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1. Introduction and Objectives 

Malaria is a vector transmitted parasitic disease which remains to be major medical 

problem in tropical and sub-tropical areas of the world; malaria leads to ~500,000 to 1 

million deaths globally every year (Hay et al., 2010; O'Brien et al., 2015; WHO, 2019). 

Absence of efficient vaccine along with the rapid spread of drug resistant parasites strains, 

made it imperative to discover and validate new drug-targets against the disease. 

Understanding of key metabolic pathways essential for parasite survival remains to be the 

pre-requisite to identify unique and potent drug targets in the parasites. The pathological 

symptoms of malaria are caused by recurrent blood stage asexual cycles of the parasite in 

host erythrocytes. Different parasite development stages during the asexual life cycle 

involve extensive lipid synthesis, modification of host cell membrane, and biogenesis 

membrane needed for parasite division and propagation (Botte et al., 2013; Dechamps et 

al., 2010). This high demand of lipids/phospholipids required for extensive membrane 

synthesis is fulfilled by scavenging from the host milieu, degradation, modification as well 

as through de novo synthesis. Indeed, it has been shown that asexual blood stages parasite 

can both scavenge and synthesize up to 300 different lipid species for their growth and 

proliferation (Gulati et al., 2015). The Phospholipids, including phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), and phosphatidylserine (PS), are the major structural 

components of the membranes. In addition, recent studies have shown that phospholipid 

by-products also act as signalling molecules to control differentiation and development 

process in the parasite (Bobenchik et al., 2013; Pessi et al., 2004; Witola et al., 2008). PC 

is shown to be the major phospholipid in Plasmodium membranes during both liver stage 

and intra- erythrocytic schizogony, suggesting its importance for parasite multiplication. 

The parasite possesses de novo phospholipid synthesis machinery, Kennedy pathway, 

CDP-DAG pathway, which is capable of assembling and synthesizing PA, DAG, CDP-

DAG lipid precursors as well as major phospholipid classes PC, PE, PS, PI, PG, CL using 

precursors lyso-lipids (Ramakrishnan et al., 2013). P. falciparum blood stages notably 

relies on the scavenging of lysophosphatidylcholine (LPC), to utilize its polar head 

phosphocholine to fuel  de novo synthesis of the major membrane lipid of the parasite, 

(Bhanot et al., 2005; Kilian et al., 2018; Wein et al., 2018). 
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Since LPC plays an important role in parasite development and differentiation, 

enzymes involved in its hydrolysis are considered as attractive targets for antimalarial 

development (Hanada et al., 2002). In summary, P. falciparum blood stage parasites relies 

on the scavenging of phospholipids/FA/lysolipids from host as well as on the metabolic 

pathways for degradation and reassembly of the phospholipid building blocks (FA, polar 

heads, lysolipids). This catabolism of lipid metabolites from the host must involve 

phospholipases to manipulate the scavenged lipids and generate the proper lipid moieties. 

Indeed, parasite contains several phospholipases, harbouring α/β hydrolase domain, 

including a family of lysophospholipase (LPL) (Flammersfeld et al., 2018). The LPLs play 

key role in recycling of lipids by hydrolysis of acyl chains from lysophospholipids, which 

are the intermediated in metabolism of membrane phospholipids. 

In the present study, we have biochemically and functionally characterized three 

LPLs in P. falciparum: PfLPL3, PfLPL4, and PfLPL20. In first part of the research work, 

we studied the enzymatic properties of these proteins. All these targets were expressed as 

recombinant proteins which showed characteristic LPL activities. The activity assay 

standardised here was used later for compounds library screening. In the second part of the 

thesis, we utilized reverse genetic approaches, metabolic and lipidomic analysis, as well as 

transcriptomic analysis to assess functional role of these targets.  Generation of gene 

knock-out parasite cell line is the direct approach for gene function analysis; however due 

to several technical challenges in disruption of essential genes in P. falciparum blood 

stages, novel tools have been developed for gene functional analysis, which include the 

transient knock-down of target gene using degradation domain or ribozyme tagging (de 

Azevedo et al., 2012; Prommana et al., 2013). We have used DD-GFP and GFP-glmS 

ribozyme system for C-terminal tagging of the native PfLPL genes for endogenous 

localization as well as transient down-regulation of PfLPL protein during the parasite blood 

stages. The GFP targeting showed PfLPL3 to be localized in parasitophorous vacuole as 

well as extending into the tubulovesicular network space during the trophozoite and 

schizont stages. Transient knock-down of PfLPL3 caused decrease number of schizont 

development as well as decreased number of merozoites generated in each schizont. To 

further assess mechanistic details of PfLPL3 function, we performed lipidomic analyses, 
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which showed that parasites lacking PfLPL3 displayed fluctuations in fatty-acids, 

phospholipids, and neutral lipids contents. Overall, we show that PfLPL3 plays essential 

role in lipid homeostasis linked with generation of fatty acids required for parasite growth 

as well as for the membrane synthesis during the schizogony.  

We utilized glmS mediated knock-down of another phospholipase PfLPL20 to 

understand its functional role in the parasite. In PfLPL20 depleted parasites, transcript 

levels of the enzymes of SDPM pathway (Serine Decarboxylase-Phosphoethanolamine 

Methyltransferase) were altered along with significant increment in levels of 

phosphocholine; these results show upregulation of an alternate pathway to generate the 

phosphocholine  that can be utilized for PC synthesis through Kennedy pathway. Our study 

highlights presence of alternate pathways for lipid homeostasis/membrane-biogenesis in 

the parasite; these data could be useful to design future therapeutic approaches targeting 

phospholipid metabolism in the parasite. 

In the third part of the thesis, we identified specific inhibitors for validated drug 

targets for PfLPL3. In-vitro activity assay-based screening of MMV “Malaria Box” 

identified specific inhibitors of PfLPL3 enzymatic activities with potent parasiticidal 

efficacies, these compounds can be further developed into new antimalarials targeting lipid 

homeostasis machinery in the parasite. 
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OBJECTIVES 

Overall aim of the project is biochemical and functional characterization of Plasmodium 

falciparum lysophospholipases with a view to validate these as novel drug targets for 

malaria and identify specific inhibitors for these enzymes. 

To fulfill the above-mentioned goals of this project, we have laid out the following 

specific objectives for the study. 

1. To understand functional significance of selected lysophospholipases of P. 

falciparum by gene knockout/ knock-down approaches. 

2. To understand role of selected lysophospholipases in lipid homeostasis in the 

parasite. 

3. To characterize biochemical activities of these lysophospholipases. 

4. To identify specific inhibitors of enzyme activities of selected lysophospholipases 

as lead candidates that can be developed as new antimalarials. 
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2. Review of Literature 

2.1 Malaria: An enduring challenge 

Malaria, the vector-borne infectious disease caused by protozoan parasite is found in more 

than 80 countries worldwide.  This is the major life-threatening disease in humans and 

particularly rampant in tropical and subtropical regions of the world. According to the 

World Health Organization (WHO), more than 228 million cases of malaria happened 

worldwide in 2018 out of this, approximately 213 million cases were from African region. 

This parasitic disease caused 405000 deaths globally and the most vulnerable group is the 

children aged under 5 years. An estimated 272000 children died in 2018 due to malaria 

(WHO, 2019). Poor economy of tropical and subtropical countries results in a weak 

infrastructure and poor health care system responsible for high mortality there. Malaria is 

caused by the protozoan parasite and is transmitted by the female Anopheles mosquito. 

Disease incidences are linked to poverty, natural disaster hence depends on the 

environmental factors in terms of altitude, vegetation, climate, and implementation of 

control measures (Abdullah and Karunamoorthi, 2016; O'Brien et al., 2015). There are 

approx. 200 species in genus Plasmodium which further divided into many subgenera. At 

least 10 of them can infect humans but malaria is majorly caused by four Plasmodium 

species: P. falciparum, P. vivax, P. malariae and P. ovale.  

P. falciparum and P. vivax are mainly responsible for the malaria burden worldwide. 

According to WHO malaria report 2019, P. falciparum is responsible for more prevalent 

malaria cases in WHO African region (99.7%) in 2018, as well as WHO Eastern 

Mediterranean Region (71%), WHO Western Pacific Region (65%), WHO South-East 

Asia Region (50%). Globally, 53 % of the P. vivax burden is in WHO South-East Asia 

Region, with majority in India (47%) and major parasite in the WHO region of the 

American, representing 75% malaria cases. P. malariae and P. ovale also have global 

distribution but the incidence is relatively low. P. ovale cases mainly occurred in Southeast 

Asia and Africa. The natural host of the P. kowlesi are macaques, however it is able to 

infect humans as well; and its high morphological similarities resulted in misdiagnosed as 

P. malariae initially in Malaysia which has its high burden (Singh et al., 2004). 
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2.2 Life Cycle of Plasmodium falciparum 

Plasmodium life cycle is complicated and involves two hosts. At the end of the 19th century, 

it was believed that inhalation of dirty water leads to malaria. Different scientists had 

different opinions about the causative agent of malaria. Several biologists Patrick Manson 

(Manson, 1894), Koch, King (King, 1883), and Lavern (Laveran, 1884) developed the 

theory that mosquito bites may cause malaria. Later in 1898, Ronald Ross, in his 

experiments of 4 sparrows and a weaver bird, observed parasites in their blood after the 

biting of the infected mosquito (Manson, 1898). He demonstrated for the first time that the 

protozoan can infect two different hosts to complete its life cycle. Later in 1902 and 1907 

Ronald Ross and Laveran, were awarded Nobel prize in physiology or medicine for their 

work, respectively. 

Life cycle of the malaria parasite is quite conserved across the Plasmodium lineages 

that are infectious for mammals (Figure1). Life cycle starts when an infected mosquito 

bites human and takes a blood meal. During this, it injects sporozoites into the human skin 

and these sporozoites enter the blood stream to reach liver. This temporal location helps 

them to evade the host immune system and lymphatic system (Amino et al., 2006; Tavares 

et al., 2013). Sporozoites cross the sinusoidal barrier to reach and enter hepatocytes 

(Tavares et al., 2013). Next, parasite undergoes asexual reproduction to form thousands of 

daughter merozoites known as merosomes (Mota et al., 2001). The duration of the 

exoerythrocytic cycle is species dependent. Some parasite species, such as P. ovale and P. 

vivax can undergo the latency by forming hypnozoites instead of schizonts. These 

hypnozoites are non-replicating form which helps in the long-term survival of the parasite 

and responsible is for the relapses. In the cell, parasite completes its life cycle inside a 

double membrane structure known as the parasitophorous vacuole. There are two options 

for the hepatocytes released merosomes; either they can go to the exoerythrocytic cycle 

again or they can infect the RBC to complete their erythrocytic cycle. Parasite does not 

show any clinical symptoms during the liver stage cycle, so this phase is known as silent 

phase. 
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The merozoites invade the RBCs to complete the asexual blood-stage cycle and 

form schizont which produces up to 32 merozoites. The duration of the erythrocytic cycle 

again is species-dependent and can vary from 24 to 72 hours (24 hours in case of P. 

knowlesi, 48 h in case of P. falciparum, P. vivax and P. ovale and 72 h in P. malariae 

infection). The erythrocytic cycle is mainly responsible for malaria symptoms and leads to 

a high parasite burden which causes severe disease. Interestingly P. vivax restricted itself 

to the reticulocytes which represents only 1-2 % of the total RBCs. The sexual cycle begins 

when some of the merozoites commit for sexual progeny, that is the gametocytes which 

take several days to mature. These mature forms of the gametocytes are taken up by the 

mosquito and both male and female gametocytes egress from the RBCs to differentiate into 

microgametes and macrogametes respectively inside the midgut of the mosquito (Sologub 

et al., 2011). They both fuse to form the zygote which transforms into the ookinete. The 

ookinete can cross the midgut wall and form oocyst. At this stage, a parasite undergoes 

asexual replication again and forms thousands of the sporozoites. These sporozoites are 

released into the hemolymph of mosquito. These sporozoites reach the salivary glands of 

the mosquito and are transmitted to a new human host when mosquito takes a blood meal. 
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Figure 1: Plasmodium falciparum Life cycle: Life cycle of P. falciparum showing 

different stages in human host and mosquito: (A) Skin infection; (B) Liver stage 

development; (C) blood stage development; (D) Mosquito stage development. Source: 

(Venugopal et al., 2020) 

 

2.3 Anti-malarial drugs and drug resistance 

Several antimalarials drugs have developed for malaria therapy. Based on their chemical 

properties, anti-malarial drugs can be classified into 5 categories: - 

1. Antifolates: Pyrimethamine (PYR), Cycloguanil (CYC), Sulfadoxin (SDX) 

2. Napthoquinones: Atovaquone (ATQ) 

3. Aryl-amino alcohols: Quinine (QN), Lumefantrine (LMF), Mefloquine (MFQ) 

4. 4-aminoquinolines: Chloroquine (CQ), Amodiaquine (AQ), Piperaquine (PPQ), 

Pyronaridine  

5. Antibiotics: Clindamycin, Doxycycline 

6. Endoperoxides: Artemisinins 
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Figure 2: Development of drug resistance in Plasmodium against major antimalarials 

and the emergence of drug resistant parasite strains for each drug is shown. Source: 

(Blasco et al., 2017) 
 

Quinine: Natives of Venezuela and Bolivia have been aware of the antipyretic properties 

of the “quina-quina” (cinchona bark) (Kaufman and Ruveda, 2005) and it was the Peru 

Indians who serendipitously discovered the antimalarial properties of cinchona bark 

(Roberts, 1989). In 1820, two French chemists Pierre Joseph Pelletier and Jean Bienaime 

Caventou successfully isolated the active compound from the cinchona bark and named it 

“Quinine”. Further, during World War II chloroquine, chloroguanide 

(proguanil/atovaquone) were introduced, and eventually amodiaquine and pyrimethamine 

came in. Although quinine has many side effects like rashes, vertigo, nausea, tinnitus, 

abdominal pain, and vomiting but still quinine and its derivates have been used to cure 

malaria for a long time. However, resistance has been reported for quinine. 

Chloroquine: In the early twentieth century, due to emergence of resistance, quinine was 

replaced by chloroquine. Chloroquine was discovered by the Germans and was extensively 

used during World War II.  This drug was acted as a gold standard drug for malaria 

treatment until its resistance emerged in 1960. The resistance against CQ developed in 

different regions of the world independently and subsequently spread over the world. 
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Today, most of the field isolates are resistant to chloroquine, despite that CQ is still used 

as first line drug for the treatment of P. vivax.  

Proguanil and Atovaquone:  Later, Proguanil and Atovaquone were developed as new 

antimalarials, but their resistance came within a year of their use. Both are used in 

combination under the brand name of Malarone®. It is mainly used for chloroquine-

resistant parasite treatment. (Gardiner et al., 2009; Jefford, 2001). 

Artemisinin: In 1967, during the Vietnam war, Chinese scientists were under pressure to 

develop new antimalarials, as their soldiers were developing the chloroquine resistant 

malaria. They started ‘Project 523’ secretly under the guidance of Tu Youyou. By 1970, 

they had screened over 2000 traditional recipes on mice and finally, in 1972, they were 

successfully isolated the malaria killing compound from the leaves of sweet wormwood 

(Artemisia annua) plant. Currently, the Artemisinin (ART) and its derivatives are playing 

an important role as first-line antimalarials. ART and its derivatives have highest potent 

activity at the trophozoite stage of the asexual blood stage parasite (ABS). At the 

metabolically most active trophozoite stage, hemoglobin is degraded in the parasite and 

most of the reactive heme (Fe2+) is sequestered in hemozoin crystals as Fe3+ dimers. Still, 

some reduced form of heme is present in the parasite which activates the ART and this 

activated ART is lethal for the parasite. It results in the oxidative stress by alkylation of the 

biomolecules such as proteins, lipid and heme, thereby causing cellular damages (Blasco 

et al., 2017; Tilley et al., 2016).  Artemisinin and its derivatives (ARTs) were first used 

independently but their short half-life and incidences of resistance led to the introduction 

of the artemisinin-based combination therapy (ACT). ACTs involve all the ART 

derivatives (artemether, artesunate, or dihydroartemisinin / DHA) with enhanced 

pharmacological properties that can reduce the parasite load up to 10,000-fold in 48 hours.  

Mechanisms of resistance against major antimalarials 

Plasmodium falciparum infection begins with the entry of sporozoites in the hepatocytes 

and proceeds to the most fatal stage i.e. asexual blood stage (ABS) before developing into 

the transmissible sexual stages. The ABS parasites are mainly responsible for the disease 
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symptoms and experience maximum drug pressure. So, there are more chances to develop 

resistance at this stage as we have observed in case of major antimalarials (Figure3). 

The compounds of antifolates group (PYR, CYC, SDX) kill the parasite by 

effecting its pyrimidine synthesis pathway and the mutations in two crucial enzymes  

dihydrofolate reductase (DHFR) and dihydropteroate synthetase (DHPS)  is responsible 

for the resistance against PYR, CYC and SDX respectively. Electron transport chain is key 

which provides electrons for the de-novo pyrimidine biosynthesis via ubiquinone-

dependent dihydroorotate dehydrogenase (DHODH). Atovaquone (ATQ) hampers the 

mitochondrial function (Biagini et al., 2006; Fry and Pudney, 1992) by inhibiting the bc1 

complex (Srivastava et al., 1997) of the mitochondrial electron transport chain and a single 

point mutation in the cytochrome b subunit (CYTb) is responsible for the resistance. 

Some aryl-alcohols, including QN, and most of the 4-aminoquinolines (CQ, AQ, 

PPQ, PND) accumulate in the food vacuole, binds to the reactive heme, and interfere with 

its detoxification. Point mutations in the transporters such as PfMDR1 and PfCRT are 

determinants of resistance to these antimalarials. Resistance to PPQ is also related to the 

mutation in the PfCRT gene, however, in the PPQ resistant parasite’s food vacuole, 

expression of the hemoglobinase plasmepsin 2 and 3 (PM2/PM3) was found to be 

increased. 

The ARTs have an inherent disadvantage of having very short half-life in-vivo, so 

these are used in combination with longer half-life partner drugs such as mefloquine, 

lumefantrine, piperaquine, amodiaquine, pyronaridine or sulfadoxine-pyrimethamine, in 

ART-based combination therapies (ACTs). The resistance for the ART is primarily due to 

mutation in the K13- Propeller protein. 
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Figure 3: Diagram showing the major anti-malarials and their mechanism of action 

in the parasite: Most of the anti-malarials targets heme detoxification pathway in food 

vacuole, electron transport chain, pyrimidine, or folate synthesis pathway. Source: (Blasco 

et al., 2017)  

 

2.4 Lipid Metabolism in Plasmodium falciparum 

Lipids function as signaling molecules, as an important component of membranes and as a 

source of metabolic energy (van Meer et al., 2008). Inside the host cell, malarial parasite 

replicates rapidly. It requires lipids to support membrane biogenesis, PVM expansion, 

organelle development and to survive and maintain the lipid homeostasis in the parasite 

(Prudencio et al., 2006). These demands can be fulfilled by scavenging the host cell lipid, 

as well as de novo synthesis of fatty acids (Dechamps et al., 2010; Ralph et al., 2004; Wein 

et al., 2018)  and phospholipid synthesis. 

2.4.1 Fatty acid synthesis (Type FASII) pathway 

Every Apicomplexan member has apicoplast, an organelle that was acquired by the parasite 

via secondary endosymbiosis of the cyanobacteria (McFadden et al., 1996). Apicoplast is 
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indispensable for the parasite as it harbors some of the very crucial pathways of the parasite 

such as FASII pathway, an iron-sulfur cluster assembly pathway, isoprenoid precursor 

synthesis pathway and a part of heme synthesis. Higher eukaryotes use type I fatty acid 

synthetase (FASI) in which fatty acid synthesis is catalyzed by a single protein having 

various domains. Although Plasmodium is a eukaryote, it has a type II fatty acid synthetase 

system (FASII) in which each step of the pathway is carried out by a discreet enzyme 

(Waller et al., 1998). 

The FASII pathway in apicoplast starts with the import of phosphoenolpyruvate 

(PEP) from the parasite cytoplasm and through a cascade of reactions involving 10 

different enzymes results in the formation of saturated fatty acid having eight or more 

carbon length (Botte et al., 2013; Ramakrishnan et al., 2012; Sharma et al., 2007). Different 

genetic approaches have been used to gene deletion or knock-down for FASII pathway 

genes to understand the functional importance of the pathway. The whole FASII pathway 

is mainly divided into three different steps; preparation phase in which the imported PEP 

is converted into acetyl-CoA (Lim et al., 2010), initiation phase in which acetyl-CoA is 

converted into malonyl-ACP and acetoacetyl-ACP (Goodman and McFadden, 2007), 

which serve as carbon donor for elongation phase and elongation phase in which fatty acid 

chain grows by two carbon per turn (Goodman and McFadden, 2007; Sharma et al., 2007). 

The essentiality of fatty acids for the parasite makes FASII pathway enzymes a good drug 

target.  

2.4.1.1 Preparation Phase of FASII pathway: 

Plastidic phosphate transporters (pPTs): FASII pathway starts with the transportation of 

the PEP in exchange of inorganic phosphate inside the apicoplast by the transporters. P. 

falciparum has two pPTs localized in the outer and the inner membrane of the apicoplast 

(Mullin et al., 2006). In- vitro assays have shown that these pPTs prefer PEP with high 

affinity over DHAP (dihydroxyacetone phosphate) and 3-phosphoglycerate (Lim et al., 

2010). In contrast to Plasmodium, T. gondii have only one pPT and electron microscopy 

studies showed that it can be present in multiple membranes of apicoplast (DeRocher et 

al., 2012; Fleige et al., 2007; Karnataki et al., 2007). P. berghei knockout studies suggested 
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that the inner membrane pPTs are essential for the blood stage parasites however, the 

knockout parasites cannot attribute phenotypically to the loss of FASII pathway suggesting 

the role of the inner membrane pPTs in the DOXP pathway (Maeda et al., 2009). The outer 

membrane pPTs deficient P. berghei parasites showed defect at the mosquito and the liver 

stage. 

Pyruvate kinase II:  PKII is involved in the second step of the preparation phase 

responsible for the conversion of PEP into pyruvate and ATP molecule. In P. falciparum 

two PK; PKI and PKII are present which are responsible for the generation of the pyruvate 

in the cytoplasm and the apicoplast respectively (Fleige et al., 2007; Maeda et al., 2009). 

Importance of these enzymes is yet to be established by knock-down /deletion studies 

however PKII, is the only enzyme which is responsible for generation of the energy in the 

apicoplast and generates pyruvate for both DOXP and the FASII pathways. Thus, PKII is 

likely to be a good drug candidate for the malaria parasite. 

Pyruvate dehydrogenase complex (PDH):  PDH is an α-keto dehydrogenase family 

member having four subunits (E1α, E1β, E2, and E3) and requires lipoic acid as a co-factor. 

The four polypeptide subunits assemble with NAD+ and thiamine pyrophosphate to form 

functional domain which catalyzes the pyruvate conversion into acetyl-CoA and carbon-

dioxide. In P. berghei, genetic knockout of this gene showed defects at the late liver stage 

parasites (Nagel et al., 2013; Pei et al., 2010), however, PDH deficient parasites were 

arrested before the sporozoite development in P. falciparum (Cobbold et al., 2013; Waller 

et al., 2003), which suggested that the human and the rodent parasites differ in their fatty 

acid synthesis pathway. 

2.4.1.2 Initiation phase of FASII pathway: 

Acetyl-CoA carboxylase (ACC): This is the first step of the initiation phase. ACC is 

composed of three domains and are either multifunctional or dissociative enzymes 

depending on whether their domains are encoded by a single gene or multiple genes. In 

Plasmodium falciparum ACC are the multi-functional enzymes which catalyze the acetyl-

CoA using biotin as cofactor and results in the generation of the malonyl-CoA. Studies 

have shown that Plasmodium ACC can be blocked by the aryloxyphenoxypropionate (fop) 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dehydrogenase
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and cyclohexanedione (dim) herbicides (Louie et al., 2010; Waller et al., 2003). However, 

the FASII pathway dispensability for the parasite at this stage indicates the off-target 

activity of fop and dim.  

Malonyl-CoA:ACP transacylase (FabD): Next step of the initiation phase involves 

formation of malonyl-ACP via a transfer of malonyl group from malonyl-CoA to ACP. 

This step is catalyzed by FabD, which is the least characterized enzyme of the FASII 

pathway. 

Acyl-carrier protein (ACP) and Acyl-carrier protein synthetase (ACPS):  ACP is one of 

the most crucial enzymes of the FASII pathway which is required almost at every step after 

the FabD. ACP plays a crucial role in both initiation and elongation phases. It binds to the 

different substrates by binding to fatty acids via phosphopantetheine and helps in shuttling 

of substrates for different enzymes. PfACP is not yet characterized well, most of the studies 

have been done on T. gondii. In-vitro and complementation studies have also been done in 

E. coli to functionally characterize the PfACP (Prigge et al., 2003; Sharma et al., 2007; 

Waters et al., 2002). Genetic studies in T. gondii have shown defects in the apicoplast in 

TgACP depleted parasites. These studies in T. gondii demonstrate that ACP is essential for 

the parasite and makes it a good target for drug development. 

Initially, ACP remains in its Apo-form i.e without phosphopantetheine group. ACPS 

catalyzes the conversion of this apo-form to holo-form by transferring the 

phosphopantetheine group to these carrier proteins from CoA. Therefore, ACPS indirectly 

plays a crucial role in the FASII pathway by activating ACP.  

β-Ketoacyl-ACP synthase III (FabH): This is the final step of the initiation phase, in 

which, FabH converts malonyl-ACP into acetoacetyl-ACP in the presence of acetyl-CoA. 

This reaction generates carbon dioxide and a four-carbon compound acetoacetyl-ACP, 

which is further used in the chain elongation. Several inhibitor studies have shown that the 

naturally occurring antibiotic thiolactomycin and its analogs can kill the Plasmodium and 

PfFabH was believed to be its target (Jackowski et al., 1989). But in-vitro testing shows 

that thiolactomycin acts against PfFabB/F and its analogs inhibit PfFabH specifically 

(Jones et al., 2005; Prigge et al., 2003). 
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2.4.1.3 Elongation Phase of FASII pathway 

β-Ketoacyl-ACP synthase I/II (FabB/F): The first step of the elongation phase is catalyzed 

by FabB/F enzyme, in which condensation of malonyl-ACP with acyl-ACP results into the 

formation of β-ketoacyl-ACP and carbon dioxide. The product β-ketoacyl-ACP is extended 

by two carbon units. The PfFabB/F shares similarity in FabF activity and sequence 

similarity with both FabF β-ketoacyl-ACP and FabB synthetase (Sharma et al., 2009). It is 

the second enzyme of the FASII system at which genetic studies have been performed in 

P. falciparum, P. yoelii and P. berghei. The knockout of FabB/F showed no effect on the 

blood stage parasites but had a deleterious effect at the liver stage parasites.  In P. 

falciparum, loss of FabB/F affects sporozoite development, reflecting similar phenotype to 

the PfPDH knockout parasites.  

β-Ketoacyl-ACP reductase (FabG): The second enzyme of the elongation phase is FabG 

which catalyzes the formation of β-hydroxyacyl-ACP from β-ketoacyl-ACP using NADPH 

as an electron donor. The in-vitro activity studies of PfFabG showed the preference of 

NADPH over NADP. Crystal structure has been solved for PfFabG and ACP, and the 

interacting residues have been also identified using site-directed mutagenesis studies. 

β-Hydroxyacyl-ACP dehydratase (FabZ):  The Third step of the elongation phase involves 

the formation of enoyl-ACP from β-hydroxyacyl-ACP by FabZ. Although, PfFabZ can do 

hydration (reverse) and dehydration (forward) reactions both (Sharma et al., 2003), it 

prefers the first one when alone but in presence of the other components of the FASII 

pathway reaction is carried-out in forward (dehydration) direction (Sharma et al., 2007). 

Functional characterization of the FabZ has been done by knock-out studies in P. yoelii. 

FabZ was found essential at the liver stage parasite as the knockout sporozoites fail to 

establish blood stage infection in-vivo. Crystal structure of PfFabZ showed that the enzyme 

has two conformation states (Kostrewa et al., 2005; Vaughan et al., 2009). 

The NAS compounds (NAS-21, NAS-91) have been co-crystalized with PfFabZ and they 

successfully inhibited the activity of FabZ in-vitro (Ramakrishnan et al., 2013; 

Swarnamukhi et al., 2006).  As P. falciparum parasites were unable to incorporate the 
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acetyl-CoA into fatty acids, the FabZ seemed to be a target of these compounds 

(Swarnamukhi et al., 2006). 

Enoyl-ACP reductase (FabI): The final step of the elongation phase involves the 

conversion of enoyl-ACP into acyl-ACP by FabI using NADH as a co-factor. In P. 

falciparum, apicoplast localization of FabI was confirmed by GFP tagging approaches 

(Ramakrishnan et al., 2013) and in-vitro studies have shown that it prefers NADH over 

NADPH (Kapoor et al., 2001). In terms of inhibitor studies, this enzyme is the most studied 

among all the enzymes of FASII pathway and most of the studies have focused on 

antibacterial triclosan which inhibits the enoyl-ACP reductase (Yu et al., 2008). The 

triclosan inhibits acetate and malonyl-CoA incorporation in fatty acids and efficiently kills 

the Plasmodium. These findings suggested that triclosan specifically inhibits the FabI and 

kills the parasite but again dispensability of FASII pathway at asexual blood stage parasite 

suggested that this compound have some other targets also. The product of FASII pathway, 

octanoyl-ACP has two fates; either it can be retained in FASII pathway for further 

elongation or can go to the lipoic acid synthesis pathway. 

2.4.2 The lipoic acid synthesis pathway 

The sulfur-containing octanoic acid’s derivative lipoic acid is required as a co-factor for 

the PDH complex of apicoplast in both Plasmodium and Toxoplasma. Lipoic acid pathway 

enzymes use S-adenosylmethionine as co-factor and catalyze the conversion of octanoyl-

ACP into lipoic acid (Wrenger and Muller, 2004). The canonical lipoic acid synthesis 

pathway has two enzymes; LipB and LipA but in Plasmodium, this pathway is composed 

of three enzymes (LipB, LipA, LplA2). The first step of this pathway is catalyzed by LipB 

enzyme. It transfers the octanoyl-ACP to the E2 subunit of the PDH complex and genetic 

knock-out studies in Plasmodium showed that although this enzyme is not essential for the 

parasite but there is acceleration in the parasite growth suggesting its role in cell cycle 

regulation (Gunther et al., 2007). In LipB depleted parasites, PDH lipoylation is 

significantly decreased but not abolished completely (Falkard et al., 2013). Genetic studies 

of LipB challenge the theory that mitochondria and apicoplast lipoic acid metabolism act 

in isolation. In LipB deleted parasites there is a decrease in the lipoylation of the PDH 
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complex and lipoic acid scavenged from the medium is utilized for the lipoylation of 

mitochondrial enzyme by the parasite (Gunther et al., 2007). Further research is required 

to explore the lipoic acid synthesis and the role of LipB beyond apicoplast. In LipB deleted 

parasites, PDH lipoylation in the apicoplast was not completely abolished but decreased 

significantly. The lipoate protein ligase A2, which is less active than the LipB can 

compensate its function. In P. falciparum and T. gondii, two LpLA enzymes are present; 

LplA1 and LplA2 which are localized to the mitochondria and apicoplast, respectively. 

The second step of the lipoic acid pathway is generation of lipoate by the addition of the 

two sulfur atoms into the PDH-bound octanoate by LipA enzyme. The knockout of LipA 

was not successful so its function is yet to be identified (Gunther et al., 2009). However, 

most of the enzymes of FASII and lipoic acid synthesis are dispensable but knockout of 

LipA was not successful indicating an important role of this enzyme in some other pathway 

as well. 

2.4.3 Lipid precursor (Phosphatidic acid) synthesis pathway 

Phosphatidic acid serves as a major precursor for most of the phosphoglycerolipids and 

acylglycerol lipids in the parasite (Athenstaedt and Daum, 1999; Yao and Rock, 2013). 

The fatty acids synthesized via the FASII pathway can be incorporated into Phosphatidic 

acid inside the apicoplast. Earlier, it was believed that this pathway is catalyzed by three 

enzymes in the apicoplast, but recent studies in P. yoelii showed that the pathway involves 

two enzymes which are localized in the apicoplast and the third enzyme is present in the 

ER. These studies suggested that the phosphatidic acid synthesis pathway is incomplete in 

Plasmodium apicoplast. The two enzymes only synthesize an intermediate 

lysophosphatidic acid (LPA) from acyl-ACP and DHAP in the apicoplast (Lindner et al., 

2014).  

Glycerol-3-phosphate dehydrogenase (G3PDH) catalyzes the first step by the generation 

of glycerol-3-phosphate from DHAP using NADPH as an electron donor. Three G3PDH 

isoforms are present in Plasmodium, two of them are present in mitochondria (Mather et 

al., 2007; Seeber et al., 2008) and the third one is targeted to the apicoplast (Lindner et al., 

2014). The second step of the pathway is catalyzed by Glycerol-3-phosphate 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/phosphatidic-acid
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acyltransferase (G3PAT). In this step, fatty acid chain from the acyl-ACP is transferred 

to glycerol-3-phosphate leading to generation of lysophosphatidic acid. Two G3PAT 

enzymes are present in Plasmodium one is in ER (Santiago et al., 2004) and other is in 

apicoplast (Lindner et al., 2014). Their localizations are confirmed by GFP tagging studies 

in P. yoelii. The absence of the third enzyme, lysophosphatidic acid acyltransferase, in 

apicoplast of the Plasmodium, makes the phosphatidic acid synthesis pathway puzzling. 

This enzyme is present in the ER which indicates that in Plasmodium, the LPA was likely 

to be transported to the ER from apicoplast. Genetic studies have revealed these enzymes 

are not essential at the asexual stage. Existing studies indicated how FASII fatty acids are 

utilized by the parasite but require further studies to get clear insights on these pathways.  

The synthesized fatty acids of FASII pathway are exported from the apicoplast to 

the other cellular locations for utilization. Although, this fatty acid export is not well 

studied in Plasmodium but acyl-CoA synthetase (ACS) is thought to be involved (Ralph et 

al., 2004). Different isoforms of ACS are present in the P. falciparum and T. gondii. In P. 

falciparum, 13 isoforms are present and two of them (PfACS8, PfACS9) have the putative 

substrate-binding motif and the apicoplast signal sequence (Ralph et al., 2004). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/acyl-coa
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Figure 4: Different pathways of fatty acid metabolism in Plasmodium apicoplast: 

Preparation phase of FASII (Green), Initiation phase of FASII (orange), Elongation phase 

of FASII (Red), Lipoic acid synthesis pathway (Cyan), Phosphatidic acid synthesis 

pathway (violet). Source: (Shears et al., 2015) 

 

2.4.4 Phospholipids and their synthesis pathways 

Malaria parasite completes its complex life cycle in two different hosts and during this, it 

undergoes several developmental stages and morphological changes. It requires well- 

controlled gene expression, regulatory mechanisms, and several metabolic and 

biochemical changes (Ben Mamoun et al., 2001; Le Roch et al., 2003). Phospholipids have 

been believed to be structural components of the membranes only, recent studies have 

shown that their byproducts act as major signal molecules that also control differentiation 

and development process in P. falciparum (Bobenchik et al., 2013; Flammersfeld et al., 

2018; Gulati et al., 2015; Pessi et al., 2004; Ramakrishnan et al., 2013; Witola et al., 2008). 

Lipid metabolism drastically increases as the parasite life cycle progresses. There is a six-

fold increase in the phospholipid levels in the infected erythrocytes to fulfill the lipid 
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requirement (Mitamura and Palacpac, 2003; Pessi and Ben Mamoun, 2006). Three hundred 

different species of lipids are scavenged by the parasite to facilitate asexual and sexual 

reproduction, proliferation, and transmission (Gulati et al., 2015). P. falciparum membrane 

composed of phosphatidylcholine (PC), phosphatidylethanolamine (PE) and 

phosphatidylserine (PS) (75-77,79,83-86). In uninfected erythrocytes, PC, PE, PS share 

30-40%, 25-35% and 10-20%, respectively. However, in purified parasites and infected 

RBCs, they constitute up to 20-55%, 15-40% and 4-15% respectively (Choi et al., 2016; 

Flammersfeld et al., 2018; Mitamura and Palacpac, 2003; Pessi and Ben Mamoun, 2006; 

Ramakrishnan et al., 2013). 

Phosphatidylcholine (PC): PC is the main structural lipid in the membranes. Hydrolysis 

of PC lead to the formation of diacylglycerols (DAGs), which acts as a secondary 

messenger to modulate signaling and can also activate many kinases (Cooke et al., 2017; 

Mohammadi et al., 2018). There are two pathways for the PC synthesis in P. falciparum; 

1. CDP-Choline branch of the Kennedy pathway, 2. Serine Decarboxylase-

Phosphoethanolamine Methyltransferase (SDPM) Pathway (Flammersfeld et al., 2018; 

Gibellini and Smith, 2010; Mohammadi et al., 2018; Pessi and Ben Mamoun, 2006). 

Studies have been shown that 89% of PC is synthesized via the CDP-Choline pathway. 

CDP-Choline pathway is initiated by the uptake of choline from the host cell via unknown 

transporters. Once transported, choline kinase (PfCK) performs the phosphorylation of the 

choline and generates phosphocholine, which is used as a substrate to make CDP-Choline 

by the choline-phosphate cytidyltransferase enzyme. Further diacylglycerol choline 

phosphotransferase catalyzes the conversion of CDP-Choline to PC (Gibellini and Smith, 

2010). 

PC is also synthesized via the SDPM pathway from serine and ethanolamine. 

Studies have shown that the parasite can survive in the absence of exogenous choline 

indicating the existence of an alternate pathway for PC synthesis. Decarboxylation of 

serine, results in the formation of ethanolamine and this ethanolamine act as a precursor 

for phosphatidylethanolamine. Phosphoethanolamine Methyltransferase (PfPMT) plays a 

crucial role in the generation of PC from phosphoethanolamine. It catalyzes the methyl 

transferase activity, three times, and incorporates methyl group from S-
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adenosylmethionine to O-phosphoethanolamine. Choline phosphate is produced because 

of tri-methyl transferase activity of PfPMT and this choline phosphate further goes to the 

CDP-Choline pathway for PC synthesis. Methionine acquired from hemoglobin 

degradation gets converted into S-adenosylmethionine which is further utilized by the 

PfPMT to form choline phosphate. SAM synthetase, also known as methionine adenosyl 

transferase plays an important role in S-adenosylmethionine synthesis. Presence of PfPMT 

only in the parasite makes it an attractive drug target for anti-malarial therapy (Bobenchik 

et al., 2011). PfPMT is inhibited by 4-aminoquinoline and amodiaquine. Studies have 

shown that amodiaquine is an allosteric inhibitor of PfPMT activity which induces the 

conformational changes in PfPMT (Emoto et al., 1996). 

 

Figure 5: PC synthesis in P. falciparum showing two pathways of PC synthesis: 

Kennedy branch of PC synthesis (Red Box) and the alternate pathway which utilizes PE 

and PS for PC synthesis (Blue Box). Source: https://mpmp.huji.ac.il/ 

 

Phosphatidylethanolamine (PE) and Phosphatidylserine (PS): the second most abundant 

lipid present in the membrane is PE which also plays an important role in membrane fusion 

and cytokinesis (Emoto et al., 1996). It also serves as a donor of ethanolamine moiety 

required for post-translation modifications (Vance and Tasseva, 2013). PE metabolism has 

been implicated in other cellular processes also such as signaling, autophagy and viral 

https://mpmp.huji.ac.il/
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replication. PE can be synthesized either from ethanolamine via the CDP-ethanolamine 

pathway or via decarboxylation of PS by PfPSD. PfPSD belongs to the D-H-S serine 

proteases family and possesses auto-endoproteolytic activity (Choi et al., 2015; Eda and 

Sherman, 2002). Genetic studies have claimed that in absence of the exogenous 

ethanolamine, PfPSD function is essential for the parasite. However, further studies are 

required to explore the role of PfPSD in parasite biology. 

PS is present in the inner leaflet of the membrane and plays an important role in 

signaling and apoptosis. In P. falciparum, PS plays an important role in cytoadherence 

(Eda and Sherman, 2002). In P. falciparum infected patients’ blood, elevated PS 

microvesicles are thought to play an important role in gametogenesis and intracellular 

communication (Gulati et al., 2015). The PS is synthesized from PA by enzyme 

phosphatidate-cytidyltransferase and CDP-DAG- cytidyltransferase. The serine moiety 

required for PS synthesis is either taken up from the host plasma or obtained from the 

hemoglobin degradation, the serine gets converted into PS by the phosphatidylserine 

synthase (PfPSS).  

                       

Figure 6: PE and PS synthesis and associated metabolic pathways metabolism in P. 

falciparum. Source: https://mpmp.huji.ac.il/ 

https://mpmp.huji.ac.il/
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2.5 Phospholipases and Lysophospholipases 

Phospholipases are α/β hydrolase family members mediating various cellular functions, 

including signaling and membrane synthesis. These are classified into four groups (A, B, 

C, D) depending on their lipolytic activity. Phospholipase A (PLA) and B (PLB) break the 

acyl ester bond whereas Phospholipase C (PLC) and D (PLD) target the phosphodiesterase 

bonds. Therefore, phospholipases are responsible for generation of fatty acids (FAs) and 

lysophospholipids (LPLs). Lysophospholipases (LysoPLs) are also classified on the bases 

of their cleavage sites. The fatty acid chain in LPLs is released by LysoPLA. 

 

Figure 7: Phospholipid and Lysophospholipid molecules and cleavage sites by 

different phospholipases: LysoPLA cleaves the acyl ester bond at the sn-1 and LysoPLC 

hydrolyses the glycerol-oriented and LysoPLD the alcohol- oriented phosphodiester-bond. 

Numbers indicate stereospecific numbering positions. Crosses indicate cleavage sites. PL, 

phospholipase; R1/R2, non-polar fatty acid chain; X, EC, enzyme commission number; X 

denotes the phospholipid head group, e.g. choline, ethanolamine, inositol, or serine.  

 

There are reports claiming that some PLA/ LysoPLA also have lipase activity for 

non-phospholipids substrates such as acylglycerols and some other enzymes can transfer 

FAs from PL to an acceptor molecule (cholesterol) via PL;sterol-o-acyltransferase activity 

(Flores-Diaz et al., 2016). Recently, analysis of P. falciparum genome predicted around 22 

lipolytic enzymes. In these, 14 proteins have the α/β hydrolase domain, four have a patatin-

like domain, one with sphingomyelin phosphodiesterase domain, one with PC; sterol-O-

acyltransferase domain and one with a PLA/lipase domain (Flammersfeld et al., 2018). In 

CH2

HO-CH

CH2 O     P      O      CH2CH2N+(CH3)3

OOCR’

O-

O

LysoPLA

LysoPLC

LysoPLD

A. B.



Review of Literature 

 

25 
 

P. falciparum 14 putative LPLs were identified, out of these proteins 10 LPLs have high 

sequence similarity (36-61%) among them. Most of these are 400 amino acid long proteins 

without having any signal sequences. The characteristic GXSXG motif is conserved among 

all lysophospholipases, wherein, the active site residue serine (S) is flanked by the glycine. 

The catalytic triad is composed of serine (S), aspartate (D) and histidine (H) residues. Four 

of the putative LPLs are 675-921 amino acid long and have a signal peptide. One of the 

most characterized α/β hydrolase is an esterase; PfPARE (PF3D7_0709700) and studies 

have shown that although this gene is not essential at the asexual blood stage of the parasite 

but its expression changes in pepstatin-resistant parasites (Istvan et al., 2017). Another 

Plasmodium protein with phospholipase activity, was found to play role in hepatocytic 

egression (Burda et al., 2015). Conditional knock down of PfPAPTPL1 (Patatin like 

phospholipase 1) showed that it is dispensable for the asexual blood stage parasite but 

PfPAPTPL1 depleted parasites have reduced flagellation and egress (Singh et al., 2019). 

Lipid analysis of PfPNPLA1 depleted parasite observed an increased amount of PC 

(Flammersfeld et al., 2020). 
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Figure 8: Domain structures of the putative lipolytic enzymes identified in P. 

falciparum: Domains were predicted via the NCBI Conserved Domain Database. Amino 

acids (aa) depicted belong to the catalytic sites of the protein: D, aspartate; G, glycine; H, 

histidine; S, serine; X; amino acid. LCAT, Lecithin: cholesterol acyltransferase; EP. 

Exonuclease-endonuclease phosphatase domain superfamily, GXSXG, motif embedding 

the putative catalytic serine, PI-PLC, phosphatidylinositol-specific phospholipase C 

domain. Source: (Flammersfeld et al., 2018) 
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3. Methods: 

3.1 General Protocols 

3.1.1 PCR amplification and cloning in pJET1.2 cloning vector 

Primers with specific restriction sites were designed for PCR amplification of the 

respective genes using the genomic sequences/coding sequences available in database 

(www.plasmodb.org). The genes were amplified from genomic DNA or cDNA using Q5 

high fidelity polymerase enzyme (NEB) and respective gene specific primers. The PCR 

product was resolved on a 1% agarose gel containing 0.5 µg/ml of ethidium bromide 

(EtBr), the expected sized band was excised from the gel and purified using DNA 

Extraction kit, as per the manufacturer’s instructions. The PCR amplified product of each 

gene was cloned into linear cloning vector pJET1.2. Three µl of each amplicon was used 

for the ligation reaction. The reaction mixture was incubated for 1 h at room temperature 

and then transformed in DH5α competent cells. The transformed cells were plated on LB 

agar plate containing ampicillin antibiotic at 100 µg/ml for the selection of transformed 

DH5α cells. 

Table 1: Different components of reaction mixture for ligation in pJET cloning vector. 

 

 

 

 

 

 

 

3.1.2 Preparation and transformation of competent cells 

DH5α competent cells were prepared using the CaCl2 method. 10 ml LB broth was 

inoculated with a single DH5α colony and grown overnight at 37°C in a shaker incubator. 

S.No. Components volume 

1. 2X Reaction Buffer 10 µl (1X) 

2. PCR product 3 µl 

3. pJET 1.2 cloning vector 1 µl 

4. T4 DNA ligase 1 µl 

5. Nuclease-Free Water 5 µl 
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Following day, 100 ml LB was inoculated with 1ml overnight grown culture and incubated 

at 37ºC till the O.D550 reaches 0.4-0.6. Cells were chilled on ice for 30 minutes and 

centrifuged at 6000 rpm for 15 minutes at 4ºC.  Pellet was resuspended in one-third volume 

of filter-sterilized 100 mM CaCl2 and the tubes were kept on ice for another 30 minutes. 

The cells were centrifuged as before, and the pellet was resuspended in 1ml of chilled 100 

mM CaCl2 containing 15% glycerol. This cell suspension was aliquoted in pre-chilled1.5 

ml vials (100 µl of cells per vial) and transferred immediately to ice. Then the vials were 

given a snap chill in liquid nitrogen and stored at -70%. 

Transformation of competent cells: The complete ligation mixture was added to 100 µl of 

competent cells and the vials were kept on ice for 30 minutes. Heat shock was given to the 

cells at 42ºC for 90 seconds in a water bath and then vials were immediately transferred in 

ice for 5 minutes. Then, 500 µl of LB broth was added to each vial and incubated in shaker 

incubator at 37ºC for 45 minutes to allow the cells to revive and express the antibiotic 

resistance marker of the transformed plasmid. The cells were plated onto LB-agar plates 

containing 100 µg/ml of ampicillin and incubated at 37ºC overnight. Colonies were 

selected and checked for the presence of insert by colony PCR and restriction digestion. 

3.1.3 Screening of recombinants 

Plasmid DNA was isolated using the Miniprep DNA Purification kit following the 

manufacturer’s instructions (Qiagen). A single positive colony was picked up from the 

plate and was inoculated in 10 ml of LB broth with 100 g/ml of ampicillin and grown 

overnight at 37C. The cells were harvested by centrifugation at 6000 rpm for 15 minutes 

at room temperature. The bacterial pellet was then re-suspended in 250 µl of cell 

resuspension solution, followed by addition of 250 µl of cell lysis solution, mixed by 

inverting the tubes. 350 µl of cell neutralization solution was added and centrifuged at 

12000 rpm for 10 minutes at room temperature. The supernatant was added on to a plasmid 

DNA purification unit and centrifuged at 12000 rpm for 2 minutes at room temperature. 

The flow-through was discarded and column was washed with 750 µl of column wash 

solution by centrifugation at 12000 rpm for 1 minute at room temperature. The wash 

procedure was repeated with 500 µl of the wash solution for 2 minutes. The bound plasmid 
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DNA was eluted by adding 100 µl of pre-warmed TE buffer to the column and 

centrifugation at 12000 rpm for 2 minutes at room temperature. 

Digestion reactions were set up using 1 µg of the purified plasmid DNA; 1X restriction 

enzyme digestion buffer; and 5 units of each restriction enzyme, respectively. The reaction 

mixture was incubated at 37C for 20 min and resolved on a 1% agarose gel for analysis. 

The gene sequence of selected clones was also confirmed by DNA sequencing facility at 

Macrogen Inc, Korea using the pJET 1.2 specific forward and reverse universal primers. 

The insert (gene of interest) band on agarose gel was excised and purified using the gel 

extraction kit (Qiagen) according to the manufacturer’s protocol for subcloning of the gene 

of interest in the expression vector (pET 28a+/ pETm11/ pETM41/ pSSPF2/ pGFP-glmS). 

3.1.4 Subcloning into expression vectors 

The gene of interest was excised from the cloning vector using the respective pair of 

restriction enzymes and gel purified. The restriction digested gene was used for ligation in 

the expression vector with the compatible restriction sites. For efficient ligation, the 

quantities of insert and vector were calculated using the formula 

X ng of insert = (size of insert in bp) X (75 ng linearized plasmid) / (size of plasmid in bp). 

The calculated amount of insert was added to the reaction mixture and 1 µl of T4 DNA 

ligase and 1X ligation buffer was used and the mixture was incubated at 4°C overnight. 

The ligation mixture was then used for transformation in desired competent cells. The 

transformants were screened and selected using the restriction digestion. 

In pET expression system (Invitrogen, Life Tech., Carlsbad, CA, USA) the protein 

can express as both N-terminal and C-terminal fusion to a six-histidine residue sequence. 

The histidine tag allows affinity purification of the expressed protein using Immobilized 

Metal Affinity Chromatography (IMAC). The purified insert released from the positive 

pJET clone was purified using the gel-purification protocol. At the same time respective 

pET28a, pETM-11 vector plasmid was also digested with respective enzymes to get the 

plasmid in linearized form. To get active protein LPLs genes were sub-cloned into pETM-

41 vector in which desired gene sequence was cloned in downstream of the maltose binding 
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protein sequence. Maltose-binding protein (MBP) is a highly soluble protein that helps the 

fusion protein in proper folding and there is a six-histidine residue sequence is also present 

on the C-terminal of the fusion protein. 

3.1.5 Recombinant protein expression 

Desired fragments of target genes were amplified by using specific primers and cloned in 

to pETM41 vector between NcoI and XhoI sites to give pETM41-His6-MBP-PfLPL 

construct. The recombinant protein PfLPL was expressed as a soluble protein in the cytosol 

of the E. coli BL21(DE3) codon+ cells. For expression, bacterial cells having pETM41-

His6-MBP-PfLPL were grown in LB medium supplemented with kanamycin at 37°C. 

Expression of the fusion protein was induced using 1mM isopropyl β-D-thiogalactoside 

(IPTG) overnight at 16°C. Next day, cells were harvested and resuspended into lysis buffer 

(25mM Tris, pH7.4, 500mM NaCl, 10mM Imidazole) and lysed by sonication (Vibra cell 

sonicator). The supernatant was subjected to a combination of Ni-NTA affinity 

chromatography followed by amylose affinity chromatography. Eluted fractions were 

subjected to SDS-PAGE as well as western blot analysis to assess the purity of the purified 

recombinant protein. 

3.1.6 Analysis of protein expression by SDS-PAGE and Western blotting 

The SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed to analyse the 

expression of recombinant proteins. The 12% resolving gel was poured within the 

assembled 1 mm thickness SDS-PAGE assembly and allowed to polymerize at room 

temperature. After polymerization, 5% stacking gel was poured and allowed to polymerize. 

Fifty microlitres of SDS-PAGE sample loading buffer was added in each fraction. The 

samples were then mixed by vortexing, boiled at 100°C for 10 minutes, spun down at 9000 

X g for 3 minutes and the supernatant was loaded in the wells and resolved at 90 Volt till 

the bromophenol blue ran out of the gel.  For each set, the SDS-PAGE was run in duplicate, 

one was stained with Coomassie Brilliant Blue and the other was used for western blot 

analysis. The gel intended for western blot analysis was fixed in transfer buffer and 

transferred to nitrocellulose membrane (Millipore Corporation, Billerica MA, USA) or 

PVFD membrane using semi-dry blotting apparatus (Bio-Rad Lab. Inc., CA, USA) 
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following manufacturer’s instructions. The protein transferred the nitrocellulose membrane 

was blocked in 5% BSA (prepared in PBS) at 4ºC overnight. The membrane was then 

washed thrice with 1x PBS and incubated with 1:3000 dilution of the anti-His6 HRP-

conjugated anti-mouse IgG antibody (Pierce Chemical Company, Rockford, IL, USA) in 

1X PBS room temperature with shaking, and developed using diaminobenzidine (DAB) 

and H2O2 (substrate-buffer Tablet sets; Sigma-Aldrich, St. Louis, MO, USA). 

3.1.7 Complete media preparation for P. falciparum culture 

RPMI with Albumax-Hypoxanthine: For one litre of complete media; RPMI (Invitrogen), 

2.1g of sodium bicarbonate, 50mg of Hypoxanthine and 5g of Albumax was dissolved in 

900ml of double-distilled water. Volume was then made up to one litre, 20g/ml of 

gentamycin was added, and filter sterilized through 0.22µ PES filter. 

RPMI with Human Serum: For one litre of complete media; RPMI and 2g of sodium 

bicarbonate were dissolved in 900 ml of double-distilled water and100 ml heat -inactivated 

human serum and 20g/ml of gentamycin was added, and filter sterilized through 0.22µ 

PES filter. 

3.1.8 Thawing of P. falciparum culture frozen stock 

Frozen vial of parasite culture was thawed at 37oC in the circulating water bath for 1min 

and immediately transferred to a sterile tube. An equal volume of thawing solution was 

added drop by drop to the tube with gentle mixing of sample. The mixture was centrifuged 

at 1200rpm for 2min at RT. The supernatant was discarded, and addition of thawing 

solution was continued till there was no lysis of RBC. Fresh 5ml of complete media with 

2% hematocrit was added to the pellet and mixed thoroughly. The parasite culture was 

transferred to 6 well microtitre plate and kept in a 37oC incubator (SMS Multitech, India), 

which was flushed with a gas mixture (90% N2, 5% CO2 and 5% O2). 

3.1.9 Sub-culture and dilution of parasite culture 

Once the parasite culture reaches 5-10% parasitemia, the culture should be diluted or sub-

cultured, before dilution, the culture in the plate was thoroughly mixed to make sure that 
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no RBC is stuck to the bottom of the plate. Afterward, the culture was diluted by removing 

an appropriate amount of culture volume  and adding the same amount of complete media 

with 4% hematocrit   In case of transgenic lines, WR99210 drug was added at a final 

concentration of 5nM to the culture before incubation. 

3.1.10 Synchronization of P. falciparum by sorbitol treatment 

The culture was harvested at about 10% parasitemia with a majority at the ring stage by 

centrifuging at 1600rpm for 5min at RT. To the cell pellet, 5 volume of 5% sorbitol solution 

was added and mixed gently. This solution was incubated at 37oC for 10min and 

centrifuged at 1600rpm for 5min. The supernatant was carefully discarded without 

disturbing the pellet. Culture pellet was washed twice with pre-warmed complete media. 

The culture was mixed thoroughly and incubated at 37oC for the growth of parasite. 

3.1.9 Isolation of purified parasite from infected blood by saponin lysis 

The culture for saponin lysis was harvested by centrifuging at 1600rpm for 5min at RT. To 

the pellet, 1.5 volumes of 0.15% saponin were added and mixed gently. The solution was 

incubated in ice for 10min and centrifuged at 2000rpm for 30min. The supernatant was 

discarded without disturbing the pellet. The pellet was washed with ice-cold 1×PBS till the 

red colour of the supernatant disappeared. Parasite pellet was stored at -70oC till further 

use. 

3.1.12 Preparation of frozen stocks of parasite culture 

To prepare the stocks, parasite culture at ring stage with ~5%, parasitemia was harvested 

by centrifuging at 1600rpm for 5min. The cell pellet was re-suspended in 1.5 volumes of a 

freezing mixture, dispensed in freezing vial (1ml per vial) and stored immediately in liquid 

nitrogen. 

3.1.13 Transfection of P. falciparum 

About 100µg of plasmid DNA (in 30µl TE) was thoroughly mixed with 370µl of 

transfection cytomix. Infected RBCs at ring stage (3-5%) were gently suspended with the 

plasmid DNA-cytomix solution. The mixture was transferred into a 2mm electroporation 
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cuvette and DNA was electroporated at 310V, 950µF and 200Ω. The time constant should 

be between 0.7 to 0.9ms. The cells were immediately transferred into the complete medium 

and 50µl fresh RBCs were added. WR99210 drug was added after 6hrs of transfection for 

selection. 

3.2 Protocols for molecular and functional characterization of PfLPL3 

3.2.1 Generation of PfLPL3-GFP-glmS parasite line 

To generate PfLPL3-glmS-GFP construct, C-terminal fragment (702base pair) of pfLPL3 

gene was amplified using specific primers 1222A & 1223A. The amplified C-terminal 

fragment was cloned into glmS-GFP vector in frame to the N-terminus of GFP in the SpeI 

and KpnI restriction enzymes sites. Parasite cultures were synchronized by repeated 

sorbitol treatment and 100 µg of purified plasmid DNA (Plasmid Midi Kit, Qiagen, 

Valencia, CA) was transfected in P. falciparum by electroporation (310 V, 950 µF) (Crabb 

et al., 2004). Transfected parasites were selected over 2.5 μg/ml blasticidin (Calbiochem) 

and subsequently subjected to on and off cycling of blasticidin drug to promote integration 

of the plasmid in the main genome. Integration was confirmed by PCR using 1270A and 

1234A as well as by western blot analysis using anti-GFP antibody. 

3.2.2 Conditional knock-down analysis and in-vitro growth assays: 

To assess the effect of knock-down of PfLPL3 on parasite growth and development, 

PfLPL3-glmS-GFP transgenic parasites were tightly synchronized with 5% sorbitol and 

grown in presence of different concentration (0mM, 1.25mM, 2.5mM, and 10mM) of 

glucosamine (Sigma-Aldrich). For microscopic analysis and morphological analysis of the 

parasites, Giemsa smears were prepared at every 8hr interval from both glucosamine 

treated and control parasites. Parasite growth was assessed at 48 and 96 hours after the 

addition of glucosamine by flow cytometry using BD FACS Calibur. For flow cytometry, 

EtBr stained uninfected erythrocytes were used as background control. Cells were 

incubated with EtBr for 30 minutes at 37 °C in dark followed by   two washing with 1x 

PBS and subjected to FACS analysis using a BD FACS Calibur system (Beckton 
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Dickinson) A total of 100000 events were acquired the data was  analysed by using the 

software. 

3.2.3 Membrane association assay and Western blotting: 

Trophozoite stage parasites were isolated from infected RBCs by saponin lysis procedure 

as detailed earlier. Parasite pellet was suspended with an equal volume of RIPA buffer for 

30 minutes on ice for lysis and centrifuged. Laemmli buffer was added to the supernatant 

and proteins were separated in 12% SDS-PAGE. Next, fractionated proteins were 

transferred to PVDF membrane (Millipore) and incubated with blocking buffer (4 % skim 

milk in 1X PBS). The antibodies (monoclonal anti-GFP mice 1:5000 (Roche), rabbit  anti-

GFP 1:10000,  rabbit  anti-BiP 1:15000 and monoclonal anti-spectrin 1:1000, were diluted 

in  0.1% (W/V) Tween20- PBS with 2% (w/v) skim milk and incubated for desired times. 

Blots were washed 5 times with 1X PBS and probed with HRP conjugated secondary 

antibody (1:100000). Later blots were washed 5 times with 1X PBS and visualized using 

a thermo-scientific ECL kit. To assess the effect of glucosamine on the downregulation of 

PfLPL3 at protein level, PfLPL3-GFP-glmS ring stage parasites were treated with various 

concentration of glucosamine (1.25mM, 2.5mM, 5mM, 10mM), harvested at schizonts 

stage and subjected to the western blotting. 

To assess the membrane association of PfLPL3, percoll purified infected RBCs 

were incubated overnight at -80°C with 200 µl of 7.5mM Tris-Cl pH 8 for hypotonic lysis. 

After the centrifugation remaining pellet was washed twice with 7.5mM Tris-Cl pH 8 and 

incubated for 1 hour in four different buffers (200 µl 100 mM Sod. carbonate, 200 µl 6 M 

Urea in 7.5mM Tris-HCl pH 8.0, 200 µl of 1 % Triton-X100 and 200 µl of 2 % SDS) and 

centrifuged. Next, samples for western blotting were prepared from both soluble and pellet 

fraction of these buffers. 

3.2.4 Immuno-fluorescence assay (IFA) and fluorescent microscopy 

PfLPL3-GFP-glmS parasites were fixed in 4 % paraformaldehyde and permeabilized with 

0.1 % TritonX-100. Permeabilized cells were blocked with 10%FBS and then, incubated 

with rabbit polyclonal anti-GFP 1:500, mice polyclonal anti-SERA 5 1:500, for 2 hours 
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and subsequently with Alexa Flour-488 or 594 secondary antibodies. Immuno-stained 

parasites were washed three times with 1x PBS. Parasite nucleus was stained with a final 

concentration of 5 µg/ml DAPI.  The membrane structures in parasitized erythrocytes were 

labelled with BODIPY TR-ceramide (Invitrogen) at a final concentration of 1µM. Images 

were captured by Nikon A1 confocal laser scanning microscope and analysed by Nikon-

nis element software (version 4.1). The 3D images were constructed by using series of Z-

stack images using IMARIS 7.0 (Bitplane Scientific) software. 

3.2.5 Lipid extraction from Plasmodium falciparum and liquid chromatography-mass 

spectrometry analysis 

Total lipids were extracted from treated (1.25mM glucosamine) and control parasites. An 

equal number of parasites (4 × 108 cell equivalents) were harvested from infected RBCs 

by using 0.15% saponin treatment. Total lipid was spiked with 20 nmol C21:0 

phosphatidylcholine and extracted by chloroform:methanol, 1:2(v/v) and 

chloroform:methanol, 2:1 (v/v). The pooled organic phase was subjected to biphasic 

separation by adding 0.1% KCl and was then dried under N2 gas flux prior to being 

dissolved in 1-butanol. For the total fatty acid analysis, an aliquot of the lipid extract was 

derivatized on-line using MethPrep II (Alltech) and the resulting FA methyl esters were 

analyzed by GC-MS as previously described. For the quantification of each lipid, total lipid 

was separated by 2D HPTLC using chloroform/methanol/28% NH4OH, 60:35:8 (v/v/v) as 

the 1st dimension solvent system and chloroform/acetone/methanol/acetic acid/water, 

50:20:10:13:5 (v/v/v/v/v) as the 2nd dimension solvent system. Each lipid spot was 

extracted for quantification of fatty acids by gas chromatography-mass spectrometry 

(Agilent 5977A-7890B) after methanolysis. Fatty acid methyl esters were identified by 

their mass spectrum and retention time and quantified by Mass Hunter Quantification 

Software (Agilent) and the calibration curve generated with fatty acid methyl esters 

standards mix (Sigma CRM47885). Then each lipid content was normalized according to 

the 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 analyses 

(Student’s t-test) obtained from GraphPad software analysis were considered statistically 

significant. 
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3.2.6 Cloning, expression, and purification of recombinant PfLPL3 protein 

Hydrolase domain of PfLPL3 was amplified by using specific primers 1270A & 1271A 

and cloned into pETM41 vector between NcoI and XhoI sites to give pETM41-His6-MBP-

PfLPL3 construct. The recombinant protein PfLPL3 was expressed as a soluble protein in 

the cytosol of the E. coli BL21(DE3) cells and purified as described earlier in the general 

protocols section. 

3.2.7 Lysophospholipase (LPL) activity assay using lysoPC as substrate and enzyme 

kinetics 

In-vitro activity assay carried out for assessing the lysophospholipase like activity of the 

recombinant PfLPL3 was using lysophosphatidylcholine (LPC) substrate. Reaction 

mixture contained 16:0 lysophosphatidylcholine (LysoPC) as substrate, 20µg (285pmol) 

of recombinant protein, 0.1 unit glycerophosphodiestrase (sigma), 0.2 U/ml choline 

oxidase (sigma # 26978), 2U/ml horseradish peroxidase (sigma#P8125), 100μM 

AmplexRed (Invitrogen) and reaction buffer (50mM Tris pH8, 5mM Cacl2 ). The PfLPL3 

cleaves the acyl chain from lysoPC resulting the generation of glycerophosphocholine on 

which glycerophosphodiestrase acts and cleaves the choline moiety. This choline was 

oxidized by choline oxidase to betaine and H2O2. Finally, H2O2 in presence of horseradish 

peroxidase reacts with Amplex Red reagent in 1:1 stoichiometry to generate the highly 

fluorescent product resorufin, which has absorption and fluorescence emission maxima of 

approximately 571 nM and 585 nM respectively. Assay was performed in 96 wells black 

plate (200 μL total volume) using spectramax M2 microplate reader. The LPL activity was 

monitored by measuring resorufin fluorescence (530 ex/590 em) for 6 hrs. The assay was 

performed by varying the amount of protein and substrate to get optimum LPL activity. 

For calculating the kinetic parameter Km, varied concentration of the LPC substrates at 

constant enzyme concentration (20µg) was set up in a reaction plate in duplicates. Rate of 

hydrolysis was recorded for 6hrs at every 20minutes interval. The kinetic constant Km was 

determined by fitting the Michalies-Menten curve using the Graph Pad Prism V5.0 

software package. 
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3.2.8 Standardization of a robust assay for inhibitor screening and screening of 

compound library in lysophospholipase (LPL) activity assay 

To identify specific inhibitors of PfLPL3, an in-vitro 96 well lysophospholipase activity 

assay was designed. We conducted HML test of the assay for a period of two days in 

accordance with a statistical test to calculate the Z-value. The HML assay employed three 

different reaction wells: the High activity well i.e. lpl activity well with 20µg protein; 

Medium activity well i.e. in the presence half protein, (10µg protein); and the Low activity 

well that is the substrate control well without the protein; this set of three wells (HML) was 

repeated throughout the 96-well plate. The assay was repeated for two consecutive days. 

The Z-value was calculated based on the change in fluorescence after 6hrs. To assess the 

PfLPL3 inhibition by different anti-malarial compounds, the recombinant enzyme (20µg) 

was incubated with different concentrations of each of the compound or DMSO alone in 

100µl of assay buffer for 60min at 37ºC; then the reactions were initiated by addition of 

the reaction mixture to a final volume of 200µl and the substrate hydrolysis was monitored 

as above. To assess the effect of PfLPL3 inhibitors of the parasite, 1 % ring-stage parasites 

at 4% hematocrit were incubated with varying concentrations of MMV compounds (5 to 

0.2μM) and parasite growth was estimated in next cycle by flow cytometry. DMSO was 

used as a control. The Km, IC50 and EC50values were calculated from curve fittings by 

Graph Pad Prism V5.0 software. 

3.2.9 In-silico structural analysis of protein 

3D structure of PfLPL3 was predicted by using I-TASSER. The model was then simulated 

using molecular dynamics in Gromacs version 8 and stability of the simulated protein was 

confirmed by considering the parameters of the RMSD plot and Ramachandran plot. F-

pocket prediction tool was used for finding the ligand-binding pocket of PfLPL3. The 

model was then docked with selected inhibitors keeping the binding pocket and catalytic 

residues as the center for the grid generation and default docking parameters. 
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3.3 Protocols for molecular and functional characterization of PfLPL4 

3.3.1 Generation of PfLPL4-GFP-DD parasite line 

To generate PfLPL4-GFP-DD construct, C-terminal fragment (702base pair) of pfLPL4 

gene was amplified using specific primers 1189A & 1063A and cloned into pARLa-GFP-

DD vector. The C-terminal fragment was cloned in-frame to the N-terminus of GFP in the 

KpnI and AvrII restriction enzyme sites. Parasite cultures were synchronized and 

transfected with 100 µg of purified plasmid DNA as described earlier. Transfected 

parasites were selected over WR99210 drug in presence of Shld1 (1µM) and subsequently 

subjected to on and off cycling of WR99210 drug to promote integration of the plasmid in 

the main genome. Integration was confirmed by western blot analysis by using an anti-GFP 

antibody. 

3.3.2 Conditional knock-down analysis and in-vitro growth assays 

Parasite growth inhibition assays were carried out in 24 well plates (nunc) using 

synchronized parasite cultures at the ring stage. Each assay was performed in triplicate. 

Each well was containing 4% hematocrit and 1ml of complete media supplemented with 

1µM Shld1 and the parasitemia was adjusted to ≤0.5%. A parallel set was maintained for 

each parasite line with solvent only. Smears were made from each well at different time 

points, stained with Giemsa, and the numbers of ring-stage parasites per 10000 RBCs were 

determined and percentage ring stage parasitemia was calculated manually to assess the 

parasite growth. Parasite growth was assessed at 48 and 96 hours after the addition of 

glucosamine by flow cytometry using BD FACS calibur. For flow cytometry, EtBr stained 

uninfected erythrocytes were used as background control. Cells were incubated with EtBr 

for 30 minutes at 37 °C in dark followed by two washing with 1X PBS and subjected to 

FACS analysis using a BD FACS Calibur system (Beckton Dickinson). A total of 100000 

events were acquired and the data were analysed by using the Cell-Quest pro software. 
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3.3.3 Cloning, expression, purification, and LPL activity assay of recombinant 

PfLPL4 protein 

A fragment of pfLPL4 gene corresponding to hydrolase domain region was amplified by 

using specific primers and cloned into pETM41 vector between NcoI and XhoI sites to give 

pETM41-His6-MBP-PfLPL4 construct. The recombinant protein PfLPL4 was expressed 

as a soluble protein in the cytosol of the E. coli BL21(DE3) cells and purified as described 

earlier. LPL specific activity assay was carried out and the kinetic constant Km, was 

determined by fitting the Michalies-Menten curve using the Graph Pad Prism V5.0 

software package as described earlier in section 3.2.7. 

3.4 Protocols for molecular and functional characterization of PfLPL20 

3.4.1 Generation of PfLPL20-pSSPF2-GFP and PfLPL20-GFP-glmS parasite lines 

To generate an overexpression line, full length PfLPL20 gene was amplified using 

primers 1294A, 1295A and cloned into pSSPF2-GFP vector. Parasite cultures were 

synchronized by repeated sorbitol treatment and 100 g of purified plasmid DNA (Plasmid 

Midi Kit, Qiagen, Valencia, CA) was transfected in P. falciparum by electroporation (310 

V, 950 F. Transfected parasites were selected over 2.5 μg/ml blasticidin (Calbiochem).  

To generate PfLPL20-glmS-GFP construct, C-terminal fragment (750base pair) of 

PfLPL20 gene was amplified using specific primers 1224A and 1225A and cloned into 

GFP- glmS vector (Prommana et al., 2013). The C-terminal fragment was cloned in-

frame to the N-terminus of GFP in the SpeI and KpnI restriction enzymes sites. 

Transfected parasites were selected over 2.5 μg/ml blasticidin (Calbiochem) and 

subsequently subjected to on and off cycling of blasticidin drug to promote integration of 

the plasmid in the main genome. Integration was confirmed by PCR using 2200F and 

1234A as well as by western blot analysis using anti-GFP antibody.  Individual parasite 

clones were isolated by serial dilution method, and integration was also confirmed in the 

clonal parasite population. 
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3.4.2 Conditional knock-down analysis and in-vitro growth assays 

To assess the effect of knock-down of PfLPL20 on parasite, PfLPL20-GFP-glmS 

transgenic parasites were tightly synchronized with 5% sorbitol and grown with media 

containing glucosamine 2.5mM (Sigma-Aldrich) or solvent alone. For microscopic 

analysis of morphology of the parasites, Giemsa stained smears were prepared at every 

8hr interval from both glucosamine treated and control parasites. Parasite growth was 

assessed after 48 and 96 hours by flow cytometry using BD FACS Calibur (Beckton 

Dickinson) as described previously. To assess the effect of glucosamine on 

downregulation of PfLPL20 at protein level, PfLPL20-GFP-glmS ring-stage parasites 

were treated with 2.5 mM glucosamine, harvested at the schizont stage, and subjected to 

the western blotting. 

3.4.3 Immuno-fluorescence assay (IFA) and fluorescent microscopy Infected RBCs 

were fixed in 4% paraformaldehyde and 0.05 % glutaraldehyde. After permeabilization 

with 0.1 % TritonX-100. Permeabilized cells were blocked with 10% FBS and then, 

incubated with rabbit polyclonal anti-GFP (1:500) for 2 hours and subsequently labelled 

with Alexa Flour-488 labelled secondary antibodies. Labeled parasites were washed three 

times with 1×PBS. Parasite nucleus was stained with DAPI at a final concentration of 5 

µg/ml.  To label the neutral lipid storage structures, infected erythrocytes were stained 

with Nile Red (Molecular Probes) using a modified method of (Palacpac et al., 2004). 

Briefly, Nile Red was added to a final concentration of 1 µg/ml into the parasite culture 

(5-10% parasitemia), the culture was incubated on ice for 30 min and subsequently washed 

with 1×PBS before analysis by confocal microscopy.  Images were captured by Nikon A1 

confocal laser scanning microscope and analysed by Nikon-NIS element software 

(version 4.1). The 3D images were constructed by using series of Z-stack images using 

IMARIS 7.0 (Bitplane Scientific) software. 

3.4.4 Quantitative real-time PCR 

For transcriptional analyses of different genes, total RNA was extracted using the TRIzol 

method from both PfLPL20-iKD and control parasite cultures; reverse transcription 

reaction was carried out using the iScript cDNA Synthesis Kit (Bio-Rad), following 
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manufacturer's recommendations. Real-time amplification reactions were performed in 

triplicate on the StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster 

City, CA, USA) using an SYBR Green master-mix from Biorad (CA, USA). Each reaction 

comprised an equal amount of cDNA, 100 ng of both the gene-specific primers for 

PfLPL20, PfPMT (phosphoethanolamine-methyltransferase), PfSAMS (S-

adenosylmethioninesynthetase) and PfEK (ethanolamine kinase) (Table 2), and 1× SYBR 

Green PCR mix. The threshold cycles (CTs) generated by the qPCR system were used to 

calculate fold change for relative quantitative analysis as described earlier. 

3.4.5 LC-MS analysis to estimate cytosolic choline and phosphocholine levels 

Parasites were isolated from Infected red blood cells (5×107 cell equivalents) from both 

PfLPL20-iKD and control by using saponin lysis. Their total lipids were extracted by 

chloroform: methanol, 1:2(v/v) and chloroform: methanol, 2:1 (v/v) as previously 

described (Botte et al., 2013). The standard compounds (both choline and 

phosphocholine) were purchased from Sigma-Aldrich in form of choline chloride and 

phosphorylcholine chloride calcium salt tetrahydrate respectively, which were dissolved 

in HPLC grade solvents. Samples were analyzed by a 3200-QTRAP LC-MS system for 

estimation as described previously (Mimmi et al., 2013). 

3.4.6 Cloning, expression, purification, and LPL activity assay of recombinant 

PfLPL20 protein 

Full-length pfLPL20 was amplified by using specific primers 2200F and 2200R and 

cloned into pETM41 vector between NcoI and XhoI sites to give pETM41-His6-MBP-

PfLPL20 construct. The recombinant protein PfLPL20 was expressed and purified as 

described earlier in section 3.1.5. Eluted fractions were subjected to SDS-PAGE as well 

as western blot analysis to assess the purity of the purified recombinant protein. LPL 

specific activity assay was carried out and the kinetic constant Km, was determined by 

fitting the Michalies-Menten curve using the Graph Pad Prism V5.0 software package as 

described earlier in section 3.2.7. 
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3.4.7 Identification of PfLPL20 interacting partners 

Affinity Pull-down of GFP-fusion protein complex: Schizont stage lysate of PfLPL20-

pSSPF2 and PfLPL20-GFP-glmS parasites was obtained as described above and 

immunoprecipitation was done using GFP-Trap®-A Kit (Chromotek) following the 

manufacturer’s instructions. Briefly, GFP-Trap®-A beads were equilibrated with dilution 

buffer and allowed to bind to proteins in the parasite lysate by tumbling the tube end-over-

end for 3 h at 4ºC. Samples were then centrifuged at 1600 rpm for 1 min and the beads 

were washed twice with dilution buffer. Bound proteins were eluted in 50 μl elution buffer, 

trypsin digested peptides were analysed by mass spectrometry following in-solution 

digestion. 

Tryptic digestion and Mass spectroscopy: 

In-Solution Digestion: Eluted proteins were diluted in 50 mM ammonium bicarbonate, and 

subsequently reduced for disulphide bonds with 10 mM DTT for 1 h followed by sulfhydryl 

alkylation using iodoacetamide (IAA) for 1 h at RT. Trypsin was added to the samples at 

a ratio of 1:50 (w/w) of trypsin: protein, and incubated overnight at 37°C. Digestion 

reaction was stopped by acidification with 0.1% trifluoroacetic acid, samples were cleared 

by centrifuging at 10000 rpm for 10 min and subjected to LC-MS/MS. 

Liquid chromatography -tandem mass spectrometry: The peptides were subjected to mass 

spectrometry using Orbitrap VelosPro mass spectrometer coupled with nano-LC 1000 

(Thermofisher Scientific Inc, USA). The acquired spectra were analysed using the 

SEQUEST search engine algorithm in Proteome Discoverer version 1.4 software with a 

precursor tolerance of 20 ppm and tolerance of 0.6 Da for MS/MS against P. falciparum 

database downloaded from PlasmoDB. Five missed cleavages were allowed. The resultant 

identified peptides were validated using Percolator at less than 5% FDR with high 

confidence. 
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Table 2: List of primers used in the study 

Name Sequence 
Gene/gene 

fragment 

Construct/ 

application 

1270A 

GGATCCACCATGGAAGTATCATAATATTAATA 

CATGGGTTAGC 

LPL3 

Recombinant 

protein 

expression 

1271A CCTAGGTCCTTTTTCGATTGTTATAACATGAC 

1222A ACTAGTAGTATTTTAGAATCTGAAACG 
PfLPL3-GFP-

glmS Construct 
1223A GGTACCTTTCTTTTCTTTTTCTTTTTGC 

1189A TATAAATTTAAAGTTTTAGGTAGGAC 

PfLPL4 
PfLPL4-GFP-

DD Construct 
1063A GCTAAATATATTATTAAGCCAATCAAC 

1224A ACTAGTAATGGTGTATCAGAATGTGATAC 

pfLPL20 

PfLPL20-GFP-

glmS Construct 
1225A GGTACCTTCAATATATTCTTCTACTTTTGTGAC 

1294A AGATCTATTATAAATATCATGGTATCTAATG pSSPF2-

LPL20-GFP 

Construct 1295A TTCAATATATTCTTCTACTTTTGCCTAGG 

2200F ATGGTATCTAATGAATTAAATTGTGAACCG Recombinant 

protein 

expression 2200R TTCAATATATTCTTCTACTTTTGTGACATC 

1234A ACTCCAGTGAAAAGTTCTTCTCCT 

Reverse 

primer on 5’ 

of GFP 

To assess the 

integration of 

GFP-glmS 

plasmid in main 

genome 

1371A GCTGATATTCTTACTGCTTGC 

pfPMT 

Quantitative 

Real-Time PCR 

1372A ACCAGCCATCATCAAGACTA 

1373A TGCATCAAAAGTCGATCGTT 

pfSAMS 

1374A TATCCTGTGCTTACGGTACC 

1375A AAATTCACCCGTGGTTCTTT 

pfEK 

1376A TGCTCTTTCCATTGGACATG 

1406A AATTTGTGGGTAATCATTTTCCG 

pfLPL20 

1407A AATATCTGAAAAGCAAACTGACC 
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4. Results 

4.1 Identification and biochemical characterization of lysophospholipases 

in Plasmodium falciparum 

Lipid metabolism is one of the most crucial pathways of the Plasmodium falciparum life 

cycle and lysophospholipases plays an important role in lipid metabolism. We identified 

and characterized lysophospholipases in P. falciparum. In this section, results of 

bioinformatics study to identified putative lysophospholipases (LPLs) in Plasmodium 

genome, and biochemical characterization/ enzymatic activities of selected LPLs are 

explained. 

4.1.1 Identification and sequence analysis of P. falciparum lysophospholipases (LPLs) 

In enzymology, Lysophospholipase comes under the Enzyme Commission number 3.1.1.5, 

which catalyzes hydrolysis of lysophospholipids. To identify LPLs in P. falciparum 

genome, we searched the PlasmoDB database (http://plasmodb.org/plasmo; Aurrecoechea 

et al., 2009) using EC number 3.1.1.5 and identified a total of 14 proteins which have α/β 

hydrolase domain (Table 3). This list includes six putative lysophospholipases, 4 putative 

esterases, 2 exported lipases, 1 putative patatin-like phospholipase and 1 putative 

alpha/beta hydrolase enzyme. Ten of these proteins were about 353-453 amino acids long 

and have high degree of homology (36-61%) with each other; none of these proteins 

contain any signal sequences or any other functional domain. Their hydrolase domain 

harbors the lysophospholipase characteristic motif GXSXG, wherein the catalytic active 

site serine (S) is flanked by glycine amino acid residues, other two residues of the catalytic 

triad are aspartic acid (D) and the histidine (H). The remaining four members of this 

lysophospholipase l-like protein family are larger proteins (675-2380 amino acid long) 

having substantial protein sequence stretch outside the α/β hydrolase domain. Multiple 

sequence alignment of all these LPLs shows that the catalytic triad of the active site (Serine, 

Histidine, Aspartic acid) and G-X-S-X-G motifs are conserved in all LPLs (Figure 9). We 

selected PF3D7_1476800, PF3D7_0702200, and PF3D7_0731800 lysophospholipases for 

further study, which are named as LPL3, LPL20, and LPL4, respectively. 
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Table 3: List of fourteen proteins having alpha/beta hydrolase domain present in P. 

falciparum genome. 

 Gene ID Product Description Protein Length 

1 PF3D7_0102400.1 lysophospholipase, putative, 

pseudogene 

383 

2 PF3D7_0218600 patatin-like phospholipase, putative 2380 

3 PF3D7_0702200 lysophospholipase, putative 424 

4 PF3D7_0709700 prodrug activation and resistance 

esterase 

368 

5 PF3D7_0731800 alpha/beta hydrolase, putative 675 

6 PF3D7_0936700 lysophospholipase, putative 432 

7 PF3D7_0937200 lysophospholipase, putative 357 

8 PF3D7_1001400 exported lipase 1 921 

9 PF3D7_1001600 exported lipase 2 763 

10 PF3D7_1038900 esterase, putative 359 

11 PF3D7_1252600 esterase, putative 453 

12 PF3D7_1401500 esterase, putative 373 

13 PF3D7_1476700 lysophospholipase, putative 353 

14 PF3D7_1476800 lysophospholipase, putative 371 

https://plasmodb.org/plasmo/app/record/gene/PF3D7_0218600
https://plasmodb.org/plasmo/app/record/gene/PF3D7_0702200
https://plasmodb.org/plasmo/app/record/gene/PF3D7_0709700
https://plasmodb.org/plasmo/app/record/gene/PF3D7_0731800
https://plasmodb.org/plasmo/app/record/gene/PF3D7_0936700
https://plasmodb.org/plasmo/app/record/gene/PF3D7_0937200
https://plasmodb.org/plasmo/app/record/gene/PF3D7_1001400
https://plasmodb.org/plasmo/app/record/gene/PF3D7_1001600
https://plasmodb.org/plasmo/app/record/gene/PF3D7_1038900
https://plasmodb.org/plasmo/app/record/gene/PF3D7_1252600
https://plasmodb.org/plasmo/app/record/gene/PF3D7_1401500
https://plasmodb.org/plasmo/app/record/gene/PF3D7_1476700
https://plasmodb.org/plasmo/app/record/gene/PF3D7_1476800
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Figure 9: Multiple Sequence Alignment of PfLPLs: Multiple sequence alignment of 

selective PfLPLs showing the characteristic motif (red box) conserved among all LPLs.  
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4.1.2 Cloning, expression, purification, and enzymatic activity of PfLPL3 

(PF3D7_1476800) 

For the biochemical characterization, we expressed and purified the recombinant PfLPL3 

using E. coli expression system. The gene fragment corresponding to hydrolase domain of 

PfLPL3 was amplified using specific primers 1270A and 1271A (Figure 10A) and cloned 

in to pETM41 vector between NcoI and XhoI restriction sites to give pETM41-His6-MBP-

PfLPL3 construct (Figure 10B). The recombinant protein was expressed using E. coli 

expression system (Figure 10C) and purified by using a combination of affinity 

chromatography techniques. Eluted fractions were subjected to SDS-PAGE and western 

blot analysis to check the purity of the recombinant protein. The purified recombinant 

protein migrated on SDS-PAGE at the expected size of ~70kDa (Figure 10D). 



Results 

 

48 
 

 

Figure 10: Expression and purification of LPL domain of PfLPL3 in E. coli: (A) 

Agarose gel showing the PCR amplified 890 base pair long gene fragment corresponding 

to hydrolase domain of PfLPL3. (B) Agarose gel showing the restriction digestion with 

NcoI and XhoI enzymes of PfLPL 3 hydrolase domain cloned in pETM41 vector. (C)  SDS-

PAGE and western blot showing induction of recombinant protein with 1mM IPTG.  UI: 

Uninduced, I; Induced. (D) SDS-PAGE showing the purification profile of the recombinant 

protein by using affinity (Ni2+-NTA) chromatography. Protein fractions were eluted in 

presence of the increasing concentration of imidazole. (E) SDS-PAGE of recombinant 

PfLPL3 further purified using MBP affinity chromatography. Purified protein migrated at 

the expected size of ~70kDa. FT and M denotes the flow through fraction and known 

molecular weight marker, respectively. 
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 To characterize the enzymatic activity of PfLPL3, we utilized standardized a 

fluorescence based lysophosphatidylcholine (LPC) substrate. The assay was standardized 

in a 96 well plate format so that it can be subsequently used for screening of compound 

library. In this assay the LPL cleaves the acyl chain from lysophosphatidylcholine (LPC) 

resulting into generation of glycerophosphocholine, which is a substrate for the 

glycerophosphodiestrase and upon cleavage leads to free choline moiety. This choline is 

then oxidized by choline oxidase to betaine and H2O2. Finally, the released H2O2 in 

presence of horseradish peroxidase, reacts with Amplex Red reagent in 1:1 stoichiometry 

to generate a highly fluorescent product resorufin; generation of resorufin was monitored 

by measuring fluorescence intensities (530 ex/ 590 em) (Figure 11A). The purified 

recombinant protein was used in activity assay of lysophospholipase using LPC substrate 

(Figure 11B). The recombinant PfLPL3 showed concentration dependent activity in the 

assay, confirming it to be a lysophospholipase. The recombinant MBP (maltose binding 

protein) purified in same way was used as a control, which did not show any enzymatic 

activity in the assay. The Km value for the PfLPL3 were found to be 40µM (Figure 11C). 
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Figure 11: Standardization of lysophospholipase specific activity of the recombinant 

PfLPL3: (A) Representative diagram of reaction and components involved in the LPL 

activity assay. LPC was used as a substrate and fluorescence of resorufin end product was 

measured. (B) Graphical representation of LPL activity of PfLPL3 in presence of varying 

amount of protein.   (C) Line graph of Michelis-Menten fit for PfLPL3 enzymatic activity 

in presence of 20µg (85pmoles) recombinant protein. Km value of PfLPL3 was found to 

be 40µM. 
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4.1.3 Cloning, expression, purification, and enzymatic activity of PfLPL20 

(PF3D7_0702200) 

To express and purify recombinant PfLPL20 protein, the full length (1250 base-pair) 

PfLPL20 gene was PCR amplified using gene specific primers 2220F and 2200R (Figure 

12A) and cloned in to pETM41 vector between NcoI and XhoI restriction sites to give 

pETM41-His6-MBP-PfLPL20 construct (Figure 12B). The recombinant protein was 

expressed using E. coli expression system and purified by using a combination of affinity 

chromatography techniques. Eluted fractions were subjected to SDS PAGE analysis to 

check the purity of the recombinant protein. The purified recombinant-PfLPL20 migrated 

slightly above the expected size of ~84kDa on SDS-PAGE (Figure 12D). The purified 

recombinant PfLPL20 was used to assess its LPL activity as described earlier and showed 

concentration dependent activity in the assay (Figure13B), confirming it to be a 

lysophospholipase. The Km value for the PfLPL20 was found to be 33.41 µM (Figure 

13C).  
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Figure 12: Expression and purification ofPfLPL20 in E. coli: (A) Agarose gel showing 

PCR amplified 1250 base pair PfLPL20 gene. (B) Agarose gel showing the restriction 

digestion with NcoI and XhoI enzymes of PfLPL20 cloned in pETM41 vector. (C)  SDS-

PAGE and (D) western blot showing induction of recombinant protein with 1mM IPTG.  

Lane 1,3: Uninduced, Lane 2,4; Induced. (E) SDS-PAGE and (F) western blot showing 

that recombinant is present in both soluble fraction as well as in inclusion bodies (insoluble 

fraction) Lane 1&3; insoluble fraction, Lane 2 & 4 soluble fraction. (G) SDS-PAGE 

showing the purification profile of the recombinant protein using affinity (Ni2+-NTA) 

chromatography. Protein fractions were eluted in the presence of increasing concentrations 

of imidazole (25mM-300mM) written on the top of each lane, respectively. Purified protein 

migrated at the expected size of ̴ 94 kDa. (H) SDS-PAGE of recombinant PfLPL20 further 

purified using MBP affinity chromatography. FT and M denotes the flow through fraction 

and known molecular weight marker, respectively. 
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Figure 13: Standardization of lysophospholipase specific activity of the purified 

recombinant PfLPL20: (A) Graphical representation of LPL activity of PfLPL20 in 

presence of varying amount of protein. (B) Line graph of Michelis-Menten fit for PfLPL20 

enzymatic activity in presence of 20µg (85pmoles) of recombinant protein. Km value of 

PfLPL20 was found to be 33.41µM. 
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amino acid). To ascertain and characterize the enzymatic activity of PfLPL4, recombinant 

protein corresponding to hydrolase domain was expressed and purified using E. coli 

expression system. The gene fragment corresponding to hydrolase domain of PfLPL4 (710 

base pair) was PCR amplified using gene specific primers (Figure 14A) and cloned in to 

pETM41 vector between NcoI and XhoI restriction sites (Figure 14B). The recombinant 

protein was purified by using a combination of affinity chromatography techniques as 

described earlier and checked for purity. As shown in figure 14, the purified recombinant 

protein was migrated at the expected size of ~68 kDa. The purified recombinant protein 

was further assessed for its ability to hydrolyze LPC using fluorescent based assay as 

described previously. The recombinant protein was purified with more than 90% purity 

(Figure 15A and B). The Km value for PfLPL4 was found to be 42µM (Figure 15C).  
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Figure 14: Expression and purification of LPL domain of PfLPL4 in E. coli: (A) 

Agarose gel showing the PCR amplified 710 base pair long gene fragment corresponding 

to hydrolase domain of PfLPL4. (B) Agarose gel showing the restriction digestion with 

NcoI and XhoI enzymes of PfLPL 4 hydrolase domain cloned in pETM41 vector. (C) SDS-

PAGE and (D) western blot showing the purification profile of the recombinant protein 

Ni2+-NTA using affinity chromatography. Protein fractions were eluted in presence of the 

increasing concentrations of imidazole (25mM-300mM) written on the top of each lane, 

respectively. Purified protein migrated at the expected size of 68 kDa. (E) SDS-PAGE and 

(F) western blot of recombinant PfLPL4 further purified using MBP affinity 

chromatography.  Lane 1,3 Flow-through and Lane 2, 4 purified protein. 
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Figure 15: Standardization of lysophospholipase specific activity of the purified 

recombinant PfLPL4:  Graphical representation of Michelis-Menten fit for LPL activity 

in presence of the 20µg (85pmoles) of recombinant protein. Km value of PfLPL4 was found 

to be 42µM. 
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4.2 Functional significance of lysophospholipases and their role in lipid 

homeostasis in the parasite 

In this section, we tried to elucidate the functional role of selected lysophospholipases in 

parasite growth and survival. We used various strategies including reverse genetic 

approaches, GFP tagging for localization studies as well as metabolic studies to explore 

the role of these lysophospholipases in maintaining the lipid homeostasis in the parasite. 

4.2.1 Functional characterization of PfLPL3 

4.2.1.1 Endogenous tagging of PfLPL3 gene and its localization in transgenic parasites 

We tagged the endogenous PfLPL3 for localization studies as well as to study its functional 

essentiality by conditional knock-down strategy. We used GFP-glmS ribozyme system 

(Prommana et al., 2013) for C-terminal tagging of the native PfLPL3 gene by single cross-

over, so that the fusion protein gets expressed under the control of native promoter (Figure 

16). The glmS ribozyme is an inducible knockdown reverse genetic approach in which, 

glmS ribozyme is fused downstream of the target mRNA. In presence of glucosamine 

(GlcN), ribozyme gets activated and cleaves itself. The mRNA self-cleaving results in 

degradation of mRNA and ultimately knock-down of the targeted protein expression. 
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Figure 16: Schematic of GFP-glmS tagging of PfLPL3 gene and gene knock-down 

approach:  A schematic representation of single crossover homologous recombination 

showing the integration of the LPL3-GFP-glmS plasmid at the C-terminus of the 

endogenous PfLPL gene. The ribozyme inserted before the 3’UTR was expressed as 

chimeric mRNA and its activation in presence of glucosamine results in self-cleaving, 

which ultimately leads to the degradation of the chimeric mRNA and knock-down of the 

protein expression. 

For endogenous tagging, C-terminal fragment of PfLPL3 gene was PCR amplified 

using gene specific primers (1222A and 1223A) and cloned in pGFP-glmS vector (Figure 

17B&C). All fragments of the final plasmid construct were confirmed using several 

combinations of the restriction enzymes for correct arrangement of various expression 

cassettes (Figure 17D). This plasmid construct was used for homologous recombination-

based integration in of GFP-glmS gene of interest. P. falciparum 3D7 parasites were 

transfected with plasmid construct and transfected parasites were selected on blasticidin 
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drug. To select parasites having integrated copy of plasmid, drug selected transgenic 

parasite was subjected to on/off drug cycling. Transgenic integrated parasite line, PfLPL3-

GFP-glmS, was obtained after several rounds of drug-selection cycles; C-terminal 

integration was confirmed in selected clonal population using PCR based analyses (Figure 

18B). Expression of fusion protein of ~70kDa was detected by western blot analysis using 

anti-GFP antibody specifically in transgenic parasite line (Figure 18C); this band was not 

detected in wild type 3D7 parasites. 

 

Figure 17: Cloning of PfLPL3 in GFP-glmS vector and restriction digestion analysis 

of PfLPL3-GFP-glmS: (A) Schematic of the pGFP-glmS vector showing different vector 

cassettes and restriction sites. (B) Agarose gel showing PCR amplified C-terminal of the 

pflpl3 gene. (C) Agarose gel showing restriction digestion of PfLPL3-GFP-glmS plasmid 

construct with SpeI & KpnI enzymes, showing exicision of cloned fragment. (D) Agarose 

gel electrophoresis of the PfLPL3-GFP-glmS plasmid construct with different sets of 

restriction enzymes to analyse the vector cassette. Table showing different combination of 

restriction enzymes used to check different expression cassette along with respective size 

of excised fragments. 
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Figure 18: Confirmation of genomic integration of GFP-glmS at PfLPL3 locus: (A) 

Schematic diagram showing the predicted C-terminal homologous recombination between 

the PfLPL3 locus and PfLPL3-GFP-glmS construct along with the primers position to 

check the integration. (B) Agarose gel showing PCR based analysis of the selected 

parasites after 2 drug cycles and parent 3D7 parasite lines. Lane 1 and 4; amplicon using 

primer number 1270A and 1234A detected only in the integrants, Lane 2 and 4; PCR 

amplicon using primer number 1223A and 1234A detected in integrants and episomal 

parasites, Lane 3 and 6 ; PCR amplificon using primer number 1222A and 1223A detected 

in all the episomal, integrants as well as the parent line. (C) Western blot analysis of 

transgenic parasite lysate probed with anti-GFP antibody. The fusion protein band was 

detected only in the transgenic parasites and not in the 3D7 parent parasite line. Blot ran in 

parallel and probed with anti-BiP was used as loading control. 

4.2.1.2 Localization of PfLPL3 in the parasite 

The endogenously tagged PfLPL3-GFP-glmS parasites were used for localization studies 

as well as to study functional essentiality by conditional knock-down strategy. The 

PfLPL3-GFP-glmS transgenic parasites were studied for localization of the PfLPL3-GFP 

fusion protein by fluorescence/confocal microscopy. The chimeric protein was found to be 

expressed in all stages of asexual life cycle of the parasite (Figure 19). In early development 

stages, the ring and mid trophozoite stages, GFP fluorescence was mainly observed in the 

cytosol; as the parasites mature into late-trophozoite and schizonts stages, the GFP 
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labelling was observed at the parasite periphery in the parasitophorous vacuole (PV) 

region. It was intriguing to observe PfLPL3 was also present in the in the tubulovesicular 

networks (TVN) during the late trophozoite stages (Figure 19). 

 

 Figure 19: Localization of PfLPL3-GFP fusion protein in transgenic parasites: 

Fluorescent microscopic images of live transgenic parasites at ring, trophozoite, and 

schizont stages. The parasite nuclei were stained with DAPI and parasites were visualized 

by confocal laser scanning microscope. In young parasites, the fusion protein was observed 

in the cytosol of the parasite but as the parasite matures, the fluorescence was observed 

towards the periphery of the parasite.  

4.2.1.3 PfLPL3 associates with PV and PVM of the parasite 

To further investigate these localization patterns, we carried out molecular staining and 

immuno-staining studies using transgenic parasites. The GFP tagged parasites were co-

stained with the lipid membrane probe BODIPY-TR ceramide. The BODIPY probe 

labelled parasite periphery, which include plasma membrane and parasitophorous vacuole 

membrane; in addition, the tubulovesicular extension of the parasitophorous vacuolar 

membrane were observed in the erythrocyte cytosol for some of the parasites. The PfLPL3-

GFP labelling showed overlap with BODIPY-TR ceramide, in the parasitophorous vacuole 

region as well as in the TVN (Figure 20A). A 3D reconstruction of trophozoite stage 

parasite images clearly show presence of GFP staining around the parasite periphery and 
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in the TVN (Figure 20A). To understand if the PfLPL3 is localized in the parasitophorous 

vacuole region, we co-stained the transgenic parasites with one of the PV resident proteins, 

SERA5 (Stallmach et al., 2015); As shown in figure 20B, SERA5 staining overlapped with 

PfLPL3-GFP around the parasite boundary in infected RBC which confirmed the 

localization of PfLPL3-GFP protein in the PV. 

 

Figure 20. Co-localization study of PfLPL3 with the PV and PVM markers: (A) 

Fluorescent microscopic images of transgenic parasites stained with membrane probe 

BODIPY™ TR ceramide, showing GFP fusion protein at the parasite periphery in late 

parasite stages. Parasite nuclei were stained with DAPI and images were acquired by 

confocal laser scanning microscope. (B) Fluorescent microscopic images of transgenic 

parasites immuno-stained with anti-SERA5 antibody showing colocalization of PfLPL3 

with SERA5.  

To further dissect the localization of PfLPL3 in the transgenic parasites, we 

fractionated infected RBCs by saponin lysis, and as shown in figure 21A, SERA5 signal 
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was detected in supernatant fraction while BiP was detected in pellet fraction. We detected 

fusion protein band in both supernatant and pellet fraction in western blot analysis, which 

confirmed the presence of PfLPL3 in the PV as well as in parasite cytosol. 

 

 

Figure 21: PfLPL3-GFP fusion protein is localized in the parasite cytosol and 

parasitophorous vacuole region: (A) Western blot of soluble and pellet fraction after  

saponin lysis of infected RBC showing that the PfLPL3-GFP fusion protein was present in 

the parasite cytosol as well as in the PV. BiP and SERA5 were used as a negative and 

positive controls, respectively. (B) 3D- image generated by a series of Z-stack images of 

the transgenic parasites shows that the fusion protein (green) was present in the PV as well 

as in the tubulovesicular network (TVN) of the PV. DAPI (blue) was used to stain parasite 

nucleus. 

Further, to assess possible membrane association of PfLPL3, we carried-out the 

sequential membrane solubilization assay (Nilsson et al., 2012). The cell lysate of 

transgenic parasites was divided in four aliquots and solubilized with different 

solubilization buffers, subsequently soluble and pellet fractions were analyzed by western 

blotting. It has been shown that the cytosolic proteins are solubilized in the Tris-Cl buffer 

and the Tris-Cl pellet fraction contains membrane associated and transmembrane proteins, 

the membrane associated proteins can be extracted in 6M urea and sodium carbonate 

buffer, whereas trans-membrane/membrane bound proteins were solubilized in 
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SDS+TritonX-100 buffer. The PfLPL3-GFP was detected in the pellet fraction of Tris-Cl 

buffer and urea buffer; it was also found to be in soluble fractions after extraction with 

sodium-carbonate buffer as well as with buffers containing Triton-X100 or SDS (Figure 

22). The urea and sodium carbonate buffers solubilize the membrane associated proteins: 

urea buffer disrupts the protein-protein interactions whereas sodium carbonate breaks lipid-

protein interactions. The presence of fusion protein in urea pellet and sodium carbonate 

soluble fraction indicate PfLPL3 membrane association via lipid-protein interactions. 

 

Figure 22: PfLPL3 associates with PVM via lipid-protein interactions: PfLPL3 can be 

extracted by sodium carbonate, tritonX-100 and tritonX-100+ SDS but not by the urea 

buffer. Parasitized RBCs at schizont stage was lysed hypotonically by Tris-cl. The pellet 

fraction was further divided in to four aliquots and were separately dissolved in alkaline 

sodium carbonate, triton alone, Triton+SDS and urea buffers. Extracts were subjected to 

SDS-PAGE and western blot analysis.  

 

4.2.1.4 Selective degradation of PfLPL3 inhibits parasite growth 

To understand the functional significance of PfLPL3 and its possible involvement in lipid 

metabolism, we utilized the PfLPL3-GFP-glmS parasite line for inducible knock-down of 

PfLPL3 expression using glmS ribozyme. In presence of glucosamine (GlcN), the glmS-

ribozyme cleaves itself, which in turn leads to degradation of the associated mRNA. 

Selective down-regulation of PfLPL3 protein was assessed in transgenic parasite grown 

with different concentrations of GlcN (1.25mM, 2.5mM, 5mM and 10mM). As shown in 
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figure 23B, PfLPL3 levels showed concentration dependent reduction (60-90%) in GlcN 

treated sets. To avoid any GlcN mediated toxicity, all further experiments were carried out 

using 1.25mM concentration of glucosamine. To study the effect of inducible knock-down 

(iKD) of PfLPL3 on parasite growth, synchronized ring stage parasite was grown in 

presence of GlcN. The total parasitemia was estimated at different time points (24h, 36h, 

48h) and compared with control set (-GlcN); the PfLPL3-iKD set showed ~70% inhibition 

in the parasite growth (Figure 23C). There was no deleterious effect of 1.25mM 

glucosamine on the growth of the wild type 3D7 parasite line. 
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Figure 23: Inducible knock-down of PfLPL3 hampers parasite growth and survival: 

(A) Western blot analysis showing reduction in the fusion protein in presence of 10mM 

glucosamine. (B) Western blot showing reduction in the fusion protein expression 

gradually as the glucosamine concentration is increased. BiP was used as loading control. 

(C) Graph showing percentage parasitemia in PfLPL3-GFP-glmS transgenic cultures 

grown in presence or absence of 2.5 mM glucosamine (control and iKD), as estimated by 

new ring stage parasites after 2 and 4 days. (D) Giemsa stained images of parasites showing 

effect on parasite morphology at different time points (0-48h) for control and PfLPL3-iKD 

sets. (E) Growth profile of the PfLPL3-GFP-glmS parasites in absence of glucosamine and 

in presence of the 2.5 mM glucosamine (F). 
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4.2.1.5 PfLPL3 plays a crucial role in parasite development and schizogony 

 To study the effect of selective degradation of PfLPL3 on parasite development during 

asexual cycle, morphology of the parasites in PfLPL3-iKD set and control set was analyzed 

at different time points during the growth cycle. In the control set, during each intra-

erythrocytic cycle, the parasites developed from ring to trophozoites to mature schizonts, 

subsequently merozoites released from these schizonts invaded new erythrocytes, which 

effectively increased the total parasitemia about 5-6 times (Figure 23 C). In the PfLPL3-

iKD set, the parasite development from ring to trophozoites was delayed for 10-12h as 

shown in developmental stage profile (Figure 23 D, E and F). In addition, all the 

trophozoites were not able to developed into schizonts, and there was ~50% reduction in 

number of schizonts as compared to control; indeed, at 48 hpi, a large number of stressed 

parasites were observed in treated set as compared to the control set (Figure 23D), which 

caused ~50% reduction in number of schizonts in the  PfLPL3-iKD set as compared to 

control. 

Since lipid metabolism is regulated by lipases may affects the membrane biogenesis 

in developing parasites. We also assessed the effect of PfLPL3-iKD on division and 

segregation of merozoites during schizont development. Indeed, the PfLPL3-iKD also 

affected the replicative fitness of the schizonts. During Schizogony, P. falciparum 

undergoes multiple rounds of nuclear divisions resulting in 16-32 merozoites.  In the 

control set, the schizonts were found to contain 16-32 merozoites with the majority of 

parasite having 16 merozoites per schizont; however, in the treated parasite set (PfLPL3-

iKD), mean number of merozoites per schizonts was significantly reduced (Figure 24A and 

B). This decrease in replicative fitness of schizonts resulted in ~25% decrease in total 

number of merozoites (Figure 24C). Overall, we show that PfLPL3-iKD inhibited 

development as well as replicative fitness of schizont stages, which resulted in >70% 

parasite growth inhibition.  
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Figure 24: PfLPL3 plays a crucial role in schizogony of the parasite: (A) Frequency 

distribution of number of merozoites per schizont in the control and PfLPL3-iKD parasite 

cultures. (B) Representative giemsa smears showing the lesser number of merozoites in the 

PfLPL3-KD parasites in comparison to the wild type parasites. (C) Graph showing 

reduction in the total number of merozoites in PfLPL3-iKD parasite line in comparison to 

the control. (n=50). (D) Giemsa smears of the control and the PfLPL3 knock-down 

parasites showing that the glucosamine treated parasites have stressed schizonts and less 

number of merozoites per schizont. 

4.2.1.6 Knock-down of PfLPL3 does not alter merozoite membrane composition 

Since PfLPL3 was found to be localized in PV region, we assessed any effect of its 

knockdown on development of merozoite plasma membrane using merozoite surface 

protein marker. Merozoite surface protein 1 (MSP1) is a GPI anchored protein present on 

the merozoite membrane synthesis. We found that there was no difference in the staining 

of the MSP1 in PfLPL3-iKD parasite set as compared to the control (Figure 25). It shows 
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that PfLPL3-iKD parasites, which could develop into schizont stage with less number of 

merozoites, still have normal plasma membrane composition. 

 

Figure 25: Effect of PfLPL3 knock down on merozoite membrane: Fluorescent images 

of the control and the PfLPL3 knock-down parasites immune-stained with anti-MSP1 

antibody, showing intact plasma membrane in the merozoites of PfLPL3 knock-down 

parasites. Parasite nuclei were stained with DAPI and images were acquired by confocal 

laser scanning microscope. 
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4.2.1.7 Selective degradation of PfLPL3 disrupts lipid homeostasis and neutral lipid 

ratios 

To assess the role of PfLPL3 in lipid homeostasis, we conducted mass spectrometry-based 

lipidomic analyses on total lipids extracted from PfLPL3-iKD set of parasites. A 

comparison of lipid profiles of PfLPL3-iKD and control set revealed that the composition 

of different phospholipids (Figure 26A) as well as that of fatty acids (Figure 26B) was not 

altered after reduction in PfLPL3-iKD set. However, there was significant decrease in the 

total fatty acid amount (Figure 26C) and a minor decrease in the phospholipid content of 

the parasite (Figure 26D). Lysophospholipases are known to cleave the fatty acid chain 

from the lysophospholipids which ultimately leads to the generation of neutral lipids, 

Diacylglycerol and Triacylglycerol (DAG and TAG) in the parasite. Comparative analysis 

of these major neutral lipid concentrations, which make the bulk of lipid bodies 

composition, showed reduction in the total quantitative levels of neutral lipid (Figure 26E).  

Further, detailed analysis of neutral lipids showed that TAG to DAG ratio was significantly 

decreased in PfLPL3-iKD set of parasites (Figure 26F). 
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Figure 26: Effect of PfLPL3 knock-down on lipid profile of the PfLPL3 parasites: 

Total lipids isolated from PfLPL3-iKD were analyzed by LC-MS and abundance was 
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confirmed with control set. (A) Graphical representation of several phospholipids 

composition in total phospholipids. (B) Graph showing that the composition of different 

fatty acids is not much altered in comparison to the control set. (C) Graphical representation 

of phospholipid abundance showing that there is a slight decrease in the phospholipid 

content in PfLPL3-iKD parasites. Graph showing that the decrease in the Fatty acid 

amounts (D) but no alteration in the fatty acids composition (E) in PfLPL3-iKD parasites 

in comparison to control. (F) Graph showing the decrease in the TAG to DAG ratio in 

PfLPL3-iKD parasites. 

Overall, our results suggest that PfLPL3 lysophospholipase is essential for the 

parasite, and it plays an important role in fatty acid, neutral lipid as well as phospholipids 

synthesis, which are crucial for the membrane synthesis required during the schizogony of 

the parasite. 

4.2.2 Functional Characterization of PfLPL20 

 For functional characterization of PfLPL20, we utilized GFP-targeting as well as glmS 

mediated gene knock-down strategies. The transgenic parasite lines were also used for 

immunoprecipitation, metabolic study, and transcriptomic analyses to explore role of 

PfLPL20 in maintaining the lipid homeostasis in P. falciparum.  

4.2.2.1 Generation of PfLPL20-pSSPF2-GFP line for localization study 

To generate transgenic parasite line expressing GFP fusion protein, full length PfLPL20 

gene was amplified using primers 1294A and 1295A (Figure 27B.) and cloned in to 

pSSPF2-GFP vector (Figure 27C). All cloned fragments of the final plasmid construct were 

analyzed using several combinations of the restriction enzymes digestion to confirm for 

correct arrangement and integrity of various expression cassettes. (Figure 27D) P. 

falciparum 3D7 parasites were transfected with plasmid construct and transgenic parasites 

were selected on blasticidin drug.  
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Figure 27: Generation of transfection plasmid construct for expression of PfLPL20-

GFP fusion protein: (A) Schematic of the pSSPF2 vector map showing different vector 

cassettes and restriction sites. (B) Agarose gel showing PCR amplified PfLPL20 gene. (C) 

Agarose gel showing restriction digestion of PfLPL20-pSSPF2-GFP plasmid using 

restriction enzymes BglII and AvrII, excised fragment was observed at the expected size of 

1285 base pair. (D) Agarose gel electrophoresis of the PfLPL20-pSSPF2-GFP plasmid 

digested with different sets of restriction enzymes to analyze different expression cassettes 

in the vector. Table showing different combination of restriction enzymes used to check 

vector cassette along with their respective fallout sizes. 

 

 

Lane Enzyme Size(bp)

1 BglII,  AvrII 1285

2 BamHI,  Hind III 450

3 NotI,  EcoRI 3000

4 EcoRI,  HindIII 600

5 XhoI,  NotI 800

6 BglII, XhoI 2000
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The transgenic parasites were studied for localization of PfLPL20-GFP fusion 

protein by fluorescence/confocal microscopy. Expression of the chimeric protein (~70kDa) 

in transgenic parasites was confirmed by western blotting (Figure 28A). The chimeric 

protein was found to be expressed in all developmental stages, except young ring-stage, 

during asexual life-cycle of the parasite, under the control of P. falciparum calmodulin 

promoter (Cam5’UTR). As the parasite developed through the trophozoite and schizont 

stages, fluorescence signal was observed in vesicular structures in the parasite cytosol. 

During trophozoite stages, PfLPL20 was present in distinct foci/vesicles at the parasite 

periphery, close to the parasite membrane; in addition, some of these vesicles were also 

distributed in the parasite cytosol (Figure 28B); in late-trophozoite and schizont stages, the 

fluorescence was observed in 2-3 large vesicular structure, in most of the parasites these 

structures were present in close proximity of the food-vacuole (Figure 28B). Size and 

location of these large vesicular structures resemble the food-vacuole associated lipid-

storage bodies in the parasites. We assessed localization of PfLPL20 with respect to lipid 

storage body by co-staining the transgenic parasites using Nile red. The Nile Red is a 

hydrophobic probe that can stain lipid storages in cells and concentrate in stores of neutral 

lipids such as TAG (Fowler and Greenspan, 1985). In trophozoite and schizont stage 

parasites, the Nile Red stained 1-2 vesicular structures strongly associated with food 

vacuole. The Nile Red stained lipid bodies showed complete overlap with PfLPL20-GFP 

fusion protein near the food-vacuole, suggesting that the PfLPL20 localize in the neutral 

lipid storage bodies near the parasite food vacuole (Figure 28C). A 3D reconstruction of 

PfLPL20-GFP (Figure 29A) and PfLPL20-GFP co-stained with Nile Red (Figure 29B) at 

the schizonts stage parasite clearly shows localization of PfLPL20 in the lipid body. 
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Figure 28: Generation of transgenic parasite line expressing PfLPL20-GFP fusion 

protein and sub-cellular localization of PfLPL20: (A) Western blot analysis of lysate of 

transgenic parasites using anti-GFP antibody shows a band at ~70 kDa (Lane 2), which 

was not detected in the wild-type 3D7 parasite lysate (Lane1); a parallel blot probed with 

anti-BiP antibodies to show equal loading. (B) Confocal microscopy images of the 

transgenic parasites at ring, trophozoite and schizont stages expressing fusion protein. 

PfLPL20-GFP fusion protein was present in the vesicular structures near parasite 

boundary, in the cytosol and as a large multi-vesicle like structure near the food-vacuole. 

(C) Co-staining of transgenic parasites with neutral lipid marker (Nile red) shows that the 

PfLPL20 (green) associates with neutral lipid storage body near the food-vacuole. Nucleus 

was stained in blue with DAPI. 3D-images was generated by series of Z-stack images using 

IMARIS software. 
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Figure 29:  Three-dimensional reconstructed images of a schizont stage transgenic P. 

falciparum using IMARIS: (A) The GFP signal was observed in vesicular structures near 

the PV and the food vacuole. (B) PfLPL20-GFP fusion proteins stained with Nile red (red) 

shows colocalization with neutral lipids. The parasite nuclei were stained with DAPI 

(blue). 

 

4.2.2.2 Endogenous tagging of PfLPL20 gene and localization of PfLPL20-GFP fusion 

protein in transgenic parasites 

We tagged the endogenous PfLPL20 for its localization studies as well as to study its 

functional essentiality by conditional knock-down strategy. We used GFP-glmS ribozyme 

system for C-terminal tagging of the native PfLPL20 gene by single cross-over, so that the 

fusion protein gets expressed under the control of native promoter. Briefly, a C-terminal 

fragment of the PfLPL20 gene was amplified using specific primers 1224A & 1225A 

(Figure 30B), amplified fragment was cloned in to pGFP-glmS vector (Figure 30C) to 

generate transgenic construct, all cloned fragments of the final plasmid construct were 

analyzed using several combinations of the restriction enzymes digestion to confirm correct 

arrangement of various expression cassettes (Figure 30D). The 3D7 strain of P. falciparum 

parasites were transfected with plasmid construct and selected over blasticidin drug; drug 

on/off cycles were applied for selection of the parasite having integration of the plasmid 

into parasite genome. 
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Figure 30: Generation of transfection plasmid construct for PfLPL20GFP-glmS 

parasite line: (A) Schematic of the pGFP-glmS vector map showing different vector and 

cassettes restriction sites for restriction enzymes. (B) Agarose gel showing PCR amplified 

C-terminal of the PfLPL20 gene. (C) Agarose gel showing restriction digestion of 

PfLPL20-GFP-glmS plasmid construct with SpeI & KpnI enzymes, showing excision of 

cloned fragment. (D) Agarose gel electrophoresis of the PfLPL20-GFP-glmS plasmid 

construct with different sets of restriction enzymes to analyze the vector cassettes. Table 

showing different combination of restriction enzymes used to analyze different expression 

cassette along with respective size of excised fragments. 

 

Transgenic integrated parasite line, PfLPL20-GFP-glmS, was obtained after several rounds 

of drug-selection cycle (Figure 31B); C-terminal integration was confirmed in selected 

clonal population by PCR based analyses using primers 2200F & 1234A (Figure 31B). 

Expression of fusion protein of ~70kDa was detected by western blot analysis using anti-

GFP antibody (Figure 31C); this band was not detected in wild type 3D7 parasites. 
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Figure 31 : Generation of transgenic parasite line with GFP-glmS tag in the pfLPL20 

gene locus for transient knock-down: (A) Schematic representation of GFP-glmS reverse 

genetic approach showing the integration of PfLPL20-GFP-glmS plasmid at the C-

terminus of the endogenous pfLPL20 gene locus. (B) PCR based analyses to confirm 

integration of plasmid in the target gene locus using total DNAs of the transgenic parasite 

culture (purified clonal parasite population) and wild type 3D7 parasite lines; locations of 

primers used, and length of respective amplicons are marked in the schematic diagram.  

Lane 1 and 4 (primers 2200F and 1234A) showing amplicon only in the integrants; lane 2 

and 4 (primers 1224A and 1234A) show amplicon in integrants or episome parasites; lane 

3 and 6 (primers number 1224A and 1225A) show amplification in both integrants and the 

wild-type line. (C) Western blot analysis of lysate of transgenic and wild-type parasites 

using anti-GFP antibody. The fusion protein band (~70kDa) was detected in the transgenic 

parasites only (Lane 2) and not in the wild-type parasite (Lane 1). Blot ran in parallel and 
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probed with anti-BiP was used as loading control. (D) Fluorescent microscopic images of 

transgenic parasites. Fusion protein signal was observed in vesicular structures in 

transgenic parasites. The parasite nuclei were stained with DAPI and parasites were 

visualized by confocal laser scanning microscope. 

 

4.2.2.3 PfLPL20 is dispensable at the asexual stage of the parasite 

To understand the functional significance of PfLPL20 and its possible involvement in lipid 

metabolism, we utilized the transgenic PfLPL20-GFP-glmS parasite line for glmS 

ribozyme mediated inducible knock-down of PfLPL20 expression. Inducible knock-down 

(iKD) was assessed by quantification of the corresponding mRNA and proteins levels of 

PfLPL20-GFP in parasite cultures grown in presence of glucosamine (PfLPL20-iKD set) 

as compared to controls (Figure 32A). As shown in Figure 32B, glucosamine treatment 

significantly (>70%) reduced the protein level of fusion protein as assessed by western blot 

analysis using anti-GFP antibody. To assess the effect of this PfLPL20 knock-down on 

parasite growth, synchronized parasite cultures were grown in presence or absence of 

glucosamine, and new ring stage parasitemia was calculated in two subsequent cycles. 

However, there was no difference in the parasite growth after PfLPL20 knock-down as 

compared to controls (Figure 32C). These results indicated dispensability of this gene for 

the asexual blood stage parasite cycle. 

Further, to study the effect of selective degradation of PfLPL20 on parasite 

development cycle, Giemsa stained smears of the parasite were prepared at different time 

points during the assay. In control set, during each intra-erythrocytic cycle the parasites 

developed from ring to trophozoites to mature schizonts and subsequently merozoites 

released from these schizonts invaded new erythrocytes, which effectively increased the 

total parasitemia. In PfLPL20-iKD set, the parasites developed from ring to trophozoites 

stages, however a number of trophozoites showed an interruption in further development 

(Figure 32D). It was observed that this growth interruption was only transient, which led 

to slight delay in parasite development, however, all the parasites were able to develop into 

mature stages and overall parasite growth and multiplication was similar as in case of 

control set. 
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Figure 32: Inducible knock-down showing dispensability of PfLPL20 in asexual blood 

stages of the parasite: (A) Real time PCR data showing reduction in the transcript levels 

of PfLPL20 in transgenic parasite grown in presence of glucosamine (+GlcN) as compared 

to control (-GlcN). (B) Western blot analysis using anti-GFP antibody showing reduction 

in the PfLPL20 fusion protein levels in transgenic parasites grown in presence of 2.5 mM 

glucosamine. (C) Graph showing reduction in the PfLPL20-GFP-glmS parasite growth in 

presence of 2.5 mM glucosamine. Tightly synchronized ring stage parasite cultures of 

transgenic parasites were grown with or without glucosamine (Control and PfLPL20-iKO, 

respectively), and their growth was monitored as formation of new rings estimated at 48h 

and 96h. (D) Morphological analysis of the PfLPL20 knock-down parasites at ring, 

trophozoite and schizont stage. PfLPL20-iKD parasite showed slight delay in development 

into schizont as compared to control set, however all the parasites developed into schizonts, 

formed segregated merozoites and developed new ring stage parasites. 
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4.2.2.4 Identification of interacting partners of PfLPL20 in the parasite 

To identify the interacting partners of PfLPL20, we carried out immunoprecipitation assay 

using both PfLPL20-GFP-glmS and PfLPL20-pSSPF2-GFP parasites. GFP-Trap beads 

were used to pull down the interacting protein complex, eluted proteins were digested with 

trypsin and resultant peptides were subjected to mass spectrometry analysis for their 

identification. Following proteins were detected in both sets of co-immunoprecipitation: 

PfLPL20, PfPMT, PfSAMS, PfOAT (Phosphoethanolamine-N-methyltransferase, S-

adenosylmethionine synthetase, Ornithine amino-transferase of SDPM pathway (Table).  

Table 3: Interacting partners of PfLPL20 in the P. falciparum. 

Accession No Gene 

Number of peptides 

pSSPF2-GFP/GFP-

glmS 

Score 

PF3D7_0702200 Lysophospholipase 20 1/4 27.55, 30.00 

PF3D7_1343000 
Phosphoethanolamine-

N-methyltransferase 
4/6 

10.64, 40.22 

PF3D7_0922200 
S-adenosylmethionine 

synthetase 
4/6 

22.05, 23.90 

PF3D7_0608800 
Ornithine amino 

transferase 
3/14 

8.09, 51.34 

 

4.2.2.5 PfLPL20 knock-down effects homeostasis of phosphatidylcholine synthesis 

pathways 

As described earlier, there are two pathways for the PC synthesis in P. falciparum; 1. CDP-

Choline branch of Kennedy pathway and 2. Serine Decarboxylase-Phosphoethanolamine 

Methyltransferase (SDPM) Pathway. In both pathways generation of the phosphocholine 

is the rate limiting step. Since PfLPL20 is involved in cleavage LPC, hence its knock-down 

may deplete the production of choline substrate required for PC synthesis and thus mimic 

LPC depleted conditions; therefore, we assessed if this influence the expression level of 

genes of PC- biosynthesis as suggested by Brancucci et. al. We carried quantitative PCR 

and metabolomic studies to understand the role of PfLPL20 in phosphocholine metabolism. 
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Real time quantitative PCR based analyses was carried out for genes PfSAMS, PfPMT, 

PfEK as well as for PfLPL20.  As shown in Figure 33A, there was significant reduction 

(>90%) of the PfLPL20 in the PfLPL20-iKD set as compared to control set; in addition, 

expression level of PfSAMS was significantly increased (~3.5 fold) in the PfLPL20-iKD 

set. There was no change in the expression levels of PfPMT and PfEK.  

 

4.2.2.6 PfLPL20-iKD led to accumulation of phosphocholine in parasite 

The upregulation of PfSAMS in PfLPL20-iKD conditions suggest that SDPM pathway may 

have switched to increase in the synthesis of choline-phosphate, which could be utilized 

for PC synthesis by Kennedy pathway. We estimated the levels of the phosphocholine and 

choline in PfLPL20-iKD set as compared to control set. The GC-MS analysis showed that 

there was no significant change in the choline levels for the two sets, however, 

phosphocholine levels were significantly high in PfLPL20-iKD set as compared to control 

(Figure 33B). This data correlate with upregulation of SDPM pathway in the PfLPL20-

iKD conditions. 

 

 
Figure 33: Knock-down PfLPL20 renders parasite to upregulate alternate SDPM 

pathway for phosphocholine synthesis: (A) Graphical representation of relative 

transcript levels of different genes of the SDPM pathways in PfLPL20-iKD parasites as 

compared to control set. Expression of PfSAMS was altered significantly while there was 

no change in the expression of PfPMT and PfEK. (B) Bar graph showing relative levels of 

choline and phosphocholine in PfLPL20-iKD parasites in comparison to control set. (PMT: 

Phosphoethanolamine-N-methyltransferase, SAMS: S-adenosylmethionine synthetase, 

SAHH: S-adenosyl-L-homocysteine, EK: ethanolamine kinase). 
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Overall, our results indicate PfLPL20 play role in PC biosynthesis through 

catabolism of LPC acquired form host milieu to provide choline and phosphocholine; under 

the PfLPL20 depleted conditions, the parasite switches to an alternate SDPM pathway for 

phosphocholine synthesis which is utilized for PC biosynthesis. These data provide new 

information on membrane phospholipid biosynthetic pathways of the malaria parasite, 

which could be used to design future therapeutic approach (Figure 34). 

              
Figure 34: Schematic diagram showing pathways of biosynthesis for  major 

phospholipids (PC,PE,PS) in Plasmodium  and effect of PfLPL20-iKD on these 

pathways:   The parasite is able to scavenge both choline and LPC from host milieu; 

however, the choline generated from LPC catabolism is phosphorylated to generate 

phosphocholine which enters in Kennedy pathway for PC synthesis. Ethanolamine and 

Serine taken up from host milieu are phosphorylated into P-Etn and utilized for synthesis 

of PE and PS. Methionine and Serine are also generated from catabolism of hemoglobin in 

the food-vacuole. In PfLPL20-iKD conditions, the choline generated from LPC is reduced, 

the SAMS gets upregulated which leads to higher production of SAM which is utilized by 

PMT to generate phosphocholine to compensate loss of choline/phosphocholine. LPC, 

Lysophosphatidylcholine; LPL20 ; lysophospholipase 20; PL, Phospholipase, Cho, 

choline; CK, choline kinase; CCT, CTP:phosphocholine cytidylyltransferase; CDP-Cho, 

CDP-choline; CEPT, choline/ethanolamine-phosphotransferase; PC, Phosphatidylcholine; 

Met, Methionine; SAMS, SAM synthetase; SAM, S-adenosylmethionine; PMT, 

Phosphoethanolaminemethyltransferase; Etn, Ethanolamine; EK, ethanolamine kinase; P-

Etn, phosphoethanolamine; ECT, CTP:phosphoethanolamine cytidylyltransferase; CDP-

Etn, CDPethanolamine; CEPT, choline/ethanolaminephosphotransferase; PE, 

Phosphoethanolamine; Ser, Serine; CSPT, CDP-diacylglycerol-serine-O-

phosphatidyltransferase; PSS2, phosphatidylserine synthase by base exchange type 2;  

PSD, phosphatidylserine decarboxylase, FV, food vacuole; Hb, hemoglobin. 
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4.2.3 Functional Characterization of PfLPL4 

4.2.3.1 Generation of PfLPL4-GFP-DD transgenic parasite line 

To understand the functional significance of PfLPL4, we used FKBP degradation domain 

(DD) system for transient knock-down at protein level. In this strategy C-terminal of the 

gene was tagged with DD domain using single cross over homologous recombination. 

Under normal conditions, the DD-tagged proteins are identified by cellular proteasomal 

machinery and selectively degraded in the cell. However, this degradation process can be 

stopped by adding a ligand, Shield1 (Shld1), which binds to the DD domain and stabilizes 

the tagged protein (Banaszynski et al., 2006; Herm-Gotz et al., 2007). Stable fusion protein 

can thus be expressed in presence of the shield1 molecule. Therefore, shield1 removal can 

be used for transient knockdown of tagged proteins in the cell (Figure 35). 

                                                                       
Figure 35: Schematic diagram showing reverse genetic approach utilized for 

degradation domain mediated transient knock-down of PfLPL4: The C-terminal of 

PfLPL4 gene was tagged with GFP-DD by single cross-over homologous recombination. 

The Fusion protein having GFP-DD tag gets rapidly degraded in the cell, while in presence 

of shld1 molecule, the fusion protein gets stabilized. 
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Briefly, C-terminal fragment of the PfLPL4 was PCR amplified from P. falciparum 

genome using gene specific primers 1189A & 1063A (Figure 36B) and cloned into 

pARL(a+)-GFP-DD vector using KpnI & AvrII restriction sites (Figure 36C) to generate 

transgenic construct, all cloned fragments of the final plasmid construct were analyzed 

using several combinations of the restriction enzymes digestion to confirm correct 

arrangement of various expression cassettes (Figure 36D). Parasites were transfected with 

plasmid construct and selected over WR-99210 drug; drug on/off cycles were applied to 

promote integration of the plasmid into parasite genome. Integrated parasite line, PfLPL4-

GFP-DD, was obtained after several rounds of drug-selection cycle. To obtain pure 

integrated parasite population, clonal selection was done in 96 well plate by using serial 

dilution method and four pure clones were isolated. Western blot analysis was done to 

assess the integration of all clones and expression of fusion protein in the parasite. As 

shown in (Figure 37), clones (H 7, H 11) showed expression of the fusion protein 

(~106kDa). This confirmed the successful integration of the plasmid in parasite genome.  



Results 

 

85 
 

 

Figure 36: Generation of PfLPL4-GFP-DD plasmid construct for PfLPL4-GFP-DD 

transgenic parasite line: (A) Schematic of pARL(a-)GFP-DD vector showing different 

vector cassettes and restriction sites for restriction enzymes. (B) Agarose gel showing 

restriction digestion of C-term cloned in pJET vector. (C) Agarose gel showing restriction 

digestion of PfLPL4-GFP-DD plasmid construct with NotI & AvrII enzymes, showing 

excision of cloned fragment, excised fragment was observed at the expected size of ~765 

base pair. (D) Agarose gel electrophoresis of the PfLPL4-GFP-DD plasmid construct with 

different sets of restriction enzymes to analyse the vector cassette. Table showing different 

combination of restriction enzymes used to check different expression cassette along with 

respective size of excised fragments. 
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Figure 37: Expression of PfLPL4-GFP-DD fusion protein in transgenic parasite line 

and clonal selection: (A) Western blot analyses of transgenic parasite lysate using anti-

GFP antibody showing a band at expected size of 108kDa, which was not detected in wild 

type 3D7 parasite lysate (Lane 1: 3D7 lysate, Lane2: Transgenic parasite lysate). (B) 

western blot of all four parasite clones showing the expression of fusion protein only in 

two clones (clone 7,11). BiP was used as loading control. 

4.2.3.2 Localization study of PfLPL4 in parasite 

The PfLPL4-GFP-DD parasite was analyzed for localization by fluorescence microscopy 

to assess localization of PfLPL4. However, the transgenic parasites did not show any 

fluorescence even at higher laser exposure. Since the fusion protein was found to be 

expressed in these parasites by western blot analysis, the absence of any fluorescence could 

be due to quenching of the GFP by fusion protein. Therefore, these parasites could not be 

used for localization studies. 

4.2.3.3 PfLPL4 is non-essential at the asexual stage of the parasite 

To understand the functional significance of PfLPL4 and its possible involvement in 

parasite survival, we used the PfLPL4-GFP-DD parasite line for transient knock-down of 

PfLPL4 expression using DD system. Synchronized ring stage parasites were grown in 

presence or absence of Shld1 and parasites were harvested at the schizonts stage. Parasite 
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lysates were analyzed by western blot analysis to assess the knock-down of PfLPL4 

expression level. As shown in figure 38A, expression of the PfLPL4-GFP fusion protein 

was observed in (+) shld1 set, whereas fusion protein level was drastically reduced in (–) 

shld1 set, suggesting degradation and downregulation of PfLPL4. To assess the effect of 

this PfLPL4 knock-down on parasite growth, synchronized parasite cultures were grown 

in presence or absence of shild1, and new ring stage parasitemia was assessed in two 

subsequent cycles. However, we could not observe any change in the parasite growth after 

PfLPL4 knock-down as compared to control (Figure 38B & C), which clearly indicates the 

dispensability of this gene for the asexual blood stage parasite. 
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Figure 38: PfLPL4 is non-essential for the asexual blood stage parasite: (A) Western 

blot of transgenic parasite grown in presence and absence of shld1 showing 80% reduction 

in the fusion protein expression. BiP was used as a loading control. (B) Line graph showing 

the PfLPL4-GFP-DD parasite growth in presence and absence of the Shld1. Formation of 

new rings were estimated after 2nd and 4th day of treatment. There was no difference in the 

parasitemia of both PfLPL4-iKD and control parasites. (C) Morphological analysis of the 

control and the PfLPL4 knock-down parasites at ring, trophozoite and schizont stage. 

PfLPL4-KD parasite showed no defect in the parasites morphology as observed from 

Giemsa smears. 
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4.3 Identification of inhibitors of Plasmodium falciparum 

lysophospholipases 

One of the major aims to be achieved by understanding biology of the parasite, is to identify 

functionally important metabolic pathways as drug targets, and subsequently identify their 

specific inhibitors to develop new antimalarials. We elucidated functional roles of P. 

falciparum lysophospholipases as well as their functional essentiality for parasite growth 

and survival. We have carried out functional studies for three lysophospholipases using 

several reverse genetic approaches and metabolic studies; our results identified PfLPL3 to 

be an essential enzyme for the asexual blood stage parasites, which makes it a potential 

drug-target. Therefore, we tried to identify specific inhibitors for this enzyme using in vitro 

activity assay-based screening of Malaria Box compound library. We identified specific 

inhibitors of PfLPL3 having potent parasiticidal efficacies. These results are described 

below. 

4.3.1 Identification of specific inhibitors for enzyme activity of PfLPL3 

Purified recombinant PfLPL3 was used for biochemical characterization of PfLPL3 using 

fluorescence-based activity assay as described in section 4.1.2. This assay was further 

standardized for high-throughput screening of compound library.   

4.3.1.1 Standardization of a robust activity assay and screening of compound library 

on PfLPL3 

The enzymatic activity assay was standardized in 96-well format, robustness of the assay 

was assessed using HML test for a period of 2 days, and the Z-value was calculated for 

statistical assessment. In HML assay, three different reaction wells are set up : the High 

activity well i.e. lysophospholipase activity well at maximum concentration of protein 

(20µg); Medium activity well i.e the activity in presence of the half amount (10µg) of the 

protein ; and the Low activity well that is the substrate control only without the protein. 

The assay was repeated for two consecutive days. The Z-value was estimated as ~0.9, 

which indicates robustness of the assay (Figure 39).  This assay was utilized to screen drug-

like compound library, to identify PfLPL3 specific inhibitors. The anti-malarial compound 
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library called as ‘Malaria Box’ was obtained from Medicines for Malaria Venture (MMV), 

Switzerland (Spangenberg et al., 2013). The MMV Malaria box library consists of 200 

drug-like and 200 probe-like compounds. Each compound of the library was assessed in a 

primary screening at final concentrations of 5µM in PfLPL3 lysophospholipase activity 

assay (Figure 40). 

  

Figure 39 :  Assessment of robustness of PfLPL3 lysophospholipase activity assay: 

Robustness of the activity assay was assessed by estimating Z-value carried out in HML 

format in 96-well plate for two consecutive days, as given the Z-value was found to be 

~0.9. 
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Figure 40: Primary screening of malaria box compound library using in-vitro PfLPL3 

lysophospholipase activity assay. Percentage activity in presence of each compound at 

5µM final concentration is plotted in comparison to activity with DMSO control. 

In primary screening two compounds (348 and 385) showed >70% enzyme activity 

inhibition at 5µM concentration and were named as PCB6 and PCB7 and selected for 

further studies (Figure 40). These compounds were assessed for their inhibitory potential 

in a concentration gradient to estimate Ki and IC50 value. The IC50 values of these 
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compounds were estimated to be 1.23 µM and 0.90 µM respectively; their Ki were found 

to 0.634 µM and 0.464 µM, respectively. These two compounds were selected for further 

in-vivo experiments. 

Table 4: MMV compounds identified as PfLPL3 inhibitors and their efficacies on 

enzymatic activities (IC50) and P. falciparum growth (EC50) 

Plate MMV-ID Lab-ID EC50(µM) IC50(µM) 

P4-10G MMV676182 PCB 6 1.26 1.23 

P5-2C MMV676398 PCB 7 0.92 0.9 

4.3.1.2 PfLPL3 inhibitors block P. falciparum schizont development: The “Malaria 

Box” compounds are known to show anti-parasiticidal efficacies with EC50 at ~1.0 µM. 

We confirmed the EC50 of PCB6 and PCB7 compounds to be 1.26 µM and 92 µM 

respectively (Figure 41A and B). Further, IC50 and EC50 values are very similar for each of 

the compound, PCB6 and PCB7, suggesting specificity of these compounds to the selected 

target in the cell. To assess the effect of these compounds on parasite development cycle, 

synchronized parasites culture was treated with each compound at EC50 and parasite 

development was monitored at different time points of the asexual blood stage parasite 

cycle. It was found that for both compounds, PCB 6 and PCB 7, the treated parasites 

developed from ring to trophozoites normally as in case of solvent control,  however >50% 

of these trophozoites were not able to develop into mature schizonts and appeared as 

stressed parasites. These results were similar to the morphological effect observed in 

PfLPL3 knock-down experiments (Figure 41C). Thus, these results clearly show the 

specificity of the selected compounds for PfLPL3. Overall, we identified two specific 

inhibitors of PfLPL3 which have effective parasiticidal efficacies. 
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Figure 41: Identification of PfLPL3 specific inhibitors from MMV Malaria Box: A 

robust in vitro activity assay was used to screen the ‘Malaria Box’ and potent inhibitors of 

PfLPL3 were identified having parasiticidal efficacies. Concentration dependent inhibition 

of enzymatic activity and asexual stage parasite growth by PCB-6 (A) and PCB-7 (B) 

compounds, respectively. The IC50 and EC50 values for the compounds are indicated. (C) 

Effect on the morphology of 3D7 parasites at different time points after treatment with 

PfLPL3 inhibitors. 

A.

MMV009015

MMV665796 %
 A

ct
iv

it
y

Conc (µM)

IC50=0.92µM

Conc (µM)

%
 G

ro
w

th

EC50=0.93µM

%
 A

ct
iv

it
y IC50=1.26µM

Conc (µM)

%
 G

ro
w

th EC50=1.23µM

Conc (µM)

PCB-6

PCB-7

B.

Ring            Trophozoite      Early Schizont  Mature Schizont     Ring

Control

PCB-6

PCB-7

C.



Results 

 

100 
 

4.3.2 In silico studies to assess binding mode of PfLPL3 inhibitors  

We also carried out the in-silico docking/interactions studies of the selected compounds 

with the active site of PfLPL3. These studies may help to develop more potent derivates of 

the inhibitors. 

4.3.2.1 Generation of three-dimensional homology model of PfLPL3 

To predict three-dimensional structure, PfLPL3 was subjected to NCBI BLAST to identify 

the PDB template, however we could not find any template showing more than 30% 

identity with a significant query coverage score which is required for homology modeling. 

We used I-TASSER tool to predict 3D structure of PfLPL3. The I-TASSER predicted the 

best 3D model by using 6EIC, (Monoglyceride Lipase from Mycobacterium Tuberculosis) 

as a template with TMC scores 0.56 and -1.26 respectively. The RAMPAGE generated 

Ramachandran plot of PfLPL3 structural model showed that the 11.7% residues were in 

outlier region, which were further reduced to 1.9% by using molecular simulations in 

Gromacs version 8 tool (Figure 42A). The predicted secondary structure was found to be 

in coherence with the secondary structure analysed by PSI-pred (Figure 42C). Sequence 

analysis and alignment with 6EIC shows the conservation of both the G-X-S-X-G motifs. 

In the predicted 3D structure one motif was found to be located towards the periphery and 

another is present in the core as shown in (Figure 43B). 
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Figure 42 : Sequence alignment and structure prediction of PfLPL3: (A) Predicted 3D 

structure of PfLPL3 using I-TASSER and Cartoon representation of superimposition of 

model LPL3 (green) with Template 6EIC chain B (yellow), (B) Multiple sequence 

alignment of LPL3 with different chains of template 6EIC using CLUSTALΩ tool. (C) 

Predicted secondary structure of PfLPL3 using PSI-pred tool. 

4.3.2.2 Ligand binding pocket prediction and docking 

To identify the binding pocket residues, PfLPL3 was subjected to Fpocket tool which 

identified 10 possible binding pockets for PfLPL3. The pocket with the highest score was 

selected which consist of residues; His 47, Gly 48, Gly 98, Ile 206, Ala 208, Ser 240, Ser 

243, Ala 270, Val 332 and Glu 336 (Figure 43). The ligands were well docked within the 

A. B.

C.
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pocket which was further confirmed by molecular simulations. The complex was found to 

be stable for 10 nano seconds with the levels off to ~0.45 nm (4.5 Å).  

 

Figure 43: Structural analysis to provide active site binding pocket: (A) Structural 

alignment of the predicted tertiary structure with template. (B) and (C) Temporal position 

of the conserved GXSXG motif in the predicted 3D structure. (D) and (E) Predicted ligand 

binding pocket of PfLPL3 with residues labelled. 

The ligands were subjected to force-field analysis for better understanding of the 

binding modes (electropositive, electronegative, hydrophobic and Van der Waals forces) 

of interactions involved in docking. The model was then docked with keeping the binding 

pocket and catalytic residues as the center for the grid generation using default docking 

A.

B.

C.
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parameters (Figure 44 and 45). The binding energies of the protein PfLPL3 when docked 

with following inhibitors is listed in Table 5.  

Table 5: Binding energies of the protein PfLPL3 docked with selected inhibitors. 

S.No Inhibitor Binding energy VS Score Rank Score 

1 PCB6 -8.939 -9.863 -7.415 

2 PCB7 -7.173 -8.296 -6.721 

 

Figure 44: Docking of PCB-6 in the binding pocket of PfLPL3: (A) Cartoon 

representation of model PfLPL3 surface view (green ) in a docked pose with PCB-6 (Blue); 

(B) Representation of interacting residues of PfLPL3 in a docked conformation with PCB-

6; (C) Interacting residues of PfLPL3 with PCB-6 expanded around 4Å; (D) Ligplots to 

show PfLPL3 residues forming hydrogen bond and hydrophobic interactions with the 

PCB-6 for protein–ligand complexes. 

A. B.

C. D.
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Figure 45: Docking of PCB-7 in the binding pocket of PfLPL3: (A) Cartoon 

representation of model PfLPL3 surface view (violet ) in a docked pose with PCB-7 

(Green); (B) Representation of interacting residues of PfLPL3 in a docked conformation 

with PCB-7; (C) Interacting residues of PfLPL3 with PCB-7 expanded around the 4Å; (D) 

Ligplots to show PfLPL3 residues forming hydrogen bond and hydrophobic interactions 

with the PCB-7 for protein–ligand complexes. 
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5. Discussion 

The asexual growth cycle of malaria parasite involves extensive synthesis of membranes, 

especially required for development of new membrane-bound organelles as well as for the 

assembly of new merozoites after cell division, which requires large amount of lipids/ 

phospholipids in the parasite (Amiar et al., 2016; Vaughan et al., 2009; Yu et al., 2008). 

To fulfill these large requirements of lipids, the parasite de novo synthesize as well as 

scavenge lipids/phospholipids from host milieu during the erythrocytic cycle. Indeed, there 

is huge increase in phospholipids, neutral lipids and fatty acids content in the parasite as it 

develops inside the host erythrocyte (Vial et al., 1982). Several studies showed that the 

metabolic pathways linked with synthesis, catabolism and trafficking of lipids, are essential 

for parasite survival (Ben Mamoun et al., 2010; Choubey et al., 2007; Hanada et al., 2002; 

Mitamura and Palacpac, 2003). Phospholipids are known to play important roles in the 

progression of the life cycle of every parasite and its pathogenesis, whereas 

lysophospholipids are the major building blocks for the synthesis of phospholipids during 

cell-cycle (Brancucci et al., 2017). 

In our attempts to further understand lipid homeostasis and membrane synthesis in 

the parasite, we explored the role of putative lysophospholipases (LPLs) in P. falciparum 

during asexual life cycle. Lysophospholipases, that hydrolyze lysophospholipids during the 

phospholipid catabolism, are present across all the kingdoms, highlighting their importance 

in living cell. P. falciparum infected RBCs shows significant lysophospholipase like 

activity as compared to uninfected RBCs (Zidovetzki et al., 1994), suggesting functional 

relevance of these enzymes for parasite growth and segregation. We have carried out 

biochemical and functional characterization of three putative lysophospholipases, labelled 

as PfLPL3 (PF3D7_1476800), PfLPL4 (PF3D7_0731800), and PfLPL20 

(PF3D7_0702200). The P. falciparum genome codes for a large family of about 14 LPLs, 

however, their functional roles are not characterized. All the LPLs harbors α/β hydrolase 

domain having GXSXG conserved motif. All the three selected LPLs also contain this 

conserved motif along with serine, histidine, and aspartic acid as catalytic site residues. In 

the first part of the thesis we have characterized enzymatic properties of these enzymes. 
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All the three targets were expressed as recombinant protein and purified. These 

recombinant enzymes were assessed in enzymatic assays using LPC substrate; in this assay 

the LPC first gets hydrolyzed to glycerophosphocholine by LPL, which is subsequently 

hydrolyzed by glycerophosphodiesterase to release choline which is estimated by a 

fluorescent based assay. All the three P. falciparum LPLs showed LPL activity in this assay 

with Km values comparable to LPLs from other organisms (Fujimori et al., 1993).  

Intracellular growth and segregation of Plasmodium requires lipid synthesis which 

is essentially needed for new membrane development; phospholipids are de-novo 

synthesized by the parasite; however, their precursors are scavenged from the host milieu. 

It has been shown that depletion in the serum LPC leads to decrease in the number of 

merozoites in rodent malaria model (Brancucci et al., 2017). Host scavenged LPC is 

essential for Phosphatidylcholine (PC) synthesis in the parasite; PC is generated by 

Kennedy pathway from cytidine diphosphate (CDP)-choline (Gibellini and Smith, 2010; 

Hanada et al., 2002; Tischer et al., 2012), whereas in absence of choline, PC is generated 

via triple methylation of PE using ethanolamine and serine as external precursors 

(Bobenchik et al., 2011; Pessi et al., 2005). It was earlier proposed that choline acquired 

from serum gets directly incorporated in to PC, however, recent study showed that majority 

of the choline incorporated into PC is generated from LPC (Brancucci et al., 2017), 

highlighting the role of LPLs in PC synthesis.  Therefore, these three LPLs with putative 

activity of hydrolysis of LPC may be crucial for the parasite. 

 In second part of this research work under this thesis, we studied the functional role 

and essentiality of these target genes in the parasite. Enormous research has been carried 

out to develop different reverse genetic approaches for gene function analysis in malaria 

parasites (de Koning-Ward et al., 2015). Since, it is difficult to knockout an essential gene 

in the parasite, several tools have been developed for transient knock-down of target gene 

(Armstrong and Goldberg, 2007; Meissner et al., 2005). We utilized various research 

approaches including gene knock-down, GFP-tagging, metabolic studies, and the 

transcriptomic analysis to understand the functional roles of these LPLs. To understand 

role of PfLPL3 in the parasite, we tagged the native gene at the C-terminus with GFP and 

a glmS ribozyme system (Prommana et al., 2013). The transgenic parasite lines expressing 
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fusion protein was then used for localization as well as gene knock-down studies. Our 

studies suggested localization of PfLPL3 in the Parasitophorous Vacuole (PV) region and 

even extending into the Tubulovesicular networks (TVN); the PV regions are at the 

interphase of host-parasite interaction during intracellular growth, and these interphase are 

site of active transport of material from host to parasite through Parasitophorous Vacuolar 

Membrane (PVM) (Desai et al., 2000; Nguitragool et al., 2011). The PVM act as a 

molecular sieve for the parasite whereas the Tubulovesicular networks (TVN) are 

extensions of PVM which increases the surface area of the PVM to facilitate nutrient 

uptake and protein transport. Presence of PfLPL3 in PV is very interesting, which may 

suggest that PV/TVN regions are also site of phospholipid uptake and metabolism. Indeed, 

it has been shown that lysophosphatidylcholine present in blood plasma acts as a precursor 

for choline and fatty acids synthesis in the parasite (Brancucci et al., 2017; Wein et al., 

2018), highlighting host lipid scavenging, metabolism, and utilization by the parasite. For 

utilization of host lysophosphatidylcholine, the parasite needs to remove their acyl chain 

using lysophospholipases to generate glycerophospholipids; further, the 

glycerophosphodiesterase acts downstream of LPL to remove the choline moiety from 

glycerophospholipids. Recent study showed tripartite distribution of 

glycerophosphodiesterase in the cytosol, PV, and food vacuole (Denloye et al., 2012). 

Presence of Phospholipase A (Burda et al., 2015), glycerophosphodiesterase as well as 

lysophospholipase, PfLPL3, in the PV of the parasite strongly suggests that it is site of 

catabolism of exogenously imported phospholipids in to fatty acids and choline; these 

metabolites get further transported to the parasite cytosol by choline transporters, which 

are shown to be present in the parasite plasma membrane (Biagini et al., 2004; Lehane et 

al., 2004).  

We have used the inducible glmS ribozyme system for conditional knock-down 

PfLPL3 to explore its role in parasite life cycle. Transient down regulation of PfLPL3 

caused growth retardation of transgenic parasites; the parasite developmental-stage profile 

after PfLPL3 knock-down showed that the development of trophozoites into schizonts was 

severely disrupted in these parasites. Trophozoite stage of the parasite is metabolically 

most active stage in which parasite generates and utilizes the available raw materials for 
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cytokinesis and karyokinesis. There is a drastic increase in the synthesis of lipids for 

membrane synthesis required for development of segregating organelles as well as 

formation of daughter merozoites. Hindrance in schizont development due to PfLPL3-iKD 

suggests role of PfLPL3 in parasite growth cycle. Although, some of the parasites in the 

PfLPL3-iKD set were able to develop from trophozoite into schizonts, however, these 

schizonts have compromised on number of merozoites developed, although these 

merozoites have properly developed membrane. In P. berghei, a phospholipase (PbPL) is 

shown to be present in parasitophorous vacuole, and its depletion caused defect in the 

egress from the host hepatocytes (Burda et al., 2015). 

Our lipidomic analysis revealed that there was decrease in the total fatty-acid 

content combined with minor decrease in the phospholipid content after inducible knock-

down (iKD) of PfLPL3; however, there was no difference in phospholipid composition. 

These results indicated that PfLPL3-iKD effect the hydrolysis of phospholipids and fatty-

acids production. Indeed, lysophospholipases are known to cleave the fatty acid chain from 

the complex lipids, lysophospholipids; the fatty-acids (FAs) produced by this cleavage are 

ultimately utilized in generation of neutral lipids, Diacylglycerol and Triacylglycerol 

(DAG and TAG) in the parasite. Indeed, there was significant reduction in relative amount 

of DAG and TAG upon depletion of PfLPL3; further, there was a reduction in the ratio of 

TAG to DAG. These results confirmed that PfLPL3 is particularly involved in lipid 

recycling which ultimately effects the synthesis of TAG.  

These neutral lipids play important role in eukaryotic cell cycle; DAG is known to 

activates protein kinase C by acting as second messenger (Goni and Alonso, 1999), it also 

serves as a precursor for synthesis of TAG and major phospholipids. TAG is stored into 

cytosolic lipid droplets that detoxify and sequester FAs. Whereas, TAG degradation by 

specific lipase can release these FAs to be utilized for membrane assembly (Athenstaedt 

and Daum, 2006). In asexual stage parasites, neutral lipids are stored in a lipid-body 

associated with the food-vacuole (Jackson et al., 2004; Vielemeyer et al., 2004). During 

parasite growth, hydrolysis of TAG can rapidly produce FAs to utilize in membrane 

synthesis (Palacpac et al., 2004). A general lipase inhibitor, Orlistat, was suggested to block 

utilization of stored TAGs, which inhibited parasite growth and caused developmental 
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arrest in late stages (Gulati et al., 2015). In similar way, reduction in TAG levels in PfLPL3-

iKD conditions, caused arrest of parasite in late stages, in addition, some of the parasite 

showed reduced number of merozoites, which also point at hindrance in membrane 

biogenesis.  

To understand the functional role of PfLPL20, we used GFP-glmS ribozyme system 

for conditional knock-down of the PfLPL20 gene; we tagged PfLPL20 at C-terminal with 

GFP-glmS tag. In addition, transgenic parasite line expressing PfLPL20-GFP fusion 

protein was also generated for localization studies. Confocal microscopy analysis of both 

transgenic parasite lines (PfLPL20-GFP and PfLPL20-GFP-glmS)  showed that PfLPL20 

is present in vesicular structures, which are associated with parasite membrane or 

distributed in  parasite cytosol; during late developmental stages these vesicles get fused to 

a multi-vesicular structure in close proximity to the food-vacuole. These structures showed 

resemblance with the previously reported neutral lipid bodies (NLB) (Jackson et al., 2004; 

Palacpac et al., 2004), which act as a reservoir of diacylglycerols (DAG) and 

triacylglycerol (TAG). Co-localization of PfLPL20 with neutral lipid labelling probes 

confirmed its presence in these lipid bodies. It is suggested that the parasite utilizes these 

stored lipids for membrane biogenesis during segregation. Localization of PfLPL20 in 

small endocytic vesicles near parasitophorous vacuole and its subsequent localization in 

neutral lipid stores, may indicate its involvement in catabolism of lipids which are 

scavenged from the host. As discussed earlier, it has been shown that P. falciparum 

scavenge LPC from the host milieu which gets catabolized and utilized in PC synthesis 

required for membrane biogenesis. As expected from sequence homology and presence of 

catalytic active site, PfLPL20 indeed showed catabolic activity on LPC substrate, which 

may suggest its role in phospholipid recycling in the parasite. Overall, the localization 

studies and biochemical characterization of PfLPL20 indicate its association with the lipid 

homeostasis in the parasite. 

The C-terminal glmS tag based system could induce >90% knock-down of pfLPL20 

transcript in the transgenic parasites; whereas, the parasite growth analysis showed that the 

inducible-knock-down did not affect parasite growth and multiplication, which may 

suggest that the enzyme is not essential for the survival of the asexual blood stage parasites. 
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Recent study using piggyBac transposon insertion-based mutagenesis also showed 

dispensability of PfLPL20 (Zhang et al., 2018). One of the reasons for dispensability of an 

active enzyme in the cell could be compensation of its function by any other 

enzymes/pathway. Biochemical characterization showed that catabolism of LPC is the 

main function of PfLPL20 which generates fatty acids and choline to be utilized by the 

parasite. Although parasite is able to import free choline from host milieu (Ancelin et al., 

1991; Biagini et al., 2004), however, the scavenged choline is not utilized by the parasite 

for membrane synthesis .  Detailed analysis of parasite stage development in the PfLPL20 

knockdown suggested transient morphological effects on trophozoite stages. These results 

may suggest the possibility that the PfLPL20 function is compensated or switched over to 

another metabolic pathway in the parasite. 

 Extensive synthesis of membrane phospholipids is essential for parasite growth and 

segregation. Trophozoite and schizont infected RBCs show six-fold increase in the 

phospholipid content in comparison to uninfected RBCs; majority of this phospholipid 

content is phosphatidylcholine (PC), which is a major membrane phospholipid in 

Plasmodium. Under normal condition the parasite generate most of the required PC via 

CDP-Choline- dependent-Kennedy pathway using choline as a substrate (Ancelin and Vial, 

1989; Carman and Henry, 1989; Kent, 1995; Lykidis and Jackowski, 2001). As discussed 

earlier, recent studies have shown that LPC imported from the serum is the main source of 

choline, which converts into phosphocholine to get utilized for PC bio-synthesis 

(Brancucci et al., 2017; Wein et al., 2018), thus lysophospholipase play key role in the 

membrane bio-synthesis. The parasite can also utilize triple methylation of the 

phosphoethanolamine (PE) to make phosphocholine which then enters in the same pathway 

to make PC (Figure 34). This involves activity of phosphoethanolamine methyltransferase 

(PMT), which transfer methyl group from S-adenosylmethionine (SAM) to PE.  Further, it 

has been shown that under serum LPC depleted conditions, there is shift of PC synthesis 

towards PMT pathway using ethanolamine substrate. It was also shown that under LPC 

depleted conditions the expression of PfPMT (phosphoethanolamine-methyltransferase), 

PfSAMS (S-adenosylmethionine synthetase) and PfEK (ethanolamine kinase) get 

upregulated (Brancucci et al., 2017). The PfLPL20 knockdown conditions may reduce 
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catabolism of LPC resulting in reduction in availability of choline for Kennedy pathways, 

which may mimic the LPC depletion conditions. Therefore, we assessed transcript levels 

of different enzymes of PMT pathways under PfLPL20 knockdown conditions.  In 

PfLPL20 knockdown conditions, there was a significant upregulation in the transcript level 

of PfSAMS (SAM synthetase), whereas expression levels of PfPMT and PfEK were not 

altered. These results suggest that the transcript response under PfLPL20 knockdown 

conditions was somewhat different as compared to LPC depleted conditions. Under serum 

LPC depletion condition upregulation of PMT transcript was reported (Brancucci et al., 

2017); in addition, there was upregulation of AP2-G transcript levels which resulted in 

induction of gametocytes. It is also shown that in field-isolates, higher levels of plasma 

LPC has a negative influence on gametocyte production (Usui et al., 2019); therefore, it 

was suggested that the LPC depletion acts upstream of any event of sexual differentiation, 

but its exact role in induction sexual commitment remains unclear. 

The upregulation of SAMS, under PfLPL20-iKD conditions, would have increased 

conversion of L-methionine to SAM, causing accumulation of SAM and its higher 

availability for triple methylation step by PfPMT; consequently, the PMT pathway would 

be upregulated to produce higher levels of phosphocholine. Indeed, quantitative estimation 

showed upregulation of phosphocholine levels in the PfLPL20 knock-down conditions. 

These results thus confirm that under PfLPL20 knockdown conditions, the alternate 

pathway gets upregulated to provide phosphocholine required for PC biosynthesis, which 

help asexual stage parasites to survive and multiply. 

Overall, we have used the glmS mediated knock-down of PfLPL20, which resulted 

in the upregulation of alternate pathway to generate phosphocholine synthesis in 

Plasmodium falciparum. Our results indicate PfLPL20 play a role in PC biosynthesis 

through catabolism of LPC acquired from host milieu to provide choline which gets 

phosphorylated to form the phosphocholine; under the PfLPL20 depleted conditions, the 

parasite switches an alternate SDPM pathway for phosphocholine synthesis, which is 

utilized for PC biosynthesis. Thus, parasite can compensate loss of one pathway of 

phosphocholine synthesis with another pathway, so that the parasite growth and 

segregation is maintained. These results may suggest that PfLPL20 levels regulate 
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cooperation between two different pathways to generate phosphocholine required for PC 

synthesis. These data provide new information on membrane phospholipid biosynthetic 

pathways of the malaria parasite, which could be used to design future therapeutic 

approaches. 

To understand the functional role of PfLPL4, we used FKBP degradation domain 

system for conditional knock-down studies. We successfully generated the PfLPL4-GFP-

DD transgenic parasite line expressing PfLPL4-GFP-DD fusion protein. Transient knock-

down of PfLPL4 results in the ~80 % reduction in the expression of the fusion protein. 

However, we could not observe any change in the parasite growth after PfLPL4 knock-

down as compared to control, which clearly indicate dispensability of this gene for the 

asexual blood stage parasite. PfLPL4 was found to be exported to the RBC by the parasite 

and annotated as gametocyte exported protein 8 (GEXP08). Further studies are required to 

explore the functional role of this enzyme at the sexual blood and liver stages of the 

parasite.  

One of the important motives to understanding the biology of the parasite is to 

identify functionally important metabolic pathways as drug targets and subsequently 

identify their specific inhibitors to develop new antimalarials. In the present research work, 

we carried out detailed gene functional analysis for three lysophospholipases of P. 

falciparum. Our results confirmed that one of these enzymes, PfLPL3 is functionally 

essential for parasite survival and growth during asexual blood stage cycle. Thus, this 

enzyme is an important drug target. In the third part of the research work under this thesis, 

we tried to identify specific inhibitors for PfLPL3, which could be developed in to new 

anti-malarials. We showed that PfLPL3 harbor enzymatic activity for lysophospholipase; 

further, a robust in-vitro activity assay was established to screen the compound libraries. 

Medicine for Malaria Venture (MMV) established an open collaborative initiative in search 

of novel drugs for neglected tropical diseases; based upon extensive screening strategy, 

they identified a set of drug-like compounds having anti-malarial activity, and labelled this 

set as ‘Malaria Box’ (Spangenberg et al., 2013). These compounds are new leads to develop 

further; however, there is need to identify potential targets for these compounds in the 

parasite, which may help medicinal chemistry approaches to design diversity library and 



Discussion 

 

113 
 

identify potent antimalarial.  We tested all compounds in the “Malaria Box” by using the 

PfLPL3 activity assay, which identified two hit compounds, labelled as PCB6 and PCB7; 

both the compounds have parasiticidal efficacy and block the schizont development in P. 

falciparum, which is consistence with the gene knock down phenotype. Further, these 

compounds showed very close inhibition efficacy for enzyme activity with that of parasite 

growth inhibition efficacy (IC50 and EC50 values respectively). These results suggest that 

both the compounds can specifically target PfLPL3 in the parasite. Hence, these can be 

further developed into potent antimalarials through medicinal chemistry campaign. 

Overall, in this study we established the functional role of PfLPL3 in the development of 

the parasite and identified two specific inhibitors, which could be used further for the 

development of next generation of antimalarials.  
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6. Summary 

Phospholipid metabolism is crucial for membrane dynamics in malaria parasites during 

entire cycle in the host cell. The major phospholipid of parasite membranes, 

phosphatidylcholine (PC), is mainly synthesized through Kennedy pathways. The 

phosphocholine required for this synthetic pathway is generated by phosphorylation of 

choline derived from catabolism of lyso-phosphatidylcholine (LPC) scavenged from host 

milieu. Here we have biochemically characterized P. falciparum lysophospholipases 

(PfLPL3, PfLPL4 and PfLPL20) which showed enzymatic activity on LPC substrate. We 

utilized GFP-tagging, reverse genetic approaches (glmS and FKBP degradation domain), 

metabolomics and transcriptomic studies to reveal the function of these lysophospholipases 

during the asexual blood stage cycle of P. falciparum. 

PfLPL3 was found to be localized in parasitophorous vacuole space at the parasite 

periphery, as well as in the tubulovesicular network space. GlmS mediated down-regulation 

of PfLPL3 disrupted parasite lipid-homeostasis leading to significant disruption in parasite 

development from trophozoites to schizont; in addition, parasite which could develop into 

schizonts harboured reduced number of merozoites. Detailed lipidomic analyses confirmed 

role of PfLPL3 in in generation of fatty acids, required as precursor for neutral lipid 

synthesis in the parasite. Our study thus proves an essential role of PfLPL3 in lipid 

homeostasis/membrane-biogenesis for parasite growth and segregation during asexual 

cycle. We identified PfLPL3 to be essential for the asexual blood stage parasites, which 

makes it a potential drug-target. Therefore, we tried to identify specific inhibitors to this 

enzyme using in vitro activity based screening of Malaria Box compound library, we 

identified two specific inhibitors of PfLPL3 having potent parasitical efficacies. These 

compounds could be developed into new anti-malarials targeting lipid homeostasis 

machinery in the parasite. 

For functional characterization of PfLPL4, we utilized FKBP degradation domain 

(DD) and its conditional knock-down confirmed the dispensability of PfLPL4 at the 

asexual blood stage of the parasite. Using GFP- targeting approach, PfLPL20 was found to 

be localized in vesicular structures associated with the neutral lipid storage bodies, present 
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juxtaposed to the food-vacuole. The C-terminal tagged glmS mediated inducible knock-

down of PfLPL20 caused transient hindrance in the parasite development, however the 

parasites were able to multiply efficiently, suggesting that PfLPL20 is either not essential 

for the parasite or there is an alternate pathway to compensate function of PfLPL20. In 

PfLPL20 depleted parasites, transcript levels of enzyme of SDPM pathway (Serine 

Decarboxylase-Phosphoethanolamine Methyltransferase) were altered along with 

upregulation of phosphocholine levels; these results show upregulation of alternate 

pathway to generate the phosphocholine required for PC synthesis through Kennedy 

pathway. These results highlight presence of alternate pathways for lipid 

homeostasis/membrane-biogenesis in the parasite. 

Our study highlights functional roles of these selected LPLs in the parasite. These data 

could be useful to design future therapeutic approaches targeting phospholipid metabolism 

in the parasite. Further, we have identified two hit compounds targeting essential enzyme 

PfLPL3: these can be developed as new anti-malarials using medicinal chemistry 

approaches.
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