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Apicomplexa correspond to a large and diverse phylum of more than 6000 eukaryotic protozoa that live as obligate
parasites in humans and animals. Protein phosphorylation is an ancient-in-origin post-translational modification that
is probably universal across phyla. Protein kinases and phosphatases cover between 2% and 4% of a typical
eukaryote’s proteome. Unlike protein kinases that catalyze the formation of a covalent bond between a protein
substrate and a phosphate group, protein phosphatases catalyze the removal of that phosphate group by
hydrolysis.
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| 1. The Impact of Apicomplexa in Human Health: An Overview

Apicomplexa correspond to a large and diverse phylum of more than 6000 eukaryotic protozoa that live as obligate
parasites in humans and animals [, Several major human pathogens such as Plasmodium spp. (causing Malaria),
Toxoplasma gondii (causing Toxoplasmosis), Cryptosporidium spp. (causing Cryptosporidiosis) and Babesia spp.
(causing Babesiosis) belong to this phylum. Apicomplexa are characterized by the presence of a complex of
secretory organelles essential to the establishment of host cell infection, namely rhoptries and micronemes [, and
by the presence of a vestigial chloroplast-like organelle called the apicoplast, which is involved in metabolic
processes crucial for parasite survival. Cryptosporidium is an exception, being the only Apicomplexa lacking an
apicoplast EI4IBE],

Plasmodium, the causative agent of human malaria, is transmitted by Anopheles mosquitoes. It affects about half
of the world population and has led to an estimated 229 million cases worldwide, mainly in Africa (93%) but also in
Southeast Asia (3.4%) and the Eastern Mediterranean region (2.1%), causing major social, economic and health
problems €. The clinical manifestations of the disease are linked to the parasite cyclic development in red blood
cells and the amplitude of the host immune response. They include fever and flu-like symptoms and can lead to
fatal complications such as chronic anemia or cerebral malaria. In 2019, an estimated 409,000 people died from
malaria. Despite recent progress linked to local elimination campaigns launched in endemic areas and promises of
the RTS,S vaccine recently recommended by the WHO, the capacity of Plasmodium to escape protective host
immune responses and the continual emergence of resistance to current treatments and insecticides significantly
impede eradication &,

T. gondii is a widespread opportunistic pathogen affecting between 30% and 60% of the world population. It can

infect any nucleated cell in virtually any warm-blooded animal, and its definitive hosts belong to the Felidae family
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8 The fetus of newly infected women during pregnancy may be subjected to severe birth defects (e.g.,
encephalitis and ocular diseases). T. gondii is also an opportunistic pathogen and reactivation of the latent forms in
immunocompromised patients can lead to deadly infections Bl Additionally, a growing body of evidence has
recently emerged about the possible link between chronic toxoplasmosis and neurological and psychiatric

conditions such as schizophrenia or bipolar disorder L[L1I[12]{13]

Babesia spp. is an intra-erythrocytic parasite transmitted by ticks. Babesia microti and Babesia divergens are the
two species predominantly affecting humans, causing flu-like illness and hemolytic anemia. The elderly,

immunocompromised or asplenic patients are the most at risk of developing this symptomatic disease 24!,

Cryptosporidium is a common pathogen causing moderate-to-severe diarrhea in humans. Two species,
Cryptosporidium parvum and Cryptosporidium hominis, are responsible for most cryptosporidiosis cases 12l The
disease can lead to developmental delays and malnourishment, and even death, in children aged 6 to 18 months
[16IL7] Cryptosporidiosis is the leading protozoan cause of diarrheal mortality worldwide. Patients with
immunocompromised systems are also at risk of developing chronic infection leading to debilitating diarrhea, which
may eventually be fatal 18, Further, cryptosporidiosis may have a causal link with digestive cancers. However, this

remains under scrutiny 191,

Apicomplexa are characterized by their diversity, which is tightly linked to the way they evolved to infect specific
hosts 29, Their life cycles are complex, as they require transitions through multiple life stages. These processes
can only be achieved through their ability to adjust to changing environments, escape the host defense
mechanisms, and undergo massive morphological and metabolic changes 2. A growing number of studies have

recently highlighted the essential role played by phosphatases in the regulation of these processes.

2. Apicomplexan Serine/Threonine and Tyrosine
Phosphatome

Protein phosphorylation is an ancient-in-origin post-translational modification that is probably universal across
phyla. Protein kinases and phosphatases cover between 2% and 4% of a typical eukaryote’s proteome (reviewed
in 22), Unlike protein kinases that catalyze the formation of a covalent bond between a protein substrate and a
phosphate group, protein phosphatases catalyze the removal of that phosphate group by hydrolysis. Another key
difference between these two types of enzymes is linked to their structure; while kinases fold according to a single
structure model (22, the folding of phosphatases differs according to their catalytic activities. Hence, phosphatases
can be grouped into superfamilies [24. Here, researchers compare the serine/threonine (S/T) and tyrosine (Y)
phosphatome of several Apicomplexa of interest (namely, Plasmodium falciparum, Babesia divergens, Toxoplasma
gondii and Cryptosporidium parvum) to the S/T/Y human phosphatome. Researchers chose to focus on the
enzymes capable of dephosphorylating the S/T/Y residues of proteins, as they represent most of the phosphatome
of interest and are well characterized. By comparing the host and parasite phosphatome, researchers aim to

highlight the divergences in these enzymes, which are promising sources of potential drug targets.
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2.1. Key Differences between the Apicomplexan and Human Phosphatome

When compared to the human S/T/Y phosphatome (140 enzymes), the size of the Apicomplexan S/T/Y
phosphatome is much smaller. T. gondii has the biggest phosphatome among the Apicomplexa considered (77
enzymes) and is followed by Plasmodium falciparum (40 enzymes), Cryptosporidium parvum (35 enzymes) and
finally Babesia divergens (20 enzymes, see Figure 1). This is in accordance with studies led on the kinomes of
these parasites, which found that Apicomplexa parasites presented the smallest kinomes among eukaryotes (from
35 sequences in Babesia bovis up to 135 sequences in Toxoplasma gondii, reviewed in [221). The reduced number
of phosphatases in Apicomplexa as compared to mammalian species is thought to result from the adaptation to a
parasitic lifestyle, as parasites can live on nutrients provided by their hosts and thus require less complex metabolic

regulation networks (discussed in [28]),
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the human S/T/Y phosphatome percent composition to those of Plasmodium falciparum, Toxoplasma gondii,
Cryptosporidium parvum and Babesia divergens. The total number of phosphatases included for each organism is
indicated on the right-hand side of each bar. PTPL, protein tyrosine phosphatase-like; PPPL, phosphoprotein
phosphatase like; PPM, protein phosphatases Mn?* or Mg?* dependent; HAD, haloacid dehydrogenase; CC1-3,
cysteine-based Class I-ll. The figure was made using plotly in R version 3.6.3.

The composition of the protein phosphatome also differs dramatically between the parasites and their intermediate
host. The most striking difference is the fact that serine/threonine phosphatases constitute around 80% of the
Apicomplexan protein phosphatome but represent only around 30% of the human phosphatome, which contains

mostly tyrosine phosphatases (Figure 1).

2.2. General Characteristics of the Apicomplexan Serine/Threonine Phosphatome
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According to the classification published by Chen et al. (24, serine/threonine phosphatases can be categorized into
three major folds or superfamilies in Apicomplexa, PPPL (phosphoprotein phosphatases-like), PPM/PP2C (protein
phosphatase Mn2* or Mg2* dependent) and HAD (haloacid dehydrogenase) (see Table 1, Figure 1).

Table 1. Comparison of the human (Hs) S/T/Y phosphatome composition to those of Plasmodium falciparum (Pf),
Babesia divergens (Bd), Toxoplasma gondii (Tg) and Cryptosporidium parvum (Cp). Phosphatases are grouped in

families following the classification from Chen et al. (241,

Number in Each Organism
Hs Pf Pb Bd Tg Cp

Fold/Superfamily Family Substrate

PPPL PPP pSer/pThr 13 14 13 6 15 10
(Phosphoprotein
phosphatases-

like) PAP unknown 2 2 2 1 4 2

PPM (Protein

phosphatase
Mn2* or Mg2*- PPM pSer/pThr 20 13 13 4 34 10
dependent)
PTP pTyr 37 2 3 1 1 0
CC1 pTyr,
(Cysteine-based DSP pSer/pThr 40 1 ! ! ! °
Class 1)
DSP pTyr,
(RHOD) pSer/pThr = 2 2 0 4 0
CC2 LMWPTP pTyr 1 1 1 0 2 2
(Cysteine-based
Class Il) SSuU72 pSer 1 0 0 0 0 0
CC3
. pTyr,
(Cysteine-based CDC25 3 0 0 0 0 0
pThr
Class II)
PTPL
(Protein tyrosine PTPLA * 0 1 1 1 1 1
phosphatase-
like)
EYA pTyr 4 0 0 0 0 0
HAD
(Haloacid
FCP &
dehydrogenase) NIE-like pSer 8 4 5 6 9 5
Total 140 40 41 20 77 35
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(*) Plasmodium PTPLA has been recently re-annotated as DEH (3-hydroxyacyl-CoA dehydratase) and may no

longer be considered as a phosphatase.

3. The Function of Protein Phosphatases in Apicomplexa:
Where Do We Stand?

In recent years, the massive improvement of reverse genetics and multi-omics technologies has allowed for the
development of ambitious projects based on global functional approaches, targeting Apicomplexa of medical
importance, such as Plasmodium falciparum and Toxoplasma gondii, as well as the model organism Plasmodium
berghei.

Using genome-wide saturation mutagenesis (P. falciparum, £), knock-out strategies (P. berghei, [28)) or CRISPR
screens (T. gondii, 29), the contribution of each gene during Plasmodium asexual development or T. gondii
development in human fibroblasts was assessed. More than 50% of P. falciparum and 30% of P. berghei
phosphatases seem essential for parasite survival in blood cells, highlighting how critical these enzymes are
(Figure 2. These studies, along with the characterization of engineered parasite mutant strains, drastically
improved the understanding of the critical role played by protein phosphatases over the life cycle of these
parasites.

A P. falciparum B P. berghei

M Essential

M Essential M Dispensable

B Dispensable M Slow Growth

19.5%
M Slow Growth (8) 29.26 %

(12)

M No Information

Figure 2. (A). Pie chart of the protein phosphatases’ essentiality in P. falciparum for the parasite blood stage
development as determined in the genome-wide saturation mutagenesis (7. (B). Pie chart of the protein
phosphatases’ essentiality in P. berghei for the parasite blood stage development as determined in the
PlasmoGEM study (28] Essential, Dispensable, and Slow Growth represent relative growth rate of 0.1, 1.0, and
between 0.1 and 1.0, respectively. The overall percentage and corresponding number of protein phosphatases
identified as essential, dispensable or with a slow growth phenotype are represented in the pie charts.
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