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Abstract

Although Apicomplexans like the blood stages of Plasmodium and the actively replicating 

‘tachyzoite’ stage of Toxoplasma infect very dissimilar host cells, recent studies suggest they share 

molecular commonalities amongst differences at the parasitophorous vacuolar membrane (PVM) 

surrounding these intracellular parasites. A protein translocation export (PTEX) complex in the 

PVM of Plasmodium, is functionally informed by findings in Toxoplasma. Lipids play a role in 

trafficking to and across the PVM. Toxoplasma exploit an orthologue of a plasmodial secretory 

aspartyl protease but substrate cleavage yields a signal for targeting to the PVM, rather than 

directly to the host cell. The studies significantly advance understanding of how trafficking to and 

across the host-pathogen PVM boundary induces virulence and disease in different host milieu.

Introduction

Plasmodium and Toxoplasma parasites both have complex life cycles in multiple hosts 

(summarized in Fig. 1). They contain prominent apical secretory organelles (characteristic of 

the phylum Apicomplexa; Fig. 2a) which discharge when these parasites create a 

parasitophorous vacuolar membrane (PVM) within which they reside, during intracellular 

infection. The ‘tachyzoite’ stage of Toxoplasma causes active infection in humans (other 

mammals and birds). The blood stages of Plasmodium are responsible for all of the 

symptoms, pathologies and death due to malaria. Although the PVM affords these parasites 

protection from host cytoplasm, it also presents a barrier for subsequent delivery of host-

targeted virulence effectors (Fig. 2b-c). These effectors include parasite (PfEMP1) adhesins 

delivered to red blood cells infected by Plasmodium falciparum (a species of virulent human 

malaria) to facilitate parasite sequestration in tissues and (frequent) fatal severe disease [1] 

(Fig. 2b). Effectors exported by Toxoplasma gondii have also long been known to 

profoundly modulate the vacuolar environment and the host immune response [2,3] (Fig. 

2c). Potentially hundreds of pathogenic effector proteins may be exported to and across the 

parasite plasma membrane (PM), the surrounding lumen of the parasitophorous vacuole 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Curr Opin Microbiol. Author manuscript; available in PMC 2017 August 01.

Published in final edited form as:
Curr Opin Microbiol. 2016 August ; 32: 38–45. doi:10.1016/j.mib.2016.04.013.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(PV) and the PVM, suggesting apicomplexan parasites utilize complex trafficking 

mechanisms to remodel the host.

In Plasmodium, trafficking has been most extensively studied in P. falciparum-infected red 

cells. Here, the exported proteins are distinguished by two different types of signals. The 

first is the host targeting (HT) motif or plasmodial export element (PEXEL) positioned in an 

N terminal leader (the vacuolar translocation sequence or VTS). Cleavage of the HT/PEXEL 

releases effectors that are delivered to the cytoplasm, membrane and cytoskeleton of the red 

cell [4, 5]. Yet PEXEL negative proteins (PNEPs) are also exported, via targeting 

information likely in their leaders [6]. However, recent studies show that both types of 

effectors utilize a common protein translocation export (PTEX) machinery across the PVM 

[7**, 8**] (Fig. 2b). This suggests relatedness in signals and mechanisms of transport 

between HT/PEXEL and PNEP pathways, explored in two models hypothesized in Fig. 3. In 

Toxoplasma infection, differences in strain virulence provided the major path to identifying 

secreted pathogenic effectors, but the signals or machinery involved remained elusive. 

Recent studies have identified a T. gondii orthologue of a plasmodial protease and an 

equivalent HT/PEXEL signal [9**, 10**]. Evidence of cleavage of HT-PEXEL signal has 

enabled identification of substrates and an export pathway to the PVM and beyond (Fig. 4) 

leading to diverse destinations in the host cell (Fig. 2).

A molecular protein translocon of export (PTEX) mechanism in 

Plasmodium, modulated by insights from Toxoplasma

Five parasite protein components of Plasmodial PTEX have been identified [7**-8**, 11]. 

Inducible knock out/expression systems yield that two, PTEX150 (an integral 

transmembrane protein) and Hsp101 belonging to Clp/HSP100 family of AAA1 ATPases, 

are essential and individually needed for protein export [7,8]. Other members TRX-2 and 

PTEX88 are non-essential [12, 13], but may potentially be needed to maintain high 

efficiency and wide substrate range of export. Exp2 the fifth component is proposed to be ‘a 

pore’ (based similarity to E. coli hemolysin in modeling studies [11]). Yet orthologues of 

Exp2 in Toxoplasma are the GRA17 and GRA23 proteins, that mediate permeation of small 

molecules, rather than protein export across the PVM [14**] (Fig. 2). Exp2 functionally 

complements solute transport reduced in T. gondii Δgra17 mutants. Further when Exp2 is 

expressed in Xenopus oocysts, its activity is consistent with forming a large membrane pore 

[14**]. In Plasmodial infection of reticulocytes, substantial levels of PTEX/Exp2 are 

detected in vesicles in the host cells apparently detached from the PVM [15*, 16]. While 

there is no doubt of co-association of Exp2 with atleast a subset of PTEX components, 

knock downs of Exp2 in blood stage Plasmodium are needed to definitively establish its 

function protein export in the PVM.

Whither PTEX-recognition signals, and how many on different cargo?

Multiple studies suggest that exposure of sequences downstream of RxL motif in the ER 

triggers plasmodial protein export to the erythrocyte, regardless of whether this occurs 

through cleavage by the protease PMV [17, 18], signal peptidase [19] or by an ectopic 

protease (completely independent of Plasmepsin V or signal peptidase) [20]. Therefore 
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sequences downstream of the HT/PEXEL motif may reasonably present recognition sites for 

PTEX at the PVM (Fig. 3, Model I). But, PTEX also recognizes PNEPs that by definition do 

not contain cleaved HT/PEXEL motifs. Another limitation of Model I is the assumption that 

PTEX150 and Hsp101 jointly encounter effectors only as they try to cross the PVM. This 

predicts that knock downs in either would lead to effector accumulation in the PV. Yet knock 

down of PTEX150 appears to result in effector accumulation in the parasite [7*] rather than 

the PV, suggesting PTEX150 may associate with cargo at an internal secretory site (Fig. 3 

Model II). Further in its ‘off/inactive’ state when HSP101 disassociates from PTEX 

complex, the effectors remain bound to PTEX150 independent of HSP101 [8*]. Finally, 

knock down or an ‘off/inactive’ state of HSP101 results in effector accumulation in the 

parasite PV [7**, 8**], consistent with the interpretation that HSP101 binds to unfold 

PTEX150-associated effectors at the PVM.

But this begs the question of how PTEX150 recognizes both PNEPs and HT/PEXEL 

proteins within the parasite? A clue may come from the PNEP PfEMP1 family of virulence 

determinants that contain N terminal leaders with generalized KxLxE/D/Q motifs. This 

precludes cleavage by PMV (which recognizes RxL but not KxL), but K to R is a 

conservative substitution and it is reasonable to consider that PfEMP1 leaders with K motifs 

have capacity to interact with the same ER machinery as ‘R’ containing (HT/PEXEL) motifs 

do prior to their cleavage (on newly translating precursors). PfEMP1 leaders also bind 

phosphatidylinositol-3-phosphate (PI3P), a lipid that is found in the malarial ER [19]. 

Indeed the PI3P binding property is also shared by all uncleaved HT/PEXEL leaders (VTS) 

of proteins belonging to the RIFIN, STEVOR families, HSP40 and HRPII [19], suggesting a 

HT/PEXEL recognition mechanism shared with at least one (large) family of PENP 

proteins.

After HT/PEXEL cleavage, the exposed downstream sequences may also be recognized by 

PTEX150 (or a protein bound to it, red dot Figure 3 Model II) in the emergent ER vesicle 

explaining why generation of xE/D/Q can be mediated by multiple protease systems and 

bypass PI3P in export. In absence of cleavage, PI3P binding may be sufficient for export: 

PI3P domains are difficult to predict on the basis of linear signals and may be functionally 

supported by very different primary sequences. But there may well be domains with shared 

secondary and tertiary function that are not necessarily highly conserved at the level of 

primary sequence and therefore remain elusive in other PNEPs. Whether PNEPs other than 

PfEMP1 bind to ER-PI3P (or associated factors there), additional effector lipids or 

PTEX150, are all highly amenable to experimental testing. However a recent study [21] has 

questioned the role of ER-PI3P in export to the erythrocytes, suggesting the need to discuss 

the data against and in support of a role of this lipid in protein trafficking to the host 

erythrocyte.

A role for phosphoinositides in plasmodial protein export

Boddey et al. 2016 [21] have challenged the conclusions of Bhattacharjee et al. 2012 [19] 

that PI(3)P from the malaria parasite ER enables export of HT/PEXEL motif containing 

proteins to the host red cell. Notably, there are many important differences in design and 

reagents between these two studies. In [21], p40phox the control PI3P binding protein shows 
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an apparent Kd of binding of 195nM and 196 mM compared to 10 nM in [19]. Further, 

p40phox was found to bind to control lipids in sedimentation assays and recombinant 

parasite-effector leaders showed aggregation [21], suggesting failure to recapitulate prior 

standards established by multiple laboratories [19, 22- 27]. With a lower relative Kd for the 

positive control and extensive aggregation, malarial effector proteins too would show one to 

two log weaker and/or lack of affinity for PI3P. When not occupied by a lipid ligand, the 

protein-lipid binding site is in an aqueous environment and may be prone to losing proper 

conformation [28], which cannot be distinguished by GFP fluorescence alone. Lipid strips/

other methods utilized by Boddey et al. 2016 [21] cannot be fully interpreted in absence of 

high fidelity SPR and sedimentation assays.

In another point of departure when Boddey et al 2016 [21] failed to detected export of GFP 

mediated by a Phytophthora leader [19] they used constructs that lack critical amino acids 

between the signal sequence and the Phytophthora leader and downstream DEER sequences 

needed for export (e.g. HRPIIssPH001D5 compared to SS-Nuk10-GFP reported by [19]). 

Other studies have shown that oomycete validated RxLR and DEER export motif and the P. 
falciparum HT/PEXEL signals are equivalent in Phytophthora [29]. It should be noted that 

configuring RxLR…DEER can be challenging because the DEER are significantly 

downstream of the RxLR.

Since the highest quality of protein folding critical for localizing protein-lipid interaction in 

the ER were not achieved in Boddey et al 2016 [21] in biochemical, cellular localization 

assays or export assays, they do not invalidate the findings of Bhattacharjee et al. 2012 [19]. 

In eukaryotes, PI3P in the ER lumen is not well known but recent studies in yeast show that 

PI3P is found in the lumenal leaflet of the autophagosome [30*]. PI3P is enriched in the ER 

of HeLa and BT6 cells [31] and implicated in ER structure-function in muscle [32]. The 

need for a lumenal PI3K enzyme (to account for lumenal lipid) is also not likely necessary 

as lipids can flip bi-directionally across the ER membrane [33] or be co-translationally 

recruited into the ER lumen [34]. For a second phosphoinositide phosphatidylinositol-4-

phosphate (PI4P), blocking parasite phosphatidylinositol-4-kinase (PfPI4KIIIβ) decreases 

vesicular pools of PI4P [35] and protein export to the PVM in the liver stages [36*], as well 

as potently kills intracellular parasites [35], but mechanisms of protein export across the 

liver stage PVM remain poorly understood. Indeed, there is still a lot to be investigated and 

learned as to the role of ER PI3P as well as other phosphoninositides in malarial trafficking, 

signaling and disease processes.

A Plasmepsin protease in Toxoplasma with substrates secreted to and 

across the PVM

In Toxoplasma, secretion of dense granule proteins have been known to underlie 

development of the membranous nanotubular network (MNN) in the PV as well as alter host 

cell functions [ 2, 3, 37-40] (Fig. 1-2). For instance, GRA15 influences host NF-kB nuclear 

translocation and transcription of cytokines [38], GRA16 acts in the nucleus to target the cell 

cycle and the p53 tumor suppressor pathway [39] and GRA24 promotes p38 MAPK 

activation and immune responses to infection [40]. Nonetheless the signals that mediate 
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transport of these (and other) dense granule proteins across the PVM remain enigmatic. A T. 
gondii HT/ PEXEL like motif and evidence for its cleavage was reported in GRA19, GRA20 

and GRA21, granule proteins of the MNN and PVM, but these proteins were not transported 

to the host cell [41]. But recent identification of T. gondii Asp5 (an orthologue of plasmodial 

PMV) and its functional analyses through deletion of TgAsp5 or chemical blocking, 

prevented cleavage of the TgHT/PEXEL like motif and relocated numerous GRA proteins 

from the MNN and PVM to the PV (9**, 10**, 42*; with examples summarized in Fig. 4). 

Notably in Δasp5 mutants, GRA16 and GRA24 were no longer exported across the PVM but 

retained in the PV. It should be noted that GRA24 has no recognizable HT/PEXEL like 

motif (but it may complex with a protein that does). Together these data suggest that 

cleavage of the TgHT/PEXEL targets from the lumen of the PV to the PVM where proteins 

like GRA16 and 24 may interact with a translocon to exit the PVM.

Unlike plasmodial PMV, deletion of Asp5 is not lethal to T. gondii, but it is associated with 

loss of parasite fitness, loss of the MNN, dramatic modulation of the host immune response 

as well as impairment in forming the cyst wall when actively proliferating tachyzoites 

convert to the dormant bradyzoite form. Further although Plasmodium PMV is localized to 

the parasite ER, T. gondii Asp5 resides the Golgi. Since the Golgi is the major site for 

sorting cargo in eukaryotes, TgAsp5 may cleave effectors enroute to many destinations, 

which are understandably more numerous in nucleated host cells infected by Toxoplasma, 

compared to the terminally differentiated red cell infected by Plasmodium, which has a 

rudimentary Golgi especially early in intracellular infection [43]. In yeast and mammalian 

Golgi, Kex2 like proteases cleave substrates whose pro-forms carry conformational 

information important for folding and targeting [44] Notably T. gondii Gra17 and 23 (of the 

solute permeant pathway) are not substrates for TgAsp5 (and their plasmodial orthologue 

Exp2 also lacks an HT/PEXEL motif). Therefore export of many key effectors to PVM and 

possibly across it occur independent of Δasp5, and in this regard they may be considered 

PNEPs of Toxoplasma.

Concluding remarks

Although the five amino HT/PEXEL motif rapidly identified hundreds of effectors in 

Plasmodium, effector function, molecular machinery and precise signals recognized in 

export are still emerging areas. This review largely summarizes one or more mechanisms in 

the Plasmodium and Toxoplasma ER and Golgi, their relatedness and impact on protein 

translocation to and across the PVM, based on breakthrough findings reported over the past 

two years. Not discussed here, the parasites also induce assembly of export machinery 

beyond the PVM in the host cell, but far less is understood of the mechanistic basis, other 

than it is likely to largely be in post translational in nature. Further, despite commonalities in 

apicomplexan trafficking, Plasmodial PTEX150 has no direct orthologues in Toxoplasma 
(yet), suggesting that simple comparative analogies may not readily reveal mechanisms of 

polypeptide translocation across the T. gondii PVM. But as a first step, sequences exposed 

downstream of the TgHT/PEXEL-like cleavage site may enable access to specialized PVM 

sites and thereby lead to development of tools to discover new pathogenic transport 

mechanisms. Finally, conservation of eukaryotic secretion machinery in both organisms 

assures that orthologous processes in each apicomplexan will better illuminate the functional 
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range of protein trafficking mechanisms evolved in both, to elicit powerful virulence 

phenotypes adapted to different host niche.
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Figure 1. Life cycles of Plasmodium and Toxoplasma
a Plasmodium. Parasites transmitted by mosquito bite home to the liver where they develop 

through one proliferative cycle, then infect red blood cells (or reticulocytes) to mature 

asexually and establish repetitive blood cell infection. A small proportion develop sexually 

and when taken up by the mosquito undergo complex sexual and asexual development into 

‘sporozoites’ which get released into the host blood stream to start a new cycle. b 
Toxoplasma. Ingestion (from contact with cat feces or uncooked meat) results in active 

asexual infection by the proliferating ‘tachyzoite’ stage. Chronic infection ensues when 

tachyzoites convert to bradyzoites (which form cysts found in brain tissue in mice). 

Ingestion of infected tissue by cats then enables sexual cycle development which culminates 

in the oocyst stages which are released into the environment to re-initiate the life cycle. 

Latent to active infection by-passing oocysts can also be achieved by consumption of 

infected meat (as shown).
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Figure 2. Active, intracellular apicomplexan infection and transport across the PVM
a. Schematic of apicomplexan with characteristic apical organelles as shown, N Nucleus. b 
Plasmodium falciparum infection of the red cell, establishes the parasitophorous vacuolar 

member (PVM) surrounding the vacuole (PV) in which the parasite bounded by the parasite 

plasma membrane (PPM) resides. Other than the apicoplast (not shown) the remaining 

apical organelles are lost, while membrane structures become prominent in the erythrocyte. 

Proteins made in the ER (which contains the lipid PI3P and the protease Plasmepsin V, 

PMV) with HT/PEXEL signal or as PNEPs are exported out across the PPM and PVM 

through the PTEX (filled blue circle and arrow). Parasite encoded adhesin PfEMP1 family 

proteins are concentrated and displayed on ‘knobs’ that enable binding to endothelial tissue 

enabling tissue sequestration, severe malaria disease and death. c. Tachyzoites (causing 

active Toxoplasma gondii infection) replicate within the PVM which becomes associated 

with host mitochondria and ER. Dense granule proteins (purple filled circles) are released 

into the parasitophorous vacuolar (PV) space inducing formation of the membranous 

nanotubular network (MNN). Dense granule proteins are also detected at the PVM (brown 

filled circles), where the proteins GRA17 (red) and GRA23 (green) mediate permeation of 

small molecules across the PVM. Dense granule proteins (yellow) are also detected in host 

nucleus (grey) where they modulate the host response. T. gondii Asp5 is a Golgi-localized 

aspartic protease that cleaves an N terminal HT/PEXEL like motif on substrates that include 

dense granule proteins delivered to the host cytoplasm and nucleus (deep and light yellow). 

Blue arrow indicates protein translocation across the PVM for which the signals and 

transport apparatus remain unknown.
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Figure 3. Models hypothesized for PTEX action in Plasmodium: potential signals shared by HT/
PEXEL and PNEP proteins and a new role for Exp2
Model I. Cleaved HT/PEXEL (xE/D/Q) and PNEP proteins exported through distinct routes 

(1 and 2) at the endoplasmic reticulum (ER) and parasite plasma membrane (PPM) present 

an unknown shared signal to a minimal PTEX complex comprising of PTEX150 (light blue), 

HSP101 (green) and Exp2 (brick red) at the PVM. Dark blue circle and rectangle in red 

blood cell (RBC) show folded polypeptides of PNEP and HT/PEXEL proteins respectively. 

Model II Vacuolar translocation sequences (VTS) of PNEP proteins (including PfEMP1 

bearing KxLxE/D/Q) and uncleaved VTS containing HT/PEXEL motif associate with PI3P 

enriched domains and PTEX150 cotranslationally in the ER. xE/D/Q exposed by plasmepsin 

V (PMV) cleaved HT/PEXEL (or generated independently) is proposed to be separately 

recognized by a determinant (bright red sphere) either in PTEX150 or a second receptor in 

emergent ER vesicles (3), that are delivered to the PPM and PVM. HSP101 action at PTEX-

effector complexes in the PVM enables unfolding and translocation of both HT/PEXEL and 

PNEP effectors across PVM to the erythrocyte (4, 5). Solute permeation is also mediated by 

Exp2 at the PVM (6).
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Figure 4. T. gondii Asp5 aspartic protease putative substrates and their location
Schematic of Toxoplasma tachyzoite stage with apical organelles (blue as defined in Fig. 2) 

and Aspartic protease 5 (Asp5) in the Golgi, that cleaves an HT/PEXEL like motif on 

proteins prior to their transport (red arrow) to the dense granules, from where they are 

delivered to the parasitophorous vacuole (PV), membranous nanotubular network (MNN), 

parasitophorous vacuolar membrane (PVM) and host cell (nucleus). Failure to cleave, 

effected in Δasp5 mutants results in accumulation of multiple Asp5 substrates in the PV. 

GRA19 and GRA20 remain at PVM, but since their molecular interactions are likely to be 

altered, it may be that HT/PEXEL like motif in Toxoplasma targets effectors to a specialized 

site/complex in the PV/PVM, at which additional (but presently unknown) signals and 

transporters (likely distinct from Plasmodial PTEX) mediate translocation across the T. 
gondii PVM.
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