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Abstract

PfCDPK7 is an atypical member of the calcium-dependent protein
kinase (CDPK) family and is crucial for the development of Plas-
modium falciparum. However, the mechanisms whereby PfCDPK7
regulates parasite development remain unknown. Here, we
perform quantitative phosphoproteomics and phospholipid analy-
sis and find that PfCDPK7 promotes phosphatidylcholine (PC)
synthesis by regulating two key enzymes involved in PC synthesis,
phosphoethanolamine-N-methyltransferase (PMT) and ethanola-
mine kinase (EK). In the absence of PfCDPK7, both enzymes are
hypophosphorylated and PMT is degraded. We further find that
PfCDPK7 interacts with 4’-phosphorylated phosphoinositides (PIPs)
generated by Pl4-kinase. Inhibition of PI4K activity disrupts the
vesicular localization PfCDPK?7. P. falciparum Pl4-kinase, PfP14K is a
prominent drug target and one of its inhibitors, MMV39048, has
reached Phase | clinical trials. Using this inhibitor, we demonstrate
that PfPI4K controls phospholipid biosynthesis and may act in part
by regulating PfCDPK7 localization and activity. These studies not
only unravel a signaling pathway involving PfPI14K/4’-PIPs and
PfCDPK7 but also provide novel insights into the mechanism of
action of a promising series of candidate anti-malarial drugs.
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Introduction

The malaria parasite Plasmodium spp is transmitted to the human
host through the bite by an infected female Anopheles mosquito,
which allows the entry of sporozoites into the bloodstream of the
human host. The sporozoites then infect hepatocytes in the host
liver to expand their population during an asymptomatic period of
asexual schizogonic division, during which thousands of merozoites
are formed. Merozoites enter the bloodstream and invade erythro-
cytes to initiate the intra-erythrocytic stages of parasite develop-
ment, which gives rise to malaria pathogenesis. After the invasion
of red blood cells (RBCs), the intracellular parasites mature from
rings to trophozoites followed by asexual schizogonic division that
results in the generation of ~30 merozoites per schizont within 48 h
in the case of P. falciparum. Freshly egressed merozoites can infect
fresh RBCs to start a new round of asexual division. Some parasites
withdraw from proliferation and undergo sexual differentiation to
male or female gametocytes, which can be ingested by the
mosquito, in which sporogony occurs, resulting in the generation of
infective sporozoites (Cowman et al, 2016).

CDPKs, a family of kinases that are restricted to plants and Alve-
olates (the taxon that includes Ciliates and Apicomplexa), are major
effectors of calcium signaling in Plasmodium as well as the related
apicomplexan parasite Toxoplasma gondii, and collectively regulate
crucial processes, including host cell invasion, egress, growth, and
sexual differentiation (Billker et al, 2004, 2009; Dvorin et al, 2010;
Lourido et al, 2010; Sebastian et al, 2012; Gaji et al, 2014; Kumar
et al, 2014, 2017; Morlon-Guyot et al, 2014; Treeck et al, 2014).
Classical CDPKs contain a protein kinase domain and C-terminal
calmodulin (CaM)-like domain, which are connected by a regulatory
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Junction domain (Billker et al, 2009; Ahmed et al, 2012). The
domain architecture of PfCDPK7 diverges from that of other
members of the CDPK family. It has two N-terminal EF-hand
calcium-binding motifs connected by a long linker to a PH-domain,
with the kinase domain located at the C terminus (Kumar et al,
2014; Morlon-Guyot et al, 2014; Bansal et al, 2021). Despite the
presence of the EF-hands, there is no experimental evidence of its
regulation by calcium. This atypical kinase is conserved in Toxo-
plasma and Plasmodium and is able to interact with phosphoinosi-
tides PI4P and PI(4,5)P, via its PH domain (Kumar et al, 2014;
Morlon-Guyot et al, 2014). Previously, we have demonstrated that
the PH domain via which PfCDPK? interacts with PI(4,5)P, is impor-
tant for its localization to vesicular structures (Kumar et al, 2014).
CDPK? is critical for the development of both the rodent malaria
parasite P. berghei and P. falciparum; it is indispensable for
P. berghei (Tewari et al, 2010) and its knockout in P. falciparum is
achievable (Solyakov et al, 2011) but severely impairs asexual para-
site development (Kumar et al, 2014). Additional studies suggested
that CDPK7 regulates the division of P. falciparum and T. gondii
(Kumar et al, 2014; Morlon-Guyot et al, 2014) as well as the transi-
tion from ring to trophozoite during the P. falciparum erythrocytic
cycle (Kumar et al, 2014).

The underlying mechanisms through which Pf{CDPK7 regulates
parasite development remain unknown. In the present study, we
have identified PfCDPK7-dependent molecular processes in P. falci-
parum blood stages. Quantitative phosphoproteomics of wild-type
and PfCDPK7 knockout parasites revealed that the phosphorylation
levels of proteins predicted to be involved in lipid metabolism and
protein/lipid trafficking were significantly altered. Furthermore, we
provide evidence that the biosynthesis of a major phospholipid,
phosphatidylcholine (PC), is regulated by PfCDPK?7. Finally, we
show that the parasite’s PI4-kinase P{PI14K regulates PfCDPK7 and is
therefore also involved in PL biosynthesis.

Results

Identification of PFCDPK7-regulated pathways in P. falciparum
asexual parasites by comparative phosphoproteomics

In order to elucidate the mechanism through which PfCDPK7 regu-
lates the development of P. falciparum, we used a previously
reported parasite line in which the PfCDPK7 gene is disrupted by
homologous recombination-dependent insertion. This line
(P{CDPK7-KO) exhibits significant defects in parasite growth relative
to the parental 3D7 clone, which is due to impaired ring to tropho-
zoite maturation and division (Kumar et al, 2014). We performed
quantitative phosphoproteomics on PfCDPK7-KO and wild-type 3D7
parasites to identify potential targets of PfCDPK7 signaling. Since
PfCDPK7-KO parasites were defective in ring to trophozoite matura-
tion, late ring—early trophozoites were used for this experiment (see
Methods). iTRAQ-labeled peptides from PfCDPK7-KO and wild-type
parasites were analyzed on high-resolution mass spectrometer. In
all, 82 phosphosites from 68 proteins exhibited hypophosphoryla-
tion and 15 phosphosites from 13 proteins showed hyperphosphory-
lation in the P{CDPK7-KO parasites as compared to the wild-type
(Dataset EV1). Fig 1A illustrates the number of phosphosites identi-
fied in the analysis and their respective fold-change in the mutant
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parasites. A subset of proteins that were found to be differentially
phosphorylated across biological replicates with significant P-value
(< 0.05) are annotated (Dataset EV1). Gene Ontology (GO) analysis
suggested the major classes of proteins that exhibited altered phos-
phorylation were involved in the synthesis of lipids and metabolites
such as sugars (Fig 1B). Interestingly, several trafficking-related
proteins were also differentially phosphorylated in PfCDPK7-KO,
including Rab11b, beta-coatamer, Sec61, and VPS18 (Fig 1A and C,
and Dataset EV1).

Strikingly, the phosphorylation of ethanolamine kinase (EK) and
phosphoethanolamine-N-methyltransferase (PMT) was altered
significantly (Fig 1A and Dataset EV1, and Appendix Figs S1 and
S3). EK phosphorylates ethanolamine to generate the phospho-
ethanolamine polar head group used for PE synthesis via the
Kennedy pathway (Dechamps et al, 2010b). PfPMT is most closely
related to plant orthologues (Dechamps et al, 2010a, 2010b) and is
absent in T. gondii and in the rodent malaria parasite P. berghei
(Ramakrishnan et al, 2013); this enzyme methylates phospho-
ethanolamine to generate phosphocholine, which can be used as a
precursor for PC synthesis via the Kennedy pathway (Reynolds
et al, 2008; Witola et al, 2008). These enzymes are thus implicated
in PC and PE biosynthesis (Fig 2C) (Ramakrishnan et al, 2013), and
the aforementioned observations were first indicators of a potential
role of PfCDPK7 in the metabolism of these two PL classes. In addi-
tion, a phosphatidate phosphatase (PAP) homologue exhibited
reduced phosphorylation in PICDPK7-KO. PAP is putatively capable
of generating diacylglycerol (DAG) from phosphatidic acid (PA),
which is then used as the central precursor of PC and PE in the
Kennedy pathway.

Protein—protein interaction (PPI) networks among the differen-
tially phosphorylated proteins were predicted using the STRING
database (Szklarczyk et al, 2015). The analysis indicated that the
potential substrates or downstream effectors of PfCDPK7 might be
involved in direct or indirect interactions with each other (Fig 1C
and Appendix Fig S1). Some of these proteins were further shown
to interact with PfCDPK7 using co-immunoprecipitation, which is
discussed in the later sections.

PfCDPK7 disruption impairs phosphatidylcholine synthesis in
P. falciparum asexual parasites

Since phosphorylation of proteins/enzymes involved in PL biosyn-
thesis was significantly altered in P{CDPK7-KO line (Fig 1), we
investigated if PfCDPK7 regulates phospholipid composition in
P. falciparum. To this end, mass spectrometry-based lipidomics
analyses were conducted on lipids extracted from wild-type 3D7 or
PfCDPK7-KO. The analysis of the parasite phospholipid composition
revealed a significant drop in total phosphatidylcholine (PC)
content, whereas no other phospholipid class was significantly
altered in the PICDPK7-KO parasites (Fig 2A). As mentioned above,
multiple pathways are involved in the synthesis of PC in P. falci-
parum (Fig 2C). Ethanolamine as well as choline can be utilized for
the formation of PC. PfPMT enzyme is capable of generating phos-
phocholine from phosphoethanolamine, which is then used to
generate PC via the regular Kennedy pathway (Reynolds et al, 2008;
Witola et al, 2008).

To further validate the lipidomics data, the de novo synthesis of
PC and PE via the parasite Kennedy pathway (Fig 2C) was

© 2021 The Authors
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Figure 1. Comparative phosphoproteomics to identify processes regulated by PfCDPK7.

A Comparative phosphoproteomic and proteomic analyses were performed on late ring/early trophozoite stage wild-type (3D7) or PfCDPK7-KO parasites. The
phosphorylation fold-change ratio of identified phosphopeptides was normalized to total protein abundance fold-change. The fold-change ratios for all
phosphopeptides from various replicates are provided in Dataset EV1. The S-curve for the normalized data is provided for some of the significantly altered hyper-
(blue) and hypo-(red) phosphorylated sites belonging to key proteins (Dataset EV1) are indicated. Phosphorylation sites of key enzymes involved in PL biosynthesis
that exhibited reduced phosphorylation in PfCDPK7-KO parasites are indicated in green.

B Pathway analysis of proteins that exhibited reduced phosphorylation upon PfCDPK7 disruption and the possible metabolic pathways these proteins may regulate
(Dataset EV1). The pathways are represented based on their P-values (log 2), as estimated by the gene ontology tool available at PlasmoDB.

C Protein—protein interactions were predicted between differentially phosphorylated proteins using the STRING resource. The analysis exhibited high confidence
interactions between the candidate proteins (Appendix Fig S1 and Dataset EV1). A major signaling module that involved enzymes including EK and PMT implicated in
PC/PE metabolism was identified, in addition to a network involving trafficking protein PfRab11b. Hyper- and hypophosphorylated proteins are indicated in blue and
red respectively. Proteins that are relevant to the topic of this paper are encircled. Proteins involved in PL metabolism and trafficking are indicated in red and blue,

respectively.

monitored by metabolic labeling and thin-layer chromatography
(TLC). For this purpose, '*C-Ethanolamine (Eth) and *C-Choline
(Cho) were used as precursors of both PE and PC in intracellular
parasites, respectively. Total lipids were extracted and labeled lipids
were detected and quantified by high precision-thin-layer chro-
matography (HPTLC) (Fig 2D). Consistent with our data and previ-
ous analyses (Witola et al, 2008), '*C-Eth labeling indicated the de
novo synthesis of both PE and PC by using Eth (Fig 2D). While the
change in PE levels was marginal and not significant, PC synthesis

© 2021 The Authors

was significantly impaired in PfCDPK7-KO parasites (Fig 2D). Inter-
estingly, the PC content was also reduced in PfCDPK7-KO when '*C-
Cho was used as the precursor (Fig 2D). These results are in agree-
ment with our lipidomics analyses. Collectively, these data
suggested that PICDPK7 regulates PC biosynthesis in P. falciparum.
We also examined the fatty acid (FA) profile of PfCDPK7-KO
parasites and compared it to that from the parental 3D7 line. Long
polyunsaturated fatty acid (PUFA) chains were significantly reduced
in PfCDPK7-KO parasites, and more specifically levels of
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Figure 2. PfCDPK?7 is involved in PC biosynthesis in Plasmodium falciparum.
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A Total lipids were extracted from PfCDPK7-KO or 3D7 parasites and separated by HPTLC. After quantification by GC-MS content relative to total fatty acids was
determined. Relative abundance of individual phospholipids was quantified. Disruption of PfCDPK7 caused a significant decrease in PC (mean £ SEM, n = 3;

biological replicates, ***P < 0.001, t-test).

B Total fatty acids were extracted and separated before quantification by GC-MS analysis. The analysis shows an increase of C18:1 as well as the general decrease of
PUFAs (inset) and more particularly C20:4 (mean + SEM, n = 3; biological replicates, ***P < 0.001, t-test).
C Metabolic pathways depicting the synthesis of PC and PE in P. falciparum. PMT and EK, which are putative targets of PfCDPK7, are indicated in red (Ramakrishnan

et al, 2013).

D Metabolic labeling to monitor PC and PE synthesis. Equal number of WT (3D7) and PfCDPK7-KO (KO) parasites were incubated with **C-Eth or **C-Cho (in RPMI) for
12 h. Subsequently, parasites were harvested and lipids were extracted and separated by thin-layer chromatography (TLC). The radiolabeled lipids were detected by
phosphorimaging (upper panel). Bottom panel, radiolabeled PC and PE were quantitated by performing densitometry on phosphorimage of TLC plates in above panel
and % change in PC or PE formation in PFCDPK7-KO parasites with respect to 3D7 (100%) was calculated (mean &+ SEM, n = 4; biological replicates, **P < 0.01,

ANOVA; ns, nonsignificant).

E 3D7 or PfCDPK7-KO parasites were cultured in the presence or absence of 200 uM choline in culture medium. After 3 days, parasitemia was determined by counting
parasites on thin blood smears (mean & SEM, n = 6; biological replicates, *P < 0.05, ***P < 0.001, ANOVA).

arachidonic acid, C20:4 (Fig 2B), while there was a slight significant
increase in C18:1 cis species, likely reflecting overall changes in FA
homeostasis and compensatory mechanisms. Long-chain PUFAs are
mainly acquired from the host by blood-stage P. falciparum (Botte
et al, 2013; Gulati et al, 2015), and our data suggested that FA
uptake might thus be slightly impaired in PfCDPK7-KO parasites.
We determined the FA content of PC and PE; analysis of FA from
PC suggested a decrease in C16:0 and a slight increase in C18:1
upon PfCDPK7 disruption (Appendix Fig S2A). However, PE from
PfCDPK7-KO contained slightly higher C16:0 FA (Appendix Fig
S2B). In contrast, C18:1 and C18:2 FA were significantly reduced.

4 of 15 EMBO reports  23: e54022 | 2022

The PE levels do not change significantly in PICDPK7-KO; therefore,
the changes in FA do not seem to alter PE levels. It is possible that
the altered phosphorylation of enzymes like EK and PMT (Fig 1A
and C and Appendix Fig S3) that are directly involved in PC biosyn-
thesis (Fig 2C) may contribute to the impairment of lipid metabo-
lism in P{CDPK7-KO parasites. Supplementation of P. falciparum
culture medium with exogenous choline can overcome growth
defects caused by perturbation in PC biosynthesis (Reynolds et al,
2008; Brancucci et al, 2017). We complemented both parental and
PfCDPK7-KO parasite lines with excess choline in culture medium
and monitored the parasite growth. A moderate but significant

© 2021 The Authors
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restoration of PICDPK7-KO growth was observed suggesting that the
loss of PC may impair parasite development in the absence of
PfCDPK? (Fig 2E). Taken together, our results suggest that PfCDPK?7
is involved in regulating PC biosynthesis, which contributes to para-
site development.

PfCDPK7 regulates PfPMT and PfEK

We next addressed the mechanisms through which PfCDPK? regu-
lates PC biosynthesis. Phosphoproteomic analysis revealed that
PfCDPK7 knockout leads to reduced phosphorylation of PMT and
EK (Fig 1A and Appendix Fig S3). First, we tested if PfCDPK? inter-
acts with these enzymes, by performing co-immunoprecipitation
assays using parasite lysates, using a specific antisera raised against
recombinant 6xHis-PMT. For studies related to EK, a parasite line
overexpressing EK as a GFP fusion protein was generated and anti-
GFP antibody was used to detect the EK-GFP fusion protein.

PfCDPK?7 co-immunoprecipitated with both PMT (Fig 3A) and
EK (Fig 3B), suggesting that PfCDPK7 may interact with EK and
PMT in the parasite. This corroborated well with the data showing
that they are hypophosphorylated at specific sites in PfCDPK7-KO
parasites (Appendix Fig S3A and B).

A

& M

i
kDa ~ 3]
63 _|

. <196 (H) EK-GFP
oy 1G (H)
- |[<PMT
1 2

PMT
{fold change)

0.5

Figure 3. PfCDPK?7 interacts with PMT and EK in the parasite and

regulates PMT protein expression.

A, B 3D7 (A) or parasites overexpressing EK-GFP (B) were used to prepare
protein lysates followed by immunoprecipitation using anti-PfCDPK7 or
anti-GFP antibody, respectively. Subsequently, protein lysate or indicated
IP were subjected to Western blotting using anti-PMT (A), anti-GFP (B).
PMT was found to co-IP with PfCDPK7 (A, lane 2) and EK-GFP with
PfCDPK7 (B, lane 3).

C  3D7 and PfCDPK7-KO parasites at schizont stage (~40 h) were used for
Western blotting using anti-PMT antisera. Actin served as a loading
control. Right panel: Densitometry was performed for bands
corresponding to PMT in Western blots and the measurements were
normalized to Actin. Fold change in PMT was determined with respect to
3D7 (mean & SEM, n = 4; biological replicates, **P < 0.01, t-test).

Source data are available online for this figure.
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Interestingly, immunoblotting revealed that PMT protein levels
(Fig 3C) were significantly lower in PfCDPK7-KO parasites.
However, the levels of PMT transcript were almost unchanged
(Appendix Fig S5), suggesting that PfCDPK7 may regulate PMT
post-translationally, possibly by preventing its degradation. The
aforementioned decrease in PMT phosphorylation in PfCDPK7-KO
(Fig 1A) was particularly apparent on residue S49 (Appendix Fig
S3A). IFA studies revealed that PfCDPK7 resides mainly in punctate
structures (Appendix Fig S4A and B) as described previously
(Kumar et al, 2014). Since PMT staining is spread throughout the
parasite cytoplasm, it is difficult to determine if a pool of that
protein co-localizes with PfCDPK7, although overlap can be
observed (Appendix Fig S4B). EK-GFP was seen in the cytoplasm as
well as in some punctate structures, which were often co-incidental
with P{CDPK7 puncta (Appendix Fig S4A). Collectively, these data
suggested that PICDPK? interacts with PMT and may participate in
its regulation.

Phosphoproteomics indicated that the phosphorylation of EK S37
is decreased in PfCDPK7-KO parasites (Appendix Fig S3B). To
further analyze the role of S37 phosphorylation, we generated para-
site lines overexpressing a phospho-deficient (S37A) mutant of EK.
The comparison of growth rates of parasites episomally overex-
pressing WT or EK-S37A mutant revealed that there was a signifi-
cant decrease in the growth of parasites expressing the
phosphomutant (Fig 4A). While analyzing the Giemsa smears, we
noted that several S37A mutant-expressing parasites exhibited
abnormal morphology and most of these abnormal parasites were at
the ring to trophozoite transition or early trophozoite stage (Fig 4B).
To investigate this further, IFAs were performed using antibodies
against MSP1 and RAP1 as these proteins reside on the para-
sitophorous vacuole membrane (PVM) and in parasitophorous
vacuole (PV) post-invasion, respectively (Riglar et al, 2011). Typi-
cally, WT EK-GFP parasites attained “round” or “amoeboid” shape
3-12 h post-invasion with MSP1 and RAP1 in close proximity as
described previously (Kumar et al, 2014). In contrast, a significant
number of S37A mutant expressing parasites possessed “abnormal”
shapes in which fragmented or discontinuous MSP1 staining was
observed (Fig 4C and D). In addition, blobs and extensions contain-
ing RAP1 were found in the host RBC outside the PV in infected
erythrocytes (Fig 4C). These observations corroborated well with
stunted mutant parasites observed on Giemsa-stained smears
(Fig 4B). In addition to these defects, there was a significant reduc-
tion in the number of merozoites per schizont, which suggested
defects in parasite replication (Fig 4E).

It is interesting to note that similar abnormalities were previously
reported in the case of PICDPK7-KO parasites, wherein the ring-
trophozoite transition was hampered and similar stunted and abnor-
mal parasites were observed and in addition parasite division was
also impaired (Kumar et al, 2014). IFA studies revealed that wild-
type EK-GFP was mainly cytoplasmic as reported previously for EK
(Alberge et al, 2009). In addition, it also seemed to be present in
punctate structures especially in mature parasites (Appendix Figs
S4A and S6A). However, the EK S37A mutant protein was found
mainly in the cytoplasm. Abnormal mutant parasites which exhib-
ited defects in maturation of rings to trophozoites were also
observed in these experiments, as indicated by the presence of
minute amounts of hemozoin pigment (Appendix Fig S6A, lower
panel), which is consistent with the observations performed on
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Figure 4. Phosphorylation of EK S37 is important for parasite development.

A

Parasites overexpressing EK-GFP or its S37A mutant were synchronized and parasitemia was determined at the end of first (48 h.p.i) and second cycle (96 h.p.i). Fold
change in parasitemia of EK_S37A parasites with respect to WT EK overexpressing parasites was compared, which was significantly reduced (mean 4+ SEM, n = 3;
biological replicates, *P < 0.05, ANOVA).

Giemsa stained thin blood smears prepared at indicated hours post-infection (h.p.i) from assay. Arrows indicate parasites exhibiting abnormal morphology, which
were observed at the beginning of each replication cycle.

IFA was performed on parasites expressing WT EK-GFP or its S37A mutant 6-12 h post-invasion to detect (i) RAP1, which is transferred to PV post-invasion, and (ii)
MSP1 which is located at the PVM. Parasite expressing WT EK-GFP exhibited typical round ring like shape. In contrast, several parasites expressing the S37A mutant
exhibited irregular morphology with much smaller vacuolar space and in some parasites RAP1 was found outside the PV (Scale bar, 1 pm).

Quantitation of abnormal parasites in IFA described in panel C (mean + SEM, n = 3; biological replicates, ***P < 0.001, t-test).

Parasites EK-GFP or its S37A mutant were synchronized and parasites were allowed to mature to schizonts/segmentors. The graph shows average number of
merozoites per schizont from three biological replicates. Each replicate represents an average of merozoites from 30-40 schizonts. (mean £ SEM, n = 3; biological

replicates, *P < 0.05, t-test).

Giemsa smears (see above) (Fig 4B). Moreover, Western blotting
suggested that EK protein levels remain same in EK-WT and EK-
S37A mutant parasites (Appendix Fig S6B).

Taken together, these results established that PECDPK7-mediated
regulation of the key PC biosynthetic pathway enzymes PMT and
EK plays an important role in parasite development.

PfP14K regulates the localization of PFCDPK7

Our previous observations suggested that PICDPK7 interacts with
4’-phosphorylated phosphoinositides, in particular PI(4,5)P, using a
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dot blot assay (Kumar et al, 2014). These PIPs interact with the PH
domain of the kinase and guide its cellular localization, which is
likely to be critical for its function (Kumar et al, 2014). Given that
PI4-kinases are involved in the generation of 4’-PIPs in eukaryotic
cells (Balla, 2013) including Plasmodium (McNamara et al, 2013;
Paquet et al, 2017), we set out to investigate the role of PfPI4K in
PfCDPK7-dependent processes.

Typically, PIPs regulate their effectors by guiding their localiza-
tion to desired cellular compartments or their site-of-action (Lem-
mon & Ferguson, 2001; Lemmon, 2003), which was the case with
PfCDPK?7 (see above) (Kumar et al, 2014). Pharmacological P{PI4K
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inhibitors have been developed in the last few years (McNamara
et al, 2013; Paquet et al, 2017; Brunschwig et al, 2018), and one of
them, MMV39048 (referred subsequently as MMV048), displayed
potent anti-malarial activity against almost all stages of parasite
development, subsequently progressed to clinical trials (McCarthy
et al, 2020). Another, more potent analogue of this series, UCT943,
was recently developed (Brunschwig et al, 2018). In addition to
being candidate drugs, these compounds also represent useful
research tools to investigate the effects of a block in 4’-PIP formation
in live parasites (Paquet et al, 2017; Brunschwig et al, 2018).
However, despite PfPI4K being a validated target for antimalarials
that have reached clinical trials, the molecular mechanisms by
which PfPI4K and its inhibitors may regulate parasite development
have remained unclear.

IFA studies were performed to assess the effect on PfCDPK7
cellular localization. Treatment with both UCT943 and MMV048
resulted in a dramatic change in PfCDPK?7 localization, from punc-
tate vesicular structures present in the vicinity of the ER as
described previously (Kumar et al, 2014) to a diffuse cytoplasmic
distribution accompanied by a loss of PfICDPK7-associated vesicles
(Fig 5A). However, PfPI4K inhibition did not alter PECDPK7 expres-
sion (Fig 5B). These data indicated that PfPI4K product 4’-PIPs regu-
late PfCDPK7 subcellular localization; since correct cellular
localization is likely to be critical for its function, the absence of 4’-
PIPs may lead to dysregulation of PfCDPK7 activity, contributing to
the mode of action of the PfPI4K inhibitors.

PfPI4K inhibitors prevent PL biosynthesis in the parasite and
cause degradation of PfPMT and PfEK

PfPI4K inhibitors have previously been shown to dramatically
suppress parasite growth (Paquet et al, 2017; Brunschwig et al,
2018). Given that both PfCDPK7-KO (Kumar et al, 2014) and EK
S37A phosphomutant parasites exhibit defects in the ring to tropho-
zoite transition (Fig 4B and C), it was pertinent to determine if
PfPI4K, which acts upstream of PfCDPK?7, influences this process.
MMVO048 treatment caused defects in PVM/PM development, as
indicated by aberrant RAP1 localization (Fig 5C), which was also
observed in both PfCDPK7-KO (Kumar et al, 2014) and EKS37A-
mutant parasites (Fig 4C).

To determine the effect of PfPI4K inhibition on PL biosynthesis,
we treated parasites with 5-25 nM UCT943 and 25-50 nM
MMV048, which is in the range of IC50 against NF54 strain (Paquet
et al, 2017; Brunschwig et al, 2018). Subsequently, metabolic label-
ing of PLs was performed using '*C-choline or '*C-ethanolamine as
described above for PfCDPK7-KO parasites. TLC analysis revealed
that there was a dose dependent decrease in PC synthesis from both
choline and ethanolamine (Appendix Fig S7). Furthermore, PE
biosynthesis was also affected in UCT943-treated (Appendix Fig
S7B) and MMVO048-treated parasites (Appendix Fig S7A). Subse-
quent experiments were performed with 10 and 50 nM of UCT943
and MMV048, respectively, as optimal inhibition in PC/PE forma-
tion was observed at this concentration (Fig 6A and B). These data
suggested that PfPI4K regulates PC biosynthesis, presumably
through its ability to regulate PfICDPK?. In addition, it also regulates
PE biosynthesis (Fig 6B).

As mentioned above, EK and PMT were hypophosphorylated in
PfCDPK7-KO parasites and phosphorylation seems to regulate the

© 2021 The Authors
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levels of PMT (Figs 1A and 3C). Therefore, it was of interest to test
if UCT943 and MMV048 treatment affected these enzymes. Strik-
ingly, inhibitor treatment depleted PMT protein as revealed by
Western blotting (Fig 6C), corroborating with the impaired PMT
expression in PfCDPK7-KO parasites (Fig 3C) and supporting the
hypothesis that PfPI4K may regulate PMT via PfCDPK7. To assess
the effect of PfPI4K inhibition on EK, parasite line overexpressing
EK-GFP was treated with the inhibitors. Both inhibitors caused a
significant degradation of both P{EK and PfPMT (Fig 6C and D).
These data correlate well with the loss of PC and PE in parasites
treated with PfPI4K inhibitors and are consistent with a role of
PfPI4K/PI4P signaling in PL biosynthesis.

PfPI4K and PfCDPK7 may regulate TVN formation

Tubulovesicular networks (TVNs) are extensions of the PVM into
the host RBCs used by the parasite for the acquisition of nutrients
from the extracellular milieu (Elmendorf & Haldar, 1994; Lauer
et al, 1997). Although parasite sphingomyelin synthase (SMS),
which uses ceramide for sphingomyelin (SM) synthesis, was shown
to contribute to the formation of the TVNs, it is likely that other PLs
contribute to this process. Given that PfPI4K and P{CDPK?7 regulate
PC/PE biosynthesis, it was of interest to test their role in TVN
biogenesis.

BODIPY-Ceramide can be used to label contiguous TVNs, which
extended into the host RBC cytoplasm in the case of wild-type para-
sites (Elmendorf & Haldar, 1994). Treatment of ring-stage parasites
with PfPI4K inhibitors followed by BODIPY-Ceramide labeling
(Fig 7A) revealed a marked disruption in the formation of TVNs,
with parasites exhibiting smaller vesicles or no extensions from the
PVM (Fig 7A). To test if the uptake of extracellular molecules may
be altered, we used FM4-64, a fluorescent lipophile probe that natu-
rally stains plasma membrane and which can be imported from the
RBC plasma membrane by P. falciparum TVN (Lauer et al, 1997,
2000). Indeed, the endocytosis of FM4-64, which relies on TVNs,
was also impaired significantly in MMV048-treated parasites
(Fig 7B).

The formation of TVNs was also investigated in PfCDPK7-KO
parasites. In contrast to wild-type parasites, the TVNs were stunted
as indicated by either shortened size and/or fragmented vesicular
structures in PfCDPK7-KO (Fig 7C). PfCDPK7-KO parasites also
exhibited a drastic reduction in FM4-64 internalization (Fig 7D),
which was most likely due to stunted TVNs. These data corroborate
well with the fact that PfPI4K inhibitors also cause similar defects
and suggest that PfPI4K signaling via PfCDPK7 may regulate TVN
formation. We did not observe a significant change in sphin-
gomyelin levels in PfCDPK7-KO parasites (Fig 2A). It is possible that
PC, which is a major PL in Plasmodium, may also contribute to
TVN formation (Figs 2 and 6), which is possibly one of the reasons
for impaired TVN formation in PfCDPK7-KO and PfPI4K inhibitor-
treated parasites.

Discussion

We have identified a P{CDPK7-dependent signaling pathway in
P. falciparum (Fig 8). One of the features revealed by comparative
phosphoproteomics was the altered phosphorylation of Kkey
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Figure 5. PfPI4K is involved in the localization of PfCDPK7 and parasite maturation.

A 3D7 parasites were treated with DMSO or 50 nM MMV048 for 24 h. Subsequently, parasites were fixed and IFA was performed to detect ER marker BiP and PfCDPK7.
While PfCDPK7 was present in puncta proximal to ER (left panel), inhibitor treatment caused a loss in this vesicular localization and resulted in a more diffuse

distribution of the enzyme (right panel) (Scale bar, 1 um).

B Western blotting was performed on parasites treated with DMSO, 10 nM UCT943 or 50 nM MMV048 as described above using anti-PfCDPK7 or anti-Actin (loading
control) antibody. Please note that this protein lysate was also used for Western blots in Fig 6C with other antibodies. Therefore, this loading control blot for actin

shown here pertains to the loading control in Fig 6C as well.

C 3D7 parasites were treated with DMSO or 50 nM MMV048 for 20-24 h. Subsequently, IFA was performed ~24 h post-invasion to detect RAP1 and MSP1 (left panel)
as described in Fig 4C. Right panel, quantitation of parasites exhibiting abnormal staining for RAP1 outside the PV was observed (mean + SEM, n = 3; biological

replicates, **P < 0.01, t-test; Scale bar, 1 um).

Source data are available online for this figure.

enzymes in the biosynthesis of PLs in PfCDPK7-KO parasites. In line
with this observation, PC biosynthesis was significantly impaired in
these parasites (Fig 2A and D). Interestingly, we found that PfPMT
expression was markedly reduced in PfCDPK7-KO parasites (Figs 3C
and 8), which corroborated well with the observed reduced PC
biosynthesis from Eth (Fig 2A and D). Interestingly, the knockout of
PfPMT also caused defects in parasite maturation and replication
(Witola et al, 2008), as was the case with PfCDPK7-KO (Kumar
et al, 2014). Recently, LysoPC depletion from serum was shown to
cause defects in metabolism of PC via the Kennedy pathway and
induced commitment to sexual differentiation (Brancucci et al,
2017). Interestingly, expression of transcripts for PfCDPK7, along
with mRNAs encoding EK, PMT, and other enzymes implicated in
PC synthesis, was enhanced upon LysoPC depletion (Brancucci
et al, 2017), which was possibly a response by the parasite to acti-
vate its machinery for PC synthesis. Conversely, Lyso PC depletion
abrogated asexual division, which is consistent with present
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findings. It will be of great interest to examine phenotypes of
PfCDPK7-KO parasites in sexual development.

Phosphoproteomic analysis revealed impaired phosphorylation
of EK at S37 in PICDPK7-KO parasites; moreover, PfCDPK7 and EK
co-immunoprecipitated, suggesting that they may interact in the
parasite facilitating EK phosphorylation. The overexpression of
S37A mutant of EK caused abnormal parasite morphology, possibly
because of altered PVM/PM formation (Fig 4C and Appendix Fig
S6A). In addition, parasite division was also impaired upon mutant
overexpression (Fig 4E). Interestingly, similar defects were previ-
ously observed in PfCDPK7-KO parasites (Kumar et al, 2014)
strengthening the notion that PfCDPK?7 and EK function in the same
pathway (Fig 8).

Given that EK is involved in the synthesis of both PC and PE
(Fig 2C), it was surprising that P{CDPK7-KO exhibited decrease
mainly in PC. Based on the predicted capacity of P. falciparum to
generate lipids de novo, it is possible that reduced levels of

© 2021 The Authors
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A, B 3D7 parasites were synchronized and treated with 10 nM UCT943 or 50 nM MMVO048 for 10-12 h. Subsequently, parasites were incubated with **C-Cho (A) or **C-
Eth (B) and were harvested after 12 h. Total lipids were extracted and separated by TLC. The radiolabeled lipids were detected by phosphorimaging and
quantitated by densitometry (upper panel). Bottom panel (A and B), fold change in PC and PE formation in inhibitor-treated parasites with respect to DMSO
treatment was determined (mean + SEM, n = 4; biological replicates, **P < 0.01, ***P < 0.001, ANOVA; ns, not significant).

C,D UCT943 and MMV048 treated 3D7 (C) or EK-GFP overexpressing parasites (D) were subjected to Western blotting (as described in Fig 5B) using anti-PMT (C) and
anti-GFP (D) antibodies (left panels). For experiments in Fig 6C, the lysate used was the same as the one used for Fig 5B for PfCDPK7 Western blotting. Therefore,
the corresponding actin blot for loading control is shown in Fig 5B. Right Panels: densitometry was performed for bands corresponding to PMT (C) or EK-GFP (D),
which were normalized with respect to Actin. Fold change in PMT or EK was determined with respect to DMSO treated parasites (Mean £ SEM, n = 4; biological

replicates, *P < 0.05, ***P < 0.001, ANOVA).

Source data are available online for this figure.

phosphoethanolamine are caused due to impaired EK phosphoryla-
tion. As a result, phosphoethanolamine may be limiting for the
utilization by the PMT (Fig 2C and D). Given that PMT is involved in
the trimethylation of phosphoethanolamine to form phosphocholine,
which is an intermediate in PC biosynthesis (Fig 2C), its regulation
by P{CDPK?7 would further affect PC biosynthesis (Figs 2D and 8).
Collectively, these data strongly suggest that PfCDPK? regulates the
synthesis of PC by regulating enzymes like PMT and EK that are
involved in its biosynthesis (Fig 8). Previous results including ours
show that synthesis of PC is an important metabolic nexus and that
the parasite has acquired multiple metabolic route to achieve it in
any circumstances including physiological variations in the host. The
presence of a plant-like PMT in P. falciparum is one such example,
which allows the parasite to obtain more PC via this metabolic path-
way when required, although usually less essential (Witola et al,
2008). Our results confirm that there are important regulatory path-
ways to make sure that parasite generates enough PC and PfCDPK?7 is
part of that regulation loop. The fact that there was a decrease in PC

© 2021 The Authors

formation using both Eth and Cho as precursor in PfCDPK7-KO para-
sites (Fig 2D) suggests that PfCDPK7 may influence formation of PC
via both these pathways, which it may achieve by regulating PMT,
EK, and other additional targets.

To our knowledge, these are first observations that directly link
protein phosphorylation to PL biosynthesis in Plasmodium. Our
results are also consistent with the observation that the disruption
of CDPK7 in the related apicomplexan parasite Toxoplasma gondii
solely induces a significant reduction of PE levels, but does not
affect those of PC (Bansal et al, 2021). Of note, T. gondii does not
possess a PMT to allow the conversion of phosphoethanolamine to
phosphocholine, unlike P. falciparum (Bansal et al, 2021). More-
over, EK was not identified as a TgCDPK?7 target in T. gondii and EK
S37 is not conserved in the Toxoplasma. Instead, enzymes like
glycerol-3-phosphate acyltransferase (TgGPAT) and phosphatidic
acid phosphatase (PAP) were found to be regulated by TgCDPK7,
which it may contribute to the regulation of PE biosynthesis in
T. gondii. Interestingly, TgCDPK? target sites on these enzymes in
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A 3D7 ring-stage parasites were treated with DMSO or UCT943 or MMV048 for 20-24 h, washed with HBSS before incubation with BODIPY-ceramide and DAPI followed
by live imaging. TVN formation seemed to be impaired upon inhibitor treatment (Scale bar, 1 pum).

B Ring-infected erythrocytes were treated with MMV048 for 24 h and then incubated with FM4-64 and DAPI to assess lipid uptake. Subsequently, FM4-64 associated
fluorescence was detected by fluorescence microscopy (upper panel) or quantitated by FACS (lower panel) and % change in FM4-64 uptake in inhibitor-treated
parasites was determined. (mean + SEM, n = 3; biological replicates, *P < 0.05, t-test; Scale bar, 1 pum).

C Synchronized PfCDPK7-KO or 3D7 ring/trophozoite stage parasites were labeled with BODIPY-ceramide and DAPI followed by live imaging as described for panel A.
While tubular vesicular networks/structures (TVNs), vesicles were predominantly labeled in 3D7 parasites, most PFCDPK7-KO parasites did not exhibit TVN; instead,
small punctate spots (white arrowheads) were seen in the iRBC cytoplasm (Scale bar, 1 pum).

D Trophozoite stage infected erythrocytes were incubated with FM4-64 and DAPI to assess lipid uptake by 3D7 or PfCDPK7-KO parasites. Subsequently, FM4-64
associated fluorescence was visualized by live microscopy (top panel) and also analyzed by FACS and % change in FM4-64 uptake in KO parasites was determined
(bottom panel) (mean + SEM, n = 3; biological replicates, *P < 0.05, t-test; Scale bar, 1 um).

T. gondii are not conserved in the Plasmodium homologues. These
differences in the biosynthesis of different PLs highlight the evolu-
tionary and metabolic plasticity that exists in PL synthesis path-
ways. Comparative phosphoproteomics studies also revealed that
Pf{CDPK7 may target proteins involved in trafficking (Fig 1A and C),
which includes PfRabl1b. Interestingly, TgRablla (but not
TgRab11b) was identified as a TgCDPK?7 target in previous studies,
and its phosphorylation was shown to be critical for its function in
parasite division (Bansal et al, 2021). The regulation of PfRabl1lb
isoforms and other putative trafficking protein targets by PfCDPK7
will be of great interest for future studies (Fig 8).

Experiments with the PI4K inhibitors UCT943 and MMV048
reveal that PfPI4K and 4’PIPs are implicated in PL biosynthesis.

10 of 15 EMBO reports  23: e54022 | 2022

PfCDPK? interacts with PIPs via its PH domain, which is critical for
the localization of the kinase to vesicular compartments that are
proximal to the ER (Kumar et al, 2014). The inhibition of PfPI4K
impaired the localization of PfCDPK7 to these vesicular organelles
(Fig 5A), confirming that its products 4’-PIPs regulate PfCDPK?7 cellu-
lar localization (Fig 8). Several defects observed in PfCDPK7-KO and
PfPI4K inhibitor-treated parasites were similar: parasite maturation,
PL biosynthesis, PMT expression, and TVN formation. P{PI4K seems
to regulate the formation of both PC and PE suggesting that in addi-
tion to PICDPK?7 (which contributes to PC formation), it may have
other targets that may regulate PE formation. PfPI4K inhibition
resulted in the degradation of PfEK and P{fPMT (Fig 6C and D), which
explained the loss of PC and PE (Fig 6A and B).
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Figure 8. A simplified model of PfPI14K-PfCDPK7 signaling in Plasmodium
falciparum.

4-phosphorylated phosphoinositides (4-PIPs) generated by PfPI4K interact
with the PH domain of PFCDPK7 (Kumar et al, 2014) and regulate the
localization and thereby the function of PFCDPK7 (Fig 5A), which in turn
promotes the synthesis of phosphatidylcholine (PC) (Fig 2A and D) by
regulating enzymes (indicated in red) like ethanolamine kinase (PfEK) and
phosphoethanolamine methyltransferase (PfPMT) (Figs 3 and 4) that are
involved in PL metabolism (Fig 2C). In addition, phosphoproteomics suggest
that PfCDPK7 may contribute to vesicular trafficking via effectors (indicated in
green) like PfRab11b but this pathway needs further investigation (Fig 1A and
C). Collectively, these events regulate intraerythrocytic development of the
parasite.

TVNs are critical for the uptake of nutrients by the parasite from
the extracellular milieu. Sphingomyelin synthase (SMS) inhibitors
prevent the formation of TVN (Lauer et al, 1997). While we did not
observe any significant change in SM levels in PICDPK7-KO para-
sites (Fig 2A), TVN formation was abrogated in both PfCDPK7-KO
and PfPI4K inhibitor-treated parasites. It is reasonable to suggest
that PLs such as PC/PE may also contribute to TVN formation,
which is a possible reason for its impairment in these parasites. As a
result, uptake of nutrients by the parasite may be impaired, result-
ing in stalled growth and division, which may contribute to the
mode of action of the PfPI4K inhibitors. As mentioned above, long-
chain PUFA were significantly reduced in PfCDPK7-KO parasites
(Fig 2B). Long-chain PUFAs are mainly acquired from the host by
blood-stage P. falciparum (Botte et al, 2013; Gulati et al, 2015)
further suggesting that PCDPK7 may regulate lipid trafficking scav-
enged from the host. Although the role of TVNs in FA uptake is not
clear, it is possible that impaired TVN formation contributes to this
process.

PfPI4K has been identified as a major antimalarial drug target
(McNamara et al, 2013; Brunschwig et al, 2018; McCarthy et al,
2020), and MMV048 is being tested in human clinical trials as a
novel anti-malarial (McCarthy et al, 2020). However, its mechanism

© 2021 The Authors
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of action has remained unknown. The data we present here provide
insights into at least one of the pathways through which PI4K
signaling regulates parasite development (Fig 8).

Materials and Methods
Materials

All chemicals and oligonucleotides were purchased from Sigma-
Aldrich unless indicated otherwise. Roswell Park Memorial Institute
medium (RPMI) 1640, and Albumax II were purchased from Gibco
(Thermo Fisher Scientific, USA). Antibodies were procured from Santa
Cruz Biotechnology (mouse anti-p-actin, sc-47778, 1:1,000 for Western
blotting), and Roche (anti-GFP, 1:200 for IFA). PfCDPK? antisera has
been described previously (Kumar et al, 2014). Horseradish
peroxidase-labeled secondary goat anti-rabbit/mouse antibodies and
Alexa Fluor 488- and Alexa Fluor 594-conjugated goat anti-mouse/
rabbit antibodies were obtained from Molecular Probes. MMV390048
(MMV048) was a kind gift from Medicines in Malaria Venture and
UCT943 was gifted by Dr. Kelly Chibale, University of Cape Town.

Proteomics studies

Cell lysis and protein extraction

3D7 or PfCDPK7-KO parasites were cultured (see below) (Kumar
et al, 2014) and were synchronized using sorbitol. As described in
our previous study (Kumar et al, 2014), PfCDPK7-KO parasites
exhibit first defects in development during ring-trophozite transition
(~20 h post-invasion). However, such “abnormal” parasites are
observed in second and subsequent life cycle. Since the parasites
used in present studies were normalized after synchronization (~4 h
post-invasion), they were largely of similar stages and healthy at
~20 h post-invasion for reported studies. Therefore, parasites at this
late ring/early trophozoite stage were used for phosphoproteomic
and lipidomics (see below) analysis. Parasites were harvested after
saponin lysis of infected RBCs. The parasite pellet was washed and
were dissolved in protein extraction buffer (50 mM triethylammo-
nium bicarbonate (TEABC), 8 M urea, 1 mM sodium orthovana-
date, 1 mM sodium fluoride, 1 mM B-glycerolphosphate, 2.5 mM
sodium pyrophosphate) followed by sonication. The lysate was
centrifuged and the supernatant containing the proteins was used
for bicinchoninic acid assay-based protein estimation. Equal amount
of protein was taken from P{CDPK7-KO and wild-type 3D7 samples
and subjected to reduction (20 mM dithiothreitol, 60°C for 30 min)
and alkylation (20 mM iodoacetamide, ambient temperature for
10 min in dark). Proteins were then digested using trypsin
(Promega, Madison, USA) in 1:20 enzyme to protein ratio. Digested
peptides were lyophilized and used for iTRAQ labeling.

iTRAQ labeling, peptide fractionation, and phosphopeptides
enrichment

iTRAQ labeling was performed on ~3 mg of dried peptides from
PfCDPK7-KO and wild-type parasites, as per the manufacturer’s
instructions. Labeling efficiency was estimated by analyzing 2 ug
equivalent of labeled peptides on the mass spectrometer. Upon
successful labeling, peptides from mutant and wild-type parasites
were pooled and dried. Sample labeling information is provided in
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Table EV1. Peptides were fractionated using basic reverse-phase
liquid chromatography (bRPLC) and fractionation was carried out
on Xbridge C18, 5 um 250 x 4.6 mm column (Water Corporation,
Milford, USA) as described earlier (Bansal et al, 2021). A gradient of
5-60% of solvent B (10 mM TEABC, pH 8.3 in 95% acetonitrile) for
60 min was used with a flow rate of 1 ml/min. A total of 96 frac-
tions were collected that were concatenated into 12 fractions and
dried. Approximately 10% aliquot from each fraction was used for
the total proteome analysis and the remaining fraction was
processed for TiO,-based enrichment of phosphopeptides.

Peptide mixtures were reconstituted in 250 pl of 5% dihydroxyben-
zoic acid in 80% acetonitrile and 3 % trifluoroacetic acid (TFA). Titan-
sphere beads (GL Sciences, Japan) were mixed with dissolved
peptides in 1:1 ratio and incubated for 1 h at room temperature.
Unbound peptides were washed off with 80% acetonitrile in 3% TFA
(twice) and bound peptides were eluted with 4 % ammonium solution.
Eluted peptides were then dried and desalted using C18 stage tips.

LC-MS/MS data analysis

LC-MS/MS analysis was carried out using Orbitrap Fusion mass
spectrometer interfaced with Proxeon Easy-nLC 1000 system
(Thermo Scientific, Bremen, Germany). Each fraction from total
proteome and phosphopeptides enriched samples was reconstituted
in 0.1% formic acid and loaded on 2 cm long pre-column packed
with C18 material. Subsequently, eluted peptides were further
resolved on analytical column (75 pm x 25 cm, C18, 3 p particle
size) and were eluted by passing 0.1% formic acid in 80% acetoni-
trile (Solvent B) for 120 min gradient with flow rate of 300 nl/min.
The data were acquired in data-dependent acquisition (DDA) mode.
The precursor ions were acquired in full MS scan mode in a range
of 400-1,600 m/z, with Orbitrap mass analyzer resolution of
120,000 at 200 m/z. Automatic gain control (AGC) target value was
set to 2 million with an injection time of 50 ms and dynamic exclu-
sion of 30 s. The most intense precursor ions were selected at top
speed data-dependent mode with 3 s cycle time and were isolated
using quadrupole with isolation window of 2 m/z and isolation
offset of 0.5 m/z. These filtered precursor ions were fragmented
using higher energy collision-induced dissociation (HCD) with
34 + 3% normalized collision energy. MS/MS scans were acquired
in centroid mode for range of 110 to 2,000 m/z in Orbitrap mass
analyzer with mass resolution of 30,000 mass resolution at 200 m/
z. AGC target was set to 50,000 with an injection time of 54 ms.
MS/MS data were acquired in technical duplicates.

Data analysis

MS/MS raw data were searched against a combined protein data-
base of P. falciparum 3D7 (downloaded from PlasmoDB web
resource) and humans using search engines Sequest and Mascot
(version 2.4.1) through Proteome Discoverer version 2.2 software
(Thermo Fisher Scientific). Trypsin was selected as the protease
enzyme with a maximum of two missed cleavages. A precursor
mass tolerance and fragment mass tolerance of 10 ppm and 0.05 Da
were selected, respectively. Carbamidomethylation at cysteine and
iTRAQ labeling at lysine and N-terminus of peptide were selected as
static modifications. In dynamic modifications, oxidation of
methionine and phosphorylation at serine, threonine, and tyrosine
were included. Data were filtered at 1% FDR at PSM level. The
phosphorylation fold changes were normalized against the total
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proteome data as mentioned earlier (Kumar et al, 2017). The ptmRS
node was enabled during the search to calculate the probability of
phosphorylation site localization and a ptmRS score > 75% was
used as a cutoff.

List of phosphopeptides along with their fold changes (mutant/con-
trol) from four biological replicates were uploaded on Perseus soft-
ware (version 1.4) to calculate P-value (Student t-test) for each
phosphosite and to generate the S-curve. We further applied the fold
change cutoff of 1.33 to filter differentially phosphorylated sites based
on our observations in previous study (Kumar et al, 2017). GO analy-
sis was carried out through PlasmoDB web resource. For the predic-
tion of protein—protein interactions, STRING web resource (version
10.0) was used. Proteins that were found to be differentially phospho-
rylated were considered for the analysis, and interactions were
predicted with medium confidence filter (Szklarczyk et al, 2011).

Generation of parasite lines overexpressing EK-GFP or its S37A
mutant

To generate EK-GFP overexpression construct, EK cDNA was RT-PCR
amplified using primer pairs (forward primer - 5> GG GGT ACC ATG
GAA TAT CAA CTA AGA GAA ATT 3’ and reverse primer - 5° AAA
CCT AGG GTT TTT TTC CAA TTT GCT CCT 3’) and cloned into pARL
(C terminus) vector using Kpnl/Avrll sites. Site-directed mutagenesis
was performed to mutate S37 into A37 [using following primers: 5’
TCA AAT AGT AAT GCC CAA ATT ACC GAA 3’ and 5’ TTC GGT
AAT TTG GGC ATT ACT ATT TGA 3’], which was confirmed by
sequencing and subsequently cloned into Kpnl/Avrll sites of pARL
vector. For transfection, 100 pg circular plasmid DNA was used for
electroporation and parasites were selected at 10 nM WR99210.

Plasmodium falciparum cultures and growth rate assays

Plasmodium falciparum 3D7 or PfCDPK7-KO (Kumar et al, 2014)
parasites were cultured in complete RPMI 1640 medium with 0.3 %
albumax and gassed with 5% CO,, 3% O,, and 92% N, at 37°C.
Synchronization of parasites was achieved by treatment with 5%
sorbitol as described previously (Lambros & Vanderberg, 1979).
PfCDPK7-KO parasites were maintained under 2.5 pg/ml blastici-
dine. 3D7 and PfCDPK7-KO were synchronized 2-3 times and ring-
stage parasites were cultured in the presence or absence of 200 uM
choline in the medium. For microscopic evaluation, Giemsa stained
thin blood smears were prepared periodically and the parasitemia
was determined. For quantitation by FACS, a previously described
method was used with minor modifications (Theron et al, 2010).
Similar protocol was followed for the growth comparison of para-
sites overexpressing EK-GFP or its S37A mutant, which were main-
tained under 10 nM WR99210.

For determining number of merozoites in schizonts, synchro-
nized parasites were allowed to mature to schizont stage and 10 pM
E64 was added. After 6 h, thin blood smears were made and stained
with Giemsa. The number of merozoites per schizonts was counted
while visualizing the smears under a light microscope.

Real-time PCR

For PfPMT gRT-PCR, schizont stage parasites were harvested and
total RNA isolation was carried out using RNAeasy mini kit (Qiagen)
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following manufacturer’s instructions. 1 pg RNA was used for cDNA
synthesis using random hexamers (SO142, Thermo Scientific), and
gRT-PCR was performed in Real-Time Cycler (Eppendorf) using
Dynamo Color Flash SYBR Green PCR Master Mix (F-416L, Thermo
Scientific) and PfPMT-specific primers. 18S rRNA served as an inter-
nal control.

Immunofluorescence assays

The parasites were incubated with indicated primary antibodies at
4°C, washed with PBS, and incubated with Alexa Fluor 488 or 594
(488/594)-labeled secondary antibodies (Invitrogen) at room
temperature. Following washing, mounting medium containing 4,6'-
diamidino-2-phenylindole (DAPI) was used to stain the nucleus.
The stained parasites were visualized using Axio Imager Z1 micro-
scope or LSM700 confocal microscope (Carl Zeiss). Z stacking
during image acquisition and processing of images was done using
AxioVision 4.8.2 software. Z-stacks that best represented the
immunolocalization were used for illustrations in the figures. Adobe
Photoshop software was also used for preparing images for figures.

Western blotting

3D7 or other transgenic parasite lines were left untreated or treated
with PI4K inhibitors as described in figure legends. Parasites pellets
were used for preparing protein lysates and processed for Western
blotting using various primary/secondary antibodies using standard
procedures with the help of Pierce West Dura/Pico/Femto ECL
reagent.

Lipid analysis and mass spectrometry-based lipidomic analyses

Plasmodium falciparum intraerythrocyte parasites (2 x 107 cell
equivalents, equal loading for each sample) were harvested as
described above for proteomics studies. Lipidomic analysis was
carried out as described previously (Bansal et al, 2021). Briefly,
lipids were extracted by a chloroform:methanol extraction, 1:2 (v/
v), followed by chloroform: methanol extraction, 2:1 (v/v) and the
organic phase was separated by adding 0.1% KCl, dried under N,
flux and was dissolved in 1-butanol. For the total fatty acid analysis,
an aliquot of the lipid extract was derivatized on-line using Meth-
Prepll (Alltech) and the resulting FA methyl esters were analyzed
by GC-MS as previously described (MacRae et al, 2012). For the
quantification of each lipid, total lipid was separated by 2D HPTLC
using first chloroform/methanol/28% NH4OH, 60:35:8 (v/v/v)
followed by 50:20:10:13:5 (v/v/v/v/v) for the 2°¢ dimension
(Tanaka et al, 2012). Each lipid spot was extracted for quantification
of fatty acids by gas chromatography-mass spectrometry (Agilent
5977A-7890B) after methanolysis (MacRae et al, 2012). Fatty acid
methyl esters were identified by their mass spectrum and retention
time and quantified by Mass Hunter Quantification Software (Agi-
lent) using the calibration curve for fatty acid methyl esters stan-
dards mix (Sigma CRM47885). Subsequently, content of each lipid
was normalized with respect to parasite cell number and a C21:0
internal standard (Avanti Polar lipids). All analyses were performed
in triplicate or more (n = 3). P values of < 0.05 from statistical anal-
yses (t-tests) obtained from GraphPad software analysis were
considered statistically significant.
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Labeling of phospholipids (PLs) in P. falciparum

Synchronized 3D7 or PfCDPK7-KO, equal number of parasites were
taken (as described above in proteomics section) and incubated at
37°C in the presence of 1.6 pCi/ml [**C]-ethanolamine or 0.1 pCi/
ml [**C]-choline in complete RPMI-Albumax medium. After 12 h
of incubation, the culture was harvested and parasites isolated
with saponin lysis. Parasite pellet was washed twice with PBS. To
assess the effect of PI4K inhibitor on PC/PE formation, 3D7 ring
parasites were treated with either DMSO or MMV048 or UCT943
for 10-12 h prior to the addition of radiolabeled precursors. Subse-
quently, parasites were harvested after 12 h and processed as
described above.

Total lipid isolation was performed using a previously described
method (Bligh & Dyer, 1959). Lipids were resolved on TLC on silica
gel-60 plates in chloroform, methanol, and NH,OH (65:25:4, v/v/v)
and visualized by phosphorimaging as described previously (Bansal
et al, 2021). The fold change in radiolabeled PLs was determined
after densitometry quantitation of radiolabeled bands/spots, which
was done using ImageJ software.

Visualization of tubo-vesicular network (TVN)

BODIPY-TR Ceramide (Invitrogen, USA, Cat No. D7540) was used to
stain TVN as described earlier (Elmendorf & Haldar, 1994). Briefly,
BODIPY-TR-ceramide was prepared according to the manufacturer’s
protocol to obtain a 5 uM stock solution in 1x HBSS in sterilized
condition. For live-cell imaging, cells from the parasite culture were
removed, washed once in 1x HBSS and resuspended in an equal
volume of 5 uM BODIPY-TR-ceramide solution and incubated for
30 min at 37°C. Stained infected RBCs were washed with 1x HBSS
three times and examined by fluorescence microscopy; images were
acquired and processed as described above.

FM4-64 uptake by P. falciparum

3D7 or PfCDPK7-KO-infected erythrocyte culture of mature tropho-
zoite stages or either DMSO or PI4K inhibitor-treated 3D7 parasites
were incubated with 16 uM FM4-64 (Invitrogen, USA, Cat No.
F34653) for 30 min at 37°C in complete RPMI medium as described
earlier (Lauer et al, 2000). Cells were washed twice, and the nucleus
was stained using DAPI (1 pg/ml). ~1 million cells were counted in
triplicate and monitored for mean fluorescence intensity of FM4-64
by using a FACS (BD Verse), and data were analyzed using Flow Jo
software.

Generation of PMT antisera

For protein expression, PfPMT was cloned in BamHI/HindIIl site of
pET28a vector. 6xHis-PfPMT protein was expressed in BL21(DE3)-
RIL competent cells and purified using Ni-NTA column. Anti-P{PMT
antisera were raised in rabbit against purified 6xHis-PfPMT protein.

Statistical analyses
The statistical analyses were performed using GraphPad PRISM. P-

values of < 0.05 were considered as significant and n represents
independent biological replicates.
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Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with
the dataset identifier Project accession: PXD025384 (https://www.
ebi.ac.uk/pride/archive/projects/PXD025384).

Expanded View for this article is available online.
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