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Abstract:
Trypanosomatid parasites cause devastating African sleeping sickness, Chagas disease, and Leishmaniasis that affect about 18 million people worldwide. Recently, we showed that the biogenesis of glycosomes could be the “Achilles’ heel” of trypanosomatids suitable for the development of new therapies against trypanosomiases. This was shown for inhibitors of the import machinery of matrix proteins, while the distinct machinery for the topogenesis of glycosomal membrane proteins evaded investigation due to the lack of a druggable interface. Here we report on the identification of the highly divergent trypanosomal PEX3, a central component of the transport machinery of peroxisomal membrane proteins and the master regulator of peroxisome biogenesis. The trypanosomatid PEX3 shows very low degree of conservation and its identification was made possible by a combinatory approach identifying of PEX19-interacting proteins and secondary structure homology screening. The trypanosomal PEX3 localizes to glycosomes and directly interacts with the membrane protein import receptor PEX19. RNAi-studies revealed that the PEX3 is essential and that its depletion results in mislocalization of glycosomal proteins to the cytosol and a severe growth defect. Comparison of the parasites and human PEX3-PEX19 interface disclosed differences that might be accessible for drug development. The absolute requirement for biogenesis of glycosomes and its structural distinction from its human counterpart make PEX3 a prime drug target for the development of novel therapies against trypanosomiases. The identification paves the way for future drug development targeting PEX3, and for the analysis of additional partners involved in this crucial step of glycosome biogenesis.

1. Introduction:
	Trypanosomatid infections cause several devastating diseases like Chagas Disease, human African trypanosomiasis (HAT) and leishmaniasis. The pathogenic unicellular flagellates Trypanosoma cruzi (Chagas Disease), T. brucei (HAT) and Leishmania spp. (leishmaniasis) are transmitted by insect-vectors to humans. These parasites threaten millions of people in tropical and subtropical regions of Latin America, Africa and Asia. Mostly due to population mobility, Chagas disease is also present in non-endemic regions, including North-America, Europe or in the Western-Pacific region [1]. 
	No vaccine is available as these parasites evade host immune response by antigenic-variation (T. brucei) or by intracellular location in mammalian cells (T. cruzi and Leishmania spp) [2-4]. Currently used drugs have major side effects, lack efficacy against different stages of the disease, are difficult to administer and drug-resistant strains are emerging. As a potential new drug target, the biogenesis and metabolism of glycosomes was identified [5-7]. 
Glycosomes are peroxisome-related organelles found only in trypanosomatid parasites. These organelles received their name because they compartmentalize the first seven enzymes of the glycolytic pathway, and other essential metabolic pathways [8]. For the bloodstream form of T. brucei is has been shown that sequestration of glycolytic enzymes in glycosomes is essential for the survival of the parasite [9] [10]. This is because these enzymes are not regulated by feedback inhibition but their function is controlled by the regulated influx of glucose [11]. Mislocalization of these enzymes to the cytosol results in a run-off ATP-consumption [12]. Thus, inhibition of matrix protein import into glycosomes, i.e. by knock down of the expression of an import receptor [13], results in mislocalization of catalytically active glycolytic enzymes to the cytosol, leading to ATP depletion, accumulation of glucose metabolites to toxic levels and finally, death of the parasites [12]. 
The druggability of the import of matrix protein into glycosomes has recently been proven [14] [15] [7]. In this structure-based approach, small molecules were designed, which block the import receptor docking site of the glycosomal membrane protein PEX14 and thereby inhibit import of glycolytic enzymes. The trypanocidal activity of PEX14 inhibitors could be transferred to a T. brucei animal model, in which oral application of PEX14 inhibitors led to a significant reduction of parasitemia level of the infected mice. Based on this proof-of-concept study, we aim to identify further potential drug targets within the cascade events of glycosome biogenesis. Along this line, a promising target is the assembly and maintenance of the glycosomal membrane. 
Like peroxisomes, glycosomes form de novo from the endoplasmic reticulum or proliferate from pre-existing organelles [16]. In mammalian cells, de novo synthesis and peroxisomal membrane protein (PMP) insertion depend on the concerted action of PEX3, PEX16 and PEX19 [17]. The important contribution of all three peroxins for the initial membrane assembly is indicated by the lack of peroxisomal membrane structures in PEX3, PEX16 or PEX19 deficient cells [18-21]. With respect to PMP import, the cytosolic receptor and chaperone PEX19 recognizes newly synthesized PMPs via specific targeting signals [22]. The integral membrane protein PEX3 provides the peroxisomal docking site for the PEX19/PMP complexes [23, 24]. The function and topology of peroxisomal and ER-associated PEX16 [25] is under debate and most likely species-dependent [26]. Mammalian PEX16 associates with PEX19 [22, 27] and with PEX3 [28] but these interactions are structurally and functionally poorly defined. In contrast, the structural basis of the essential interaction between human PEX19 and the cytosolic part of PEX3 has been analyzed in great molecular detail [29, 30]. To this end, the globular C-terminal domain of PEX3 binds an alpha helix at the N-terminus of PEX19, clearly separated from the PMP-binding domain of the receptor at its C-terminus. Site-directed mutagenesis of interface residues revealed that this interaction is critical for both de novo biogenesis of peroxisomes as well as for PMP import in human cells [31]. This and a low sequence conversation of human and trypanosomal homologues together suggest the PEX3-PEX19 interaction as a molecular target for drug development.
PEX19 and more recently, PEX16 were identified in trypanosomes by sequence similarities [32, 33]. Despite several proteomic analyses of glycosomes, a homolog of PEX3 has not yet been identified in either bloodstream or insect form of T. brucei [34, 35]. A recent analysis of glycosomal membrane proteins of T. cruzi revealed numerous new transporters and membrane proteins including PEX16 but PEX3 and PEX19 were not among them [36].  
In a more specific PEX3 aimed approach, we used the conserved N-terminal fragment of trypanosomal PEX19 for affinity isolation of TbPEX3. In a structure-based screen, we identified PEX3 among the PEX19-binding partners. Despite low sequence conservation to human PEX3, the overall structure and topology of the glycosomal counterpart is essentially similar and provides similar binding interfaces with PEX19. RNAi knockdown in insect and bloodstream forms of the parasites demonstrates the critical function of TbPEX3 for glycosome biogenesis and supports PEX3-PEX19 interaction as an attractive target for structure-based drug design.

2. Materials and Methods:

2.1 Parasite cell lines, maintenance and transfections
[bookmark: _Hlk14268200][bookmark: _Hlk12532319]Bloodstream form (BSF) cell line 449 (stably expressing Tet repressor) and procyclic form (PCF) 29-13 cell line (co-expressing T7RNAP and TetR) were used in this study [37, 38]. The bloodstream form was grown in HMI-11 medium containing 10% fetal bovine serum (FBS, Sigma) at 37°C in a humidified incubator with 5% CO2 [39]. The procyclic form was grown in SDM-79 medium (containing 10 mM glucose unless stated otherwise) supplemented with 10% FBS at 28°C [40]. Bloodstream form cells were maintained in logarithmic phase (below 2 × 106 cells/ml) and procyclic form cells were maintained at 5 × 105–5 × 108 cells/ml. Stable transfections were performed with NotI-linearized plasmid constructs which integrate into the rRNA locus in the genome and the clones were selected using selective antibiotics as described previously [33]. 

2.2 Bioinformatic analysis and structural modelling
Human and plant PEX3 protein sequences were obtained from Uniprot database (IDs: H. sapiens P56589; A. thaliana Q8LDG7). Parasite PEX3 protein sequences were obtained from TritrypDB databse (IDs: T. brucei Tb427tmp.01.2020; T. cruzi TcCLB.510719.280; L. donovani LdBPK_364210.1). TMprep was used for transmembrane domain prediction. Sequence alignment was performed using Kalign – EMBL. Structural prediction was performed with Phyre2.

2.3 Plasmid construction
The N-terminal fragment of TbPEX19 (1-50 amino acids) was cloned into NdeI- XhoI sites in pET21b vector using a PCR product (primers RE6387-6341) digested with same restriction enzymes, resulting in a C-terminal hexa-histidine tag (TbPEX191-50aa-His6). TbPEX3 was C-terminally GFP tagged by cloning the PCR product (primers RE6910-RE6911) into BamHI site in pGN1 plasmid for expression in T. brucei. For TbPEX3 RNAi, a stem loop construct was generated by cloning two fragments of PEX3 gene in tandem but opposite orientation in HindIII–BamHI Site in the pHD1336 plasmid. Fragment 1 (786-1401 bp, primers RE6858-RE6859, HindIII-EcoRI) and self-complementary fragment 2 (786-1352 bp, primers RE6853-6860, EcoRI-BamHI) were digested with EcoRI and ligated. The ligated fragment 1 and 2 was digested with HindIII-BamHI and cloned into pHD1336. Upon expression in trypanosomes, such construct forms double-stranded RNA with a stem-loop, which initiates RNAi knockdown. For expression in E. coli, TbPEX3 lacking the N-terminal 44 amino acids was cloned into vector pGEX4T2 using BamHI and SalI sites (primers RE6944-RE6945) to obtain N-terminally tagged GST-TbPEX3Δ1-44 construct.

Table 1. Oligonucleotides used 
	Oligo name
	Sequence

	RE6341
	ATACTCGAGCAACTCTGCAGTTGCACTCT

	RE6387
	ATATATGCATATGTCTCATCCCGACAATGACG

	RE6853
	ATCTGGATCCTGTTTCACGTGCCACACTCT

	RE6858
	AGCTAAGCTTTGTTTCACGTGCCACACTCT

	RE6859
	ATATGAATTCCGTCTCCTCACACAGCAGTCG

	RE6860
	ATCTGAATTCCAAACATATCCAGCCGCTGC

	RE6910
	ATCTGGATCCATGTGTGACGAGTTCCTTGGAGAC

	RE6911
	ATCTGGATCCAAATCGCGGCATGTAACTCTAATC

	RE6944
	CGGGATCCCCCGTGCAAAACAGCATTGTTG

	RE6945
	ACGCGTCGACTTATAAATCGCGGCATGTAACTCTAATCGTCTC




2.4 Recombinant protein purification
TbPEX191-50aa-His6 was transformed into BL21(DE3), the start-up culture was inoculated into 1 L LB medium to an OD600 reading of 0.1. The culture was incubated at 37°C with shaking and induced with 1 mM IPTG when OD600 reached 0.6. Following induction, culture was incubated to allow overexpression at 25°C for 2.5 h. Cells were harvested in buffer A (PBS, pH 7.4) containing protease inhibitors (5 µg/ml Antipain, 2 µg/ml aprotinin, 0.35 µg/ml Bestatin, 6 µg/ml Chymostatin, 2.5 µg/ml Leupeptin, 1 µg/ml Pepstatin, 0.1 mM PMSF) and 25 µg/ml DNAse. Cells were lysed by EmulsiFlex®. DTT and EGTA/EDTA were avoided throughout the purification process due to incompatibility with the cobalt-based resin. Lysate was centrifuged in a SS34 rotor at 14,000 rpm for 60 min and supernatant was loaded onto a Cobalt-TALON column (GE). The column was washed with 10 mM imidazole to remove non-specific bindings, and eluted with a concentration gradient of imidazole up to 400 mM. 1 ml fractions were collected and samples (200 µl for TCA precipitation or 40 µl for direct gel analysis) were taken for SDS-PAGE gel and western blot analysis using anti-His antibody. TbPEX19N-containing fractions were pooled and dialysed in 4 L of PBS to remove imidazole using dialysis bag with 3.5 kDa cut-off (Carl Roth). 

2.5 Affinity pulldown assay using a His-tagged N-terminal PEX19 fragment
250 µl of Cobalt-TALON resin (GE) was incubated with either buffer B (25 mM Tris, 400 mM NaCl, 10% glycerol, pH 7.4) alone (batch 2)  or 3 mg TbPEX191-50aa-His6 protein (batch 1 and 3) in buffer B for 1 h at 4°C with gentle rotation. Following incubation, resin was washed with 10 mM imidazole for five times, and then the pre-incubated resin was stored on ice for an hour until loading of a solubilized Trypanosoma membrane fraction. 
The Trypanosoma membrane fraction was prepared from crude organellar lysates. To this end, 8 × 109 cells were harvested by centrifugation for 10 min at 2,000 g and washed twice in 30 ml of buffer C (25 mM Tris pH 7.4, 250 mM NaCl, 1 mM EDTA). Frozen or freshly prepared cell pellets were resuspended in 1 ml of buffer C containing protease inhibitors (complete EDTA-free, Roche Applied Science). The cell suspension was grinded in a pre-chilled mortar with 1 volume (cell pellet volume) of silicon carbide (Sigma, 200 mesh). The approximate level of breakage was checked by light microscopy. Homogenate with at least 90% of breakage was centrifuged for 5 min at 100 g and twice at 3,000 g to remove abrasive, intact cells and nuclei. The supernatant was centrifuged at 24,000 g for 24 min with rotor TLA-100 to yield a glycosome-enriched pellet fraction. Protein amount of this glycosome-enriched pellet fraction was determined by Bradford assay. 0.25x (w/w, 1% v/v) of Digitonin was used to liberate matrix proteins. Subsequently, the membrane fraction was prepared  by centrifugation at 13,000 g for 10 min. Complete solubilisation of membrane proteins was achieved by treatment with 3x (w/w, 1% v/v) Digitonin in buffer B. 
About 0.7 mg of the solubilised membrane fraction was loaded to two of the three batches (batch 2 and 3). Thus, batch 1 contained only pre-loaded TbPEX191-50aa-His6, batch 2 contained only the membrane fraction, batch 3 contained both the preloaded TbPEX191-50aa-His6 and the solubilized Trypanosoma membrane fraction. The three batches were incubated overnight at 4°C with gentle rotation to allow binding of Trypanosoma membrane proteins to TbPEX191-50aa-His6. Following incubation, resins were washed in 10 mM imidazole for 3 times and 20 mM imidazole for two times in buffer B. Bound proteins were eluted in 250 mM imidazole and beads were denatured in Laemmli SDS-PAGE buffer. Proteins were separated by 15% SDS-PAGE, visualized by Colloidal Coomassie staining, and analyzed by liquid chromatography-mass spectrometry (LC-MS).

2.6 LC-MS analysis
Eluates of TbPEX191-50aa-His6 in vitro pulldowns of Digitonin-solubilzed organelles and control samples were analyzed by LC-MS as described before [41] on an LTQ Orbitrap XL instrument (Thermo Fisher Scientific, Bremen, Germany). For peptide and protein identification, mass spectrometric raw data were searched against all entries for T. brucei Lister 427 present in the TriTryp database (version 41) using MaxQuant/Andromeda (version 1.5.5.1; [42, 43]) with default settings. Proteins identified in two independent TbPEX191-50aa-His6 pulldowns with ≥ 1 MS/MS count in each analysis and an overall sequence coverage of > 5% are listed in Supplemental Table 1. Following criteria were set for shortlisting potential TbPEX3 candidates from the identified proteins (Supplemental Table 2): proteins which are annotated as hypothetical protein in the TritrypDB genome database (strains Tb427 and Tb927) and presence of predicted transmembrane domain (TMD) close to the N-terminus. Short-listed proteins were further analyzed for secondary structure similarity with human PEX3 (using Phyre2 prediction, [44]). 

2.7 in vitro pulldown of GST-TbPEX31-44 from BL21 cell lysates
3 mg of TbPEX19N1-50aa-His6 was pre-incubated with 200 µl of Ni-TNA resin for 1 h at 4°C, resin was washed with buffer D containing 1 mM DTT and 20 mM imidazole. Subsequently, the resin along with no pre-incubation was used as the control. Soluble fraction of lysate corresponding to 500 ml BL21(DE3) culture expressing GST-TbPEX31-44 was prepared in buffer D containing 1 mM DTT and 20 mM imidazole. The soluble fraction was divided in half and loaded to the control batch as well as the Ni-NTA resin pre-incubated with TbPEX19N. After 1 h incubation, the resin was washed in the same buffer and specific interacting proteins of TbPEX19N were eluted with 80 µl of buffer D containing 250 mM imidazole. Samples were analysed by SDS-PAGE followed by staining with colloidal Coomassie and immunoblotting using anti-GST and anti-His antibodies. 

2.8 RNAi in T. brucei 
[bookmark: _Hlk14214167][bookmark: _Hlk14268645][bookmark: _Hlk14268898]Bloodstream and procyclic form T. brucei parasites were transfected with the TbPEX3-RNAi stem-loop construct and clones were selected using limiting dilution. RNAi growth assay was initiated by inoculating BSF and PCF cultures at 0.1 million or 1 million cells/ml, respectively. Cultures were treated with DMSO as control (-Tet) or tetracycline (1 µg/ml BSF, 2 µg/ml PCF) to induce PEX3 RNAi (+Tet). Cells were counted every 24 h and the cultures were diluted back to 0.1 million or 1 million cells/ml for BSF and PCF cultures, respectively. Equivalent amount of DMSO or tetracycline was added accounting for the culture dilution. Cultures with a cell density below the limit were further incubated without dilution or addition of fresh tetracycline. The growth of uninduced and RNAi induced cultures was monitored up to 5 days (BSF) and 9 days (PCF). For glucose toxicity analysis, PEX3 RNAi was induced in PCF cells grown in low glucose containing SDM79 (0.5 mM glucose) for 7 days. On day 7, the control and RNAi cultures were split into two and 10mM glucose was added to one set of cultures, incubated further for 48 hours and cells counted on day 9. For immunofluorescence microscopy, PEX3 RNAi was induced for 6 days in PCF cells grown in low glucose SDM79 media (0.5 mM glucose).


2.9 Microscopy
Immunofluorescence analysis was performed with antibodies against glycosomal proteins essentially as described previously [14, 33], except that the glycosomal membrane markers α-TbPEX11 and α-TbGIM5 were used at 1:200 dilution. For imaging, wide-field fluorescence microscopy was performed using an Axioplan 2 microscope with an AxioCam MR digital camera and Axiovision software version 4.6.3, (Zeiss, Oberkochen, Germany). Microscopy images were analysed using Zen 2.3 (blue edition) (Carl Zeiss Microscopy GmbH).


3. Results

3.1 Identification of T. brucei PEX3
Most trypanosomal PEX proteins were identified using sequence similarity with known PEX proteins from other organisms. However, attempts to identify PEX3 in trypanosomes using bioinformatic approaches failed. Here, we utilized a targeted approach to identify PEX3 of T. brucei by using its potential binding partner PEX19 as bait. PEX19 has a bipartite domain organization. The globular C-terminal domain of PEX19 is involved in recognition and binding to cargo peroxisomal membrane proteins (PMPs). In human, plants and yeast, this domain contains a C-terminal CaaX motif for farnesylation that has been shown to be important for function of PEX19 [46-48]. However, both Trypanosoma and Leishmania PEX19 proteins lack such motif. PEX3 is expected to bind to the N-terminal region of PEX19 that seems to be conserved also in trypanosomatid PEX19 (Fig. 1A). Characteristic alternating positioning of hydrophobic (blue) and negatively charged (purple) residues in PEX3-binding site is also conserved in parasite PEX19. 
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Figure 1. Identification of T. brucei PEX3 A) On the left, a PEX19 domains scheme is shown – The globular C-terminal domain of PEX19 (green) binds to the peroxisomal membrane proteins (PMPs). The C-terminal CaaX motif for farnesylation in human PEX19 is absent in T. brucei PEX19. The unstructured N-terminal region of PEX19 contains a putative PEX3 binding motif close to the N-terminus (blue). On the right, the multiple sequence alignment of the N-terminal region of PEX19 from various species (left panel) indicates the presence of a conserved PEX3-interacting motif also in Trypanosoma and Leishmania PEX19 with alternating positioning of hydrophobic (blue) and negatively charged (purple) residues.  B) Graphical workflow of the PEX19 pulldown. A T. brucei cell pellet was homogenized and centrifuged to obtain a crude organellar pellet. The organelles were completely solubilized with Digitonin (3x mg/mg protein) to obtain the organelle lysate. Alternatively, crude organelle pellet was permeabilized with low concentration of Digitonin (0.25x mg/mg protein) to separate organellar membranes from matrix proteins, and the membrane were completely solubilized with a higher Digitonin concentration (3x mg/mg protein). TbPEX191-50-His6 (TbPEX19N) was recombinantly purified from E. coli. TbPEX19N bound to the resin was loaded with T. brucei lysates and bound proteins were eluted with imidazole, separated on SDS-PAGE and analyzed by mass-spectrometry. C) Coomassie stained SDS-PAGE of the eluates of the pulldown. TbPEX19N bound to the His6-affinity resin and treated with buffer alone served as negative control (lane 1). The empty resin loaded with T. brucei lysates served negative control for non-specific binding of Trypanosoma proteins (lane 2). Protein that eluted from the column pre-loaded with TbPEX19N and incubated with the T. brucei lysates are shown in lane 3 (Test). TbPEX3 was detected in the marked region only in the Test-assay in two independent MS analyses.

[bookmark: _Hlk12556470]
To identify PEX3 in trypanosomes as putative binding partner of PEX19, we recombinantly purified the N-terminal fragment of T. brucei PEX19 (PEX191-50aa-His6) and performed an in vitro pull-down of PEX19-binding proteins of Digitonin solubilized Trypanosoma organellar membrane fractions. The corresponding workflow is shown in Figure 1B. His6-affinity matrix (Cobalt-TALON resin) incubated with purified recombinant TbPEX19 alone or Trypanosoma lysates alone served as negative controls (Fig. 1C, lanes 1 and 2). Proteins of the T. brucei membrane fraction that specifically bound to TbPEX19 (Fig. 1C, lane 3) were analysed by Mass-Spectrometry. 
In two independent experiments, using either solubilized crude organellar pellets or solubilized organellar membranes (Fig. 1B), we identified 449 Trypanosoma proteins, which specifically appeared in both eluates but were absent or appear to a minor extent in the control eluates (Supplementary Table 1). Among these, 16 proteins are annotated as hypothetical proteins, containing at least one predictable transmembrane helix close to the N-terminus (Supplementary Table 2).  
[bookmark: _Hlk12570070][bookmark: _Hlk12541158]The short-listed proteins were further subjected to a secondary structure prediction with Phyre2 using the known structure of human PEX3 as template. The Phyre2-analysis identified one protein (TritrypDB ID: Tb427tmp.01.2020/ Tb927.11.10260) that shows highest secondary structure similarity to human PEX3 (Supplementary Fig. 1). Although annotated as hypothetical protein (TritrypDB.org), this protein has been previously detected in the glycosomal membrane proteome (Colasante et al. 2013). High-throughput GFP tagging database (Tryptag.org) also supports the glycosomal localization of this protein. Transmembrane domain (TMD) prediction with TMPrep indicates the presence of a TMD close to the N-terminus of this protein, which suggests a topology similar to the human PEX3. Presence in TbPEX19N interactome, secondary structure similarity with human PEX3 with similar topology (this study), as well as previously reported association with the glycosomes taken together strongly suggest that this protein is indeed TbPEX3. 
A multiple sequence alignment of the newly identified PEX3 from trypanosomatid parasites with plant and human PEX3 shows that the overall sequence similarity of the TbPEX3 with human PEX3 is very low (>7% sequence identity). However, the sequence identity is 11% when the two large insertions (see below) are omitted, and similarity is even higher than 30% if the comparison is restricted to the PEX19 interacting regions (Fig. 2). Particularly, the amino acid residues that are critical in humans for the PEX19 interaction are well conserved in the parasite proteins (Fig. 2, marked in orange). This suggests that the putative TbPEX3 is the trypanosomal orthologue of human PEX3. Remarkably, the alignment indicates the presence of two insertion regions in parasite PEX3 that are absent in human and plant PEX3 (Fig. 2B, black underlined regions). BLAST search against all organisms using the amino acid sequence of these insertions failed to identify any known homologous sequences. This suggests that these insertions are trypanosomatid parasite specific. Phyre2 secondary structure search also indicates that these insertions are likely unstructured, A comparison of the modular structure of Trypanosoma and human PEX3 as deduced from the multiple sequence alignment shows regions that contribute to the PEX19 binding interface in TbPEX3 in comparison to human PEX3, while the insertions in parasite PEX3 are depicted as loops (Fig. 2, bottom).
[image: ]
Figure 2. PEX3 sequence alignment. Multiple sequence alignment between human, plant and parasite PEX3 proteins. Protein IDs (Uniprot IDs: H. sapiens P56589; A. thaliana Q8LDG7, TritrypDB IDs: T. brucei Tb427tmp.01.2020; T. cruzi TcCLB.510719.280; L. donovani LdBPK_364210.1). Alignment was performed using Kalign and visualized using JalView with Clustal color scheme. The known transmembrane domain (TMD) of human PEX3 and the predicted TMD of TbPEX3 are located close to N-terminus (grey shade). The overall sequence identity between human and T. brucei PEX3 is very low (<7%). However, parasite and human PEX3 proteins show a higher sequence conservation (>30%) within the region comprising the known PEX19 binding sites (orange line, key residues marked with orange arrowheads). The alignment also identifies the presence of two regions that are exclusive for the parasite PEX3 proteins (black line). A PEX3 domain scheme is shown below - TMD (grey box), PEX19 binding sites (orange). Parasite specific regions in TbPEX3 are depicted as additional loops.

3.2 T. brucei PEX3 localizes to glycosomes 
[bookmark: _Hlk14188235][bookmark: _Hlk12532479][bookmark: _Hlk14266400][bookmark: OLE_LINK1] 	TbPEX3 contains a predicted transmembrane domain close to the N-terminus similar to human PEX3. To investigate the sub-cellular localization of PEX3 in T. brucei parasites, we constructed a plasmid encoding a GFP tag fused to the C-terminus of TbPEX3 gene under the control of the tetracycline inducible promoter. The plasmid was linearized and genomically integrated into the rRNA locus in both bloodstream form and procyclic form trypanosomes. This results in a tetracycline inducible ectopic PEX3-GFP expression. Expression of PEX3-GFP was induced for 24 h with 1 µg/ml tetracycline, followed by formaldehyde fixation of the parasites. PEX3-GFP displayed a punctate pattern spread across cells of both the bloodstream form and the procyclic form (Fig. 3, green channel), which is similar as reported in high-throughput tagging studies (Tryptag.org). To confirm whether this punctate pattern is due to glycosomal localization, we performed co-localization studies by immunofluorescence microscopy with antibodies against the glycosomal membrane marker PEX11. A characteristic glycosomal punctate fluorescence pattern is seen for PEX11 (Fig. 3, red channel). Colocalization of PEX3-GFP with the glycosomal membrane marker PEX11 is evident in the merge of the green and red channel (Fig. 3). This confirms that PEX3-GFP localizes to glycosomes in both bloodstream and procyclic form trypanosomes.

[image: ]

[bookmark: _Hlk14186416]Figure 3. C-terminally GFP tagged PEX3 (PEX3-GFP) localizes to glycosomes. Bloodstream form (BSF, top panel) and procyclic form (PCF, lower panel) T. brucei parasites were transfected with a tetracycline inducible PEX3-GFP construct, which integrates into the rRNA locus in the genome. Transfected clones were selected and PEX3-GFP expression was induced with 1 µg/ml tetracycline for 24 h. Analysis by immunofluorescence microscopy was performed using primary antibodies against the glycosomal membrane marker PEX11 (1:200) and Alexa-Fluor 594 conjugated secondary antibody (1:200) (Red). Nucleus and kinetoplast stained with DAPI (blue). Colocalization of PEX3-GFP with PEX11 is evident in the merge channel in both bloodstream form (top panel) and procyclic form (bottom panel) trypanosomes. DIC – Differential Interference Contrast, Scale bar – 5 µm.

3.3 TbPEX3 RNAi knockdown leads to a severe growth defect
To investigate the essentiality of PEX3 for T. brucei parasite survival, we performed RNAi mediated knockdown of PEX3 expression in both the bloodstream and the procyclic form trypanosomes. A stem-loop construct of TbPEX3 was transfected into the bloodstream form trypanosomes and clones were obtained using limiting dilution and drug selection. Growth analysis was initiated with a culture inoculated at the cell density of 0.1 million cells/ml. RNAi was initiated by addition of 1 µg/ml tetracycline (+Tet), while cultures treated with equivalent amount of DMSO (‑Tet) served as negative control (both in biological triplicates). Parasites were manually counted with a Neubauer cell-counting chamber every 24 h and the cultures were diluted back to 0.1 million cell/ml. Cumulative growth was calculated and plotted in logarithmic form against days (Fig. 4A). DMSO treated (-Tet) PEX3 RNAi cell line divided >10 times every 24 hours. Cultures in which PEX3 RNAi was induced with tetracycline (+Tet) grew slower than control for first 24 h. However, on the second day (48 hours), no growth was seen for RNAi induced cells. Microscopic inspection of RNAi induced cultures revealed that parasites lost their motility and cell debris of dead cells was evident. This indicates that the PEX3 RNAi knockdown is lethal for the parasites within 48 hours of induction, in contrast to PEX19 and PEX16 RNAi that show such an effect at later time points [32, 33]. The PEX3 RNAi induced cultures continued to lose their viability till day 5, whereas uninduced cultures proliferated normally.
[bookmark: _Hlk14214131]Similarly, RNAi knockdown was also performed in procyclic form trypanosomes. Growth assay was initiated with 1 million cells/ml and RNAi was induced with 2 µg/ml tetracycline. Cultures were diluted back to 1 million cells/ml if the culture density exceeded 5 million cells/ml. If the cell density fell below 1 million cells/ml, the cultures were further incubated without dilution or addition of tetracycline. The growth was monitored daily for 9 days. Cumulative growth was plotted in Log10 format against days as shown in Fig. 4B. The RNAi induced cells (+Tet) grew significantly slower than the control cultures (-Tet) till day 9. Similar to BSF parasites, parasites that lost motility and dead cells were evident in the microscopic inspection of cultures.

[image: ]Figure 4. RNAi knockdown of PEX3 expression leads to severe growth defect in trypanosomes. Cumulative growth curves of PEX3 RNAi knockdown in (A) bloodstream form and (B) procyclic form T. brucei parasites. The RNAi cell lines (two independently obtained clones in both BSF and PCF) were either treated with DMSO alone as negative control (-Tet, green or blue line) or RNAi-induced with Tetracycline (+Tet, red or purple line). Cells were counted daily and Log10 of cumulative cell number was plotted using GraphPad Prism (version 8.8.1). (A) PEX3 RNAi knockdown led to rapid death of bloodstream form parasites on day 2, followed by continued severe growth defect until day 5 (+Tet). Same cell lines treated with DMSO alone as control proliferated normally. Error bars: Standard Deviation (SD) from three biological replicates of each clone. For most data points, the SD values are smaller than the symbols. (B) Procyclic form trypanosomes showed reduced growth rate upon PEX3 knockdown from day 4 onwards which continued until day 9. Error bars: SD from three biological replicates of each clone. 







3.4 Glycosomal matrix proteins are mislocalised to cytosol in PEX3 RNAi trypanosomes
A typical consequence of peroxin depletion is inhibition of glycosomal matrix protein import. Therefore, we investigated the localization of glycosomal matrix proteins upon PEX3 knockdown by immunofluorescence microscopy analysis. To this end, bloodstream form (day 2 of RNAi) and procyclic form (day 6 of RNAi) parasites were used for immunofluorescence microscopy analysis with antibodies against glycosomal matrix enzymes. GAPDH and aldolase were used as PTS1- and PTS2-containing glycosomal enzyme markers, respectively. Both markers show a punctate pattern across the parasite cell without RNAi induction in both BSF and PCF trypanosomes (red) (Fig. 5A and 5B, -Tet). Upon PEX3 RNAi, both PTS1- and PTS2- containing marker enzymes were mislocalized to the cytosol, resulting in diffuse cytosolic labelling (Fig. 5A and 5B, +Tet). The effect was seen in both BSF and PCF parasites. However, the effect was prominently seen in procyclic form parasites grown in low glucose media during PEX3 RNAi knockdown. >85% of PCF trypanosomes show cytosolic mislocalization of glycosomal enzymes (Fig. 5C). 

The mislocalization of glycosomal enzymes should result in glucose toxicity due to a run-off consumption of ATP upon metabolism of glucose [49]. To test whether the depletion of PEX3 leads to glucose toxicity, PEX3 RNAi was induced in PCF cells in low glucose media (0.5 mM) for 7 days. On day 7, the cultures were split into two and to one of the cultures 10 mM glucose was added. Cultures were further incubated and cells were counted after 48 h. In low glucose, RNAi induced cells grew 55% less as compared to control (Supplementary Fig. 2). This effect was more pronounced in the presence of higher concentrations of glucose (80%). This result indicates that glucose indeed is toxic to PEX3-depleted cells. However, also in the presence of low glucose or even in the absence of glucose (not shown) PEX3 RNAi severely affects growth and survival of PCF cells, indicating that also other mechanism might contribute to the killing effect of PEX3 RNAi.
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Figure 5. Glycosomal matrix proteins are mislocalized to the cytosol upon PEX3 RNAi knockdown. Immunofluorescence microscopy analysis was performed with (A) bloodstream form (RNAi day 2) and (B) procyclic form (RNAi day 6) parasites. Cells were treated with DMSO (-Tet) or RNAi was induced with tetracycline (+Tet). Primary antibodies against aldolase or GAPDH (1:500) were used as glycosomal matrix markers followed by Alexa-594 secondary antibody (1:200, Thermo) (Red). Nucleus and kinetoplast were stained with DAPI (blue). Both aldolase and GAPDH showed a punctate pattern of glycosomes in control cells treated with DMSO (A and B, -Tet) in BSF as well as PCF parasites. Upon PEX3 RNAi induction, partial or complete mislocalization of aldolase and GAPDH to the cytosol is seen (A and B, +Tet). Cytosolic mislocalization is prominently seen in PCF cells grown in low glucose media during RNAi. Scale bar – 5 µm. C) Statistical analysis of number of PCF cells showing aldolase or GAPDH labelling as punctate pattern or complete cytosolic mislocalization upon PEX3 RNAi. n = >100 cells counted for each group.


3.5 PEX3 knockdown leads to reduction in glycosome number and mislocalization of glycosomal membrane proteins
[bookmark: _Hlk9990497]To investigate the effect of PEX3 knockdown on membrane protein targeting, we performed immunofluorescence microscopy analysis using antibodies against glycosomal membrane markers PEX11 and GIM5 (Fig. 6). Bloodstream form cells from day 2 of RNAi induction and procyclic form cells (grown in low glucose media) from day 6 of RNAi induction were used for the immunofluorescence microscopy. In both control bloodstream form and control procyclic form parasites, PEX11 and GIM5 displayed a punctate pattern spread across the cell characteristic of glycosomes (Fig. 6, -Tet). Bloodstream form parasites from day 2 of RNAi induction display a significantly reduced labelling with glycosomal membrane marker PEX11 (Fig. 6A, +Tet). This suggests that the PEX3 knockdown leads to reduction in the number of glycosomes. In PCF cells where RNAi was induced for 6 days, >50% cells completely lost punctate staining with PEX11. Instead, a reticulate network or cytosolic labelling of PEX11 was seen, which suggests that the glycosomal membrane protein PEX11 is mislocalized upon PEX3 RNAi (Fig. 6B, top panel, +Tet). GIM5, another glycosomal membrane marker, showed a different behavior upon PEX3 knockdown. In control cells, GIM5 labels numerous glycosomes (Fig. 6B, lower panel, -Tet). However, upon PEX3 knockdown, >50% of PCF cells did not show labelling with GIM5 upon the same exposure time (Fig. 6B, lower panel, +Tet). This suggests that GIM5 is mislocalized and/or degraded upon PEX3 RNAi. Instability and degradation of PMPs has been reported for cells showing defects in membrane protein import [18]. The statistical analysis of the glycosomal membrane import defect of PCF cells is shown in Fig. 6C.
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Figure 6. PEX3 RNAi knockdown reduces glycosome abundance and mislocalizes glycosomal membrane proteins. Immunofluorescence microscopy analysis was performed with bloodstream form and procyclic form parasites in which PEX3 RNAi was induced for 2 and 6 days respectively. Cells were treated with DMSO as control (-Tet) or tetracycline to induce RNAi (+Tet). Primary antibodies against PEX11 (A and B, upper panel) or GIM5 (1:200) (B, lower panel) were used as glycosomal membrane marker followed by Alexa-594 secondary antibody (1:200, Thermo) (red). Nucleus and kinetoplast were stained with DAPI (blue). PEX11 and GIM5 display punctate pattern characteristic of glycosomal labelling in DMSO-treated control cells (A and B, -Tet). PEX3 knockdown led to a significantly reduced pattern of PEX11 labelling in bloodstream form trypanosomes (A, +Tet), suggesting reduced number of glycosomes. In procyclic form trypanosomes that were grown in low glucose media during RNAi, >50% cells completely lost punctate labeling of PEX11 (B, Top, +Tet). A reticulate network-like pattern or cytosolic labeling was seen with PEX11 suggesting mislocalization of glycosomal membrane protein PEX11. In case of GIM5, >50% cells did not show labeling with GIM5 antibody at the same exposure in control, suggesting that GIM5 is degraded upon PEX3 RNAi (B, Bottom, +Tet). Scale bar – 5 µm. C) Statistical analysis of number of PCF cells showing PEX11 or GIM5 labeling as puncta or no puncta i.e. complete loss of glycosomes upon PEX3 RNAi. n = >100 cells counted for each group.




3.6 TbPEX19 physically interacts with TbPEX3
To validate whether TbPEX3 directly interacts with PEX19, we performed in vitro pull-down assays using an His-tagged N-terminal fragment of TbPEX19 as a bait. Cell lysates of E. coli cells overexpressing GST-TbPEX31-44 were incubated with Ni-NTA resin, which was preloaded either with TbPEX19N-His6 or without any His6-tagged ligand. A polypeptide with the expected size of 73 kDa could be specifically eluted together with the His-tagged N-terminal PEX19 fragment (Fig 7), but not in absence of PEX19. The identity of GST-PEX31-44 in the eluate fractions as well as the lack of PEX19 binding in the negative control was confirmed by immunoblotting using anti-GST and anti-His6 antibodies (Fig. 7, lower panels). 
[image: ]
Figure 7. Direct interaction of an N-terminal TbPEX19 fragment and the cytosolic domain of TbPEX3. For pull-down assays, lysates of E. coli BL21(DE3) cells that express GST-TbPEX3(1-44) were incubated with an Ni-NTA resin with or without bound PEX19N(1-50)-His6.The loading sample, flow-through (FT), washing (W5) and eluate (Elu) fractions were analyzed by SDS-PAGE followed by Coomassie-staining. The factor of concentration relative to the flow-through is indicated below the SDS-PAGE. The panels below show the immunoblotting of the corresponding fractions using anti-GST and anti-His antibodies. GST-TbPEX3(1-44) was detected in the eluate fractions of PEX19-preloaded resin but not in corresponding fractions of the negative control. 


3.7 PEX3 homology model
The newly characterized TbPEX3 is well divergent from HsPEX3 with less than 7% sequence identity. Despite this low identity, a satisfactory alignment could be found after removal of non-conserved loop regions from TbPEX3. Based on this alignment, a homology model of TbPEX3 was created using the deposited structure of the human PEX3-PEX19 complex (pdb: 3MK4, [30]). The homology model of TbPEX3 shows that the non-conserved loop regions correspond to insertions between helices α3 and α4 (142-209) and between helices α5 and α6 (272-356), respectively, as indicated in (Fig. 8A). The model also shows shortened helices α1 and α4, and lacks helix α10 (Fig. 8B, light gray). Interestingly, in the human structure, these helices shield the C-terminal part of the hydrophobic helix α3 from solvent. Potentially, hydrophobic regions in the non-conserved insertions in TbPEX3 might be involved in the stabilization of the hydrophobic α3 to compensate for the truncated helices α1, α4 and α10. The homology model shows clear conservation of the hydrophobic residues forming the core of the domain (Fig. 8B). 
Strikingly, a high degree of conservation is also observed at the surface of the putative TbPEX19 binding site (Fig. 8B, C, green color). Out of the 13 residues forming the putative interface with TbPEX19, four are identical and four are similar to the human (Fig. 8C, D green). In the human structure of the PEX3/PEX19 complex, these conserved residues form hydrophobic contacts with the hydrophobic face of the amphipathic helix adopted by the PEX19 binding motif ligand. The conservation of human and Trypanosoma suggest that the PEX19 interaction is conserved (Fig. 8D). Notably, whereas the N-terminal region of the PEX19 ligand helix is very well conserved, some noteworthy differences are observed at the C-terminus. For example, Ser24 (PEX19) is replaced by Asp16 in TbPEX19, while reciprocally Asp28 (PEX19) is replaced by a Thr20 (TbPEX19). These two compensating substitutions 
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Figure 8. Structural model of T. brucei PEX3. A) Partial alignment of HsPEX3 (gray) and TbPEX3 (orange). Green letters indicate residues involved in HsPEX19 binding that are conserved in TbPEX3, according to the alignment. Pink letters indicate residues involved in HsPEX19 binding but not conserved between HsPEX3 and TbPEX3. B) Cartoon representation of HsPEX3-PEX19 complex crystal structure (gray, PDB-ID: 3mk4) and a TbPEX3 homology model (orange) based on sequence alignment. The HsPEX19 peptide is shown in purple. The green colored amino acids are conserved between human and Trypanosoma. Structural elements that are missing in TbPEX3 model are shown in lighter gray on the human structure. The two large loop insertions of TbPEX3 are shown as black dotted lines. C) Surface representation (human: gray, Trypanosoma orange) of the PEX19 binding site on PEX3. Residues involved in HsPEX19 binding are shown in green if conserved in the TbPEX3 model. Residues involved in HsPEX19 binding but non-conserved in TbPEX3 are shown in pink. D) Alignment of HsPEX19 (gray) and TbPEX19 (orange), in which conserved residues are highlighted in green. Above the alignment, the HsPEX3 residues forming the binding site are shown and they are connected to their interacting residues of HsPEX19 by black dotted lines. Under the alignment, the corresponding TbPEX3 residues are shown also connected to their potentially binding residues on TbPEX19, deduced by homology to the human PEX3-PEX19 complex. Conserved residues are shown in green and non-conserved residues are shown in pink.

are separated by one helical turn and are thus located at the same face of the PEX19. Facing these residues, the HsPEX3 Lys324 is replaced by Gln437 in Trypanosoma, which can form hydrogen bonds with Asp16 and Thr20 in TbPEX19. Another striking difference in the PEX19 ligand motifs is the change of Phe29 (HsPEX19) to Met21 (TbPEX19), a smaller hydrophobic residue. This change is compensated in TbPEX3 by the substitution of Thr90 (PEX19) to the bulkier and more hydrophobic residue Lys86. This modification likely compensates the PEX19 substitution (Phe to Met) and allow to accommodate the Met21 (in TbPEX19), but might hinder the binding of the Phe29 (PEX19). At the N-terminus of the PEX19 ligand motif, Lys197 (PEX19) is substituted to threonine (TbPEX19). This region is interacting with a loop in the HsPEX3 structure and might be different in trypanosomal interactions.


4. Discussion
Here we report on the identification of the highly divergent trypanosomal PEX3, a central component of the transport machinery of peroxisomal membrane proteins and the master regulator of peroxisome biogenesis. Various trypanosomal peroxins were identified previously by homology searches using yeast or mammalian sequences as queries, despite the generally low level of conservation. These include the proliferation factor PEX11 [50], the import receptors PEX5 and PEX7 [13], components of the docking complex PEX13 and PEX14 [51, 52], the RING finger peroxins PEX10 and PEX12 [53, 54], the AAA-peroxin PEX6 [13, 53] as well as PEX16 and PEX19, which functions in tandem with PEX3 in the biogenesis of the peroxisomal membrane [32, 33]. However, all attempts to find a PEX3 candidate by homology searches remained unsuccessful until now. Having the protein now in hands, the reason is obvious. PEX3 could not be identified because the degree of sequence conservation between PEX and its orthologues from yeast or mammals is only about 7% of identity and thus much lower than for other peroxins exhibiting identity values between 20% (e.g. PEX19) and about 34% (e.g. PEX5, PEX7, PEX10). The successful identification described here is based on the combinatory application of two strategies: 1) the isolation of putative binding partners of PEX19 by affinity chromatography and proteomic analysis of the isolated complexes by mass spectrometry that led to a subset of putative candidates, and 2) the application of a structure-based homology search on the identified putative PEX19 binding partners finally identified the long-searched-for PEX3. Although not recognized as TbPEX3, this protein has been previously found with high confidence in the T. brucei glycosomal proteome [55] and in the gradient-purified glycosomal membrane proteome [56]. Leishmania orthologs are also reported in the glycosomal proteome of L. infantum (LinJ.36.4210, [57]) and L. donovani (LdBPK_364210, [58]).  High-throughput genomic tagging study (Tryptag.org) reported that N- or C-terminally GFP tagged putative TbPEX3 shows punctate localization.
[bookmark: _Hlk14189875]The newly identified protein harbors several features that are typical for PEX3. In common with all other PEX3, the trypanosomatid sequence has a predicted transmembrane segment, and multiple PEX19-binding regions which form PEX3-PEX19 binding interface. Compared to human PEX3, 31% of the PEX19 contacting residues are identical in TbPEX3, which is in contrast to the overall poor sequence identity (7%). However, despite the good conservation of the binding interface between PEX3 and PEX19 among species (Fig. 2), the trypanosomatid sequence shows some characteristic differences. The alignments of Trypanosoma PEX3 and PEX19 indicate that the hydrophobic contact sites are well conserved (Fig. 8C, green), while the flanking polar residues are more divergent (Fig. 8C, pink). PEX19 residues Ser24 and Asp28 (HsPEX19) are replaced by Asp16 and Thr20 (TbPEX19), respectively. In human, these residues interact with Lys324 (HsPEX3), which is important for binding [31]. This residue is substituted by Gln437 (TbPEX3) hinting at a different interaction. The position of the crucial Phe29 (HsPEX19, [30]) is replaced by Met21 in the corresponding trypanosomatid PEX19 sequence (Fig. 8C). This substitution mirrored by a change from Thr90 (HsPEX3) to Lys86 (TbPEX3) in PEX3, again suggesting some variations in the interaction between humans and Trypanosoma. Finally, the loop region containing the crucial Lys197 (HsPEX3) is extended by five residues and divergent in the trypanosomal sequence. Taken together, comparison of the binding interfaces between the human and tryanosomatid PEX3 and PEX19 reveals a high degree of conservation, but also points to some specific differences. These differences suggest that it should be possible to develop small molecule inhibitors of the PEX3-PEX19 interface, which may selectively block the interaction of the parasite proteins.
The alignment of trypanosomatid and human PEX3 sequences shows a large sequence insertion that is specific for trypanosomatid species and represents a helix that extends from the known PEX3 structure (Fig. 2 and Supplementary Figure 1). This sequence adds to the features that distinguish the trypanosomatid PEX3 from its human counterpart and if this region is of importance for PEX3 function, it might represent a region that could be addressed for drug targeting. 
In this paper, we also show that TbPEX3 is functionally similar to its counterparts in other eukaryotes. Accordingly, TbPEX3 localizes to glycosomes as demonstrated by its colocalization with the glycosomal membrane marker PEX11 (Fig. 3) and directly interacts with TbPEX19 (Fig. 7), corroborating its presence in the PEX19-complex but also supporting the notion that both proteins function in concert in the topogenesis of peroxisomal membrane proteins also in T. brucei. The involvement of TbPEX3 in glycosome biogenesis was confirmed by the mislocalization of glycosomal matrix as well as membrane proteins upon depletion of the of PEX3 mRNA (Figs. 5 and 6). All the data confirm that the newly identified protein is indeed PEX3.
RNAi experiments showed that PEX3 is essential for T. brucei, as most parasites die within 48 h after inducing the degradation of its mRNA (Fig. 4). This result underlines the central importance of the protein for glycosome biogenesis. Upon depletion of mRNA coding for components of the import machinery for matrix proteins the parasites start to die between 24 and 48 hours after the induction of the RNA degradation [51, 59]. For the interpretation of the results obtained by RNAi, it should be realized that the depletion of PEX3 results in the inhibition of the transport of all membrane proteins to glycosomes. Thus, it blocks the de novo formation of new glycosomes, which ultimately results in the depletion of glycosomes, mislocalization of the glycosomal enzymes to the cytosol and a metabolic chaos that will kill the parasite.
[bookmark: _Hlk12303422]What could be the function of trypanosomal PEX3? In humans, PEX3 is the master regulator of peroxisome biogenesis. It functions 1) as a membrane receptor for the import of peroxisomal membrane proteins [23] and 2) it represents the initiation point for the de novo-formation of peroxisomes. Accordingly, targeting of PEX3 to mitochondria or the ER transforms these membranes into peroxisome producing platforms [60-62]. For both functions, PEX3 depends on its interaction with PEX19 [23, 60]. Another binding partner of PEX3 is PEX16. This protein has been implicated in a) the recruitment of peroxisomal membrane proteins to the ER prior to their further transport to peroxisomes [25, 63], b) the direct transport of membrane proteins to peroxisomes in a PEX19- and PEX3-dependent manner [28, 64], and c) the PEX-dependent de novo synthesis of peroxisomes [62]. RNAi studies of all three proteins showed that they are essential for the parasite and required for the biogenesis of glycosomes (this study, [32, 33]).  Taken together, the cumulative evidence indicates that the newly identified T. brucei PEX3 also functions as master regulator of glycosome biogenesis. Its interaction with PEX19 is in agreement with a role in the glycosomal targeting of membrane proteins and with an involvement in the de novo formation of glycosomes. 
Recently, we showed that the biogenesis of glycosomes is like the “Achilles’ heel” of Trypanosomatids suitable for the development of new therapies against trypanosomiases [14]. The biogenesis of glycosomes depends on two functionally and structurally distinct processes, 1) the import of matrix proteins and 2) the targeting and insertion of glycosomal membrane proteins. In the proof-of-principle study, we showed that the efficient disruption the interaction of components of the import machinery for matrix proteins by small molecules results in mislocalization of glycosomal enzymes, causing a metabolic catastrophe, and kills the parasite. The identification of PEX3 now also makes the second process, the targeting and insertion of glycosomal membrane proteins, accessible to drug development. Moreover, PEX3 is supposed to be also required for de novo synthesis of glycosomes. Thus, the inhibition of PEX3 would not only block glycosomal protein import but would also hamper the regeneration of glycosomes. Thus, a longer lasting effect of inactivation can be expected. Additionally, the RNAi-experiments indicate that depleting PEX3 is killing the parasites more efficiently than depletion of components of the import machinery for matrix proteins. In addition, addressing the PEX3-PEX19 interface as drug target might result in a lower appearance of drug resistance as both proteins are required for survival. Furthermore, despite the fact that glucose is elevating the RNAi-effect, depletion of PEX3 is already toxic under low glucose conditions. This might hint to an additional killing mechanism that needs to be investigated further. Finally, the inhibition of PEX3 block glycosomal membrane protein targeting and will result in the inhibition of matrix protein import, which might elevate drug efficiency. The absolute requirement for the biogenesis of glycosomes, which in turn are essential for trypanosomatid viability, its structural distinction from its human counterpart and its role as a master regulator of glycosome biogenesis make PEX3 a prime drug target for the development of novel therapies against trypanosomiases. Accordingly, this work paves the way for future drug development targeting PEX3, and for the analysis of additional partners involved in this crucial step of glycosome biogenesis.
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Supplementary table 1. Common proteins that have been identified by two independent MS analyses of the in vitro pull-down using TbPEX191-50aa-His6 and a digitonin solubilized T. brucei organellar pellet and organellar membrane fractions as outlined in Fig. 1. 

See Supplementary Material


Supplementary table 2. Proteins with unknown function in both T. brucei strain 427 T. brucei strain 927 with a predicted N-terminal transmembrane domain (TMprep) were short-listed. Localization of predicted transmembrane helices along the protein sequence are marked, the corresponding regions are indicated.  Human PEX3 was used as the structure template to identify conserved folding (Phyre2). Phyre2 output of aligned residues / total number of residues as well as the Phyre2 score is shown. TbPEX3 (Tb427tmp.01.2020, shaded in light green) with a molecular weight of 52 kDa appeared to be the most promising candidate with highest level of structural conservation.

See Supplementary Material
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Supplementary Figure 1. Phyre2 folding recognition of Tb427tmp.01.2020 using human PEX3 (PDB ID: 3MK4) as the template. The figure shows the predicted secondary structure of TbPEX3 candidate (-helices in green and -stands in blue), at the regions where structures have been modeled. 137 residues in the region of amino acid 70-264 of Tb427tmp.01.2020 were aligned, with 19 % of sequence identity. Identical residues were shaded in grey. Dots indicating not aligned.
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Supplementary Figure 2. Glucose enhances toxicity in PEX3 RNAi knockdown. PEX3 RNAi was induced in PCF cells grown in low glucose (0.5 mM) media for 7 days. The DMSO (-Tet) and tetracycline induced (+Tet) cultures (each in triplicates) were split into two, and 10mM glucose (High glucose) was added to one set of cultures. The cultures were incubated and counted after 48 h. The growth of RNAi induced cells is plotted as percentage relative to the control. In low glucose, the RNAi induced cells grew in average 55% less than control (black and grey bars). While in presence of high glucose, the PEX3 RNAi induced cells grew less than 80% compared to control (blue and red bars), indicating enhanced toxicity in presence of glucose. Error bars: SD from three biological replicates.
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