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One of the key components in the malaria 
control is the artemisinin-based combina-
tion therapies. However, the recent and 
convergent studies indicating a reduced 
parasite clearance rate to artemisinin are 
first and warning signs to continue innova-
tion in the development of effective anti-
malarial drugs to counteract Plasmodium 
resistance. Over the last decade, the use of 
a wide range of approaches including bio-
chemical, genetic and cell biology revealed 
that several phosphatases and their regula-
tors are involved in essential processes in its 
life cycle. Targeting these enzymes by selec-
tive blocking of their activities and/or by 
preventing the assembly of active enzymes 
appears to be highly promising to offer new 
means in the fight against malaria.

Malaria: a constant threat
The efforts made over the last 2 decades 
to control malaria seem to be bearing 
fruit as the applied programs have led to 
an approximate 60% reduction in mor-
tality rates. However, despite this trend, 
malaria infection is still unacceptably 
high (∼214 million cases in 2015) and 

still affects health, social and economic 
sectors that contribute to the wellbeing 
and quality of life. In addition, the con-
trol of malaria remains fragile because of: 
the great and sustainable efforts required 
to meet all recommended measures in 
developing countries; the increase in 
parasite clearance time and/or resistance 
to artemisinin combined therapy treat-
ment and; the low protection provided 
by the latest candidate based on the 
RTS’s malaria vaccine. With a genome 
encoding approximately 5600 known 
and predicted proteins, Plasmodium has 
developed a highly sophisticated program 
to invade two hosts and grow within 
diverse cell types. This multistage life 
cycle, combined with the dramatic and 
rapid amplification of parasite numbers 
during its sexual and asexual stages could 
explain at least in part the extremely chal-
lenging obstacles for the development of 
vaccines and potent drugs with stable 
efficacy. Because of this, the identifica-
tion of novel means to kill the parasite 
and to control this disease should be a 
major and continual objective.
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“To date only three Pf 
phosphatases crystal 

structures have been solved 
and two can be considered 
valid active phosphatases.”
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Phosphatases as essential as kinases in 
Plasmodium
One of the central methods exploited by 
Plasmodium to regulate dynamic actions of its 
lifecycle is by engaging the phosphorylation 
and dephosphorylation processes of parasite 
proteins, linked to kinases and phosphatases, 
respectively. These enzymes, known to be 
involved in protein post-translational modifica-
tions are major pivots for protein functions and 
are crucial systems for therapeutic intervention 
against the parasite. With regard to kinases, it 
has become clear that they should be included 
in strategies for antiparasitic drug discovery. A 
series of recent reviews provides a comprehensive 
and extensive survey about kinases as rational 
drug targets not only in eukaryotic pathogens 
but also in cancer [1–4].

Similar to protein kinases, protein phos-
phatases could now be considered as one of 
the major regulatory systems exploited by 
Plasmodium for its survival, but this pathway 
has been very little explored in the past. In 
Plasmodium, the classification of putative and 
experimentally characterized protein phos-
phatases showed that they can be categorized 
as serine/threonine, tyrosine and dual phos-
phatases. Serine/threonine phosphatases seem 
to represent the largest group while protein 
tyrosine phosphatases are underrepresented 
in Plasmodium when compared with human 
homologs. Earlier studies on Plasmodium fal-
ciparum, devoted to the characterization of 
phosphatases by measuring their activities and 
by using natural inhibitors of Ser/Thr phos-
phatases, showed that protein phosphatase type 
1 (PfPP1) activity is predominant when com-
pared with protein phosphatase 2A (PP2A) [5]. 
This was subsequently confirmed by transcrip-
tomic analysis in which the transcript levels of 
PfPP1 are much higher than those detected for 
PP2A, particularly at 24 h post infection of 
red blood cells (PlasmoDB). It has also to be 
noted that okadaic acid and calyculin A, effec-
tive inhibitors of PP1 and PP2A, drastically 
inhibited parasite growth in vitro. Although 
very few phosphatases have been characterized, 
as producing recombinant active enzymes is 
still challenging in Plasmodium, studies using 
reverse genetic approaches reported that 16 
protein phosphatases out of 30 examined, 
including PP1 and putative phosphatases, 
seem to be essential for blood stage parasites: 
no viable KO parasites could be obtained [6]. A 

more recent and independent study confirmed 
that PfPP1 is essential for blood stage parasite 
survival [7].

PP1 holoenzymes as drug targets
In eukaryotic cells PP1 and PP2A together are 
responsible for more than 90% of the protein 
phosphatase activity. However, in terms of 
substrate diversity, PP1 is predicted to cata-
lyze the majority of protein dephosphorylation 
events; it is estimated that around a third of 
all eukaryotic proteins are dephosphorylated 
by PP1. PP1 has been studied since the 1940s 
and identified as the enzyme responsible for 
the conversion of phosphorylase A to phos-
phorylase B. This finding, together with the 
discovery of phosphorylase kinase, marked 
the beginning of an era for the study of pro-
tein phosphorylation/dephosphorylation as a 
regulatory mechanism. The capacity of PP1 to 
dephosphorylate a considerable number of sub-
strates was subsequently clarified by its capac-
ity to interact with diverse binding partners/
regulators. The nature of the partner can pre-
cisely target the holoenzyme to a specific sub-
cellular compartment and inhibit its activity or 
serve as a substrate. The PP1 catalytic subunit 
(PP1c) is an approximately 37-kD protein and 
is highly conserved throughout eukaryotes. In 
mammals, PP1c is encoded by three different 
genes each undergoing alternative splicing, 
however, in Plasmodium only one isoform of 
PP1c has been described. Concerning regula-
tory subunits, these are multiple – more than 
150 interacting proteins have been described 
in mammals – and structurally quite differ-
ent. Consequently, although PP1c may not 
be a selective drug target, targeting binding 
partners and/or their binding sites to PP1 is a 
more appropriate option for the development 
of new strategies aiming to block specifically 
the functions of PP1. The feasibility of this 
approach was supported in recent work where 
a selective inhibition of the human PP1 regula-
tor GADD34 by guanabenz, a small molecule 
that dissociates the GADD34-PP1 complex, 
showed a proteostatic action and protection 
of stressed cells [8].

In Plasmodium, few PP1-conserved regulatory 
subunits have been reported: so far, three gene 
products, Pf Leucine Rich Repeat 1 (PfLRR1), 
Pf Inhibitor 2 (PfI2) and Pf Inhibitor 3 (PfI3) 
have been shown to exert regulatory functions 
on PfPP1 activity  [9–11]. Interestingly, reverse 
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genetic approaches revealed that PfI2 and PfI3 
are likely essential for parasite growth, thus 
highlighting the suitability of targeting these 
regulators. In general, the majority of regulators 
bind PP1 via a primary PP1-binding motif, the 
RVxF motif. Apart from the RVxF motif, PP1 
regulatory proteins mostly lack any apparent 
sequence similarity, although additional inter-
action sites, such as SILK, MyPhoNE, FxxR/
KxR/K and ΦΦ motifs have been described. 
PfI2 and PfI3 exhibit the short RVxF binding 
motif, and mutational studies together with 
NMR analysis showed that it is the main bind-
ing motif to PfPP1, but also revealed that PfI2 
contains a second binding motif following the 
FxxR/KxR/K consensus, and acting in concert 
with the RVxF motif to bind PP1 [12]. Based on 
these observations, we assumed that interfering 
with PfPP1 holoenzymes may create new ways 
for developing antimalarial compounds. We 
used competing peptides derived from RVxF 
and FxxR/KxR/K motifs of Pf I2 and PfI3, 
fused to a cationic penetrating sequence and 
showed that these peptides not only disrupt 
the interaction between PP1 and its regulators, 
but also inhibit P. falciparum growth in vitro. 
These results provide a proof of concept and 
demonstrate that the interface between PP1 and 
its regulatory subunits may be a relevant target 
for the design of new antimalarials.

Future directions
In Plasmodium, we have demonstrated that 
peptides competing with the interaction motifs 
between PP1 and some of its conserved regula-
tors inhibit parasite growth in vitro. However, 
targeting PP1–regulator interactions that are 
conserved in Plasmodium and its human host 
does not seem highly attractive due to the risk 
of side effects. Consequently, it is crucial to 
take advantage of the sequence differences 
(deletions, mutations) to design selective 
inhibitors with minimal unwanted effects. In 
parallel and in order to obtain a more selective 
effect on the functions of PfPP1, it is of interest 
to identify unique and essential PP1 regula-
tors expressed by the parasite. This could be 
achieved using experimental approaches, such 
as Y2H screening using PfPP1 as bait, and/
or in silico approaches such as virtual screen-
ing. This latter strategy has been used very 
recently to identify novel small inhibitors of 

the PfAtg8–Atg3 protein–protein interaction 
and the authors have shown that, together with 
structure-aided design, it allowed the identifi-
cation of new hits for drug development [13]. It 
is worth noting that targeting therapeutically 
relevant protein–protein interactions with pep-
tides or small molecules as antiparasitic drugs 
is an emerging and promising strategy  [14]. 
Peptides have high potency and low toxicity, 
and various modifications can be applied to 
overcome the limitations due to poor stability 
and inefficiency in crossing cell membranes. 
Cyclization, N-terminal or C-terminal modi-
fications or alteration of the amine bond were 
shown to improve stability, bioavailability and 
selectivity.

Another critical point that would help in 
defining relevant hits resides in developing 
structural biology approaches. A crystal struc-
ture of PfPP1 with a given regulatory subunit 
would constitute a starting point for further 
selective and potent virtual screening. To date 
only three Pf phosphatases crystal structures 
have been solved and two can be considered 
valid active phosphatases  [15–17]. More gener-
ally, this strategy could be beneficially applied 
to other Plasmodium phosphatases, especially 
those that have been recently described as pos-
sibly essential and/or those specific to the para-
site  [6]. Combined with biochemical studies 
of phosphatase activity and partner identifica-
tion, we believe that this would provide leads 
with great potential in the discovery of new 
antimalarials.
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