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Phosphoinositides are a biologically essential class of phospholipids that contribute to organelle membrane identity, modulate membrane trafficking pathways, and are central components of major signal transduction pathways that operate on the cytosolic face of intracellular membranes in eukaryotes. Apicomplexans (such as Toxoplasma gondii and Plasmodium spp.) are obligate intracellular parasites that are important causative agents of disease in animals and humans. Recent advances in molecular and cell biology of Apicomplexan parasites reveal important roles for phosphoinositide signaling in key aspects of parasitosis. These include invasion of host cells, intracellular survival and replication, egress from host cells, and extracellular motility. As Apicomplexans have adapted to the organization of essential signaling pathways to accommodate their complex parasitic lifestyle, these organisms offer experimentally tractable systems for studying the evolution, conservation, and repurposing of phosphoinositide signaling. In this review, we describe the regulatory mechanisms that control the spatial and temporal regulation of phosphoinositides in the Apicomplexan parasites Plasmodium and T. gondii. We further discuss the similarities and differences presented by Apicomplexan phosphoinositide signaling relative to how these pathways are regulated in other eukaryotic organisms.
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INTRODUCTION
Phosphoinositide signaling in eukaryotes
Phosphoinositides (PIPs) contribute to organelle identity and regulate both membrane trafficking and other signal transduction events at eukaryotic cellular membranes (Figure 1). PIPs are produced by phosphorylation of the inositol head group of phosphatidylinositol (PtdIns). Diversity of PIP isoforms is greater in higher eukaryotes. For instance, yeast produces five distinct PIP isoforms, namely, PtdIns3P, PtdIns4P, PtdIns5P, PtdIns(3,5)P2, and PtdIns(4,5)P2, whereas metazoan organisms generally produce seven isoforms: those found in yeast plus PtdIns(3,4)P2 and PtdIns(3,4,5)P3. Each PIP isoform executes its own unique biological activities, and on this basis, these molecules are considered to create a signaling “code.” This PIP code is the foundation of a major intracellular signaling system that interfaces with virtually all pathways that control and regulate cell growth, motility, division, and death in eukaryotic cells.
[image: Figure 1]FIGURE 1 | Molecular structure of phosphatidylinositol and schematic representation of the seven phosphoinositide species and their synthesis in eukaryotic cells. Enzymatic activity involved in the synthesis or degradation of these species is indicated over the respective arrows. Dashed arrows indicate an enzymatic activity that has not been fully described.
The PIP code is read by specific PIP-binding domains of effector proteins. The first such domain described was the Pleckstrin homology (PH) domain from phospholipase C delta (PLCδ), which is a high-affinity PtdIns(4,5)P2-binding module (Garcia et al., 1995; Lemmon et al., 1995). This discovery paved the way for the identification of many other PIP-binding modules (e.g., FERM, FYVE, PX, ENTH/ANTH, and PROPPIN domains) that exhibit varying degrees of PIP-binding specificity and affinity (Hammond and Balla, 2015). This chemical diversity allows intricate and combinatorial fine-tuning of PIP-dependent regulation of complex cell functions. In that regard, PIPs are uniquely eukaryotic phospholipids.
PIPs are not homogeneously distributed along the surface of intracellular membranes. Rather, these are organized into dynamic domains that impose spatial and temporal regulation of peripheral membrane protein binding and/or enzymatic reactions. Thus, PIP spatiotemporal location in a cell is tightly controlled. Cellular PIP levels are regulated through the activity of phosphatidylinositol kinases (PIKs), phosphoinositide kinases (PIPK), and PIP phosphatases (Figure 1). PIKs catalyze the phosphorylation of PtdIns on the inositol ring at positions 3′, 4′ or 5′-OH. PIPK phosphorylate the inositol ring of PIPs at the 3′, 4′ or 5′-OH positions. Phosphatases catalyze the removal of a -PO4 group at 3′, 4′ or 5′-OH. Dysregulation of PIP homeostasis in human cells is strongly associated with cancer, primary immunodeficiencies, developmental disorders, and various other pathologies (Di Paolo and De Camilli, 2006; Balla, 2013).
Organisms of the phylum Apicomplexa are complex, single-celled eukaryotes that exhibit a sophisticated parasitic lifestyle. Recent advances in cellular and molecular studies of Apicomplexans demonstrate the role of phosphoinositide signaling networks at many key points of parasite biology. The unique biological niche occupied by Apicomplexa, and the resulting adaptations that come with it, identifies these parasites as exceptional models for the study of novel and ancient aspects of phosphoinositide biology. In this review, we consider how phosphoinositide signaling is regulated in Apicomplexa, and how this information might be used to better understand both parasite biology and eukaryotic lipid signaling.
Apicomplexan parasites
Members of the phylum Apicomplexa are obligate intracellular parasites that infect both vertebrate and invertebrate hosts and are significant disease-causing agents of both animals and humans. There are seven genera that infect humans. These include i) Plasmodium spp., which are the causative agents of malaria, ii) the opportunistic human pathogen Toxoplasma gondii, iii) the malaria-like parasite Babesia spp., iv) the animal parasite and opportunistic human pathogen Cryptosporidium spp., and v) the human intestinal disease parasites Isospora belli, Cyclospora cayetanensis, and Sarcocystis spp. (Ackers, 1997; Chakraborty et al., 2017). Among the Apicomplexan parasites, Plasmodium and T. gondii are the most experimentally tractable as these organisms can be cultured in vitro, can be studied in rodent models of infection, and are amenable to genetic manipulation. Thus, these two organisms represent the focus of this review.
Because the Apicomplexan organisms are obligate intracellular parasites, these organisms must invade their respective host cells and establish a suitable intracellular environment that supports their replication and proliferation. In that regard, most Apicomplexans produce an elaborate intracellular compartment termed the parasitophorous vacuole (PV) through which the parasites scavenge nutrients from the host to power parasite cell division or differentiation. In the acute phases of infection, the parasites escape the PV and egress from the host cell in order to propagate the infection throughout the tissue. Apicomplexans have complex developmental cycles which include both acute and latent phases, and these organisms are able to pass through a variety of insect vectors and infect a variety of animal hosts.
The unique Apicomplexan endomembrane system
Apicomplexans possess highly specialized endomembrane structures that allow these parasites to execute their complex life cycles. As members of the superphylum Alveolata, Apicomplexans have evolved a network of flattened vesicles located below the plasma membrane called the inner membrane complex (IMC). The IMC spans the periphery of the cell, except at the basal and apical poles and at the micropore/cytostome (an invagination or cup-shaped structure at the plasma membrane). The IMC is involved in calcium storage, regulation of cell division, and regulation of gliding motility (Harding and Meissner, 2014). The apicoplast is another unique endomembrane compartment, a non-photosynthetic plastid-like organelle of red algal origin that houses anabolic activities indispensable for parasite growth and viability. These activities include synthesis of heme and fatty acids via the FASII complex and production of isoprenoid compounds (Coppens et al., 2014; Bergmann et al., 2020).
Apicomplexans derive their name from a signature intracellular structure termed the ‘apical complex,’ a collection of specialized secretory organelles unique to the phylum (i.e., micronemes, rhoptries, and dense granules) along with the apicoplast (Gubbels and Duraisingh, 2012). In some Apicomplexans, the apical complex also includes an anterior-most conoid that lies within a microtubule cylinder called the polar ring. Micronemes, the smallest secretory organelles, are required for parasite egress from host cells. Rhoptries are larger compartments that exhibit club-shaped morphologies with the slim end attached to the apical pole of the parasite. Release of rhoptry and microneme contents is required for formation of the moving junction, that is, a ring-like protein structure that moves from the apical to the posterior end of the parasite to carry out the formation of the PV membrane (PVM) during host cell invasion. The primary function of the PVM is to envelop the intracellular parasites and sequester these from the host cytoplasm to avoid interface with the host endocytic pathway. This is facilitated by secretion of factors from dense granules (DGs), secretory organelles distributed throughout the parasite cytoplasm. DG cargos are released following host invasion and during the intracellular life of the parasite and include factors involved in nutrient acquisition from the host, manipulation of host cell signaling pathways, and maintenance of the PVM (Gubbels and Duraisingh, 2012; Bai et al., 2018).
Apicomplexan life cycles
Members of the phylum Apicomplexa exhibit a wide range of morphologies, habitats, cell division processes, and life cycles. These subjects are only briefly treated here as recent reviews discuss them in detail (Nilsson et al., 2015; Venugopal et al., 2020b; Martorelli Di Genova and Knoll, 2020). Plasmodium parasites are transmitted to humans by the bite of an infected mosquito, which injects sporozoites into the blood stream. The parasites then reach the liver and develop into merozoites through schizogony or asexual replication (Figure 2A). Merozoites escape the liver and enter the blood stream to infect erythrocytes. Intraerythrocytic merozoites adopt a ring-like morphology and undergo further differentiation to trophozoites, which divide by schizogony (schizont stage) to produce several merozoites. Erythrocyte lysis leads to liberation of merozoites and to repeated infection cycles of other erythrocytes. These cycles are responsible for the severe symptoms that accompany malarial disease. Some parasites differentiate into micro and macrogametocytes–the sexual erythrocytic stages. When ingested by Anopheles mosquitoes during a blood meal, the macrogametocyte is fertilized by a microgametocyte in the mosquito’s stomach. The zygote develops into a motile and elongated ookinete that invades the midgut wall and develops into an oocyst to produce sporozoites in the salivary glands of the mosquito (Read et al., 1993; Francia & Striepen, 2014).
[image: Figure 2]FIGURE 2 | Life cycle of P. falciparum (A) and T. gondii (B). PIP detection and utilization is highlighted in specific stages during the parasite life cycles. Host types are outlined in red, and reproductive stages are outlined in blue.
T. gondii infects the intestinal track of its definitive host, the domestic cat (Figure 2B). Cats become infected directly by ingestion of sporulated oocysts, at which point either sexual reproduction in the intestine or asexual multiplication in peripheral organs can take place (Ferguson et al., 1974; Francia & Striepen, 2014). The feces of infected cats contain oocysts that sporulate in the environment and are accidentally ingested by humans and other vertebrates (i.e., the intermediate hosts). Shortly after ingestion, oocysts differentiate into tachyzoites and invade neural and muscle tissue, where they divide asexually through internal budding (referred to as endodyogeny) and develop into cyst bradyzoites. When the host becomes immunocompromised, bradyzoites differentiate back into tachyzoites and cycle through rounds of replication until the PVM is disrupted via the activity of a T. gondii perforin-like protein. Host cell membranes burst rapidly thereafter, and the lytic cycle starts again when a tachyzoite invades and reproduces in a new host cell, thereby propagating an acute infection of the affected tissue (Roiko and Carruthers, 2013).
Phosphoinositide signaling in Apicomplexa
Apicomplexans possess the neutral and polar lipid species generally found in eukaryotic cells but produce unique lipids as well. Analyses of genes encoding metabolic enzymes involved in lipid production in Apicomplexa, when coupled with lipid labeling and deprivation experiments, demonstrate that these parasites encode the enzymatic machinery to synthesize many lipid species. However, some essential lipids must be scavenged from the host cell. One such example is salvaging of host cholesterol by T. gondii, an essential activity because T. gondii do not express the enzymes required for sterol production (Coppens et al., 2000; Coppens et al., 2014; O’Neal et al., 2020). The phospholipid profiles of T. gondii and Plasmodium are also maintained through a balance of endogenous synthesis and scavenge mechanisms. PtdIns represents a major class of membrane phospholipids in T. gondii and Plasmodium. It constitutes ∼7% of the total phospholipid content, and this value is similar to that found in mammalian cells (Vial et al., 2003; Welti et al., 2007). PtdIns metabolism has not been studied in detail in Apicomplexan organisms. The genomes of T. gondii, Plasmodium, and Eimeria all encode a PtdIns synthase (PIS) (Séron et al., 2000; Wengelnik and Vial, 2007; Kong et al., 2018). The T. gondii PIS (TgPIS) is an essential enzyme that localizes to the Golgi network and consumes CDP-diacylglycerol (CDP-DAG) and myoinositol as precursors in de novo PtdIns synthesis. The parasite is also capable of salvaging longer-chain PtdIns molecular species (C38/C40) from the host cell (Ren et al., 2020).
The current cohort of Apicomplexan PIPs has been identified and localized by exploiting protein domains with high affinities and specificities for individual PIP species (PIP biosensors) and through parasite lipid profiling. The function of these PIPs has also been studied using controlled expression strategies targeting PtdIns and PIP kinases responsible for the synthesis of individual PIP species. As is the case in all other eukaryotes studied thus far, Apicomplexan PIPs are essential molecules for mediating important cell functions, including the virulence of these organisms. For instance, PIPs are involved in apicoplast homeostasis, in host cell invasion by T. gondii (Daher et al., 2015; Bullen et al., 2016), in the transport and fusion of endosomes with lysosome-like compartments, and in motility and host cell egress processes in Plasmodium (Vaid et al., 2010; Brochet et al., 2014).
Understanding how PIP pools are formed and maintained in eukaryotes remains an intense area of study in contemporary cell biology. Although much effort is invested in studying the enzymes that produce and consume PIPs, fundamental aspects of how PIP production is regulated and physically organized are still not completely understood. Moreover, most of the information on the metabolism and physiological roles of inositol lipids is derived from studies in a limited set of model organisms. Emerging evidence suggests that Apicomplexa evolved from the secondary endosymbiosis of a photosynthetic alga by an ancestral eukaryotic cell (McFadden, 2000; Oborník, 2020). As such, these organisms provide an opportunity to study the physiological integration of complex PIP signaling systems in unicellular life forms with unique evolutionary trajectories. In the case of Apicomplexa, these trajectories outline transitions from what might have been free-living phototrophs to obligate non-photosynthetic animal parasites. Additionally, PIP signaling mechanisms in Apicomplexa offer intriguing possibilities for development of potential drug targets to combat parasitic diseases.
Recently, two reviews focused on the PIPs in Apicomplexa have been published. The first covers PIP distribution and cellular functions and studies of PtdIns and PIP-kinases in T. gondii and Plasmodium (Wengelnik et al., 2018). The second focuses on PIP-binding proteins involved in endocytic trafficking and autophagy in these parasites (Cernikova et al., 2019). The focus of this review is to address regulatory mechanisms that control the spatial and temporal regulation of PIPs in Plasmodium and T. gondii and to draw comparisons and distinctions of these mechanisms relative to those described for other eukaryotic systems, particularly mammalian cells and the model organism S. cerevisiae, which we refer to as “yeast” in this review.
PTDINS3P AND ITS HIGHER-ORDER DERIVATIVES
The Apicomplexan PtdIns3P kinases
Phosphatidylinositol-3-phosphate (PtdIns3P) is produced by phosphorylation of the PtdIns inositol head group on the 3′-OH position. This reaction is catalyzed by class II and class III PtdIns 3-OH kinases (PI3Ks) in mammals (PIK3C2 and PIK3C3). Unicellular organisms express one PI3K, the class III Vps34 (Vanhaesebroeck et al., 2010; Brown and Auger, 2011). Both Plasmodium and T. gondii encode a single PI3K Class III/Vps34 enzyme that is responsible for cellular all PtdIns3P synthesis: PfPI3K (PF3D7_0515300) and TgPI3K (TGME49_215700). These enzymes localize primarily to apicoplast and vacuolar and vesicular compartments, in both parasites where pools of PtdIns3P are produced (Figures 4B,C). Both kinases exhibit a conserved PI3K Class III domain organization consisting of i) an N-terminal C2 domain, ii) a PIK domain (PI3K family accessory domain that has been suggested to be involved in substrate presentation), and iii) a C-terminal 3-OH kinase catalytic domain. Both PfPI3K and TgPI3K are essential for parasite survival (Vaid et al., 2010; Brown and Auger, 2011; Daher et al., 2015), and both enzymes are predicted to be substantially larger than any other PI3K described thus far (Figure 3).
[image: Figure 3]FIGURE 3 | Domain organization and substrate specificity of current known Apicomplexan PIKs and PIPKs and their yeast homologs drawn to scale. Kinase: PI/PIP kinase domain; Helical: helical domain; C2: C2 domain; FYVE: FYVE zinc finger domain; CPN: Chaperonin; and NCS-EF: NCS-like domain with EF hands.
PI3K class III/Vps34 is found in two principal complexes in mammalian cells, namely, complex I and complex II (Fan et al., 2011; Rostislavleva et al., 2015). Complex I is composed of Vps34, Vps15, Beclin 1 (Vps30), and an autophagy-related gene 14L (ATG14L), and this complex is responsible for generating PtdIns3P in the endoplasmic reticulum (ER). It is this pool that drives autophagosome preassembly machinery at the omegasome (Mizushima et al., 2008). In complex II, ATG14L is replaced by UVRAG (Vps38 in yeast), which facilitates targeting of the complex to early endosomes to produce PtdIns3P. Recruitment of complex II occurs in an Rab5-dependent manner (Figure 4A). This process potentiates maturation of early Rab5-positive vesicles to late Rab7-positive vesicles for further fusion with lysosomes (Shin et al., 2005; Vanhaesebroeck et al., 2010; Burke, 2018). Of these regulatory factors, only a candidate Vps15 ortholog is annotated by both T. gondii and Plasmodium genomes, and a prospective Vps30 is encoded by T. gondii (Supplementary Table S1) (PlasmoDB (v56); ToxoDB (v56)). The dedicated components that define complexes I and II (ATG14L and UVRAG, respectively) and aid in target membrane recognition have no obvious counterparts in these parasites (Besteiro, 2017). Plasmodium and T. gondii may express novel and specialized accessory proteins adapted for targeting Apicomplexan Vps34 enzymes to their unique endomembranous compartments.
[image: Figure 4]FIGURE 4 | PIPs involved in the endocytic system and autophagy. (A) Mammalian: in preformed CME vesicles PtdIns(3,4)P2 is dephosphorylated by 4-phosphatases (INPP4A/B) to form PtdIns3P. In early endosomes, PtdIns3P is also generated from PtdIns by the class III PI3K Vps34 complex II. Maturation to late endosomes involves PtdIns(3,5)P2 synthesis. PtdIns3P synthesis by class III PI3K Vps34 complex II is required for initiating autophagy at the omegasome. Autophagosome maturation and fusion with the lysosome depend on conversion of PtdIns3P to PtdIns(3,5)P2 by PIKfyve kinase. (B) P. falciparum: PtdIns(4,5)P2 is detected in the cytostome and cytostomal vesicles. Maturation of cytostomal vesicles is accompanied by reduction of their size and enrichment of PtdIns3P by PfPI3K activity. PtdIns3P is also observed in the food vacuole membrane, autophagosomes, and at the apicoplast. Negative regulation of PtdIns3P levels in these compartments might include the PTEN C2-like domain in PfFRM2, the activation of PfAKT signaling, and PfKelch13-dependent PfPI3K proteolysis. At the extracellular merozoite stage, PfPI3K activity regulates autophagy-related processes such as mitophagy. (C) T. gondii: PtdIns3P is produced by TgPI3K at the outer and inner membranes of the apicoplast and at neighboring vesicles. PtdIns(3,5)P2 production from PtdIns3P by the complex TgPIKfyve, TgArPIKyve, and possibly TgAtg18 is key to apicoplast maintenance. TgPI3K activity is also involved in mitophagy during parasite starvation. The PTEN-C2 domain of TgFRM2 may negatively regulate PtdIns3P at the apicoplast. Solid line: proposed reaction in previous publications and dashed line: proposed reaction in this review. Abbreviations in Figures 4–6: PM: plasma membrane; ER: endoplasmic reticulum; N: nucleus; Cyt: cytostome; Mp: micropore; Mc: microneme; Rh: Rhotry; Fv: food vacuole; Hz crystals: hemozoin crystals; Ap: apicoplast; DG: dense granule; ELC: endocytic-like compartment.
PtdIns3P in starvation and autophagy during the Apicomplexan life cycle
Among the intraerythrocytic stages of P. falciparum, the highest levels of PtdIns3P are detected during transition from the ring to the schizont phase. The PfPI3K is localized to the limiting membranes of vesicular compartments and the food vacuole (Vaid et al., 2010). The food vacuole is the organelle where hemoglobin (Hb) is digested, and Hb represents the primary amino acid nutrient source for the parasite. Phosphoproteome profiling experiments reveal that PtdIns signaling and PfPI3K activity are elevated in extraerythrocytic merozoites relative to the schizont stage (Figure 2A). Moreover, ubiquitination and autophagy pathways are also upregulated in this stage (Lasonder et al., 2015). Upregulation of ubiquitination and autophagy is consistent with the observation that extraerythrocytic merozoites lack the food vacuole (Dluzewski et al., 2008), thereby forcing the parasite to undergo autophagic digestion of organelles no longer required by extraerythrocytic merozoites as a mechanism to combat starvation. Such observations reveal a potential role for PfPI3K in the regulation of starvation-induced processes during the extraerythrocytic stages (Lasonder et al., 2015) (Figure 4B). Similarly, the T. gondii TgPI3K activity stimulates mitochondrial fragmentation during mitophagy when the parasite encounters starvation conditions (Figure 4C) (Ghosh et al., 2012).
The role of autophagy as a life-sustaining process under the conditions of starvation stress is well-established (Sinai and Roepe, 2012; Qi et al., 2018). Elucidating the regulatory mechanisms that govern PtdIns3P synthesis is crucial for understanding how energy balance and cell homeostasis are maintained under starvation conditions in protozoan organisms. In that regard, genome-wide association studies report that PfPI3K/PtdIns3P levels are modulated by the action of an AKT ortholog (PfAKT) in P. falciparum as elevated PfAKT expression in transgenic parasites induces a ∼2-fold increase in PtdIns3P levels (Mbengue et al., 2015). Akt is a master regulator of diverse cellular functions in mammals that include survival, growth, metabolism, migration, and differentiation (Vivanco and Sawyers, 2002; Sugiyama et al., 2019). In mammals, Akt activation can lead to diminished PtdIns3P production. For instance, activation of mTOR1 by the PI3K class I/Akt axis inactivates Vps34-containing complexes and suppresses autophagy (Marat and Haucke, 2016). A reaction where Akt stimulation increases PtdIns3P levels has not been well-described in other organisms. One intriguing possibility is that the absence of the canonical components of Vps34 complexes in Apicomplexans generates an outcome for Akt-dependent PtdIns3P signaling that diverges from those classically observed in mammalian cells.
Downregulation of PtdIns3P signaling is executed by myotubularin 1 (MTM1) and MTM-related proteins that dephosphorylate PtdIns3P to PtdIns. MTM genes are nearly ubiquitously distributed throughout Eukaryota (Laporte et al., 1996; Vergne and Deretic, 2010). Thus far, Cryptosporidium parvum and C. hominis are the only Apicomplexans that encode an MTM-like protein. Plasmodium and T. gondii lack obvious MTM orthologs (Supplementary Table S1) (Abrahamsen et al., 2004; Kerk and Moorhead, 2010; Laporte et al., 2003). Whether this activity is missing in Plasmodium and T. gondii, or whether it is fulfilled by a protein with no obvious homology to the myotubularins, remains to be determined.
PtdIns(3,5)P2 synthesis in Apicomplexa
The basic mechanisms underlying the maintenance of PtdIns(3,5)P2 levels are highly conserved. PtdIns3P 5-kinase (Fab1 in yeast and PIKfyve in mammals) phosphorylates PtdIns3P on the inositol ring at the 5′-OH position to produce PtdIns(3,5)P2. PIKfyve and Fab1 both reside in large protein complexes that tightly regulate PtdIns(3,5)P2 production. This complex comprises four more proteins in yeast: Figure 4, Vac14, Vac7, and Atg18. PtdIns(3,5)P2 turnover is proposed to be mainly catalyzed by Figure 4, a 3,5-bisphosphate 5-phosphatase (Sac3 in mammals), which both positively and negatively regulate PtdIns(3,5)P2 production. Vac14 (ArPIKfyve in mammals) functions as a scaffold protein that promotes PtdIns(3,5)P2 synthesis. Vac7 is an essential protein in yeast, but its function in Fab1 activation is not clear. Vac7 metazoan homologs have not been detected. Finally, Atg18 negatively regulates PtdIns(3,5)P2 production, likely through its interaction with Vac14. In yeast, all of these factors localize to the vacuolar membrane, whereas mammalian PIKfyve and ArPIKfyve localize to membranes of the endocytic system (Figure 4A) (Gary et al., 2002; Botelho et al., 2008; Jin et al., 2008; Shisheva, 2008; Hasegawa et al., 2017).
PtdIns(3,5)P2 in T. gondii is localized to a population of uncharacterized vesicles distributed throughout the cytoplasm of tachyzoites (Figure 4C), and its synthesis is associated with apicoplast biogenesis/inheritance (Daher et al., 2015; Daher et al., 2016). PtdIns(3,5)P2 has not yet been reported in Plasmodium. Whether this reflects a genuine absence of PtdIns(3,5)P2 in this parasite, or very low levels that fall below available thresholds of detection, is not clear. Putative homologs of Fab1/PIKfyve, Vac14, and Atg18 have been described and are essential for parasite growth in T. gondii (Daher et al., 2015; Bansal et al., 2017). Depletion of TgPIKfyve (TGME49_256920), TgArPIKfyve (TGME49_244040), or TgAtg18 results in similar apicoplast biogenesis/inheritance disruption phenotypes as those previously observed in strains where PtdIns3P signaling is blocked (Tawk et al., 2011). In independent studies, colocalization of TgPIKfyve and TgAtg18 with the otherwise uncharacterized PtdIns(3,5)P2-containing vesicular structures was also observed (Daher et al., 2015; Bansal et al., 2017). These data suggest T. gondii employs a conserved PtdIns(3,5)P2 regulatory complex to control vesicle trafficking to the apicoplast (Figure 4C).
The only component of the PtdIns(3,5)P2 regulatory complex described thus far in Plasmodium is the Atg18 ortholog PfAtg18 (Bansal et al., 2017; Sudhakar et al., 2021). PfAtg18 and TgAtg18 bind PtdIns3P in vitro. TgAtg18 also binds PtdIns(3,5)P2, but PfAtg18 does not. While these data are consistent with the notion that PtdIns(3,5)P2 is absent in Plasmodium, candidates for a PIKfyve lacking the FYVE finger domain and ArPIKfyve and Figure 4 homologs are listed in the Plasmodium database (PlasmoDB v56) (Supplementary Table S1). Prospective P. berghei PIKfyve- and ArPIKfyve-like proteins score as essential activities in an in vivo screen that monitors growth rate phenotypes of strains individually deficient in each of 2,578 P. berghei genes (Bushell et al., 2017). The available data suggest that Plasmodium PIKfyve is not involved in PtdIns3P binding and its conversion to PtdIns(3,5)P2. Further characterization of these protein candidates, along with implementation of more sensitive PtdIns(3,5)P2 detection methods, is required to determine whether or not Plasmodium produce PtdIns(3,5)P2.
PtdIns3P and PtdIns(3,5)P2 in Apicomplexa are not restricted to endosome trafficking pathways
In mammalian and yeast cells, PtdIns3P localizes primarily to membranes of early endosomes, multivesicular bodies (MVBs), and MVB transport intermediates, where it regulates membrane receptor sorting and intralumenal vesicle formation (Gillooly et al., 2000; Petiot et al., 2003). Vsp34 complex II is responsible for producing PtdIns3P in these compartments, and PtdIns(3,5)P2 is the signature marker for late endolysosomal membranes in higher eukaryotes and for yeast vacuoles (Figure 4A). PtdIns(3,5)P2 synthesis is associated with endomembrane homeostasis via regulation of homotypic and heterotypic fusion and fission events involving early and late endosomes and MVB membranes (Ikonomov et al., 2006; Nicot et al., 2006; Whitley et al., 2009; Duex et al., 2006).
Unlike in most eukaryotic cells, endocytosis and exocytosis in Apicomplexan parasites take place within the context of a host eukaryotic cell. Hence, specialized endocytic structures (micropore/cytostome) and secretory organelles (rhoptries, micronemes, and dense granules) are employed to carry out these processes. For instance, endocytosis of Hb by intraerythrocytic Plasmodium parasites takes place at the cytostome. When the cytostome matures and pinches off, the resulting endosomal structures containing erythrocytic material are trafficked to the food vacuole where Hb is metabolized to the non-toxic product hemozoin (Lazarus et al., 2008; Milani et al., 2015). PtdIns3P is detected in the subsets of these erythrocytic material-containing endosomal structures in the cytoplasm and in the food vacuole membrane (Figure 4B) (Tawk et al., 2010). Moreover, PtdIns3P synthesis is linked to the transport of Hb-loaded vesicles to the food vacuole for degradation (Vaid et al., 2010).
PtdIns3P levels in P. falciparum are regulated via proteolytic degradation of PfPI3K by PfKelch13, an adapter for E3 ubiquitin ligases involved in cytostome biogenesis and/or function (Mbengue et al., 2015; Yang et al., 2019). PfKelch13 shows homology to the mammalian kelch-like ECH-associated protein 1 (Keap1) which controls adaptive response to oxidative stress. A mutation in the PfKelch13 propeller domain affects substrate affinity with a consequent decrease in PfPI3K proteolysis and elevation in bulk intracellular PtdIns3P (Ariey et al., 2014; Mbengue et al., 2015). PfKelch13 localizes to the ER, to Rab5A/5B/6/7/11A-positive vesicles, and to structures adjacent to the cytostome. Co-immunoprecipitation analyses show PfKelch13 physically associates with multiple factors that regulate vesicle trafficking and endocytosis in eukaryotes, i.e., members of the Rab GTPase family (Sar1, Sec23, and others), but not with PfPI3K (Gnädig et al., 2020). The precise function of PfKelch13 remains to be determined. The structural similarity of PfKelch13 with human Keap1 and its subcellular localization suggest PfKelch13 promotes PfPI3K ubiquitination as part of an antioxidant and cytoprotective response induced during conditions of vigorous digestion of Hb.
PtdIns3P in P. falciparum also localizes to the apicoplast (Figure 4B), where it might act as a targeting signal for membrane transport (Tawk et al., 2010). In T. gondii, PtdIns3P is not associated with Rab5-positive vesicles or endosome-like structures. Rather, the major PtdIns3P-containing subcellular compartments in T. gondii are the apicoplast outer membrane and adjacent vesicles (Figure 4C) (Tawk et al., 2011). The distinctions in PtdIns3P localization in these two parasites likely reflect differences in their endocytic trafficking pathways. Unlike Plasmodium, endocytosis in T. gondii occurs during intracellular and extracellular parasite stages, and it is proposed to intersect with exocytic trafficking pathway(s) (Gras et al., 2019; McGovern et al., 2018; Duo et al., 2014). This model posits that endocytosis occurs at membrane invaginations distinct from the micropore (a structure similar to the cytostome) and that the endocytosed material is sorted in an endocytic-like compartment (ELC). The ELC is marked by Rab5 and Rab7 (Tomavo et al., 2013), and with plant-like vacuole proteins (Parussini et al., 2010). The ELC also represents the maturation center for microneme (Harper et al., 2006) and rhoptry secretory proteins (McGovern et al., 2018). Further analyses of how PtdIns3P pools are specified in the T. gondii endocytic system are required for understanding how endocytic and exocytic pathways have been repurposed in these parasites and how they intersect.
The function of PtdIns3P in the T. gondii apicoplast outer membrane and surrounding vesicles was analyzed by studying the effects of prolonged expression of the PtdIns3P biosensor 2xFYVE domain of the mammalian Hrs protein. Sustained PtdIns3P pool sequestration results in loss of the apicoplast, and this event ultimately leads to parasite death. These data suggest that PtdIns3P promotes apicoplast maintenance by potentiating the fusion of vesicles carrying nuclear-encoded apicoplast protein cargo with the outermost membrane of the apicoplast (FtsH1 and APT1) (Tawk et al., 2011). PtdIns3P is also involved in apicoplast inheritance/biogenesis in daughter cells through interaction with Tg/PfAtg18 to regulate Tg/PfAtg8 conjugation (Bansal et al., 2017). In T. gondii, this is a critical step that might precede TgAtg8 translocation to the apicoplast. This translocation step occurs upon the activation of the TgAtg12–TgAtg5–TgAtg16L complex and involves vesicular fusion in a Qbc soluble N-ethylmaleimide sensitive factor attachment protein receptor (Qbc SNARE)-dependent manner (Fu et al., 2022). Furthermore, ablation of TgPI3K, TgPIKfyve, and TgArPIKfyve activities recapitulate apicoplast loss and associated cell death, suggesting that both lipid kinases act in the same biosynthetic pathway where PtdIns3P serves as a precursor for synthesis of PtdIns(3,5)P2 (Daher et al., 2015). These findings reveal novel roles for PtdIns3P and PtdIns(3,5)P2 in intracellular vesicular trafficking with the apicoplast as the target organelle.
THE CASE FOR HIGHER-ORDER PTDINS3P LIPIDS IN APICOMPLEXA
In vivo functions for PtdIns(3,4,5)P3 have primarily been studied in mammalian cells, where it exists at very low levels in quiescent cells. This PIP functions to recruit proteins with PtdIns(3,4,5)P3 - selective PH domains to the plasma membrane. Such effectors include the Akt protein kinase (protein kinase B) and phosphoinositide-dependent kinase-1 (PDK1). This process promotes cell proliferation and survival and regulates cytoskeleton dynamics, motility, membrane trafficking, and apoptosis (Cantley, 2002; Toyoshima et al., 2007; Tengholm and Idevall-Hagren, 2009). PtdIns(3,4,5)P3 synthesis is triggered by stimulation of tyrosine kinase- and/or G-protein-coupled receptors that activate class I PI3K (Figure 5A). The activated kinase phosphorylates PtdIns(4,5)P2 in the plasma membrane and elevates PtdIns(3,4,5)P3 levels as much as 100-fold (Tengholm and Idevall-Hagren, 2009; Vanhaesebroeck et al., 2010). An alternative pathway to generate PtdIns(3,4,5)P3 has been described in human platelet cells, mouse fibroblasts, and plant cells (Cunningham et al., 1990; Brearley and Hanke, 1993). This pathway involves PIP5KII-dependent phosphorylation of PtdIns3P to form PtdIns(3,4)P2 with subsequent PIP5KI-dependent phosphorylation of PtdIns(3,4)P2 to PtdIns(3,4,5)P3 (Zhang et al., 1997).
[image: Figure 5]FIGURE 5 | PIP regulation in the plasma membrane (PM). (A) Mammalian: PtdIns(4,5)P2 is mainly produced at the PM by phosphorylation of PtdIns4P by Type I PI4P5K. Stimulation of tyrosine kinase- and/or G-protein-coupled receptors lead to class I PI3K activation and conversion of PtdIns(4,5)P2 to PtdIns(3,4,5)P3. Dephosphorylation of PtdIns(3,4,5)P3 by PTEN forms PtdIns(4,5)P2 and turns off the signaling relay, while dephosphorylation of PtdIns(3,4,5)P3 by SHIP1/2 generates PtdIns(3,4)P2 to promote clathrin-mediated endocytosis. PtdIns5P is found at the PM after dephosphorylation PtdIns(4,5)P2 by a PIP2-4-phosphatase. (B) P. falciparum: PtdIns(4,5)P2 in PM is generated from PtdIns4P by type I PI4P5K after recruitment/activation by PfArf1. PtdIns(4,5)P2 is hydrolyzed by PfPI-PLC to produce secondary messengers, DAG and IP3. In P. berghei, positive regulation of PbPI-PLC occurs after activation of PbPKG and/or exposure to specific environmental queues (i.e., decrease of extracellular [K+]) to trigger microneme secretion. PtdIns(3,4,5)P3 may be generated by consecutive phosphorylation of PtdIns(3,4)P2 at OH-4 and OH-5 positions by PfPI4P5K. PtdIns5P, found at PM and nucleus in trophozoites, as well as at the ER in schizonts, may be formed by PfPIKfyve-dependent PtdIns phosphorylation. (C) T. gondii: TgPI-PLC hydrolyzes PtdIns(4,5)P2 to generate DAG and IP3. DAG is phosphorylated to PtdOH and triggers microneme exocytosis. Solid line: proposed reaction in previous publications and dashed line: proposed reaction in this review. Abbreviations in Figures 4–6: PM: plasma membrane; ER: endoplasmic reticulum; N: nucleus; Cyt: cytostome; Mp: micropore; Mc: microneme; Rh: Rhotry; Fv: food vacuole; Hz crystals: hemozoin crystals; Ap: apicoplast; DG: dense granule; ELC: endocytic-like compartment.
PtdIns(3,4,5)P3 has not been detected in Apicomplexans (Ebrahimzadeh et al., 2018). However, studies in P. falciparum-infected erythrocytes show an incremental increase of PtdIns(3,4,5)P3 in erythrocytic-infected states (Figure 2A) (Tawk et al., 2010). The sole PfPI3K forms PtdIns(3,4,5)P3 from its precursor PtdIns(4,5)P2 in vitro (Vaid et al., 2010). Primary structure comparisons show PfPI3K shares some structural features with the catalytic and helical domains of the human class I PI3K PIK3CG. These comparisons suggest that PfPI3K might produce PtdIns(3,4)P2 using a PtdIns4P substrate and PtdIns(3,4,5)P3 from a PtdIns(4,5)P2 precursor in vitro, in addition to producing PtdIns3P (Vaid et al., 2010). However, when parasites are treated with wortmannin, a PI3K inhibitor, only levels of PtdIns3P in infected erythrocytes are diminished, a result that suggests that PfPI3K produces exclusively PtdIns3P in vivo (Tawk et al., 2010). Thus, Tawk and colleagues (2010) propose that P. falciparum may harbor a similar PtdIns(3,4,5)P3 production pathway to the one described in the fission yeast Schizosaccharomyces pombe, where PtdIns(3,4,5)P3 synthesis is mediated by consecutive phosphorylation at the D4 and D5 positions of PtdIns3P by a PI4P5K (Figure 5B) (Mitra et al., 2004). As mentioned previously, this route corresponds to the so-called alternate synthesis pathway in multicellular organisms. This pathway might not only support PtdIns(3,4,5)P3 production in P. falciparum-infected erythrocytes, but it also suggests the form of an ancestral pathway for PtdIns(3,4,5)P3 synthesis that precedes functional diversification of the PI3K family.
PtdIns(3,4,5)P3 signals are terminated via dephosphorylation of the D3-position to form PtdIns(4,5)P2. Among these negative regulators of the PI3K axis in mammals are the enzymes phosphatase and tensin homolog deleted on chromosome 10 (PTEN) and skeletal muscle and kidney-enriched inositol phosphatase (SKIP) (Figure 5A) (Ono et al., 2001; Ijuin and Takenawa, 2003). By contrast, 5-phosphatases that generate PtdIns(3,4)P2, such as the Src-homology 2 containing inositol phosphatases 1 and 2 (SHIP1 and SHIP2), and the poorly characterized proline-rich inositol polyphosphate 5-phosphatase (PIPP), do not suppress PtdIns(3,4,5)P3 signaling (Astle et al., 2006; Pedicone et al., 2021; Tengholm and Idevall-Hagren, 2009).
The PTEN-C2 domain has only been described as an accessory domain in the formin 2 proteins of P. falciparum, P. cynomolgi, P. knowlesi, P. vivax, and T. gondii (Stortz et al., 2019; Pathak et al., 2019). Formin is a multidomain protein that is an important regulator of actin polymerization in eukaryotes. The PTEN-C2 domain-containing formin 2 (FRM2) localizes adjacent to the apicoplast in both P. falciparum and T. gondii (Figures 4B,C). Conditional disruption of the gene encoding PfFRM2 and TgFRM2 results in structurally aberrant apicoplasts, loss of cell viability in P. falciparum (the only case studied thus far), deranged F-actin network dynamics, and impaired cytokinesis (Stortz et al., 2019). These phenotypes recapitulate those that accompany diminutions in PtdIns3P and PtdIns(3,5)P2 synthesis in both Apicomplexans (Tawk et al., 2010; Daher et al., 2015). These collective observations raise interesting questions regarding whether PfFRM2 and TgFRM2 function is linked to apicoplast biogenesis/maintenance by PTEN-C2 domain-dependent regulation of PtdIns(3,4,5)P3, although the presence of PtdIns(3,4,5)P3 in this compartment has not been confirmed. Alternatively, the PTEN-C2 domain of PfFRM2 and TgFRM2 might sense PtdIns3P and PtdIns(3,5)P2. PlasmoDB(v56) and ToxoDB(v56) databases identify common homologs for SHIP1, SHIP2, SKIP, and PIPP phosphatases: PF3D7_0705500 and TGME49_238400 (Supplementary Table S1). Both genes are essential for parasite viability and are annotated as putative inositol polyphosphate-related phosphatases. These represent candidate 5-phosphatases that regulate PtdIns(3,4,5)P3 signaling in both organisms.
As in the case of PtdIns(3,4,5)P3 in P. falciparum, PtdIns(3,4)P2 has been detected exclusively in infected erythrocytes, and its production via phosphorylation of PtdIns4P by the sole PfPI3K isoform has only been demonstrated in vitro (Tawk et al., 2010; Vaid et al., 2010). In T. gondii, the PtdIns(3,4)P2-selective PH domain of human TAPP1 localizes to the plasma membrane in intracellular tachyzoites (Arabiotorre et al., 2023). This result indicates the existence of a persistent PtdIns(3,4)P2 pool in this compartment. Apicomplexan genome database annotations do not identify ortholog candidate class II and class III PI3-kinases, which produce PtdIns(3,4)P2 and PtdIns(3,4,5)P3 in higher organisms (Brown and Auger, 2011). Thus, as suggested previously, PtdIns(3,4)P2 might be produced by phosphorylation at D4 of PtdIns3P by a PI4P5K (Mitra et al., 2004; Tawk et al., 2010). In mammals, downregulation of PtdIns(3,4)P2 signaling occurs primarily via the action of members of the 3- and 4-phosphatase protein families also involved in PtdIns(3,4,5)P3 degradation. Candidate orthologs for specific PtdIns(3,4)P2 phosphatases such as the 4-phosphatases INPP4A and INPP4B are not present in Apicomplexa. Hence, there is little evidence for the existence of regulatory proteins involved in producing or consuming PtdIns(3,4)P2 in the Apicomplexa.
APICOMPLEXAN PTDINS-4-OH KINASES
PtdIns4P regulates membrane trafficking through the TGN/endosomal system, lipid homeostasis, autophagy, cytokinesis, and actin dynamics in mammals and yeast (Rivas et al., 1999; Hama et al., 1999; Walch-Solimena and Novick, 1999 Jović et al., 2012; D’Angelo et al., 2007; Wang et al., 2015; Sechi et al., 2014). In this section, we discuss synthesis of PtdIns4P, mechanisms of its regulation, and its role in signaling processes in Apicomplexa. PtdIns4P is produced by PtdIns 4-OH kinases (PI4Ks) and is degraded by PtdIns4P phosphatases. PI4Ks are classified in two structural classes: 1) type II kinases represented by PI4KIIα and PI4KIIβ in mammals and Lsb6 in yeast and 2) type III kinases represented by PI4KIIIα and PI4KIIIβ in mammals and their respective yeast orthologs Stt4 and Pik1 (Han et al., 2002; Strahl and Thorner, 2007; Clayton et al., 2013). Candidate PI4Ks are listed in both P. falciparum and T. gondii genome databases (Wengelnik et al., 2018). There are three PI4K candidates in P. falciparum: PfPI4KII, PfPI4KIIIα, and PfPI4KIIIβ. T. gondii encodes three orthologs of the P. falciparum proteins (TgPI4KII, TgPI4KIIIα, and TgPI4KIIIβ) and four putative “PI3K/PI4K-like” proteins. It is likely that these “PI3K/PI4K-like” proteins are not true PtdIns kinases. In all four cases, the human and yeast proteins with the highest similarity represent protein kinases. These include Tor2/mTOR (homologous to the product of TGME49_316430). Thus, we will not further discuss those kinases in this review.
Type II PI4Ks are dispensable for viability in yeast and Metazoa, yet these enzymes carry out specific cellular functions. In mammals, PI4KIIα and PI4KIIβ are associated with endosomal compartments (Balla et al., 2002; Wei et al., 2002; Jović et al., 2012). In yeast, Lsb6 regulates endosome motility in a manner that is apparently independent of its catalytic activity (Chang et al., 2005). Phylogenetic analyses of PIP lipid kinases indicate that Plasmodium type II PI4K is more closely related to the plant type II PI4Ks than to metazoan or yeast isoforms. This relationship likely reflects lateral gene transfer from a red algal endosymbiont (Brown and Auger, 2011; McFadden, 2011). Genes annotated to encode type II PI4K-like proteins are listed in Plasmodium and T. gondii genomes. Although these proteins appear to confer fitness to these organisms, their activities and functions remain uncharacterized. For these reasons, we focus discussion on Type III PI4Ks (Sidik et al., 2016; Bushell et al., 2017).
PtdIns4P synthesis in the Apicomplexan secretory pathway
PfPI4KIIIβ (PF3D7_0509800) is the sole Apicomplexan enzyme directly demonstrated to have PI4K activity (McNamara et al., 2013; Stenberg and Roepe, 2020). Sequence alignment and secondary structure predictions suggest that PfPI4KIIIβ domain organization is similar to that of human PI4KIIIβ (UniProt Q9UBF8), including helical N- and C-lobes and a conserved catalytic domain. PfPI4KIIIβ is twice as large as its human ortholog due to expansion of sequences of unknown significance that separate the conserved domains (Figure 3). The lipid kinase activity of the PfPI4KIIIβ catalytic domain and the C-terminal portion of the N-lobe (KmATP = 72.5 μM) is comparable with the lipid kinase activities of human PI4KIIIα and PI4KIIIβ (70 μMand 90 μM, respectively) (Sternberg and Roepe, 2020). This kinase likely executes essential functions at all stages of the parasitic life cycle in vertebrate hosts (McNamara et al., 2013; Bushell et al., 2017). The P. berghei PI4KIIIβ (PBANKA_1109400) is phosphorylated and potentially regulated by the protein kinase PbPKG (Figure 6B) and has a role in parasite gliding motility. However, it is not known if the lipid kinase activity is required in this context. A mutant strain lacking consensus PKG-dependent phosphorylation sites in PbPI4KIIIβ (pi4kS534A and pi4kS534A/S538A) exhibits a significant decrease in gliding speed compared with control lines (Brochet et al., 2014).
[image: Figure 6]FIGURE 6 | PIPs involved in exocytosis. (A) Mammalian: PtdIns4P is produced in the TGN and the PM by PI4KIIIβ and PI4KIIIα. PI4KIIIα is recruited to the PM and activated by TTC7 and EFR3. At the TGN, PI4KIIIβ is recruited by Freq1 and activated by PKD and 14-3-3γ, while PITPs improve PI4KIIIβ inefficient activity. Recycling of molecules from endosomes through exocytosis follows synthesis of PtdIns4P by PI4KIIα/β at the endosomes. Degradation of PtdIns4P occurs through activity of the phosphatase Sac1 in the PM and at the Golgi and ER membranes. (B) Plasmodium: PtdIns4P is produced at the Golgi complex by PfPI4KIIIβ, where it regulates membrane trafficking events during trophozoite and schizont stages. PbPKG positively regulated PfPI4KIIIβ in ookinetes. PfSacI negatively regulated PtdIns4P levels occurring at the ER. (C) T. gondii: PtdIns4P is expected to be found at the Golgi complex and potentially generated by TgPI4KIIIβ and TgArf1. Solid line: proposed reaction in previous publications and dashed line: proposed reaction in this review. Abbreviations in Figures 4–6: PM: plasma membrane; ER: endoplasmic reticulum; N: nucleus; Cyt: cytostome; Mp: micropore; Mc: microneme; Rh: Rhotry; Fv: food vacuole; Hz crystals: hemozoin crystals; Ap: apicoplast; DG: dense granule; ELC: endocytic-like compartment.
PfPI4PKIIIβ is distributed throughout the cytosol in trophozoites and is enriched at the apical ends of developing daughter merozoites (McNamara et al., 2013). PtdIns4P pools have been detected at the Golgi complex by colocalization with the marker ER Retention Defective protein 2 (ERD2) and at the plasma membrane throughout the erythrocytic cycle of P. falciparum (Figures 6B, 2A) (McNamara et al., 2013; Ebrahimzadeh et al., 2018). Synthesis of Golgi PtdIns4P pools is sensitive to imidazopyrazine, a PfPI4KIIIβ inhibitor, suggesting that this pool is generated by PfPI4KIIIβ. The specificity of imidazopyrazine was determined by comparing its effects with those of quinoxaline, a known inhibitor of human PI4KIIIβ. Both inhibitors induce essentially the same schizont-stage arrest. Moreover, imidazopyrazine- and quinoxaline-resistant parasites carry missense substitutions either in the PfPI4KIIIβ coding gene or in genes encoding proteins whose activity is regulated by the kinase. These resistant lines show comparable cross-resistance against both inhibitors. Taken together, these data make a convincing case that PfPI4KIIIβ is the direct cellular target of imidazopyrazine (McNamara et al., 2013).
Trafficking of post-Golgi vesicles produced in a PI4KIIIβ-dependent manner target the plasma membrane and are involved in promoting cell division and cytokinesis in yeast and higher eukaryotes (Audhya et al., 2000; Schorr et al., 2001; Sechi et al., 2014). A recent study reported PtdIns4P pools in the T. gondii Golgi/TGN system and in post-TGN compartments. Moreover, perturbation of PtdIns4P signaling by expression of high-affinity PtdIns4P binding domains evoked defects in dense granule biogenesis (maturation?) and exocytosis (Arabiotorre et al., 2023). Those results are not easily in agreement with those of current models that envision a process where mature secretion-competent dense granules bud directly from the TGN (Griffith et al., 2022). Rather, the data indicate a role for PtdIns4P signaling in a multi-step dense granule maturation pathway that resembles those characterized for regulated secretory pathways in professional secretory cells (Figure 7).
[image: Figure 7]FIGURE 7 | PtdIns4P-dependent dense granule multistep biogenesis/maturation model (left) compared with direct budding models (right) in T. gondii.
How are PtdIns4P signals read? TgRab11A is an ortholog of the Ras-like GTPase Rab11—a known PtdIns4P effector in higher eukaryotes–and this protein plays a key role in dense granule exocytosis and protein trafficking to the plasma membrane (Venugopal et al., 2020a). Additional evidence for Rab11 in promoting downstream PtdIns4P signaling comes from studies in P. falciparum. In a manner similar to the case of cytokinesis in Drosophila spermatocytes, where deposition of a new membrane at the midzone requires PI4KIIIβ-dependent Rab11 localization at Golgi and midzone membranes (Polevoy, et al., 2009), and PfPI4KIIIβ-PfRab11A-regulated membrane trafficking facilitates cytokinesis during the intraerythrocytic stage (McNamara et al., 2013). The association of PfRab11A with PfPI4KIIIβ activity, and the coordination of Rab11A and its effectors by PI4KIIIβ on PtdIns4P-enriched membranes in Drosophila and humans (Polevoy, et al., 2009; Burke et al., 2014), suggests Apicomplexan PI4KIIIβ-mediated PtdIns4P production effects proper membrane recruitment of Rab11A for purposes of membrane trafficking control in P. falciparum and T. gondii.
In yeast and mammals, recruitment of Pik1 and PI4KIIIβ to the Golgi complex is facilitated by the small GTPase Arf1, the plasma membrane protein NCS-1 (Frq1 in yeast) and GGA2 (Figure 6A) (Zhao et al., 2001; Daboussi et al., 2017; Highland and Fromme, 2021). Among these regulatory components, an Arf1 homolog has been identified in Apicomplexans and is associated with trafficking processes, although a role for the Arf1 homolog in PI4KIIIβ recruitment to the Apicomplexan Golgi system has not yet been described. T. gondii Arf1 (TgArf1) localizes to Golgi membranes. In a permeabilized cell secretion assay, TgArf1 stimulated the secretion of preformed dense granules (Liendo et al., 2001). TgArf1 may promote PtdIns4P synthesis at the Golgi and subsequently potentiate membrane trafficking from this compartment as is the case for yeast and mammalian Arf1 orthologs (Figure 6C). P. falciparum Arf1 (PfArf1), however, has not yet been associated with PtdIns4P synthesis. PfArf1 localizes to the ER and is required for Plasmodium export element (PEXEL)-dependent and -independent protein export pathways from this compartment (Taku et al., 2021).
In mammalian cells, activation of PI4KIIIβ at the Golgi/TGN occurs via phosphorylation of Ser294 by protein kinase D (PKD) (Hausser et al., 2005). This modification is maintained by the interaction of PI4KIIIβ with the 14-3-3γ adapter protein and sustains the PtdIns4P production that supports membrane fission events (Hausser et al., 2006). In P. falciparum and T. gondii, the closest ortholog to PKD1/2 is CDPK7. In T. gondii, CDPK7 activity is essential for correct positioning and partitioning of the centrosomes during parasite division (Morlon-Guyot et al., 2014). Moreover, genes encoding potential 14–3-3 orthologs have been identified in P. falciparum, P. knowlesi, and T. gondii. However, their precise functions remain to be elucidated (Al-Khedery et al., 1999; Koyama et al., 2001; del Mar Siles-Lucas and Gottstein, 2003). Quantitative phosphoproteomic profiling in T. gondii parasites lacking TgCDPK7 shows that TgRab11A is a primary substrate for modification by TgCDPK7 and that TgCDPK7-dependent phosphorylation of TgRab11A is critical for protein trafficking, TgRab11A localization, and parasite division (Bansal et al., 2021). The association of Apicomplexan Rab11A with PI4KIIIβ regulators supports the likelihood that conserved mechanisms for PtdIns4P synthesis exist in the Golgi/TGN system of Apicomplexans.
PITP-dependent regulation of PtdIns4P signaling in the secretory pathway
Studies in yeast reveal that PtdIns4P kinases are biologically insufficient enzymes, i.e., the levels of PtdIns4P these produce fall below the threshold required to sustain PtdIns4P signaling and maintain cell viability. This functional barrier is overcome by the activity of phosphatidylinositol transfer proteins (PITPs) which are more accurately referred to as PtdIns exchange proteins. Sec14, the major yeast PITP, exchanges PtdCho for PtdIns on membrane surfaces. It is this heterotypic exchange cycle that stimulates PI4K to phosphorylate its substrate, likely because the PtdIns head group becomes exposed from the membrane bilayer and available for kinase action (Schaaf et al., 2008; Bankaitis et al., 2010; Sugiura et al., 2019). In the yeast TGN/endosomal system, the affected kinase is Pik1 (PI4KIIIβ in mammals). Upon stimulation by the Sec14 lipid exchange cycle, Pik1 produces sufficient PtdIns4P to potentiate membrane trafficking (Hama et al., 1999; Rivas et al., 1999; Schaaf et al., 2008; Bankaitis et al., 2010).
PITPs are evolutionarily conserved proteins that fall into two structurally distinct families: the Sec14-like PITPs, of which Sec14 is the founding member, and StAR-related lipid transfer (StART) PITPs (Sha et al., 1998; Yoder et al., 2001; Schaaf et al., 2008). These PITP families are structurally unrelated, but both include members that regulate PtdIns 4-OH kinase activities through the heterotypic lipid exchange reaction between PtdIns and a secondary ligand (Schaaf et al., 2008; Bankaitis et al., 2010; Xie et al., 2018). The identity of the secondary ligand serves as signaling input into the PITP exchange lipid cycle. For example, PtdCho is the secondary ligand of Sec14, and one of PtdCho biosynthetic pathways is represented by the CDP–choline pathway, which consumes DAG. Moreover, adequate levels of DAG in TGN/endosomal membranes are necessary to initiate vesicle budding and exocytosis. When sufficient DAG levels are available for vesicle biogenesis at the TGN/endosomes, and to be used as a substrate for PtdCho production, Sec14 senses PtdCho production levels as metabolic information to drive PtdIns4P synthesis.
Apicomplexans encode both Sec14- and StART-like proteins (Supplementary Table S1). Plasmodium and T. gondii encode four and 10 proteins containing the Sec14 domain (also referred as the CRAL-TRIO domain with a N-CRAL-TRIO region), respectively. The protein architecture and sizes of T. gondii Sec14-like proteins are more diverse than what is observed in yeast and in P. falciparum (Figure 8). At least three of these candidates are multidomain proteins of some 2,000 amino acids. Yeast encodes six single-domain Sec14-like proteins of similar size (Wu et al., 2000; Li et al., 2002; Routt et al., 2005; Ren et al., 2011; Kotomura et al., 2018), and only Sec14p is essential for cell viability (Bankaitis et al., 1989). The biological requirement of Sec14-like genes in T. gondii is also distinct as five of 10 of these genes are required for parasite survival (Sidik et al., 2016). These observations suggest that Sec14-like proteins are involved in diverse functions in T. gondii parasites.
[image: Figure 8]FIGURE 8 | Prediction of protein architecture of Sec14-like protein candidates in T. gondii and P. falciparum. ScSec14p is depicted as the founding member of the Sec14-like protein family. Domain architecture of T. gondii and P. falciparum protein candidates that were selected upon prediction of the CRAL-TRIO domain through the Interpro domain finding tool in PlasmoDB (v56) and ToxoDB (v56). N: N-term CRAL-TRIO; Gold: Golgi dynamics domain; A-CoA: Acyl-CoA binding domain; PH: Pleckstrin homology domain; Cyt: Cytoplasmic domain; TM: Transmembrane domain; SP: Signal peptide; and (#): gene phenotypic score obtained from Sidik et al., 2016 for T. gondii; and relative growth rate score obtained from Bushell et al., 2016 for P. falciparum gene candidates (Essential: essential for growth; slow: significant slow growth rate; and nd: not determined).
Although Apicomplexan Sec14-like proteins are yet to be functionally characterized, there are indirect indications that some of these likely mediate PtdIns4P metabolism. For instance, mutations in a putative PfPI4KIIIα (PF3D7_0419900) and PfSec14-like (PF3D7_0626400) proteins were the primary contributors to positive fitness in P. falciparum kelch13 loss-of-function mutants (Cerqueira et al., 2017). As described previously, PtdIns3P levels are regulated by PfKelch13 (Mbengue et al., 2015). These results suggest that PfPI4KIIIα (PF3D7_0419900) and PfSec14-like (PF3D7_0626400) candidates normalize PtdIns3P metabolism/signaling in parasites lacking functional PfKelch13. An independent phosphoproteomic study in P. berghei ookinetes linked PbPI4KIIIα (PBANKA_0722000), PbSec14-like protein (PBANKA_1125200), and PbPI4KIIIβ (PBANKA_1109400) to a phosphoinositide (PtdIns4P/PtdIns(4,5)P2) signaling pathway that responds to an endogenous cyclicGMP-dependent protein kinase (PKG) involved in intracellular Ca2+ mobilization (Brochet et al., 2014). In addition, two independent T. gondii phosphoproteomic analyses reported that a Sec14-like protein (TGME49_254390) (Nofal et al., 2022) and a putative TgPI4KII (TGME49_276170) (Herneisen et al., 2022) are phosphorylated targets of Ca2+-dependent protein kinases (TgCDPK) and TgPKG, respectively. Collectively, these data suggest the intriguing possibility that Sec14-like protein-dependent PtdIns4P production is part of a cGMP/Ca2+ pathway that modulates microneme secretion and parasite egress in Apicomplexans.
A StART-like PITP has been described in P. falciparum. This essential PfStART-like protein (PF3D7_0104200) is present in the PV (in trophozoite stages) and in small compartments surrounding the edge of the parasite (in mature schizonts). Lipid transfer assays show that PF3D7_0104200 binds and transfers PtdIns and PtdCho between membranes in vitro at levels comparable to those measured for rat PITPα. It was suggested this protein is involved in acquisition of phospholipids from the host cell (van Ooij et al., 2013; Hill et al., 2016). However, the possibility that it might stimulate PIP synthesis more directly via a heterotypic exchange cycle has not been addressed. T. gondii also encodes a single-candidate StART-like PITP (TgME49_289570), which is predicted to represent a multi-domain protein that contains an N-terminal PITP domain, a PH domain, and a C-terminal OSBP domain. This gene has not been studied directly, but it serves as a likely essential gene in a CRISPR-based phenotypic screen (Sidik et al., 2016).
Regulators of PtdIns4P production at the plasma membrane
PtdIns4P can be delivered to the plasma membrane by vesicular carriers from the Golgi complex and from recycling endosomes (Dickson et al., 2014). PtdIns4P is also directly produced in the plasma membrane by PI4KIIIα isoforms, e.g., Stt4 in yeast and the mammalian ortholog PI4KIIIα (Figure 6A). Recruitment and activation of these kinases in the plasma membrane occurs via interaction with soluble TTC7 and transmembrane EFR3 proteins that represent homologs of the yeast Ypp1 and Efr3 proteins, respectively (Audhya et al., 2000; Nakatsu et al., 2012; Batrouni and Baskin, 2021). Both Plasmodium and T. gondii encode single-candidate PI4KIIIα-like proteins (PF3D7_0419900 and TGGT1_228690) (Wengelnik et al., 2018). However, no obvious candidate orthologs are annotated for any of the known PI4KIIIα/Stt4 accessory proteins. As described previously, PtdIns4P was detected at the plasma membrane throughout the erythrocytic cycle of P. falciparum (Ebrahimzadeh et al., 2018). Hence, recruitment of PI4KIIIα to the Apicomplexan plasma membrane, and production of PtdIns4P at that site, might occur via a novel mechanism.
Downregulation of PtdIns4P signaling in Apicomplexa
Downregulation of PtdIns4P signaling is primarily executed by the highly conserved PtdIns4P-phosphatase Sac1. This enzyme shows substrate promiscuity in vitro but primarily dephosphorylates the 4 position of the inositol ring to produce PtdIns at the expense of PtdIns4P in vivo (Guo et al., 1999; Rivas et al., 1999). Sac1 is enriched at the Golgi and ER membranes of budding yeast and metazoan organisms and is proposed to establish a PtdIns4P gradient across the Golgi complex with the TGN harboring the highest level of PtdIns4P (Piao and Mayinger, 2012; Wood et al., 2012; Venditti et al., 2016; Del Bel and Bril, 2018). In addition, Sac1 is proposed to degrade PtdIns4P derived from the plasma membrane at ER–plasma membrane contact sites (Figure 6A) (Chung et al., 2015). A P. falciparum Sac1 (PfSac1: PF3D7_1354200) contains the conserved CX5R(T/S) motif essential for catalytic activity (Liu and Bankaitis, 2010; Thériault and Richard, 2017). This PfSac1 is expressed in all asexual blood stages and is likely required for survival during the erythrocytic cycle. PfSac1 also localizes to the ER and Golgi membranes (Figure 6B), whereas localization to both organelles becomes less apparent during early schizont stages. Yeast and mammalian Sac1 shuttle between the ER and Golgi in a growth phase-dependent manner. Although Sac1 concentrates at the ER in dividing cells, it translocates to the Golgi complex in resting cells or under starvation conditions (Whitters et al., 1993; Blagoveshchenskaya et al., 2008). On that basis, it is suggested that PfSac1 disengages from the Golgi system in schizonts and distributes preferentially to transitional ER (Thériault and Richard, 2017). Whether PfSac1 localization is subject to regulation similar to that observed in yeast, perhaps to control the expansion of PtdIns4P-rich domains in the Golgi complex during the progression of parasite erythrocytic life cycle, remains to be determined.
In yeast, Sec14-dependent PtdIns4P signaling is also downregulated by one of the seven members of the oxysterol-binding protein (OSBP) superfamily, Kes1/Osh4 (Fang et al., 1996). Kes1/Osh4 is proposed to act as a sterol-regulated ‘brake’ of TGN/endosomal trafficking via its ability to clamp/sequester Pik1-generated Golgi PtdIns4P from its effectors (Mousley et al., 2012). Genomic annotations predict one OSBP/ORP homolog in Plasmodium and three in T. gondii (Supplementary Table S1). However, these proteins have not been characterized. As described in the previous section, the single-candidate StART-like PITP in T. gondii is a predicted multidomain protein with a C-terminal OSBP-like domain. Although neither the PITP nor the OSBP activities of these domains has been confirmed, this architecture presents a physical coupling of two domains that exhibit functional antagonism in regulating PtdIns4P signaling. This curious point suggests that the relationship between PITP activity and OSBP antagonism described in yeast might have evolved in most ancient eukaryotes. Whether that antagonism operates through regulation of PI4P signaling in T. gondii remains unknown.
Two OSBP/ORP proteins have been identified and characterized in C. parvum (CpORP1 and CpORP2). Cholesterol is not a binding ligand for either protein, whereas PtdOH and PtdIns monophosphates (PtdIns3P, PtdIns4P, and PtdIns5P) are bound with high affinity. CpORP1 localizes to the PVM, suggestive of a lipid transport role across the interface between the parasite and the host intestinal lumen (Zeng et al., 2006). Alternatively, CpORP1 may be involved in PIP sensing at the PVM.
Few factors associated with synthesis and regulation of PtdIns4P levels in Plasmodium have been described, and there is a complete lack of information regarding PtdIns4P metabolism in Apicomplexan organisms. As reviewed, PtdIns4P distributes to the Golgi complex where it executes important regulatory roles in vesicle trafficking and secretion, and to the plasma membrane. Contrary to protein regulators associated with PtdIns4P synthesis in the plasma membrane, almost every such regulator associated with PtdIns4P in the Golgi complex (discussed in this section) has at least one candidate homolog in Plasmodium and T. gondii (Supplementary Table S1). Hence, addressing the link between PtdIns4P metabolism in the Golgi complex and trafficking of specialized Apicomplexa secretory proteins (microneme, rhoptry, and dense granule proteins) identifies an important step in understanding ancient and conserved intracellular trafficking and cell secretion processes.
PTDINS(4,5)P2 IN APICOMPLEXA
PtdIns(4,5)P2 is primarily concentrated at the plasma membrane of eukaryotic cells and contributes to many activities that involve the plasma membrane. These include actin cytoskeleton assembly, cell polarization, cell migration, endocytic vesicle formation and scission, exocytic vesicle fusion to the plasma membrane, and ion channel and transporter activation. Upon receptor stimulation, PtdIns(4,5)P2 is metabolized to produce second messengers such as PtdIns(3,4,5)P3, inositol trisphosphate (IP3 or I(1,4,5)P3), DAG, phosphatidic acid (PtdOH), arachidonic acid (AA), and lysophospholipids that further propagate and amplify signal transduction (Di Paolo and De Camilli, 2006; De Craene et al., 2017; Wen et al., 2021). In mammals, the major pathway for producing PtdIns(4,5)P2 in the plasma membrane is by phosphorylation of PtdIns4P by a type I PI4P5K (PIP5K1-α, PIP5K1-β and PIP5K1-γ) (Figure 5A). In multicellular organisms, a second type II PI5P4K phosphorylates PtdIns5P to produce PtdIns(4,5)P2 in the Golgi complex. In yeast, the type I PI4P5K (Mss4p) is the only PIP kinase that generates PtdIns(4,5)P2, and it is essential for cell viability (Desrivières et al., 1998; Ishihara et al., 1998; Hinchliffe and Irvine, 2010; Rameh, 2010).
PtdIns(4,5)P2 is by far the most abundant PIP in P. falciparum (Tawk et al., 2010). PtdIns(4,5)P2 is detected at the plasma membrane throughout all stages of the cell cycle (Figure 2A) and, during the ring stages, in membranes of large vesicles that likely represent endocytic compartments (Figure 4B) (Ebrahimzadeh et al., 2018). A putative bifunctional PIP5K was identified in P. falciparum (PF3D7_0110600) that contains a C-terminal type I PI4P5K domain with catalytic specificity for PtdIns4P, and an N-terminal domain with potential helix-loop-helix EF-hand-like motifs found in members of the NCS family (NCS-EF domain) (Figure 3). This PfPI4P5K preferentially phosphorylates PtdIns4P and is stimulated by myristoylated Arf1 in vitro (Leber et al., 2009). The physical association of type I PI4P5K and NCS-EF domains is unique to Apicomplexa. This property could reflect an exclusive modulation of the PtdIns(4,5)P2 synthesis in response to changes in intracellular calcium concentrations within the parasite. Unlike Plasmodium, which only encodes a single putative PI4P5K isoform, T. gondii encodes two isoforms of PI4P5K termed TgPI4P5KA and TgPI4P5KB (TGME49_230490 and TGME49_245730, respectively) (Wengelnik et al., 2018). Only TgPI4P5KA is likely to be essential for parasite viability (Sidik et al., 2016), and this enzyme exhibits an EF-hand motif. This organization recommends this isoform as the true PfPI4P5K ortholog and that it is involved in crosstalk between Ca2+ signaling and PIP metabolism. In that regard, PtdIns(4,5)P2 pools have been detected at the T. gondii plasma membrane using a 2xPHPLCδ reporter (Arabiotorre et al., 2023).
Regulation of PtdIns(4,5)P2 levels in Apicomplexa
PtdOH is a potent stimulator of type I PI4P5Ks in mammals and is generated in part by phospholipase D (PLD)-mediated degradation of PtdCho. PLD in mammals are involved in a complex inter-regulatory relationship with type I PI4P5K (Divecha et al., 2000; Jones et al., 2000; Hinchliffe and Invine, 2010). However, PfPI4P5K is not stimulated by PtdOH in vitro (Leber et al., 2009). PLD-like proteins have not been identified in either T. gondii or in Plasmodium genome databases, a finding consistent with the lack of regulation of PfPI4P5K by PtdOH. Perhaps, PtdOH-dependent stimulation of type I PI4P5K was acquired in multicellular organisms later in the evolutionary process.
In mammals and yeast, PtdIns(4,5)P2 steady-state levels are subject to negative regulation by synaptojanin-like proteins (5-phosphatases) that degrade the PtdIns(4,5)P2 and downregulate signaling on internal membranes. In metazoans, these enzymes regulate the synaptic vesicle cycle and, in yeast, these are linked to endocytosis and actin dynamics (Stefan et al., 2002; Verstreken et al., 2003). Proteins homologous to synaptojanins 1 and 2 are encoded in Plasmodium and T. gondii genomes (Supplementary Table S1), respectively. These proteins have not been extensively studied in Apicomplexa. However, one and two of these putative homologs in Plasmodium and T. gondii, respectively, play essential roles in infective stages (Sidik et al., 2016; Bushell et al., 2017).
The role of PtdIns(4,5)P2 in parasite invasion, egress, and motility
The hydrolysis of PtdIns(4,5)P2 by phospholipases generates a set of secondary messengers that transduce highly specific intracellular signals (Bunney and Katan, 2011). For instance, hydrolysis of PtdIns(4,5)P2 by phospholipase C (PLC) produces the plasma membrane DAG and soluble IP3. DAG binds and activates C1 domain-containing proteins such as protein kinase C (PKC) family at the plasma membrane, while IP3 diffuses into the cytosol to interact with the sarco-ER Ca2+ release channel (SERCA) (Streb et al., 1983; Berridge and Irvine, 1984). In mammals, there are six families of PLC enzymes (PLCβ, γ, δ, ε, ζ, and η), whereas only PLCδ is present in single-cell eukaryotes (Koyanagi et al., 1998; Bunney and Katan, 2011). P. falciparum and P. berghei harbor essential genes that encode putative phosphoinositide-specific PLC (PI-PLC) proteins: PfPI-PLC and PbPI-PLC (PF10_0132 and PBANKA_121190, respectively). These proteins bear the signatures of ancestral δ-type PLCs. Both versions contain all domains found in PLCδ: i) the lipid-binding Pleckstrin homology (PH) domain, ii) the calcium-binding motif EF-hand, iii) the catalytic domain consisting of an X- and a Y-domain, and iv) the calcium/lipid-binding C2-domain. Nonetheless, Plasmodium PI-PLCs are twice as large as their mammalian orthologs due to large insertions of unknown function (Raabe A. et al., 2011). T. gondii also encodes a single essential gene for PI-PLC (TgPI-PLC; TGME49_248830) that bears a domain structure similar to those of Plasmodium PI-PLCs (Bullen et al., 2016).
How PI-PLC activity is regulated in Apicomplexans is not well-understood. In P. berghei, PtdIns(4,5)P2 hydrolysis occurs in the plasma membrane, and the resulting IP3 triggers Ca2+ mobilization in the cytosol during gametocyte activation. These responses are blocked by a PI-PLC inhibitor (U73122) (Raabe A. C. et al., 2011). Exposure of P. falciparum merozoites to the low levels of K+ normally found in human plasma elevate intracellular Ca2+ levels that, in turn, stimulate protein release from micronemes (Figure 5B). This pathway of protein exocytosis from micronemes is inhibited by U73122. In addition, the interaction of released microneme proteins with erythrocytic receptors restores basal cytosolic Ca2+ levels in the parasite and triggers rhoptry secretion. This sequential discharge of micronemes and rhoptry contents in merozoites is essential for erythrocyte invasion (Singh et al., 2010). TgPI-PLC localizes to punctate structures in the cytosol to the plasma membrane and to the apex of intracellular and extracellular tachyzoites. While the enzyme shows preferential substrate specificity toward PtdIns over PtdIns(4,5)P2 in vitro (Fang et al., 2006), the most likely in vivo substrate is PtdIns(4,5)P2. That an extracellular drop in K+ levels activates TgPI-PLC-dependent intracellular Ca2+ mobilization reveals similar regulatory mechanisms with Plasmodium PI-PLC isoforms (Figure 5C) (Bullen et al., 2016).
P. falciparum PKG-mediated sensing of cGMP (PF3D7_1436600) is associated with Ca2+ mobilization-dependent processes, e.g., inhibition of PfPKG disrupted exoneme and microneme release and compromised egress of merozoites (Collins et al., 2013). Moreover, in P. berghei, a putative PKG (PBANKA_1008200) controls activation of PbPI4KIIIβ and peripheral localization of PbPI4P5K via phosphorylation of these enzymes in ookinetes. Additionally, PKG activity is critical for maintaining high cytosolic Ca2+ levels in gliding ookinetes. There is a direct link between PKG, PIP metabolism, and Ca2+ signaling as evidenced by the demonstration that PKG activation leads to rapid PtdIns(4,5)P2 hydrolysis and elevations in intracellular Ca2+ in P. falciparum schizonts. This is consistent with a role for PKG in regulating Ca2+ mobilization-dependent processes during this life cycle stage. In gliding ookinetes (where Ca2+ levels are high), PKG inhibition elicits the opposite effect. PtdIns levels increase while PIP and PtdIns(4,5)P2 levels decrease. These data suggest that PKG regulates the rate-limiting conversion of PtdIns to PtdIns4P in the ookinete stage via phosphorylation of PI4KIIIβ (Brochet et al., 2014).
In T. gondii, increases in intracellular Ca2+ can trigger the microneme discharge required for parasite invasion, motility, and egress (Carruthers and Sibley, 1999; Lourido et al., 2012). T. gondii encode multiple PKG isoforms and only isoform I (TGME49_311360) is essential for parasite invasion, motility, and for triggering microneme secretion (Wiersma et al., 2004; Brown et al., 2017). As in Plasmodium PKG, TgPKG isoform I-mediated sensing of cGMP induces Ca2+ release. Nonetheless, serum albumin-dependent microneme release, which is mediated by TgPKG activation, does not require Ca2+ mobilization (Brown et al., 2016). Although TgPKG and its direct involvement with PtdIns(4,5)P2 metabolism has not been addressed, it is suggested that TgPKG-dependent Ca2+ mobilization occurs upon upregulation of PtdIns4P and PtdIns(4,5)P2 synthesis, as shown in P. falciparum schizonts (Brochet et al., 2014; Bisio and Soldati-Favre, 2019). In addition, it is possible that an alternate pathway for stimulation of microneme secretion regulated by TgPKG that does not require intracellular Ca2+ mobilization and is triggered by serum albumin exists (Brown et al., 2016).
Inositol phosphates (IPs) in Apicomplexa
IPs are highly polar and energy-rich molecule species that regulate important cellular signaling functions in eukaryotes (Dong et al., 2019; Sahu et al., 2020). IP3 also serves as a precursor of inositol hexakisphosphate (IP6) and its inositol pyrophosphates derivatives PP-IP5 (or IP7) and (PP)2-IP4 (or IP8) (Michell, 2008). A phylogenetic study detected the presence of genes coding for two out of the four eukaryotic kinase families involved in IP3 phosphorylation and of its derivatives in P. falciparum and C. parvum, the inositol polyphosphate kinase (IPK) and diphosphoinositol pentakisphosphate kinase (PPIP5K) (Laha et al., 2021), respectively. This finding suggests limited production of inositol pyrophosphates in Apicomplexans.
In Apicomplexa, the IP3 content has been detected and measured after addressing its involvement in the activation of Ca2+ mobilization following rapid PIP2 hydrolysis in Plasmodium (Raabe A. C. et al., 2011). Interestingly, genes encoding members of the IP3 receptor (IP3R) family are absent in this phylum (Naganume et al., 2006; Ladenburger et al., 2009). However, addition of IP3 and known IP3R competitive inhibitors stimulate and decrease Ca2+ release in T. gondii in vitro, respectively (Chini et al., 2005). Moreover, IP3 production is reduced following pharmacological inhibition of ryanodine receptor (RyR)-like channels, suggesting that RyR-mediated Ca2+ release stimulates sustained PbPI-PLCδ activity (Raabe A. C. et al., 2011). These results indicate that Apicomplexans have unique IP3R-like receptors with similar regulation instructions described in mammalian cells (Berridge et al., 2003).
PTDINS5P IN APICOMPLEXA
PtdIns5P in metazoa is proposed to be involved in cytoskeleton organization, modulation of transcriptional activity, T cell signaling, and regulation of endosomal protein sorting and autophagocytotic events. However, its metabolism and cellular functions remain poorly understood (Niebuhr, et al., 2002; Gozani et al., 2003; Guittard et al., 2009; Boal et al., 2015; Vicinanza et al., 2015). PtdIns5P is produced in multicellular organisms and in wild-type S. cerevisiae at relatively small levels (Zolov et al., 2012). The phylogenetic distribution of proteins implicated in the regulation of PtdIns5P metabolism and of its precursors in eukaryotes reveals four groups of co-evolving proteins (Lecompte et al., 2008). These groups (or triads) comprise a phosphatase, a kinase, and a regulator. Examples include the following: 1) the Vps15p–class III PI3K—enzymatically active MTM (aMTM) complex that regulates PtdIns3P turnover; 2) the Vac14—PIKfyve—Figure 4 complex that regulates the balance between PtdIns3P and PtdIns(3,5)P2; 3) the class I PI3K—catalytically dead MTM (dMTM)–aMTM complex initially hypothesized to regulate the interconversion between PtdIns(3,5)P2 and PtdIns5P, and 4) the PI4P5KII–PtdIns(4,5)P2 4-phosphatase complex that converts PtdIns5P to PtdIns(4,5)P2 (and vice versa) found exclusively in Metazoa (Figure 5A) (Lecompte et al., 2008). PIKfyve is the major activity for producing PtdIns5P from PtdIns in mammals (Sbrissa et al., 2012; Zolov et al., 2012; Shisheva, 2013).
As reviewed in previous sections, some components from these complexes are either poorly conserved in T. gondii and Plasmodium (PIK3R4–PIK3C3–aMTM and VAC14–PIKfyve–FIG4) or not conserved at all (PIK3C–dMTM–aMTM and PIP5K2–PtdIns(4,5)P2 4-phosphatases) (Supplementary Table S1). Nonetheless, PtdIns5P is inferred to be present in P. falciparum on the basis of membrane recruitment of the PtdIns5P-binding PH domain of mammalian PHDOK5 (downstream of tyrosine kinase 5). By this criterion, PtdIns5P is present in the plasma membrane and in the cytoplasm in the early stages of the intraerythrocytic cycle (Figure 2A). During trophozoite maturation, PtdIns5P is transiently detected in the nucleus (Figure 5B). During the schizont stage, PtdIns5P adopts a profile similar to that of PfSec13p (a marker of the transitional ER) (Ebrahimzadeh et al., 2018). These localization data suggest that the functions and regulation of PtdIns5P in P. falciparum and other Apicomplexans diverge from those of other eukaryotic organisms studied thus far.
REGULATION OF HOST PI3K BY APICOMPLEXAN ORGANISMS
Apicomplexan parasites modulate host cell physiological processes to persist in host cells. One such strategy involves manipulation of host PI3K class I activation at the host cell plasma membrane to promote parasite invasion. C. parvum induces the accumulation and activation of host PI3K class IA at the host cell–parasite interface during invasion of biliary epithelial cells (Chen et al., 2004). Activation of host PI3K class IA leads to host cell actin remodeling at the host cell–parasite interface that potentiates the invasion process. How C. parvum activates PI3K in this process remains unclear. A potential mechanism involves C. parvum host cell attachment-dependent phosphorylation of host PI3K class IA. This hypothesis is supported by elevated tyrosine phosphorylation of the host PI3K p85 subunit in C. parvum-infected cells. Such PI3K class IA activation is expected to nucleate Cdc42 accumulation and activation at the host cell–parasite interface with subsequent actin remodeling at that site (Chen et al., 2004).
Strategies that control host cell survival upon parasite infection are also linked to parasite-mediated host PI3K activation. P. berghei induces early release of hepatocyte growth factor (HGF) during sporozoite invasion (Leirião et al., 2005). Interaction of HGF with its receptor c-MET promotes survival of uninfected hepatocytes (Carrolo et al., 2003). This interaction is amplified by sporozoite migration through the hepatocyte, and this process induces cell wounding and enhanced release of HGF. HGF/MET signaling produces an antiapoptotic response at early time points of infection via activation of the PI3-kinase/Akt pathway (Leirião et al., 2005). Theileria parva, the causative agent of East Coast fever, a particularly problematic disease of cattle in Africa, also promotes host cell immortalization that requires irreversible activation of class I PI3K. T. parva-transformed B cells further augment their proliferative potential via a granulocyte–monocyte colony-stimulating factor (GM-CSF) autocrine loop that sustains host class I PI3K activity and thereby stimulates activation of the transcription factor AP-1 (Activator protein 1) (Baumgartner et al., 2000; Dessauge et al., 2005).
Lastly, an important strategy that enables Apicomplexans to invade and survive within the host cell environment is the ability to evade destruction by the host. This capability is well-documented for T. gondii and involves activation of the PI3K/AKT pathway. During infection, T. gondii releases excreted/secreted antigens (TgESAs) that interact with cell surface receptors of macrophages and dendritic cells and thereby modulate the immune response (Wang et al., 2017). Such upregulation of the host PI3K/AKT pathway by TgESAs results in adverse pregnancy outcomes in mice (Chen et al., 2019), and also results in negative modulation of Forkhead box-p3 (Foxp3) expression. Foxp3 is a transcription factor whose function is critical for activation of CD4+CD25+ regulatory T cell (Treg) differentiation (So and Croft, 2007). The result of functional suppression of Fox3p is insufficiency of the Treg response to T. gondii infection. Moreover, TgESA-treated dendritic cells show elevated PI3K/AKT pathway activity that leads to diminished production of exogenous and endogenous reactive oxygen species (ROS). Downregulation of ROS production creates a host environment that favors T. gondii proliferation (Choi et al., 2020). Among the TgESAs, microneme proteins 3 and 6 (MIC3 and MIC6) are epidermal growth factor receptor ligands that activate the PI3K/Akt signaling pathway and dampen autophagy protein LC3 expression and parasitophorous vacuole–lysosomal fusion. This circuit protects the parasite from clearance by the host autophagy machinery (Muniz-Feliciano et al., 2013; Wang et al., 2016; Zhu et al., 2019). These examples show that Apicomplexans not only have machinery to regulate their endogenous PIP levels but have also developed the means for regulating host PIP levels involved in signaling pathways that activate/inactivate host responses to the benefit of the parasite.
CONCLUDING REMARKS
Studies focused on PIP metabolism and its regulation in Apicomplexa are in their infancy. Among the 17 prospective PtdIns and PIP kinase classes identified in Plasmodium and T. gondii, only five have been characterized in detail (PfPI3K, TgPI3K, PfPI4KIIIβ, PfPI4P5K, and TgPIKfyve). Reports of PIP phosphatases and regulatory factors that mediate PdtIns/PIP synthesis and catabolism in Apicomplexa are similarly sparse. This lack of information is reflected in the relative lack of quality small-molecule inhibitors that target PI/PIP signaling pathways, especially in T. gondii and other members of the phylum. This would seem a fruitful area for future research given that a detailed understanding of the shape of the apicomplexan PIP signaling landscape holds the potential for interesting comparisons regarding how this major intracellular signaling system evolved in these unusual parasites relative to its adaptation to multiple regulatory roles in higher eukaryotes.
The presence and compartmental distribution of most PIP species has been mainly addressed in the intraerythrocytic stages of P. falciparum parasites. Few PIP species have been detected and mapped in T. gondii or other members of the phylum, however. Expansion of PIP studies to Apicomplexa with life cycles diverged from those of Plasmodium will further inform how the built-in plasticity of PIP signaling networks is suited for regulation of complex developmental differences in evolutionarily related organisms.
Synthesis and spatial arrangement of PIPs are tightly controlled during division in higher eukaryotic cells and yeast (Schorr et al., 2001; Cauvin and Echard, 2015). PIP synthesis regulation throughout the cell cycle in specific life cycle stages has been poorly explored in Apicomplexa. Complexities of this phylum, two-host life cycle, unconventional cell division phases, and remarkably fast multiplication–make Apicomplexa an ideal model to understand how eukaryotes can adjust or recycle PIPs during progression of cell division.
Factors that regulate Apicomplexan PIP signaling are often found by virtue of their orthology to mammalian/yeast PdtIns/PIP kinase regulators. Several of these factors are seemingly absent in Plasmodium and T. gondii. Expansion on studies addressing uncharacterized Apicomplexan-specific proteins would inform fundamental aspects of how PIP production is regulated in complex unicellular and multicellular eukaryotes.
Finally, PIP pathways in single-celled eukaryotes have proven potent and specific drug targets, e.g., the imidazopyrazine compounds that target Plasmodium PI4KIIIβ activity or multiple small-molecule inhibitors of Sec14 in yeast (McNamara et al., 2013; Nile et al., 2014; Filipuzzi et al., 2016; Khan et al., 2021). In this review, we listed undescribed essential orthologs of mammalian and yeast proteins involved in regulation of PIP synthesis in Plasmodium and T. gondii. Characterization of these proteins, specifically the ones that diverge from their counterparts in higher organisms, promises to reveal effective strategies for designing antiparasitic drugs with high target selectivities.
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