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Characterization of a
phosphoinositide-binding protein
containing a PHOX homology
domain in the malaria parasite
Plasmodium falciparum
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Phosphoinositides (PIPs), are key regulators of membrane identity and vesicular trafficking. By
dynamically shaping the lipid composition of intracellular membranes, PIPs help ensure the specificity
of cargo delivery. In apicomplexan parasites such as Plasmodium falciparum, the biogenesis of the
specialized secretory organelles involved in erythrocyte invasion (named rhoptries, micronemes,

and dense granules), remains poorly understood, particularly regarding how proteins are sorted and
specifically targeted to their respective destinations. Our hypothesis is that PIPs might play a role

in this process. We here present our characterization of the P. falciparum protein Pf3D7_0704400, a
putative PIP-binding protein containing a PX domain. We named this protein PfPX2, following the
previously characterized PX domain-containing protein PfPX1. In silico structural analysis revealed that
the PfPX2 PX domain contains both canonical and non-canonical PIP-binding motifs and a positively
charged binding pocket. Lipid binding assays showed that the PfPX2 PX domain can bind all species

of PIPs with a preference for PI3P, PI5P and PI(3,5)P2. Immunofluorescence assays demonstrated

that PfPX2 localized to the Golgi apparatus and the micronemes in developing schizonts. Moreover,
proximity labelling enabled the identification of protein such as PfSortilin, the clathrin heavy chain

and PfDyn1 as potential interactors of PfPX2. Globally, these data suggest that PfPX2 is a PIP-

binding protein potentially implicated in vesicular trafficking between the Golgi apparatus and the
micronemes. Our bioinformatics analyses identified PX2 orthologues across apicomplexans and indeed
other alveolates, raising the possibility that this protein plays a role in a broad range of medically,
agriculturally, and environmentally relevant organisms.
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Although they represent a small percentage of the total lipids found in the eukaryotic intracellular membranes,
PIPs serve as crucial regulators of membrane identity and protein trafficking. Their precise spatio-temporal
distribution creates a PIP-code, allowing the recruitment of effector proteins and ensuring proper protein
transport!~. In P. falciparum, PIPs also have compartment-specific localizations and perform essential functions
in parasite biology (reviewed in> and®). The PIP-code is decoded by effector proteins harboring PIP-binding
domains, including the Phagocytic oxidase domain of p40P"** (PX), which recognizes multiple PIP species with
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particular affinity for PI3P’. In P, falciparum, PI3P localizes to the food vacuole (FV) membrane, the apicoplast,
and single membrane vesicles®. It is implicated in the trafficking pathway of host cell cytosol-containing vesicles
to the FV, in the regulation of FV and apicoplast dynamics and stabilization®®12. Recently, PfPX1, a PX-domain
protein, was shown to play an important role in the trafficking pathway of hemoglobin from the host erythrocyte
to the FV in P, falciparum!!.

These discoveries are particularly significant given the global health burden of malaria, which causes 263
million cases and 597000 deaths in 2023, primarily affecting children under 5 years old'?. Despite significant
progress in combating malaria over the last 20 years, the escalating prevalence of resistance to a wide range
of antimalarial drugs, including essential artemisinin-based therapies, underscores the urgent necessity for
developing novel therapeutics!*!°.

The formation of specialized secretory organelles such as micronemes, rhoptries, and dense granules is a
hallmark of Plasmodium merozoites and a prerequisite for host cell invasion. While the mechanisms underlying
the biogenesis of these organelles remains incompletely understood, recent studies have provided key insights.
A landmark study using expansion microscopy has revealed that organelles such the Golgi, the inner membrane
complex (IMC), and rhoptries are assembled around the microtubule organizing center (MTOC), forming a
spatially organized network during schizogony'®. Rhoptry biogenesis follows a sequential pattern beginning
with the formation of a nascent rhoptry bulb, followed by the emergence of the characteristic neck-like structure
observed in mature merozoites'®"!%. Similarly, micronemes exhibit organizational heterogeneity, forming two
distinct populations: An initial subset containing Apical Membrane Antigen-1 (AMA1) followed by a second
population containing Erythrocyte Binding Antigen-175 (EBA-175)'1%. These sequential biogenesis patterns
suggest that cargo loading at Golgi is highly regulated. Among the few molecular players implicated in this
process, the Golgi-associated protein PfSortilin has emerged as a potential escort, essential for the trafficking
of proteins to the rhoptries, micronemes, and dense granules?®!. These findings point to the existence of a
tightly regulated sorting of secretory organelle proteins, but the specific mechanisms governing their differential
trafficking from the Golgi apparatus remain largely elusive.

To enhance our understanding of the roles of PIPs in P. falciparum erythrocytic stage biology. we previously
performed a knockout screen of putative PIP-binding proteins!!. We here present the characterization of
Pf3D7_0704400, a PX domain-containing protein for which we could not generate a knockout line, suggesting
that it is required for in vitro asexual growth. Since a first PX protein was previously characterized and named
PfPX1, we named Pf3D7_0704400 “PfPX2” to follow this nomenclature. Examination of its predicted structure
led us to identify canonical and non-canonical PIP-binding motifs in the PfPX2 PX domain. Additionally,
a positively charged putative binding pocket was also found. Lipid overlay assay demonstrated the ability of
the PfPX2 PX domain to bind multiple PIP species. Immunofluorescence studies localized pools of PfPX2 to
the Golgi apparatus and the micronemes during the developing schizonts stage. Finally, proximity labelling
identified the heavy chain of clathrin, PfDynl and PfSortilin in proximity of PfX2 raising the possibility that
they are potential interactors. Collectively, these observations suggest that PfPX2 may play a role in vesicular
trafficking between the Golgi apparatus and the micronemes in P. falciparum, and with the identification of
orthologues in other alveolates, potentially in a much wider span of related organisms as well.

Results and discussion

PfPX2 is a phosphoinositide-binding protein

To gain insight into the putative PIP-binding specificity of the PfPX2 PX domain, we first performed an analysis
of its predicted structure using AlphaFold3** and ChimeraX*’ for visualization and structural analysis. PfPX2 is
a 1010 amino acid protein with a putative PX domain located at its N-terminus (AA: 1-111), followed by four
WD40 repeat (WRD) domains and an additional uncharacterized domain of eight parallel 8-sheets (Fig. 1A)
The combination of a PX domain with WDRs is uncommon in eukaryotes?*. In P, falciparum, 80 putative WDR
containing genes are present, but only PfPX2 possesses this particular architecture?*. Each WDR contains four
anti-parallel {3-sheets that together form a 3-propeller. This §3-propeller provides a stable scaffold for protein-
protein interactions. WDR proteins are involved in several cellular processes like signal transduction, vesicular
trafficking, cytoskeletal assembly, cell cycle control, chromatin dynamic and gene regulation. Most of the WDR-
containing proteins have additional domains with functional activities®.

Whilst numerous PX domains can bind several types of PIPs, some have a preferential affinity for PI3
According to their PIP-binding preferences, the PX domains can be classified into four groups: 1- those that are
not able to bind any PIP; 2- those that can bind PI3P; 3- those that are able to bind other PIPs but not PI3P; and
4- those that bind other PIPs and PI3P’. Similarly to other PX domains, the PfPX2 PX domain contains three
antiparallel $3-sheets followed by three a-helices (Fig. 1B). We identified a conserved putative PI3P binding
domain made up of arginine (R) 38 at the end of the first {3-sheet directly followed by tyrosine (Y) 39, both
known to interact with the inositol ring in confirmed PI3P binding proteins, and R777?’. The PPK loop WPxxPxK
(¥ =large aliphatic amino acids: V, I, L, or M) described as responsible for the formation of the PI3P binding
pocket” is present as LPNLPKK (AA: 57-63) (Fig. 1C). Non-canonical putative PIP-binding motifs consisting of
a histidine (H) or Y residue combined with basic residues in the al-helix adjacent to the PKK loop can facilitate
binding to PIPs other than PI3P’. In the PfPX2 PX domain, there is a histidine at position 51 within the al-
helix, but no additional surrounding basic residues are present. Finally, electrostatic surface analysis using the
Coulombic tool in ChimeraX revealed a positively charged binding pocket formed by the two terminal lysines of
the PPK loop (K62 and K63), as well as R77 and R38 and the Y39 (Fig. 1D).

In order to determine the PIP binding capacity of PfPX2, we recombinantly expressed the WT PX domain or
a mutated version where the putative PI3P-binding positively charged residues were mutated to alanine (R38A,
K63A, R77A) fused to an N-terminal Glutathione-S-transferase (GST) tag and a C-terminal 6xHis tag. An anti-
GST Western blot and Coomassie staining on the purified soluble protein revealed a major band at the expected
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Fig. 1. PfPX2 is a phosphoinositide-binding protein. (A) Schematic of PfPX2 with putative predicted domains.
(B) Structural prediction of the PX domain of PfPX2 showing the three 3-sheets followed by three a-helices.
(C) Predicted structure of the PfPX2 PX domain showing the canonical PI3P-binding motif, highlighted in
pink, and the histidine just before the PPK loop forming the potential non-canonical motif implicated in
binding other PIPs, shown in yellow. (D) Electrostatic surface view of the PfPX2 PX domain showing the
potential positively charged binding pocket with the different amino acids involved. Scale from negatively (red)
to positively charged (blue). (E) Anti-GST Western blot and Coomassie-stained gel showing the purification of
recombinant GST-PfPX2-PX-6xHis WT and a mutant (Mut) where amino acids forming the putative PI3P-
binding motif are mutated (R38A, K63A, R77A). (H) Lipid blot showing that the GST-PfPX2-PX-6xHis,,,
domain binds strongly to PI3P, PI5P and PI(3,5)P2 and to PI4P, P1(4,5)P2 et P1(3,4,5)P3 to a lesser extent. This
PIP binding ability is reduced with the mutant.

size of around 37 kDa (Fig. 1E). The purified proteins were then incubated with PIP-strips, nitrocellulose
membranes where 15 lipids are grafted. The PfPX2 WT PX domain showed a strong signal for PI3P, PI5P and
PI(3,5)P2 and to a lesser extent most of the other species of PIPs (Fig. 1F). Interestingly, PIP-binding was severely
reduced in the mutated version, suggesting that R38, K63 and R77A are not restricted solely to PI3P binding.
In addition, this also confirmed that the binding pattern observed with the WT domain was not due to the
positively charged 6xHis tag. This broad binding specificity despite the absence of a stretch of basic residues
usually making up non canonical PIP-binding motifs is intriguing. However, in some proteins such as SNX13,
a single additional basic residue in close vicinity to the histidine appears to be sufficient to induce weak but
broad binding to several PIPs’. In our case, the canonical motif is well conserved, and the combination with this
histidine could potentially explain the binding to PIPs other than PI3P observed in the PIP-strip, even without
a basic stretch of AA. The strong signal for PI5P is more surprising, as this specificity is rarely reported for PX
domains. While certain eukaryotic PX domains have the ability to bind PI5P, these interactions are generally
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weak”?%, Considering the limited physiological relevance of PIP-strips, further characterization with liposomes
containing different PIP species will be required to better delineate the binding specificity of PfPX2.

PfPX2 is expressed in trophozoite and schizont stages

To investigate the role of PfPX2 in P. falciparum, 518 bp of the PfPX2 C-terminal region was fused to a tandem
FK506 binding protein domain (2xFKBP) to enable both functional analysis by knock-sideways and identification
of proximal protein by dimerization induced BioID (Di-BioID). Additionally, a GFP tag was incorporated for
visualization by fluorescence microscopy. This construct was integrated into the parasite genome by single cross-
over recombination using the selection-linked integration strategy previously described® (Fig. 2A). Genomic

A
Genomic locus ==+
Modified locus .-
—
P2/ N P4
Expressed products FP [NeoR]
B C
3’ integration 5’ integration WT kDa PfPX2  3D7
P1/P2 P3/P4 P1/P4 250 —
bp PfPX2 3D7  PfPX2 3D7 PfPX2 3D7 150 — [T
850 100 —
888 — T
o-GFP
D Brightfield

Fig. 2. PfPX2-2xFKBP-GFP line generation and stage-specific expression in the asexual erythrocytic cycle. (A)
Ilustration of the single crossover recombination strategy employed for gene tagging using the SLI system. (B)
PCR-based validation of tagging vector integration at the PfPX2 locus performed on parasite genomic DNA
from a clonal line. Correct integration was assessed by amplifying junction regions (5': P1/P2 primers; 3': P3/
P4 primers), while loss of the wild-type allele in PfPX2-2xFKBP-GFP parasites was confirmed using primers
P1/P4. (C) Anti-GFP western blot on mixed-stage parasite protein extracts showing the proper expression

of PfPX2-2xFKBP-GFP at the expected size of around 168 kDa. (D) Live microscopy showing that PfPX2-
2xFKBP-GFP is expressed in trophozoite and schizont stages. Scale bar represents 5 um. Blue: DAPI stained
nucleus.
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integration of the plasmid at the endogenous PfPX2 locus and the disappearance of the WT allele were confirmed
by polymerase chain reaction (PCR) on genomic DNA isolated from a clonal line (Fig. 2B). Immunoblotting of
a protein lysate from asynchronous parasites using an anti-GFP antibody detected a band at ~ 168 kD, consistent
with the predicted size of the full length tagged protein (Fig. 2C). Live cell imaging revealed no detectable GFP
signal in ring stages while one to two foci appeared in trophozoites and became more numerous in schizont
stages (Fig. 2D).

PfPX2 localizes to the golgi apparatus and the micronemes

To investigate the subcellular localization of PfPX2 in the parasite, we performed colocalization assays using
antibodies against known organelle markers. The colocalization between PfPX2 and the cis-Golgi marker
ERD2 was monitored in trophozoites, developing schizonts and late schizonts (incubated with the E64 protease
inhibitor to prevent egress>’). At each stage, we observed some overlap between PfPX2 and ERD2 (Fig. 3A). To
quantify the level of colocalization more precisely, we used Pearson’s correlation coeflicient (PCC) which revealed
that the values for trophozoites and developing schizonts were similar (0.68+0.11 and 0.72+0.02 respectively)
with no significant difference between them (Fig. 3B). In contrast, the PCC value was slightly but significantly
reduced in late schizonts (0.59+0.01) (Fig. 3B). The organelles of the apical complex being generated during
the development of schizonts, we next performed colocalization assays with rhoptry (RAP1) and microneme
(AMA1) markers at both developing schizont and late schizont stages. In developing schizonts, overlap with
PfPX2 can be observed in fluorescence microscopy images for AMA1 but not for RAP1 (Fig. 3C). PCC values
showed a marked difference in the colocalization of PfPX2 with these two markers. Specifically, the PCC value
for PfPX2 and RAP1 was 0.30+0.13, whereas the PCC with AMA1 was higher, at 0.55+0.01 (Fig. 3D). Including
ERD?2 in the statistical analysis revealed that PfPX2 colocalized more strongly with the Golgi than with either
of the apical markers in developing schizonts (Fig. 3E). For late schizont stages, we no longer observed overlap
with AMA1 since it was now secreted on the surface of the merozoites (Fig. 3Civ), as expected®"*? and as was
recently shown in much higher detail by expansion microscopy, with AMA1 below the apical polar ring in
developing schizonts before its release on the merozoite in late schizonts'®. For RAP1, a PCC value of 0.34 £0.01
was obtained with no significant difference with the value for developing schizonts (Fig. 3D).

Closer analysis of individual merozoites within individual schizonts showed varying spatial relationships
between PfPX2 foci and the different markers. To quantify these patterns, we defined four qualitive categories:
(i) no colocalization when green (PfPX2) and red (markers) signals were completely distinct; (ii) close foci when
the two signals appeared in close proximity, less than one focus diameter apart, without overlapping; (iii) partial
colocalization where the foci shared some overlapping pixels and, finally, (iv) overlap when both signals largely
coincided. With the ERD2 marker, 15% of the foci showed a strong overlap, 12% displayed partial colocalization,
37% were in close proximity and 36% showed no colocalization at all (Fig. 3F). Concerning the apical complex
markers, a total of 26% of the PfPX2 foci fully overlapped with AMA1 and 48% were found in close proximity.
Additionally, 11% of the signal partially overlapped with AMA1, while 15% showed no overlap. In contrast, only
5% of PfPX2 fully overlapped with the RAP1 marker and 6% partially overlapped, whereas 62% were close to
RAPI and 27% showed no overlap. In comparison with ERD2, we observed a larger proportion of PfPX2 foci
overlapping with AMAL in developing schizonts. This contrasts with the higher PCC value for PfPX2-ERD2
compared to PfPX2-AMA1 (0.72£0.02 vs. 0.55  0.01, Fig. 3E). Whilst we cannot explain this discrepancy at this
stage we note that this was also recently reported for the P. falciparum Tepsin homologue®®. These observations
point to a potential dual localization of PfPX2 at both the micronemes and the Golgi in developing schizonts,
suggesting its possible involvement in vesicular transport between these compartments. We cannot currently tell
whether PfPX2 is recycled back to the Golgi or exclusively routed toward the micronemes.

Attempts to mislocalize PfPX2 to the nucleus by knock-sideways were unsuccessful

To study the function of PfPX2 during the asexual blood stages, we tried conditional mislocalization by knock-
sideways?. We first transfected the PfPX2-2xFKBP-GFP line with a mislocalizer construct encoding an FRB-
mCherry fusion bearing three nuclear localization signals. Growth assays with rapamycin showed no significant
difference in parasite proliferation between the mislocalizer-expressingline and the parental untransfected control
(Fig. 4A). Fluorescence microscopy confirmed that the mislocalizer was localized to the DAPI-stained nucleus
in the absence of rapamycin (Fig. 4Bi). However, visual inspection revealed that the addition of rapamycin did
not result in substantial translocation of PfPX2-2xFKBP-GFP to the nucleus (Fig. 4Bii). PCC analysis revealed
only a modest increase in overlap between the Dapi-stained nucleus and GFP, as well as between the mCherry-
tagged mislocalizer and GFP, but significantly decreased the overlap between Dapi and mCherry, suggesting
relocalization of the mislocalizer to the cytosol (Fig. 4C) as sometimes reported®*. This result indicates that
the mislocalizer itself was mislocalized, rather than PfPX2 being efliciently targeted to the nucleus, preventing
us from determining whether PfPX2 was required for parasite survival. Our previous unsuccessful attempts
to knock out the PfPX2 gene by SLI*® and its low mutagenesis index in a genome-wide piggyback screen in
P, falciparum®® point to a potential essentiality of the gene. Interestingly, in a recent genome-wide piggyback
screen in P. knowlesi, insertions were only found at the extreme C-terminus of the PkPX2 gene®”. Optimization
strategies such as using an alternative mislocalizer (e.g., plasma membrane instead of nucleus), increasing FKBP
copy number** or switching to other conditional systems like the glmS ribozyme?® or the TetR-DOZI*, may help
clarify its function.

Identifications of PfPX2 proximal proteins by proximity biotinylation

To uncover potential interaction partners of PfPX2, we performed a Di-BioID experiment, a proximity-labeling
technique that captures proteins located near a protein of interest in live parasites®. We used the PfPX2-2xFKBP-
GFP strain and introduced a construct expressing a promiscuous biotin ligase (BirA), fused to the FKBP12-
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rapamycin binding protein (FRB) domain, which can dimerize with FKBP in the presence of rapamycin, and an
mCherry tag. The addition of rapamycin to the culture medium triggers the dimerization between FKBP and
FRB, bringing BirA into the immediate vicinity of PfPX2. This setup enables the biotinylation of neighboring
proteins, providing a snapshot of its molecular environment'®. The labeled proteins are then pulled down with
streptavidin beads and identified by mass spectrometry (Fig. 5A). To verify if rapamycin led to the dimerization of
FRB-BirA-mCherry with PfPX2-FKBP-GFP, live microscopy was performed. In the absence of rapamycin, FRB-
BirA-mCherry was diffused throughout the cytoplasm however the addition of rapamycin led to a strong overlap
between both signals (Fig. 5B). Streptavidin-Alexa 594 was next used to confirm that protein biotinylation had
occurred at the PfPX2 foci upon addition of rapamycin (Fig. 5C).

After a 24 h incubation with rapamycin, cells were lysed and biotinylated proteins were pulled down using
streptavidin-beads for proteomics analysis. Three biological replicates were performed, each yielding more than
300 identified proteins (PX2_Dataset-1). Stringent filtering was applied to refine the results: Only proteins with
a normalized intensity Rapa +/Rapa- ratio > 1.5 in each replicate were first selected. Of the proteins, only those
with at least two unique peptides in the Rapa+sample in at least two out of three replicates were retained,
resulting in a final list of 14 proteins (Fig. 5D). PfPX2 itself emerged as the most enriched protein across all the
three replicates (with a log2 ratio>11 in all replicates) consistent with the successful recruitment of FRB-BirA
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«Fig. 3. Subcellular localization of PfPX2. (A) Immunofluorescence assays to determine the overlap
between PfPX2-2xFKBP-GFP and the cis-Golgi marker ERD2 in trophozoites (Ai), developing schizonts
(Aii) and late schizonts treated with E64 (Aiii). (B) Pearson’s correlation analysis reveals that there is no
difference in the overlap levels between PfPX2-2xFKBP-GFP and ERD2 in trophozoites and developing
schizonts (p value =0.0835). However, co-localization significantly decreases in late schizonts treated with
E64. PfPX2-2xFKBP-GFP vs ERD2, Trophs: n=26; Developing schizonts: n=34; E64 schizonts: n=28. (C)
Immunofluorescence assays showing that (Ci) PfPX2 does not colocalize with the RAP1 rhoptry marker in
either developing schizonts or in (Cii) late schizonts treated with E64. However, there is an overlap between
PfPX2 and the microneme marker AMAL1 in developing schizonts (Ciii), but not in late schizonts treated
with E64 (Civ). (D) Pearson’s correlation analysis demonstrates that there is no significant difference (p
value =0.5184) in the levels of colocalization between PfPX2-2xFKBP-GFP and RAP1 in developing schizonts
and late schizonts but shows a significant difference in colocalization between PfPX2 and AMAL1 in developing
schizonts. PfPX2-2xFKBP-GFP versus RAP1: Developing schizonts: n=31; E64 schizonts: n=34. PfPX2-
2xFKBP-GFP versus AMA1: Developing schizonts: n=41. (E) Pearson’s correlation analysis demonstrates there
is higher overlap between PfPX2-2xFKBP-GFP and ERD2 then with either RAP1 or AMAL1 in developing
schizonts. PfPX2-2xFKBP-GFP versus ERD2: n = 34; PfPX2-2xFKBP-GFP versus RAP1: n=31; PfPX2-
2xFKBP-GFP versus AMA1: n=41. (F) Quantification of the foci distribution in individual merozoites in
developing schizonts. Overlap in blue; partial overlap in orange; close foci in green and no overlap in yellow.
PfPX2-2xFKBP-GFP versus ERD2: n =44; PfPX2-2xFKBP-GFP versus RAP1: n=31; PfPX2-2xFKBP-GFP
versus AMA1: n=32. Raw data available in supplementary file named Colocalization_counts_PfPX2. Scale bar
represents 5 um. Blue: DAPI stained nucleus. Troph: trophozoites. Schiz: developing schizonts. For all PCC
analyses, data were pooled from 3 biological replicates. Values represent the mean * standard error. Statistical
analysis was performed using an unpaired t-test student: ****: p <0.0001.

to PfPX2-2xFKBP-GFP. The identification of PfFKBP35 is likely due to the 2xFKBP tag. A number of interesting
proteins were identified: PfSortilin had a log2 ratio > 6. Sortilin is a transmembrane protein known for its role as
an escort protein in eukaryotic cells and is a key component of the vesicular trafficking pathway, cycling between
the Golgi and the endosomes®’. In both P. falciparum and T. gondii, Sortilin has been shown to be essential and
mediate transport of proteins destined for the micronemes, rhoptries and dense granules as well as potentially
contributing to the biogenesis of the inner membrane complex (IMC) in P. falciparum®*?41. The potential
interaction between PfSortilin and PfPX2 might suggest an involvement of PfPX2 in vesicular trafficking from
the Golgi to the apical complex and the IMC.

The identification of the heavy chain of clathrin as a putative interactor of PfPX2 is consistent with a previous
study of the putative interactome of PfClathrin that also identified PfPX2?, supporting that both proteins are
potentially interacting, despite PfPX2 having no canonical clathrin-binding motif**. In mammalian cells, clathrin
is localized at the trans-Golgi network and plasma membrane where it plays keys roles in processes such as
clathrin-mediated endocytosis, protein sorting and trafficking and the regulation of membrane composition**. In
T. gondii, clathrin is involved in vesicular transport to the IMC, plasma membrane, micronemes, and rhoptries,
without evidence for its implication in endocytic processes®. Though it was initially thought that clathrin was
not involved in hemoglobin endocytosis in P. falciparum'®#2, a preprint on bioRxiv has shown that conditionally
knocking down the clathrin heavy chain leads to elongated cytostomes and impaired hemoglobin digestion“.
Although there is currently no functional evidence for the existence of canonical endosomes in P. falciparum,
cellular compartments labelled with endocytic markers such as Rab5B, RbsnL, Rab7 and retromer components
have been identified*’*,

The dynamin-like protein PfDynl is of particular interest because dynamins have established roles in
vesicular fission during clathrin-mediated endocytosis in mammalian cells* as well as in microneme and rhoptry
biogenesis and endocytosis at the plasma membrane in T. gondii®*>!. P. falciparum encodes three dynamin-
related proteins and PfDyn1 was suggested to have a role in hemoglobin endocytosis®>>>.

A Vpsl13-domain containing protein was also identified and homologues of these act as tethers at membrane
contact sites (MCS) in eukaryotic cells**. Some proteins with PX domains, such as Sorting Nexins, are known
to be implicated at MCS so perhaps PfPX2 might also play a role at these peculiar cellular structures. A GRIP
domain containing protein was also present and recent work has shown that like PfPX2, it also localizes to
the Golgi apparatus. Its function is currently unknown®, but the protein is likely essential for in vitro asexual
growth,

The rest of the identified proteins are potentially contaminants since these are often found in BioID and
immunoprecipitation experiments (cytosolic enzymes: phosphoglycerate kinase, casein kinase 1; protein
involved with DNA/RNA: BSD-domain protein, elF2gamma, nuclear movement protein, BRR2 helicase; a
V-type proton ATPase catalytic subunit...).

In conclusion, the identification of PfSortilin, PfDyn1, and the clathrin heavy chain as proteins proximal to
PfPX2 could suggest a potential role of the latter in vesicular trafficking.

Orthologues of PfPX2 are present in diverse alveolates

In order to better understand the taxonomic distribution of PfPX2, and in turn ask whether the experimental
data obtained may be potentially applicable to other related microbial eukaryotes, homology searching with
BLAST and HMMer searches was conducted in taxa from the Stramenopiles, Alveolates and Rhizarians (SAR)
eukaryotic supergroup with more emphasis on Apicomplexan (PX2_Dataset-2). Homology searching using the
full length of PfPX2 retrieved proteins with only PX domains from stramenopiles, rhizarians, some ciliates,
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Fig. 4. Knock-sideways attempt. (A) Growth curve showing no difference in parasitemia between the PfPX2-
2xFKBP-GFP strain expressing the 3xNLS-FRB-mCherry mislocalizer (orange) and the strain without (red),
in the presence of rapamycin (RAPA). Mean + SEM of four replicates are shown. 3xNLS-FRB = 3xNLS-FRB-
mCherry. (B) Live cell microscopy showing limited translocation of the PfPX2-2xFKBP-GFP to the nucleus
upon addition of rapamycin. Scale bar represents 5 um. Blue: DAPI stained nucleus. (C) Pearson’s correlation
analysis reveals that rapamycin addition causes some of the mislocalizer to translocate from the nucleus to
the cytosol. 3xNLS: 3xNLS-FRB-mCherry. Data were pooled from 3 biological replicates. Values represent
the mean + standard error. PfPX2-2xFKBP-GFP + 3xNLS-FRB-mCherry without rapamycin: n =25; with
rapamycin: n=24. P values were calculated using an unpaired t-test. ****: p<0.0001.

dinoflagellates and apicomplexans. To remove false positives, additional searches using the protein but excluding
the PX domain were performed. Only hits with both a PX domain and WD repeats were considered positive hits.
However, negative hits are also given in the document PX2_Dataset-2.

Based on the given criteria, PfPX2 was found to be well conserved in all selected apicomplexans (Fig. 6),
except in Cryptosporidium spp. and Eimeria tenella. Consistent with the proposed Golgi association inferred
from our work, the T. gondii orthologue (TGME48_228400, referred to TgPX4 in®®) appears to co-localize with a
Golgi marker GRASP*S. Outside Apicomplexa, PfPX2 was also present in Dinoflagellata (except Durudinium sp.
and Procentrum minimum), Ciliophora, and Colpodellida (Fig. 6). Among ciliates, true orthologs were identified
in Tetrahymena thermophila, Paramecium caudatum, P. tetraurelia, Euplotes octocarinatus, Stylonychia lemnae.
In Blepharisma japonicum and Stentor coeruleus, ciliate sequences were either partial or with only a PX domain.
Absence of putative orthologs in stramenopiles and rhizarians indicates the conservation of PfPX2 within
alveolates, but a potential emergence point after their divergence from the other SAR groups.

The conserved domain organization of PfPX2, with multiple WD40 repeats C-terminal to the PX domain, is
retained across diverse alveolate taxa, and sets the proteins apart from the previously characterized Plasmodium-
specific protein PfPX1%, which possesses potential transmembrane domains. Notably, the canonical RY and
PPK PIP binding motifs (YPxxPxK) are highly conserved and present in a homologous position in nearly all of
the alveolate orthologues that we identified (Fig. S1). This domain organization and motif conservation lends
further weight to a hypothesis of conserved function (PIP binding and more speculatively functional homology
based on the other experimental data as well) for the protein in these other organisms as well.
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Fig. 5. Identification of PfPX2 proximal proteins by Di-BioID. (A) Illustration of the Di-BioID principle. (B)
Live microscopy demonstrating that incubation of the PfPX2-2xFKBP-GFP + FRB-BirA-mCherry parasite line
with 250 nM rapamycin for 24 h results in the translocation of the mCherry signal to PfPX2-2xFKBP-GFP
foci. Scale bar =5 pm. Blue: DAPI-stained nuclei. (C) Immunofluorescence analysis with anti-streptavidin
confirmed successful biotinylation at the PfPX2-2xFKBP-GFP foci (D) Heat map showing proteins with>1.5-
fold enrichment across three biological replicates. Data expressed as log2. Arrows indicate PfPX2, PfSortilin,
VPS13, the clathrin heavy chain, GRIP and coiled-coil domain-containing protein and PfDyn1.

Conclusion

The potential interaction of PfPX2 with PfDynl, PfSortilin and clathrin and its localization to the Golgi and
micronemes suggests a possible role for PfPX2 in vesicular trafficking to the apical complex and perhaps more
specifically to the micronemes though functional analysis using other conditional systems will be required
to test this hypothesis. Notably, Dynl and Sortilin proteins have been implicated in the biogenesis of apical
organelles in T. gondii*"*0 as well as PfSortilin in P. falciparum?®'. In mammalian cells, dynamins, Sortilin and
clathrins are known to play crucial roles in endocytic pathways*44:525357_ Ag stated above, although no classical
endosomes have been functionally characterized in P. falciparum, some intracellular compartments have been
shown to interact with established endosomal markers such as Rab7 and the retromer components, suggesting
the presence of endosome-like compartment (ELC)*”. Moreover, these ELC have been previously hypothesized
to participate in the trafficking of apical complex proteins?'**’. The ability of PfPX2 to bind PIPs might suggest
that these lipids are involved in vesicular trafficking to the apical complex in P. falciparum.
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Fig. 6. PfPX2 orthologues are conserved across Alveolates. Schematic of PfPX2 and its orthologues showing
the position of PX domain followed by WD40 repeats containing domain. Conserved domain structures are
shown based on InterProScan®. Dendrogram shows the relationship between taxa. Accession number and

length of PfPX2 orthologues in all selected taxa are mentioned. Aa, amino acids. Brown box: Conserved PX

domain. Purple: WDA40 repeats like domain. Dark purple: WD 40 repeats.
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Materials and methods

Ethics statement

Study approved by the Canadian Blood Services (CBS) research ethics board, project number 2015.001 and
by the CHU de Québec IRB, project number 2015-2230, B14-12-2230, SIRUL 104,595. Informed consent
was obtained from all Participants. Participants were informed about the study before providing consent. All
experiments were performed in accordance with relevant guidelines and regulations.

Protein structure analysis

The PfPX2 structure prediction was made using AlphaFold3?? and UCSF ChimeraX. The electrostatic surface
analysis was performed using the « color surface by electrostatic potential » tool from USCF ChimeraX. The
electrostatic potential was performed using the Coulombic Surface Coloring method based on Coulomb’s law:
@ =ZX[qi/edi], where @ represents the potential, g corresponds to the atomic partial charges, d indicates the
distances from the atoms, and e is the dielectric constant. The resulting electrostatic potential was mapped onto
the molecular surface using a color gradient going from red which signifies a negative potential, through white
which denotes a neutral potential to blue indicating a positive potential.

Production and purification of the recombinant PfPX2 PX domain

The PX domain of PfPX2 (amino acids 4-107) was amplified on 3D7 WT mixed stages cDNA using the primers
5'BamH1-PfPX2domain (ATAGGATCCATGGACTTAGAAAAGTTTGAC) and 3’Xhol-PfPX2domain (AT-
ACTCGAGGGTTTTAACGATATCTATAGATAAATTTATTTTAT). The PX domain mutant sequence (R38A,
K63A, R77A) was custom synthetized by Integrate DNA technologies (IDT, Coralville, IA, USA). BamH1
and Xhol restrictions sites were introduced by PCR using the same primers as above. Both the wild-type and
mutant PfPX2 domain were cloned in pGEX-6P3 (GE Healthcare) giving the plasmids pGEX-PfPX2dom_wt
and mutant. The pGEX-PfPX2dom_wt and mutant plasmids were then modified by adding a 6 x His tag to
the C-terminus. The PX2 domains were amplified by PCR using the primers PX2 Fwd (5'-ATAGGATCCAT
GGACTTAGAAAAGTTTGACATTC-3’) and PX2 Rev (5'-GTATGCGGCCGCTCAGTGGTGGTGGTGGTG-
GTGCGACCCCCCCGACCCCCCATTTATTTTATCATAAAATAAAAGGAAATT-3’). This PCR introduced
a BamHI restriction site at the N-terminus of the PX2 domains and a six-amino-acid linker (GGSGGS) at the
C-terminus, followed by a 6 x His tag, a stop codon, and a Notl restriction site. The resulting PCR products
replaced the PX domain in the pGEX-PfPX2dom_wt and mutant plasmids via the BamHI and NotI restric-
tion sites, creating plasmids pGEX-PfPX2dom_wt-6xHis and pGEX-PfPX2dom_mut-6xHis, respectively. All
constructs were verified by sequencing. The pGEX-PfPX2dom_wt-6 x His and pGEX-PfPX2dom_mut-6 x His
plasmids were transformed into Arctic Express (DE3) E. coli (Agilent) for protein expression. Ten mL of over-
night cultures containing 100 pg/mL ampicillin and 20 ug/mL gentamicin were used to inoculate 500 mL of TB
medium supplemented with the same antibiotics. The cells were grown for 4 h at 30 °C with constant shaking.
Protein expression was then induced with IPTG (final concentration: 400 pM), and the cultures were incubated
overnight at 10 °C. After incubation, the cells were centrifuged, the pellet was washed twice with ice-cold water,
and stored at — 80 °C.

The bacterial pellet was thawed on ice and resuspended in 15 mL of lysis buffer (25 mM Tris-HCl, pH
7.4; 300 mM KCl; 10% glycerol; 0.5% Tween-20; 10 mM imidazole, pH 7.4), supplemented with one tablet
of protease inhibitors (cOmplete™ ULTRA Tablets, EDTA-free; cat. no. 05892953001, Roche) per 10 g of wet
bacterial cell weight. Cells were lysed using a French Pressure Cell Press (Sim Aminco, SLM Instruments, Inc.)
at 1250 PSI. The lysate was subsequently sonicated (Soniprep 150, MSE Supplies) for 30 s at 15 um amplitude,
then centrifuged at 25,000xg for 20 min at 4 °C using an Optima L-100XP ultracentrifuge (Beckman Coulter).

The cleared lysate was loaded onto a gravity column containing Ni-NTA resin (cat. no. 786-1547,
G-Biosciences) pre-equilibrated with lysis buffer. The column was washed three times with wash buffer (25 mM
Tris-HCI, pH 7.4; 300 mM KCI; 10% glycerol; 0.1% Tween-20; 40 mM imidazole, pH 7.4). PX2 domains were
eluted with elution buffer containing increasing concentrations of imidazole (100-300 mM) in the same base
buffer (25 mM Tris-HCI, pH 7.4; 300 mM KCl; 10% glycerol; 0.1% Tween-20). Eluted fractions were analyzed by
SDS-PAGE to assess protein yield and purity. Fractions with the highest purity and concentration were pooled
and desalted using a PD-10 column (GE Healthcare) to remove imidazole. The final protein was eluted in buffer
containing 25 mM Tris-HCI, pH 7.4; 300 mM KCI; and 10% glycerol. Protein concentration was determined
by using a BSA standard curve by SDS-PAGE. The purified PX2 domains were aliquoted and stored at — 20 °C.

Protein-lipid overlay assay

Echelon P6001 strips (Echelon Biosciences), containing immobilized lipids, were first incubated in 3% BSA
(fatty acid-free; cat. no. A7030, Sigma-Aldrich) in TBS-T (50 mM Tris-HCI, pH 7.5; 150 mM NaCl; 0.1% [v/v]
Tween-20) for 1 h at room temperature to block non-specific interactions. Following blocking, the membranes
were washed three times for 10 min each with washing buffer (50 mM Tris-HCI, pH 7.5; 150 mM NaCl; 0.05%
[v/v] Tween-20). The membranes were then incubated overnight at 4 °C with recombinant PX2 domains (final
concentration: 1 ug/mL).

The next day, the membranes were washed three times with washing buffer and incubated with an anti-
GST primary antibody for 2 h at room temperature. After washing three times, the membrane was incubated
with secondary antibodies (an anti-mouse IgG HRP conjugate (cat. no. 12349, Sigma; 1:40,000 dilution) for
1 h at room temperature. A final wash (three times with washing buffer) was performed before detection. PX2
domains were visualized by chemiluminescence using the SuperSignal™ West Pico PLUS Chemiluminescent
Substrate (cat. no. 34580, Thermo Fisher) and the Imager Chemi Premium (VWR).
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Parasite culture

P, falciparum 3D7 asexual stage parasites provided by David Walliker, Edinburgh University were cultivated
under standard conditions in RPMI-HEPES medium at 4% hematocrit (human erythrocytes of O + group) and
0.5% (w/v) Albumax™ (Invitrogen) and maintained at 37 °C in a gas mixture of 5.0% oxygen, 5.0% carbon
dioxide and 90% nitrogen®.

Vector constructions and transfection

PfPX2wasendogenously tagged with 2xFKBP-GFP with the selection-linked integration strategy®®. Approximately
500 bp of the N-terminus of PfPX2 was amplified using the following primers: 5'Not1-Pf3D7-0,704,400 (ATA
GCGGCCGCGTATGATATATAATAATGCTATTC) and 3’Avrll-stopless-Pf3D7-0,704,400 (ATACCTAGGT
CTAAATGCCGATATTAAATC). This 500 pb fragment of PfX2 was then digested with NotI and AvrlII and
cloned in frame with 2xFKBP-GFP into the pSLI-2xFKBP-GFP vector, which had already been digested with
the same restriction enzyme. Transfection and selection were carried out as previously described®. Briefly, P
falciparum 3D7 parasites were transfected with 100 ug of the pSLI-PfPX2-2xFKBP-GFP plasmid. A primary
positive selection was performed with 5 nM WR99210 (WR, Jacobus Pharmaceuticals). To ensure the selection
of integrants, the parasites underwent a second round of selection using 400 mg/mL neomycin (NEO). WR was
reintroduced into the culture media after the parasite reemerged, which took approximately 10 days. Proper
integration of the plasmid was verified by PCR using the following primer pairs: for the integration in 5’, a GOI-
specific forward primer 1 (GTATAATATATAATAATGCTAGCCAAG) along with primer 2: FKBP-sandwich-
rev (CAGAGCAGCTCTAGCAGQC). For the 3’ integration event, primer 3: M13_rev (CAGGAAACAGCTATG
AC) and a GOI-specific reverse primer 4: (CATATATTCGTGGATGCTCTTG).

Western blotting

Saponin-extracted parasites from a mixed stages culture of the PfPX2-2xFKBP-GFP line were harvested, and
the pellet was subsequently solubilized in SDS protein sample buffer. Proteins were separated using a 7% (wt/
vol) SDS-polyacrylamide gel under reducing conditions and transferred to a polyvinylidene difluoride (PVDF)
membrane (Millipore). Blocking was performed with 4% (wt/vol) milk in Tris-buffered saline with Tween 20
(TBS-T) for 30 min at RT. Followed by a first incubation with a mouse monoclonal anti-GFP (clone JL-8; Roche)
(diluted 1:1000) during 1 h at RT and with a mouse horseradish peroxidase (HRP)-coupled secondary antibodies
(Sigma) (diluted 1:10 000) 30 min at RT. Immunoblots were developed using ECL (Bio-Rad).

Colocalization assays

All the fluorescence images of parasites were acquired using a GE Applied Precision Deltavision Elite microscope
equipped with 100x1.4NA objective and with a sCMOS camera. Images were subsequently deconvolved
using the SoftWorx software. Prior to imaging experiments, chromatic calibration of the microscope was
performed to ensure accurate color representation. For immunofluorescence assays, parasites were fixed using
4% paraformaldehyde (ProSciTech)® on pre-treated coverslip with 0.01% v/v poly-L-lysine. Parasites were then
permeabilized with 0.1% Triton X-100 (Sigma-Aldrich). A blocking step of 1 h was done with 3% bovine serum
albumin (Sigma Aldrich) followed by a 1 h incubation with primary antibodies: Rabbit polyclonal anti-PfERD2
(1:2000)°, mouse monoclonal anti-RAP1 (1:2000)°°, mouse monoclonal anti-AMA1 (clone 1F9; 1:1000)°!, anti-
HA (1:1000) and anti-streptavidin-Alexa Fluor 660 conjugate (1:500). Finally, unless for parasites incubated with
the conjugated anti-Streptevidin Alexa Fluor 660, parasites were incubated with a secondary antibody either
Fluor-594 anti-rabbit or anti-mouse diluted at 1:1000 (Cedarlane). Parasites were mounted in Vectashield (Vecta
Laboratories) containing 0.1 mg/ml 4’, 6-diamidino-2-phenylindole (DAPI, Invitrogen). For live-cell imaging,
PfPX2-2xFKBP-GFP parasites and the co-transfected lines with the FRB-BirA-mCherry plasmid and 1xNLS-
FRB-mCherry were harvested in trophozoite and/or schizont-stages and incubated with DAPI 10 min prior to
visualizing them. Images shown represent a single optical slice from a deconvolved z-stack.

Knocksideways attempts

PfPX2-2xFKBP-GFP + mislocalizer parasites were tightly synchronized in ring stage and plated at initial
parasitemia of 2% and cultured in the presence of 250 nM rapamycin. Once they reached the schizont stage, the
cells were harvested, stained with DAPI (100 ng/uL, Invitrogen) to be immediately imaged by live microscopy.
To assess growth dynamics, PfPX2-2xFKBP-GFP cultures (with and without mislocalizer) were initiated at 0.1%
parasitemia and maintained under 250 nM rapamycin exposure. Parasites samples were collected at 24, 72,
and 120 h intervals, and stained with SYBR Gold (Invitrogen-Molecular Probe), followed by fixation with 1%
paraformaldehyde for 1 h. Flow cytometry analysis was performed using a BD FACSCantoll system running
FACSDiva software to quantify parasitemia levels. Data processing and analysis were conducted through FlowJo
software. Uninfected red blood cells were used as control to determine the fluorescein isothiocyanate signal
threshold.

Preparation of samples for Di-BiolD

Late ring-stage parasites from PfPX2-2xFKBP-GFP + FRB-BirA-mCherry line were incubated with 50 uM of
biotin (Sigma-Aldrich) and, depending on the condition, with or without 250 nM of rapamycin (RAPA—R0395,
Sigma) for 20-24 h. Live-cell microscopy on schizont-stage parasites confirmed the proper dimerization between
PfPX2 protein and BirA. Aditionnally, an IFA using streptavidin-conjugated AlexaFluor660 (Invitrogen) was
performed to verify biotinylation. The DiQBioID experiments were then conducted as previously described’.
Parasites were harvested and washed twice in PBS before being lysed by saponin and then frozen at —80 °C. The
pellets were thawed and resuspended in 2 ml of cold lysis buffer (50 mM Tris-HCI pH 7.5, 500 nM NaCl, 1%
Triton X-100 (Sigma-Aldrich), 1 mM dithiothreitol (DTT, Sigma-Aldrich), 1 mM phenylmethylsulfonyl fluoride
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(PMSE Sigma-Aldrich) and a C@mplete EDTA-free protease inhibitor cocktail tablet (Roche)). The pellets
underwent two freeze-thaw cycles followed by cell disruption using 3 rounds of sonication (Fisher Scientific,
model 100) for 10 s each with 30 s breaks. After centrifugation at 16000xg, the supernatants were incubated with
streptavidin agarose beads (Invitrogen) at 4 °C O/N to enrich for biotinylated proteins. Finally, the beads were
washed twice with lysis buffer, once in dH20, twice in Tris-HCL (pH 7.5), and five times in 50 mM ammonium
bicarbonate (Sigma-Aldrich) before being sent for mass spectrometry analysis.

Sample preparation and data acquisition for mass spectrometry analysis

Protein digestion

Protein digestion and mass spectrometry experiments were performed by the Proteomics platform of the
CHU de Quebec Research Center, Quebec, Canada. On beads protein digestion was carried out using 0.1 pg of
modified porcine trypsin (sequencing grade, Promega, Madison, WI) in 50 mM ammonium bicarbonate for 5 h
at 37 °C. Digestion was stopped with 5% formic acid (FA) and peptides were eluted from the beads with 60%
acetonitrile (ACN) 0.1% FA. Tryptic peptides were desalted on Stage tips (Empore C18, 3 M Company), vacuum
dried then resuspended in LC loading solvent (2% ACN, 0.05% trifluoroacetic acid (TFA)).

Mass spectrometry

Half of each sample was analysed by nanoLC/MSMS using a Dionex UltiMate 3000 nanoRSLC chromatography
system (Thermo Fisher Scientific) connected to an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific,
San Jose, CA, USA) equipped with a nanoelectrospray ion source. Peptides were trapped at 20 pl/min in loading
solvent (2% ACN, 0.05% TFA) on a 5 mm x 300 pm C18 pepmap cartridge (Thermo Fisher Scientific) for 5 min.
Then, the pre-column was switched online with a 50 cm x 75 pum internal diameter separation column (Pepmap
Acclaim column, ThermoFisher) and the peptides were eluted with a linear gradient from 5-40% solvent B
(A: 0.1% FA, B: 80% ACN, 0.1% FA) in 30 min, at 300 nL/min (60 min total run time). Mass spectra were
acquired using a data dependent acquisition mode using Thermo XCalibur software version 4.1.50. Full scan
mass spectra (350 to 1800 m/z) were acquired in the orbitrap using an Automatic Gain Control (AGC) target of
4e5, a maximum injection time of 50 ms and a resolution of 120 000. Internal calibration using lock mass on the
m/z 445.12003 siloxane ion was used. Each MS scan was followed by acquisition of fragmentation MSMS spectra
of the most intense ions for a total cycle time of 3 s (top speed mode). The selected ions were isolated using the
quadrupole analyzer with 1.6 m/z windows and fragmented by Higher energy Collision-induced Dissociation
(HCD) with 35% of collision energy. The resulting fragments were detected by the linear ion trap in rapid scan
rate with an AGC target of le4 and a maximum injection time of 50 ms. Dynamic exclusion of previously
fragmented peptides was set for a period of 30 s and a tolerance of 10 ppm.

Database searching

MGF peak list files were created using Proteome Discoverer 2.3 software (Thermo). MGF files were then analyzed
using Mascot (Matrix Science, London, UK; version 2.8.0). Mascot was set up to search a contaminant database
and Uniprot Plasmodium falciparum 3D7 (5538 entries, reference proteome UP000001450) database assuming
the digestion enzyme trypsin. Mascot was searched with a fragment ion mass tolerance of 0.60 Da and a parent
ion tolerance of 10.0 PPM. Carbamidomethyl of cysteine was specified in Mascot as a fixed modification.
Deamidation of asparagine and glutamine and oxidation of methionine were specified in Mascot as variable
modifications. 2 missed cleavages were allowed.

Protein identification and data analysis

Mass spectra were searched against the Uniprot Plasmodium falciparum 3D7 database (5538 entries, reference
proteome UP000001450, downloaded 2021.04) using the search engine Andromeda integrated into the
MaxQuant software (version 2.0.2.0) assuming the digestion enzyme trypsin. Protein N-terminal acetylation
and methionine oxidation were set as variable modifications. For protein validation, a false discovery rate (FDR)
of 1% was allowed at peptide and protein level based on a target/decoy search. Label-free quantification (LFQ)
was done with MaxQuant using a minimum of 2 razor unique peptides. Maxquant output proteinGroups.txt was
considered for data analysis using intensities columns.

Homology searching and domain analyses

37 genomes of SAR eukaryotic supergroup were searched (Table PX2 Dataset-2. The sampling included
4 Plasmodium spp, 14 other Apicomplexans, 5 Dinoflagellates, 2 Chromerids, 5 Ciliates, 3 Rhizaria, 3
Stramenopiles and 1 Perkinsea), collected from publicly available sources on 12 July 2025 (PX2_Dataset-2).
Orthologs of PfPX2 were identified using Basic Local Alignment Search Tool (BLAST) and HMMer searches;
both of which were performed using the AMOEBAE workflow®2. HMMer searches were conducted using HMM
profile including potential positive orthologs of PfPX2 in the protein databases of the selected organisms. A
forward hit was considered a true ortholog if the generated E-value was below 0.05 and the same query sequence
(PF3D7_0704400/XP_001348977.1) was retrieved as the top reverse BLAST hit, with an E-value two orders of
magnitude lower than the next non redundant hit, if present. BLAST and HMMer searches were conducted
using (1) full length PF3D7_0704400 query, (2) PF3D7_0704400 without PX domain, and (3) Only PX domain.
Partial sequences with only PX domain were removed from the analyses.

Domain analysis was carried out in Interpro®. Putative hits containing both PX domain towards N-terminal
of protein and WD repeats were considered true orthologs. Interpro’s domain identification is based on various
annotation databases. Hits with WD repeats, WD40/Y VTN repeat-like domain or/and WD40 repeat containing
domain were classified as positive as these correspond to homologous superfamilies or classified differently in
specific databases. MAFFT (v7.511)%* was used to align orthologues for domain and motif visualization.
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Data availability
The data supporting the findings of this study are available within the paper and are also available from the cor-
responding author upon request.
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