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CHAPTER ONE 

INTRODUCTION 

Malaria, one of the deadliest and dreadful parasitic diseases has shown resurgence in causing 

close to a million human deaths annually. The menace of malaria is especially severe in tropical 

and sub tropical countries. The parasite that causes malaria is an apicomplexan protozoan 

called Plasmodium. Plasmodium falciparum is responsible for most cases of human malaria 

worldwide. This parasite invades both hepatocytes as well as erythrocytes in human host but it 

is the erythrocytic phase of its life cycle that causes severe pathogenesis of malaria. 

After the anopheles mosquito bite, sporozoites are released into the blood stream where they 

invade hepatocytes and undergo rapid multiplication to form merozoites. Released merozoites 

invade erythrocytes and divide asexually inside these cells in a synchronized manner. At first, it 

has a ring-like morphology which subsequently changes to irregular shaped structures termed 

as trophozoites. Subsequently, the parasite undergoes nuclear division to form 24-32 

merozoites in the schizont stages. These merozoites are released as a result of erythrocyte 

membrane rupture and invade fresh erythrocytes. Some merozoites arrest their cell division and 

differentiate into gametocytes (Inselburg, 1983), which undergo sexual development in the 

anopheles midgut. 
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Drug resistance and lack of a successful vaccine against this parasite has hampered efforts to 

eradicate this disease. The lack of in-depth understanding of the basic molecular mechanisms 

that regulate the development of this parasite has hampered the endeavor to eradicate malaria. 

Given the importance of cell signaling cascades in proliferation and differentiation of eukaryotic 

cells, dissection of signal transduction mechanisms may provide useful insights into the 

development of this protozoan parasite. Sequencing of Plasmodium fa/ciparum genome 

(Gardner et aI., 2002) indicated that several putative signaling proteins like protein/lipid kinases 

are present in this parasite. At present, there is very limited information about the manner in 

which Plasmodium signal transduction pathways regulate complex signaling networks inside the 

parasite. Detailed insights into the signal transduction pathways in the malarial parasite may 

enhance our understanding of the molecular mechanisms that control the development of this 

parasite. 

Phosphoinositides (Pis) are a group of differentially phosphorylated phospholipids which act as 

potent second messengers in most eukaryotic cells (Vanhaesebroeck et aI., 2001). PIs interact 

with specific domains present in proteins and regulate their functions. One of the major Pl-

regulated signaling pathway in mammalian cells is the PI 3-kinase - Protein kinase B pathway, 

which is crucial for several important functions of mammalian cells (Marte and Downward, 1997; 

Vanhaesebroeck et aI., 1997). Our laboratory has keen interest in understanding the role of PI 

3-kinase and Protein kinase B mediated signaling in Plasmodium fa/ciparum. 
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A PI 3-kinase homologue (PfPI3K) and a Protein kinase B homologue (PfPKB) in P.falciparum 

were identified in our laboratory. The manner in which these enzymes operate and direct 

signaling events in this parasite had remained largely unknown. The major objective of this 

thesis worJ< was to understand the regulation and role of PfPKB in Plasmodium falciparum. 

Following studies were pursued to elucidate the function of PfPKB in Plasmodium falciparum: 

1. Biochemical and molecular characterization of PfPKB. 

2. Identification of PfPKB regulators in Plasmodium falciparum. 

3. Dissection of signaling pathways regulating PfPKB. 

4. Elucidation of the role of PfPKB in Plasmodium falciparum lifecycle. 

During the course of this work it became evident that Phospholipase C like enzyme may be 

involved in PfPKB regulation. Therefore, preliminary studies on PfPLC, the PLC homologue in 

P.falciparum were also performed. 
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CHAPTER TWO 

REVIEW OF LITERA TU RE 

2.1 History of Malaria. 

Malaria has been one of the major causes of human suffering for hundreds of years and still 

remains one of the major causes of serious illness and mortality in the world. Malaria is caused 

by a protist belonging to the genus Plasmodium. Human malaria is as old as mankind. In 400 

B.C., Hippocrates gave first clinical descriptions of malarial fever. Pelletier and Cavention, in 

1820 isolated an active ingredient from the bark of chinchona and called it as quinine, which 

had an anti-malarial effect. In 1880, Lavern, a French army surgeon in Algeria, for the first time 

observed and described malaria parasites in the red blood cells of man. Machiaf~va and Celli in 

1884 studied the morphological aspects of blood schizogony of the parasite. Sir Ronald Ross, 

in 1887 described sporogony of Plasmodium relictum in anopheles mosquitoes and also 

demonstrated that the P. falciparum was transmitted to humans through the bite of mosquitoes . . 

Four species of Plasmodium are known to infect humans, namely, P. vivax, P. falciparum, P. 

ovale and P. malariae. The four species differ morphologically, in geographical distribution, 

relapse pattern and drug response . Of the four human malaria species, P. falciparum causes 

cerebral malaria, which is fatal. It is highly prevalent in Africa and is responsible for 

widespread death especially of children. In India, P. vivax and P. falciparum are widely 

prevalent. 
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WHO launched malaria eradication programme during 1955-56 in many countries, which 

achieved unprecedented success. However, in some areas the disease re-emerged mainly due 

to multiple drug resistance of the parasite and emergence of insecticide resistant mosquito 

vector. Therefore, an effective vaccine or more robust control measures is the need of the hour 

to save people dying of malaria. 

2.2 Life Cycle of Malaria Parasite. 

Plasmodium, the causative agent of malaria is a digenetic parasite with humans and mosquito 

being its hosts. In humans it undergoes asexual cycle whereas in mosquito it goes through 

sexual cycle called sporogony (Figure , 2.1). 

Figure 2.1 Life cycle of Plasmodium fa/ciparum. 

Plasmodium falciparum life cycle showing its passage from the mosquito to the human 

host. The different stages of its development in both the hosts have been illustrated 

(Illustration courtesy malaria.org). 
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Figure. 4.12 A model for PfPKB activation by Ca2+/CaM. 

PfPKB is locked in an inactive state as a pseudosubstrate region in the NTR occupies its 

catalytic cleft. Ca2+/CaM binding to CBD, which spans the pseudosubstrate motif, causes a 

conformational change resulting in the dissociation of NTR from the catalytic cleft thereby 

facilitating the autophosphorylation of Ser-271 of the activation loop. These events result in 

catalytic activation of PfPKB. 



TABLE 4.1 

Summary of the results of a BLAST search of P. falciparum-predicted gene database using 

human PK B6 sequence as a query. 

Plasmodium gene Homology % Experimental Identification 

Ch12.glm521 71 PfPKB (this work) 

Ch9.glm401 56 PfPKA 

Ch14.glm391 56 PfPKG 

% Homology represents the percent similarity in amino acids that are identical and belong to a 

similar chemical class. It is indicated as % similarity in the output of the BLAST program. 

TABLE 4.2 

Homology between PfPKB and other mammalian AGC kinases. 

Kinase Homology % 

PKB 71 

PKCa, -13, -7 64 

cAMP-dependent protein kinase 58 

cGMP-dependent protein kinase 53 
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Chapter· 5 

Regulation of PfPKB in Plasmodium fa/ciparum 

Ca2+/CaM was identified as the activator of PfPKB. Using information from the biochemical 

results described in the previous chapter, studies directed at understanding the regulation of 

PfPKB in Plasmodium falciparum were performed. 

5.1 PfPKB is expressed in schizonts and merozoites. 

Western blotting, immunofluorescence, and RT-PCR techniques were used to examine the 

expression pattern of PfPKB during P. falciparum blood stage development. For this purpose, 

polyclonal antisera was raised against a synthetic peptide derived from the C terminus of 

PfPKB. PfPKB expression was predominantly observed in the schizont stages of the parasite as 

indicated by a band of -52 kOa, which is consistent with the predicted molecular mass of 50 

kOa(Figure. 5.1A). RT-PCR analysis indicated that PfPKB transcripts were mainly present in the 

schizont stages and were observed in the trophozoites only at very low levels (Figure. 5.1 B). 

Immunofluorescence studies also revealed that PfPKB was present mainly in the mid-late 

schizont stages of the parasite; other mono-nucleated stages did not show any detectable 

PfPKB expression (Figure. 5.1 C). These observations indicated that PfPKB is expressed mainly 

in schizonts/merozoites. Further experiments were performed to investigate if PfPKB was active 

in schizonts. PfPKB was immunoprecipitated from schizont Iysates, PfPKB-IP was able to 

phosphorylate crosstide, indicating that it is active in parasite (Figure. 5.1 D). 
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5.2 Regulation of PfPKB activity by CaM in P. fa/ciparum. 

Given the activation of recombinant PfPKB by Ca2+/CaM, it was important to study the role of 

calcium and calmodulin in regulating PfPKB in the parasite. While. PfPKB is specifically 

expressed in schizonts/merozoites (Figure. 5.1), CaM is present in all intra-erythrocytic stages 

(Cowman and Galatis, 1991; Rojas and Wasserman, 1995). Immunofluorescence studies 

revealed that CaM and PfPKB co-localize in schizonts and free merozoites (Figure. 5.2) 

indicating their presence in similar cellular compartments. Importantly, western blots revealed 

t~at CaM co-immunoprecipitates with PfPKB (Figure. 5.3A) indicating that these proteins 

associate in the parasite. In contrast, mock immunoprecipitation experiments performed with 

RBC Iysates did not show the presence of CaM in PfPKB-IP (Figure. 5.3B). The ability of 

calmodulin to activate PfPKB in P. falciparum was tested by using W7, a CaM inhibitor, which 

has been used earlier to demonstrate its role in erythrocyte invasion (Matsumoto et aI., 1987). 

Incubation of merozoites with W7 resulted in a significant loss of PfPKB activity indicating that 

CaM is indeed a PfPKB regulator in vivo. These results were confirmed when addition of 

Ca2+/CaM to the PfPKB-IP from W7 treated parasites lead to a significant recovery of PfPKB 

activity (Figure. 5.3C). When PfPKB was immunoprecipitated in absence of calcium, it resulted 

in significant loss of CaM binding which suggested that calcium is essential for CaM-PfPKB 

interaction in the parasite (Figure. 5.30). Collectively, these observations establish that CaM is 

a regulator of PfPKB in Plasmodium Jalciparum. 
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5.3 Phospholipase C mediated calcium release controls PfPKB activity. 

Intracellular calcium levels are tightly regulated in Plasmodium (Garcia, 1999; Gazarini et aI., 

2003) and inhibitors of Phospholipase C (PLC), which blocks IP(1 A,5)P3 formation, prevent 

release of free calcium from intracellular parasite stores (Gazarini et aI., 2003; Hotta et aI., 

2000). Since biochemical studies indicated that CaM regulates PfPKB in a calcium dependent 

manner, the role of PLC mediated calcium release was evaluated. For this purpose, schizonts 

were incubated either with U73122, a specific inhibitor of PLC, or its less potent analogue 

U73322 and PfPKB activity was assayed. U73122 treatment of merozoites resulted in a 

significant attenuation of PfPKB activity, while U73322 only had a marginal effect (Figure. 5.4A). 

The loss of PfPKB activity was accompanied by a reduction in amount of CaM associated with 

PfPKB in U73122 treated parasites (Figure. 5.4B). 

It was important to determine whether PLC-mediated regulation of PfPKB was due to its ability 

to control intracellular calcium levels. To probe this, parasites were treated with U73122 in the 

presence of ionomycin, a calcium ionophore that can mobilize intracellular calcium. Recovery of 

PfPKB activity, which was lost due to PLC inhibition (Figure. 5.4C), was observed suggesting 

that PLC controls PfPKB activity by regulating calcium levels inside the parasite. Cell-

permeable intracellular calcium chelator, BAPTA-AM also attenuated PfPKB activity, providing 

direct evidence that PfPKB is regulated by intracellular calcium (Figure. 5.4C). It is important to 

indicate that P. falciparum has a PLC homologue that shares significant similarity with the 

catalytic domain of mammalian PLC (Chapter-7). 
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In summary, a novel signaling pathway was identified in the malarial parasite that involves 

activation of PfPKB by CaM, and PLC serves as an upstream activator of this pathway as it 

provides the release of calcium necessary for PfPKB activation (Figure. 5.5). This is one of the 

first multi-component pathway to be identified in Plasmodium fa/ciparum. 
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Figure. 5.1 PfPKB is expressed mainly in schizont stage of P. fa/ciparum life cycle. 

(A) Equal amount of cell lysate prepared from either uninfected erythrocytes (E), schizonts (8), 

trophozoites (T) or rings (R) was used for western blot analysis with anti-PfPKB antisera. (B) 

Equal amount of RNA isolated from either schizont (8) or trophozoite (T) stages of P. falciparum 

was used for RT-PCR analysis using primers specific for PfPKB. P. falciparum elongation 

factor 1 beta (PfEF1 (3) was used as control. Equal amount of PCR product was electrophoresed 

on 1 % agarose gel. (C) Immunofluorescence was performed on P.falciparum thin smears to 

study PfPKB expression. PfPKB staining was seen only in multi-nucleated schizonts, no other 

intra-erythrocytic asexual stages (Hoechst stained) exhibited PfPKB expression. (D) PfPKB 

immunoprecipitate (IP) from schizont-rich parasite Iysates was used in kinase assays. PfPKB-IP 

could phosphorylate crosstide suggesting that it is active in schizonts. 
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Figure. 5.2 PfPKB and CaM co-localize in the late schizont stage. 

Immunofluorescence assay was performed on thin smears of schizonUmerozoite rich parasite 

cultures using anti-PfPK8 (red) or anti-CaM (green) antibodies. PfPK8 and CaM co-localized in 

schizonts (A) and free merozoites (8). 
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Figure. 5.3 CaM regulates PfPKB activity in P. faiciparum cultures. 

PfPKB was immunoprecipitated from schizont (A,B) or red blood cell (B) Iysates, and 

immunoprecipitate (lP) was electrophoresed on an SDS-PAGE gel followed by Western blot 

analysis using anti-CaM antibody. Detection of CaM in the immunoprecipitate of PfPKB 

suggested that these proteins interact in the parasite (panel A and B, lane 2). Mock 

immunoprecipitation experiments were performed by using preimmune antisera (A, lane 1) or 

red blood cell lysate (B, lane 1). C) CaM inhibitor W7 inhibits PfPKB activation in P. falciparum 

cultures. Schizont-rich P. falciparum cultures were treated with 50 ~M W7and PfPKB was 

immunoprecipitated from parasite protein Iysates. PfPKB-IP-associated activity was assayed 

using crosstide. A significant loss in PfPKB activity was observed upon W7 treatment. Addition 

of 0.1 mM CaCI2 and 5 ~M CaM to PfPKB-IP from W7-treated parasites resulted in a significant 

recovery of PfPKB activity. (D) PfPKB was immunoprecipitated from schizonts in a buffer 

containing either 1 mM CaCh or 1 mM EGT A, and immunoblotting was performed to detect the 

associated CaM. 
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Figure 5.4 Phospholipase C is an upstream regulator of PfPKB signaling pathway. 

(A) P. fa/ciparum schizonts were incubated with the indicated concentrations of either 

phospholipase C inhibitor U73122 or its analogue U73322 for 30 min, and PfPKB-IP activity 

was determined. U73122 treatment caused a significant decrease in PfPKB activity. The activity 

of PfPKB in DMSO treated parasites was considered as 100%. B) PfPKB-IP (top pane~ or 

whole cell Iysates (bottom pane~ were subjected to Western blotting for CaM and PfPKB. A 

significant decrease in the amount of CaM co-immunoprecipitated with PfPKB was observed 

only in U73122-treated parasite without altering levels of PfPKB and CaM in whole parasite 

Iysates (bottom panels). C) Schizont stage parasites were treated with U73122 (30 ~M) or 

BAPTA-AM (100 ~M) alone or with a combination of U73122 (30 ~M) and ionomycin (10 ~M), 

and PfPKB-IP-associated activity was assayed using crosstide as substrate. 
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A novel-signaling pathway in P. fa/ciparum. 

Studies described suggest that CaM activates PfPKB in a calcium dependent manner by 

interacting with a CBO in its N-terminus (Figure. 4.7; 4.8, 5.3). Phospholipase C, the enzyme 

involved in generation of 1(1 .4,5)P3, acts as an upstream regulator of this pathway (Figure. 5.4) 

as IP3 may facilitate the release of calcium needed for PfPKB activation. 
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Chapter Six 

Role of PfPKB signaling pathway in parasite life cycle 

As described in chapters 4 and 5, the mechanism of PfPKB activation was worked out which led 

to the identification of a novel parasite signaling pathway in P.falciparum. However, the 

function of this signaling pathway and PfPKB in parasite development still remained unknown. 

The PfPKB pathway (Figure. 5.5) was modulated at different steps by using several molecular 

tools to gain insights into its role in parasite development. 

6.1 PfPKB is localized at the apical end of merozoites. 

PfPKB is expressed mainly in the schizonUmerozoite stage of the parasite life cycle (Figure. 

5.1) .. To gain insights into its function, immunofluorescence studies were performed for 

localizing this enzyme in merozoites. These studies revealed that it may be present at the apical 

end of the merozoite (Figure. 6.1A). Recently, components of the actin-myosin motor in 

Plasmodium sporozoite and merozoites have been identified (Bergman et aI., 2003a; Green et 

aI., 2006; Menard, 2001) and are considered to be important for invasion (Baum et aL, 2006; 

Jones et aI., 2006). This motor complex mainly resides in the Inner Membranal Complex (IMC) 

and concentrates at the apical end of the merozoite which probably facilitates its role in 

invasion. One of the components of this protein complex, GAP45 (Rees-Channer et aI., 2006) is 

a peripheral membrane protein, PfPKB exhibited Significant co-localization with GAP45 (Figure. 

6.1 B). Moreover, co-immunoprecipitation experiments revealed that PfPKB was associated with 

Myosin tail interacting protein (MTIP), a myosin light chain homologue, in the parasite (Figure. 
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6.1C) and other components of IMC (not shown here). Localization of PfPKB in these 

compartments and interaction with IMC proteins of the parasite was suggestive of a possible 

role in invasion. 

6.2 Inhibition of PfPKB upstream activators block invasion. 

The pathway described in the previous chapter suggested that PfPKB is regulated by CaM, 

calcium and Phospholipase C as inhibition of CaM and PLC resulted in down regulation of 

PfPKB activity. To evaluate the role of PfPKB pathway in parasite development, effect of CaM 

and PLC inhibitors on parasite life cycle was monitored. When CaM inhibitor W7 was added to 

the schizont stage parasites, the formation of rings in the next cycle was blocked (Figure. 6.2A). 

Free merozoites were successfully isolated to perform direct invasion assays (Fig. 6.6). Since 

addition of this inhibitor to free merozoites also inhibited ring formation (Figure. 6.2B), it is 

reasonable to suggest that W7 blocks invasion. These findings were consistent with previous 

observations made by Aikawa and co-workers (Matsumoto etal., 1987; Scheibel et aI., 1987). 

When the upstream activator of this pathway PLC was inhibited, similar inhibition of invasion 

was observed (discussed in Chapter-7), further supporting the role of this pathway in this 

important parasitic process, 

6.3 PfPKB may play an important role in RBC invasion by the parasite. 

Inhibition of CaM and PLC resulted in inhibition of invasion (Chapter-7 and section 6.2). It is 

likely that these proteins may have several targets via which they may control this important 
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parasitic process. Since PfPKB was identified as one of the targets of this pathway, its 

contribution to invasion was worth studying. Various approaches were used to either inhibit 

PfPKB activity or suppress its expression to understand its function in P.fa/ciparum. 

6.3.1 A443654 is an effective inhibitor of PfPKB which blocks invasion. 

There were no specific inhibitors available against PKB-like enzymes when these studies were 

initiated. Recently, Abbott laboratories developed pharmacological inhibitors which have ICso in 

nano molar range against mammalian PKB and exhibit at least 40 fold less affinity for AGC 

family kinases like PKA, PKC, RSK6 (Han et aI., 2007; Luo et aI., 2005). These inhibitors were 

obtained from Abbott laboratories under an MTA agreement and were tested against PfPKB. 

One of these compounds, A443654, successfully inhibited PfPKB activity with ICso -200 nM 

(Figure. 6.3A). These inhibitors were then added to parasite cultures to inhibit parasite PfPKB. 

Reduced activity of PfPKB-IP from A443654 treated parasites suggested that this inhibitor can 

effectively block PfPKB in the parasite (Figure. 6.3B). When A443654 was added to 

synchronized parasite cultures at the ring stage, the development of parasitE(s was normal till 44 

h. Subsequently, the number of rings formed in the next cycle was significantly reduced in 

comparison to DMSO treated cultures (Figure. 6.4).The inhibition in ring formation could have 

been a result of impaired invasion. When A443654 was added to schizonts the formation of 

rings was significantly reduced without altering the number of schizonts (Figure. 6.5A). To 

further establish if these inhibitors block invasion, experiments with free merozoites were 

performed (Freeman and Holder, 1983; Mohrle et aI., 1997). For this purpose, free merozoites 

were isolated from parasite cultures. These merozoites retained their ability to invade RBCs till 
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- 30 min after isolation (Figure. 6.6). When A443654 was added to merozoites, it impaired their 

ability to invade R8Cs as the number of rings form~d was significantly less (Figure. 6.5B). 

These data suggested that PfPK8 may be involved in the process of invasion. 

6.3.2 Go6983 inhibits PfPKB and blocks parasite growth. 

Before PK8 inhibitor A443654 was available for studies, Go 6893 was identified as an 

effective inhibitor of PfPK8 activity. Rationale for using G06983 (a specific PKC inhibitor) as 

PfPKB inhibitor was 1) in silica analysis had suggested that catalytic domain of PfPK8 was 

most closely related to PKC in comparison to other AGC kinases (Table 4.1;4.2) and 2) 

Plasmodium falciparum appears to lack a PKC homologue which will rule out the possibility of 

cross-reactivity of PKC inhibitors. Go 6983 and G06976 are isoform-specific PKC inhibitors 

which target the ATP binding site (Gschwendt et aI., 1996) and inhibition of any other AGC 

kinases by these compounds has not yet been reported. G06983 inhibited llPfPKB activity as 

judged by its ability to phosphorylate crosstide (Figure. 6.7 A) with ICso of -1 ~M. In contrast; 

Go 6976 was unable to inhibit the llPfPKB activity even at 10 ~M concentration (Figure. 6.78). 

Synchronized P. falciparum cultures were incubated with Go 6983 and parasite growth was 

monitored at different time points. There were no apparent effects of this drug till the rings were 

formed in the next cycle. In G06983 treated cultures, the number of rings in the following cycle 

was markedly less compared to the control cultures (Figure. 6.7C). This observation correlates 

well with the expression profile of PfPK8 in the schizont/merozoite stages of the life cycle. To 

further establish the effect of this inhibitor, P. falciparum schizonts were incubated with Go 6983 

and development of the parasite was monitored. While untreated cells formed rings within four-
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six hours, Go 6983 treatment resulted in almost 60% decrease in formation of new rings 

(Figure. 6.70). These results corroborate well with A443654 inhibition data (Figure.6.3-6.5) and 

suggest a role of PfPKB in invasion. 

6.3.3 Design of peptide inhibitors of PfPKB to demonstrate its role in 

invasion. 

Even though pharmacological inhibitors A443654 and G06983 were used to demonstrate a role 

of PfPKB in invasion, it was worth extending these studies using an independent approach. 

Biochemical studies suggested that CBO-peptide could act as a specific tool to elucidate the 

function of PfPKB as it possesses "two-pronged" ability to inhibit PfPKB activity: its 

pseudosubstrate nature via which it competes for the active site of the kinase and its ability to 

compete with CaM for PfPKB. In order to generate a peptide inhibitor that blocks PfPKB activity 

exclusively by interacting with its active site and not by competing with CaM, a peptide with only 

15 residues of CBO was synthesized (Figure. 6.8A). This peptide, CBOl-15, did not interact with 

CaM in mobility shift assays' (Figure.6.8B). However, it inhibited ilPfPKB activity by 

pseudosubstrate mechanism (Figure. 6.8C). Addition of both CBO and CBOl-15 peptides to 

parasites resulted in a significant reduction in PfPKB activity suggesting that these peptides can 

act as inhibitors of PfPKB in parasites, scrambled CBO peptide (scr-CBO) did not alter PfPKB 

activity (Figure. 6.80). 

When CBO peptides were added to segmenters/mature schizonts, a significant decrease in 

formation of new rings was observed in the next cycle suggesting that erythrocyte invasion may 
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have been impaired by these peptides. The number of schizonts remained almost unaffected 

and the control scrambled CBO peptide (scr-CBO) did not alter parasite growth (Figure. 6.9A). 

To further establish the role of PfPKB in invasion, experiments were performed with free 

merozoites as described earlier (Figure. 6.5B). When added to merozoites, both CBO and 

CB01-15 peptides caused severe defects in formation of rings indicating that the impairment of 

inavsion (Figure. 6.9B). These peptides when added to synchronized ring stage P.fa/ciparum 

cultures did not cause any detectable changes to the other parasitic stages as the parasitemia 

was almost unaltered till 46 h time point. Subsequently, in the next cycle after invasion, the 

number of rings formed in peptide treated cultures was markedly reduced (Figure. 6.10). 

It was important to demonstrate if these inhibitor peptides worked intracellularly. For this 

purpose, CBO peptides were tagged with fluorescein iso-thiocyanate (FITC) at the N-terminus 

and added to parasite cultures. The peptide associated fluorescence was seen inside the 

merozoite (Figure. 6.11) and also schizonts (not shown here). The localization of the peptides 

was at the apical end as observed for PfPKB (Figure. 5.2). These data provided additional 

support to pharmacological inhibitor data and suggested that PfPKB may play an important role 

in invasion. 

6.3.4 siRNA mediated silencing of PfPKB impairs invasion. 

Gene silencing by RNA interference (RNAi) is a potent tool to explore gene function in 

eukaryotes. The existence and the mechanism of a RNAi pathway in the malaria parasite has 
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been questioned (Aravind et aI., 2003). Failure of genome mining approaches to identify 

classical RNAi pathway components in Plasmodium has rightly contributed to these 

speculations (Ullu et aI., 2004). Despite the lack of information about the mechanism of RNAi 

pathway in Plasmodium, several groups have reported the successful use of dsRNA as well as 

21 nucleotide siRNA for functional analysis of several genes in Plasmodium (Gissot et aI., 2005; 

- Kumar et aI., 2002; Malhotra et aI., 2002; McRobert and McConkey, 2002). It is possible that 

the RNAi-pathway components in Plasmodium do not share significant homology with their 

counterparts from other species which has resulted in failure to identify them by in silica 

analysis and/or this pathway in the parasite is very different from other organisms. Since 20-

26nt siRNA are at the business-end of RNAi-pathway, two sets of 21 nt siRNA duplexes 

designed against different regions of PfPKB were used (see Materials and Methods). PfPKB is 

first expressed at mid-late schizont stage, therefore, P.falciparum late-trophozoites were treated 

with siRNA duplexes. RT-PCR revealed a significant decrease (- 80%) in PfPKB transcript 

levels (Figure. 6.12A), which was accompanied by a concomitant decrease in PfPKB protein 

levels (- 90%) in siRNA treated parasites (Figure. 6.128). Importantly, there was no significant 

change in the levels of schizonUmerozoite specific antigens MSP1 (Figure. 6.12A), EBA-175 

(Figure. 6.12A,B) and a control siRNA with scrambled nucleotide sequence did not alter PfPKB 

expression (Figure. 6.12A,B). 

Examination of siRNA treated parasite cultures revealed a marked reduction in the number of 

rings in siRNA treated parasites (Figure. 6.13, right panel). Since no significant change in 

schizonts was observed (Figure. 6.13, left panel), it is reasonable to conclude that defects in 
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invasion by PfPKB-siR.NA causes defects in ring formation. Importantly, no non-specific effects 

of these siR.NA were observed on growth and development of other intra-erythrocytic stages 

(Figure. 6.14). The siRNA results corroborate well with the pharmacological inhibitor (Figure. 

6.5-6.7) as well as peptide inhibitor data (Figure. 6.8-6.10). 

Collectively, these studies suggest that PfPKB may play an important role in early stage of the 

parasite lifecycle by regulating invasion of erythrocytes. 
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Figure. 6.1 PfPKB localizes to the apical end of the merozoite. 

(A) Immunofluorescence was performed on thin blood smears of schizont rich parasites to 

localize PfPKB. (A) PfPKB (Green) localizes at the apical end of the parasite, the surface of 

merozoite was identified by MSP1 staining (Red). (B) GAP45 (Green), a component of actin-

myosin motor co-localizes with PfPKB (Red). (C) PfPKB was immunoprecipitated from schizonts 

and PfPKB-IP was subjected to western blot using antisera against MTIP, a component of actin-

myosin motor. MTIP was found associated with PfPKB immunoprecipitate further confirming that 

PfPKB interacts with components of actin-myosin motor complex. 
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Figure. 6.2 Calmodulin inhibitor W7 inhibits invasion. 

(A) 50 ~M Calmodulin inhibitor W7 was added to schizont stage parasites and number of rings 

formed was monitored by giemsa staining of thin blood smears from parasite cultures at 

indicated time points. Formation of new rings in the next cycle of the parasite growth was 

inhibited by W7. (B) Free merozoites were isolated and incubated with 50 ~M W7 or medium 

alone for 10 min at 370C before addition of RBCs. While untreated merozoites successfully 

invaded RBCs and formed rings, invasion was significantly blocked in W7 treated merozoites. % 

rings in the graph refers to the RBCs that were infected with ring stage parasites. 
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Figure 6.3 A443654 inhibits PfPKB activity. 

(A) A443654 was used in kinase assays with recombinant .6PfPKB, it inhibited PfPKB activity 

with ICso of -200 nM. (B) Schizont rich cultures were treated with A443654 (500 nM) or with 

DMSO (control) for 2 hand PfPKB was immunoprecipitated. PfPKB- IP associated kinase 

activity was significantly reduced in the presence of A443654. Kinase activity was assayed using 

crosstide (-100 ~M) as substrate (see Materials and Methods). 
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Figure. 6.4 PfPKB inhibitor A443654 inhibits PJaiciparum growth. 

500 nM A443654 or DMSO (control) alone was added to synchronized ring stage parasites and 

parasite maturation was followed at indicated time points. Microscopic examination and quantitation of 

various parasitic stages suggested that there was no significant change in intra-erythrocytic parasitic 

stages until 44 h. Decrease in the formation of rings in the next cycle was observed in inhibitor treated 

cultures. Following parasitic stages were present at the indicated time points: 8 h, rings; 16-36 h 

trophozoites: 36-46 h, schizonts; 46 h-56 h, rings. 
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Figure. 6.5 A443654 inhibits RBC invasion by the parasite. 
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(A) To schizonts harvested from synchronized cultures, 500 nM A443654 or DMSO (control) 

was added. At indicated time post-addition of the inhibitor, number of schizonts and rings were 

individually scored. Formation of new rings (right panel) was inhibited Significantly but the 

schizont number did not change significantly (left panel). (8) Free merozoites were isolated 

(Materials and Methods and Figure. 6.6) and were treated with 500 nM A443654 for 10 min at 

370C before addition to R8Cs in culture. The number of rings were scored at indicated time 

points to assess invasion. These data are representative of three independent experiments and 

error bars represent S.E. within replicates from a single experiment. 
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Figure.6.6 Isolation of merozoites for invasion assays. 

l2ZZ3o min 
~15min 
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Merozoites were isolated from parasite cultures and the effect of pre-incubation (before addition 

to RBCs) on invasion was studied. After isolating the merozoites were resuspended in complete 

medium and were incubated for 0 min, 15 min, 30 min, 45 min at 370C and ring formation was 

monitored at indicated time points by giemsa staining of thin blood smears. 
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Figure. 6.7 Go 6983 inhibits PfPKB activity and affects parasite growth. 

8.0 

Various concentrations of Go 6983 (A and 8) or Go 6976 (8) were used to inhibit peptide 

substrate phosphorylation by GST -i1PfPK8. Enzyme activity in the absence of the inhibitor is 

considered as 100%. G06983 inhibited recombinant i1PfPKB activity with IC50 -1 ~M. C) Either 

5 ~M Go 6983 or 0.1 % OMSO was added to synchronized P. falciparum cultures (1 % 

parasitemia) and parasite growth was monitored at indicated times. (C). P. falciparum schizonts 

(- 3% parasitemia) were treated with indicated concentrations of Go 6983 or 0.1 % OMSO. 

Formation of new rings was monitored at indicated times (0). Number of parasites were counted 

at indicated times by microscopic examination of Giemsa-stained thin blood smears (C and 0). 

Y -axis is the ratio of percentage of parasitemia of drug treated cultures to that of OMSO treated 

cultures. Error bars reflect ±S.E. from three experiments. 
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Figure. 6.8 CBO peptides inhibit PfPKB activity from the parasites. 

(A) Sequences of CBO peptides with the RxRxS motif are highlighted. (B) CaM (10 ~M) was 

incubated with 10 ~M CBO (lane 2) or CB01-15 (lane 3) or alone (lane 1) in a buffer containing 1 

mM CaCI2. The mixture was separated on NATIVE-PAGE as described for figure. 4.9. 

Coomassie stained gel shows that CBO but not CBD1-15 causes a changes the mobility of CaM. 

(C) Recombinant ilPfPKB was incubated in kinase assay buffer containing 1 mM 

phosphoacceptor substrate crosstide in presence or absence of indicated peptides. Phosphate 

incorporation in crosstide was determined as described in Materials and Methods. Both CBO and 

CB01-15 inhibit ilPfPKB activity. (0) P. fa/ciparum meroloites were incubated with CBD, 

CBD1-15 or scr-CBD peptides for 10 min. Subsequently, activity of PfPKB immunoprecipitated 

from parasite Iysates was assayed. PfPKB- IP activity was significantly attenuated in the 

presence of the CBO peptides. 
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Figure. 6.9 CBD-peptide inhibitors block invasion 

(A) CBO peptides prevent invasion of erythrocytes by P. falciparum. Indicated amount of CBO-

peptides or scr-CBO was added to cultures containing mature schizonts/segmenters and 

formation of new rings was monitored microscopically after 6h. Rings and schizonts were 

individually scored and data represents % RBCs infected with these stages. (B) Free merozoites 

isolated from P. falciparum cultures were incubated either with 25 ~M CBO peptides or 1 00 ~M 

of scr-peptides for 10 min at 370C and were subsequently added to uninfected erythrocytes. 

Thin blood smears were made after 5h and numbers of rings were counted by giemsa staining. 

Merozoite invasion was severely compromised in the presence of CBO peptides. 
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Figure. 6.10 ceo peptides act specifically during invasion and have no effect on other 

parasitic stages. 

25 ~M CBD peptides or 1 00 ~M scr-CBD peptides were added to ring stage parasite culture 

and development of parasites was counted at different time points as described for figure.6.4. 

Peptides were replaced after 24 h when the medium was changed. Effect of peptides could be 

seen only on the formation of rings in the next cycle of parasite growth (after -46 h) when new 

rings were formed. Data are average of replicates from one experiment and is representative of 

three independent determinations. 
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Figure. 6.11 Localization of ceo peptides in P.fa/ciparum merozoites. 

CBO (A) or CB01-15 (B) peptides conjugated with FITC at their N-terminus were added to 

P.fa/ciparum cultures at late schizont stage for 2 h and indirect immunofluorescence was 

performed using antisera against merozoite surface protein-1 (MSP1). FITC-CBO associated 

fluorescence can be seen concentrated at a "spot" on the merozoite. 
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Figure. 6.12 siRNA mediated PfPKB gene silencing in P.fa/ciparum. 

siRNA against PfPKB inhibits its expression. Late-trophozoite stage parasites were treated 

either with two sets of siRNA duplexes complementary to two different regions of PfPKB or a 

control scrambled siRNA duplex. RT-PCR (A) or western blot analysis (B) were performed after 

isolating RNA or protein 8h after addition of siRNA. Quantitation of PfPKB bands in RT-PCR and 

western blot experiments was done by densitometric analysis and data are represented as 

percentage of intensities of signal in the control samples (right panels). A significant reduction 

in PfPKB transcripts and protein levels was observed only in siRNA treated cultures. MSP-1 and 

EBA-175 were used as controls for RT-PCR and western blots. Left panels indicate S.E.M from 

three independent experiments and error bars represent S.E. 
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Figure. 6.13 siRNA against PfPKB impairs merozoite ,invasion. 

Late-trophozoites were treated with only buffer (white), control scr-siRNA (grey) or PfPK8-

siRNA 1 (black) and PfPK8-siRNA2 (hatched) and schizonts (A) and rings (8) were counted at 

indicated time after addition of siRNA. PfPK8-siRNA treated cultures exhibited a significant 

decrease in formation of rings without significantly changing the schizont number. % ring or 

schizont infected erythrocytes are indicated. Inset shows a representative giemsa stained blood 

smear of scr-siRNA or siRNA 1. Data are the average of replicates from a single experiment and 

error bars indicate ± S.E. from replicates. A representative of more than three independent 

experiments is shown. 
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Figure. 6. 14 siRNA against PfPKB does not affect any other intra-erythrocytic stage 
except merozoite invasion. 

Synchronized P. falciparum cultures were treated with only buffer (white), a scrambled siRNA 

(grey) or PfPKB-siRNA 1 (black) and PfPKB-siRNA 2 (hatched) first at ring stages (6 h) and 

again 24h later when parasites were mid-late trophozoites (30 h). Total number of infected 

erythrocytes with various parasitic stages was counted at indicated time points post-invasion. 

Microscopic examination and quantitation of various parasitic stages suggested that there was 

no significant change in intra-erythrocytic parasitic stages from 6-44 h. Following parasitic stages 

were present at indicated time points: 8 h, rings; 18-34 h trophozoites; 42 and 44 h, schizonts; 

46 h, schizonts and rings; 48-54 h rings. The increase in parasitemia caused due to invasion of 

erythrocytes after schizont rupture (46-50 h) was markedly reduced in PfPKB-siRNA treated 
cultures. 
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Chapter Seven 

Identification and stage specific expression of PfPLC 

Studies described in the previous chapters highlight the important role played by calcium in 

regulation of PfPKB activity. Phospholipase C (PLC) is the enzyme responsible for generation 

of 1(1,4,5)P3 which facilitates release of calcium from the intracellular stores. PfPLC, a PLC 

homologue in P.falciparum was identified in the laboratory. 

7.1 Identification and molecular cloning of PfPLC. 

During the course of this work, a putative PI-PLC gene was annotated in PlasmoDB 

(PF10_0132), which was named, PfPLC (Fig. 7.1A,C). It exists as a - 4.5 kB gene on 

chromosome 10. PlasmoDB predicted gene has one large exon followed by three small exons 

at the 3'end of the gene (Fig. 7.1A). Based on the sequence of annotated PF1 0_0132 gene, 

PCR primers were designed to amplify the PfPLC gene and to confirm intron exon boundaries. 

For this purpose Reverse Transcription (RT) was done using parasite RNA and random 

hexamer primers and the cDNA was used to amplify PfPLC gene (see Materials and Methods). 

The nucleotide sequence of the first exon was almost identical to PF10_0132. However, there 

were slight differences in predicted intonic sequences and experimentally determined 

sequence. The intron-exon boundaries were reconfirmed by amplifying the -1.1 kb region 

spanning these introns (Figure. 7.1 B) and DNA sequencing. Bioinformatic analysis of PfPLC . 

sequence revealed that it has - 32% similarity with the mammalian PLC y. The similarity in the 

catalytic X and Y sub domains with PLC y is higher ( - 40%). PfPLC also has a putative PH 
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domain at its N-Terminal region which may help in its membrane recruitment and an EF-hand 

motif to facilitate its interactions with calcium (Figure. 7.1 C). 

7.2 PfPLC is expressed in trophozoites and schizonts. 

Specific antibody was needed to study the expression of PfPLC in parasite life cycle. For this 

purpose, the catalytic Y sub domain of PfPLC (531 bp) was cloned in pQE30UA expression 

vector and was expressed as a 6x-His fusion protein in E.coli. (Figure. 7.2A). This recombinant 

protein was used to raise antisera in rabbits (see Materials and Methods). Parasite lysate 

prepared different stages was used to determine the expression profile of PfPLC. Western blots 

revealed that PfPLC is predominantly expressed during the trophozoite and schizont (Figure. 

7.2B) stage of the parasite life cycle, the expression was very low in ring stage. Expression of 

PfPLC during the schizont stage fits well with results described in chapters 5 and 6 wherein 

phospholipase C mediated calcium release in combination with CaM controls activation of 

PfPKB in the schizont stage. 

7.3 PLC inhibitors cause impaired parasite growth. 

PLC inhibitor U73122 when used in malarial parasite blocks intracellular calcium release 

(Gazarini et aI., 2003), which suggests that this inhibitor may be effective against PfPLC. PfPKB 

signaling pathway which is regulated by Ca2+/CaM is involved in invasion and PLC inhibitors 

block its activity (Figure. 5.4). The role of PfPLC in invasion was adjudged directly by 

performing invasion assays in presence of U73122 or its inactive analogue U73322. When 

added to schizonts, U73122 blocked the formation of rings subsequent to merozoite release 
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and invasion (Figure. 7.3A). When added to free merozoites, U73122 caused a marked 

decrease in invasion (Figure. 7.3B). In contrast, U73322 did not alter parasite growth (Figure. 

7.3A, B). These results suggested that PLC plays a major role in regulating invasion, which is in 

good agreement with its expression in schizont stages. Moreover, these data also fit in well with 

the proposed role of PfPKB pathway in RBC invasion where PfPLC is an upstream regulator. 
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CAAAAACTGGAAAGA TeT ACAAAA TTAGAA.AAAGAGAAGAAAAA T AT ACTTTTTICAGA TGTTCAGTCAGA TGA T AA T AAAAA T AA 
ACAT A IT AGTT ATGAA IT Acncn AACAAAA TT AA TGA T MTGA TGATGTT AA TT AT AT ACA T AA T AM. TGTTT AAA TGTAGAAAA 
GAAATATGAAGACATGTTAACAGAATATAAATCGTICTTATTATGTTCTTCATCCTTATCACATAGTAGTAGCTTCAATAGTTGTA 
GT AGT AACACAACT ACA TCAAA rOA TGGAAA T AAAACACA TTCCAA T AAAAA T AA TTCATCCAAA T AT AAAAACAAAAA TTTTTA Te 
AAACATTTGAAGAATT AAAAAAAGCAAA T AA Tn A TTTTTTTATCTCT ArCH ACT AT ATeCA TTCA TGGA T AT AA TGAGAACAAA T 
A IT ACTTT AAAACTGAAA TTGCAAAAGTT AA TTTH ATGACA IT AA TT A nGGr ATGT AACAAAA. T ATCrT AAA T ACA TT AT ACAAA 
AAGAAAAAATAAA T AAAA TAA T AAtMCA n M T AA T AA T AA T,4AA TATGTGT AT A ITT A ITT A Tn A TTCA TAT AT AT A mAn GTT 

TATTTIATInATTTITGTAGTTGGTCAAAACCATCCACTTTCCAAATGAAAATATCnATCCnCCTTGGCTCTTATAGTAITTGA 

A TT AAAGGCA T ATGT MGTTT AAAA T ATTGT A TTT AT A TTTTITTITT AT AAAA TT AA TGA TTT AGT AT ATGTGA. TCA T AT AM T AAA 
TOT AT AGATCCA TGTGAT AT ACAAAGT ACCAT AGAA T AGAAGTT AT AT AT ACCATGTGA TT AT ATGT ACA TT AT AT AT AT AA T AT AT 

ATGT ATTT A TTT A TIT AT A TITT AT AT AGGA T A CTGT AAAAAGTGAAA T Aft. T AGCTTGCGCCT GCTrTccAGTT AAA TGCn AAG 
AGAAGGGT AA IT AT AAAAA T AT ACA T AAAACTTGTTGT ATCCA T A TTT A TT ACTT AM T ATGA TIn ATCT AT AA T AA T ATTTTTTTC 

eTA TIT A TTTTTTTTTTTTTT AA TTTCT Aft. T AGAn ACGA TTIGT ACCA TTGTGCGA T AA 

C) Domain organization of PfPLC 
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Figure. 7.1 Domain architecture and RT·PCR cloning of PfPLC gene structure. 

(A) PfPLC predicted as gene PF10_0132 by PiasmoD8 has four exons, first is -4 kb size 

followed by three small exons at 3'·end. The three introns span the last 500 bps of the gene. (8) 

RT-PCR analysis of PfPLC gene, -1.1 kb upstream 3' end of predicted PfPLC gene was 

amplified from genomic as well as cDNA to confirm the presence of introns. Presence of introns 

was reflected by the larger size of genomic PCR product, which was confirmed by DNA 

sequencing. Sequence of 3' 1.1 kb is shown with the three introns underlined. (C) 

Bioinformatics analysis of PfPLC sequence revealed a PH domain and an EF hand motif in 

addition to the catalytic X and Y sub domains. 
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Figure.7.2 Stage specific expression of PfPLC. 

(A) Y-domain of PfPLC (531 bp) was cloned in pQE30UA vector and expressed in E.coli as 6x-

His fusion protein. Coomassie stained gel shows the expressed protein which was used to raise 

antisera in rabbits. (8) Stage specific protein Iysates were made from synchronized parasite 

cultures and western blotting was performed using anti-PfPLC or HSP-70 (control) antisera. 

PfPLC, -160 kDa was expressed mainly in the trophozoite and schizont stage. 
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Figure. 7.3 PLC inhibitor impairs RBC invasion by P. fa/ciparum. 
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The effect of PLC inhibitors on invasion was tested using schizonts (A) or free merozoites (8) 

as described earlier in chapter 6. (A) When 30 ~M U73122 or U73322 was added to 

synchronized schizont cultures, new ring formation was hampered in presence of U73122 

without altering the number of schizonts. (8) Isolated free merozoites were incubated with 30 

~M U73122 or U73322 for 10 min and invasion was assessed by counting rings at indicated 

time points. Merozoites were severely compromised in their invasive capacity in the presence 

of PLC inhibitor U73122. 
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One of the highlights of Plasmodium falciparum genome sequencing (Gardner et al.; 2002) was 

the presence of several putative signaling molecules like protein kinases in the parasite (Ward 

et aI., 2004). Despite this information, the role of signal transduction events in the development 

of malaria parasite was very limited. Especially, information about molecular machinery involved 

in carrying out signaling events was scarce. Our laboratory had identified a PI3K homologue 

and a PKB homologue (described here) in P. falciparum, which suggested that signaling 

pathways regulated by these enzymes might be important for the parasite. The major goal of 

this thesis was to understand the regulation and function of PfPKB, the- PKB like protein kinase 

in P. falciparum. 

PfPKB shows significant sequence homology to catalytic domain of protein kinase B in higher 

eukaryotes. In addition, it also shares almost 65% sequence homology with the catalytic domain 

of protein kinase C, another AGC class SerlThr kinase. It is likely that P. falciparum lacks a 

PKC homologue (Ward et aI., 2004). Bioinformatic analysis suggested that PfPKB is closest to, 

besides PKB, mammalian PKC a,~,y at the sequence level. PfPKB does not have a PH domain, 

which plays an important role in sub cellular localization and activation of PKB by binding to 3'_ 

phosphorylated phosphoinositides, a product of PI-3 kinase in mammalian cells (Andjelkovic et 

aI., 1996; Vanhaesebroeck and Alessi, 2000). It is interesting to note that yeast and T.cruzi 

homologues also do not have a PH domain (Fujita and Yamamoto, 1998; Pascuccelli et aI., 
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1999; Toda et ai., 1988) suggesting that PKB in these unicellular eukaryotes may not be directly 

regulated by phosphoinositides. Interestingly, the N-terminal region of PfPKB did not share any 

significant similarity to any protein in various databases. 

In contrast to mammalian PKB which is activated by PDK1, PfPKB was regulated by 

autophosphorylation of S271 (Figure. 4.7). This serine residue is complementary to T308 of 

PKB and phosphorylation of this site by PDK1 is crucial for PKB activation. Despite sequence 

conservation in the vicinity of S271, human PDK1 was unable to activate PfPKB (data not 

shown). Several AGC kinases (e.g. cPKC isoforms and S6K1) are regulated by 

autophosphorylation and do not appear to require PDK1 (Biondi et ai., 2000; Parekh et ai., 

2000). It was interesting to note that the PKB homologue from another protozoan parasite T. 

cruzi was also regulated by autophosphorylation (Pascuccelli et ai., 1999). 

The PI3-kinase-PKB pathway is a major player in a wide variety of cellular processes in 

mammalian celis (Scheid and Woodgett, 2003; Vanhaesebroeck and Alessi, 2000). 

Plasmodium has only one PI3K homologue (Sharma et.al., unpublished results) and PfPKB, a 

protein kinase B like enzyme in P.falciparum (Kumar et ai., 2004). PfPKB is not likely to be 

regulated by phosphoinositides as it lacks the N-terminal PH domain present in PKB, which is 

needed for interaction with 3' -phosphorylated phosphoinositides (Alessi and Cohen, 1998). 

Results reported here suggest that PfPKB is directly regulated by Ca2+/CaM and therefore is 

independent of the PI-3 kinase regulation. 
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Free calcium levels in the parasite are controlled by phospholipase C (PLC) as it generates IP3 

which releases calcium from the intracellular stores (Garcia, 1999). PLC inhibitor, U73122, has 

been successively used in Plasmodium to block calcium release (Hotta et aI., 2003). Studies 

performed using this inhibitor suggested that PLC is the upstream regulator of PfPKB as 

calcium release mediated by it was crucial for PfPKB activation. These data provided a link 

between PfPKB and PLC mediated calcium signaling (Figure. 5.4). Both calcium (Wasserman, 

1990) and calmodulin (Matsumoto et aI., 1987; Scheibel et aI., 1987) have been implicated in 

invasion of erythrocytes by malaria parasite. However, the identity of the signaling pathways via 

which they may control invasion had remained elusive. Present studies resulted in identification 

of one of the first targets of CaM in malaria parasite and a multi-component signaling pathway 

(Figure. 5.5). 

In order to decipher the role and importance of PfPKB in P. fa/ciparum, pharmacological 

inhibitors against PfPKB were used. One of the major problems in performing these studies 

early on was unavailability of effective mammalian PKB inhibitors. Subsequently, Abbott 

laboratories released information about a series of compounds which were specific inhibitors 

of mammalian PKB. One of these indazole-pyridine based inhibitors (A443654) was especially 

specific to PKB in comparison to other kinases. Its second best target was PKA with almost 40 

fold lower affinity (Han et aI., 2007; Luo et aI., 2005). Given the high similarity between PfPKB 

and PKB in the catalytic region, A443654 was selected and used against PfPKB, It turned out 

be a reasonably good inhibitor of PfPKB ( IC50 - 200nM). Experiments using this compound 

suggested a role of PfPKB in invasion (Figure. 6.4; 6.5), which was supported by the expression 
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of PfPKB in merozoites and its localization at the apical end (Figure. 6.1 ;6.2). Importantly, this 

compound did not affect the development of any other parasitic stage, which would have 

suggested its cross-affinity with kinases in other parasitic stages (Figure. 6.4). 

Extensive biochemical studies were performed to work out the mechanism of regulation of 

PfPKB by Ca2+/CaM (Figure. 4.7; 4.8). CaM interacts with segments on proteins that are rich in 

basic and hydrophobic residues and have the propensity of forming a-helices. The hydrophobic 

residues in CBOs of target proteins are critical for anchoring them to hydrophobic pockets 

present in CaM. Typically, these residues may be separated by 10, 14, or 16 residues (Hoeflich 

and Ikura, 2002; Yamauchi et aI., 2003). The number of CBOs which do not strictly follow these 

rules has grown, moreover, there are CBOs which use only one of these residues for interaction 

(Rhoads and Friedberg, 1997; Yamauchi et aI., 2003). These studies reflect the diversity in 

interaction of CaM with its targets. PfPKB-CBO has a L6 and 120 that are spaced by 15 residues 

and may anchor binding to CaM, which is a minor diversion from standard examples (Figure. 

4.8). Mapping of the CBO was followed by the identification of a RxRxS pseudosubstrate motif 

in the NTR which helped in elucidating the mechanism of PfPKB activation by CaM. 

Biochemical stUdies not only provided insights into PfPKB regulation, they also lead to the 

identification of peptide inhibitors for PfPKB. Even though CBO-peptide inhibited PfPKB in 

parasites, there was a possibility that the interaction of CaM with other targets contributed to 

these effects. Since CB01-15 acts mainly as a pseudosubstrate inhibitor of PfPKB (Figure. 6.8), 

it turned out to be a useful and a more specific tool to overcome this problem. This peptide also 
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blocked the ability of parasite to invade RBCs (Figure. 6.9). Clearly, these studies were aided 

by the ability of these peptides to enter parasites. Several groups have shown uptake of 

peptides/ proteins to the parasite including a recent report which shows that peptides of -2400 

Da can enter the parasites efficiently (Farias et aI., 2005), although, the mechanism for the 

transport is not clear. Using FITC labeled CBD peptides, we were able to demonstrate that both 

CBD and CBD1-15 peptide enter the parasites (Figure. 6.11) and therefore may work 

intracellularly. With the intention of using an independent approach to suppress PfPKB function, 

siRNA mediated knockdown of PfPKB expression was performed (Figure. 6.12; 6.13). The 

results of these experiments were remarkably similar to that of peptide and pharmacological 

inhibitor data (Figure. 6.5; 6.7; 6.9) and suggested that PfPKB may be involved in early stage of 

parasite infection or invasion. Importantly, pharmacological inhibitor, siRNA as well as peptide 

inhibitor studies did not show any obvious defects in the development of other parasitic stages 

except impaired ability to form rings after invasion (Figure. 6.4; 6.10; 6.14). Experiments 

performed with free merozoites were very useful in suggesting the role of PfPKB in RBC 

invasion (Figure. 6.5; 6.9). The results obtained by various tools point towards a role of PfPKB 

in invasion. 

The release of intracellular calcium is critical for various parasitic functions (Biagini et aI., 2003). 

Importantly, it appears to be indispensable for successful erythrocytes invasion (Garcia et aI., 

1996; McCallum-Deighton and Holder, 1992). CaM is known to localize at strategic location in 

merozoites and controls invasion (Matsumoto et aI., 1987; Scheibel et aI., 1987). Using 

inhibitors of CaM, it was shown that to playa crucial role in merozoite invasion(Matsumoto et 
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aL, 1987; Scheibel et aL, 1987). Immuno-EM studies suggested that CaM is localized at the 

apical end of merozoites, which may allow it to control invasion (Scheibel et aL, 1987). Since 

the identity of CaM targets in Plasmodium had remained elusive, the molecular basis for these 

effects had remained unclear. Identification of PfPKB as one of the first CaM targets (Figure. 

5.3) via which it may control invasion certainly provides at least one of the clues to this query. 

CaM has been localized in apical organelles of merozoites in addition to other cellular locations. 

Immunofluorescence studies suggest that PfPKB may also be present in the apical region 

(Figure. 5.2), therefore, it is possible that PfPKB phosphorylates proteins present at these 

locations, which may be important for invasion. The identification of PfPKB targets will indeed 

provide further insight into the role of this signaling pathway in this crucial event in the life cycle 

of the malaria parasite. PfPKB was found to co-localize and interact with proteins of the actin-

myosin motor complex (Figure. 6.1) which is suggestive of one of the ways via which it may 

participate in invasion by targeting proteins of this complex. 
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It is evident from the genome sequencing (Gardner et al., 2002) and bioinformatics (Aravind et 

al., 2003; Ward et aI., 2004) that several signal transduction proteins like protein kinases may 

be present in the malaria parasite. There is little information about the molecular mechanisms 

via which the signaling events occur and guide the development of the parasite. The major goal 

of this thesis was to understand the regulation and function of PfPKB, the PKB like protein 

kinase in P. fa/ciparum. 

Biochemical studies directed at understanding the mechanism of PfPKB regulation revealed: 

1. The NTR of PKB is inhibitory which keeps it inactive. 

2. PfPKB activity is regulated by Ca2+/CaM, which regulates its activity by promoting 

autophosphorylation of 8271 in its activation loop. In the absence of calcium, CaM does 

not activate PfPKB. 

3. The NTR has a Calmodulin binding domain (CBD) via which the interaction with CaM 

takes place. 

4. A RxRx8 pseudosubstrate motif is embedded in the CBD, which seems to be 

responsible for keeping PfPKB inhibited and binding of CaM causes release of this 

inhibition. 
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These studies resulted in identification of PfPKB as one of the first CaM targets in the 

malaria parasite and helped elucidate the mechanism for its catalytic activation (Figure. 

4.12). 

Biochemical studies were pivotal in understanding the regulation of PfPKB in the parasite. 

Taking clue from these studies, PfPKB regulation in the parasite was explored: 

1. CaM was found to associate with PfPKB and regulate its activity in the parasite. 

2. Availability of intracellular calcium was critical for CaM dependent PfPKB activation. 

3. Phospholipase C was identified as the upstream regulator of PfPKB as it was 

responsible for calcium release which was necessary for PfPKB activation by CaM. 

These findings resulted in identification of a novel mUlti-component signaling pathway in P. 

fa/ciparum (Figure. 5.5). 

To elucidate the function of PfPKB pathway in P. fa/ciparum, this pathway was blocked at 

several steps and alteration of parasite growth was monitore-d. Following evidence 

suggested that PfPKB and this pathway may be involved erythrocyte invasion by the 

parasite: 

1. PfPKB was localized at the apical end of the merozoites. 

2. Both inhibitors of CaM and PLC, the upstream activators of PfPKB, attenuated the 

ability of parasites to invade RBCs indicating the involvement of these proteins in 

invasion. 
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3. A pharmacological inhibitor of mammalian PKB, A443654, was found to inhibit PfPKB 

with reasonable efficacy. This inhibitor blocked the ability of P. fa/ciparum merozoites to 

invade RBCs. 

4. Based on biochemical studies, peptide inhibitors were designed against PfPKB. 

Peptides with sequence similar to CBO or its truncated version, which lacked last six 

amino acids (CB01-15), successfully inhibited PfPKB activity in the parasite. Like 

pharmacological inhibitors, these peptides also blocked RBC invasion. 

5. siRNA against PfPKB was used to inhibit its expression in the parasite. PfPKB-siRNA 

treated parasites also demonstrated impaired ability to form rings suggesting a role of 

PfPKB in invasion. 

It had been demonstrated previously that both CaM (Matsumoto et aI., 1987; Scheibel et 

aI., 1987) and calcium (Scheibel et aI., 1987; Wasserman, 1990) are crucial for the malaria 

parasite to successfully invade RBCs. However, the molecular events via which this may 

happen were not clear. Present studies suggest that regulation of PfPKB may be one of the 

ways via which invasion may be regulated by calcium signaling. _ 
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Extracellular signals control various important func
tions of a eukaryotic cell, which is often achieved by 
regulating a battery of protein kinases and phosphata
ses. Protein Kinase B (PKB) is an important member of 
the phosphatidylinositol 3-kinase-dependent signaling 
pathways in several eukaryotes, but the role of PKB in 
protozoan parasites is not known. We have identified a 
protein kinase B homologue in Plasmodium falciparum 
(PfPKB) that is expressed mainly in the schizonts and 
merozoites. Even though PfPKB shares high sequence 
homology with PKB catalytic domain, it lacks a pleck
strin homology domain typically found at the N termi
nus of the mammalian enzyme. Biochemical studies per
formed to understand the mechanism of PfPKB catalytic 
activation suggested (i) its activation is dependent on 
autophosphorylation of a serine residue (Ser-271) in its 
activation loop region and (ii) PfPKB has an unusual 
N-terminal region that was found to negatively regulate 
its catalytic activity. We also identified an inhibitor of 
PfPKB activity that also inhibits P. falciparum growth, 
suggesting that this enzyme may be important for the 
development of the parasite. 

Plasmodium falciparum, a unicellular protozoan responsible 
for the most lethal form of human malaria, has re-emerged as 
a leading cause of mortality in developing countries, especially 
in the population of young children age 5 and under. Wide
spread drug resistance exacerbates the problem and limits our 
options for effective malaria control. Current efforts to produce 
effective vaccines have not yet resulted in any significant suc
cess. Identification of drugs that interfere with parasite devel
opment could be a useful way to inhibit parasite growth in 
humans. Detailed knowledge of molecular mechanisms that 
control the life cycle of malaria parasite could provide crucial 
information needed to achieve this goal. 

The life cycle of the malaria parasite is a complex but a well 
synchronized series of events. Mter invasion of the erythro-
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cytes, the parasite can either propagate asexually or undergo 
sexual differentiation. The role of extracellular signals and 
molecular events in parasite life cycle are not well understood. 
It is well known that the fate of most eukaryotic cells is con
trolled by specific cell signaling pathways. Therefore, it is rea
sonable to assume that cell-signaling cascades may be very 
important for the development of Plasmodium. Systematic 
analysis of molecules involved in cell signaling events that 
occur during the course of P. falciparum development need to 
be pursued. A recently published genome sequence (1) and 
earlier studies suggest that several homologues of eukaryotic 
signaling proteins, such as protein kinases and phosphatases, 
are conserved in P. falciparum (2-13). The major challenge is to 
understand how these enzymes integrate in cellular machinery 
of Plasmodium and what roles they play in parasite develop
ment. The answer to these questions could lead to identifica
tion of important signaling pathways involved in the develop
ment of this parasite. 

We are interested in understanding the role of phosphat idyl
inositol 3-kinase (PI3K)1 and protein kinase B (PKB) in P. 
falciparum. The PI3K-PKB-mediated signaling is important 
for proliferation and survival of several eukaryotic cell types 
such as fibroblasts and neuronal cells (14). Mter PI3K activa
tion, 3' -phosphorylated phosphoinositides (phosphatidylinosi
tol 3,4-diphosphate or phosphatidylinositol 3,4,5-trisphos
phate) are generated, and they bind to the PH domain present 
at the N terminus of PKB, resulting in its translocation to the 
cell surface and phosphorylation-dependent activation (15-17). 
This regulatory phosphorylation is carried out by phosphati
dylinositol-dependent kinase 1 (PDK1), which also regulates 
other members of the AGC group of protein kinases like PKA 
and isoforms of PKC (18, 19). However, maximal catalytic 
activity is achieved only upon phosphorylation of a C-terminal 
site. PKB2 targets a wide variety of cellular targets ranging 
from transcription factors, antiJpro-apoptotic proteins, en
zymes involved in glycogen metabolism, etc. (15-17). Function 
of neither PI3K nor PKB in Plasmodium or any other proto
zoan parasite is understood. 

1 The abbreviations used are: PI3K, phosphatidylinositol 3-kinase; 
PKA, cAMP-dependent protein kinase; PKB, protein kinase B; PKC, 
protein kinase C; PKG, cGMP-dependent kinase; PfPKB, Plasmodium 
falciparum homologue of protein kinase B; LlPfPKB, catalytic domain of 
PfPKB with the C-terminal extension and without the N-terminal re
gion; AGC kinases, a family of kinases belonging to the same class as 
protein kinase A, G, and C; BLAST, basic local alignment search tool; 
PH, Pleckstrin homology domain; PDKl, PI3-dependent kinase; GST, 
glutathione S-transferase; NTR, N-terminal region of PfPKB; Plas
moDB, sequence database of Plasmodium; MSPl, merozoite surface 
protein 1; ORF, open reading frame; contig, group of overlapping clones. 

2 PKB refers to mammalian PKB in general. For the purpose of 
sequence comparison and amino acid number assignment human PKB~ 
(accession number A46288) was used. 

This paper is available on line at http://www .jbc.org 24255 
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We report identification and biochemical characterization of 
a PKB homologue from P. falciparum, PfPKB. Although it 
shares significant homology with mammalian-PKB catalytic 
domain, PfPKB lacks a phosphoinositide interaction domain 
(PH domain). Biochemical studies suggested that PfPKB auto
phosphorylation is pivotal for its activation, unlike the mam
malian enzyme, which needs phosphorylation by PDKl. PfPKB 
was expressed at highest levels during the schizont/merozoite 
stage of the parasite lifecycle. Studies using a pharmacological 
inhibitor suggested that PfPKB activity may be important for 

parasite development. 

EXPERIMENTAL PROCEDURES 

P. falciparum Cultures-P. falciparum 3D7 strain was cultured at 
37°C in RPMI 1640 medium using either AB+ human serum or 10% 
Albumax II (Invitrogen) as previously described (20). Cultures were 
gassed with 7% CO2 , 5% O2 , and 88% N2 • Synchronization of the 
parasites in culture was achieved by sorbitol treatment (21). 

Molecular Cloning and Mutagenesis of PfPKB eDNA-Human PKB/3 
sequence was used to BLAST search (in tBLASTN mode) the Plasmo· 
dium genome sequence at Sanger Center, The Institute of Genomic 
Research, and Stanford University (chromosome 12). A contig highly 
homologous to PKB was found on chromosome 12. The longest open 
reading frame (ORF) spanning this region was named PfPKB (de
scribed in detail under "Results"). PCR was performed using primers 
(sequences given below) based on the PfPKB ORF (Fig. 1). Total RNA 
was isolated from asynchronous P. falciparum 3D7 cultures, and re
verse transcription was performed using random hexamers provided in 
the Thermoscript reverse transcription-PCR kit (Invitrogen). Compli
mentary or genomic DNA was used as the template in PCR reactions, 
which were performed using platinum Taq polymerase (Invitrogen) 
with the following cycling parameters: 94°C for 2 min initial denatur
ation followed by 30 cycles at 94 °c for 30 s, 42°C for 30 s, 72°C for 2 
min and final extension at 72 °C for 10 min. The following primer sets 
were used for cloning the full-length PfPKB gene (PfPKB_1 and Pf
PKB_3) and its catalytic domain, dPfPKB (PfPKB_2 and PfPKB_3): 
forward (PfPKB_1), 5' -ATGATCATATACATGTACCATATCTATGCCC
C-3'; forward, (PfPKB_2), 5'-CGTAACTCTATGTCCTTATCATATGAA
AGGAAA-3'; reverse, (PfPKB_3), 5'-TCATTTTTGTTGACCTGATTTT
TCTCATAATAGTTG-3' . 

PCR products were cloned in pGEM-T easy vector (Promega), and 
several clones were sequenced by automated DNA sequencing. All site
directed mutagenesis studies were performed using the QuikChange kit 
(Stratagene) following the manufacturer's instructions and using prim
ers 5' -GAAACCAATTTAACTAAAGCATTATGCGGAACTCC-3' and 5'
GGGTTCCGCATAATGCTTTAGTTAAATTGGTCTT-3' for mutant 
S271A, 5' -GAAACCATTTAACTAAAGACTTATGCGGAACTCC-3' and 
5' -GGAGTTCCGCATAAGTCTTTAGTTAAAATGGTTTC-3' for mutant 
S271D, and 5 '-AACTATTATGAATTTGACGGTCAACAAAAATGA-3 , 
and 5'-TCATTTTTGTTGACCGTCAAATTCATAATAGTT-3' for the 
mutant S442D. Desired mutations were confirmed by automated DNA 
sequencing. 

Expression and Purification of Recombinant PfPKB and Its Vari· 
ants-pfPKB or dPfPKB was amplified using primers (described above) 
containing overhangs for BamHI and XhoI restriction enzymes to facil
itate cloning into a GST fusion protein expression vector pGEX-4T1 
(Amersham Biosciences). Recombinant expression vectors containing 
either the PfPKB gene or its variants were transformed in Escherichia 
coli BL21-RIL strain (Stratagene). Cultures were grown in LB media 
containing 100 p,g/ml ampicillin and 25 p,g/ml chloramphenicoL When 
cultures were in mid-logarithmic phase (A6oo value of 0.6), expression of 
proteins was induced by 1 mM isopropyl-1-thio-/3-D-galactopyranoside 
either at 37°C for 4 h or at 18°C for 14 h. Bacterial cells were harvested 
by centrifugation at 4000 X g for 30 min suspended in Buffer A (50 mM 
Tris, pH 7.4, 2 mM EDTA, 1 mM dithiothreitol, 1% Triton X-100, and 
protease inhibitor mixture (Roche Applied Science)) followed by sonica
tion for 8 cycles of 1 min each on ice. Cell lysates were clarified by 
~entrifugation at 20,000 x g for 30 min at 4°C. Subsequently, the 
mpernatant was incubated with glutathione-Sepharose resin (Amer
,ham Biosciences) with end-to-end shaking for 6 h at 4 °C and was 
washed with Buffer A. The recombinant GST fusion proteins were 
,luted in 50 mM Tris, pH 8.0, containing 10 mM glutathione, dialyzed 
Igainst 50 mM Tris, pH 7.5, 1 mM dithiothreitol, and 10% glycerol, 
~oncentrated using lO-kDa cutoff concentrator (Millipore), and ana
yzed by SDS-PAGE. Protein visualization and assessment were done 
m a gel documentation system. For expression of the N-terminal region 

(NTR) as a His6-tagged or GST fusion protein, the region corresponding 
to NTR with additional catalytic domain residues (1-126) ofPfPKB was 
amplified using primers 5'-GAAGTGAATTCGATGATCATATACATG
TAC-3' and 5' -GGATTCCTCGAGTTTTCCATATGATCCTTC-3', which 
possess overhangs for BamHI and XhoI, and was subsequently cloned 
in pET28 and pGEX4T1 vectors. BL21-RIL cells bearing recombinant 
plasmids were grown in LB medium containing either kanamycin (25 
p,g/ml) or ampicillin (100 p,g/ml) and chloramphenicol (50 p,g/ml). Pro
tein expression was induced by treatment of bacterial cultures with 1 
mM isopropyl-1-thio-/3-D-galactopyranoside at 18°C for 12 h. Recombi
nant His6 NTR protein was extracted in denaturating extraction buffer 
(50 mM Tris, pH 7.4, 300 mM NaCl, and 8 M urea), and the clarified 
lysate was incubated with nickel nitrilotriacetic acid-agarose (Qiagen) 
with end-to-end shaking for 3 h at room temperature. The resin was 
poured into a column, washed with extraction buffer, and eluted in 
extraction buffer containing 25-500 mM imidazole. Fractions containing 
the protein of interest were pooled and dialyzed against buffers con
taining decreasing amounts of urea (25 mM Tris, pH 7.4,150 mM NaCl, 
1 mM dithiothreitol, 0-6 M urea) to refold the recombinant protein. 
GST-NTR was purified as described above for other GST fusion pro
teins. Recombinant proteins were estimated and analyzed by 
densitometry. 

Assay of PfPKB Activity-GST fusion proteins ofPfPKB (its deletions 
or its mutants) or 10 p,l of PfPKB immunoprecipitated from parasite 
lysate (see below) were assayed for catalytic activity in a buffer con
taining 50 mM Tris, pH 7.5, 10 mM magnesium chloride, 1 mM dithio
threitol, and 100 p,M [y-32PlATP (6000 Cilmmol) using histone HI, 
histone lIAS' or a small peptide substrate of PKB, "crosstide" (22), as 
phosphate-acceptor substrates. Typically, reactions were carried out for 
20-60 min at 30°C and were terminated by boiling the samples in 
SDS-PAGE sample buffer. Reaction mixtures were electrophoresed on 
15% SDS-PAGE gel (for histone lIAS) followed by autoradiography to 
visualize phosphate incorporation in histone lIAS' In some experiments, 
GST-NTR (0.1 p,g) and His6-NTR (0.1 p,g) were preincubated with 
dPfPKB (0.4 p,g) before the addition of substrate and ATP. 

When peptide substrates were used, reactions were stopped by spot
ting the samples on P81 phosphocellulose paper followed by washing 
the paper strips with 75 mM orthophosphoric acid. Phosphate incorpo
ration was assessed by scintillation counting ofP81 paper. One unit of 
enzyme activity represents 1 pmol of phosphate transferred to 1 mg of 
substrate in 1 min. Data representative of at least three independent 
experiments are illustrated in all figures. 

Generation of anti·PfPKB Serum, Immunoblotting, Immunoprecipi· 
tation, and Immunofluorescence-Polyclonal anti-PfPKB serum was 
raised in rabbits using a synthetic peptide designed from the C-termi
nal sequence (DFNYNYYEFSGQQK). This peptide was conjugated to 
keyhole limpet hemocyanin via an additional N terminus cysteine res
idue (Zymed Laboratories Inc., Inc.) 

Parasites were released from infected erythrocytes by 0.1% (w/v) 
saponin treatment. Cell-free protein extracts either from specific para
site stages or asynchronous cultures were prepared by suspending 
parasite pellets in a buffer containing 10 mM Tris pH 7.5,100 mM NaCl, 
5 mM EDTA, 1% Triton X-100, and IX Complete Protease inhibitor 
mixture (Roche Applied Science) using a syringe and a needle. Lysates 
were cleared by centrifugation at 14,000 X g for 30 min. After separa
tion oflysate proteins on SDS-PAGE gels, proteins were transferred to 
a nitrocellulose membrane. Immunoblotting was performed using the 
above-described anti-PfPKB antisera and horseradish peroxidase-la
beled anti-rabbit IgG. ECL substrate (Pierce) was used to develop the 
blots following the manufacturer's instructions. 

PfPKB was immunoprecipitated from the schizont-enriched parasite 
lysate using anti-PfPKB antisera. Erythrocyte-free parasite lysates 
were prepared as described above except phosphatase inhibitors (20 p,M 
sodium fluoride, 20 p,M /3-glycerophosphate, and 100 p,M sodium vana
date) were added to the lysis buffer. 100 p,g of lysate were incubated 
with the anti-sera at 4 °C overnight on an end-to-end shaker. Subse
quently, antigen-antibody complexes were incubated with 50 p,l of pro
tein A-Sepharose beads for 2 h with end-to-end shaking. Beads were 
washed with phosphate-buffered saline several times and were finally 
resuspended in 50 p,l of 1 X kinase assay buffer containing phosphatase 
inhibitors. 

Immunofluorescence microscopy was performed on thin blood smears 
of parasite cultures that were fixed with methanol or acetone. Smears 
were blocked in phosphate-buffered saline containing 0.05% saponin 
and 5% bovine serum albumin. Subsequently, incubations with anti
PfPKB and/or anti-MSP1,_,9 anti-sera (1:100-1:200 dilution) were per
formed for 2 h at room temperature or at 4°C overnight. Anti-mouse 
IgG labeled with fluorescein isothiocyanate and anti-rabbit IgG labeled 
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FIG. 1. A, amino acid sequence of PfPKB ORF. PfPKB was amplified using PCR primers corresponding to regions indicated by arrows. The 
catalytic domain ofPfPKB (starting from the second arrow) has all the 11 kinase subdomains conserved. A putative regulatory phosphorylation 
site (Ser-271) in the activation loop region between subdomains VII and VIII is indicated in bold. A hydrophobic patch of amino acids at the 
C-terminal end is shown in italics, and another putative phosphorylation site (Ser-442) in this region is shown in bold face. The putative N-terminal 
signal sequence is indicated in italics. B, schematic diagram showing a comparison between human PKB and PfPKB. PfPKB does not possess a 
PH domain, which is typically present at the N-terminal end of mammalian PKB. It has a putative N-terminal signal sequence (gray bar). The 
activation loop region of PKB contains Thr-309, which is phosphorylated by PDKI. Ser-271 in PfPKB aligns well with Thr-309 of PKB. The 
C-terminal hydrophobic motif with a putative regulatory phosphorylation site (Ser-442) is also shown. 

with Texas Red were used to localize merozoite surface protein 1 
(MSP1) and PfPKB, respectively. Parasite nuclei were localized with 
Hoechst 33342. Stained parasites were visualized using either a 
NikonTE2000 or a Zeiss confocal microscope. Images were analyzed and 
merged using Image Proplus or Adobe Photoshop software. 

Inhibition of PtpKB Activity and Parasite Growth by Go 6983-
Recombinant GST-ll.PfPKB was preincubated for 15 min with varying 
concentrations of Go 6983 or Go 6976 (Biomol or Calbiochem) prepared 
in 0.1% Me2SO or with 0.1% Me2SO. The enzyme activity was assayed 
as described above. To monitor the effect of Go 6983 on P. falciparum 
growth, parasites were plated at 1% parasitemia containing mostly 
rings and were treated either with the indicated concentrations of Go 
6983 or 0.1% Me2SO. At the indicated time points, thin films were 
prepared and stained with Giemsa reagent, and the number of intra
erythrocytic parasites was counted by using microscopic examination. 
Parasites were counted from several different fields and also different 
experiments. The data (Fig. 8) are represented as the ratio of percent of 
parasite-infected erythrocytes in drug-treated cultures to the ones in 
the control cultures, which were treated with 0.1% Me2SO. 

RESULTS 

Identification and Molecular Cloning of the PfPKB Gene-To 
identify a PKB homologue in P. falciparum, human PKB/3 
sequence was used to search the P. falciparum genome se
quence in silico. A match on chromosome 12 sequence data base 

with high sequence homology to the catalytic domain of human 
PKB (71%) was found. A long and uninterrupted 1.34-kilobase 
(encoding a polypeptide of 446 amino acids) ORF encompassing 
this region was designated as PfPKB. PfPKB belongs to the 
AGC kinase family, which possesses a motif with consensus 
sequence (Str)(FIL)CGTP(DIE)Y in its activation loop region 
(Fig. 1, A and B). Phosphorylation of Str (at the first position in 
this sequence) is pivotal for their activation (19). In addition, 
PfPKB has a hydrophobic patch of amino acids at its C-termi
nal end (Fig. 1) that is also present at the C-terminal end of 
several AGC kinases, although its sequence is only loosely 
conserved (23). While these studies were in progress, annota
tion of the Plasmodium genome appeared on PlasmoDB (24, 
25). BLAST searches of these annotated genes resulted in three 
major "hits" (Tables I and II). All three protein sequences were 
related to AGC class kinases. The gene with highest sequence 
homology was closely related to PfPKB. The other two kinase 
sequences with around 56% homology to the catalytic domain 
ofPKB have previously been identified as the cAMP-dependent 
protein kinase (13) and the cGMP-dependent kinase (5) homo
logues from P. falciparum. 

PfPKB ORF was amplified using either cDNA or genomic 
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TABLE I 

Summary of the results of a BLAST search of P. falciparum-predicted 
gene database using human PKB{3 sequence as a query 

Plasmodium gene 

Ch12.glm521 
Ch9.glm401 
Ch14.glm391 

Homology" 

% 

71 
56 
56 

Experimental identification 

PfPKB (this work) 
PfPKA (9, 13) 
PfPKG (5) 

a % Homology represents the percent similarity in amino acids that 
are identical and belong to a similar chemical class. It is indicated as % 
similarity in the output of the BLAST program. 

TABLE II 
Homology between PfPKB and other mammalian AGC kinases 

Kinase 

PKB 
PKCa, -{3, -y 
cAMP-dependent protein kinase 
cGMP-dependent protein kinase 

Homologya 

% 

71 
64 
58 
53 

a Results of a BLAST search reflect homology mainly between the 
catalytic domains of PfPKB and the indicated kinases. 

DNA as template, and the amplified PCR products appeared to 
be identical in size (data not shown). This suggested that Pf
PKB is at least 1.34 kb in size and introns are absent from this 
contig, which was confirmed by DNA sequencing. The deduced 
PfPKB sequence (Fig. lA) shows that it has all kinase subdo
mains (26) and has a hydrophobic motif at the C terminus 
present in several AGC class kinases (23). It also has a putative 
signal sequence at its N-terminal end. Interestingly, PfPKB 
shares high sequence homology with catalytic domains of PKC 
isoforms a, {3, y, (~64%, Tables I and II). It should be noted that 
a PKC homologue has not yet been identified in the Plasmo-
dium genome. Our in silico analysis suggested that PfPKB may 
be the closest relative of PKC in P. falciparum. Strikingly, 
PfPKB does not contain a PH domain usually found in PKB of 
higher eukaryotes. This domain is important for binding to 
phosphoinositides phosphorylated at 3' -OH (15-17). Because 
yeast and Trypanosoma cruzi homologues ofPKB also lack this 
domain (27-29), it is possible that PKB in these organisms is 
regulated via different mechanisms other than interactions 
with 3' -phosphoinositides. During the process of screening for 
full-length PfPKB, we found clones containing intronic se
quences that could result in different-size ORF. This could be a 
result of alternative splicing or defects in transcripts. 

Recombinant PfPKB Catalytic Domain (t1PfPKB) Is Ac-
tive-To get insight into the catalytic mechanism ofPfPKB, the 
catalytic domain of this enzyme with the C-terminal extension 
(~PfPKB, indicated in Fig. lA) was expressed as a GST fusion 
protein in E. coli (Fig. 2A). Catalytic activity of recombinant 
~PfPKB was assayed using histone IIAS and histone HI as 
substrates of this enzyme. GST-~PfPKB phosphorylated his
tone IIAS (Fig. 2B) and HI (data not shown). It has been 
observed that AGC protein kinases (PKA, PKC, PKB, PKG) 
prefer basic residues in the vicinity of the target phosphoryla
tion sites (30). Crosstide, a peptide with sequence GRPRTSS
FAEG that has been shown to be a good substrate for PKB (22), 
was phosphorylated by ~PfPKB (Km ~ 20 p,M) (Fig. 2C). ~Pf
PKB also phosphorylated a myelin basic protein-derived pep
tide (QKRPSQRSKYL) but with 2-fold less efficiency (data not 
shown here). Because the difference in these peptides was in 
the location of the basic residues corresponding to the phospho
rylatable serine residues, it reflects the preference ofPfPKB for 
basic residues at appropriate position in its substrates. 

PfPKB May Be Regulated by Autophosphorylation of Ser-271 
2nd Additional Phosphorylation of Ser-442-PKB is catalyti-

cally activated by phosphorylation of activation loop at Thr-309 
by PDK1 (18, 23, 31), and deletion of the N-terminal PH do
main of PKB results neither in its catalytic activation nor in 
autophosphorylation; it requires phosphorylation by PDK1 to 
be active (32). In contrast, catalytic activity of recombinant 
~PfPKB was observed in the absence of any exogenous kinase 
(Fig. 2, B and C). Instead, it exhibited autophosphorylation 
(Fig. 2D, lane 1). These data suggest that autophosphorylation 
may be responsible for regulating PfPKB catalytic activity. 

Thr-309 phosphorylation in PKB results in conformational 
changes crucial for its catalysis (15, 23, 31). Because Ser-271 in 
PfPKB is complementary to Thr-309, it may be in a similar 
strategic location in the kinase catalytic core (Fig. 1B) and may 
playa role in PfPKB activation. To test this, Ser-271 of PfPKB 
was replaced by alanine, and the effect on its catalytic activity 
was assessed. Mutation of this serine to alanine resulted in 
almost a complete loss of ~PfPKB activity as the S271A mutant 
failed to phosphorylate either histone (Fig. 3A) or crosstide 
(Fig. 3B). Moreover, this mutation resulted in a concomitant 
loss in autophosphorylation of ~PfPKB (Fig. 3C). It has been 
observed that replacement of Sertrhr residues by negatively 
charged aspartate (Asp) or glutamate (GIu) could mimic their 
phosphorylated state. Replacement ofS271A to S271D resulted 
in a significant recovery of ~PfPKB activity, which was lost due 
to the S271A mutation (Fig. 3, A and B). Collectively, these 
data suggest that autophosphorylation of Ser-271 is a prereq
uisite for PfPKB activation. A ~PfPKB mutant defective in 
ATP binding was generated by replacing a crucial lysine resi
due, which is conserved in all protein kinases, to methionine. It 
neither exhibited detectable autophosphorylation nor kinase 
activity, confirming that PfPKB autophosphorylation is respon
sible for its activity (data not shown). 

PKB and other mammalian AGC family protein kinases 
share several other functional similarities such as dependence 
on additional phosphorylation of their C-terminal end to 
achieve maximal activity (17). This phosphorylation site (Ser-
474 in PKB) is usually part of a loosely conserved hydrophobic 
motif with the sequence FXF(Str)Y (23). PKA has a negatively 
charged residue (Asp or GIu) at this position, which comple
ments the function of phosphorylated Ser or Thr (23). PfPKB 
contains a hydrophobic motif (YYEFSG) at its C terminus (Fig. 
1). Ser-442 in this region was replaced by aspartic acid in 
addition to the above-described S271D mutation to mimic phos
phorylation at this position. The double mutant (S271D, 
S442D) exhibited catalytic activity even higher than that of 
single mutant, S271D (Fig. 4). These data suggest that acidic 
environment provided by phosphorylation at this site may be 
important for maximal activation of PfPKB, an observation 
consistent with mammalian PKB. 

NTR of PfPKB Negatively Regulates Its Activity-A BLAST 
search using the NTR amino acid sequence did not show any 
significant sequence homology with proteins in the nonredun
dant protein data base. To study the effect ofN-terminal region 
(NTR) on the activity ofPfPKB, full-length PfPKB (containing 
both the N-terminal region and the catalytic domain) was ex
pressed, and its catalytic activity was compared with that of 
~PfPKB. PfPKB exhibited only marginal catalytic activity in 
comparison to its NTR deleted version, ~PfPKB (Fig. 5, A and 
B). In addition, PfPKB also lacked detectable autophosphoryl
ation activity (Fig. 5C). Collectively, these observations suggest 
that NTR may modulate PfPKB activity by preventing its au
tophosphorylation, thus preventing its catalytic activation. To 
determine if NTR directly causes PfPKB inhibition, it was 
expressed as a GST fusion or a HiSs-tagged protein. When 
recombinant NTR was incubated in a kinase assay mix with 
~PfPKB, its activity (Fig. 5D) as well as its autophosphoryla-
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FI(;.2. Expression of PfPKB cata
lytic domain and its catalytic activ
ity. A, purified GST-..lPFPKB, the recom
binant PfPKB catalytic domain expressed 
as a GST fusion protein in E. coli, was 
confirmed hy Western blot using anti
GST antibody. B, GST-.lPfPKB phospho
rylated histone II~\s. C, a small peptide, 
crosstide. D, GST-..lPfPKB was incubated 
in a kinase' assay mix without any sub
strate to assess its autophosphorylation. 
Phosphate incorporation was monitored 
by autoradiography (B and DI or by scin
tillation counting I Cl. 
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sion plasmid to produce specific recombinant proteins . .lPfPKB ilane 11, 
S271A (fane 21, and S271D ilane 31 recombinant proteins were incu
bated with either histone IIAS (AI or crosstide IBI in a kinase assay mix. 
In some experiments no exogenous substrate was added to compare 
autophosphorylation level of .lPfPKB and S271A ICI. 

tion (Fig. 5El was inhibited dramatically. Interaction of NTR 
with the catalytic region ofPfPKB may either cause conforma
tional changes unfavorable for catalysis and/or it may restrict 
entry of the peptide substrate in the catalytic cleft of the 
enzyme, resulting in its inability to perform efficient catalysis. 

Because the data illustrated in Fig. 3 indicate that phospho
rylation of Ser-271 (or its mutation to D) activates ~PfPKB, it 
was worth testing the effect ofS271D mutation on activation of 
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enhancement of PfPKB activity. Ser-442 was replaced by Asp IiI 
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IS271D,S442D) of ..lPfPKB. The indicated recombinant proteins wen 
used to phosphorylate histone lIAS (A) or crosstide IE I, and the phos 
phorylation state of these substrates was monitored as described above 

full-length PfPKB. S271D mutant exhibited catalytic activit: 
higher than that ofPfPKB (Fig. 5F), suggesting that conform a 
tional changes due to phosphorylation-mimicking mutation 0 

Ser-271 to Asp could result in an increase in activity of full 
length PfPKB. Collectively, the results described above indi 
cate that NTR may prevent the activation of PfPKB by inhib 
iting its ability to autophosphorylate. 

PfPKB Is Expressed in Schizonts and Merozuites-Westerr 
blotting, immunofluorescence, and reverse transcription-PCF 
techniques were used to examine the expression pattern 0 

PfPKB during P. falciparum blood stage development. For thif 
purpose, polyclonal antisera were raised against a syntheti. 
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peptide derived from the C terminus ofPfPKB (Fig. GA L PfPKB 
expression was predominantly observed in the schizont stages 
of the parasite as indicated by a band of -52 kDa, which IS 
consistent with the predicted molecular mass of 50 kDa (Fig. 
6B) Reverse transcription.PCR analysis indicated that PfPKB 
transcripts were mainly present in schizont stages and were 
observed in the trophozoites at only very low levels {Fig. 6e l. 
PfPKB immunoprecipitated from schizont lysates was able 1.0 

phosphorylate crosstide, indicating PfPKB is active in the schi· 
zonts of P. falcipa rum (Fig. 6D). 

Immunofluorescence studies revealed that PfPKB was pres· 
ent mainly in the mid-late schizont stages of the parasite; othf'r 
mono-nucleated stages did not show any detectable PfPKB 
expression (Fig. 6E). To probe if PfPKB is localized at the cell 
surface. co-localization studies were performed using antisera 
against MSPl, a marker for merozoite surface. PfPKB exhib· 
ited a diffused staining pattern in segmented schizonts, indi
cating its presence in the cytoplasm, and also exhibited some 
co-locahzation with MSPI (Fig. 6F). In free merozoites PfPKB 
seems to be localized at the apical end (Fig. 6a>, a region that 
is important for erythrocyte invasion. PfPKB also co-locahzes 
with EBA175, a micronema: protein (data not shown). 

Go 6983 Is an Inhibitor of PfPKB Activity and Inhibits Par-
asite Growth-We were interested in identifying PfPKB inhit:--

APfPKB 

2 
2 
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M'fPKB 
Autopbos 

D D .lPIPKB t.PfPKB t.PfPKB 
+ GST·],;TR + 6xHJ .. 'TR 

~KB ~KB 

+ GST·'TR ... 6xHJ .... TR 

PfPKB PfPKB 
(S271D) 

itors to help us understand the structure-function relationship 
of this Plasmodium protein kinase and. most importantly, its 
physiological role m promoting parasite gro\\ih and develop
ment in the host. Because there are no known or available 
inhibitor' of mammalian PKB, we considered ;he possibility of 
inhibitors of other related kinases a,; putative candidates for 
PfPKB. For this purpose PKC inhibItor were selected based on 
foliovnng reasons. 1) In silico analYSIS suggested that catalytic 
domain of PfPKB was most closely related to PKC in com
panson to other AGC kinases (Table II); 2) it appears that 
P. falciparum does not have a PKC homologue. Go 6983 and Go 
6976 (Fig. 7A ) are isoform-specIf'ic PKC inhibitors that target 
the ATP binding Site 33 ). Inhibition of any othr AGC kinases 
by these compounds has not yet been reported The effect of 
these compounds on In t'ltro recombmant PfPKB activity was 
tested . Go 6983 inhibited ~PfPKB activity, as judged by its 
ability to phosphorylate histone II s FIg. 7E) and crosstide 
(Fig. 7e), with an ICso of 1 J-lM. In contrast, Go 6976 was 
unable to inhibit the ~PfPKB activny even al; 10 J-lM concen
tration (Fig. 7D These data suggested that Go 6983 could be a 
useful tool for manipulating PfPKB activity in P. falciparum 
for deciphering its role in the life cycle of the parasite. To test 
thiS, synchronized P falciparum cultures were incubated with 
Go 6983. and parasite growth was monitored at different time 
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FIG. 6. PfPKB is expressed mainly in schizont stages of P. falciparum life cycle. Anti-sera rrused against a C-terminal peptide ofPfPKB 
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equal amounts of cell lysate prepared from either uninfected erythrocytes (Ei, schizonts fSI, trophozoites (TJ. or rings IR) were used for We,tern 
blot analysis with anti-PfPKB antisera. C, equal amounts of RNA isolated from either schizont (SJ or trophozoite (T) stages of P. {ulciparum were 
used for reverse transcription-PeR analysis using primers specific to either P. {alciparum elongation factor l/3 CP/EFI{l), used a.-: a control (12) or 
PfPKB. Equal amounts ofPCR product were electrophoresed on 1% agarose gel. D, PfPKB immunoprecipitate ClPI from schizont-rich para~ite 
lysates was used to phosphorylate crosstide. E, immunofluorescence studies performed using anti-PfPKB antisera on trun blood smears of P. 
falciparum cultures revealed that ouly late sclllzonts but no other asexual stages (Hoechst-stained) were recogrrized by thi~ anti-sera. Rabbit 
antisera against PfPKB (red) and mouse antisera against MSPl (green) was us£d to localize these prott:ins in late/segmented schizonts 1Fl or m 
free merozoites (G). The right panel in G shows a zoomed image of merozoite~ stained with MSPl and PfPKB antisera. 

points. There were no apparent effects of this drug until para
sites reached the late schizont/segmenter stage (40-44 h). A 
significant decrease in parasitemia was observed in drug
treated cells subsequent to this point. In Go 6983-treated cells, 
the number of rings in the follow:ing cycle was markedly less 

compared with the control cultures <Fig. SA). This observation 
correlates well with the expression profile of PfPKB m the 
schizont/merozoite tages of the life cycle !F1g. 6). It is reason
able to state that the major effects of Go 69 3 were due to its 
interaction with Plasmodium cellular machinery and not a 
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FIG. 8. Go 6983 arrests parasite growth in a stage-specific manner. A, either 5 fLM Go 6983 or 0.1% Me2SO were added to synchronized 
P. falciparum cultures (1% parasitemia), and parasite growth was monitored at the indicated times. Major parasitic stages (more than 80%) at 
different time points in control cultures was as follows: 0 h, rings; 10 h, mature rings; 18 h, trophozoites; 33 h, late trophozoites/early schizonts; 
40 h, schizonts/segmenter; 44 h, rings; 48 h, rings. B, P. falciparum schizonts (-3% parasitemia) were treated with the indicated concentrations 
of Go 6983 or 0.1% Me2SO. Formation of new rings was monitored at the indicated times. Parasitemia/parasite development was measured at the 
indicated times by microscopic examination of Giemsa-stained thin blood smears (A and B). The y axis is the ratio of percentage of parasitemia of 
drug-treated cultures to that of Me2SO-treated cultures. Error bars reflect S.E. from three experiments. 

result of effects on erythrocytes, since other parasite stages and 
erythrocytes appeared to have normal morphology. 

To further establish the effect of this inhibitor, P. falciparum 
schizonts were incubated with Go 6983, and development of the 
parasite was monitored. Although untreated cells formed rings 
within 4-6 h, Go 6983 treatment resulted in an almost 60% 
decrease in formation of new rings (Fig. 8B). These data sug
gest that this drug targets directly the late schizont stages or 
the merozoites, which would prevent invasion of erythrocytes 
and subsequent formation of fresh rings. 

DISCUSSION 

Role of signal transduction events in the development of 
most protozoan parasites is unclear. Especially, information 
about molecular machinery involved in carrying out these 
events is lacking. One of our interests is to understand the role 
of the classical PI3K, PKB pathways in P. falciparum. We have 

identified a PI3K homologue3 and a PKB homologue (reported 
here) in P. falciparum that suggests that signaling pathways 
regulated by PI3K and PKB are likely to be conserved in this 
parasite, although they may not necessarily operate in a man
ner similar to higher eukaryotes (see the discussion below). 

PfPKB shows significant sequence homology to the catalytic 
domain of protein kinase B in higher eukaryotes. In addition it 
also shares almost 65% sequence homology with the catalytic 
domain of protein kinase C, another AGC class Sertrhr kinase. 
So far, a PKC homologue has not been identified in P. falcipa-
rum. Our analysis suggested that PfPKB is closest to, besides 
PKB, mammalian PKCa, {3, y at the sequence level. PfPKB 
does not have a PH domain, which plays an important role in 
subcellular localization and activation of PKB by binding to 

3 P. Sharma, manuscript in preparation. 
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3' -phosphorylated phosphoinositides, a product of PI3K in 
mammalian cells (16, 17). It is interesting to note that yeast 
and T. cruzi homologues also do not have a PH domain (27-29), 
suggesting that PKB in these unicellular eukaryotes may not 
be directly regulated by phosphoinositides. The N-terminal 
region of PfPKB does not share any significant homology to 
proteins in various databases. It inhibits PfPKB catalytic acti
vation by preventing its autophosphorylation. Often, regula
tory domains are found at the N or C terminus of protein 
kinases, and binding of effector molecules (e.g. calmodulin in
teraction with calmodulin-dependent kinases, diacylglycerol, 
and calcium; in the case of PKC, interaction of phosphoinositi
des with PKB) to these domains brings about conformational 
changes that result in modulation of their catalytic activity. 
There is a possibility that interaction with effector molecules 
may result in PfPKB activation. Identification of these effectors 
could provide important clues about its cellular regulation. 

In contrast to mammalian PKB that is activated by PDK1, 
PfPKB appears to be activated by autophosphorylation of Ser-
271. This serine residue is complementary to Thr-309 ofPKB, 
and phosphorylation of this site by PDK1 is crucial for PKB 
activation. Despite sequence conservation in the vicinity of 
Ser-271, human PDK1 was unable to activate PfPKB (data not 
shown). Moreover, a PDK1-like enzyme is absent in Plasmo-
dium, suggesting that autophosphorylation is the likely mode 
of activation of PfPKB. Several AGC kinases (e.g. conventional 
PKC isoforms) are regulated by autophosphorylation and do 
not appear to require PDK1 (34). It is interesting to note that 
PKB homologue from another protozoan parasite, T. cruzi, is 
also regulated by autophosphorylation (27). 

It has been shown that the N-terminal PH domain-deleted 
versions of PKB do not exhibit any significant catalytic activity 
or autophosphorylation and its activation is dependent on 
PDK1-mediated phosphorylation (32). Several AGC kinases 
possess a loosely conserved hydrophobic patch of amino acids at 
their C-terminal end. A recent crystal structure of PKB re
vealed that phosphorylation of Ser-4 7 4 in this region promotes 
conformational stability ofthe N-Iobe of the kinase, resulting in 
a conformation favorable for catalysis (23, 31). Enhancement of 
PfPKB activity upon mutation of Ser-442 to Asp suggests that 
PfPKB activity may be enhanced by a similar mechanism. 

To decipher the role and importance of PfPKB to P. falcipa-
rum, we considered the possibility of using pharmacological 
inhibitors against PfPKB. One of the major drawbacks in per
forming these studies was the unavailability of effective mam
malian PKB inhibitors. As an alternative, we considered the 
possibility of inhibitors of other kinases for this purpose. Be
cause PfPKB shares a high homology with protein kinase C 
isoforms, it was reasonable to use PKC inhibitors. Specific PKC 
inhibitors Go 6983 and Go 6976 were used to inhibit PfPKB 
activity. These inhibitors target the ATP binding region on 
PKC (29). Even though the ATP binding site is well conserved 
in protein kinases (35), it has been shown that there are subtle 
differences near this site that can be exploited to design effec
tive and specific inhibitors against these enzymes (36). Several 
Plasmodium kinases have been targeted using inhibitors of 
their mammalian counterparts (4, 13, 37, 38), and in some 
cases this information has been used to generate inhibitors 
specific to the Plasmodium enzymes (39-41). Differences in Go 
6983 and Go 6976 allow them to distinguish between isoforms 
of PKC (33); Go 6976 is more effective for conventional PKC 
isoforms and PKCfL than Go 6983, which is not very effective 
against PKCfL (33). In case of PfPKB, only Go 6983 and not Go 
6976 inhibited its activity. This inhibitor selectivity could be 
useful as a template for designing more specific and effective 
inhibitors against PfPKB. Go 6983 inhibited parasite growth 

effectively, and its effects were observed mainly during or after 
schizont stages, which corroborates well with the specific ex
pression of PfPKB in these stages. The arrest in parasite 
growth could be due to the role of PfPKB in late schizont stage 
development or during the invasion of erythrocytes by merozo
ites. PfPKB gene disruption studies, which are currently being 
pursued, may provide useful information about the role of this 
enzyme in P. falciparum life cycle. The identity of the upstream 
signals/molecular events that regulate PfPKB activity and its 
downstream targets will be crucial for understanding its cellu
lar function. 
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Intracellular cell signaling cascades of protozoan parasite 
Plasmodium Jalciparum are not clearly understood. We have 
reported previously (Kumar, A., Vaid, A., Syin, c., and Sharma, 
P. (2004) J. BioI. Chem. 279, 24255-24264) the identification 
and characterization of a protein kinase B-like enzyme in P.Jal-
ciparum (PfPKB). PfPKB lacks the phosphoinositide-interact
ing pleckstrin homology domain present in mammalian protein 
kinase B. Therefore, the mechanism of PfPKB regulation was 
expected to be different from that of the host and had remained 
unknown. We have identified calmodulin (CaM) as the regula
tor of PfPKB activity. A CaM binding domain was mapped in the 
N-terminal region of PfPKB. CaM, in a calcium-dependent 
manner, interacts with this domain and activates PfPKB. CaM 
associates with PfPKB in the parasite and regulates its activity. 
Furthermore phospholipase C acts as an upstream regulator of 
this cascade as it facilitates the release of calcium from intracel
lular stores. This is one of the first multicomponent signaling 
pathways to be dissected in the malaria parasite. 

Plasmodium Jalciparum is responsible for most cases of 
human malaria worldwide. This parasite invades both hepato
cytes as well as erythrocytes in human host, but it is the eryth
rocytic phase of its life cycle that causes severe pathogenesis of 
malaria. After invading erythrocytes, the parasite undergoes 
well defined developmental changes inside the erythrocyte 
host. The parasite adopts a ringlike morphology and acquires 
necessary nutrients from the host during the trophozoite 
stages. Subsequently nuclear division gives rise to multinucle
ated schizont containing ~24 merozoites. These merozoites 
when released after schizont rupture invade fresh erythrocytes 
to start another cycle of asexual development. Although it is 
known that Plasmodium can utilize host G-protein signaling 
(2) and alters phosphorylation of erythrocyte cytoskeletal pro
teins during infection (3), parasite signaling pathways have 
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remained largely uncharacterized. Given the importance of cell 
signaling cascades in proliferation and differentiation of 
eukaryotic cells, dissection of signal transduction mechanisms 
may provide useful insights about the development of this pro
tozoan parasite. Plasmodium genome analysis revealed that 
there are close to 65 protein kinases, major mediators of cell 
signaling, in P. Jalciparum (4, 5). Apart from a few of these 
kinases (6 -10), the function and mechanism of regulation and 
identity of cellular targets of most of these enzymes is largely 
unknown. 

We recently identified a protein kinase B-like enzyme in P. 
Jalciparum (PfPKB)3. Despite sharing significant sequence 
homology (~70%) with the catalytic domain of PKB, PfpKB 
lacks a pleckstrin homology (PH) domain present at the N ter
minus of the mammalian enzyme. The N-terminal region 
(NTR) of PfPKB is inhibitory as its deletion results in PfpKB 
catalytic activation (1). The NTR does not exhibit similarity 
with any other protein in the non-redundant protein data base. 
PKB binds phosphoinositides via the PH domain, which is cru
cial for its membrane translocation and catalytic activation. 
Whereas PKB is activated by phosphoinositide-dependent 
kinase I-mediated phosphorylation at Thr-308 in its activation 
loop (11), autophosphorylation of PfpKB at its analogous Ser-
271 residue results in its activation (1). PfPKB is expressed 
mainly in the schizont/merozoite stages of P. Jalciparum. Using 
a pharmacological inhibitor, we had proposed a role of PfPKB 
during schizont-to-ring transition of the parasite (1). Despite 
this information, it had remained unknown how PfPKB is reg
ulated in P. Jalciparum. In the present study we identified cal
modulin as the upstream regulator of PfPKB activity in vitro 
and in vivo. These findings resulted in identification of a novel 
Signaling pathway in the malaria parasite. 

EXPERIMENTAL PROCEDURES 
Reagents-pGEX4TI-PfpKB and pET-NTR plasmids used 

for protein expression and anti-pfPKB rabbit antisera used in 
these studies have been described earlier (1). Site-directed 
mutagenesis was carried out using the QuikChange site-di-

3 The abbreviations used are: PfPKB, protein kinase B-like enzyme in P. falcip-
arum; CaM, calmodulin; ~PfPKB, deletion of PfPKB lacking the NTR; CBD, 
calmodulin binding domain; NTR, N-terminal region; PKB, mammalian pro-
tein kinase B; PLC, phospholipase C; PfPKB-IP, PfPKB immunoprecipitate; 
PI3K, phosphat idyl inositol 3-kinase; scr, scrambled; PH, pleckstrin homol-
ogy; GST, glutathione S-transferase; BAPTA-AM, 1,2-bis(2-amino-phe-
noxy)ethane-N,N,N',N' -tetraacetic acid tetrakis(acetoxymethyl) ester. 
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Site-directed Mutagenesis and 
Recombinant Protein Expression-
For expression of PfpKB as a GST 
fusion protein, pGEX4Tl-PfpKB 
plasmid construct was used (1). 
Deletion mutant ~CBD and S271A 
mutants were generated by using 
the above mentioned PfpKB con
struct and the QuikChange site-di
rected mutagenesis kit (Strata
gene). Recombinant proteins were 
expressed and purified as described 
earlier (1). Protein concentration 
was estimated by performing densi
tometry of SDS-PAGE gels using 
NIH Image software. 

FIGURE 1. CaM activates PfPKB in a calcium-dependent manner. A, schematic representation of PfPKB 
domain architecture. Autophosphorylation of 5er-271 in PfPKB catalytic domain (CD.) can result in its activa-
tion. whereas its NTR (red) prevents its autophosphorylation as well as catalf.ic activation (1). The blue bar 
indicates the presence of a putative N-terminal signal peptide in PfPKB. B. Ca + /CaM activates PfPKB in vitro. 
Recombinant G5T-PfPKB (1.4 fLM) was preincubated with various concentrations of CaM and 100 fLM CaCI2, and 
kinase assays were performed using a sma ll peptide, crosstide, as substrate. C. CaM regulates PfPKB act iv ity in 
a calcium-dependent manner. G5T-PfPKB was incubated in the presence or absence of 5 fLM CaM in a buffer 
containing either 20 fLM CaCI 2 or 1 mM EGTA (0 mM CaCI 2), and PfPKB activity was assayed as described in B. 0 
and f , CaM promotes autophosphorylation of PfPKB, which is responsible for its activation. Equal amounts of 
G5T-PfPKB or its 5271 A mutant were incubated with (lanes 2 and 4) or without (lanes 1 and 3) 5 fLMCaM and 100 
fLM CaCI2 in the absence (D) or presence of crosstide (f), and kinase assays were performed as described above. 
The phosphorimage shows that PfPKB (lane 2) and not 5271 A (lane 4) was autophosphorylated in the presence 
of Ca 2 + /CaM. Unlike PfPKB, 5271 A mutant failed to exhibit CaM-mediated activation (f) . -Fold activation was 
calculated by comparing the ability of PfPKB or 5271 A to phosphorylate cross tide in the presence or absence of 
CaM (see "Experimental Procedures"). frror bars reflect 5.E. from more than three experimental determinations. 

lmmunoblotting and lmmunopre-
cipitation- Parasites were released 
from infected erythrocytes by 0.05% 
(w/v) saponin treatment. Cell-free 
protein extracts from specific para
site stages were prepared by sus
pending parasite pellets in a buffer 
conta ining 10 mM Tris, pH 7.5, 100 
mM NaCl , 5 mJ'v1 EDTA, 1% Triton 
X-lOO, 20 J.LM sodium fluoride, 20 
J.LM ,B-glycerophosphate, 100 J.LM 
sodium or tho vanadate, and 1 X 
Complete protease inhibitor mix
ture (Roche Applied Science) using 
a syringe and a needle . In most 
experiments 1 mM CaCl2 was also 
included in the buffer, and 1 mM 
EGT A was added to perform 

rected mutagenesis kit (Stratagene). The pep tides crosstide 
(GRPRTSSFAEG), calmodulin (CaM) binding domain (CBD) 
peptide (IGKKRLRNSMSLSYERKKRIR). and scrambled (scr) 
peptide (MKLSGKRYRNSRLKEIRSRIK) were custom synthe
sized by Peptron. scr peptide has an amino acid composition 
similar to CBD, but their arrangement has been scrambled. 
U73322, U73122, and W7 were purchased from Calbiochem. 
Anti-CaM monoclonal antibody against Dictyostelium discoi-
deum CaM and purified bovine CaM were also obtained from 
Calbiochem. Unless indicated, all other fine chemicals were 
purchased from Sigma. 

Parasite Culture-Po falciparum strain 3D7 was cultured at 
37 ·C in RPMI 1640 medium using either 10% AB + human 
serum or 0.5% Albumax II (Invitrogen) (complete medium). 
Cultures were gassed with 7% C021 5% O2 , and 88% N2 , and 
synchronization of the parasites in culture was achieved by sor
bitol treatment (I , 12). Sorbitol synchronization yielded para
sites purely in ring form; these rings matured to trophozoites 
30 - 36 h later. After nuclear division schizonts containing 
merozoites were observed. Ruptured schi.zonts with emerging 
merozoites were seen after - 44 h; this was followed by forma
tion of fresh rings as a result of red blood cell invasion. Typically 
pharmacological inhibitors were incubated with schizon ts for 
15-60 min (- 3% parasitemia) at 5% hematocrit. 
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experiments in calcium-free buffer. Lysates were cleared by 
centrifugation at 14,000 X g for 30 min. PfpKB was immuno
precipitated from the schizont or the merozoite lysates using 
anti-PfpKB antisera (I). 50 -100 J.Lg of lysate were incubated 
with the antisera at 4 ·C overnight on an end-to-end shaker. 
Subsequently antigen-antibody complexes were incubated with 
50 J.Ll of protein A/G-Sepharose for 6 h with shaking at 4 ·C. 
Resin was washed with the lysis buffer several times and was 
finally resuspended in 50 J.L1 of 1 X kinase assay buffer. After 
separation of parasite lysates or PfpKB-IP on SDS-PAGE gels, 
Western blotting was performed as described previously (1). 

Assay of Kinase Activity-GST fusion proteins of PfpKB (or 
its variants) or 10 J.LI of immunoprecipitated PfpKB were 
assayed in a buffer containing 50 mM Tris. pH 7.5). 10 mM mag
nesium chloride, 1 mM dithiothreitol , and 100 J.L M [y_32 p]ATP 
(6000 Ci/mmol) using a small peptide substrate ("crosstide") or 
histone II AS as the phosphate acceptor substrate. Reactions 
were terminated by spotting the reaction mixture on P81 
phosphocellulose paper (Whatmann ). and phosphate incor
poration was measured by scintillation counting of the P81 
paper. When histone was used as the substrate. reactions 
were stopped by boiling the reaction m ixture in SDS-PAGE 
loading buffer. Afte r electrop horesis, phosphate incorpora
tion in histone was visualized by using a Fuji FLA5000 phos-
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FIGURE 2. CaM int eract s w ith a CSO in t he NTR of PfPKS. A, prese nce of a putative CBO in the N-terminal region of PfPKB, which has several basic (blue) 
and hydrophobic (brown) residues. Shown is a sequence comparison of PfPKB CB O with the CaM binding region s of smooth musc le light chain kinase 
(smMLCK ), CaM-dependent kinase II (Ca mKfI ), and myristoylated alanine-rich C kinase substrate (MARCKS). Key hydrophobic residues involved in CaM 
anchoring are underlined (16, 27). An RXRXS type pseudosubstrate motif embedded in CBO of PfPKB is also indicated. B, deletion of CBO impairs 
activation of PfPKB by Ca 2 + / CaM. Equal amounts of GST-PfPKB or its CBO-deleted version, GST-Ll.C BO, were incubated with or without 5!J..M CaM and 100 
!J..M CaCI2 · Kinase assays were pe rformed as described for Fig . 1. C. 2.5 !J..g of GST -PfPKB or GST-Ll.CBO were incubated with CaM-aga rose resin in a buffer 
containing 1 mM CaC l, (inset, top panel) or 1 mM EGTA (inset, bottom pane/). Proteins bound to CaM were eluted with 5 mM EGTA and were detected by 
performing immunoblotting using anti-GST antibody. Quantitation of protein bands from the blots was done by densitometry, and data are presented 
as percentage of total input protein that was bound to Ca 2 + /CaM. The inset shows a representative immunoblot with eluted protein (B) and the input 
protein (I). No detectable binding of PfPKB or Ll.CBO was observed in the absence of calcium. 0,10!J..M CaM was incubated with lO!J..M CBO peptide (lane 
2) or alone (lane 1) in a buffer containing 1 mM CaCI 2 (top pane/) or 1 mM EGTA (bottom panel). Lane 3 represe nts a control expe riment in which the CBO 
peptide alone was incubated with the buffer. The mixture was separated by native PAGE. The Coomassie-stained gel shows slower mobility ofCaM-CBO 
complex only in the presence of ca lcium. E, CBO peptide prevents activat ion of PfPKB by CaM. GST-PfPKB was incuba ted with 5!J..M CaM, which had been 
preincubated with t he indicated concentration of CBO, scr-CBO peptides, water, and kinase assays were performed usi ng 1 mM crosstide as substrate as 
described under "Experimental Procedures." Activity of CaM-PfPKB in the absence of CBO peptides was co nsidered as 100%. Data are presented as 
mean :!: S.E. of three independent experiments. CD., catalytic domain. 

phorimaging system. For typical CaM activation experi
ments, recombinant proteins were incubated with purified 
bovine CaM in the presence or absence of CaCI2 15 min prior 
to addition of the phosphoacceptor substrate (100 fL M cross
tide or 5 fLg of histone) and ATP. Unless ind icated, the con
ce ntration of CaM and CaCI2 used in kinase assays was 5 and 
100 fLM, respectively. For experiments desc ribed in Fig. IB , 
Ca2 + / CaM was preincubated with GST-PfPKB 1 hand ATP 
prior to the addition of c rosstide . 1 unit of PfPKB activity is 
equivalent to 1 fLmol of phosphate / min / mg. All experiments 
were done at least three times. 

CaM-Peptide Interaction- CaM-peptide interaction experi
ments (Fig. 2D) were performed as described earlier (13) with a 
few modifications. Briefly CaM and peptides were incubated in 
a buffer containing 25 mM Tris-HCI, pH 7.4, 192 mM glycine for 
1 h at room temperature in the presence (1 mM CaCI2 ) or 
absence (2 mM EGT A) of calcium. The mixture was resolved by 
15% native PAGE at constant current of25 mAo 
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RESULTS 
Calmodulin Activates PjPKB Activity in a Calcium-depen-

dent Manner- We have previously reported that PfPKB shares 
significant homology with the catalytic domain of PKB. How
ever, it lacks the N-terminal PH domain present in PKB (F ig. 
lA). When NTR of PfPKB is deleted it results in its catalytic 
activation, wh ich is strictly dependent on autophosphorylation 
of Ser-271 in its activation loop (1). Based on these observa
tions, it was reasonable to assume that PfPKB may be activated 
by interaction of regulatory molecules with the inhibitory NTR. 

Preliminary experiments performed in our laboratory sug
gested that the activity of recombinant PfPKB can be regulated 
by factors present in parasite protein lysates in a calcium-de
pendent manner. Because the activity of recombinant PfPKB 
was not directly modulated by calc ium, it was reasonable to 
speculate that calcium may control PfPKB activity with the aid 
of one of its effector molecules (data not shown). CaM is a 
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independently of CaM, was incubated in a kinase assay mixture with or without CBO peptide. Histone was used as the phosphate acceptor substrate. Inhibition 
of histone phosphorylation was accompanied by a simultaneous increase in CBO peptide phosphorylation. 8, t>PfPKB was incubated in a kinase assay mixture, 
and SO J.LM CBO or CBO-598A peptide was used as phosphoacceptor substrate. The phosphory lation of these peptides was measured as described for crosstide 
in Fig. 1. The average from two determinations done at the same time is shown, and error bars indicate S.E. C, 4 J.LM His6-NTR (6xHis-NTR) was preincubated with 
buffer alone or with 4 J.LM CaM and 100 J.LM CaCI 2 before addition to the ki nase assay mixture containing t>PfPKB. Kinase activity was determined as described 
above. and the activity in the absence of NTR was considered as 100%. D. 2.5 J.LM His6-NTR was either preincubated with buffer alone (lone 1) or with 100 J.LM 

CaCI 2 and 2.5 J.LM CaM (lone 2) before addition of 2.5 J.LM GST-t>PfPKB. Glutathione-Sepharose beads were used to pull down the complex of GST-6.PfPKB and 
His6 -NTR. After washing, the proteins bound to the beads were analyzed by 50S-PAGE. Coomassie staining of the gels revealed the presence of NTR bound to 
PfPKB only in the absence of CaM (lone 7). In the presence of Ca 2+ /CaM, no NTR-PfPKB interaction was observed (lone 2). Lone 3 is the input His6-NTR used for 
the experiment. E. a model for PfPKB activa tion by Ca2+ /CaM. PfPKB is locked in an inactive state as a pseudosubstrate region in the NTR occupies its cata lytic 
cleft. Ca 2+ ! CaM binding to eBO. wh ich spans the pseudosubstrate motif. causes a conformational change resulting in the dissociation ofNTR from the catalytic 
cleft thereby facilitating the autophosphorylation of ser-271 of the act ivation loop. These events result in the cata lytic activation of PfPKB. Ph05-S271 . phos-
phorylated ser-271. 

major calcium-binding protein ubiquitously expressed in 
almost all eukaryotes including Plasmodium and is well con
served across species. P. Jalciparum homologue of CaM (Gen
Bank ™ accession number X56950) shares - 97% homology 
with CaM from other eukaryotes (14). Incubation of CaM with 
recombinant PfPKB resulted in a dose-dependent increase in 
its activity as judged by its ability to phosphorylate a small pep
tide, crosstide, a well established PKB substrate (15) (Fig. IB). 
The maximal activation of 1.4 J.LM PfPKB was achieved at - 2 
J.L M CaM with a K CaM of - 0.5 J.LM.lmportantly PfPKB activation 
by CaM was dependent on calcium (F ig. lC). Because it has 
been shown previously that PfPKB activation is dependent on 
autophosphorylation of Ser-271 in its activation loop (1), it was 
worth exploring the role of phosphorylation of this site in CaM
mediated PfPKB activation. Calcium/CaM catalyzed autophos
phorylation of PfPKB (F ig. 1D), and mutation of its Ser-271 to 
Ala (S271A) resulted in almost complete loss of its autophos
phorylation and concomitant attenuation of its catalytic act iv-

SEPTEMBER 15, 2006· VOLUME 281 . NUMBER 37 .~~1'!. 
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ity (Fig. IE). Collectively these data suggest that Ca2 + /CaM 
activates PfPKB by promoting its autophosphorylation at Ser-
271 (Fig. 1, B-E). 

Identification oj a CBD in PfPKB-CaM interacts with seg
ments of proteins that form amphipathic a-helices and are rich 
in basic and hydrophobic amino ac ids (16). On examination of 
NTR of PfPKB, a 21-amino acid motif possessing a putative 
CBD was identified (Fig. 2A). To test whether this motif is the 
CBD of PfPKB, a deletion mutant of PfPKB lacking these 21 
amino acids (D.CBD) was created. Unlike PfPKB, CaM failed to 
activate this mutant (Fig. 2B). Direct binding of PfPKB and 
D.CBD was tested by using CaM immobilized on agarose. 
Whereas PfPKB exhibited significant binding to CaM-agarose, 
D.CBD mutant failed to interact with CaM (Fig. 2C), suggesting 
that this 21-amino acid stretch is the only CaM binding site in 
PfPKB. As expected PfPKB did not show binding to CaM in the 
absence of calcium (Fig. 2C, inset). CaM-CBD interaction was 
further validated by using a synthetic peptide corresponding to 
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FIGURE 4. CaM regulates PfPKB activity in P. falciparum cultures. A, PfPKB and CaM associate in P. falcipa-
rum. PfPKB was immunoprecipitated from schizont (both panels) or red blood cell (right panen Iysates, and 
immunoprecipitate UP) was electrophoresed on an 50S-PAGE gel followed by Western blot analysis using 
anti-CaM antibody. Detection of CaM in the immunoprecipitate of PfPKB suggested that these proteins inter-
act in the parasite (lane 2, both panels). Mock immunoprecipitation experiments were performed by using 
preimmune antisera (left panel, lane 1) or red blood cell lysate (right panel, lane 1). B, CaM inhibitor W7 inhibits 
PfPKB activation in P. falciparum cultures. Schizont-rich P. falciparum cultures were treated with 50 fLM W7. 
Subsequently PfPKB was immunoprecipitated from parasite protein Iysates, and PfPKB-IP-associated activity 
was assayed. Significant loss in PfPKB activity was observed upon W7 treatment. Addition of 0.1 mM CaCI? and 
5 fLM CaM to PfPKB-IP from W7-treated parasites resulted in a significant recovery of PfPKB activity. The results 
are presented as mean: S.L of three independent experiments; the activity of PfPKB in Me 2SO (OMSO)-treated 
parasites was considered as 100%. C. PfPKB was immunoprecipitated from schizonts in a buffer containing 
either 1 mM CaCI 2 or EGTA, and immunoblotting was performed to detect the associated CaM. A representative 
of three independent experiments is shown in the figure. H, heavy. 

prevent PfpKB inhibition (Fig. 3C). 
Furthermore direct interaction 
between ~PfPKB and NTR could be 
demonstrated. When NTR was 
incubated with Ca" j /CaM, it did 
not interact with ~PfpKB suggest
ing that Cal j /CaM can prevent 
binding of the NTR (Fig. 3D). 

Based on the results presented in 
Figs. 1-3 we propose the following 
model for PfpKB regulation: PfpKB 
is most likely held in an inactive 

the CBD sequence. CBD peptide exhibited CaM binding as it 
caused a mobility shift of CaM on a native PAGE gel in the 
presence of calcium. When calcium was excluded from the 
reaction mixture CBO did not interact with CaM as it failed to 
exhibit a shift in its electrophoretic mobility (Fig. 2D). CBO 
peptide prevented PfpKB activation in a dose-dependent man
ner when incubated with CaM (Fig. 2£) indicating that this 
peptide competes with the CBD of PfpKB for CaM. 

Data presented in Fig. 1 and our previous studies (1) indicate 
that the NTR is inhibitory for PfpKB in the absence of CaM 
binding. It is possible that the NTR either keeps PfpKB in an 
inactive state either by masking its catalytic cleft and/or by 
physically interacting with its active site. To investigate this, 
~PfpKB, a deletion mutant of PfpKB that lacks most of the NTR 
and first nine residues of CBD and is constitutively active (1). 
was used. Incubation of ~PfpKB with CBD peptide inhibited its 
ability to phosphorylate histone. Interestingly this was accom
panied by simultaneous phosphorylation of the CBD peptide 
(Fig. 3A). These observations indicated that the CBD peptide 
can also interact with PfpKB active site. A similar inhibition in 
phosphorylation of crosstide by ~PfpKB was observed (data not 
shown). Upon close examination of CBD sequence, an RXRXS 
type motif was found embedded in the CBD (Fig. 2A) that 
closely resembles a putative substrate motif for AGC family 
kinases like PfpKB (17) and is not present in ~PfpKB. It is pos
sible that this motif may act as a pseudosubstrate and thus have 
affinity for PfpKB active site. Replacement of the Ser (Ser-98 of 
PfpKB) in the RXRXS motif to Ala resulted in a loss of phospho-

27130 ;C)t;K\"', 

conformation by CBD/NTR as the RXRXS pseudosubstrate , 
motif present in this domain occupies the catalytic cleft of the 
kinase. CaL. /CaM binding to CBO induces a conformational 
change that causes the release of NTR from the catalytic site 
resulting in PfpKB autophosphorylation and its catalytic acti
vation (Fig. 3£). 

Regulation of PJPKB by CaM in P falciparurn- Whereas 
PfpKB is specifically expressed in schizonts/merozoites OJ. 
CaM is present in all intraerythrocytic stages (18). To deter
mine whether PfpKB interacts with CaM in the parasite, PfPKB 
was immunoprecipitated from schizonts followed by Western 
blotting for CaM. CaM was co-immunoprecipitated with 
PfpKB indicating that these proteins associate in the parasite. 
In contrast, mock immunoprecipitation experiments per
formed with either preimmune antisera or red blood celllysates 
did not show the presence of CaM (Fig. 4A). The ability of CaM 
to activate PfpKB in P falciparurn was tested by using W7, a 
specific CaM inhibitor, which has been used previously to dem
onstrate its role in erythrocyte invasion (19,20). Incubation of 
either schizonts or free merozoites (data not shown) with W7 
resulted in a significant loss of PfPKB activity indicating that 
CaM is a PfpKB regulator in vivo. This was further established 
when addition of purified CaM to the PfPKB-IP from 
W7-treated parasites led to a significant recovery of PfPKB 
activity (Fig. 4B). Collectively these observations establish that 
CaM is a regulator of PfpKB in P falciparurn. Moreover when 
PfpKB was immunoprecipitated in the absence of calcium, a 
significant loss of CaM binding resulted (Fig. 4C), suggesting 
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A Novel Signaling Pathway in Malaria Parasite 

PI(4,5)P2 

PLC 
~ 

1(1,4,5)P3 +DAG 

!"\~ 
~a2~ Ca+2 CaM , 

Ca2+/CaM ~ 

PfPK' 
(inactive) , 

Ca2+ ICaM/PfPKB 
(active) 

FIGURE 7. A novel signaling pathway in P. fa/ciparum. Studies described 
in this report suggest that CaM activates PfPKB in a calcium-dependent 
manner by interacting with a CBO in its N terminus (Figs. 1 and 2). Phos-
pholipase C, the enzyme involved in generation of inositol 1,4,S-trisphos-
phate (I(7,4,5)P31. acts as an upstream regulator of this pathway (Fig. 5) as 
inositol 1 ,4,S-trisphosphate may facilitate the release of calcium needed 
for PfPKB activation. PI(4,5)P2, phosphatidylinositol 4,5-bisphosphate; 
DAG, diacylglycerol. 

pockets present in CaM. These residues may be separated by 10, 
14, or 16 residues as shown in examples illustrated in Fig. 2A 
(16,27). The number of CBDs that do not strictly follow these 
rules has grown; moreover there are CBDs that use only one of 
these residues for interaction (27, 28). These studies reflect the 
diversity in interaction of CaM with its targets. The CBD of 
PfPKB has a Leu-6 and Ue-20 that are spaced by 15 residues and 
may anchor binding to CaM; this is a minor diversion from 
standard examples shown in Fig. 2A. 

Mapping of the CBD led to identification of an RXRXS 
pseudosubstrate motif in the NTR and facilitated the elucida
tion of the mechanism ofPfpKB activation by CaM. These stud
ies could potentially be utilized to devise tools for intervening 
with PfPKB activation. 

Free calcium levels in the parasite are controlled by PLC as it 
generates inositol 1,4,5-trisphosphate, which releases calcium 
from the intracellular stores (21). PLC inhibitor U73122 has 
been successively used in Plasmodium to block calcium release 
(22). Using this inhibitor we were able to demonstrate that 
PLC is the upstream regulator of PfpKB as it mediates cal
cium release crucial for PfpKB activation. These data pro
vide a direct link between PfpKB and PLC-mediated calcium 
Signaling (Fig. 7). 

In silica analyses suggest that Plasmodium may lack typical 
CaM-dependent protein kinases, and more strikingly a protein 
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kinase C-like enzyme seems to be absent (4). Given its versatil
ity in eukaryotic signaling, lack of a protein kinase C-like 
enzyme in Plasmodium was indeed surprising. Protein kinase C 
belongs to the same AGC class ofkinases as cAMP-dependent 
protein kinase and PKB, which share significant homology 
in their catalytic domain region. For instance, PKB and protein 
kinase C have ~67% similarity in their catalytic domains. In 
addition to the Similarity between PfPKB and PKB, it is impor
tant to note that PfPKB also shares reasonable homology 
(~64%) with mammalian protein kinase C (1). We used this 
information to identify a protein kinase C inhibitor, Go6983, as 
an inhibitor of PfPKB. When added to schizont stage cultures, 
this inhibitor blocked ring formation suggesting that PfPKB 
may be involved in schizont-to-ring transition (1); no other 
parasitic stage was affected by this compound. Schizont/mero
zoite-specific expression (1) may allow PfPKB to playa role in 
early/late stages of parasite life cycle. 

Release of intracellular calcium is critical for various parasitic 
functions (29). Importantly it appears to be indispensable for 
successful erythrocyte invasion (30, 31). CaM is known to local
ize at strategic locations in merozoites and control invasion (19, 
20). However, the lack of identity of Ca2 + /CaM targets leaves a 
gap in understanding their role in the parasite life cycle. We 
have shown that CaM interacts and regulates PfPKB in 
response to upstream events in the schizont. Therefore, it is 
possible that PfPKB may be one of the major targets via which 
CaM may control important parasitic processes like invasion. 
Identification of downstream targets of PfPKB will help further 
in unraveling the function of this pathway. 
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Phosphatidylinositol 3-phosphate (PI3P) is a key ligand for 
recruitment of endosomal regulatory proteins in higher 
eukaryotes. Subsets of these endosomal proteins possess a 
highly selective PI3P binding zinc finger motif belonging to the 
FYVE domain family. We have identified a single FYVE domain
containing protein in Plasmodium falciparum which we term 
FCP. Expression and mutagenesis studies demonstrate that key 
residues are involved in specific binding to PI3P. In contrast to 
FYVE proteins in other organisms, endogenous FCP localizes to 
a lysosomal compartment, the malaria parasite food vacuole 
(FV), rather than to cytoplasmic endocytic organelles. Transfec
tions of deletion mutants further indicate that FCP is essential 
for trophozoite and FV maturation and that it traffics to the FV 
via a novel constitutive cytoplasmic to vacuole targeting path
way. This newly discovered pathway excludes the secretory 
pathway and is directed by a C-terminaI44-amino acid peptide 
domain. We conclude that an FYVE protein that might be 
expected to participate in vesicle targeting in the parasite 
cytosol instead has a vital and functional role in the malaria 
parasite FV. 

Malaria parasites inflict a tremendous global burden on the 
health and productivity of human kind. Among the species pre
dominantly infective to humans, Plasmodium Jalciparum 
stands out as responsible for more than half of all infections and 
for causing the most severe forms of the disease resulting in the 
death of more than 1.S million people annually (1). Malaria 
parasites circulate in the human host by repeated invasion and 
development within the human erythrocyte. During the 48-h 
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cycle of development, parasites endocytose 80 -90% of the host 
cell cytosol and hemoglobin. SpeCialized proteases are believed 
to traffic to vesicles containing hemoglobin to initiate the diges
tion of hemoglobin on route to its final destination, the lysoso
mal compartment, or parasite food vacuole (FV)6 (2). Although 
the endocytic process is characterized by morphologically dis
tinct parasite structures including specialized structures for the 
uptake of hemoglobin (cytostomes), hemoglobin-containing 
vesicles, and a single FV (3), the contribution of protein com
ponents to the endocytic pathway required for membrane traf
ficking, molecular signaling, effector protein recruitment, and 
formation of these structures remains unknown. 

Phosphatidylinositol 3-phosphate (PI3P) plays a fundamen
tal regulatory role in endocytic systems of higher eukaryotes 
(4-6). RabS, a universally conserved component of early endo
somes, recruits the type III PI 3-kinase in mammals and yeast. 
Hence, the product of this kinase, PI3P, is found in the early 
endosomes of mammals and is likewise restricted to the endo
cytic pathway in yeast (6 - 8). Various other endosomal regula
tory proteins bind PI3P and thereby localize to endocytic com
partments in yeast and mammals (9). Many among these 
including the early endosomal autoantigen-1 (EEA1) contain a 
highly selective PI3P binding zinc finger motif belonging to the 
FYVE domain family (conserved in Eab1, YOTB, Yael, and 
HAl) (9). 

Although PJalciparum appears limited with regard to RabS 
effectors and other endocytic machinery, it does possess a 
phosphatidylinositol biosynthetic pathway (10). We, therefore, 
asked if P Jalciparum possesses functional FYVE domain pro
teins. Using a bioinformatics approach we identified a single 
FYVE domain-containing protein encoded in the parasite 
genome. Surprisingly, this protein did not localize to endocytic 
structures as would be predicted for an FYVE domain family 
protein but, rather, localized discreetly to the lumen of the FV, 
a lysosomal compartment characterized by the presence of 
hemozoin (a crystallized heme byproduct of hemoglobin diges
tion). By identifying the domain responsible for targeting to the 
FV, we not only explain this unexpected result but identify a 
new direct trafficking pathway between the parasite cytosol and 
the parasite FV. 

6 The abbreviations used are: FV, food vacuole; EEA 1, early endosomal 
autoantigen-l; AD, activation domain; BD, DNA binding domain; ER, endo-
plasmic reticulum; BFA, brefeldin A; Cvt, cytoplasmic to vacuole trafficking; 
TGN, trans-Golgi network; HRPII, histidine-rich protein II; PI3P, phospha-
tidylinositol (PI) 3-phosphate; GFP, green fluorescent protein. 
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EXPERIMENTAL PROCEDURES 

In Vitro Cultivation of P. Jalciparum-P. /a/ciparum strain 
307 (obtainec' from MR4) was employed in eX,geriments con
tributing to Figs. 4 and 5, whereas strain FCR3 'a gift from Dr. 
Kasturi Haldar) was used to obtain Figs. 6 ~9. Parasites were 
maintained in Ei% CO 2 (for FCR3) or 90% N2, 5% CO 2' and 5% 
O 2 for (307) in leukocyte-free erythrocytes of blood group A + 
(American Red Cross) at :')% hematocrit and cultured in RPMI 
1640 medium (lnvitrogenl supplemented with 2:> m.\1 HEPES, 
sodium bicarbo,:1ate (2 g·liter· I), gentamicin (1 /1-g'ml 1),92 

I.LM hypoxanthine and contained 10% human serum, t\Ve AB as 
described (ll). Parasite synchronization was achieved by isola
tion of late stage trophozoites on Percoll sorbitol gradients as 
described (12) followed by reintroduction into culture with 
fresh red blood cells. Four hours after the first detection of ring 
. .;tage parasites, ClJtures were treated with 5% sorbitol (13) to 
lyse all remaining late stage parasites. This yielded highly syn
chronous cultures. 

Cloning of FCP and Plasmid Constructs- Using open reading 
frame-specific prirLers with appropriate 5' end restriction sites, 
Fep cDNA was reverse transcription-PCR amplified from total 
asexual stage P. Jalciparum RNA using RT -Superscnpt II 
(Invitrogen) and Kod hot start DNA polymerase (!(O\'agen 
Inc.). For yeast 2-hybrid analysis, FCP cDNA was appropriately 
digested and ligated into yeast two-hybrid vectors pACT-2 and 
pG BT -9 (Invitrogen) between the BamHI and Xhol sites of 
pACT -2 and EcoRI and BamHI sites of pGBT -9. Ligations were 
made in-frame and downstream of the GAL4 activation 
domain (AD) or DNA binding domain (BD) to obtain pAD-FCP 
and pBD-FCP. The cDNA sequence of cloned FCP was identi
cal tn ~hat of the putative gene (Pfl4~0574) representee' in the 
307 P. falciparum genome data base. 

For G FP expression studies in Plasmodium, the eGFP gene of 
pEGFPC2 (Invitrogen) was replaced with the GFP-M2 gene of 
pHDGFP (14). This yielded the plasmid pGFP-M2-C2. Subse
quently FCP was subcloned from the yeast expression \ ector 
pRD-Fep into the EcoI<.! and Sail sites of pGFP-M2-C2 such 
th,31 the gene fusion was en-frame and downstream of GFP- M2. 
Domain deletions were constructed from pBD-FCP and con
verted to GFP-M2 gene fUSIOns by ligation between the EeoRI 
and Sail sites of pGFP-M2-C2. FCP-1-c-coil was obtained b\ 
digestion of pBD-FCP with BgllI and BamHI followed by blunt 
ending ,md self-ligation. ThIs removed the entire C termi.:1us 
induding the complete coiled-coil domain. FCP·.:'l·F'{\·E was 
obtained by digestion of pBD· FCP with Kpnl and Bgl1l followed 
by blunt ending and self·ligation This deleted only the FY\'E 
domarn and kept the )\' terminus and remainder of FCP in· 
frame. FCP-Cl-c44 was obtained by digestion ofpBD·FCP wi'.h 
Styl and BamHI followed by blunt ending and self-ligation. This 
removed t.he C·terminal conserved domain encoding the final 
44 ammo acids of FCP. Transfer to pGFP·M2·C2 yielded the 
following plasmid constructs: pGFP-F-.1-c·coil, pGFP·F·.1-
FYVE, anci pGFP·F·~·c44. To explore the function of the 
C·terminaI4·J. amino acids, pGF P-44aa was constructed by PCR 
amplification of the C-terminal 132 bp encoding the 44-amino 
acid peptide using forward and reverse primers bearing EcoRI 
and Sail sites, respectively, and cloning iato the EcoRl and Sail 
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sites of pGFPM2·C~l Primers lGFPM2-ATTBl, 5' -GGGCA· 
CAAGTTTGTACAAAAAAGCAGGCTAAAAATGAGTAA· 
AGGAGAAGAACTTTTC-3', and GFp·ATTB2, 5' ·GGGGA· 
CCACTTTG1'ACAAGAAAGCTGGGTTGATCAGTTATC
TAGA TCCGG·3') flanking the GFP gene fusion cassettes in 
the above plasmids, which contained 5' attBl and attB2 recom· 
bination sites, respectively, were used to PCR amplify all GFP
gene fusions such that they were suitable for cloning into 
pDOl\:R.·21 (Invitrogen) using the BP reaction and GatewayTM 
recombination cloning system (Invitrogen). Subsequent LJ< 
reactions (Invitrogen) with the Plasmodium GatewayTM desti
nation \'ector pHH1·DRO 28-DE51' (15) (a kind gift from Prof. 
Tina Skinner-Adams, Queensland lr.stitute of Medical Research, 
Australia) resulted in the following Plasmodium GFP expres· 
sion vectors: EXP- GFP,,12, EXP·GFP·FCP, EXP-GFP·FCP~
c·coil, EXP·GFP· FeP .1-c-1-4, EXPG FP· FePCl· FYVE, EXP
G FP-44aa. These expression vectors ai' utilize the Plasmodium 
HSP86 5' ·untranslated region as a constitutive promoter for 
the expression of the GFP gene fusions 

For protein expression studies, Fef' cDNA was cloned in 
PQE·UA vector (Qiagen) to facilitatei:s expression as an N ·ter
minal His,,·tagged protein. Site·direct~d mutagenesis was per· 
formed by using the QuikChange kit (Stratagene). 

Recombinant Protein Expression ill E. coli and Anti-FCP 
Antiserum Production- SLl)· RIL E. coli (Stratagene) was 
transformed with PQE·FCP plasmid or its variants. Cultures 
were grown in LB media containing 101) /.Lg/ml ampicillin and 
25 /1-giml chloramphenicol. Recombinaat protein was induced 
at mid·logarithmic phase (A b(", value of 0.6) by the addition of 1 
m.\\ isopropyll·thio·{3-D·galactopyrano:;ide either at 37"C for 
4 h or at 18"C for 14 h. Bactenal cells \~ere harvested by cen· 
trifugation at 4000 Y. g for 30 min and suspended in buffer A (50 
m,\1 T[ls, pH 7.4, 6 \1 urea, 500 m.\1 NaCI) followed by sor.ica
tion. Cell Iysates were clarified by centrifugation at 20,000 ;< g 
for 30 min at 4 'c. Subsequently, supernatant was incubated 
with nickel·nitnlotriacetic acicl·agarose (Qiagen) for 12 [- at 
4'C. After washes in buffer A, recombinal11 His6 -tagged pro
teins were eluted in 50 m\1 T ns. pH 8.0, C(Intaining 500 mM 
:-':aCI, 300 m\l imidazole, 1 m.\· dlthiothrt'itol, and 6 I\l urea. 
Eluted proteins were renatured b .. dialysis against buffer con
taining reduced amounts (4 to 0 \11 of urea. Refolded recombi
nant proteins were analyzed by gel filtrG.tion and SDS· PAGE, 
and a protein band of the expected molecular mass of 37 kDa 
was detected by Coomassie staining To confirm the identity of 
the recombinant protein, the 37· kDa protein band was excised 
and subjected to tryptic digest and mass specrrometric analysi,. 
by the Institute of Molecular MediclI1e, The Chatterjee Group, 
!\.'ew Delhi (supplemental Fig. S I) To raise anti-sera against 
FCP. 100 /1-g of recombinant FCP wa~ emulsifil'd with complete 
Freund's adjuvant and used to raise antisera in mice and rabbits:/ 

Dot ·blot Phosphoinositlde Binding Assays--Dot· blot assays 
\,'ere performed as described prevlOusl" (16). Briefly, var(~us 
phosphoinositides were serially diluted and spotted on ,,'nitro· 
lellulose membrane and air-dried for 2 h. SUDseque11'tly, the 
membrane was blocked with 3'!t bOVIne serum /,llbumin in 
buffer A (50 m.\1 Tris-HC!' pH 7.4, .'.50 mM sodium chloride, 
0.1 % Tween 20) for 3 h. The membrane was JnC ubated with 
recombinant His,,-FCP (0.5 /1-giml) or its variants diluted in 
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blocking buffer for 12 h at 4"C. The membrane was washed 5 
times with buffer A before 3 h of incubation with anti-His6 

antibody (BD Biosciences). Subsequently, the membrane was 
incubated with horseradish peroxidase-labeled anti-mouse 
IgG, and phosphatidylinositol-bound protein was detected by 
chemiluminescence. 

Yeast Two-hybrid Growth Assays-Yeast two-hybrid liquid 
culture growth assays were performed as previously described 
(17). Yeast were transformed with all possible paired plasmid 
combinations as well as with individual plasmids as controls, 
and protein-protein interactions were determined based on 
growth in His-dropout medium. Stringency was further 
assessed in increasing concentrations of 3-amino-l,2,4-trizol. 

Immunoblotting and Immunolocalization- For immunoblot 
experiments described in Fig. 5, parasite material was separated 
from erythrocytes and parasitophorous vacuole-derived mate
rial by lysis in 0.1 % saponin analogous to a previously published 
procedure (33). An equal number of parasites fractionated into 
a pellet or concentrated supernatant was denatured by boiling 
in 2% SDS, applied to SDS- PAGE, and subsequently transferred 
to nitrocellulose. Immunoblotting was performed using rabbit 
anti-FCP and horseradish peroxidase-labeled goat anti-rabbit 
IgG. Blots were developed using a WestDura ECL kit (Pierce). 

For immunofluorescence, parasitized red blood cells were 
spread on slides and fixed in methanol for 10 min. Subse
quently, slides were blocked with 3% bovine serum albumin for 
12 h at 4 °C and incubated with a 1:50 dilution of mouse anti
FCP antisera. After washing with phosphate-buffered saline, 
slides were stained with goat anti-mouse IgG conjugated to 
Texas Red. Cells were visualized on a Zeiss LSM510 confocal 
microscope equipped with a CCD camera. Control experi
ments were performed using preimmune bleeds. 

For immunoelectron microscopy, parasites were fixed in 4% 
paraformaldehyde (EM Polysciences Inc.), 0.1 % glutaraldehyde 
(EM Polysciences Inc.), and 0.25 M HE PES, pH 7.4, embedded in 
1 X phosphate-buffered saline containing 10% bovine skin gel
atin (Sigma) and incubated at 4 °C in cryo-protectant contain
ing 10% polyvinylpyrolidone and 2.7 M sucrose. Subsequently, 
parasite blocks were applied to pins, snap-frozen in liquid 
nitrogen, and subjected to ultra thin sectioning in a liquid 
nitrogen-cooled cryo-ultramicrotome. Sections were applied 
to nickel-coated grids, incubated with a 1:1000 dilution of affin
ity-purified rabbit anti-FCP IgG at 25°C, and stained with gold
conjugated goat anti-rabbit IgG. Electron micrographs were 
obtained digitally by a CCD camera using a Philips Techni Bio
Twin electron microscope. 

Parasite Transjection, Localization, and Dominant Negative 
Effects-Transient transfections of malaria parasites with EXP
GFP vectors (see above details) were performed by a modifica
tion of the previously described preloading technique (IS). 200 
J .. t1 of packed red blood cells were washed once in incomplete 
cytomix (19) (containing 120 mM KCI, 0.15 mM CaCI2 , 2 mM 
EGTA, 5 mM MgCI2' 10 mM K2HP04 /KH2P04 , and 25 mM 
Hepes, pH 7.6) and then resuspended to 400 J . .ti in ice-cold 
incomplete cytomix. Red blood cells were then preloaded with 
50 /-Lg of plasmid DNA by electro po ration in a ECM630 Electro 
Cellular Manipulator ™ (BTX) at settings of 310 Y, 25 ohms, 
and 950 microfarads. To ensure synchronous transfections and 
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facilitate morphological interpretation of potential dominant 
negative effects, cultures were synchronized as described 
above. Subsequently, late stage parasites were once again puri
fied by Percoll sorbitol gradient as described above and then 
added to preloaded red blood cells and cultured for 40 - 46 h 
before microscopic analysis for GFP expression and morpho
logical detail. Microscopy was performed at 1000X magnifica
tion using a Nikon Optiphot II microscope equipped with epi
fluorescence and Nomarski optics or at 1000X using a Zeiss 
Axioscope with epifluorescence. FY localization was verified by 
photography of cells under simultaneous fluorescence and 
bright field phase contrast at low light levels. Images were col
lected by CCD camera, labeled in Adobe PhotoShop 6.0 
(Adobe), and arranged in Adobe Illustrator 10 (Adobe). 

RESULTS 
Plasmodium Encodes a Single FYVE Domain Protein-Se-

quence alignment of FYVE domains yielded the consensus 
sequence R(R/K)HHCR, which was used to search the P. Jalcip-
arum genome data base. This revealed only a single FYVE 
domain-containing protein (Pfl4_0574). Analysis by SOCKET 
(20) indicated the presence of a coiled-coil domain (residues 
163-266) downstream of the FYVE zinc finger domain (resi
dues 42-92). Thus, we named the protein FCP for FYVE and 
coiled-coil domain-containing protein. An additional gene 
(PF13_0055), annotated as encoding a potential FYVE domain, 
more closely resembled a RING domain and, hence, was not 
investigated further. 

Sequencing of FCP cDNA confirmed a lack of introns, and 
comparison of the amino acid sequence with other orthologous 
counterparts indicated that FCP was highly conserved with 
70 - SO% amino acid identity within the malaria parasite genus 
Plasmodium (Fig. lA). Additional searches indicated that at 
least two potential FYVE domain-containing proteins exist in the 
related parasite Toxoplasma gondii. TBLASTN searches exclud
ing the FYVE domains of other family members including EEAl, 
Hrs, YOTl, Fabl, and Yael failed to identify genes encoding pro
teins of Significant homology in P. Jalciparum. This provided the 
first indication that FCP might not function in the same fashion as 
the endosomal FYVE proteins of higher eukaryotes. 

X-ray crystal structures for Saccharomyces cerevisiae 
Yps27p, Drosophila melanogaster Hrs, and human EEAl 
have further defined the secondary and tertiary structure of the 
FYVE domain as containing a core fold similar to that of the 
RING domain (21). FCP encodes all of the conserved residues 
and attributes known to be required for PI3P binding by other 
FYVE domain proteins. Among these are eight invariant zinc
coordinating cysteine residues arranged in four CXXC motifs, 
an upstream WXXD motif, and a downstream RYC motif, each 
intimately involved in P13P binding (Fig. IB). In addition, the 
glycine residue immediately adjacent to the second pair 
(CXXC) of zinc-coordinating cysteines is invariant among all 
known FYVE domain proteins and is believed to provide flexi
bility required for formation of the core fold of the domain (Fig. 
IB). The R(R/K)HHCR consensus sequence is known to be the 
principal site of PI3P binding (Fig. IB). 

FCP Specifically Interacts with P13P-To better understand 
phosphoinositide interactions with FCP, we performed lipid 
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FIGURE 1. Alignments of malaria parasite Fe p proteins and FYVE domains. A, the sequence of P. falciparum FCP was aligned with its orthologous coun-
terparts from rodent ma lari a species Plasmodium berghei and Plasmodium yoelii, and primate malaria species Plasmodium vivax and Plasmodium knowlesi. A 
high level of conservation is shared among the FYVE domains (yellow), coi led-coil domains (magenta) , and C termini (blue) . B, the FYVE domain of FCP was 
aligned with the FYVE domains of other proteins found in S. cerevisiae (Sc) , Homo sapiens (Hu). and Caenorhabditis elegans (Ce). Pf, P. fafciparum. Conserved 
motifs include WXXD (blue), eight zinc coord inating cysteine residues arranged in fou r CXXC clusters (red), the PI3P binding site R(R/ K)HHCR with an adjacent 
flexible glycine residue (yellow). and the RVC motif (blue) . 

dot-blot assays using recombinant wild type and site-directed 
mutants ofFCr. Wi ld type FCP bound specifically to PI3P (Fig. 
2B) . Deletion of the FYVE domain (data not shown) resulted in 
a complete loss of phosphoinos it ide binding as d id a site-d i
rected substitution K55A (F ig. 2B), which resides within the 
conserved motif R(R/ K)H HCR (Figs. IB and 2A). The crystal 
structure of the EEAI FYVE domain bound to inositol 1,3-
diphosphate has revealed that amino acid residues form a coor
dination network with the l' and 3' phosphates of PI3P. and it 
has been hypothesized that these residues may lend specificity 
to FYVE-PI3P interaction (22). To test this we replaced all 
flanking argi nines (Arg-52, Arg-54, and Arg-59) with neutral 
alanine residues. T his three-amino acid substitution resulted in 
a loss in spec ificity for PI3P as indicated by increased binding to 
phosphoinositides. PI 3,4,5-triphosphate and PI 4.5-diphos
ph ate. This loss in PI3P binding spec ifici ty demonstrated that 
indeed a critical interaction does exist between these basic res
idues and the l ' and 3' phosphates of PI3P (F igs. 2. A and B). 

FCP Self-associates-SeveraI FYVE proteins have been 
shown to dimerize by virtue of a coiled-co il domain, thereby 
increasing their av idity for PI3P (23, 24) . For example, EEAI 
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FIGURE 2. Fep binds PI3P specifically. A, a schematic of the FYVE domain is 
shown. Basic residues mutated to test functional binding to phosphoinositi -
des included K55 (blue) changed to alanine or three argin ine residues Arg -52, 
Arg-54, and Arg -59 (red) simultaneously changed to alanine. B, binding of 
recombinant wild type FCP or its mutants (K55A ) or (R52 R54 R59 to A) to varying 
concentrations of phospho (P)- inositides were assayed. WT, wild type. 

dimerizes when bound by Rab5 and then simultaneously binds 
two PI3P molecules in the ea rly endosome (25) . In this way 
EEA l is believed to participate in tethering of opposing vesicu-
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binding protein (BD- TGN) (17). 
Results from this analysis suggested 
an interaction between AD-FCP 
and BD-FCP. When recombinant 
FCP was chromatographed on a 
Superdex-7S gel filtration column, 
it too exhibited dimerization or self
association (Fig. 3B). The strong 
tendency of FCP to dimerize was 
also indicated by the presence of a 
74-kDa dimeric species on an 
incomplete denaturing SDS-PAGE 
gel, which was confirmed by West
ern blot and mass spectrometric 
analyses to be FCP (supplemental 
Fig. Sl). We, therefore, conclude 
that FCP, like other FYVE domain 
proteins, can undergo a self-associ
ation. Given the involvement of 
coiled-coil domains in the oli
gomerization of other proteins, it is 
likely that dimerization of FCP is 
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FIGURE 3. Self-association of FCP.A, a liquid yeast two-hybrid growth assay (17) was used to assess the ability 
of FCP to self-interact. Separate gene fusions of FCP were constructed by fusing cDNAs to the C terminus of 
either the GAL4ADorGAL4 DNA BDand expressed in yeast. Growth (expressed as optical density of culture at 
600 nm) in HIS- medium containing increasing concentrations of the promoter inhibitor 3-amino-1 ,2,4-trizol 
(3A n was indicative of a interaction between proteins. An interaction was evident between AD-FCP and BD-
FCP. The positive control for protein-protein interaction consisted of the human /-L 1 chain fused to the AD and 
a triplicate SDYQRL motif of the TGN38 protein known to bind the /-L chain (47). Shown are the positive control, 
AD-human /-L 1 paired with BD-TGN, negative control, AD-FCP paired with pGBT-9, and experimental sample 
AD-FCP paired with BD-FCP. B, affinity-purified His6 -FCP was subjected to gel filtration chromatography on a 
24-ml Superdex-75 column using an Akta Prime system (Amersham Biosciences). The column was precali-
brated using bovine serum albumin (66 kDa, eluting at 9.5 ml), ovalbumin (43 kDa, eluting at 10.8 ml), chymot-
rypsinogen A (25 kDa, eluting at 12.8 ml), and ribonuclease A (13.7 kDa, eluting at 13.8 ml) as standards. FCP 
protein was not found to elute at the expected monomeric size of 37 kDa (white arrow). Instead, elution of FCP 
at 7.5 ml was close to the expected void volume of the column, suggesting that it may predominate as a dimer. 
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FIGURE 4. Stage-specific expression of FCP in P. falciparum. A, a single 
band at 37-40 kDa was detected by Western blot using anti-FCP antisera 
raised in mice. B, stage-specific Western blots revealed FCP expression during 
the trophozoite stage m and a lack of FCP expression in ring (R) and schizont 
(5) stages. The loading control PfH5P70 was found to be equally expressed 
throughout all stages. Equal quantities of total protein, 20 /-Lg, were loaded 
per lane. 

lar and target membranes during the homotypic fusion of early 
endosomes (26). To test this hypothesis we employed a yeast 
two-hybrid growth assay (17). Yeast expression plasmids were 
constructed by fusing the yeast GAL4 AD or GAL4 DNA BD to 
the N terminus of FCP. 

Persistent growth of yeast in HIS- medium in increasing 
concentrations of 3-amino-1,2,4-trizol indicates an interaction 
between bait and target proteins, each fused to AD or BD, 
respectively. A representative plot (Fig. 3A) shows inhibited 
growth of yeast expressing a negative control pair, AD-FCP 
and BD vector only, enhanced growth demonstrating a mod
est interaction between AD-FCP and BD-FCP and a robust 
growth curve from yeast expressing a positive control inter
action between AD-human ILl and BD-trans Golgi network-
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mediated by the coiled-coil domain of FCP. This dimerization 
event is likely to increase the avidity of the protein-lipid inter
action by coordinating the presentation of two FYVE domains 
in tandem to two available PI3P ligands instead of one (27). 

FCP Traffics to the Lumen oj the FV in Late Trophozoites-
Western blot analyses of stage-specific P. Jalciparum revealed 
that expression of FCP occurs during the late trophozoite stage 
of the parasite intra-erythrocytic life cycle (Figs. 4, A and B). 
Although this stage is known to be the most active stage for 
consumption of host cell hemoglobin and metabolism, FCP was 
remarkably not found to be localized to cytoplasmic endocytic 
vesicles or hemoglobin uptake structures but rather to the par
asite FY, a lysosomal compartment characterized by the pres
ence of hemozoin crystals (Fig. SA). 

To determine whether FCP traffics to the outer surface, inner 
surface or lumen of the FY, cryo-immunoelectron microscopy 
using rabbit anti-FCP was employed. As shown in Figs. 6,A and 
B, immunogold particles specifically stained the more electron 
lucent lumen of the FY. Fig. 6A shows a close-up of a cross
section through a folded FY with immunogold staining for FCP 
most abundant in the electron lucent lumen and to a lesser 
extent in association with hemozoin. Less than 1% of back
ground staining was observed outside of the FY, evident in Fig. 
6B, which shows the cross-section of a host cell, parasite, and its 
FY. Likewise, no significant immunogold staining was observed 
on other host cell or parasite structures. as evidenced in Fig. 6C, 
which shows three well defined parasites, each lacking a cross
section through a FY. These observations indicate that FCP 
traffics and translocates to the lumen of the parasite FY in late 
trophozoites and not merely to the surface. 

FCP Traffics via a Mechanism That Excludes the Classical 
and Alternate Secretory Pathways-Sorting mechanisms for 
targeting proteins to the lysosomes of higher eukaryotes prin
cipally begin with entry of the proteins into the secretory path
way. Lysosomal proteins are synthesized and enter the rough 
ER and proceed to the Golgi where they are directed by recep-
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FIGURE 5. Fep localizes to the FV but does not traffic via the classical or 
alternate secretory pathways. A, immunofluorescence using anti-Fep 
revea led a discrete loca lization to the parasite FV. Ring stage parasites were 
trea ted either wi th 5 /Lg'ml 1 BFA (an ri-FCP + BFA) or solvent as control (a nti -
FCP) for 12 h before immunofluorescence microscopy. BFA treatment did not 
alter FV loca lization of Fep. B, as a control experiment, parasites treated with 
BFA (anri-HRPII + BFA) or without BFA (anri-HRpf/) were stai ned using antisera 
against a known secreted protein, HRPII. HRPII was localized predominantly 
to the cytoplasm of the host infected erythrocyte (anri-HRPf0. BFA treatment 
resulted in a significant loss in erythrocyte localization of HRPII and a concom-
itant increase in the pa rasite cytoplasm (anri-HRpf/ + BFA). C, trophozoi te-
infected erythrocytes were treated with sa ponin to separate the erythrocyte 
and parasitophorous vacuole contents (Sup) from the parasite material (Pel-
ler), and immunoblott ing was performed for Fep. Fe p was found in the pellet 
fraction rather than the concentrated supernatant fract ion. 

to r-medi ated vesicular transport initia ted in the trans-Golgi . 
These secretory vesicles are then redirected to the endocytic 
system so that they may be targeted to the lysoso me. 

To explore the mechanism of FCP trafficking, parasites were 
treated with brefeldin A (BFA) (Fig. 5B). This compound is 
known to block protein secretion by disruption of transport 
vesicle budding from the Golgi and concomitant inhibition of 
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anterograde transport of proteins from the ER to the cis-Golgi 
(28). In Plasmodium BFA blocks not only the classical secretory 
pathway but also an alternate secretory pathway typically used 
by proteins destined for the host cell (29, 30). Hence, BFA treat
ment results in protein accumulation in the ER by blocking the 
classical secretory pathway and accumulation in yet another 
compartment or subcompartment by blocking the alternate 
secretory pathway (31). After treatment with BF A, FCP was still 
found localized to the FV, indicating that it does not utilize 
either the classical or alternate secretory pathways found in P. 
Jalciparum (Fig. 5A). [n a control experiment secretion of the 
histidine-rich protein II (HRP![) to the erythrocyte cytosol, as 
has been previously described (32), was significantly blocked by 
BF A treatment (Fig. 5B). 

As a protease, plasmepsin II has been shown to be sec reted 
befo re endocytosis and trafficking to the FV (2); we needed to 
furth er confirm that a transient or rapid secretion event to 
either the parasitophorous vacuole or red blood cell cytoplasm 
did not occur. To address this possibility, parasitized red blood 
cells were treated with 0.1% saponin (33) . This treatment is 
known to permeabilize both erythrocyte and parasitophorous 
vacuole membranes (13, 33). FCP was not found in the concen
trated supernatant fraction but remained in the pellet or para
site soma fraction (F ig. 5C), indicating its absence from the 
secretory pathway. This further suggests that FCP may circum
vent the secretory pathways and instead indicates that a novel 
t rafficking pathway is at work. 

The FYVE Domain Does Not Affect Trafficking oj FCP but 
Is Fun ctionally Critical to the Parasite- As seen for the 
endogenous protein (Figs . 5 a nd 6), transie nt t ransfection 
and express ion of GFP -FCP in P. Ja lciparum revea led a dis 
c rete localization of the tagged protein to the FV (Fig. 7A). 
To further delineate functional attributes of the co nserved 
domains of FCP and to identify the domains responsible for 
the targeting, we transfected parasites with p lasmid co n
structs co ntaining various domain dele tions of FC P fused to 
the C te rminus of GFP (Fig. 7B). Transient transfection and 
live ce ll fluorescence were emplo yed throughout the trans
fec tion studies to avoid artifacts due to se lectio n of clonal 
transfec tant populations or fixation a rtifacts that may alter 
morpho logy and fluoresce nce patterns. Transfectants 
express ing a deletion of the FYVE do main (GF P-FCP
~FYVE) displayed a dis cre te spot of fluorescence (F ig. 7C) 
that we la ter show coincides with the parasi te FV (see Fig. 
9A). Th is pattern indicated that PI 3P binding is not invo lved 
in the targeting event. Of note, the dwarfed morphologies of 
the GFP-FCP-~FYVE transfec tants appeared to be the result 
of a dominant negative growth de fe ct. Parasites failed to 
attain the same size as normal 30 - 36-h trophozoites and also 
failed to develop large hemozoin crys tals or FVs with wild type 
dimensions. A more detailed investigation o f this mutant is dis
cussed below (see Fig. 9). 

Deletion of the C terminus including deletion of the co il ed
coil domain (GFP-FCP - ~-c-co il ) , whi le re ta ining the FYVE 
domain, ablated trafficking of GFP to the FV as seen by the 
cytoplasmic fluorescence pattern (F ig. 7C) . This, once again 
demonstrated that the Pl3P binding domain is not involved in 
targeting FCP to the FV. From the above findin gs we concluded 
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FIGURE 6. FCP localizes to the lumen of the FV. A. cryo-immunoelectron micrograph showing a close-up of a folded FV with immunogold-sta ined FCP in the 
lumen of the parasite FV in a late trophozoite. Various structures are indicated as host red blood cell cytosol (RBC Cytoson. parasite body (parasite). parasite 
nucleus (Nul. FV. and hemozoin (Hz). B shows a more complete parasite with a cross-section through the FV indicating a lack of immunogold staining outside 
the FV. C. three parasites from a different region of the same ultrathin section that was immunogold-stained for anti-FCP in A and B. Note the lack of 
concen trated gold particles on all visible parasite structures including ER. parasite plasma membrane (PPM). parasitophorous vacuolar membrane (PVM). and 
hemoglobin containing vesicles (HV). As apparent from A and C. less than 1 % of immunogold appeared outside of the parasite FV. 

that deletion of the FYVE domain generates a dominant nega
tive phenotype, which like ly impairs hemoglobin processing 
and/o r uptake but not trafficking. 

The C-terminal44-Amino Acid Domain ofFCP Is Necessary 
and Sufficient to Target FCP to the FV-To further delineate 
which regions in the C termin us mediate targeting, we deleted 
the conserved C-te rminal 44 ami no acids (GFP-FCP-t1c44) 
downstream of the coiled-coil domain. As can be seen from the 
cytoplasmic fluorescence pattern (Fig. 7C), targeting to the FV 
was once again ablated, indicating that this C-te rminal peptide 
is indeed required for trafficking GFP to the FV (Fig. 7C). 

To determine whether the C-terminal 44 amino acids are 
sufficient for targeting to the FV, we tagged the C terminus of 
G FP with the 44-amino acid peptide, thus eliminating all of the 
other potentially confounding components of FCP. Indeed, 
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transfection of GFP-44aa resulted in trafficki ng of GFP to the 
FV (Fig. SA), whereas transfection with GFP control vector 
alone resulted in a cytoplasmic fl uorescence that notably 
excluded the FV (Fig. SB). It is, thus, evident that the 44-amino 
ac id peptide, notably conserved between diverse rodent and 
primate species of Plasmodium, fu nctions as a direct cytoplas
mic to vacuole trafficking (Cvt) signal. 

DominantNegativeEffects of the FYVE Deletion Mutant- As 
mentioned above, deletion of the FYVE domain revealed a 
dominant negative growth or developmental defect but did 
not appear to alter localization to th e FV (Fig. 7C). The GFP
FCP-t1FYVE-expressing parasites failed to mature morpho
logically into normal trophozoites. Given their small size and 
diminutive FVs, morphologies of mutant parasites were 
poor, making clear localization of signal to the FV difficult. 
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A. B. 
WTFCP 

FYVE - coi led·coil 44aa 

FCP-L'J. -FYVE _~. _ ____ • 

FCP-L'J.-c-co il - • 

parasites we observed (Fig. 9A) we re 
representati ve o f morphologically 
stunted trophozoites with o ne or 
mo re defects in hemoglobin uptake 
or metabolism. 

FCP-L'J.-c44 

c. 
- To further confi rm that GFP

FCP-t. FYVEs were not develop
mentally arrested rings but rather 

GFP-FCP-D.-FYVE 
stunted or defective trophozoites, 
we harves ted parasites at 36 h post 
t ransfection by centrifugatio n 
th rough Percoll -so rbitol gradients 
as desc ribed previously (12). This 
method is based o n density differ
ences triggered by pa rasite-induced 
new permeation pathways that 
result in the increased solute per
meabili ty of host red blood cells 
infected with la ter stage parasites 
(trophozo ites and schi zo nts) as 
compared with early stage parasites 
(rings) (12) . Because the GFP-FCP
t.FYVE-expressing parasites were 

GFP-FCP-L'J.-c-coil 

GFP-FCP-L'J.-c44 

FIGURE 7. Localization of GFP-FCP and domain deletion mutants in P. falciparum. A, stage synchronous P. 
falciparum was transfected with either GFp·wild type FCP (WT-FCP) yielding a discrete loca lization to the FV 
cha racterized by the presence of hemozoin crystals (arrow). B, a schematic diag ram shows the va rious GFP 
gene fusions and deletion constructs employed. 00, amino acids. C, va rious domain deletions of FCP as indi-
cated in B were transfected into P. falciparum . Deletion of the FYVE domain (GFP-FCP-fl FYVE) produced mor-
phologically stunted pa rasites but did not appea r to alter loca lizat ion of the protein. In contrast. C-terminal 
deletion including delet ion of the co iled-coil doma in (GFP-FCP- tl -c-coi0 or deletion of the C -terminal 44-amino 
acid domain alone (GFP-FCP-!lc44) each displayed altered loca lization to the cytop lasm. DIC, differentia l inter-
ference contrast. 

A. B. 

FIGURE 8. C-terminal peptide directs traffic to the FV. A, differential inter-
ference contrast (O/C) and fluorescence images of P. falciparum t ransfected 
with an expression plasm id encod ing GFP with a ( -termina l fusion of the 44 
amino acid peptide (GFP-44aa) deemed necessary for trafficking of GFP-FCP 
to the FV. ln trophozoite stage pa ras ites fluorescence appea red loca lized only 
to the FV (arrow), ind icat ing this pept ide is suffic ient fo r trafficking to the FV. 
B, con trol studies with the GFP expression vector lacking the ta rgeting pep-
tide (GFP-Contron demonstra ted a cytoplasmic fl uorescence pattern that 
excluded the FV (a rrow). In t he com posite image, brightness and contrast of 
individual image layers were adj usted. Pseudo green color was applied to 
the fl uorescence layer and superimposed on to the DI( image using 
Adobe Photos hop 6.0. 

Regardless of the altered mo rphologies, exp ressio n of GFP
FCP-t. FYVE yielded a G FP fluorescence pattern that co in
cided with visib le, a lbeit diminutive FVs within stunted par
as ites (F ig. 9A) as co mpared with un tra nsfected pa ras ites in 
the sa me culture (da ta not shown) a nd 36- h paras ites 
ex press ing a GFP contro l vec tor (F ig. 9B). 

For Pfaleiparum, ring stage paras ites represent the first 24 h 
of development within the red blood cells. T rophozoites repre
sent the next 16 h of development, and finally, schizonts, char
acteri zed by 8 -32 di stinct nuclei, represe nt the las t 8 h of devel 
opment within red blood cells. Because t rophozoites are 
morph ologically characterized by the presence of a visible FV
containing hemozoin, the 36- h GFP-FCP-t. FYVE-expressing 
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isolated in the t rophozoite fractio n 
of Perco ll -sorbitol gradients (data not shown), we believe that 
they were developmenta lly matu re enough to display new per
meatio n pathways. 

DISCUSSION 

A variety of signal sequence topologies are defined in P. fa l-
eiparum that mediate targeting to membranes or organelles 
inside or outside of the parasite. Conse rved conventions such as 
N- terminal mitochondrial targeting signals are known to be 
fu nctional in Plasmodium (34, 35). In additi on, the presence of 
a chloroplast remnant orga nelle termed the apicopla t adds 
additi onal complexity to the trafficking of proteins in malaria. 
T raffi cking to the apicoplast has been fo und to use an N -termi 
nal pre -sequence (36, 37). T his biparti te so rting signal consists 
of an N-terminal signal peptide fo r entry into the secretory 
pathway via the ER fo llowed by an apicoplast membrane tra nsit 
peptide that permits tra nsit across the membranes of the api
coplas t (37). Similarly for sec reti on, a triparti te sorting signal 
consisting o f an Ltermin al signal sequence fo llowed by two 
transit peptides directs sec re ti on of pro teins fro m the parasite 
across the parasite plasma membrane and surrounding parasi
tophorous vacuolar membrane fo r delive ry into the host red 
blood cell (29, 30, 38) . A limited number o f sec reted proteins 
with a conventio nal N- terminal signal sequence are targeted to 
the pa rasito phorous vac uolar memb rane o r other membranes 
(e.g. EX P-l ). The asparti c pro teases plas mep in I and II are type 
Il integral membrane proteins with internal signal sequences 
and are thought to be delive red to the parasite FV initiall y via 
the secreto ry pathway, which later conve rges wi th the parasite 
endocytic pathway (2). In a similar fas hion the principal so rting 
mechanisms fo r ta rgeting proteases and hyd ro lases to the Iyso- ~ 

somes of mammals and yeast include entry into the ER and 
secreto ry pathway fo llowed by receptor-mediated vesicular 
transport initiated in the trans-Golgi, which redirects secretory 
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FIGURE 9. Morphology of the oiFYVE mutant. T ransfection of parasites with 
GFP-FCP-D.FYVE revealed a profound dominant negative effect . A. bright field 
and fluorescence images of a late stage trophozoite expressing GFP-FCP-
D.FYVE. Note the stunted size of the parasite, nominal FV, and negligible 
amount of hemozoin as compared with the control GFP-transfected late 
stage trophozoite in panel B. B, con trol studies with the GFP expression vector 
lacking Fep (GFP-Conrrof) demonstrated a cytoplasmic fluorescence pattern 
that excluded the FV (a rrow). 

vesicles to the endocytic system. Herein, however, we have 
identified a signal-sequence-independent mechanism for tar
geti ng to the FV, an organelle on the secretory and endocytic 
pathways. 

In contrast to these previously defined protein sorting path 
ways, the Cvt pathway directed by the C-terminal peptide of 
FCP appears distinct in that it does not utilize the secretory 
pathway. Principally, FCP and GFP both lack recogni zable 
N-termi nal Signal sequences typically required for entry into 
the secretory pathway, and neither contains a transmembrane 
span. In addition and as seen above in Fig. 5, treatment with 
BFA, known to block both the classical and alternate secretory 
pathways in Plasmodium , fai ls to alter trafficking of FCP to the 
FY. Hence, our data suggests that a non -secretory Cvt pathway 
exists perhaps for FY proteins that lack -te rminal or internal 
signal sequences. 

Precedents fo r a Cvt pathway, also known as a consti tu tive 
autophagy pathway, have emerged from studies on S. cerevisiae, 
reviewed in Huang and Klionsky (39). This less traveled path of 
direct receptor-mediated transport to the digestive vacuole of 
yeast has been proposed fo r two so luble protein , the pro-for m 
of the hydro lase API (40,41) and the a- mannosidase I precur
sor (Ams lp) (42,43). Like FCP, these examples lack -terminal 
Signal sequences, do not enter the secretory pathway, and have 
peptide signals that are necessa ry for directed targeting to the 
yeast digestive vacuole. Indeed, the extreme C terminus of 
Amslp has also been fused to the normally secreted protein , 
invertase, resulting in redirection of the chimeric invertase 
from the secretory pathway to the yeast vacuole (42). Disrup
tion of these traffi cking signals results in a redistribution of the 
hydrolases to the cytosol instead of the lysoso me as we have 
ob erved for GFP- FC P vari ants lacking the C-terminal traffic k
ing signal (41 , 42). As with these examples in yeast, at present 
there is no obvious primary sequence similarity shared between 
the FCP trafficki ng peptide and other known FY proteins fo und 
in Plasmodium. 

A link to PI 3P fu nctions in Cvt as well as in endocytosis has 
emerged in a study of Etn , another Pl3P-binding protein fro m 
yeast. ETfl was identified as an effec tor of the yeast PI 3-kinase 
(Y ps34), and deletion of ETn or mutation of its PI3P binding 
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domain causes a seve re defect onl y in Cvt/constitutive autoph 
agy, not in endocytosis (44). In this regard Vps34 and its prod
uct PI3P are known to be involved in endocytosis, classical sort
ing of hydrolases such as CPY to the lysosome, starvation 
induced macroautophagy, and Cvt. By co ntrast, ETn appea rs 
only to be involved in the Cvt pathway (44). 

Our domain analysis identifies and reveals that differe nt 
functional attr ibutes (PI3P binding, oligomeri zation, and FY 
trafficking) exist in modular domains of FCP. Conservation of 
FCP throughout the genus Plasmodium and an apparent lack of 
other FYVE domain-containing proteins in Plasmodium argue 
in favor of a vi tal non-redundant func tion for FCP in malaria 
parasites. The dominant negative effects of the FYVE domain 
deletion construct further argue for a vital fun ction. In parti c
ular, the negligible amount of hemozoin in the ~FYVE mutant 
parasites suggests a fun ctional contribution by FCP either 
directly or indirectly to the metabo lism of hemoglobin , general 
function of the FY, or po lymerization of heme. Indeed, the FV 
provides vital fun ctions to the parasite (45), and several antima
larial compounds are thought to act by inhibition of heme 
polymerization (46). A better understanding of protein and 
lipid trafficking mechanisms and characterization of FY resi
dent proteins such as FCP should aid in the development of 
strategies to co mbat malaria. 
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