rigden, D. J., and Michels, P. A. M. (2013). Ubiquitination of the glycosomal matrix protein receptor PEX5 in Trypanosoma brucei by PEX4 displays novel features. Biochim. Biophys. Acta 1833, 3076–3092. doi: 10.1016/j.bbamcr.2013.08.008

 Guther, M. L., Urbaniak, M. D., Tavendale, A., Prescott, A., and Ferguson, M. A. (2014). High-confidence glycosome proteome for procyclic form Trypanosoma brucei by epitope-tag organelle enrichment and SILAC proteomics. J. Proteome Res. 13, 2796–2806. doi: 10.1021/pr401209w

 Haanstra, J. R., Gonzalez-Marcano, E. B., Gualdron-Lopez, M., and Michels, P. A. (2016). Biogenesis, maintenance and dynamics of glycosomes in trypanosomatid parasites. Biochim. Biophys. Acta 1863, 1038–1048. doi: 10.1016/j.bbamcr.2015.09.015

 Haanstra, J. R., van Tuijl, A., Kessler, P., Reijnders, W., Michels, P. A., Westerhoff, H. V., et al. (2008). Compartmentation prevents a lethal turbo-explosion of glycolysis in trypanosomes. Proc. Natl. Acad. Sci. U.S.A. 105, 17718–17723. doi: 10.1073/pnas.0806664105

 Hagen, S., Drepper, F., Fischer, S., Fodor, K., Passon, D., Platta, H. W., et al. (2015). Structural insights into cargo recognition by the yeast PTS1 receptor. J. Biol. Chem. 290, 26610–26626. doi: 10.1074/jbc.M115.657973

 Hasan, S., Platta, H. W., and Erdmann, R. (2013). Import of proteins into the peroxisomal matrix. Front. Physiol. 4:261. doi: 10.3389/fphys.2013.00261

 Hensel, A., Beck, S., El Magraoui, F., Platta, H. W., Girzalsky, W., and Erdmann, R. (2011). Cysteine-dependent ubiquitination of Pex18p is linked to cargo translocation across the peroxisomal membrane. J. Biol. Chem. 286, 43495–43505. doi: 10.1074/jbc.M111.286104

 Jansen, R. L. M., Santana-Molina, C., van den Noort, M., Devos, D. P., and van der Klei, I. J. (2021). Comparative genomics of peroxisome biogenesis proteins: making sense of the PEX proteins. Front. Cell Dev. Biol. 9:654163. doi: 10.3389/fcell.2021.654163

 Kalel, V. C., Li, M., Gaussmann, S., Delhommel, F., Schafer, A. B., Tippler, B., et al. (2019). Evolutionary divergent PEX3 is essential for glycosome biogenesis and survival of trypanosomatid parasites. Biochim. Biophys. Acta Mol. Cell Res. 1866, 118520. doi: 10.1016/j.bbamcr.2019.07.015

 Kalel, V. C., Maser, P., Sattler, M., Erdmann, R., and Popowicz, G. M. (2018). Come, sweet death: targeting glycosomal protein import for antitrypanosomal drug development. Curr. Opin. Microbiol. 46, 116–122. doi: 10.1016/j.mib.2018.11.003

 Kalel, V. C., Schliebs, W., and Erdmann, R. (2015). Identification and functional characterization of Trypanosoma brucei peroxin 16. Biochim. Biophys. Acta 1853, 2326–2337. doi: 10.1016/j.bbamcr.2015.05.024

 Kennedy, P. G. (2004). Human African trypanosomiasis of the CNS: current issues and challenges. J. Clin. Invest. 113, 496–504. doi: 10.1172/JCI200421052

 Kessler, P. S., and Parsons, M. (2005). Probing the role of compartmentation of glycolysis in procyclic form Trypanosoma brucei: RNA interference studies of PEX14, hexokinase, and phosphofructokinase. J. Biol. Chem. 280, 9030–9036. doi: 10.1074/jbc.M412033200

 Kiel, J. A., Emmrich, K., Meyer, H. E., and Kunau, W. H. (2005). Ubiquitination of the peroxisomal targeting signal type 1 receptor, Pex5p, suggests the presence of a quality control mechanism during peroxisomal matrix protein import. J. Biol. Chem. 280, 1921–1930. doi: 10.1074/jbc.M403632200

 Kienle, N., Kloepper, T.H., and Fasshauer, D. (2016). Shedding light on the expansion and diversification of the Cdc48 protein family during the rise of the eukaryotic cell. BMC Evol Biol 16(1), 215. doi: 10.1186/s12862-016-0790-1

 Krazy, H., and Michels, P. A. (2006). Identification and characterization of three peroxins–PEX6, PEX10 and PEX12–involved in glycosome biogenesis in Trypanosoma brucei. Biochim. Biophys. Acta 1763, 6–17. doi: 10.1016/j.bbamcr.2005.11.002

 Krishna, C. K., Das, H., Hohnen, L., Schliebs, W., Oeljeklaus, S., Warscheid, B., et al. (2023). High confidence glycosomal membrane protein inventory unveils trypanosomal Peroxin PEX15. bioRxiv 2023, 2010.2013.562043. doi: 10.1101/2023.10.13.562043

 Leon, S., Zhang, L., McDonald, W. H., Yates, J. 3rd, Cregg, J. M., and Subramani, S. (2006). Dynamics of the peroxisomal import cycle of PpPex20p: ubiquitin-dependent localization and regulation. J. Cell Biol. 172, 67–78. doi: 10.1083/jcb.200508096

 Liu, X., and Subramani, S. (2013). Unique requirements for mono- and polyubiquitination of the peroxisomal targeting signal co-receptor, Pex20. J. Biol. Chem. 288, 7230–7240. doi: 10.1074/jbc.M112.424911

 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

 Mastalski, T., Brinkmeier, R., and Platta, H. W. (2020). The peroxisomal PTS1-import defect of PEX1- deficient cells is independent of pexophagy in saccharomyces cerevisiae. Int. J. Mol. Sci. 21:867. doi: 10.3390/ijms21030867

 Matsumoto, N., Tamura, S., and Fujiki, Y. (2003). The pathogenic peroxin Pex26p recruits the Pex1p-Pex6p AAA ATPase complexes to peroxisomes. Nat. Cell Biol. 5, 454–460. doi: 10.1038/ncb982

 McNae, I.W., Kinkead, J., Malik, D., Yen, L.H., Walker, M.K., Swain, C., et al. (2021). Fast acting allosteric phosphofructokinase inhibitors block trypanosome glycolysis and cure acute African trypanosomiasis in mice. Nat. Commun. 12(1), 1052. doi: 10.1038/s41467-021-21273-6

 Miyata, N., and Fujiki, Y. (2005). Shuttling mechanism of peroxisome targeting signal type 1 receptor Pex5: ATP-independent import and ATP-dependent export. Mol. Cell Biol. 25, 10822–10832. doi: 10.1128/MCB.25.24.10822-10832.2005

 Moyersoen, J., Choe, J., Fan, E., Hol, W. G., and Michels, P. A. (2004). Biogenesis of peroxisomes and glycosomes: trypanosomatid glycosome assembly is a promising new drug target. FEMS Microbiol. Rev. 28, 603–643. doi: 10.1016/j.femsre.2004.06.004

 Moyersoen, J., Choe, J., Kumar, A., Voncken, F. G., Hol, W. G., and Michels, P. A. (2003). Characterization of Trypanosoma brucei PEX14 and its role in the import of glycosomal matrix proteins. Eur. J. Biochem. 270, 2059–2067. doi: 10.1046/j.1432-1033.2003.03582.x

 Napolitano, V., Softley, C. A., Blat, A., Kalel, V. C., Schorpp, K., Siebenmorgen, T., et al. (2022). Small molecule mediated inhibition of protein cargo recognition by peroxisomal transport receptor PEX5 is toxic to Trypanosoma. Sci. Rep. 12, 14705. doi: 10.1038/s41598-022-18841-1

 Neau, P., Hanel, H., Lameyre, V., Strub-Wourgaft, N., and Kuykens, L. (2020). Innovative partnerships for the elimination of human African trypanosomiasis and the development of fexinidazole. Trop. Med. Infect. Dis. 5:17. doi: 10.3390/tropicalmed5010017

 Opperdoes, F. R., Baudhuin, P., Coppens, I., De Roe, C., Edwards, S. W., Weijers, P. J., et al. (1984). Purification, morphometric analysis, and characterization of the glycosomes (microbodies) of the protozoan hemoflagellate Trypanosoma brucei. J. Cell Biol. 98, 1178–1184. doi: 10.1083/jcb.98.4.1178

 Paysan-Lafosse, T., Blum, M., Chuguransky, S., Grego, T., Pinto, B. L., Salazar, G. A., et al. (2023). InterPro in 2022. Nucleic Acids Res. 51, D418–D427. doi: 10.1093/nar/gkac993

 Platta, H. W., El Magraoui, F., Baumer, B. E., Schlee, D., Girzalsky, W., and Erdmann, R. (2009). Pex2 and pex12 function as protein-ubiquitin ligases in peroxisomal protein import. Mol. Cell Biol. 29, 5505–5516. doi: 10.1128/MCB.00388-09

 Platta, H. W., El Magraoui, F., Schlee, D., Grunau, S., Girzalsky, W., and Erdmann, R. (2007). Ubiquitination of the peroxisomal import receptor Pex5p is required for its recycling. J. Cell Biol. 177, 197–204. doi: 10.1083/jcb.200611012

 Platta, H. W., Girzalsky, W., and Erdmann, R. (2004). Ubiquitination of the peroxisomal import receptor Pex5p. Biochem. J. 384, 37–45. doi: 10.1042/BJ20040572

 Platta, H. W., Grunau, S., Rosenkranz, K., Girzalsky, W., and Erdmann, R. (2005). Functional role of the AAA peroxins in dislocation of the cycling PTS1 receptor back to the cytosol. Nat. Cell Biol. 7, 817–822. doi: 10.1038/ncb1281

 Quinones, W., Acosta, H., Goncalves, C. S., Motta, M. C. M., Gualdron-Lopez, M., and Michels, P. A. M. (2020). Structure, properties, and function of glycosomes in trypanosoma cruzi. Front. Cell Infect. Microbiol. 10:25. doi: 10.3389/fcimb.2020.00025

 Reuber, B. E., Germain-Lee, E., Collins, C. S., Morrell, J. C., Ameritunga, R., Moser, H. W., et al. (1997). Mutations in PEX1 are the most common cause of peroxisome biogenesis disorders. Nat. Genet. 17, 445–448. doi: 10.1038/ng1297-445

 Roggy, J. L., and Bangs, J. D. (1999). Molecular cloning and biochemical characterization of a VCP homolog in African trypanosomes. Mol. Biochem. Parasitol. 98, 1–15. doi: 10.1016/S0166-6851(98)00114-5

 Rosenkranz, K., Birschmann, I., Grunau, S., Girzalsky, W., Kunau, W. H., and Erdmann, R. (2006). Functional association of the AAA complex and the peroxisomal importomer. FEBS J. 273, 3804–3815. doi: 10.1111/j.1742-4658.2006.05388.x

 Shanmugasundram, A., Starns, D., Bohme, U., Amos, B., Wilkinson, P. A., Harb, O. S., et al. (2023). TriTrypDB: An integrated functional genomics resource for kinetoplastida. PloS Negl. Trop. Dis. 17:e0011058. doi: 10.1371/journal.pntd.0011058

 Shiozawa, K., Maita, N., Tomii, K., Seto, A., Goda, N., Akiyama, Y., et al. (2004). Structure of the N-terminal domain of PEX1 AAA-ATPase. Characterization of a putative adaptor-binding domain. J. Biol. Chem. 279, 50060–50068. doi: 10.1074/jbc.M407837200

 Sutherland, C. S., Stone, C. M., Steinmann, P., Tanner, M., and Tediosi, F. (2017). Seeing beyond 2020: an economic evaluation of contemporary and emerging strategies for elimination of Trypanosoma brucei gambiense. Lancet Glob Health 5, e69–e79. doi: 10.1016/S2214-109X(16)30237-6

 Tamura, S., Shimozawa, N., Suzuki, Y., Tsukamoto, T., Osumi, T., and Fujiki, Y. (1998). A cytoplasmic AAA family peroxin, Pex1p, interacts with Pex6p. Biochem. Biophys. Res. Commun. 245, 883–886. doi: 10.1006/bbrc.1998.8522

 Tamura, K., Stecher, G., and Kumar, S. (2021). MEGA11: molecular evolutionary genetics analysis version 11. Mol. Biol. Evol. 38, 3022–3027. doi: 10.1093/molbev/msab120

 Weidberg, H., and Amon, A. (2018). MitoCPR-A surveillance pathway that protects mitochondria in response to protein import stress. Science 360:eaan4146. doi: 10.1126/science.aan4146

 Wilkinson, S. R., and Kelly, J. M. (2009). Trypanocidal drugs: mechanisms, resistance and new targets. Expert Rev. Mol. Med. 11, e31. doi: 10.1017/S1462399409001252

 Willson, M., Callens, M., Kuntz, D.A., Perie, J., and Opperdoes, F.R. (1993). Synthesis and activity of inhibitors highly specific for the glycolytic enzymes from Trypanosoma brucei. Mol Biochem Parasitol. 59(2), 201–210. doi: 10.1016/0166-6851(93)90218-m

 Woodward, A. W., and Bartel, B. (2005). The Arabidopsis peroxisomal targeting signal type 2 receptor PEX7 is necessary for peroxisome function and dependent on PEX5. Mol. Biol. Cell 16, 573–583. doi: 10.1091/mbc.e04-05-0422




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Mahadevan, Arya, Droste, Schliebs, Erdmann and Kalel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-14-1274506-g006.jpg
00 m 000000

86 208642

Al ol

(%) 103U0D OSING 19A0 PaZIBWION
S|9A97 dLY

o

Day3

Day2

Day1

Days of RNAI induction





OEBPS/Images/fcimb-14-1274506-g001.jpg
ToPEXI
TePEX]
LdPEX]
HPEX]
scPEXI
APEX]
DmPEXI

TbPEXI
TePEX]
LdPEX]
HSPEX]
scPEXI
AtPEX]
DmPEXI

ToPEXI
TePEXI
LdPEX]
HePEX
scPEXI
APEX]
DmPEXI

TbPEXI
TePEX]
LdPEX]
HePEX]
scPEXI
APEX]
DmPEX]

TbPEXI
TePEX]
LdPEX]
HsPEX]
ScPEXI
AtPEX]
DmPEXI

ToPEXI
TePEX]
LdPEX]
HsPEX]
scPEXI
APEX]
DmPEXI

TBPEXI
TcPEX]
LdPEX]
HsPEX]
ScPEXI
AtPEX]
DmPEXI

ToPEXI
TePEX]
LdPEX]
HePEX
scPEXI
AtPEX]
DmPEXI

TbPEXI
TePEXI
LdPEX]
HPEX]
ScPEXI
APEX]
DmPEXI

TbPEXI
TePEX]
LdPEX]
HePEX]
ScPEXI
APEX]
DmPEXI

ToPEXI
TePEX]
LdPEX]
HSPEX]
scPEXI
APEX]
DmPEXI

352
313
357
m

07
303
318
30
388
n
m

n g

369
392
598
460
599
48

430
481
02
6
582
™
598

83
84
606
838
695
50
s

3
n
76
968
85
m
s

s10
si
833
1088
930

44

QHSSF------ ... - EWSIDPSRTDSEVWLV¥SNEF IRGNELPYYGRNIPFVVPLRISDG - HKNTYVGCLAHRPHNFAAFK - -L1TSVTMATS LG¥TNGAI - - - ¥QETAVFKFAKAATHLEREs §vDEs
QQSSF-----------EIFIDSSRTDARVTVSAKFLNDCLCPFYGSKTPPVVPLRLSDG - KENLYVGCLTRKTHNLETCK - - LLMSVILGRDLELENGAL - - - VYCVPVYHP IKASRWLMS BASVDES
QQSSF- - - - - - -EWAVDRSSQHSEVTVSQHYLDTVLRPLYTGRLPLAVPLRITGRSGHDIYVGCLTNRPHTRSKFA- - LVFPLALEYDHGLKEGEL ECVPLPNTPRATKMLWARLTVDDS|
GSDRLAGAGGGGAAVTVAFTNAR - DCELHLPRRLY - AQLHLLQNQAIEVVWSHQPAFL - - - - - - SWEGRHFSDQGENV - - AEINRQVBQKLGLSNGGQ FLKPCSHVVSCQQWEMERLSAD
TTTKRLK - - - - - FENLRIQFSNAIVGNELRLPHS I | -NVLESTNYAIQEFGIAVHSHNS - - -DIPIVHLGWDGHDSGSSENVVLINPVLATVYDLNQKSPLVDLYIQRYDHTHLATEMYMTHETSD
SRNRQI | | PDDVMETEAVVNTVAGVDCEVSLPRQLL - HALQSTSSSPLPPLLPVELRSG- - - - DRRWSVAWSGSSSSSSA- - IEIARVFAES ISLPDGTV - - - VKVRVLPNVPKATLUTVEBETED]
FKRTF-----------KNVYRPIRSN-BVLLPDQYY-GVV¥STYDTGCLSLQYNGRTHYA- - - - - - SWAPQKGGGG IKDTE - - IGINARAAKE IGLHENDL - - - WKCAL 1ADVLNLRSMHMTBVSISK
QNALR I E - AQUERVQUVF PAMTLDVAWF DGVNAKMVWER | EDREGHEVTSGCAVMAEGHEFVVATRTRH - - - - - <-----VEQSGAPTWSVLRCLTWRKEKGFNNEATAGDAN- - - - - VEAV
QNALR 1E- TQLERBVQVIF PGMT IS VVVF SDVHARVVVQR I EDSQGRELS SGCAVMS EGREFVIATRSRQ- - - - - - - - - - - - - - ATEKGTKPMWAILRCHPYA ~TYEATITSLT-----EEKA
QNALRVE-NLLLRBVQVVFPSMIISVSIFPGVPAKVMYTAIECGDAEKLRSGCATMHEGEHFVIATRVRQ- - - - - - - EQTDR -GADGAAAPPLWAFVRGRPAR - -AAADSGAER- - - - -NDTA
LELHAVSLE - QHLEDEIR IVFPKAIFPYWYDQQTYIFIQIVALIP- - - - - -AASYGRLETDEKLLIQPKTRRAKENTFSKADAEYKKLHS YGRDQKGMMRELQTKQLQSNTVG I TESNENESEIPVDSS
1BANAMRFQNGE I LHETR IVTPGETLICYL - EGIVTKFKIDRVEP - -SMKSARITDGSLVVVAPKVNK - - - - - -TRLVKAEYGHSNKTILKNGAIQLLKKVILRSTVCKMD- - - - - FPED
LELNAELAE-AAILS@VRILHETMKFPLWLHDRTV IRFSVVSTEP SEGVVQLVPOREVAVAPKRRD - .. RNLKAKKSQEKECNNVEALLRVQETDRSATHEADVKGFELR - . -VALT
IBLSMEK 1S - GSVHEMTRIVNS TQIL I VWINKSMQVALTVDRLKP HMNYGRIDHNTELVVAPNLYK - - - - - i CGLTNGTSNGVIEE.NTKLSRSKTTAQVKDELT. .- .- EKLT

SE- YMNPSTAARHHW. “MGFWDLAK- - - - - ASQLLESKEFTS -
SL.FLNPATAERNHW. VGFWDLAC- - - - -MSQILESKEVTP -
AV-RVRRVTADKYHW ' ~LGVLDCA- - - - - -TLATLNREEVTP -
SVASLWTMIGS IFSF - QSEKKQETSWGLTE I NAFKNMQSKVVPLDN I FRVCKSQPPS | YNASATSVFHKHCAIHVFPWDQEYFDVEPS FTVIYGKLYKLLS PKQQQSKTKQN
NLFVVYISDGAQLPS - - - - - - - QKGYAS IVKCSLRQSKKSDSDNKSVGIPSKKIGYF- - -- - - - - IKCDSQIPENHIALSSHLWDAF - “FTHPMNGAKEKL - - - - 2= ------
s A‘{IHPETAKKHSLESLQL|SVSPR(PLKGSAKKDEALNMKNSEASKVAENGTSSAKKEPRQA(LRLVFSDLAAKGHLMMVESLRL‘{LGAGLHSWVLR ..... GCNVNEDKEIPALSLSPCVFKISEN
PLTHSSTVSNVENTI - - - -QR- “NKRQDHMERLKKDLRRESSRSFEFRVI “RGLWREQAQE - - - SDVFVNGKHLPE -

SFERSNALKAP IRLVEGME - -DGVCTSPAFIQ- -ASNIVVF CENT

SFLRTNAWRAP [KYIKEMP - “EGVCCCTVFGQ- - TSNVVVF SENL

GFLRAHLKQMTVVVVDNAD - GEAAGAADE - - EGVCVVDSLAQ- - ATNLLLT -LSA
VL3 PEREKQMS EPLDQKK I RSDHNEEDERACYLQVYWNGL EELNNATKYTRNVEVLHLGKVWI PDDLRKRLN [ EMHAVVR . - ITPVEVT KlPRsLquPRENLPxDlsEEDlKTerswLQQsTTTML
S s kbt <. . EFLQMNQANIISGRNATVN-----.---- IKYFGKDVPTKSGDQYSKLLGGS LLTNNLILPTEQI | IEIKKGESEQQLCNL - - - - - - CLNEI
EKVLDKGTDRL - GNNNSVRKS SHPPSGLS TYWDVVDWS VHDKVVTALS - - SEGLHDEGNHDKNKKGLEYLTRLWS - - LAQLDAMAS VTGVDVSSLIVGRETF FHFEVRGLESYKS I - - - - pGQ

-FFDLDLFYCMHTAADKDY¥VRVR - - TVEDD | EDDLP -

........ ETIHPS IELNANLMKLLGIKE- - LERVVLRPKTTVVNFVEKIELFANKKTHYK IMENAFKRFVIERTQHK

RDC-PSASTSPFSN - QLETESVVER: - GTAPQELREHEVCWFEEIKKLGPHHS -KYG - - SNGN!
) The R -KDVAEDHCIFSSCK- - <+ -EAGFDRVAAVH. .. ........ GELSQELLRHLSGWFSRETELNTSLG - EVNG - GNGN!
TAGKAGDATRNDSAGVV - RPVLSSPALLPLS - ... AVALDAVTQVH. - GRVAEELQQHLVAALHQSS - - - - - VP - RFANLHQNN;
LVISEEEF IKLETKDGLKEFSLS [VHSWEKEKDKN - 1FLLSPNLLQKTTIQVLLDPMVKEENSEE IDF ILPFLELSSLGGY - NsBovssLEREHSALORP LSRQLMS - LVAGLRNGA
NESVQWKVTQMGKEEV - KDITERH- - LPKHY - - HVKETGEVSRTSKDEDDFITV- - - NS TKKEMVNYLTSPIIATP- - R A
SVNDRWESGKKDKHTPLE | LYVMTVS DESLLGDKFAGYDLS LDRS EKSDNVVHIEPVLEKMNLGEP [ YLKS AKETHCNKGVS PD1SSLTWMGP [VSDV I KRMT - - VLLS PAAGMWFS - KFKIPSPGH

DDLLVTVGILPEHFRYCVVDAQFLKESK I YAADLVR PVC Efuueyiapy PLSVQ - - ceee DLIQLPEYDKIVDQVVQELRMNLCLSADNSVMRQCN!

GAVLNELHG - - - - - VHINVVQEKA - - - EKLLASLQRABVE - - - - EvMC. AW - - - - APAQKEESVLSVTGATKAILEGTERCFTEAL SLCGAASVLVVATCANR
AAVLSRLRD - - VHVCVVQEGSGGGSRQLVSLQQABAE - - - -EILC AL - - - - APVQREGAVAAVTGKTKS TLEEMLHCFSDAF TFAGRGS WV CGNR
RAVLDTLSD- - - - - VHTVTLEBGKYV - -KSFSADIARABME - - - - GVLCK| S|- - - - APAQQEGHAEAMTAMTRATLEATLTRFCYQF SVRPQGAVVVLATCSSR
AKAICKEAFDKLD - - AHVERVDEKALRGKR - LEN1QKTHEVAF S EAVWMOQ) LIAGLPAVPEHEHSPDAVQ- - - SQRLAHALNDMIKEF ISMGSLVALIATSQSQ
LKELINEVEKDHH - - IFVKYADEETLHETSNLDKTQKLEMEWCS FEYWYG ALFGKPQANDGDP S NNGQWDNASKLLNFFINQVTKIF- - - - - - NKDNKRIRVLFSGKQK
ARAAAKYFEEQKDLLAHVILVSESTLALEK - VQHIHHVESSVIAEGLEH. s ISSSSDTEGTQASVG- - - VTMLTKFLTDVIDDYGEYRNSSCGIGPLAF QSL

ERILDQLSRKPDY-CHFEFFHGSRSKGRK-TES IQKDERNIFTSCLQH. v - - -AHAAGEQSSQDGEYYNRMADTVYQLIVQ: . TTNNATAV. IVNEL
Qc - - -AYCFTKVIKVEALDRKT| ABLKQLFPKESAE - - ALEEVEGDLMGNETPF| RKVSQP - - -1KSSL-DGGRVPFREA -ARGATAAFTPLSHTGIT- - FLKSEKA
EDVYER - - -ANCFAKITKVEALDRKAMLABLQQMFPKESAD- - - - -TLEQLAALWEN¥TPFRIKKVSVR - 1KSCS - TDGDFPSLEK ---AKEVIVRFTPLSHTGIH- - FLRGEKQ
DAVHET] - - -AYCFRRVLTLEALNRASETV| EQLFPYAPRE - - DVAAAAALMDNETPF| KQLAAR - - MRAKLAAEPALSLREC AAACVTFFTPLAHTGIN. - FLKGDKV
QSLHPLEVSAQGVHIFQCVQHIQPPNQEQECERLCNV] - KNKLDCD INKFTDLDLQHVAKEBGGFVARBFTVLVDRAIH .- - SRLSR- - -QS ISTREKLVLTTLDFQKALRGFLPASLRSVN . . LHKPRDL
TQINPL - -KHFVSETWSLRAPDKH JAKBLEYFFSKNQIMKLNR - DLQFSDLSLEMEGESPLBLEIFTEK- IFYDLQLER - DCDNVVTREL ---FSKSLSAFTPSALRGVK- - LTKETNI
EQIPQT] - -SGRFDFHVQLAAPATS EMGANLKHEIQKRLLDCSED- - - - - ILLNLAAKCEG¥DAYPLE I LVDRAVH - - AAIGR - HLPLESNISKYNLVKEDFTRAMHDFVPVAMRD I TKSAS EGGRL
£ W K R M SR B e R DLVKF SNLTEGHRKCBLVQFVERAT FYATR 3K TQPLLTND IO QINQRTGN . - DADANEM
8 < Walker A2 & 9 2 °Walker B2-9°"2°"°
s LosWGREAEAR KV YDTEv LEuR? cEEAR EATYNS ENENC ¥ s
SLB51GBLSNAKK | LYDTLYLEMEH P ELFAR L ETLVNAAELNG o : o
SWES 1GBLEEAKKTLYNTLY L I B QLEAR L c E5LVNAENLHC F
GWDKIGBLHEVRQ I EMDTIQL) PE NL| P GVIARESRMNF LS, o
oD HGALANAK VL ETH ol TV E - HEvNc S AVAQQCOLNF, b it
GWED TDIKNANKEMUELBSKF PR IFAKS v & GAAAAACSLRF Ly o
RV 2L PR S vy oV E £ MRS RV P TGRE SQLATSWNLR 1 L n
SRKD] LTIEFE.- - ---QLQAELTLPEIkEIHEQ! Nl sSMVVNRRIJ- -
HH HHEHE RISANL OBV EN 1 AR SV v TRRVE
GRED) RSLLS. -  KASAHFSDEELRQVARRMV e W HME
iGLQG] LNVLSD - --SLPLA-DDVBLQH SVEDS LYNAQLEALHGM
GLDG LQAIVNSKDKDTGQKKFALE KNADLKL I AEK@AG: Ql CYNAYLKSVHR
(VL TG} ILTVLSR- - - - - ~KLLMA-DDIBLEP 1AL EG iQALLSDAQLAAVHEY]
-TLSLD- IFDWFAG KA QSTLTSANMAAVKEA
EKLSKRCEE- -« -ne- - REVEHNFAVLNVGKGTTREK 1ED- -« -« - - - CILRPSAA- .- .- A
B R e prii i IERLSLDVAE. ... Ll lMDFERSFAVANVOROTTLERIED. .. ... TLRPLFG. Ll ITy

- - -ERLTKQAAGVSGS I AGCGTAPDDEDGFVIAGLGHGVTREKVGD- - - - - - TLKPLCLATHGGAEAA
NHssGsDDSAGDoEcuLDQs LVSLEMSEILPDESKFNMYRLYFGSSYES [LGNETSSDLSSQCLSAPSSMTQDLPGVPGKDQLFSQPPVLRTASQEGCQ[LTQEQRDQLRADIS( IKGRYRSQSGEDESM
= . - -SAADQSEVVPG--------- -NDNIEYFS INEHGRREENRL - - -RLKTLLQQDVVHETKT

AREEALNVANR[IT | KDVRQAMGM KEHIWEQER IHRLESKQEKSSTRE - - LTQR

2 KKGQDLNLFTQMEMEDMKQALAV SKDILEYERMRYMETGGDTGNMRSK - LAMQ
2 VSDTAALAAELMS | DDLWASVAT EKDIQKHERIHALESKGKSAPPPKP - LVTR

NQPGP IKTRLAISQS HLMTALGH - EDDWKNFAELYESEQNPKRRKNQSG - TMFRP) TLA
STSAASELTAVVTINDLLEACQE TSELVKLRGIYDREQKDRNGEMPNGENS ID1GSRLS LM
REDKPETGTTPIITDPLLKS IASK ETEKQKLYDIYSQELDSRKSSREA- - - - - -Kl TLA
FGHEKLAKKISLKQKHLIESFQT ASDVAKYHRTYARBTNKEKTSREF - - - TLA

(M)

1300

1283

it}
13
14
I
121
120
106

218
24
210
n
231
w

261
257
262
351
3
356
m

306
0
317
am
387
n
37

m
368
391
597
459
598
a

4w
480
s01
7s
s81
]
97

82
583
605
557
%
41
Ed

m
73
735
967
a4
71
7

509
s10
832

1087
929

- 1067

943

850
851
891
217
976

1068
945

911
913
953

1283

1043

1130

1006





OEBPS/Images/fcimb.2024.1274506_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiology

PEX1 is essential for glycosome biogenesis
and trypanosomatid parasite survival





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        PEX1 is essential for glycosome biogenesis and trypanosomatid parasite survival

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Bioinformatic analysis

          



          		

            2.2 Yeast two hybrid assay

          



          		

            2.3 Parasite culture and transfection

          



          		

            2.4 Genetic manipulations and plasmid construction

          



          		

            2.5 Microscopy

          



          		

            2.6 RNA interference and RT-PCR

          



          		

            2.7 Estimation of cell viability and ATP levels

          



          		

            2.8 SDS-PAGE and Immunoblotting

          



          		

            2.9 Digitonin fractionation

          



          		

            2.10 Data analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Bioinformatic characterization of the putative PEX1 of T. brucei

          



          		

            3.2 TbPEX1 interacts with TbPEX6 in a yeast two-hybrid assay

          



          		

            3.3 Subcellular localization of TbPEX1 to glycosomes

          



          		

            3.4 RNA interference of TbPEX1 leads to severe growth defect in bloodstream form trypanosomes

          



          		

            3.5 Knockdown of PEX1 results in partial mislocalization of glycosomal enzymes and ATP depletion

          



          		

            3.6 Silencing of PEX1 expression results in degradation of the cargo receptors in a proteasome-dependent manner

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-14-1274506-g003.jpg
(i) mNeonGreen (ii) Aldolase

PEX1 Glycosomes Merge + DARI

WT

PEX1-mNG

Pearson's Correlation
Coefficient

mNG-PEX1

Wild type PEX1-mNG mNG-PEX1

Cell line





OEBPS/Images/fcimb-14-1274506-g005.jpg
N
Digitonin N

(mg/mg of protein) °¢+
N » &
O e
Control N — — et S
Enolase

RNAI Nt et St S Nt~

Control

Aldolase
1.0
RNAi
o 0.5
Control OO v\‘ s
Hexokinase .ﬂ
| St & g . 0.0

1.5
@ Control

3 RNAI

|
1
|
l
\
)

Ratio of arbitrary units

Control Wiy g Glycosomal enzyme release
PFK

RNAi e — 3 — %

Control <L — —
GAPDH

K
l

RNAi






OEBPS/Images/fcimb-14-1274506-g007.jpg
TbPEX1 RNAi
Day 1 Day 2 Day 3
Tet - + - + - +

100

S—— —_— — PEXS
70
35 v

P — PEX7
S -
25| SO
55| 3
EFK
nolase

a E E a Aldolase
35|
55

o~ PEX14

S S g S —
3 : = u
25

PEX11

15

- e
%“ - rec
§os

iu

2

3 o2

AL & & &

PEX1 RNAI

B
WT THPEX1 RNAI
MG-132 + - - + +
Tet + - + - +
100
— — Guned -~ < —>PEX5
70
35 — =
—— e 0
— ' ’ J—»PEn
55
—» PFK
d —— Enolase
H — Aldolase
35
PEXS protein levels
1.0
£
S o8
oo
£ o8
£
£
g 04
S
% 02
14
0.0
o
I
l*("
@\@“'






OEBPS/Images/fcimb-14-1274506-g002.jpg
GAL4-AD GAL4-BD (i) Qualitative analysis (ii) Quantitative analysis

ScPEX5 ScPCS60

ScPEX1  ScPEX6

TbPEX6 -

TbPEX6
= TbPEX6
TbPEX1 =

TbPEX1  TbPEX6

N L 0 =
o =] oog

B-galactosidase units

B .
-leu -tryp -his
GAL4-AD GAL4-BD -leu -tryp 3 days
» 3 S
SCPEX5 SCPCS6() "sme== e===s toccs  cmecee Geee Semm | Seees
- - —_— e oo — s e —_

TbPEX6 - —_— e —

- THPEX1 s=== e—= =
LJDPEX6 =~ TLPEX1 [Gmmme emme e Bl
TbPEX1 - —— o=

111

ThPEX1 THPEX6 | o= wm——

091
00z






OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-14-1274506-g004.jpg
o~
-

—e— DMSO
—e— Tetracycline 2ug/mi

- © ®© © ~ © v
- -

Jaquinu |82 aAiejnwing %607

———

e @ o to2Ne

- o o coceee
P=2= =1

uoissaidxe auab LX3dqL
uj abueys pjo4

Days of RNAi induction





