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SUMMARY 

Malaria is one of the most economically important parasitic diseases in the world and is 

caused by Plasmodium species. The disease symptoms are due to the parasite's nature 

of invading and developing within the host erythrocyte. Invasion of malaria parasite in 

a suitable host cell involves a cascade of receptor-ligand interactions. Rodent malaria 

Py235 and their homologues in human Plasmodium falciparum play an important role 

in invasion. However, little is known about the biological function of these proteins 

except that they bind to erythrocytes. 

In this study, we used various bioinformatics tools and biochemical and biophysical 

techniques to determine and validate functional domains within Py235. Indeed, the 

bioinformatics analysis identified a number of potential domains that might be of 

biological importance in the members of the RBL family examined. Of great interest 

was the observation that a conserved nucleotide binding-like domain is strongly 

predicted in all RBLs analyzed, with Py235 showing the most significant confidence 

level. This finding indicates that this domain is highly conserved and might play an 

essential role in RBL function. To assess and validate this domain, the predicted 

nucleotide binding domain (termed NBD94) of Py235 was chosen as a representative 

for the RBLs and expressed as a recombinant His-tagged protein. Using biochemical 

technique, we have shown that NBD94 specifically bind to ATP. Nucleotide affinities 

of NBD94 were determined by fluorescence correlation spectroscopy, where a specific 

increase in the binding of ATP is observed compared with ADP analogues. 

Fluorescence quenching and circular dichroism spectroscopy of NBD94 after binding 

of different nucleotides provide evidence for structural changes in this protein. Our data 
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also suggest that different structural changes induced by ATP/ADP binding have an 

effect on the erythrocyte binding ability of native Py235, indicating a potential role 

played by this domain during the erythrocyte adhesion and invasion process. Hints of 

spatial orientation were obtained where NBD94 was shown to possess a propensity to 

oligomerize. In view of what is known about other nucleotide binding proteins, this 

finding suggests that Py235 molecules may complex via oligomerization to achieve an 

activated multimeric form that could possibly signal the invasion process. 

Previously, it has been shown that protective antibodies against Py235 render the 

virulent infection of mice by lethal rodent Plasmodium parasite to an avirulent form. 

However, not much is known about the motif in Py235 that is responsible for eliciting 

these antibodies. In our study, we have shown that this antigenic site is just upstream of 

the nucleotide binding domain. In addition, we have also partially elucidated a putative 

erythrocyte binding domain in Py235 where it is shown to juxtapose with the nucleotide 

binding domain. 

In light of these recently revealed motifs/domains, several models have been proposed 

to explain the possible behavior of Py235 during host cell selection and invasion as 

well as immune evasion. Since homologues of Py235 have been identified in the human 

Plasmodium spp., the knowledge of these domains and motifs would serve as potential 

targets for intervention studies against the human malaria parasites. 

XIX 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Introduction 

CHAPTER 1 

INTRODUCTION 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Introduction 

1.1 Malaria 

1.1.1 Malaria: Past and Present 

Malaria appears to have evolved even before humans came about. This 

observation was supported by the discovery of the malaria parasites in mosquitoes 

preserved in amber from the tertiary period (approximately 30 million years ago) 

(Poinar, 2005). For more than 10,000 years, malaria has infected the human species 

and may well have since the dawn of humankind (Hayakawa et al, 2008; Joy et al, 

2003). Throughout history, many references had been made to the intermittent 

paroxysmal fevers that were typically characteristic of malaria which include earliest 

known recordings from India and Assyria. The first known historical record was in 

2700 BC in China where the characteristic symptoms of malaria were detailed (Cox, 

2002). Today, malaria still remains as one of the most important parasitic infections in 

the world affecting humans where it directly causes about 1 to 2 million deaths 

annually (Snow et al, 2005; W.H.O., 2008). 

Malaria got its name from the medieval Italian 'mararia' which means 'bad air'. This 

derivation came about due to the association of the disease with noxious fumes arising 

from the marshy areas. However, in the late 19th century, the true nature of malaria 

started becoming less obscure. Scientific breakthrough in malaria research was made 

in 1880 when a French army doctor, Charles Louis Alphonse Laveran, first discovered 

the Plasmodium parasites in bloods of patients suffering from malaria. This discovery 

made an important link between malaria and a microscopic organism thereby 

redefining the previously held perspectives on malaria. In 1897, Sir Ronald Ross, a 

British medical officer stationed in Hyderabad, India, managed to prove that malaria 

was transmitted by mosquitoes. This was subsequently followed by an important 
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finding made by an Italian professor Giovanni Battista Grassi in 1898 that the 

Anopheles mosquitoes were found to be responsible for the transmission of human 

malaria. Since then, international efforts by man-kind had been made to eradicate 

malaria targeting both the parasite and its vectors. Malaria which was once more 

globally widespread, where it was also commonly found in temperate countries such 

as North America and Europe, is now successfully contained within the tropical and 

sub-tropical regions of the world (in America, Asia and Africa). Majority of the 

malaria cases are accounted for in the sub-Saharan African countries while the 

remainder is mostly clustered in central Asia, Southeast Asia and Central and South 

America. Most estimates suggest that about half a billion clinical attacks of malaria 

are known to occur each year, where 40% of the world's population is at risk of 

malaria (according to World Health Organization (W.H.O) statistics; W.H.O., 2008). 

More than one million people die of malaria every year, with most of the victims 

being infants, young children and pregnant women in Africa (W.H.O., 2008). In fact, 

85-90% of malaria fatalities occur in the sub-Saharan Africa alone. In addition, 

malaria causes a brutal impact on the social and economic development of the 

affected countries where there is an average loss of economic growth by 1.3% (Gallup 

& Sachs, 2001). An estimated loss of US$12 billion in GDP is reported in primarily 

sub-Saharan Africa per annum (Phillips, 2001; W.H.O.). 

1.1.2 Malaria: Signs and Clinical Symptoms 

Malaria is an infectious disease caused by the protozoan parasite Plasmodium 

species where Plasmodium falciparum and Plasmodium vivax are the two important 

human parasites of significant clinical importance. Plasmodium falciparum malaria 

accounts for the highest mortality rates and causes the most severe symptoms in 
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humans, especially in the African continent (W.H.O.). In contrast, Plasmodium vivax 

malaria accounts for half the malaria cases outside Africa accounting for about 390 

million clinical infections per annum (Price et al, 2007). 

Malaria is typically characterized by the cyclical incidence of sudden coldness 

followed by rigor, fever and sweating which occur every 48 to 72 hours (depends on 

the Plasmodium species, according to http://www.malaria.am/eng/manifest.php) after 

being infected. The type of Plasmodium species and the patients' current immunity 

(whether they have a clinical history of malaria infection) will then determine the 

seriousness of the current infection. Malaria is a curable disease if treated adequately 

and promptly. It is, however, particularly dangerous to pregnant women and small 

children. Also, in endemic regions, malaria is one of the main cause of high perinatal 

("around the time of birth") rate. If no timely and effective treatment is given to the 

patients, this can lead progressively to a severe and life-threatening state, especially in 

the case of Plasmodium falciparum malaria. 

The symptoms of malaria are primarily due to the parasite's nature of invading and 

developing within the erythrocyte of the host. The clinical symptoms exhibited by 

patients include anaemia (due in part to lysis of erythrocyte), high fever, chills, 

vomiting, headaches, arthralgia (pain in joint), watery diarrhea and convulsions. This 

is due to the increase in parasite burden arising from the cyclical process of invasion 

and re-invasion of uninfected erythrocytes by new parasite progenies. However, 

complications can arise when there is an accumulation and sequestration of infected 

red blood cells (RBCs) in various organs such as the heart, lung, placenta, etc, 

resulting in organ damage and sometimes fatality. This is especially true in the case of 
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Plasmodium falciparum malaria. The infected RBCs can adhere to endothelium and 

obstruct blood flow, and hence nutrient and oxygen supply, to brain and other vital 

organs. These complications contribute to severe malaria which is characterized by a 

number of pathogenic processes which include jaundice, hypoglycaemia, 

thrombocytopenia, severe anemia, coma (cerebral malaria), electrolyte imbalance, 

acidosis, respiratory distress and acute lung injury, and hepatic and renal dysfunction 

(Miller et al, 2002). In the case of pregnant mothers who are infected with malaria, 

adhesion of infected RBCs in placenta has important and adverse effects on both the 

expecting mother (especially in the case of primagravid women) and the baby. 

Placental malaria leads to pregnant mothers suffering from anemia and giving birth 

prematurely while babies borne by these infected mothers normally have low birth 

weight. This often results in maternal deaths, perinatal mortality and impaired 

cognitive development.(Desai et al, 2007; Van Geertruyden et al, 2004) 

1.1.3 Malaria: Prevention and Control 

To combat malaria, various approaches and methods were used to target both 

the Plasmodium parasites and the mosquitoes. Due to economic development, public 

awareness and public health and environmental measures, malaria was successfully 

eradicated in temperate countries such as Western Europe and North America where it 

was once highly prevalent. Now, malaria primarily affects the poor populace living in 

the tropical and subtropical regions where rainfall and higher temperature offer an 

appropriate condition for breeding of the Anopheles vector and the transmission and 

development of the Plasmodium pathogens. In 1955, the Global Malaria Eradication 

Program was initiated by W.H.O. primarily focused on chloroquine, an anti-malarial 

prophylactics drug, for health treatment and residual insecticide DDT (dichloro-

5 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Introduction 

diphenyl-trichloroethane) to control the mosquito population. This campaign proved 

successful in Europe and was particularly effective in areas of relatively low 

transmission rates, such as India. Despite the initial success, due in part to emergence 

of chloroquine-resistant parasites and DDT-resistant mosquitoes, the program fell 

apart and was later abandoned in 1972. Since then, the resurgence of malaria in 

different parts of world occurred resulting in an increase in economic and health 

burden. A number of major international initiatives have since been launched to 

combat malaria which include the Roll Back Malaria program, the Multilateral 

Initiative in Malaria and Global Fund to Fight AIDS, TB and Malaria. These 

campaigns, through prevention and treatment, only served to decrease transmission 

but failed to completely eradicate malaria. Hence, there is a dire need for new 

methods of eradication in affected countries. 

A combined strategy of vector control, drug treatment and vaccination is hence 

needed to significantly reduce malaria transmission and infection. The contemporary 

strategies aimed at vector control include the use of insectide-treated bednets (ITNs), 

long-lasting ITNs (LLINs) and indoor residual spraying (IRS) of long-acting 

insectides and larvicides. Previously, DDT was used in IRS where it was effective in 

eradicating the mosquito vectors. However, it proved harmful to the environment and 

health and was discontinued for the past 30 years. In 2006, W.H.O. decided to re

implement DDT for indoor spraying in controlling malaria (Rehwagen, 2006a). 

Meanwhile, new and improved approaches to reduce the population of infectious 

mosquito are gaining momentum. At present, these approaches are focusing on the 

mechanisms that dictate the key behaviors of the mosquito such as host selection by 

vector for blood meal (Kwon et al, 2006; Zwiebel & Takken, 2004). Species-specific 
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repellants can be designed to target olfactory receptors used by the vectors in 

searching for blood meal. Another potential approach is to create genetically 

engineered mosquitoes that are incapable of transmitting malaria parasite while 

possessing a significant survival advantage in the wild (George, 2005; Marrelli et al, 

2007). 

Till today, the use of anti-malarial drugs remains the key treatment and prophylaxis in 

eradicating this disease in humans. These drugs generally target the asexual blood 

stage of Plasmodium. Quinine was originally used as an antimalarial in the 17l 

century. It was extracted from the bark of the Andean Cinchona tree. This was 

followed by the development of a much cheaper and effective synthetic quinoline 

compound chloroquine in 1934. For the next few decades, chloroquine became the 

most widely used anti-malarial compound. In addition to chloroquine, other quinoline-

based antimalarials such as amodiaquine and primaquine were synthesized in 1940s 

and 1950s. Mefloquine was later developed in 1975. Meanwhile, antifolate drugs, 

such as proguanil and Fansidar (Pyrimethamine/Sulfadoxine), were separately 

produced during the same period (Greenwood, 1995). However, in many parts of the 

world, P. falciparum has become resistant to chloroquine and Fansidar which happen 

to be the most affordable antimalarial drugs (Ridley, 2002; Rosenthal, 2001). A 

combination of atovaquone (belongs to the class of napthalenes) and proguanil 

(malarone) was found to be very effective as a chemotherapeutic drug and was made 

available since 2000. However, when new drugs were implemented and used, the 

parasite became rapidly resistant. As a result, the Malaria Foundation International 

and W.H.O. made a firm stand to support a major global switch to use Artemisinin-

based Combination Therapies (ACTs) in 2004 in hope to overcome this problem and 
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to prolong the effectiveness of anti-malarial drugs. Since 2006, W.H.O. announced an 

all out ban on the use of oral artemisinin monotherapies in the treatment of malaria 

(Rehwagen, 2006b). Artemisinin is derived from the plant Artermisia annua. 

Artemisinin and its derivatives (artesunate and artemether) are extremely effective 

chemotherapeutic drugs which are now used in combination with other drugs such as 

Fansidar. They remain, till today, one of the very few antimalarials that are effective 

worldwide (Nosten & White, 2007). 

The ultimate dream in eradicating human malaria infection is the development of a 

successful and long-lasting vaccine that can be safely and effectively administered. 

However, there is currently no clinically approved malaria vaccine even though a 

number are in development and testing. The current efforts in vaccine development 

are geared towards developing: 

(a) a whole-parasite vaccine: 

There are two types of whole-parasite vaccines, and they are the 

radiation-attenuated parasites and the genetically attenuated parasites. 

In the case of the latter, works are in progress for the testing of P. 

falciparum which have been attenuated by deletion of genes coding for 

parasitophorous vacuole formation (Labaied et al, 2007; Mueller et al, 

2005a; Mueller et al, 2005b). 

(b) a subunit vaccine: 

This vaccine is likely to be of much lower efficacy than whole-parasite 

vaccines. Currently, only a few antigens are targeted as potential 

vaccine candidates. These molecules are mainly surface proteins found 

on the invasive forms of Plasmodium and they include the 
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circumsporozoite protein (CSP), the merozoite-surface protein-1 

(MSP-1) and the apical membrane antigen-1 (AMA-1). Unfortunately, 

many vaccine trials for these candidates have proved futile. The only 

subunit vaccine candidate which shows promising result in phase lib 

clinical trials is RTS-S (Alonso et al, 2004; Bojang et al, 2001). RTS-S 

is designed to target the pre-erythrocytic stage of P. falciparum and is a 

fusion protein comprising CSP and the HBV (Hepatitis B virus) 

surface antigen (Stoute et al, 1997) used in combination with adjuvant 

AS02. In Mozambique, vaccination of RTS-S was carried out in both 

infants (Aponte et al, 2007) and children of age 1-4 years (Alonso et al, 

2005). The results looked promising as the risk of P. falciparum 

infection was greatly reduced. The vaccination provided protective 

immunity of 35.3% against clinical malaria and 48.6% against severe 

malaria for at least 18 months. Though encouraging, this vaccine is still 

far from being ideal and further research is needed to develop one that 

is capable of a more stable and long-lasting protective immunity for all 

age groups. 

Malaria research has been transformed dramatically with the advent of molecular 

genetics techniques (Vernick & Waters, 2004) where the genome sequences and 

proteomes of Plasmodium falciparum, Plasmodium vivax and Anopheles have now 

been made available (Carlton et al, 2008; Florens et al, 2002; Gardner et al, 2002a; 

Gardner et al, 2002b; Hall et al, 2002; Holt et al, 2002; Hyman et al, 2002). This 

information is crucial in the development of an efficacious vaccine and new 

therapeutic drugs against the spread of malaria. 
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1.2 Biology of Malaria 

1.2.1 Life Cycle 

The life cycle (Fig. 1.1) of the malaria parasite is a complex process that 

involves a vertebrate host and an arthropod vector. 

Innoculation of the parasite into the vertebrate host occurs when an infected female 

Anopheles mosquito bites, thereby releasing a few sporozoites into the bloodstream of 

the human host. Within 30 minutes of being introduced, these sporozoites migrate to 

and invade the hepatocytes, where they remain for 9-16 days and undergo 

differentiation and asexual reproduction (exo-erythrocytic schizogony). This gives 

rise to tens of thousands of liver merozoites. The prepatcnt period for this 

asymptomatic liver stage of infection varies for different Plasmodium spp. Upon 

maturation, the infected hepatocytes lyse, releasing the merozoites into the 

bloodstream. These merozoites quickly invade erythrocytes which then initiates the 

asexual erythrocytic phase of the life cycle. This phase accounts for the typical 

clinical features and pathology associated with malaria. 

The merozoites develop asexually within the erythrocyte whereby a series of distinct 

developmental stages are observed. The first stage is the ring stage where the parasite 

establishes itself within the host and starts to obtain its nutrients from the host. Here, 

little metabolic activity is observed. It then undergoes changes to form trophozoite 

where it continues to feed and grow extensively. This high metabolic activity of the 

trophozoite includes glycolysis of imported glucose and breakdown of the host cell 

hemoglobin. The free heme that is liberated from the hemoglobin breakdown is toxic 
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Fig. 1.1 Life cycle of malaria parasite Plasmodium sp 

The life cycle is divided into three phases: (i) sporogonic phase, (ii) exo-erythrocytic phase and (iii) 
erythrocytic phase. The sporogonic phase includes the sexual reproduction and the formation of diploid 
ookinete and the subsequent production of asexual sporozoites (stage E-F). The exo-erythrocytic cycle 
includes the asexual cycle leading to the formation of hepatic merozoites (stage A-B). The erythrocytic 
phase is where multiple asexual cycles of blood merozoites (stage C) occur and the formation of male 
and female gametocytes (stage D) which are then taken up by the mosquito in its blood meal. Adapted 
from http://www.open2.net. 
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to the malaria parasite and is therefore polymerized into crystalline particles called 

hemozoin (malaria pigment) and stored within the food vacuole. DNA replication 

begins towards the end of this trophic stage. The parasite undergoes a series of nuclear 

fission without cytokinesis (schizogony) leading to the development of a schizont. A 

mature schizont normally contains about 8 to 32 blood merozoites (depending on the 

malaria species) after segmentation. These merozoites, upon rupture, invade other 

uninfected erythrocytes and another asexual cycle is initiated. This cyclic process 

causes the parasite numbers to increase exponentially to as high as 1012 per host. 

Normally, each cycle takes about 48 hours for human malaria parasite P. falciparum 

(Fig. 1.2), where the release of merozoites coincides with the sharp rise in body 

temperature experienced by the infected human. Upon lysis of the infected RBCs, the 

contents that are released activate the production of cytokines (e.g. tumour necrosis 

factor, TNF) which are ultimately responsible for the clinical manifestation typically 

observed during the progression of the disease. 

After a variable number of erythrocytic cycles, some parasites eventually differentiate 

due to unknown environmental cues to form micro- and macro-gametocytes (male and 

female respectively) in the erythrocytes. These gametocytes are then taken up by a 

mosquito in its blood meal. Sexual reproduction occurs in the gut of the mosquito, 

resulting in the formation of a diploid zygote that develops into a motile ookinete. The 

ookinete penetrates the gut wall where it forms an oocyst containing thousands of 

sporozoites. When the oocyst bursts, the mature sporozoites migrate to the salivary 

glands of the mosquito and reside there. These are then released into a nai've 

vertebrate host when the infected mosquito has its next blood meal (Gilles & Warrell, 

1996). 
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Fig. 1.2 Graphical representation of events during the 48h cycle of P. falciparum development 

The estimated timing of the different events (DNA, RNA and protein synthesis) taking place during the 
development of P. falciparum in synchronized cultures. R, ring stage; ET, early trophozoites; LT, late 
trophozoites; S, schizonts; MS, mature schizonts. Adapted from Arnot & Gull (Arnot & Gull, 1998). 
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1.3 The Malaria Parasite: An overview 

1.3.1 Phytogeny 

The Plasmodium protozoan belongs to the family Plasmodiidae, order 

Haemosporidia and phylum Apicomplexa. There are seven genera present within this 

phylum, namely Plasmodium, Isospora, Cyclospora, Cryptosporidium, Babesia, 

Sarcocystis and Toxoplasma. All apicomplexan parasites share certain important 

features and they exhibit a polarized morphology. This distinct morphology is 

characterized by an apical complex which is shown to be fundamental to the invasion 

process (Fig. 1.3). 

There are over a hundred different species of Plasmodium that infect many animal 

species such as reptiles, birds, monkeys, chimpanzees and rodents (Garnham, 1973; 

Garnham, 1966). Of these, there are four well known species that naturally infect 

humans: Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae and 

Plasmodium ovale. However, a fifth species, the simian malaria parasite Plasmodium 

knowlesi, has been recently reported to naturally infect humans in some regions, such 

as Malaysia (Singh et al, 2004). These parasites differ in pathogenicity and 

morphology, where P. falciparum is responsible for about 90% of the deaths from 

malaria. The close relatives of the human malaria parasites are those that infect 

chimpanzees, which happen to be the closest relatives of humans. The chimpanzee 

parasite, P. reichenowi, is genetically similar to the clinically important human 

pathogen P. falciparum. It is currently believed that the primate malaria parasites 

originated in Africa and the divergence of these species in Southeast Asia is a recent 

event. Interestingly, the divergence of P. reichenowi and P. falciparum is estimated to 

have occurred around 5 to 8 million years ago which happens to be similar to the 
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period of divergence of their hosts (Escalante & Ayala, 1994; Escalante et al, 1998; 

McCutchan et al, 1996). 

1.3.2 Invasive forms of Plasmodium spp. 

Plasmodium parasites are obligate intracellular protozoa that have three 

different invasive forms. These forms have specialized gene and protein expression 

for survival and reproduction in different hosts, thereby allowing the parasite to 

invade various cell types at the different stages of its life cycle and to evade diverse 

host immune responses. These invasive forms include the sporozoites, the merozoites 

and the ookinetes. The sporozoites need to invade both the salivary gland of the 

mosquito and the hepatic cells of the vertebrate host. The merozoites invade the 

erythrocytes while the ookinete has to penetrate the mosquito midgut endothelium. 

These invasive forms also differ in their motility and morphology. Only sporozoites 

and ookinete are motile where the former is banana-shaped and the latter has a 

characteristic palmate shape. The non-motile merozoites are smaller and ovoid in 

shape. 

1.3.3 Cellular composition and apical organelles 

Generally, Plasmodium species have 14 chromosomes, one mitochondrion and 

one plastid (apicoplast). They are typically characterized by a unique set of secretory 

organelles found at the anterior end of its invasive form called the apical complex 

(Fig. 1.3). The organelles that form this complex are morphologically and functionally 

distinct and they are the rhoptries, the micronemes and the dense granules. Of the 

three, the rhoptries are the most prominent and they occur in pairs. They are pear-

shaped and membrane-bound and consist of a rounded basal bulb and a duct that joins 
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just beneath the plasma membrane at the apical end of the parasite. Distinct 

populations of proteins are known to localize to different regions of rhoptry. On the 

other hand, the micronemes are much smaller in size but occur in larger numbers and 

their shape and size vary depending on the species. In P. falciparum, they are slender 

tubular structures with one end attached to the rhoptry duct. There are about 50 dense 

granules and they are electron-dense spherical membranous vesicles containing 

granular matrix. Unlike the rhoptries and micronemes, the dense granules lie freely 

within the cytoplasm and are located between the nucleus and the rhoptry. 

The formation of the apical organelles occurs during the last 10-12 hours of the 

parasite development (Margos et al, 2004). Rhoptry formation starts soon after DNA 

replication whereas the microneme and dense granules are synthesized at the end of 

nuclear division. Unlike the apicoplast and mitochondria, the genesis of these 

secretory organelles is de novo. The apical organelles appear to be formed by 

vesicular budding from the Golgi apparatus. 

The apical organelles vary in the protein content where each organelle has a unique 

set of proteins. The rhoptries and micronemes contain a large number of proteins that 

appear to be involved in the early phase of erythrocyte invasion {Section 1.6) whereas 

the dense granules generally come into action after successful entry of the parasite. 

Rhoptry normally contain proteins important for host recognition and invasion. In 

addition, it also contains lipid rafts that aid in the formation of the parasitophorous 

vacuole (See Section 1.5.1). Micronemes contain a different set of protein for 

erythrocyte adhesions through which they are linked to the actomyosin filaments for 
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gliding and invasion. The proteins in dense granules are important for the 

establishment of the parasite within the host erythrocyte. 

Interestingly, there are differences in the organelle composition between the different 

invasive forms. For example, unlike merozoite and sporozoite, ookinete neither 

possesses any rhoptries nor forms a parasitophorous vacuole. However, this difference 

is in congruence with their specialized behaviour where the ookinetes which occur 

singly in the mosquito transverse but do not infect the host gut lining. Also, 

sporozoites, like merozoites, have large rhoptries but they contain numerous 

micronemes and are able to glide transverse and infect host cells, unlike merozoites 

which are non-motile and only infect nearby RBC after release. 

Recently, two new secretory organelles have come into the invasion fray. They are 

called the exonemes (Yeoh et al, 2007) and mononemes (Singh et al, 2007). 

Exonemes are apical organelles that are dense and granule-like and are important in 

the merozoite egress in the infected RBC. They contain a subtilisin-like serine 

protease (PfSUBl) which is required for schizont rupture and erythrocyte reinvasion. 

On the other hand, mononemes are located on one side of the merozoite where they 

extend from the apical end to just posterior of its nucleus. Presently, only the 

rhomboid protease PfROMl has been shown to be found in these secretory organelles. 

This protease is most likely important in the cleavage of micronemal and rhoptry 

proteins, where this processing event is probably necessary for the successful invasion 

process. 
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All these organelles are thought to play a vital role in allowing the parasite to 

recognize a particular host cell, penetrate it effectively and reproduce successfully 

within it (Baum et al, 2008; Kats et al, 2008; Preiser et al, 2000; Sam-Yellowe, 1996) 

Apical polar ring 

Plasmodium falciparum 
meroxoito 

APICAL 

COMPLEX 

Wicroncmes— 

Rhoptries 

Dense granules' 

Subpellicular 
microtubules 

Inner membrane 
complex vvilh underlying 

subpellicular network 
(not shown} 

Mitochondr ion 

Apicoplost 

Nucleus 

endoplasmic 
reticulum 

Plasma memhrane 

Rough surface 
coat 

Fig. 1.3 Apical complex showing the organelles found within the Plasmodium protozoan 

The important organelles implicated in the invasion are highlighted as components of apical complex 
and are localized at the apical prominence of the parasite. (Adapted from Baum et al , 2006) 
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1.4 The Human and Rodent Malaria Parasites: Host Cell Selection, Virulence 

and Pathogenesis 

Different species of human blood-stage Plasmodium invade red blood cells of 

different age group (Garnham, 1966). For example, P. malariae invades only mature 

red cells (normocytes) while reticulocytes, which make up only -1-2% of the total 

RBC population in humans, are mainly invaded by P. vivax and P. ovale. On the other 

hand, P. falciparum and P. knowlesi invade RBCs of all ages. Thus, in the absence of 

treatment and host immunity, high parasitemia is observed in falciparum malaria 

while vivax malaria results in parasitemias of less than 2% of circulating RBCs (Field 

& Shute, 1956). The ability to invade a wider repertoire of RBCs can potentially 

produce a higher parasitemia and, therefore, a more severe infection (with respect to 

pathology and morbidity) than one that is limited to a smaller subset of RBCs. Hence, 

this line of reasoning was generally accepted to explain the observed phenomena, 

where P. falciparum causes a severe clinical pathology and accounts for majority of 

the malaria related deaths while P. vivax causes a less severe infection that rarely 

results in death, and this is due to the difference in invasion efficiency exhibited by 

these parasites. However, recent findings regarding vivax malaria challenge this 

dogma of P. vivax causing only a benign infection (Barcus et al, 2007; Genton et al, 

2008; Tjitra et al, 2008). Studies in New Guinea have shown a strong association 

between P. vivax infection, severe disease and death. However, further studies are still 

necessary to validate this association, in particular for vivax malaria occurring outside 

of New Guinea. So far, there is no concrete evidence that clearly elucidates the 

underlying mechanism responsible for severe vivax malaria. 
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Interestingly, the RBC preference is also observed in the rodent malaria parasites. In 

Plasmodium yoelii, the 17X YA (hereafter called YA) (Jarra & Brown, 1989) strain is 

similar to P. vivax as it invades only reticulocytes and, unlike P.vivax, causes an 

avirulent infection. On the other hand, 17X YM (hereafter called YM) (Yoeli et al, 

1975) strain invades both mature RBCs and reticulocytes causing a fatal infection 

(Knowles & Walliker, 1980), similar to P. falciparum. Thus, the rodent malaria 

parasite imitates various aspects of the medically important human malaria parasites. 

The rodent malaria model (Table 1.1) in mice can therefore be used to study virulence 

and pathology of infections in human. 

Table 1.1 Different rodent malaria species/strains used as model for different purpose 
* previously thought to resemble the clinical profile of P. vivax but in view of recent finding indicates 

that this may not hold true (see text) 
** resembles the clinical profile of P. vivax and P. falciparum 

Species/Strain Erythrocyte Infection pathology Model for study of human malaria in the 
invaded following area 

Plasmodium reticulocyte Mild* For development and characterization of 
yoelii 17X vaccine candidates (Doolan et al, 1998) 
YA 
Plasmodium mature/ Lethal** 
yoelii 17X reticulocyte 
YM 
Plasmodium 
berghei 

Plasmodium 
chabaudi 

Plasmodium 
vinckei 
vinckei 

reticulocyte 

mature/ 
reticulocyte 

Mature 

Lethal (cerebral 
complications) 

Mild/Lethal 

Lethal 

For stable transfection of exogenous gene 
(Tomas et al, 1998; van Dijk et al, 1995) 

For study drug resistance because of number 
of stable drug resistant clones (Padua, 1981; 
Rosario, 1976) 

For study of chronotherapy (Landau & 
Chabaud, 1994) 
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1.5 Cellular and Molecular Biology of Erythrocyte Invasion by Plasmodium 

Due to its nature as an intracellular parasite, the Plasmodium parasite shares a 

unique and very intimate relationship with the host it resides within. As such, the 

parasite needs to invade and develop within the host cells. There is a conserved 

mechanism used by Plasmodium spp (as well as other apicomplexan parasites) which 

facilitates the entry of parasite into the host cell where the host cell appears to be 

almost entirely passive during the invasion. During its intracellular development, the 

parasite modifies the host cell in order to ensure its survival and its subsequent 

release. Hence, the interactions which take place between the host cell and parasite 

during invasion can be described at the cellular and molecular level. 

/. 5.1 Erythrocyte Invasion: Cellular Aspect 

The invasion of red blood cells by the Plasmodium parasite is a complicated, 

multistep process where our current insights on the cellular processes of host cell 

invasion are mostly based on previous studies done on merozoites using 

videomicroscopy (Dvorak et al, 1975) and electronmicrosopic analyses (Aikawa & 

Miller, 1983; Aikawa et al, 1978; Aikawa et al, 1981; Bannister et al, 1975; Miller et 

al, 1979; Sherman, 1999). Generally, erythrocyte invasion begins with the random and 

reversible attachment of the merozoite to the surface of red blood cell. The merozoite 

then reorients such that its apical prominence comes in contact with the surface of the 

host cell. This reorientation also coincides with a transient erythrocyte deformation 

(Fig. 1.4) (Dvorak et al, 1975; Lew & Tiffert, 2007). Up to this stage, the merozoite 

can dissociate and reattach to a new potential red cell. 
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R eo ri entati o iV Defo rmati on 
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Initial 
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Fig. 1.4 The steps in the early event of Plasmodium invasion 

Prior to successful entry into the erythrocyte, the malaria parasite has to sense the appropriate host cell. 
This involves initial attachment, followed by reorientation whereby the deformation of the red cell is 
observed as shown. Finally, if the host cell is suitable, the parasite will form a tight junction with the 
erythrocyte. Figure adapted from http:// www.tulane.edu. 

Irreversible attachment of the parasite to RBC then ensues where a tight junction 

between the two membranes is formed. The parasite is now committed to the invasion 

process. This tight junction is observed as an electron-dense thickening under the 

erythrocyte membrane at the point of contact (Aikawa et al, 1978; Miller et al, 1979). 

This is followed by a rapid entry (~ 20 seconds) of parasite into the red blood cell 

(Fig. 1.5). The initial process of host penetration requires the participation of the 

invasion proteins from the apical complex that eventually leads to the discharge of the 

contents of these organelles as the parasite enters the RBC. 

It is believed that rhoptries are discharged right after the micronemes and 

intramembranous component of the rhoptry is responsible for the development of the 

parasitophorous vacuole. This vacuole begins at the junction and expands into the 

erythrocyte as the parasite enters it. Upon successful entry, the erythrocyte membrane 

reseals and the parasite is now completely enclosed by the parasitophorous vacuole. 
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At this point, the content of the dense granules, thought to play a role in the 

modification of the erythrocyte, is released (Culvenor et al, 1991; Torii et al, 1989). 

The invasion process is now complete and the parasite then resides and multiplies 

within the RBC. 

However, it is important that the parasite is able to exit from the host cell to facilitate 

the next round of invasion. This egress event involves biophysical changes in 

intracellular pressure as well as biochemical changes such as cytoskeleton disruption. 

These changes occur at the final stage of schizont maturation which eventually leads 

to the disruption of the membrane lining the parasitophorous vacuole and the 

subsequent rupture of the host RBC membrane (Wickham et al, 2003). It appears that 

merozoites produce organelles specifically for egress in addition to those for invasion 

(Yeoh et al, 2007) which include the recently discovered exonemes (see Section 

1.3.3). 

The key prerequisites for survival and successful transmission requires the parasite to 

be able to search the appropriate host cell and at the same time to evade the host's 

immunity. In the case of the former, the specific host cell recognition by the parasites 

involves multiple receptor-ligand interactions and checkpoints (Cowman & Crabb, 

2006; Dvorak et al, 1975; Gaur et al, 2004; Preiser et al, 2000). The whole invasion 

process takes place within a minute which possibly minimizes the exposure of the 

merozoite to immune attack. 
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(ii) 
REORIENTATION 
LEADING TO 
TIGHT JUNCTION 
FORMATION 

(III) DISCHARGE 
OF MICRONEME 
AND RHOPTRY 
RESULTING IN 
RAPID ENTRY OF 
PARASITE INTO 
EXPANDING PV 

(I) INITIAL 
ATTACHMENT 

(V) ESTABLISHMENT 
AND DEVELOPMENT 
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STAGE FORM 

(IV) SHEDDING OF 
OUTER COAT AND 
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& ERYTHROCYTE 
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Fig. 1.5 A detailed overview showing the various cellular events occurring during erythrocyte 
invasion 

Once the tight irreversible junction is formed with a suitable red cell, rapid entry of the Plasmodium 
parasite occurs. The parasitophorous vacuole formed at the contact site will eventually enclose the 
parasite and allow it to develop successfully with the host. PV: Parasitophorous Vacuole. (Adapted 
from Chitnis and Blackman, 2000) 
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1.5.2 Erythrocyte Invasion: Molecular aspect 

There are number of molecular interactions that occur during the different 

stages of the invasion process. These interactions involve both the parasite ligands and 

their corresponding erythrocyte receptors (Chitnis, 2001; Facer, 1983; Howard et al, 

1982; Miller et al, 1973; Miller et al, 1975; Pasvol et al, 1982). Arrays of these 

proteins probably interact together to form macromolecular complexes which may be 

crucial for specific host cell recognition and invasion (Table 1.2). 

Table 1.2 List of some of the parasite proteins that have a potential role in Plasmodium 
falciparum invasion (adapted from Cowman and Crabb, 2006) 

Location Parasite 
Ligand 

Erythrocyte 
Receptor 

Features 

Merozoite 
Surface 

MSP1 

ABRA 

MSP3/-6 
MSP-7 

SERA 3-6 

Band-3 Integral protein: GPI anchored, potential 
vaccine target, binds to erythrocyte 
Peripheral protein, putative protease 
Peripheral protein, interact with MSP-1 

Peripheral protein, putative interaction with 
MSP-1 

Peripheral protein containing cysteine 
protease domain, interact with MSP-1, 

Microneme AMA1 
EBLs: 
(a) EBA140 
(BAEBL) 
(b)EBA175 
(c)EBA181 
(JESEBL) 
MTRAP 

SUB2 

Unknown 

Glycophorin C 

Glycophorin A 

Trypsin-resistant 
receptor W 

Play a role in apical orientation in merozoite 

Binds to erythrocyte 

Motor associate protein, binds to aldolase 
Subtilisin-like serine protease involved in 
shedding of MSP-1 andAMA-1 

Rhoptry RBLs: 
(a)PfRHl 

(b) PfRH2b 

RhopHl-3 
RAP 1-3 

Neuraminidase 
sensitive Receptor Y 

Receptor Z 

Unknown 

Binds to erythrocyte 

Mediates trypsin/neuraminidase resistant, 
chymotrypsin sensitive invasion pathway 
High molecular weight complex 

Low molecular weight complex 

Dense 
granules 

SUB1,2 

RESAs 

Subtilisin-like serine protease involved in 
shedding of MSP-1 andAMA-1 

Ring infected erythrocyte surface antigen, 
asscoiate with spectrin 
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1.5.2.1 First stage of invasion: primary attachment ofmerozoite 

The initial contact of the parasite with the erythrocyte seems to be host 

specific (Miller et al, 1979) involving surface proteins on the merozoite and 

the erythrocyte receptors. Though these molecular interactions are precise and 

unique, they are reversible and of low-affinity. The outer surface of the 

merozoite has abundant amount of glycosylphosphatidylinositol (GPI) 

anchored transmembrane proteins and associated peripheral proteins. The GPI-

anchored proteins include the family of merozoite surface proteins (MSPs) 

(Black et al, 2003; Black et al, 2001; Holder et al, 1985b; Marshall et al, 1997; 

Marshall et al, 1998; Trucco et al, 2001; Weber et al, 1988), in which the most 

abundant protein is MSP1. The other members of MSPs include MSP2, -4 and 

-5, which are GPI linked to merozoite surface, as well as soluble MSP3, -6 and 

-7 which are either found soluble in the parasitophorous vacuole or associated 

peripherally with membrane bound proteins. It is believed that the MSPs play 

an important role in the initial adhesion of parasite to the host red cell. In 

addition, a class of novel proteins which are also anchored to the extracellular 

surface of the merozoite via glycosylphosphatidylinositol linkage have been 

recently identified and implicated in primary binding of merozoite to RBC 

surface (Sanders et al, 2005). Members in this novel class of proteins include 

Pfl2,Pf38, Pf41 andPf92. 
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1.5.2.2 Second stage of invasion: erythrocyte deformation and apical 

orientation 

During the primary attachment of the merozoite, its apical end is not in direct 

contact with the erythrocyte membrane. Hence, apical orientation ensues that 

involve the wrapping of the erythrocyte membrane around the merozoite. Such 

deformation event allows the juxtaposition of the apical end of the parasite 

with membrane of the erythrocyte. This is an essential step for the merozoite 

to penetrate the RBC. The molecular interactions which resulted in this 

repositioning are not clearly delineated however it has been shown that Apical 

Membrane Antigen 1 (AMA1) might be essential for this process (Mitchell et 

al, 2004). Antibodies against AMA1 block the reorientation of the merozoite 

but do not inhibit the initial binding of the merozoite to erythrocyte (Mitchell 

et al, 2004). Hence, AMA1 interaction with the erythrocyte receptor may serve 

as an intermediate event that links the weak, reversible interactions by MSPs 

occurring at the initial attachment with the strong, irreversible interactions 

between micronemal proteins and the erythrocyte receptors at later stage of 

invasion. 

1.5.2.3 Third stase of invasion: Tight junction formation 

Following the apposition of the apical end of merozoite towards the surface of 

the RBC, a number of highly specific molecular interactions occurs between 

the ligands in specialized secretory organelles (micronemes and rhoptries) in 

merozoites and the surface receptors of the erythrocyte (Cowman & Crabb, 

2006; Iyer et al, 2007a). This results in the formation of tight junction which 

may be initially induced by microneme discharge. Such discharge results in 
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the unmasking of the receptor-binding domains of ligands present within. The 

proteins in these apical organelles that are involved in tight junction formation 

belong to two different multigene families and will be addressed in detail in 

Section 1.7. 

1.5.2.4 Fourth stage of invasion: Merozoite entry, its establishment within 

erythrocyte and esress 

The entry of merozoite is an active process as the erythrocyte lacks any uptake 

mechanism (e.g. phagocytic or endocytotic activity). Therefore, the merozoite 

has to form a parasitophorous vacuole by itself to ensure proper establishment 

within the erythrocyte. Hence, a number of molecular events occur as the 

parasite rapidly gains entry. 

At the point of junction formation, there is a clearing of the erythrocyte 

proteins which probably facilitates the entry of the parasite. Degradation of the 

erythrocyte Band 3 protein by merozoite serine protease results in the 

localized destabilizaton of the submembrane cytoskeleton (Braun Breton & 

Pereira da Silva, 1993). This allows nascent parasitophorous vacuolar 

membrane (PVM) to form at the junction area. This junction area then 

becomes a small annulus through which the membrane invagination and 

parasite entry occurs. The PVM is thought to be of both erythrocyte and 

parasite origin where its formation correlates with the discharge of rhoptries. 

Further, some rhoptry proteins are localized to the PVM and this observation 

gives rise to the notion that the rhoptries may function in formation of PVM 

(Sam-Yellowe, 1996). 
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The parasite's movement through the annulus, into the expanding 

parasitophorous vacuole (PV), involves a series of signaling events via 

erythrocyte P-adrenergic receptors (Harrison et al, 2003) and the actin-myosin 

motor machinery (Keeley & Soldati, 2004; Pinder et al, 2000). The driving 

force presumably generated by this machinery involves the myosin motors 

moving along actin filaments within the parasite. These myosin proteins are 

linked to the transmembrane parasite ligands which in turn interact with the 

erythrocyte surface receptors. As the parasite enters into the PV, the junction is 

seen to move from its apical end to the posterior. Upon complete entry, the 

junction then disappears and the fusion and separation of the respective PVM 

and host erythrocyte membrane occur allowing the parasite to reside and grow 

within. 

1.6 Molecular players in invasion 

1.6.1 Proteins on the merozoite surface 

MSP-1 is dominantly expressed on the surface of merozoite. It is synthesized 

as a ~195kDa precursor and is subjected to considerable proteolytic processing at both 

late schizogony and after egression of merozoite prior to invasion (Cooper, 1993; 

Freeman & Holder, 1983; Holder & Freeman, 1982; Holder & Freeman, 1984). 

During the initial processing, MSP1 together with MSP6 and MSP7 are 

proteolytically processed by the subtilisin-like protease (PfSUBl). Inhibition of MSP1 

processing by PfSUBl has been shown to abolish invasion by released merozoites 

(Koussis et al, 2009). The fragments produced during the processing form non-

covalent multimeric complexes (McBride & Heidrich, 1987) and these MSP1 

complexes are then uniformly distributed on the surface of the merozoite. These 

29 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Introduction 

complexes consist of at least 6 proteins, of which 4 are derived from MSP1 processing 

and the remaining two are from MSP6 and 7 (Kauth et al, 2003; Kauth et al, 2006; 

Trucco et al, 2001). MSP1 binds to human erythrocyte via Band-3 receptor (Goel et 

al, 2003). Antibodies against MSP1 inhibits erythrocyte invasion by Plasmodium 

(Holder et al, 1994). Hence these observations, coupled to the fact that targeted 

disruption of MSP 1 has not been successful, seem to indicate that MSP-1 is the most 

likely involved in the initial attachment and crucial for invasion process. However, 

this requires extensive validation. 

1.6.2 Micronemal proteins 

AMA1 is a Type 1 integral membrane protein (Hodder et al, 1996) and is 

micronemal in origin. It is synthesized as 83kDa precursor that undergoes proteolytic 

processing similar to MSP-1 to a 66kDa protein prior to its translocation to the surface 

of merozoite (Howell et al, 2003; Howell et al, 2001). During invasion, it is finally 

cleaved off by a subtilisin-like sheddase called PfSUB2 (Harris et al, 2005). It is 

highly conserved across the phylum and is shown to be essential for invasion in 

Plasmodium and Toxoplasma (Deans et al, 1982; Hehl et al, 2000; Mital et al, 2005; 

Triglia et al, 2000; Urquiza et al, 2000) indicating the importance of this micronemal 

protein in Apicomplexan biology. 

It has been shown that AMA1 interacts with essential rhoptry neck protein RON4 and 

RON2 (Alexander et al, 2005; Cao et al, 2009). In addition, the AMA1 complex 

appears to specifically bind with homologues of three Toxoplasma AMA1-associated 

proteins (AAPs) where inhibitory antibodies have been shown to disrupt the formation 

of this functional complex thereby abrogating invasion in P. falciparum (Collins et al, 
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2009). It is believed that the AMA1 complex, just like in Toxoplasma gondii, becomes 

associated with the moving junction during invasion. 

Subtilisin-like protease 2 (SUB2) is also localized in the microneme. It is translocated 

to the surface of the merozoite upon release. It has been shown that it is most likely 

involved in the shedding of MSP 1 and AMA1 (Harris et al, 2005). As proteolytic 

cleavage (i.e. shedding) of surface protein during invasion is a common process, 

SUB2 thus may play an important role in facilitating the entry of parasite into the host 

red cell by disrupting the interactions between the parasite and the host red cell. 

The thrombospondin-related anonymous protein (TRAP) (Robson et al, 1988) is an 

essential adhesion molecule important for motility of sporozoite and its invasion in 

hepatocytes (Sultan et al, 1997). TRAP, a Typel membrane protein, was first 

identified in sporozoite and homologues were later found in ookinetes (Trottein et al, 

1995) and merozoites (Baum et al, 2006). Merozoite-specific TRAP homologue 

(MTRAP) is localized to the micronemes which is later released onto the surface of 

merozoite prior to invasion. It becomes proteolytically processed during invasion by a 

rhomboid protease. It has been found to interact with aldolase in vitro (Baum et al, 

2006). Thus, during invasion, this form of TRAP may be localized to the moving 

junction where it interacts with the parasite's motor machinery via its cytoplasmic tail. 

This may result in MTRAP bridging the actin-myosin motor complex in the 

cytoplasm to the cell surface. Moreover, failure to knock out the gene hints that 

MTRAP is essential for survival. However, future studies need to be carried to 

elucidate the role of MTRAP in invasion. 
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Another important family of adhesion proteins crucial in the formation of tight 

junction and hence invasion is the Erythrocyte Binding Ligand (EBL) family which 

will be dealt with in Section 1.7. 

1.6.3 Rhoptry proteins 

In the rhoptry, a heterogenous population of proteins exists where these 

proteins generally play a major role in invasion (Sam-Yellowe et al, 2008). Many of 

these proteins are associated with the moving junction and formation of the 

parasitophorous vacuole. Some of the rhoptry proteins form complexes. These include 

the low molecular weight rhoptry associated protein (RAP) complexes (Douki et al, 

2003; Howard et al, 1998; Schofield et al, 1986) and the high molecular weight 

rhoptry protein (RHOP) complexes (Perkins & Ziefer, 1994; Sam-Yellowe et al, 

1988). The rhoptry associated protein (RAP) complex comprises RAP1, -2 and -3 

which are 80kDa, 42kDa and 37kDa respectively (Howard et al, 1998; Schofield et al, 

1986). RAP1 and RAP2 have been shown to bind to erythrocytes (Sterkers et al, 

2007) and may be involved in merozoite attachment and invasion of RBC (Sam-

Yellowe, 1996). Gene disruption of RAP 1 indicates that RAP1 may play a role in 

trafficking of RAP2 (Baldi et al, 2000). However, the exact role of RAP complex still 

remains unclear. 

The high molecular weight rhoptry protein complex, also called Rhop H, contains 

three major proteins known as RhopHl (155kDa), RhopH2 (140kDa) and RhopH3 

(HOkDa) (Cooper et al, 1988; Lustigman et al, 1988).The PfRhopH complex is 

detected on the surface of RBC when the parasite attaches to the cell. It is also found 

inside the infected RBC. RhopHl has been shown to possess erythrocyte binding 
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activity (Kaneko et al, 2005). RhopHl members were originally identified as 

belonging to the cytoadherence linked asexually gene (clag) family (Kaneko et al, 

2001). Currently, in P. falciparum, 5 rhophl/clag gene can be found and they are the 

clag2 (PFB0935w), clag3.1 (PFC0120w), clag3.2 (PFCOllOw), clag8 (MAL7P1.229) 

and clag9 (PF11730w). However, only clag2, clag3.1 and clag9 are shown to be 

components of the RhopH complex (Kaneko et al, 2005; Ling et al, 2004). 

Interestingly, it appears that the PfRhopH complex contain only one member of 

Pvhopl/Clag. For example, PfRhopH complex that contains Clag9 does not contain 

Clag2 or Clag3.1 (Kaneko et al, 2005). Such alternative expression of the clag 

members may play an important role in invasion, probably similar to that seen in 

py235 (Section 1.8.2.1) or var family. However, the exact role of RhopH complex still 

remains obscure but is also speculated to be involved in establishing communications 

between the host cell and parasite, an example is the transport of nutrient from host 

cytoplasm to PV (Kaneko, 2007). 

Other rhoptry proteins include the rhoptry neck proteins (RONs) (Alexander et al, 

2006) and MAEBL. Current finding appears to indicate that the role of RONs is 

coupled to the function of AMA1 in which AMA1 complexes with RON and is 

localized to the moving junction (see above). In contrast, MAEBL is a rather unique 

protein which has been shown to be vital in salivary gland invasion (Kappe et al, 

1998; Kariu et al, 2002) and hepatocyte invasion (Preiser et al, 2004; Preiser et al, 

2002). MAEBL is a chimeric protein containing a tandem pair of cysteine rich 

domains (Ml and M2) of AMA-1 and carboxyl cysteine rich domain of EBL (Blair et 

al, 2002; Kappe et al, 1998). It is also found to be localized in the rhoptry of the 
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merozoite and may have a distinct role in erythrocyte invasion (Noe & Adams, 1998; 

Noe et al, 2000). 

Expression of the products of a superfamily of high molecular weight proteins called 

RBL (reticulocyte binding like) has been shown to be implicated in host cell selection 

and invasion. These rhoptry proteins will be discussed in detail in Section 1.7. 

1.6.4 Dense granule proteins and proteins in other secretory granules 

Unlike the molecular players found in the rhoptry and microneme, the content 

of the dense granules are generally implicated in the modification of the host 

erythrocyte and development of the intraerythrocytic parasite following invasion. 

There are three types of proteins identified in P. falciparum. During invasion, the 

Ring infected erythrocyte surface antigen (RESA) is secreted from the dense granule 

and translocated across the PVM into the cytosol of newly invaded host RBC (Aikawa 

et al, 1990; Culvenor et al, 1991). It is eventually localized under the membrane of the 

RBC infected with the ring-stage parasite where it interacts with the cytoskeleton 

(Foley et al, 1991). It is hypothesized that RESA binds to and prevents the 

destabilization of the spectrin tetramers in the event of any physical perturbation 

(Silva et al, 2005). This possibly affects the membrane structure by preventing further 

invasion of other merozoites hence protecting against multiple infection (Pei et al, 

2007). It has also been shown that antibody against RESA inhibit the invasion of 

parasite in vitro (Berzins et al, 1986). RIMA (ring membrane antigen) is a 14kDa 

protein which is housed in dense granule and is secreted during invasion where it is 

transported to surface membrane of the ring-stage parasite. It seems to partake in the 

early formation of the parasitophorous vacuole (Trager et al, 1992). However, there is 
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evidence that indicates the localization of some proteins to dense granules which may 

be implicated in the actual process of invasion (Barale et al, 1999; Blackman et al, 

1998; Culvenor et al, 1991). Subtilisin-like proteases (PfSUBl and 2), implicated in 

the processing of MSP-1 and AMA-1 during the initial steps of invasion and shedding 

of the merozoite coat (Aikawa et al, 1978; Bannister & Dluzewski, 1990; Bannister & 

Mitchell, 1986; Bannister et al, 1986), were thought to localized to both the dense 

granules and micronemes (Barale et al, 1999; Blackman et al, 1998; Hackett et al, 

1999; Harris et al, 2005). However, recently, PfSUBl was shown to localized in a 

distinct secretory granule called the exoneme (Yeoh et al, 2007). Here, it is released 

into the PV where it digests the papainlike proteases, the serine repeat antigen (SERA) 

4 — 6, thereby activating these proteases which in turn are involved in the rupture of 

PV. Hence, PfSUBl plays an additional role in schizont rupture and egress (Yeoh et 

al, 2007). 

1.7 Gene families: EBL and RBL families of invasion molecules 

Parasite ligands, involved just immediately before tight junction formation, are 

important in specific host cell selection and invasion in different parasites. For each 

merozoite to be able to discern between different types of erythrocyte it encounters, 

these ligands play a crucial role by specifically recognizing and binding to appropriate 

receptors found on the surface of the erythrocyte. These biologically important 

proteins are contained in the apical organelles of the parasite, namely the rhoptries and 

micronemes. They belong to two gene families: the Reticulocyte Binding Protein 

Homologues (RBL) superfamily and the Erythrocyte Binding Ligand (EBL)-Duffy 

Binding Protein (DBP) family. The homologous members in each family are 
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conserved among the apicomplexan parasites indicating their evolutionary and 

functional importance. 

The members in RBL superfamily are rhoptry proteins and they include the Py235 

(P. yoelii 235kDa rhoptry proteins) (Holder & Freeman, 1981), PfRHs {P. falciparum 

rhoptry protein homologues) (Cowman & Crabb, 2006; Iyer et al, 2007a; Kaneko et 

al, 2002; Rayner et al, 2000; Rayner et al, 2001; Taylor et al, 2001; Triglia et al, 2005; 

Triglia et al, 2001a) and PvRBPs (P. vivax reticulocyte-binding proteins) (Galinski et 

al, 1992; Galinski et al, 2000). On the other hand, the proteins from EBL-DBP family 

(hereafter called EBL family) are generally found in the micronemes and these 

homologues include P. falciparum EBA175 (Camus & Hadley, 1985), EBA140 

(BAEBL) (Narum et al, 2002; Thompson et al, 2001), EBA181 (JESEBL) (Mayer et 

al, 2001), EBA-165 (PEBL) (Triglia et al, 2001b) and EBL-1 (Peterson & Wellems, 

2000) as well as the DBPs of human malaria P. vivax (Fang et al, 1991), simian 

malaria P. knowlesi (Adams et al, 1990) and rodent malaria P yoelii, P. berghei and P. 

chaubadi (Hall et al, 2005; Kappe et al, 1997; Prasad et al, 2003). These proteins will 

be further discussed in the following sections. 

1.7.1 The Erythrocyte Binding Ligand family (EBL) 

The human malaria parasite P. vivax and the simian P. knowlesi are able to 

invade human red blood cells via the Duffy blood group antigen found on erythrocyte 

membrane (Barnwell et al, 1989; Barnwell & Wertheimer, 1989; Miller et al, 1976; 

Miller et al, 1975). It appears that Duffy receptor is essential for junction formation 

and it has been shown that P. knowlesi merozoites are able to attach and reorient but 

unable to form tight junction in Duffy-negative erythrocytes (Miller et al, 1979). The 
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proteins that bind to the erythrocyte Duffy antigen in P. knowlesi (Haynes et al, 1988) 

and P. vivax (Wertheimer & Barnwell, 1989) were subsequently identified and, 

shortly after, the genes coding these proteins and their P. falciparum homologue were 

also partially sequenced (Adams et al, 1990; Fang et al, 1991; Sim et al, 1990). A 

conserved cysteine-rich domain in these parasite Duffy binding proteins (DBP) of P. 

vivax and P. knowlesi was first demonstrated to mediate binding to erythrocyte in 

these parasites (Chitnis et al, 1996). This domain is termed DBL (Duffy binding-like) 

domain (Fang et al, 1991) and has been identified in two families of parasite ligands, 

namely the var family of P'. falciparum erythrocyte membrane protein 1 (PfEMP-1) 

adhesion molecules (Smith et al, 2000a; Smith et al, 2000b; Su et al, 1995) and EBL 

family. Recently, a novel parasite protein called PfDBLMSP, found to be located on 

the surface of merozoite, also contains a central DBL domain. This protein was shown 

to bind to erythrocyte where its DBL region was reactive to immune sera from 

patients living in endemic location. This region also exhibits polymorphism indicating 

that it is under selection pressure from the host immune system (Wickramarachchi et 

al, 2009). 

The Plasmodium ebls are characterized by the conserved exon-intron splice junctions 

and multiple-exon structure. EBL is a Type I integral transmembrane protein where 

its extracellular domain can be divided into six regions (I to VI) based on amino acid 

homology to P. knowlesi (Adams et al, 1990). It contains two cysteine-rich domains, 

the amino-terminal DBL domain (Region II) and carboxyl-terminal cysteine (c-cys) 

domain (Region VI) adjacent to the transmembrane domain. These domains contain 

conserved cysteines and aromatic amino acid residues where Region VI is more 

highly conserved compared to the DBL domain. The conserved 3'- cysteine rich 
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region (Region VI), the transmembrane domain and the cytoplasmic tail was shown to 

be important for the function of EBL (in this case EBA175) during invasion. Targeted 

disruption of these regions produced truncated forms of EBA175 that were well-

expressed but these forms did not contribute significantly to the invasion (Reed et al, 

2000). In fact, such targeted disruption led to the parasite using other invasion ligand-

receptor complex for invasion. In addition, Region VI is proposed to contain 

trafficking signal for targeting of EBL to microneme (Treeck et al, 2006). A recent 

finding, in which the crystal structure of region VI of EBA-175 was successfully 

elucidated, revealed that four conserved disulphide bonds were involved in 

maintaining the fold of this region. This unique fold is proposed to be conserved 

within this family of EBLs, possibly indicating a conserved (trafficking) function 

(Withers-Martinez et al, 2008). 
C-cys 

(Region VI) 

t 
cytoplasmic 

domain 

P. vivax 
DBP 

DBL 
domain 

(Region II) 

transmembrane 
domain 

C-cys 
cytoplasmic 
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P. falciparum 
EBLs 

transmembrane 
domain 

Fig. 1.6 Schemetic representation of the EBL family in P. vivax and P. falciparum 

P. vivax DBPs has only one DBL domain. However, a tandem duplication of the DBL domain is 
observed in all EBLs of P. falciparum excluding MAEBL. These domains are termed Fl and F2. In the 
case of MAEBL, there is a duplication of ligand domain at the N-terminus known as Ml and M2 which 
share strong similarity with the ectodomain of AMA-1 (apical membrane antigen-1). 
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Some EBLs bind to erythrocyte receptor containing sialic acid residues (e.g. 

glycophorins A, B, C) and hence their binding is sensitive to neuraminidase treatment 

(Dolan et al, 1994; Friedman et al, 1984; Gilberger et al, 2003; Mayer et al, 2001; Sim 

etal, 1994). 

1.7.1.1 P. vivax EBL homolo2ue 

In P. vivax, a single-copy gene encodes a 140kDa EBL that possesses only one 

DBL domain (Fang et al, 1991). The cysteine-rich domain of region II is 

shown to specifically bind to 35 amino acid long region of Duffy receptor 

(Chitnis et al, 1996). EBL of P. vivax has been shown to play a role after 

reorientation of merozoite during invasion (Wertheimer & Barnwell, 1989). 

Field isolates of P. vivax exhibit polymorphism in the limited region of DBL 

domain (Tsuboi et al, 1994; Xainli et al, 2000), which interestingly does not 

alter the receptor specificity of the parasite. This suggests that such 

polymorphisms may enable the parasite to evade the host's immunity 

(VanBuskirk et al, 2004; Xainli et al, 2000). 

1.7.1.2 P. falciparum EBL homologue 

Contrary to P. vivax, P. falciparum is able to equally invade both Duffy-

negative and -positive erythrocytes. P. vivax can only invade reticulocytes 

whereas P. falciparum invades erythrocytes of all ages. P. falciparum utilizes 

a wide repertoire of erythrocyte receptors probably due to the presence of a 

number of EBL genes in its genome. Currently, 5 members are identified that 

contain DBL domains capable of mediating erythrocyte binding. These are the 

EBA175, EBA181, EBA165, EBA140 and EBL1. These EBLs carry 

duplicated copies of DBL domains termed Fl and F2 (Fig. 1.6). However, 
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erythocyte binding activity is only exhibited by the F2 region where Fl region 

appear to serve to augment the strength of binding (Ockenhouse et al, 2001; 

Sim et al, 1994). The genes coding for EBLs are located in the subtelomeric 

regions of different chromosomes, a characteristic shared by other virulence 

genes such as var genes (Freitas-Junior et al, 2000). EBA165 is a pseudogene 

that appears to be fully transcribed but no protein product can be detected. 

With the exception of EBA165, experiments using enzyme treatment of 

erythrocyte and antibodies as well as knockout studies showed that the EBLs 

display distinct binding specificities. EBA175, EBA140 and EBA181 bind to 

neuraminidase sensitive receptors Glycophorin A, C and Receptor W (Camus 

& Hadley, 1985; Duraisingh et al, 2003a; Gilberger et al, 2003; Lobo et al, 

2003; Maier et al, 2003; Mayer et al, 2002; Mayer et al, 2004; Reed et al, 

2000). Recently, it has been demonstrated for the first time that Glycophorin B 

is receptor for a Plasmodium falciparum ligand. Glycophorin B receptor is 

highly polymorphic and thus is possibly under immense immune selection 

pressure. EBL1 binds to Glycophorin B in a chymotrypsin and neuraminidase 

sensitive manner (Mayer et al, 2009). 

1.7.1.3 P. yoelii EBL homolosue 

The rodent malaria parasite Plasmodium yoelii invades both reticulocyte and 

mature erythrocyte. It appears that the P. yoelii needs the Duffy blood group 

antigen for invasion of mature erythrocyte but utilizes an alternate Duffy-

independent pathway when invading reticulocyte (Swardson-Olver et al, 

2002). Prasad and colleagues identified a P. yoelii yoelii EBL which is closely 

related to P. vivax and P. knowlesi EBLs. They have also shown that the 
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Region II of PyEBL binds specifically to mouse erythrocyte and this binding 

appears to be chymotrypsin sensitive (Prasad et al, 2003). Recently, using 

genetic modification, it was shown that a single nucleotide substitution, in 

which the second cysteine residue of Region VI is replaced with arginine 

residue, altered the intracellular location of PyEBL from microneme to dense 

granule. This altered the erythrocyte invasion preference, infection course and 

virulence of P. yoelii, where the lethal strain of P. yoelii, upon modification, 

exhibits similar characteristic as the non-lethal strain (Otsuki et al, 2009). 

Hence, it appears that the cysteine residues in region VI of PyEBL participate 

in disulphide linkage which is important for the overall tertiary structure and 

function of this protein. This is in line with the recent finding obtained from 

the crystallography studies of region VI of EBA-175 (See Section 1.7.1). 

/. 7.2 The Reticulocyte Binding Protein Homologues (RBLs) 

Like the EBLs, the RBLs are also found in varying numbers in all Plasmodium 

species where each member recognizes a different receptor (Cowman & Crabb, 2006; 

Galinski et al, 1992; Gaur et al, 2004; Griiner et al, 2004; Iyer et al, 2007a; Rayner et 

al, 2001; Stubbs et al, 2005; Triglia et al, 2005). Generally, members of the RBL 

superfamily are large Type I transmembrane proteins with molecular weight of more 

than 200kDa and are localized to the merozoite apical prominence. The gene structure 

of the RBLs generally consists of two exons, where the first exon normally codes for 

the signal sequence while the second exon codes for the remaining protein. These two 

exons are separated by a short intron. The overall sequence homology between the 

different members of the RBL family is rather low but there is a characteristic 500 
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amino acid sequence homology region that identifies and groups these proteins in a 

single family (Fig 1.7) (Galinski et al, 2000; Keen et al, 1994; Khan et al, 2001). 

The RBL proteins have been shown to bind either directly or indirectly to 

erythrocytes. However, the erythrocyte binding region has been delineated in only 

three RBL members recently (Gao et al, 2008; Gaur et al, 2007; Rodriguez et al, 2008; 

Tham et al, 2009). To-date, no erythrocyte receptor has been identified for the RBLs. 

During invasion, the RBLs are most likely being located within the moving junction 

as the merozoite penetrates the host rest cell. Like the MSPs, RBLs undergo 

proteolytic processing during the invasion process (Ogun & Holder, 1994; Rayner et 

al, 2001) where they are cleaved within the transmembrane domain by rhomboid 

protease (PfROMl or -4) (Baker et al, 2006). 

The RBL proteins are thought to play an important role in host cell selection, invasion 

and immune evasion. A study in P. vivax has suggested that RBL may have an initial 

sensing role whereby an appropriate host erythrocyte is selected for invasion. This 

possibly enables the subsequent interaction of EBL with its corresponding receptor 

which then ultimately leads to the formation of tight junction (Galinski & Barnwell, 

1996). From these observations and the high diversity of RBLs and EBLs across 

Plasmodium species, it is postulated that the combinatorial expression of the ligands 

from both families may account for the different yet specific invasive behaviour of 

merozoites seen in various species and strains (Iyer et al, 2007a). 
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Fig. 1.7 Schematic representation of RBLs 

The region of homology between P. yoelii, P. vivax and P. falciparum is indicated. Unlike EBLs, the 
ectodomain of the RBLs is poorly characterized and so far no known regions of homology are observed 
apart from the 500 amino acid region shown. Generally, the N-terminus of the RBLs is much more 
variable compared to the C-terminus. A short stretch of tripeptide repeats that are relatively conserved 
at the N-terminus next to the transmembrane domain is shown in red. 
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1.7.2.1 P. yoelii RBL homologues 

The first member of the RBL family of Plasmodium was discovered in 

P. yoelii (termed Py235) where it was suggested to be crucial in conferring the 

parasite the ability to invade mature RBCs (Holder et al, 1985a). Since then, 

homologous proteins have also been found in other species of Plasmodium. 

The family of Py235 members is crucial to this study and will be discussed 

further in Section 1.8. 

1.7.2.2 P. vivax RBL homoloeues 

The restriction of P. vivax to Duffy positive reticulocytes is mediated in part 

by Duffy binding protein (See Section 1.7.1) as well as by another set of 

proteins called Reticulocyte Binding proteins (RBP) 1 and 2 (Galinski et al, 

1992; Galinski et al, 2000). These proteins were first identified through their 

ability to bind reticulocytes but not mature erythrocyte (Galinski et al, 1992), 

indicating that they may account for P. VJ vox's preference for a particular host 

cell type. It has been shown that PvRBPs are able to form multimeric 

complexes where PvRBPl appears as a homodimer during pull-down assay. 

Pv-RBP2 is postulated to interact non-covalently with Pv-RBPl. As a result, 

this has led to the perception that the two RBP proteins may play a role in host 

cell selection where they form a complex which enable the parasite to 

recognize and adhere to reticulocyte (Galinski & Barnwell, 1996). To-date, no 

reticulocyte receptor has been found for these proteins. Though erythrocyte 

binding domain of PvRBP has not been elucidated, it is believed that this 

domain may reside in the N-terminal region of the protein (Cantor et al, 2001). 

PvRBPl has a higher content of cysteine residue which tends to be clustered 
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and may probably account for the dimerization of this molecule. In contrast, 

PvRBP2 contains amino acid repeated motif at its C-terminal and thus is 

similar to Py235 in this respect (Galinski et al, 2000). 

1.7.2.3 P. falciparum RBL homologues 

When the P. falciparum genome sequence was made accessible, it became 

apparent that there were RBL homologues found in this species. At present, 6 

members have been identified: PfRHl (rhoptry protein homologue 1) (Rayner 

et al, 2001), PfRH2a and b (reticulocyte-binding protein homologues 2a and 

2b) (Rayner et al, 2000; Triglia et al, 2001a), PfRH3 (rhoptry protein 

homologue 3) (Taylor et al, 2001), PfRH4 (reticulocyte-binding protein 

homologue 4) (Kaneko et al, 2002) and PfRH5 (reticulocyte-binding protein 

homologue 5) (Cowman & Crabb, 2006; Hayton et al, 2008). Currently,, 

PfRHl, 4 and 5 have been shown to directly bind erythrocyte (Baum et al, 

2009; Gao et al, 2008; Gaur et al, 2007; Hayton et al, 2008; Rodriguez et al, 

2008; Tham et al, 2009). PfRHl binds to erythrocyte in a trypsin resistant, 

sialic acid dependent manner to receptor Y (Rayner et al, 2001). Although 

erythrocyte binding activity of PfRH2a and 2b has not been shown, elegant 

gene knockout experiments have demonstrated that the invasion utilizing 

PfRH2b occurs via a chymotrypsin sensitive, trypsin/neuraminidase resistant 

erythrocyte receptor (Duraisingh et al, 2003b). The genes coding for PfRH2a 

and PfRH2b are identical, except for the unique 3' region, which include the 

transmembrane region and the cytoplasmic tail. It is highly probable that their 

difference in function may lie in their unique carboxyl terminal. Recently, it is 

shown that the entire cytoplasmic tail of PfRH2b and the conserved motif 
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within this tail are indispensable for invasion (DeSimone et al, 2009). This 

implies that the cytoplasmic region of PfRH2b might play a role in signaling 

downstream event(s) that would ultimately lead to the activation of invasion 

process. This functional role may possibly distinguish PfRH2b from its 

paralogue PfRH2a. PfRH3 is possibly a pseudogene since it is transcribed but 

not translated during the erythrocytic phase. This phenomenon is observed due 

to frameshift at the 5' end of the gene (Taylor et al, 2001). However, there is 

evidence that PfRH3 may be expressed at the sporozoite stage (Florens et al, 

2002). Unlike the others, PfRH4 appears to be located in the micronemes and 

whether this results in a different functional role is still unknown. PfRH4 binds 

to a neuraminidase and chymotrypsin resistant receptor (Gaur et al, 2007). 

PfRH5 is the most recently identified RBL in P. falciparum. However, unlike 

the other members, it is relatively small (63kDa) and lacks any transmembrane 

and cytoplasmic domain. However, it shows a significant sequence and 

structural homology to this family of proteins. It is shown to localize in the 

rhoptry and binds to erythrocyte receptor that has not been reported for other 

EBLs or RBLs. This receptor is chymotrypsin, trypsin and neuraminidase 

resistant and therefore is not a sialoglycoprotein (Rodriguez et al, 2008). The 

receptor appears to be a proteoglycan which contains a carbohydrate moteity 

that probably resembles heparin (Baum et al, 2009). It has been shown that 

PfRH5 exhibits different polymorphisms where these determinants account for 

different species specific pathways exhibited by P. falciparum (Hayton et al, 

2008). Targeted gene disruption of this member has not been successful and 

thus it appears that PfRH5 is essential for survival in all P. falciparum strains 

tested. 
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Similar to EBLs, the genes coding for PfRHs are found located in the 

subtelomeric regions of different chromosomes, a characteristic shared by 

genes involved in virulence and pathology. Phylogenetic analysis of all the 

PfRH members results in 2 clades. In the first clade, PfRHl and 4 clusters with 

PvRBPl while the second clade consists of PfRH2a and b, PfRH3 and PfRH5 

which are PvRBP2-like (Baum et al, 2009). 

Overall, it is evident that PfRHs play an important role in the recognition of 

specific receptors on the RBC surface. Further, inhibitory antibodies to PfRHs 

have shown to inhibit binding and invasion of parasite (Baum et al, 2009; Gao 

et al, 2008; Tham et al, 2009) thus implicating these members in the parasite 

invasion and survival. In addition, PfRHs might be involved in the signaling 

event during invasion where a productive ligand-receptor interaction will 

produce a signal that is transduced downstream which initiates the entry 

process of the parasite (DeSimone et al, 2009). 
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1.8 Py235 family of the rodent malaria parasite Plasmodium yoelii 

1.8.1 Py235: Discovery and its biological significance 

Initial studies have shown that monoclonal antibodies against a 235kDa 

protein (Py235) of P. yoelii confer protection to mice when challenged with the lethal 

YM strain (Freeman et al, 1980a; Freeman et al, 1980b). These protective antibodies 

(which include monoclonal 25.77 antibodies) manage to convert the course of a 

normally fulminating YM infection (Fig 1.8. - • - ) to a less severe one which is 

ultimately cleared (Fig. 1.8. - A - ) . Immunization of mice with purified Py235 (Holder 

& Freeman, 1981) confers better protection which completely limits the invasion of 

parasites to reticulocytes (Fig 1.8. -o-) , a profile similar to that exhibited by avirulent 

YA. 
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Fig. 1.8 The course of P. yoelii infection showing role of 235kDa protein in protective immunity 

It can be clearly seen that antibodies raised against 235kDa protein (black line) of P. yoelii or the 
immunization with this protein (green line) resulted in the attenuation of the lethal effects (red line) of 
the virulent YM strain. 
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This work implicates Py235 as an important factor necessary for erythrocyte invasion 

by merozoites, and thus parasite virulence. Further, there are three lines of evidence 

that lend support to this implication. First, indirect immunofluorescence (Freeman et 

al, 1980a; Freeman et al, 1980b; Holder & Freeman, 1981) and immunoelectron 

microscopy (Oka et al, 1984) have localized this protein to the rhoptry organelles 

known to be involved in host cell invasion. Second, analysis of the deduced amino 

acid sequence of Py235 (Keen et al, 1994) indicates a weak but significant homology 

with a reticulocyte binding protein described in human parasites P. vivax (Galinski et 

al, 1992). Third, direct binding studies show that this protein binds to RBCs (Ogun & 

Holder, 1996). 

1.8.2 Py235: Gene and protein 

1.8.2.1 Gene and gene expression 

Parts of Py235 were first cloned in 1990 when hyperimmune serum was used 

to screen the expression library of P. yoelii (Keen et al, 1990a), and this 

discovery has led to an increase in the understanding of Py235 (Borre et al, 

1995; Keen et al, 1994; Owen, 1994; Sinha et al, 1996). The gene coding for 

Py235 is approximately 8kb in size. There are multiple copies of py235, at 

least 14 copies, in the genome of P. yoelii (Borre et al, 1995; Carlton et al, 

2002; Keen et al, 1990a). 

The different members of py235 are found located at the subtelomeric regions 

of different chromosomes (Borre et al, 1995; Owen et al, 1999). Comparison 

of the genomic distribution of py235 in the lethal (YM) and non-lethal (YA 

and 17X NL) strains revealed that there was limited variation in the copy 
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number of py235 genes in the parent strains as well as across the avirulent and 

virulent progenies derived from the genetic cross between YM and avirulent 

strain AC (Iyer et al, 2006). Since the py235 repertoire in the genetic cross was 

very similar, it was highly unlikely that the copy number was a factor 

contributing to the different invasion phenotype observed. 

It has also been shown that during host cell adaptation (where the avirulent 

YA parasites were passaged from mice to rat and back to mice), variations in 

the transcriptional level of different py235 members occurred and probably led 

to a wider range of erythrocytes for the parasite to invade. This, in turn, 

modulates the parasite's virulence and its ability to survive in the presence of 

receptor heterogeneity (Iyer et al, 2007b). 

Although multiple py235 transcripts have been observed in individual 

schizonts, only a single type of transcript is found in each merozoite (Preiser et 

al, 1999). This indicates that a distinct member of Py235 with a unique 

invasion potential is produced in a single merozoite. This type of clonal 

phenotypic variation in the Py235 family offers the parasite a unique 

advantage especially during immune evasion. Interestingly, an overall 

downregulation of total py235 transcript level was observed when mice 

infected with YA were pre-inoculated with protective monoclonal 25.77 

antibody (Iyer et al, 2007b). It is possible that this event is most likely under 

epigenetic control. Hence, under immune pressure, the parasites appear to 

employ an immune evasion mechanism where it reduces the expression of 

Py235 to escape any form of Py235-specific immunity (Iyer et al, 2007b). 
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1.8.2.2 Protein: features and identification of the dominant py235 gene 

product 

The analysis of the deduced amino acid sequence predicts Py235 as a type 1 

membrane protein consisting of a large hydrophilic ectodomain, a hydrophobic 

membrane spanning region and a hydrophilic cytoplasmic tail (Fig. 1.7) 

(Holder et al, 1991; Keen et al, 1990b). Sequence comparison among the 

Py235 members shows an overall high conservation (61-99% similarity) with 

more variation towards the N-terminus of the protein (Sinha et al, 1996). 

Moreover, there is a region of highly conserved cysteine residues within all 

genes (Khan et al, 2001; Narum et al, 2001). These regions potentially play an 

important role in maintaining the structural integrity of Py235 necessary for 

erythrocyte binding and also possibly for immune evasion. As mentioned 

earlier in Section 1.7.2, homologues of Py235 can be found in other malaria 

species, where a 500 amino acid region is loosely conserved across these 

species as shown in Fig. 1.7. 

Recently, one of the members of Py235 was identified using mass 

spectrometry and named PY01365 (Ogun et al, 2006). It is the most abundant 

Py235 member recognized by one of the protective monoclonal antibodies 

25.77. This finding corroborates with a recent observation where the transcript 

level for PY01365 in both the lethal (YM) and the avirulent (YA) is found 

highest among selected py235 genes measured (Iyer et al, 2007b). This protein 

also binds to red blood cells and is expressed apically in all erythrocytic 

merozoites in a schizont. 
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1.8.3 Py235: Other invasive stages 

Expression of py235 is not only confined to erythrocytic merozoites but can 

also be found in other invasive forms of P. yoelii, namely sporozoites and hepatic 

merozoites. In addition, a totally different subset of Py235 is expressed in sporozoites 

and hepatic merozoites (exo-erythrocytic stage) compared to erythrocytic merozoites 

(Preiser et al, 2002). Antibodies to Py235 expressed in sporozoites have been shown 

to inhibit sporozoite invasion of hepatocytes. These observations imply that Py235 has 

a broader role in different invasive stages of the parasites and the ability to recognize 

different host cell receptors might most likely lie in the variations in the sequences or 

expression of different members of Py235. 

1.8.4 Py235: Erythrocyte binding property 

Previous experiments have shown direct binding of parasite-derived Py235 to 

PvBCs (Ogun & Holder, 1996). Apparently, using this approach, not all members of 

Py235 bind directly to RBC (Ogun et al, 2006; Ogun et al, 2000). However, it needs 

to be established whether this is due to limitations in the assay or reflects true 

functional differences. Interestingly, there seems to be no difference in the Py235 

which binds to reticulocyte or mature RBC, implying that the receptor on the 

normocyte and reticulocyte involved in Py235 binding is possibly the same. 

Somewhat surprising is the fact that binding of Py235 to normocytes is more 

pronounced (Ogun et al, 2000). Presently, there is no known information about the 

exact region of Py235 responsible for the specificity of erythrocyte receptor 

recognition. 
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Little is known about the cell surface protein of mouse RBC in regard to malaria 

invasion. Recently, it has been shown that duffy antigen/receptor for chemokine 

(DARC) found on murine erythrocyte is used by P. yoelii to invade murine 

normocytes (Swardson-Olver et al, 2002) {Section 1.7.1.3). However, this study does 

not venture into the possibility of Py235 utilizing DARC. On the other hand, it has 

been shown that Py235 binding to RBC is sensitive to treatment by chymotrypsin and 

trypsin but not neuraminidase (Ogun et al, 2000). 

Compared to Py235, PyMSP8 is a smaller GPI-anchored membrane protein. It has 

been shown that immunization of the mice with a 46kDa MSP8 resulted in the 

inhibition of invasion of normocyte by P. yoelii. In contrast, the reticulocyte-restricted 

invasion of P. yoelii was not affected at all (Shi et al, 2005). This observation was 

identical to the invasion profile of P. yoelii upon immunization with Py235 (Fig. 1.8). 

In addition, like Py235, PyMSP8 binds to both mature RBC as well as reticulocytes. 

However, unlike Py235, the receptor for PyMSP8 is sensitive to trypsin but resistant 

to chymotrypsin and neuraminidase (Shi et al, 2006). Thus, it is possible that interplay 

may exist between MSP8, Py235 and EBL where together, they may function in 

invasion with each utilizing different erythrocyte receptor. 
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1.9 Alternative invasion pathways 

'Invasion pathway' is generally used to describe the different interactions 

involving EBL and RBL in tight junction formation during invasion. The classical 

pathway of invasion by parasite usually refers to one that involves the interaction of 

EBA175 with sialic acid residues on glycophorin A (Orlandi et al, 1992; Sim et al, 

1994). It is a common pathway utilized by many cultured parasite lines. This pathway 

is sensitive to neuraminidase and trypsin treatment of erythrocyte but not 

chymotrypsin. However, various P. falciparum strains exhibit redundancy in 

erythrocyte invasion, where an alternate invasion pathway is utilized if, for some 

reason, the primary/classical invasion pathway is blocked. For example, if certain 

parasite strains are cultured in neuraminidase-treated erythrocyte, there is a great 

reduction in the initial invasion. But over time, an emergence of newly adapted strains 

capable of invading these neuraminidase treated erythrocyte has been observed (Dolan 

et al, 1990; Gaur et al, 2006; Stubbs et al, 2005). The inhibition of the classical 

pathway in parasite lines Dd2 and W2mef results in the upregulation of PfRH4 

whereby this alternative pathway which utilizes PfRH4 is now resistant to 

neuraminidase treatment of erythrocyte. Further, target knockout of EBA-175 results 

in the switch of these strains to sialic independent pathway (Reed et al, 2000). 

Targeted disruption of RBL, such as PfRHl and PfRH2b, also results in a switch to 

other invasion pathway that probably utilizes other RBLs or EBLs (Duraisingh et al, 

2003b; Triglia et al, 2005). Hence, these results (of modifying receptor and ligand 

repertoire) indicate that the differential expression and functions of RBLs or EBLs in 

each parasite allow the parasite to utilize alternate receptors (and thus alternative 

pathways) to compensate the loss of dominant ligand-receptor interactions. 
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Apart from the differential expression of the RBL proteins, alternative pathway is 

made possible via another mechanism involving differential transcription of the RBL 

genes in each invading merozoite within a single schizont (Preiser et al, 1999). Thus, 

within a population, there are subpopulations of merozoites expressing different 

functional PfRH proteins which provide an array of ligands for the parasite to 

successfully invade and survive in hostile environment. 

Recently, it has been shown that, in place of a molecular switch, a mechanism 

involving the redeployment of pre-existing secondary ligands was employed instead, 

when the dominant RBL member was silenced, during the switching of invasion 

pathway (Baum et al, 2005). Here, the genetic disruption of PfRH2b in P. falciparum 

3D7 clone results in a change to a novel invasion pathway which is not accompanied 

by any changes in gene or protein expression level. Thus, it is possible that an 

organized hierarchy of ligands exists within the parasite allowing the parasite to 

rapidly respond by redeploying the appropriate ligand for invasion. 

It is also possible that a single parasite may employ several pathways rather than one 

for each invasion event (Dolan et al, 1994; Rayner et al, 2001). This probably explains 

why sometime enzyme treatment of erythrocyte does not completely abolish invasion. 

In fact, each pathway may require the contribution from both the EBL and RBL 

families where at least one member from each family is involved (Iyer et al, 2007a). 

The in vitro phenomenon of alternative pathway utilization is also observed in many 

field isolates of P. falciparum. These parasites are most likely to encounter receptor 

polymorphisms which result in them utilizing mainly alternate ligand receptor 
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combinations during invasion process (Baum et al, 2003; Lobo et al, 2004; Okoyeh et 

al, 1999). Examples of these variations in human erythrocyte receptor include Duffy 

negative African people (Miller et al, 1975) or mutated glycophorin C (Lobo et al, 

2003; Maieretal, 2003). 

The biological significance of alternative pathways is that they provide the parasite a 

mechanism to evade hostile situations which may restrict the availability of receptor. 

Such circumstances include the highly polymorphic erythrocyte molecules in the 

human population as previously explained. Erythrocyte development and aging result 

in different receptors made available on the surface. For example, there may be a lack 

of glycophorin A or its distribution is varied. Further, the parasite may encounter the 

immune system during invasion where a response may target against one or more of 

its invasion ligands. Thus, the immune response may possibly block at least one 

alternative pathway which limit the repertoire of available pathway for invasion. 

However, the features of the multigene family of RBL/DBL equipped the parasite 

with a large repertoire of ligands, and together with the phenotypic variation of these 

members, may allow the parasite to maintain infection and its transmission potential. 
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1.10 The present investigation 

Multiple receptor-ligand interactions are known to occur specifically at the 

junction between host red cell membrane and parasite apical prominence. The 

formation of this tight junction which constitutes these specific interactions results in 

the commitment of parasite to invasion. These interactions involve various members 

belonging to at least two multigene families, namely the EBL and the RBL. The 

Py235s and their homologues which are mainly high molecular weight proteins 

belong to the RBL family and are implicated in host cell selection and evasion as well 

as parasite virulence. In many of RBL members, their binding to red cells is shown to 

be modulated by enzyme treatment of erythrocyte, clearly indicating the presence of 

enzyme-sensitive erythrocyte receptor for these members. Of all the RBLs, only three 

belonging to P. falciparum was the binding domain sufficiently elucidated. In both 

cases, this domain was found to be rather small compared to its overall molecular size. 

This binding domain is located within the N-terminal portion of the extracellular 

region of RBL. In the case of Py235s, a single member (PY01365) has been shown to 

bind to erythrocyte via a specific trypsin- and chymotrypsin-sensitive receptor but its 

binding domain has yet to be delineated. At this point, however, it is still believed that 

other Py235 members do possess erythrocyte binding activities. 

Previous work in Plasmodium vivax indicated that RBL could provide an initial 

sensing role that preceded and possibly allowed the interaction of EBL with its 

corresponding host receptor. The recognition of the host red cell receptor by the 

parasite RBL ligand would presumably result in the cascade of downstream event 

probably via their C-terminal region. This would eventually enable the parasite to 

proceed with the invasion process. Currently, research point to the importance of the 
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role of RBL family but there is a significant gap in our understanding of molecular 

and biochemical mechanisms involved in the binding process and the subsequent 

steps that leads to the onset of a successful invasion. This lack of insight is partially 

due to the poor sequence conservation among the different RBL members as well as 

absence of a functional conserved domain amongst these members. 

Apart from the parasite factors, it is most likely that the host factors may play an 

important role in host red cell recognition and invasion by the parasite. Adenosine 

triphosphate (ATP) is known to be released from RBC under normal physiological 

condition. The released ATP acts to regulate vascular tone thereby controlling the 

blood flow and hence oxygen supply through the vessels (Ellsworth, 2004; Ellsworth 

et al, 1995; Sprague et al, 1996). Thus, ATP acts as a signaling molecule and ATP 

receptors have been implicated in a number of signaling pathways (Di Virgilio et al, 

2001; Osipchuk & Cahalan, 1992). More importantly, intracellular ATP in erythrocyte 

is a prerequisite for invasion by the parasite (Dluzewski et al, 1983a; Dluzewski et al, 

1983b; Olson & Kilejian, 1982; Rangachari et al, 1989), where invasion is abrogated 

upon erythrocytic depletion of ATP. These observations indicate that the parasite is 

able to sense the level of intracellular ATP in erythrocyte before attempting to invade 

it. 

Since Py235 is a large molecule, its function may not be solely restricted to 

erythrocyte binding. The binding region is predicted to be smaller, relative to its 

overall size, similar to the Py235 homologues of P. falciparum RH1 and RH4. Thus, it 

is postulated that Py235 may possess other functions which contribute to the invasion 

process and is activated after receptor binding. Therefore, other functional domains 
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can be predicted within the coding region. Such domain may possibly include a 

putative nucleotide binding domain that confers ATP sensing ability to the parasite. 

Hence, in this study, we will investigate the possible functions of Py235 using various 

functional and bioinformatics tools. 

Specific aims 

1. Identification of functional domain(s) conserved amongst Py235s and other 

RBLs using various bioinformatics tools 

2. To express the functional domain(s) as recombinant proteins for further 

analyses 

3. Characterization of recombinant functional domain using various biochemical 

and biophysical techniques 

4. To investigate the effect of the functional domain activity on erythrocyte 

binding function of Py235 

5. To determine if there is a propensity for complex formation 

6. To determine the location of the erythrocyte binding domain in Py235 

7. To locate the antigenic site of Py235 that is recognized by the protective 

monoclonal antibody 25.77 
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2.1 Materials (Chemicals, reagents and kits) 

Table 2.1 List of materials used 

Chemicals/Reagents/Kits 

40% Acrylamide 

2% Bis 

4-chloro-l-napthol 

7-chloro-4-nitrobenzo-2-oxa-
(NBD-C1) (Fluka) 
1 kb DNA ladder 

2-propanol (isopropanol) 

Acetic acid 

Acid citrate dextrose 

Adenosine triphosphate (ATP) 

Adenosine diphosphate (ADP) 

1,3-diazole 

Adenylyl Imidodiphosphate (AMP-PNP) 

Agarose 

Ammonium Persulfate 

Ampicillin chloride 

Anti-mouse HRP secondary antibody , ECL 
(Amersham) 

Bacto Tryptone 

Bacto Yeast extract 

Bromophenol Blue 

Calf-intestinal alkaline phosphatase (CIP) 

Centriprep-YM30 and YM50 

Chloroamphenicol 
Chymotrypsin 

Copper chloride 

Deoxynucleotide Triphosphates 

Dibutylphthalate (DBP) 

Disodium hydrogen phosphate. 
(Na2HP04.7 H20) 
Dithiothreitol (DTT) 
Dynazyme DNA polymerase 
EDA-ADP ATTO-647N 

EDA-ATP ATTO-647N 

Ethanol 

Ethidium Bromide 

i (dNTPs) 

7H2Q 

Ethylenediaminetetraacetic acid (EDTA) 

Expand High Fidelity PCR System from 
Roche Diagnostics 
Fetal Bovine Serum (FBS) 

Filter (0.45 um pore-size) 

Gelatin 

Glacial acetic acid 

Glycine 

Guanosine triphosphate (GTP) 

Glycerol 

Company 

Bio-Rad Laboratories Inc 

Bio-Rad Laboratories Inc 

Sigma-Aldrich Corp 

Sigma-Aldrich Corp 

Promega Corp 

Merck KGaA 

Merck KGaA 

Sigma-Aldrich Corp 

Sigma-Aldrich Corp 

Sigma-Aldrich Corp 

Sigma-Aldrich Corp 

Bio-Rad Laboratories Inc 

Bio-Rad Laboratories Inc 

Sigma-Aldrich Corp 

GE Healthcare Ltd 

Merck KGaA 

Merck KGaA 

Sigma-Aldrich Corp 

New England Biolabs Inc 

Millipore Corp 

Sigma-Aldrich Corp 

Sigma-Aldrich Corp 

Sigma-Aldrich Corp 

Promega Corp 

Sigma-Aldrich Corp 

Sigma-Aldrich Corp 

Sigma-Aldrich Corp 
Finnzymes 
ATTO-TEC GmbH 

ATTO-TEC GmbH 

Merck KGaA 

Sigma-Aldrich Corp 

Sigma-Aldrich Corp 

Roche Diagnostics 

Invitrogen Inc 

Millipore Corp 

Sigma-Aldrich Corp 

Merck KGaA 

Sigma-Aldrich Corp 

Sigma-Aldrich Corp 

Merck KGaA 

Country 

CA, USA 

CA, USA 

MO, USA 

MO, USA 

WI, USA 

Darmstadt, Germany 

Darmstadt, Germany 

MO, USA 

MO, USA 

MO, USA 

MO, USA 

CA, USA 

CA, USA 

MO, USA 
Buckinghamshire, UK 

Darmstadt, Germany 

Darmstadt, Germany 

MO, USA 

MA, USA 

MA, USA 

MO, USA 

MO, USA 

MO, USA 
WI, USA 

MO, USA 

MO, USA 

MO, USA 
Espoo, Finland 
Siegen, Germany 

Siegen, Germany 

Darmstadt, Germany 

MO, USA 

MO, USA 

Germany 

CA, USA 

MA, USA 

MO, USA 

Darmstadt, Germany 

MO, USA 

MO, USA 

Darmstadt, Germany 
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Chemicals/Reagents/Kits 

HEPES (4-(2-hydroxyethyl) piperazine-1-

ethanesulfonic acid) 

Hyperfilm X-ray film 

Imidazole 

Isopropyl-p-D-thiogalactopyranoside (IPTG) 

Kanamycin sulphate 

Kits: 

(a) QIAprep miniprep plasmid purification kit 

(b) QIAGEN plasmid maxiprep purification kit 

(c) QIAquick PCR purification kit 

(d) QIAquick gel extraction kit 

(e) Easy DNA purification kit 

L-lactic acid dehydrogenase 

Magnesium chloride hexahydrate (MgCl2.6H20) 

Methanol 

Ni-NTA agarose 

Ni-Sepharose (Amersham) 

Nicotinic acid riboside (NADH) 

Nitrocellulose membrane Hybond C (Amersham) 

Neuraminidase (Vibrio cholerae) 

Nycodenz 
Pefablocsc(BIOMOL) 

Phenylmethylsulphonylfluoride (PMSF) 

Penta-His antibody 

Phosphoenolpyruvate 

Potassium chloride 

Potassium cyanide 

Potassium dihydrogen phosphate (KH2P04) 

Pyruvate kinase 

Restriction enzymes 

RPMI 1640 

Sodium chloride 

Sodium dodecyl sulphate (SDS) 

Sodium hydroxide 

Soybean trypsin inhibitor 

Streptavidin-peroxidase 

Sucrose 

T4 DNA Ligase 

Tetracycline 

Tetramethylethylenediamine (TEMED) 

Tris-base (tris(hydroxymethyl)aminomethane, 
(HOCH2)3CNH2) 
Tween 20 

X-ray Kodak Film 

Company 

Sigma-Aldrich Corp 

GE Healthcare Ltd 

Sigma-Aldrich Corp 

Fermentas Inc. 

Sigma-Aldrich Corp 

QIAGEN Inc 

QIAGEN Inc 

QIAGEN Inc 

QIAGEN Inc 

Invitrogen Inc 

Sigma-Aldrich Corp 

Sigma-Aldrich Corp 

Merck KGaA 

QIAGEN Inc 

GE Healthcare Ltd 

Sigma-Aldrich Corp 

GE Healthcare Ltd 

Roche Diagnostics 

Sigma-Aldrich Corp 

Enzo Life Sciences Intl Inc 

Sigma-Aldrich Corp 

QIAGEN Inc 

Sigma-Aldrich Corp 

Merck KGaA 

Sigma-Aldrich Corp 

Sigma-Aldrich Corp 

Sigma-Aldrich Corp 

New England Biolabs Inc 

Invitrogen Inc 

Merck KGaA 

Bio-Rad Laboratories Inc 

Merck KGaA 

Sigma-Aldrich Corp 

Sigma-Aldrich Corp 

Sigma-Aldrich Corp 

New England Biolabs Inc 

Sigma-Aldrich Corp 

Bio-Rad Laboratories Inc 

Merck KGaA 

Sigma-Aldrich Corp 

Eastman Kodak Co. 

Country 

MO, USA 

Buckinghamshire, UK 

MO, USA 

Hanover, MD, USA 

MO, USA 

CA,USA 

CA, USA 

CA, USA 

CA, USA 

CA, USA 

MO, USA 

MO, USA 
Darmstadt, Germany 

CA, USA 

Buckinghamshire, UK 

MO, USA 

Buckinghamshire, UK 

Germany 

MO, USA 

PA, USA 

MO, USA 

CA, USA 

MO, USA 
Darmstadt, Germany 

MO, USA 

MO, USA 

MO, USA 

MA, USA 

CA, USA 

Darmstadt, Germany 

CA, USA 

Darmstadt, Germany 

MO, USA 

MO, USA 

MO, USA 
MA, USA 

MO, USA 

CA, USA 

Darmstadt, Germany 

MO, USA 

CT, USA 

All chemicals were at least of analytical grade. 8-N3-3'-biotinyl-ATP was 

kindly given to us by Prof. Schafer. 
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2.2 Bioinformatics 

Sequence data for the various Py235 members of Plasmodium yoelii 17XNL 

were obtained from PlasmoDB, Plasmodium genome resource, Version 4.4. 

(http://www.plasmodb.org/). This site was also used to obtain sequences of other 

Plasmodium erythrocyte and reticulocyte binding proteins. However, it must be 

emphasized that the various Plasmodium genomes were sequenced by a number of 

facilities such as The Wellcome-Trust Sanger Institute and The Institute for Genomic 

Research as part of the Malaria Genome Project. This project was supported by 

various fundings such as The Wellcome Trust and Burroughs-Wellcome Fund. The 

original gene sequences for PvRBP-1 and Pv-RBP-2 were deposited in the GenBank 

by Galinski and colleagues. 

Manipulation of nucleotide and protein sequences was carried out using Vector NTI 

and The Sequence Manipulation Suite (http://biomfomiatics.org/ sms/). Alignment of 

sequences was done using ClustalW (EMBL-EBI site, http://www.ebi.ac. 

uk/clustalw/). 

The protein sequences were further analyzed using normal mode of Simple Modular 

Architecture Research Tool (SMART) program (Letunic et al, 2004; Schultz et al, 

1998) (http://smart.cmbl-heidelberg.deO and Position-Specific Iterated Basic Local 

Alignment Search Tool (PSI BLAST) (http://www.ncbi.nlm.nih. gov/blast/) to search 

for conserved domain/motif. 
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2.2.1 Simple Modular A rchitecture Research Tool 

SMART is a web tool that is used to identify and annotate protein domains, 

especially in signaling molecules and molecules having extracellular domains 

(Ponting et al, 1999). This tool was first designed to annotate signaling domains 

across functionally diverse eukaryotic proteins (Schultz et al, 1998). The SMART 

database (http://smart.ox.ac.uk) consists of a library of Hidden Markov Models 

(HMM) (Gollery, 2003) which enables it to make statistically strong deductions about 

the (i) presence of a specific domain in a particular sequence, and (ii) multiple 

sequence alignments of the input sequences with domains. Basically, the HMM 

algorithm weighs the scoring as a function of the position rather than a simple 

similarity score (which is the same for all locations). BLAST or ClustalW algorithms 

are based on similarity scores. Information on more than 400 domain types in >54 000 

different proteins is stored in SMART using relational database management system 

(RDBMS; see http://www.PostgreSQL.org). In addition, SMART database offers 

detailed annotation for each protein domain. 

SMART utilizes other protein databases in its analysis of query sequences. These 

databases include Swiss-Prot, spTrembl and all the available Ensembl proteomes. 

When a SMART domain is identified, it is cross referenced to other domain databases 

such as Pfam and PROSITE. As a result, this web tool allows for a better prediction of 

a homologous domain that has detailed annotations as well as offers comparative 

study of complex domain architecture in proteins. 
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2.2.2 Position-Specific Iterated Basic Local Alignment Search Tool 

PSI-BLAST is a bioinformatics tool that produces a position-specific scoring 

matrix (profile) from a multiple alignment of the highest scoring hits generated upon a 

BLAST search to an input sequence. In the first round, PSI-BLAST behaves like a 

normal BLAST where it searches for sequence homologues (linear analysis) from a 

particular database. This search produces a number of highest scoring hits. A second 

round ("iteration") of PSI-BLAST is subsequently followed where it calculates the 

position-specific scores for each position in the multiple alignment of these hits, thus 

creating a customized profile for each position of the sequence. Here, a high score is 

given to highly conserved positions while poorly conserved positions receive low 

scores (nearing zero). Thus, a position-specific scoring matrix is produced and has a 

profile that is able to identify key positions of conserved amino acids within a 

motif/domain. The query is then subjected to a third (and so on) BLAST search 

("re-iteration") of the databases using this matrix and a larger group of proteins is 

found. As such, the results generated from each iteration will be used to fine-tune the 

profile if desired. By including related proteins in the search, PSI-BLAST becomes 

more sensitive in detecting distant evolutionary relationships. 

Following are specific criteria used for PSI-BLAST of a query sequence. The 

database selected is "nr" which includes all non-redundant GenBank CDS (coding 

sequence) translations, SWISS-PROT protein sequence database, Protein Data Bank 

(PDB), Protein Information Resource (PIR) database and Protein Research 

Foundation (PRF) database. The expect value (E value) for the initial BLAST is 1 and 

E value for inclusion in the position specific matrix used during PSI-BLAST is 0.001. 

BLOSUM matrix used is BLOSUM62 is the best available matrices in identifying 
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weak protein similarities. BLOSUM (BLOck Substitution Matrix) matrix is a 

substitution matrix that computes the probability score for each position in a multiple 

alignment by calculating the frequency of substitution at that position is known to 

occur among related proteins. The maximum number of iterations (passes) specified 

is 3. 

2.3 Parasite strains 

Frozen stabilates of Plasmodium yoelii YM were separately taken up in 0.9% 

saline with glucose and injected intraperitoneally into 4 - 6weeks old Balb/c mice 

bred under specific pathogen free (SPF) conditions as previously described (Jarra & 

Brown, 1989). Parasitemias were monitored daily and infected blood was harvested 

for DNA by cardiac bleeds. 

2.4 Genomic DNA extractions 

Infected blood was washed 3 times in PBS and the packed cells were used for 

extraction of DNA using the Easy DNA purification kit (Invitrogen) according to 

manufacturer's protocol. Isolated DNA was checked for purity by running on a 1% 

agarose gel. Quantitation of DNA was done by UV spectrophotometry. Genomic 

DNA was stored at -20 °C. 

2.5 Choice of py235 for investigations 

The py235 gene member PY01365 (8160 bp) (accession no.: AABL01000359; 

genebank id: 23485984) was selected for study as discussed in Section 3.3. 
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2.6 Primer design 

PCR primers to the first 3 kb of PY01365 sequence (excluding the putative 

signal sequence of 54 bp and intron of 125 bp at the 5' end of this gene) were 

synthesized. As a result, an approximately 2 kb PCR fragment (termed "Region 1" 

and "Region 2") with a 1 kb overlap was generated as shown: 

1kb 

3' 

''«*' L ^ W o n l ^ 

2"dpair |_PYK R e g i o n 2 ^J 

PYR1 

PYR2 

NBD94 L£ NBD94 <J*' 
pnmers 

NBD94,,W I Fl | R , F. Forward primer 
primers I—W NBDM..55. -4-1 R: Reverse pnmer 

NOTE: See Table A-l of Appendix A-l for further details about these regions 

In addition, PCR primers to the predicted "AAA" domain (hereafter termed NBD94) 

and its truncated form (hereafter termed NBD94i_550) were also made (See figure 

above). 

These primers were specifically designed to include the restriction sites Ncol and Sad 

(Table 2.2 and 2.3). The location of PCR product generated from each primer set with 

respect to the genomic DNA sequence of PY01365 is tabulated in Table A-l in 

Appendix A-l. 
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Table 2.2 Primers (5' -> 3') used in the amplification of "AAA" domain (NBD94) of 

PY01365 and its truncated form (NBD94i_550) 

*Restriction sites (Ncol and Sad) have been highlighted in bold form. Where applicable, the 
termination codons are underlined 

Insert *Primers Tm 

Q2_ 
"AAA" domain Forward primer (Fl): 64.7 

gtgagtCCATGGTATCTGACAAAAATGAATATG 

(NBD94) Reverse primer (Rl): 

aattacGAGCTCTTAATCTTTACCATCTACAG 

Truncated"AAA" Forward primer (Fl): same sequence as above 64.7 

Domain (NBD94,_550) Reverse primer (R2): 62.2 

aattacGAGCTCTTAATCTGTTACATCTTCTAA 

Table 2.3 Primers (5' -> 3') used in the amplification of different regions of the first 3kb 

ofPY01365 

*Restriction sites (Ncol and Sacl) have been highlighted in bold form. Where applicable, the 
termination codons are underlined 

Insert *Primers Tm 

(°C) 

Region 1 Forward primer (PYF1): gtgagtCCATGGTAACGGAAAAAAGAACC 66 

Reverse primer (PYR1): aattacGAGCTCTTATTGATATGGCGATATTTTAGC 64.7 

Region 2 Forward primer (PYF2): gtgagtCCATGGTAGGGGAACAAAAACATC 67.4 

Reverse primer (PYR2): aattacGAGCTCTTATCCTAAATTTTCTTTTAAATC 61.3 

2.7 Amplification of DNA by Polymerase Chain Reaction 

Polymerase Chain Reaction (PCR) was performed using Eppendorf 

Thermocycler. All PCR reactions were carried out in 0.2 ml tubes. PCR products were 

resolved on 1% agarose gels before analysis by ethidium bromide incorporation. The 

PCR was carried out using Expand High Fidelity PCR System from Roche 

Diagnostics, GmbH. The deoxynucleotides (dNTPs) were purchased from Fermentas, 

Inc. 
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2.7.1 PCR using primers for amplification of "AAA" domain ofPY01365 and its 

truncated form 

PCR was carried out in a volume of 50 pL containing approximately 100 ng of 

genomic YM DNA, 300 nM of each primer (Table 2.2), 5 pi of 10X Expand High 

Fidelity buffer, 1.5 mM MgCl2, 200 pM each of dATP, dCTP, dGTP and dTTP and 

1 U of Expand High Fidelity Polymerase (Roche). The PCR cycling parameters used 

were as follows: 1 cycle at 94 °C for 2 min, 30 cycles of 94 °C for 15 s, annealing 

temperature of 50 °C for 30 s and 68 °C for 4 min, 1 cycle at 68 °C for 10 min and 

followed by pausing at 4 °C. 

2.7.2 PCR using primers for amplification of Region 1 and 2 ofPY01365 

PCR was carried out in exactly the same manner as 2.7.1 except that primers 

used were designed as stipulated in Table 2.3. The annealing temperature for these 

primers was 52.5 °C. 

2.8 Purification of PCR products 

QIAquick PCR purification kit (QIAGEN) was used to purify all PCR 

products using the manufacturer's protocol. PCR products were eluted into a final 

volume of 30 pi elution buffer. 

2.9 Cloning in expression vectors 

2.9.7 Plasmid 

A modified pET9d-His6 vector (Griiber et al, 2002) was kindly given to us by 

Prof. Gerhard Griiber (Nanyang Technological University, Singapore). The detail of 
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the plasmid pET9a is shown in Appendix A-l where the backbone is almost similar to 

pET9d. 

2.9.2 Construction of expression clones 

2.9.2.1 Restriction digestion and plasmids andPCR products 

pET9d-His6 plasmids and PCR products generated at step 2.6.7 and 2.6.2 were 

cut overnight with Ncol and Sad at 37 °C. The cut PCR products were 

purified using QIAquick PCR purification kit while the restricted plasmids 

were gel-extracted using QIAquick gel extraction Kit (QIAGEN Inc) 

according to manufacturer's instruction. Restricted plasmids were eluted into 

final volume of 50 ul elution buffer. The plasmids were then treated with calf-

intestinal alkaline phosphatase (NEB) to minimize vector self-ligation. 

2.9.2.2 Ligation reaction and transformation oflisated products 

The purified, cut PCR products were ligated to the plasmids using T4 DNA 

Ligase (New England Biolabs) at 16 °C, overnight. Approximately 1:10 molar 

ratio of plasmids to PCR product was used in ligation reaction. 2 ul of ligation 

reactions each was used to transform Top 10™ competent cells (E coli DH5a) 

(Invitrogen) by standard protocol. Basically, the ligated products were 

incubated with the competent cells on ice for 30 min, heat-shock at 42 °C for 

2 min before a further incubation on ice for 5 min. The transformed cells were 

recovered by shaking at 220 rpm at 37 °C for 1 h in presence of additional LB. 

The cell suspensions were plated on Luria-Bertoni (LB) plates supplemented 

with 30 ug/ml kanamycin (Sigma-Aldrich) (LB-kan) and incubated at 37 °C 

overnight. 
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2.9.2.3 Isolation and verification of recombinant plasm id DNA 

Colonies were picked from LB-kan plates (above) and cultured in 2.5 ml 

LB-kan broth at 37 °C with agitation. Recombinant plasmid DNA was isolated 

using QIAprep Miniprep Plasmid Purification Kit (QIAGEN) as per 

manufacturer's instruction. Purified recombinants were eluted in final volume 

of 50 ul elution buffer. These were initially screened for correct inserts using 

Ncol and Sad. Positive clones were sent for sequencing to confirm sequence 

identity of the region amplified by PCR. Sequencing primers for each 

constructs are listed in Table A-2 of Appendix A-2. 

2.9.2.4 Maxipreparations of recombinant plasmid DNA 

Large quantities of plasmid DNA were purified using QIAGEN Plasmid 

Maxiprep Purification Kit (QIAGEN Inc) according to manufacturer's 

instruction. Quantitation of DNA was done by UV spectrophotometry and 

aliquots of 1 ug/ul of DNA were made and stored at -20 °C. 

2.10 Expression and purification of NBD94 and NBD94i_55o 

2.10.1 Expression and extraction ofNBD94 

The correctly sequenced recombinant plasmid of NBD94 was transformed into 

Rosetta-gami™ (DE3) cells (Novagen, Madison, WI, US) and grown on Luria-

Bertoni agar-plates, containing 30 ug/ml kanamycin and 34 ug/ml chloramphenicol 

(LB-kan-cam). Glycerol stocks of positive colonies were subsequently made and kept 

at -80 °C. 
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The optimized induction and solubilization of His6-NBD94 were performed as 

follows. To express His6-NBD94, a starter culture whereby an inoculum of its 

glycerol stock in 200 ml of LB-kan-cam was first made and incubated overnight with 

agitation at 37 °C at 200 rpm. All of the culture was inoculated into 2 L of LB-kan-

cam which normally gave an absorbance reading (OD600) of 0.1 ± 0.05 at 600 nm. The 

liquid culture was incubated with shaking at 37 °C for about 3 h until an OD600 of 

0.6 - 0.8 was reached. In order to induce the production of His6-NBD94, the cultures 

were supplemented with IPTG (isopropyl-P-D-thiogalactopyranoside) (Fermentas) to 

final concentration of ImM and further incubated for another 3 h at 37 °C. The cells 

were then harvested at 8000 x g for 12 min at 4 °C (Beckman Coulter, Avanti™ J-25). 

These cells were then resuspended in 30 ml of solubilization buffer (50 mM Tris/HCl, 

pH 7.5, 250 mM NaCl, 4 mM Pefablocsc (BIOMOL), 0.7 mM DTT) and 

subsequently lysed on ice by sonication using the Bandelin, Sonopuls HD2200 

ultrasonicator with the cone tip KE76 (20% amplitude, 3 cycles of 1 min pulse, 

2 min pause) whereby the cell suspension became noticeably less turbid. The lysate 

was cleared by centrifugation at 10,000 x g for 35 min, 6°C and the supernatant was 

filtered through a 0.45 urn pore-size filter (Millipore) in a clean tube on ice (referred 

to as soluble fraction). 

2.10.2 Purification ofNBD94 

Ni Sepharose resins (Amersham, GE Healthcare) were pre-equilibrated in 

solubilization buffer twice prior to addition of the soluble fraction of NBD94. The 

binding of his-tagged proteins to the matrix was carried out for 90 min with rotation 

on a spinning wheel (Neolab) at 4 °C. The matrix was subsequently washed with 

10 column volume (CV) of 50 mM Tris/HCl, pH 7.5, 250 mM NaCl, 4 mM 
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Pefabloc before elution of the bound protein. The elution was carried out using an 

imidazole (Sigma Aldrich) gradient (0 - 250 mM) in solubilization buffer. An aliquot 

of soluble and insoluble fractions of lysed bacteria, flow-through and elution fractions 

were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) {Section 2.12) (Laemmli, 1970). The gels were stained with Coomassie 

Brilliant Blue G250 and the fractions containing His6-NBD94 were thus identified. 

These fractions were pooled and buffer exchanged to the final concentration of 

20 mM NaCl. They were applied on an anion-exchanger (DEAE column HiPrep™ 

16/10, GE Healthcare), which was equilibrated in 50 mM Tris/HCl, pH 7.5, 

0.7 mM DTT, 1 mM PMSF (Buffer A). The protein was eluted using a linear gradient 

with high-salt Buffer B (50 mM Tris/HCl, pH 7.5, 1 M NaCl, 0.7 mM DTT, 

1 mM PMSF) at 3 ml/min. The gradient was set at two steps where the first step was 

carried out from 0% to 60% for 5 CV followed by 60% - 100% at 0.5 CV. Following 

elution, the fractions collected from the main peak (between the half of the peak 

heights) were pooled and concentrated using Centriprep YM-50 (50 kDa cut off) spin 

concentrators (Millipore). The purity of the eluted protein was assessed by SDS-

PAGE and western blot analyses {Section 2.13) using mouse penta-His antibody 

(QIAGEN) were performed to ascertain the identity of the purified protein. Aliquots 

of the purified NBD94 were stored at -80 °C. 
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2.10.3 Expression, extraction and purification ofNBD94j.Sso 

The recombinant plasmid of NBD94i_5so whose sequence was verified was 

then transformed into BL21 (DE3) (Novagen) and glycerol stock of these transformed 

cells in LB containing 30 ug/ml kanamycin were made. 

The His6-NBD94i 550 was optimally expressed and purified in the similar manner as 

His6-NBD94 with the following changes. The solubilization buffer used for extraction 

and Ni purification contained 200 mM NaCl and 1 mM PMSF instead of 250 mM 

NaCl and 4 mM Pefablocsc respectively. Centriprep YM-30 (30kDa cut off) spin 

concentrator (Millipore) was used for concentration and buffer exchange. A step 

gradient of 0 to 40% NaCl was used during ion-exchange chromatography. A hold at 

8%, 10% and 15% NaCl of about 1 to 1.5 CV was made during the step elution. The 

eluted protein was concentrated to about 100 - 200 ul and spun at 10,000 x g for 

15 min, 6°C to remove any precipitates. It was then further purified via size-exclusion 

chromatography using Superdex™ 75 10/300 GL (Amersham, GE Healthcare) in 

50 mM Tris/HCl, pH 7.5, 200 mM NaCl, 1 mM PMSF and 1 mM DTT at 0.5 mVmin. 

Following elution, the purity and identity of NBD94i_55o was ascertained by SDS-

PAGE and western analysis respectively. The eluted protein was concentrated and 

aliquots were made and stored at -80 °C. 
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2.11 Expression and purification of Region 1 and Region 2 of PY01365 

2.11.1 Induction and solubility assays of the expression of Region 1 and 2 of 

PY01365 

The recombinant plasmids containing the correct sequence of Region 1 and 2 

of PY01365 were transformed into BL21 (DE3) or Rosetta-gami™(DE3) cells 

(Novagen) and grown on LB-kan and LB containing 30 fig/ml kanamycin, 34 ug/ml 

chloramphenicol and 12.5 ug/ml tetracycline (LB-kan-cam-tet) plates respectively. 

The plasmid containing Region 2 was also transformed into BL21 (RIL) and grown 

on LB-kan-cam plates. 

2.11.1.1 Induction assay 

For each construct, four different colonies from each plate were picked 

separately and inoculated into the 5 ml of LB with the respective antibiotic(s). 

The cultures were incubated overnight with agitation at 37 °C at 200 rpm. An 

inoculum from the overnight culture was added to 2 ml of fresh LB media with 

appropriate antibiotic(s) till the OD60o of 0.1 ± 0.05 is achieved. This was 

followed by incubation at 37 °C at 200 rpm till OD600 of 0.6 - 0.8 was 

reached. The induction for each culture was carried out as follows: (i) 16 °C, 

overnight, 0.2 mM IPTG; (ii) 16 °C, overnight, 0.1 mM IPTG; (iii) 16 °C, 

overnight, 0.01 mM IPTG; (iv) 37 °C, 3 h, 1 mM IPTG. Concurrently, a 

duplicate set was also carried out under the same condition except that no 

IPTG was added ("uninduced" set). After incubation, 1 O.D. of culture from 

both the induced and uninduced set were aliquoted into 1.5 ml eppendorf tubes 

and spun at 11 000 rpm for 5 min at 4 °C. The supernatant was discarded and 

the pellet washed in IX PBS (phosphate buffered saline) and the spin was 
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repeated. The resulting pellet was lysed in 5X SDS loading buffer and the 

sample heated at 95 °C for 5 min prior to loading on SDS-PAGE gel. 

2.11.1.2 Solubility assay 

The induction was carried out as described in Section 2.11.1.1 except that the 

induction was carried out in 200 ml of liquid culture each. Once induction was 

completed, each culture was divided into 5 aliquots of 40 ml and spun down. 

The pellets obtained were then resuspended in 1 - 2 ml of different ice-cold 

solubilization buffers, namely (i) 50 mM Tris/HCl, 200 mM NaCl, pH 7.5; 

(ii) 50 mM Tris/HCl, 200 mM NaCl, pH 8.5; (iii) 50 mM Tris/HCl, 200 mM 

NaCl, pH 9.0 (iv) 25 mM sodium phosphate, 200 mM NaCl, pH 6.8; or 

(v) 50 mM Hepes, 150 mM NaCl, pH 7.0. DTT and PMSF were added to final 

concentration of 0.8 mM and 1 mM respectively. Sonication was then carried 

using Bandelin, Sonopuls HD2200 ultrasonicator with cone tip ME72 

(10% amplitude, 3 cycles of 1 min pulse, 2 min pause) till the cell suspension 

appears clear. The clarification of the lysed suspension was carried at 

10 000 x g at 6 °C for 15 min. The supernatant was harvested into a new tube 

and is referred as soluble fraction. The pellet was resuspended in equivalent 

amount of solubilization buffer and is referred as insoluble fraction. The 

soluble and insoluble fractions were then resolved on SDS-PAGE. 
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2.11.2 Purification of Region 1 ofPY01365 

Based on the results of the induction and solubility assays described in 

Section 2.11.1, the large scale purification of Region 1 was then carried out in a 

similar manner as described in Sections 2.10.1 and 2.10.2 with the following changes. 

The protein is expressed in BL21 (DE3) host whereby the induction was carried out at 

16 °C overnight with agitation. The solubilization buffer used is 50 mM Hepes 

150 mM NaCl, 0.8 mM DTT, 1 mM PMSF, pH 7.0. For the purpose of the experiment 

using Region 1, a one-step purification by metal-chelate affinity chromatography was 

sufficient. Here, Nickel(2+)-nitrilotriacetic acid (Ni2+-NTA) agarose (QIAGEN) was 

used where the elution was carried out using 0 - 500 mM imidazole gradient. 

The fractions containing Region 1 were then pooled and concentrated using 

Centriprep YM-30 (30kDa cut off) spin concentrator (Millipore) and aliquots were 

stored at -80 °C. 
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2.12 Gel electrophoresis 

The recipe for SDS gels (Table 2.4) was slightly modified from that described 

by Laemmli (Laemmli, 1970). The SDS gel was casted and assembled in the Mini-

PROTEAN 3 electrophoresis system (Bio-Rad Laboratories, Hercules). SDS running 

buffer (3% (w/v) Tris, 14.4% (w/v) glycine, 1% (w/v) SDS, pH > 8.3) was used to fill 

up both internal and external chambers of the apparatus. 5X Laemmli loading buffer 

(7.5% (w/v) Tris, 25% (w/v) sucrose, 0.025% (w/v) bromophenol blue, pH 6.8) was 

added to the protein samples and mixed prior to loading into the gel. The gel was run 

at 10 mA for migration of sample through stacking gel and 20 mA for resolving gel. 

After the run, the gel was stained with Coomassie brilliant blue (40% (v/v) methanol, 

1% (v/v) acetic acid and 0.1% (w/v) 2-propanol) for 15 to 30 min on shaker. The gel 

was then washed and fixed with destaining solution I (10% (v/v) acetic acid, 

25% (v/v) 2-propanol) for 15 min. This was followed by further destaining of residual 

Coomassie using destaining solution II (10% (v/v) acetic acid, 7.5% (v/v) methanol). 

Table 2.4 Recipe of SDS-polyacrylamide gels 
a APS: Ammonium persulfate 
b TEMED: N, N, N', N'-tetramethylethylenediamine 

* Chemicals were purchased from Bio-Rad Laboratories, Hercules 

Reagents Resolving gel (̂ 1) Stacking gel (nl) 

40% acrylamide* 

1% bisacrylamide* 

2 M Tris/HCl, pH 8.7 

250 mM Tris/HCl, pH 6.8 

20% SDS* 

Millipore water 

10%APS a* 

TEMEDb' * 

1530 

290 

585 

-

19.5 

1075 

17.5 

3.5 

197 

187.5 

-

750 

15 

350 

15 

2 
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2.13 Western Analysis 

Once the protein samples were resolved by SDS-PAGE, they were then 

transferred onto nitrocellulose membrane (Amersham, GE Healthcare) using a wet-

transfer system (Bio-Rad Laboratories, Hercules). Blocking of the membrane was 

carried out in 5% skimmed milk in IX PBST (IX PBS/0.05% (w/v) Tween 20) at 

room temperature for 1 to 2 h. This was followed by an overnight incubation with 

specific primary antibodies at 4 °C and the subsequent incubation with corresponding 

HPvP-conjugated secondary anti-mouse antibodies at room temperature for 1 h. 

Detection was performed using ECL reagent (Amersham, GE Healthcare) where 

X-ray films with either normal senstivity (Eastman Kodak Co., New Haven CT) or 

high sensitivity (Hyperfilm) (Amersham, GE Healthcare) were appropriately used to 

visualized the results. The primary antibodies used for Western blotting were 

monoclonal mouse 25.77 antibody (Freeman et al, 1980a; Freeman et al, 1980b; 

Holder & Freeman, 1981) and mouse anti-penta His antibody (QIAGEN). 

2.14 Circular Dichroism Spectroscopy 

All circular dichroism (CD) spectroscopic measurements of NBD94 and 

NBD94 i_55o in the absence and presence of MgC^-nucleotides (2 mM) were carried 

out in the far UV-light (180 - 260 nm) using a CHIRASCAN spectropolarimeter 

(Applied Photophysics, UK). Here, 2 mg/ml of NBD94 and NBD94i_550 were 

prepared in Tris/HCl, pH 7.5, 160 mM NaCl, and 1 mM DTT and Tris/HCl, pH 7.5, 

200 mM NaCl, and 1 mM DTT respectively. Prior to measurements, all samples were 

subjected to incubation for 15 min rocking at 4 °C. The samples were then added into 

a 60 ul quartz cell (Hellma) with 0.1 mm light pathlength and the CD measurements 

were collected at 1 nm bandwidth from 180 to 260 nm with 1 nm step points. Each 
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sample was scanned 3 times. After measurement, the CD data were converted to mean 

residue ellipticity (©) in units of deg x dmoi"1 x aa"1 using the software Chirascan 

version 1.2.1 (Applied Photophysics). The ellipticity values were calculated by 

averaging the triplicate readings for each sample. A final corrected CD spectrum (plot 

of ellipticity vs wavelength) was obtained by substracting the spectrum for the 

baseline readings of the buffer from the spectrum of the protein. This baseline 

corrected spectrum was used as input for computer methods to obtain predictions of 

secondary structure. Such methods or algorithms that were used to estimate the 

secondary structure content include (i) Variable selection method (Varselec) 

(Manavalan & Johnson, 1987), (ii) Self consistent methods (Selcons) (Sreerama & 

Woody, 1993), (iii) Contin (Linear combination of spectra) (Provencher, 1982) and 

(iv) K2D (neural network) (Andrade et al, 1993). These algorithmic analyses were 

kindly done by Prof. Gerhard Gruber. See Appendix A-3 for principles of CD. 

2.15 ATPase activity assay 

The ATPase activity assay was done as described by Lotscher, 1984 (Lotscher 

et al, 1984). The different concentration of protein is incubated with 25 mM HEPES, 

pH 7.5 buffer containing 25 mM KC1, 5 mM MgCl2, 5 mM KCN, 2 mM 

phosphoenolpyruvate, 2 mM ATP, 0.5 mM NADH, 30 U L-lactic acid dehydrogenase 

and 30 U pyruvate kinase at 37 °C in a total volume of 1 ml. The linear absorbance 

change is measured at 340 nm using a SHIMADZU spectrophotometer. The specific 

enzyme activity is expressed as units (U) per mg where 1 U corresponds to 1 umol of 

ATP being hydrolyzed per min. 
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2.16 Photoaffinity labeling 

Photoaffinity labeling of NBD94 was performed as described by Schafer, 2001 

(Schafer et al, 2001). Here, the protein was incubated with 5 x 10-4 M 8-N3-3'-

biotinyl-ATP (photolabel ATP) and 5 x 10-4 M of MgCl2 in 50 mM Tris/HCl, pH 7.5, 

250 mM NaCl, and 0.7 mM DTT for 5 min on ice in the dark. This was followed by 

irradiation with an ultraviolet lamp at 366 nm for 30 min on ice. Two controls were 

concurrently performed - the light control (no irradiation with UV) and the dark 

control (no MgCl2 and biotinyl-ATP). The samples were applied on SDS-PAGE and 

followed by western transfer onto nitrocellulose membrane (Amersham, GE 

Healthcare). Each lane was cut into strips and washed with IX PBST. The strips were 

then blocked with 3% Gelatin for 1 h rocking at room temperature. This was followed 

by washing step (IX PBST for 10 min, 3 times) and incubation with 

streptavidin/peroxidase conjugate buffer (1/2000 of 500 U/ml streptavidin/peroxidase 

(Sigma-Aldrich) in IX PBST) for 30 min. The strips were then washed and developed 

using freshly prepared light sensitive detection buffer (5.6 mM 4-chloro-l-napthol, 

0.01% H202 (v/v) in 50 mM Tris/HCl pH 7.4) in the dark. The labeled (biotinylated) 

protein will be identified as a distinct colored band appearing on the strip. All 

incubation of strips was carried out at room temperature in rocking motion. 

In addition, a competition assay was also done concurrently with 4mM Mg-nucleotide 

analogues namely ATP, ADP and non-hydrolysable ATP analogue AMP-PNP. Here, 

the protein was first pre-incubated with the respective nucleotide competitors for 

5 min on ice just prior to addition of the photolabel ATP. 
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2.17 In-gel tryptic protein digestion and mass spectrometric analysis 

2.17.1 In-gel tryptic protein digestion 

Prior to any analysis by mass spectrometry, an in-gel tryptic digestion of the 

protein was first performed. The 8-N3-3'-biotinyl-ATP labeled and unlabeled protein 

were run on SDS-PAGE gel as described in Section 2.12. The bands corresponding to 

these were sliced out from the gel and incubated for 12 h in destaining solution 

(25 mM ammonium bicarbonate and 50% acetonitrile). After the destaining process, 

the gel band was cut into small pieces of 1 mm3, washed three times with acetonitrile 

and dried for 30 min in a speed-vacuum concentrator. An overnight trypsin digestion 

was then carried out (Hong-Hermesdorf et al, 2006; Roos et al, 1998). 

2.17.2 Analysis by mass spectrometry 

For the samples to be processed by matrix assisted laser desorption-

ionisation/time-of-flight (MALDI-TOF) spectrometry, aliquots of the digested 

samples were first applied to a target disk and allowed to air-dry. This was followed 

by the addition of the matrix solution (1% w/v a-cyano-4-hydroxycinnamic acid in 

50% acetonitrile, 0.1% (v/v) trifluoroacetic acid) onto the dried sample and was again 

allowed to air-dry. The samples were then processed and peptide mass mapping was 

performed using ABI 4800 MALDI TOF/TOF mass spectrometer. For identification 

and interpretation of the protein fragments, the PEPTIDEMASS (Wilkins et al, 1997) 

program available from ExPASy web site (www.expasy.ch/tools/peptide-mass.html) 

was used. 
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2.18 Fluorescence correlation spectroscopy 

See Appendix A-4 for principles of fluorescence and fluorescence correlation 

spectroscopy. 

2.18.1 Sample preparation 

The protein sample (NBD94 or NBD94i 550) was prepared in buffer (50 mM 

Tris/HCl, 150 mM NaCl, ImM DTT, pH 7.5) together with either ATP analogue 

EDA-ATP ATTO-647N (2V3'-0-(2-Aminoethyl-carbamoyl)-Adenosine-5'-

triphosphate, labeled with ATTO 647N, triethylammonium salt, ATTO-TEC, 

Siegen/Germany) or ADP analogue EDA-ADP ATTO-647N (ATTO-TEC, 

Siegen/Germany) and 2mM MgCb to a final volume of 15 or 50 ul. The sample was 

loaded into the well of Lab-Tek 8-well chambered coverglass (Nunc) and immediately 

measured. The well was pre-blocked with 3% fluorophore-free gelatin for ~10 min 

(Amresco, Solon) and subsequently washed 5 times before loading of sample (Hunke 

et al, 2007). 

A competition assay using the inhibitor 7-chloro-4-nitrobenzo-2-oxa-l,3-diazole 

(NBD-C1) was also performed. In this assay, the pre-incubation of protein solution, 

magnesium chloride and NBD-C1 was first carried out for 30 min at 4 °C. This was 

followed by the addition of EDA-ATP ATTO-647N and the solution was incubated 

for further 10 min prior to loading into well. 
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2.18.2 Instrument settings 

Fluorescence correlation spectroscopic measurements were performed at room 

temperature on ConfoCor 3 system (Zeiss, Jena/Germany) which consist of a LSM 

(laser scanning microscopy) module and fluorescence correlation spectroscopy (FCS) 

module. For measurements involving atto-labeled nucleotide binding experiment, the 

following filter sets were used: (i) main dichroic beam splitter (MBS): Hauptfarbteiler 

(HFT), main color splitter 488/543/633; (ii) emission filter (EF1): LP 655; (iii) EF2: 

None; (iv) secondary dichroic beamsplitter (DBS): none; (v) 633 nm: 3% 

transmission. The sample was excited with a 633 nm laser line of 5 milliwatt (mW) 

produced by HeNe633 laser. After the MBS, this laser beam was focused into the 

aqueous sample solution by a water immersion objective (40 x / 1.2 W Korr UV-VIS-

IR, Zeiss). The fluorescence emission was focused by the same objective and passed 

through a dichroic plate followed by the emission filter LP 655. Out-of-focus 

fluorescence was rejected by a 90 jam pinhole in the detection pathway (recommended 

for atto dye by Zeiss) thereby limiting the confocal detection volume to approximately 

0.25 fl. Each sample was scanned 3 times in which each time the fluorescence 

autocorrelation functions were measured for 30 s for 10 repetitions. 

To study the effect of NBD-C1, the following filter sets were used: (i) MBS: HFT 

514/633; (ii) EF1: BP 655-710R; (iii) EF: none; (iv) DBS: none; (v) DBS1: plate; 

(vi) DBS3: mirror; (vii) 633 nm: 3% transmission. 

84 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Materials and Methods 

2.18.3 Instrument calibration 

Cyanine 5 (Cy 5) dye was used to calibration of the ConforCor 3 system. For 

measurements involving atto-labeled nucleotide binding experiment, the calibration 

was done at 10 nM and 1 uM of Cy5. The Acousto-optic tunable filter (AOTF) 

dampening factor (the percentage of excitation beam permitted to reach the sample) 

and the transmission (the percentage of emission permitted to reach the detector) were 

1% and 10% respectively for concentration at 10 nm and 100% and 5% respectively at 

1 uM. Other important parameters for the calibration were shown to be optimal which 

include (i) the diffusion time (us): 40 to 60; (ii) count per molecule (kHz): 

> 75; and (iii) triplet fraction (%): < 35. The AOTF dampening factor was 100% and 

transmission was 3% for subsequent sample measurement. 

2.18.4 Data interpretation and analysis 

To analyze the autocorrelation functions, the data was processed in two steps 

of non-linear analysis. In the first step, a standard model (two-component diffusion 

model) was used to fit the raw measurements using FCS-LSM software. The second 

step involves identifying the inflection points of the autocorrelation curves by fitting 

the corrected and normalized autocorrelation curves in Origin 7.5. Using Microsoft 

Excel 2003, a plot of the normalized relative autocorrelation G(t) values of each 

inflection points against the concentration of the non-fluorescent protein was made. 

The dissociation (binding) constant (kd) of the binding reaction between the labeled 

nucleotide and protein can be calculated as the concentration at half the curve 

maximum. 
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2.19 Determination of the absorbance spectrum 

To determine the excitation wavelength of the protein (NBD94), its 

absorbance spectrum was made. Here, the protein solution was scanned at the UV 

region from the long wavelength to the short wavelength (310 nm to 230 nm) using 

Shimadzu spectrophotometer. The instrument was first autozeroed using buffer prior 

to scanning process. 

2.20 Intrinsic tyrosine fluorescence spectroscopy 

A Varian Cary Eclipse fluorescence spectrometer was used to measure the 

intrinsic fluorescence of the protein in the absence or presence of 2mM 

Mg-nucleotides (ATP, ADP and GTP). All experiments were carried out at 20°C. 

NBD94 and NBD94i 550 in 50 mM Tris/HCl, 150 mM NaCl, lmM DTT pH 7.5 and 

50 mM Tris/HCl, 2000 mM NaCl, lmM DTT pH 7.5 respectively were excited at 

277 nm, and the fluorescence emission was recorded from 295 to 350 nm with 

excitation and emission bandpasses set to 5 nm. Bandpasses describe the filtering 

processes whereby they allow frequencies or wavelength within a certain range to 

pass through while rejecting (attenuating) those outside that range. Each sample was 

scanned 3 times and the average was calculated. The buffer without protein containing 

the same additives (such as Mg-nucleotides and DTT) was used for baseline 

correction of the spectra. See Appendix A-5 for principle of fluorescence and intrinsic 

protein fluorescence measurement. 
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2.21 Extrinsic fluorescence spectroscopy using trinitrophenyi analogue of ATP 

All fluorescence measurements were carried in Varian Cary Eclipse 

fluorescence spectrometer at 20°C. 50 nM of trinitrophenyi labeled ATP (2'(3')-0-

(2,4,6-trinitrophenyl)adenosine-5'-triphosphate), also called TNP-ATP, in buffer was 

first excited at 415 nm followed by scanning of fluorescence emission from 415 to 

620 nm. The bandpasses for excitation and emission were set to 5 nm. To correct the 

baseline contribution, fluorescence spectrum of buffer without labeled ATP was used. 

To determine if there is any binding interaction between NBD94 and TNP-ATP, about 

8 ug of NBD94 was first incubated with TNP-ATP at room temperature prior to 

measurement as described above. Here, the corrected spectrum was obtained by 

eliminating any emission contribution by the buffer with protein (without TNP-ATP). 

The buffer used in this experiment is 50 mM Tris/HCl, 150 mM NaCl, ImM DTT 

pH 7.5. See Appendix A-5 for principle of fluorescence and extrinsic protein 

fluorescence measurement. 

2.22 Cross-linking assay using CuCh 

The cross-linking assay was carried out as previously described (Coskun et al, 

2004). 3 - 5 ug of NBD94 or NBD94i_55o was incubated in 50 mM Tris/HCl, 150 mM 

NaCl, pH 7.5 (without DTT) with either 100 uM CuCl2 or 1 mM DTT or both. Also a 

control where no additives were added was also made. These samples were mixed by 

shaking for 30 min at 4 °C and the cross-linking was stopped by addition of 1 mM 

EDTA. The sample was then dissolved in DTT-free 5X loading buffer and applied to 

SDS gel. The products of cross-linking were analyzed by SDS-PAGE. 
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2.23 In vitro erythrocyte binding assay 

2.23.1 Preparation of P. yoelii YM culture supernatant 

P. yoelii YM parasites were harvested from BALB/c mice as described in 

Section 2.3. The parasitized blood was washed 3 times with incomplete RPMI 1640 

medium (iRPMI) (Invitrogen) at 2100 rpm, 3 min, 21 °C and schizonts were purified 

by centrifugation on a 50 - 80% step gradient of Nycodenz (Sigma-Aldrich). Purified 

schizonts were placed back into culture containing iRPMI medium with 25% fetal 

bovine serum (FBS) (Invitrogen). The parasite culture was incubated at 37 °C for 16 h 

with gentle shaking. Supernatant was harvested in a 2-step centrifugation. The first 

centrifugation was carried out at 2100 rpm at 6 °C for 3 min to pellet down the 

parasites. The supernatant was siphoned and centrifuge at high speed at 15,000 x g at 

6 °C for 30 min to remove any remaining debris. The supernatant was subsequently 

dialyzed against iRPMI medium at 4 °C overnight to remove residual nucleotides. 

Aliquots of dialyzed supernatant were stored at -80 °C. 

2.23.2 Mouse blood preparation 

Mouse erythrocytes were always freshly obtained just prior to any erythrocyte 

binding assays are performed. 8 - 1 2 weeks old Balb/c mice bred under SPF 

conditions were culled and blood collected in acid citrate dextrose (ACD) (Sigma-

Aldrich). The blood was thoroughly mixed and left standing for 5 - 10 min. The blood 

was then washed 3 times at 2100 rpm, 3 min, 21 °C with iRPMI medium and the 

packed blood was stored at room temperature. 
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2.23.3 Erythrocyte binding assays 

Erythrocyte binding assays (EBAs) were performed as described previously 

(Ogun & Holder, 1996; Ogun et al, 2000) with minor modifications. Protein samples 

used in this assay were the dialyzed supernatant (30 ul, Section 2.23.1), and purified 

NBD94 and NBD94i 550 (Section 2.10). 100 ul packed blood was mixed with 200 (al 

of iPvPMI and 50 ul of FBS and left standing for 10 min at room temperature. 

Simultaneously, the protein solution was mixed with iRPMI in total volume of 250 ul 

and incubated. The protein solution was then added to the erythrocyte suspension and 

mixed on the rotator at 37 °C for 2 h. This was followed by overlaying the suspension 

with equivolume of dibutylpthalate (DBT) (Sigma-Aldrich) and ccntrifugation at 

13,200 rpm for 2 min using tabletop centrifuge (Eppendorf). The supernatant and 

DBT were removed and erythrocyte pellet was gently mixed with 20 ul of 0.5M NaCl 

and incubated for 10 min at room temperature to allow elution of the bound proteins. 

The eluted protein was finally collected as supernatant after centrifugation and ran on 

6% SDS gel and detected by western blotting using mouse monoclonal antibody 

25.77 (Freeman et al, 1980a; Freeman et al, 1980b; Holder & Freeman, 1981). 

To study the effect of nucleotides on erythrocyte binding, the proteins were first 

incubated with a final concentration of 3 mM MgATP (ratio of 1:1), 3 mM MgADP 

(ratio of 1:1) or no nucleotide addition, in iRPMI medium at 4 °C for 15 min 

respectively. This was followed by the addition of 100 ul packed mouse erythrocytes 

as described above. 
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To study the effect of enzyme treatment on erythrocyte binding, the enzymes were 

added to the washed mouse blood and mixed on the rotator for 2 h at 37 °C. The 

enzymes used were 1 mg/ml trypsin (Sigma-Aldrich), 1 mg/ml chymotrypsin (Sigma-

Aldrich) and 25 mU neuraminidase (Roche Diagnostics). The enzyme treated blood 

was washed 3 times at 2100 rpm, 3 min, 21 °C with iRPMI medium. In the case of 

trypsin treated blood, 1 mg/ml trypsin inhibitor (Sigma-Aldrich) was added after the 

first wash and incubated by rocking at room temperature for 10 min. The washed 

enzyme treated blood is ready to be used for the EBA. 
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Results 

3.1 Domain mapping of the Py235 and their homologies using various 

bioinformatics tools 

3.1.1 Linear analysis of predicted protein sequences of selected members ofRBL 

superfamily using ClustalW 

Analyses of primary protein sequence alignments of different proteins can 

provide some information of a possible shared functional domain. An example of a 

domain discovered this way is the DBL domain in a Plasmodium yoelii protein 

(Prasad et al, 2003) {Section 1.7.1.3). Comparison of 839 residues of this P. yoelii 

protein with P. vivax and P. knowlesi duffy binding proteins showed a region of 30% 

sequence homology containing highly conserved cysteine residues. This region has 

shown to be important in erythrocyte binding and is conserved among 

phylogenetically distant malaria species. Hence, using a similar approach, we hoped 

to find a domain that might be of functional importance in different Py235 members 

as well as with other homologues such PfRHs and PvRBPs. 

No motif was identified when ClustalW was used to align the full-length deduced 

amino acid sequences of the various Py235 members. Moreover, no distinct homology 

region could be inferred when comparing the diverse homologues such as PfRHs and 

PvRBPs. Thus, in these cases, no valid prediction could be obtained using linear 

analysis approach. Failure of the approach could in part be due to the overall high 

sequence divergence between different members of this gene family or alternatively 

reflect the fact that domain structures may not be conserved in the linear sequence. 
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3.1.2 Bioinformatics analyses of different Py235 members using Simple Modular 

Architecture Research Tool and Position-Specific Iterated Basic Local Alignment 

Search Tool 

In view of the difficulties encountered when using linear analysis, we then 

proceeded to use other types of bioinformatics tools that enable identification of 

distant relationships between sequences that are too subtle to be discovered with a 

regular BLAST search or analysis using ClustalW algorithms. In doing so, proteins 

that are distant structural and functional homologues can be identified. Functional 

homologues are proteins, or protein domains, that carry out similar functions (e.g. 

ATP binding). Structural homologues are those that possess similar folds (localized 

regions of a particular structure) such as "beta sandwich" or "four helical bundle" 

motif. The fold can be domain of protein or the entire protein itself. Here, we used 

two independent approaches namely Simple Modular Architecture Research Tool 

(SMART) {Section 2.2.1) and Position-Specific Iterated Basic Local Alignment 

Search Tool (PSI-BLAST) (Section 2.2.2). 

In the first approach, we analyzed all Py235 sequences using SMART. However, it 

must be noted that not all the sequences of these members are completely known. As a 

result, this could explain any inconsistency or incongruence that arose from these 

analyses. Nevertheless, the SMART analyses of their currently updated sequences 

predicted a number of interesting motifs. Of particular interest were the predictions of 

an "AAA" domain, "contractile protein" domain and "peptidase domain" (Table 3.1, 

Fig. 3.1, Appendix B-l). "AAA" stands for "ATPase Associated with diverse cellular 

Activities" and as the name implies this domain is involved in ATP binding and 

hydrolysis (See Section 3.2.1 for further details). As shown in Table 3.1, it can be seen 
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clearly that the AAA domain was strongly predicted in all Py235 members and in 

some members more than one domain was predicted (Appendix B-l). However, only 

the AAA domain predicted with the highest e-values are discussed in the text and 

depicted in the figures and tables. The e-values for these predictions are > 10~15 for 

those members whose sequences are almost completely known. For these members, 

the average length of the predicted AAA domain is 730 ± 100 amino acid long (aa). In 

the case of PY01365, an AAA domain of 793aa was identified with the highest level 

of confidence where an e-value of 2 x 10~35 was calculated for this prediction. This 

indicates that the probability of such domain occurring in PY01365 by "chance" is 

infinitely small and hence eliminating the possibility of such prediction being a false 

positive. Similarly, such high values were determined for other Py235 members, such 

as PY01185 and PY00649. In addition, it can be seen that this domain is predicted to 

lie in the extracellular region where it is generally located at the N-terminus half of 

the protein. For example, in the case of PY01365 that has a full length sequence of 

2719aa (Table 3.1), the position of the predicted AAA domain is from amino acid 

position 611 to 1403. On the whole, it is interesting to note that the AAA domain is 

mainly found in the second half of the N-terminus half of at least nine Py235 

members whose sequences are almost complete. As the erythrocyte binding domain 

generally located near the N-terminus of RBLs (Gao et al, 2008; Gaur et al, 2007), 

these findings would indicate that the AAA domain is somewhat situated downstream 

of a potential erythrocyte binding domain. This speculation was indeed verified as 

described in Section 3.13. 
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A reasonably good level of confidence was obtained for "contractile protein" domain 

which is clearly present as distinct domain in two Py235 members namely PY02104 

and PY04930 (Table 3.1, Fig. 3.1). However, as shown in Table 3.1, a contractile 

protein domain was also predicted in four other Py235 members but this region 

overlaps with their respective AAA domains. Similarly, there is evidence of a 

potential "peptidase" domain in at least one of Py235 members (i.e. PY06018). It 

must be noted that the e-values for the predictions of these domains are considerably 

higher than for AAA domain (e-value ranges from 10"* - 10~7). The probable reason 

why some Py235 members lack these domains may be due to the fact that only partial 

sequence is known for some of these members. 

To determine whether similar or identical domains could be identified, a second 

approach using PSI-BLAST was performed with at least two levels of iterations 

(Section 2.2.2). Generally, PSI BLAST gave very similar results for most Py235 

members (Table 3.1). For example, the prediction of functionally similar domains 

were observed in PY05995, PY01185, PY04630 and PY00649 where various 

"ATPase" domains were predicted by PSI-BLAST at almost similar regions that were 

predicted as "AAA" domains by SMART. The e-values for these predictions by 

PSI-BLAST range from 10 - 10 . Likewise, "dynein" and "contractile protein" 

domains were predicted in PY01185 by PSI-BLAST (e-value: 10"3) and SMART 

(e-value: 10") respectively. 
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Whether these predictions by PSI-BLAST are significant and worthy of experimental 

follow-up (as the e-values are generally much lower than that predicted by SMART) 

can be illustrated in the following example. PSI-BLAST of the sequence of the 

uncharacterized hypothetical archaebacterial protein, MJ0577, from Methanococcus 

jannaschii resulted in a list of significant alignments after the first iteration ("nr" was 

used as the database in this search). The e-values for these predictions range from 

10 6 3 _ i(T*. Of these sequences, the universal stress protein (UspA) of Escherichia 

coli belonging to the universal stress protein A homologue family appeared to be a 

potential candidate. The e-value for this prediction was 3 x 10 5. UspA was generally 

shown to bind ATP. Structural analysis of MJ0577 (Zarembinski et al, 1998) indeed 

revealed a unique nucleotide-binding motif where the residues involved were 

reasonably conserved amongst the members of the UspA family. In conclusion, 

despite the e-value being low, it is indeed significant and cannot be ruled out for 

further experimentation. This observation could also apply in the case of the 

predictions made by PSI-BLAST analysis of the various Py235 sequences. 

Although PSI-BLAST predicted different domains in PY06381 (i.e. myosin tail) and 

PY03184 (i.e. ion transporter) in place of the AAA domains by SMART, one cannot 

rule out the possibility that the "myosin tail" or "ion transporter" may contain a 

nucleotide binding function or possess ATPase activity. Collectively, these 

observations and comparisons add another level of confidence in the domains 

predicted in Py235 by SMART, especially the "AAA" domain. 
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PY06018 

Peptidase E-
1348 1666 

-

E8 
2343 (PY06018) 

AAA Peptidase 8-
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• H " 

PY01185 

AAA 
PY04630 

PY04930 

CP 
146? ' 1740 & 

AAA 
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Fig. 3.1 SMART analysis of nine members of Py235 that have almost full length sequence 
Note that each representation is depicted in a NH3 to COOH orientation. The sequence of PY06018 may be 
part of the full length sequence of E8 (Iyer et al., 2006). CP:Contractile protein domain. PEP: Peptidase 
domain. Striped green box at carboxyl end denotes putative transmembrane domain. Red box at amino 
terminus denotes putative signal sequence. The numbers on each domain indicate position of the amino acid 
residue. Note that only the AAA domain with the highest e-value is discussed in the text and shown in the 
figure for each member. 
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3.1.3 Conservation of the domains predicted by SMART in other Py235 

homologues but not in unrelated malaria invasion proteins 

To establish whether the predicted domains were due to some bias within the 

Py235 gene family or were indeed a functional motif, we performed the same analysis 

on the other highly diverse homologues of this gene family and other unrelated 

malaria erythrocyte binding/invasion proteins. 

Interestingly, like in the case of Py235, SMART analysis predicted an "AAA" domain 

in the extracellular region of RBLs of the medically important human malaria 

parasites (Table 3.2 and Appendices B-2 and B-3). A high degree of confidence level 

was obtained for PfRHs (e-values of 10~n - 10 20) and PvRBPs (e-values of 6 x 10"22 

for PvRBPl and 6 x 10 25 for PvRBP2), with the exception of PfRH5. The failure of 

any potential domain to be predicted in PfRH5 would likely be due to its rather short 

sequence (526aa) which would mostly be involved in erythrocyte binding (Rodriguez 

et al, 2008). In PvRBPs and PfRHs, the average size of their AAA domain is 

620 ± 56aa and 640 + 25aa respectively. Upon examination of the RBLs in various 

Plasmodium spp (Table 3.2, Appendix B-4), it became increasingly obvious that AAA 

domain was indeed predicted as a potential domain in the proteins of this superfamily. 

Apart from PfRH4, the size of the PfRHs is generally very large where the predicted 

AAA domain appears to be centrally located. On the other hand, the position of the 

erythrocyte binding domain seems to be proximal to the N-terminus of the protein as 

in the case of PfRHl (Gao et al, 2008), PfRH4 (Gaur et al, 2007; Tham et al, 2009) 

and PfRH5 (Rodriguez et al, 2008) The erythrocyte binding domain of PfRHl 

(500 - 833aa) is located upstream of the predicted AAA domain (1460 - 2121aa) and 

such architecture would presumably apply to other members of PfRHs that contain an 
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erythrocyte binding domain. In PvRBPs, the predicted AAA domain lies in the second 

half of the N-terminus half of the protein similar to Py235. Though PvRBPs have 

been shown to bind to reticulocyte, its binding domain has yet to be delineated. 

However, it is tempting to speculate that there might be a general consensus for a 

structural organization of these two functional domains within the members of RBL 

family, similar to that found in PfRHl and Py235 (as in the case of PY01365 

(See Section 1.8.2.2)). 

Other domains were also predicted within the Py235 homologues of this superfamily 

(Table 3.2, Appendices B-2 to B-4) but they occur sporadically across these members 

as similarly observed amongst the Py235s. Unlike the AAA domain, these domains 

were not a common feature of the RBL superfamily but they may have a functional 

role. A domain with "contractile protein" function was predicted with significant 

confidence in PfRH4, PvRBPl and PvRBP2 as well as in other RBLs. The e-values 

for these predictions range from 10 - 10 . A "hydrolase" domain (part of the 

endopeptidase) was predicted with an e-value of 10"* in PvRBPl. The e-values 

calculated for all these domains are in similar range as those computed for Py235. 

As discussed in the introduction, there are many types of malarial proteins that are 

involved in the various stages of invasion from erythrocyte binding to invasion but are 

not related to the RBL superfamily. Therefore, it was imperative to determine whether 

similar predictions would occur when analyzing these proteins using SMART, in 

particular the prediction of an AAA domain. Interestingly, no AAA domain was 

predicted for these unrelated malaria invasion proteins, such as the EBL families, 

AMA1, MSP1-MSP7, RAP1-RAP3, RhopHl and Rhop H3, RAMA (rhoptry-
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associated membrane antigen), SURFIN (surface-associated intersperse genes) and 

ASP (apical Sushi protein). Only a putative AAA domain was identified in RhopH2 

but at a significantly reduced confidence of 1 x 10 6. 

Collectively, these observations indicate that the AAA domain is unique to the 

members of RBL superfamily as such domain is not found in other important malaria 

erythrocyte binding/invasion proteins. Thus, this would imply an important role 

involving the AAA domain is conserved amongst the Py235 members and their 

homologues PfRHs and PvRBPs. 
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Table 3.2 Table depicting main results of SMART analyses of RBL members in other Plasmodium spp 

*PlasmoDB (www.plasmodb.org) ORF names or alternatively GenBank accession numbers are given where available. Note 
that the gene IDs for PfRHs and PvRBPs are identical to those mentioned in Cowman and Crabb, 2006 and Iyer et al., 2007. 

Plasmodium 
spp 

RBL members 
(IDs)* 

Size of full 
length 
protein 

(amino acid, 
(aa)) 

SMART Analysis 

AAA domain 

aa region E-value size of 
region 

(aa) 

Other domains 

Name 
region 

(aa) 

E-value 

P. falciparum PfRHl 
(PFDOllOw) 

2971 1460-2121 2xE-16 662 

PfRH2a 
(PF13 0198) 

PfRH2b 
(MAL13P1.176) 

PfRFB 
(PFL2520w) 

3130 

3179 

2792 

1300-1930 

1225-1885 

1238-1873 

2 x E-20 

2 x E-20 

7xE-18 

631 

661 

636 

PfRH4 
(PFD1150c) 

1716 220-821 2 x E - l l 602 Kincsin motor, 1090- 1 x E-06 
catalytic domain. 1298 
ATPasc 
(microtubule 
motor activity, 
ATP binding) 

P. vivax PvRBPl 
(Pv098585) 

2817 959-1766 5xE-22 808 Contractile protein 343- 7 x E-05 
618 

Hydrolase (part of 811- 1 x E-05 
anthrax lethal 1150 
toxin 
endopeptidase) 

PvRBP2 
(Pv090325) 

2779 960-1667 5 x E-25 "OS Contractile protein 729- 5 x E-05 
1029 

P. berghei PbRBP 
(PB000035.01.0) 

1308 154-716 2 x E-20 563 Contractile protein 152- 7 x E-08 
432 

PbRBP2 
homolog A 
(PB000327.03.0) 

1513 302-995 2 x E-22 691 Contractile protein 413- 2 x E-07 
711 

P. chabaudi PcRBP 
(PC000362.05.0) 

509 54-509 5 x E-16 456 

PcRBP2 
homolog A 
(PC001072.02.0) 

1039 5-786 2 x E-20 782 Contractile protein 289- 6 x E-05 
595 

P. cynomolgi Reticulocyte 
binding protein 1 
(Accession no.: 
AAY63900) 

2779 351-1180 1 x E-20 
1934-2615 lxE-19 

830 Contractile protein 2290- 1 x E-04 
682 2612 

Reticulocyte 
binding protein 2 
(Accession no.: 
AAY63901) 

2785 761-1580 5x E-22 
1753-2409 6xE-18 

820 Contractile protein 949- 1 x E-04 
657 1247 

Contractile protein 1301- 7 x E-07 
1618 
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Table 3.2 Table depicting main results of SMART analyses of RBL members in other Plasmodium spp 
(continued) 

*PlasmoDB (www.pla5modb.org) ORF names or alternatively GenBank accession numbers are given where available. Note 
that the gene IDs for PfRHs and PvRBPs are identical to those mentioned in Cowman and Crabb, 2006 and Iyer et al., 2007. 

Plasmodium RBL members Size of full 
spp 

SMART Analysis 
(IDs) length 

protein 
(amino acid, 

(aa)) 

AAA domain Other domains 

aa region E-value size of 
region 
(aa) 

E-value 
region 
(aa) 

P. knowlesi PkRBP 
(Accession no.: 
CAQ42475) 

683 5-499 2 x E-l 1 495 

PkRBP 
(Accession no.: 
CAQ42474) 

1602 494-1276 5 x E - U 783 Contractile protein 2290- 1 x E-04 
2612 

P. reichenowi reticulocyte 
binding-like 
protein 2b 
(Accession no.: 
AAO38039) 

3427 1220-1922 1 xE-18 703 

Reticulocyte 
binding-like 
protein 3 
(Accession no.: 
AAO38040) 

2881 1333-1968 lxE-17 636 Myosin, large 2037- 2 x E-04 
ATPases. Function: 2226 
motor activity, ATP 
binding 
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3.2 Identification of Walker A and Walker B motifs in predicted AAA 

domains of Py235 

3.2.1 AAA protein and AAA domain 

Erdmann and colleagues (Erdmann et al, 1991) first described the proteins 

belonging to the family of "ATPases Associated with diverse cellular activities" 

(AAA proteins) where the members share a conserved ATP-binding domain called 

the AAA domain (Confalonieri & Duguet, 1995; Latterich & Patel, 1998). However, 

information garnered from various bioinformatics analyses and structural studies (e.g. 

crystallography) revealed that this classical family of AAA proteins appears to fall 

under a wider classification termed the AAA+ superfamily (Neuwald et al, 1999). 

Though sequences of the AAA+ proteins in this superfamily are diverse, they do 

indeed have some structural features in common. In general, the AAA+ proteins are 

ATP binding/hydrolysis proteins that are found in eukaryotes, prokaryotes and 

archaebacteria, which highlights an evolutionary and central role played by these 

proteins in all forms of life. Indeed, these proteins are involved in a variety of 

important cellular processes which include membrane fusion, protein 

folding/unfolding, assembly and disassembly of protein complexes, gene expression, 

microtubule assembly, etc. (Ogura & Wilkinson, 2001; White & Lauring, 2007) (Fig. 

3.2). The fact that a number of different human genetic diseases are caused by 

dysfunctional AAA+ proteins gives an indication of the importance of these proteins 

in the many aspects of normal human physiology. 
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The domain architecture of AAA+ proteins consists of a non-ATPase, N-terminal 

domain (probable site for primary substrate recognition), followed by either one or 

two AAA domains (Note that the term "AAA domains" are used interchangeably with 

"AAA+ domain"). The AAA domain which is about 200 - 250aa is highly conserved 

(~30% identity) and is the characteristic feature of AAA+ superfamily. Based on the 

crystal structures of various AAA+ proteins, this domain consists of a larger 

N-terminal nucleotide binding subdomain and a smaller C-terminal helical subdomain 

(Fig. 3.3). The C-terminal subdomain is a trademark feature that distinguishes this 

family from other nucleotide-binding proteins. This subdomain, which is largely a-

helical, forms a partial lid over the nucleotide binding site of the AAA domain. The 

characteristic two-subdomain structure of the AAA domain is more conserved than its 

underlying sequences in the various members (Smith et al, 2004). The modification 

and adaptation of this core AAA architecture allows for the functional diversity of the 

AAA+ family. 

Each AAA domain is defined by a number of characteristic motifs/regions that are 

important for ATP binding and hydrolysis (Fig. 3.3). These include the hallmark 

Walker A and Walker B motifs, sensor-1 and sensor-2 motifs, arginine finger and a 

second region of homology (SRH). Walker A motif is glycine rich and forms a 

phosphate-binding loop (P-loop) which is crucial for nucleotide binding. It has a 

rough consensus sequence of GxxxxGK(S/T)x (x = any residue) where the conserved 

lysine and threonine/serine residues are thought to be important in binding the P- and 

y-phosphates of the bound ATP and Mg2+ ions respectively. In addition, the lysine 

residue is believed to be crucial for maintaining the P-loop structure (Saraste et al, 

1990; Walker et al, 1982). On the other hand, Walker B motif (Walker et al, 1982) is 
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a less conserved site (Higgins et al, 1988; Taylor & Green, 1989) where its general 

consensus sequence is hhhhDExx (h = hydrophobic residue). This motif forms 

contacts with nucleotides where the acidic residues play a role in the ATPase activity. 

The conserved glutamate residue is proposed to activate water for the hydrolytic 

reaction while the aspartate residue is crucial for co-ordination of the Mg2+ ions. 

Immediately after the motif B is the second region of homology (SRH) which is also 

known as the "AAA minimum consensus" (Latterich & Patel, 1998; Tomoyasu et al, 

1993). This region together with the Walker motifs was originally used to define the 

members of the classical AAA family. Within the SRH are two specific structural 

elements known as sensor 1 and arginine fingers. They are located at the N-terminus 

and C-terminus of SRH respectively and are believed to be responsible for 

co-ordination of ATP hydrolysis and conformational changes between subunits 

(Ogura et al, 2004). Towards the C-terminal of the AAA domain (i.e. helical 

C-terminal subdomain) is sensor 2 where its residues participate in nucleotide binding 

(Ogura et al, 2004). Here the conserved arginine residue or alanine residue directly 

interacts with y- phosphates of the bound ATP. 
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membrane fusion/transport 

NSF/Sec18p 

reconstitution of ER/Golgi 

p97A/CP/Cdc48p, NSF/Sec18p 

proteolysis 

proteasomal ATPases, I 
ClpA, CIpX, HsIU. Lon 

chloroplasts/plastids 

RsH/Var2. Pftf, CIpC 

mitochondria 

parapiegin. YlalOp. Ytai2p 
Ymelp, Msplp, Bcslp, LonyPimlp 
CIpX, Hsp78 

motors 

dyneins 

protein disaggregation/refolding 

endosomes 

Vps4p.'SKD1 

peroxisomes 

Pexlp. Pe*6p 

DNA replication 

:1.4.5, Mcm2-7, Rtcl-5 
SV40 T antigen. DnaA 

DNA recombination/repair 

RuvB, Rad17, R1c2-5 

transcription 

TIP49a b. Ntrc 
proteasomal ATPases 

mitosis/meiosis, apoptosis 
severing of microtubule 

Hsp104/Hsp78/ClpB 
Cdc48p/VCP/smallmmded/MAC-1 
katanin/MEI-1 

Fig. 3.2 The diverse cellular processes that involves AAA+ proteins 
An illustration of a eukaryotic cell showing the various subcellular localizations of the AAA+ proteins 
and the processes they are involved in. Prokaryotic members are also shown. Adapted from Ogura and 
Wilkinson, 2001. 

Fig. 3.3 Structure of a typical AAA+ domain 
(A) A typical 2-subdomain architecture of the AAA+ domain from Saccharomyces cerevisiae RFC 1 
was selected as a representative. (B) The various motifs within the AAA+ domains are represented in 
color and labels shown in inset. The bound ATP and Mg2+ ions are shown in yellow and grey 
respectively. Adapted from Snider and Houry, 2008 (Snider & Houry, 2008). 
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3.2.2 Search for Walker A and B motifs in AAA domains ofPy>235 

In comparison to the AAA domains found in AAA+ proteins, the size of AAA 

domains of Py235 and their homologues appears to be larger. In fact, the average size 

of these domains found in the RBL homologues can be 2 - 4 times larger than the 

conventional size of 200 - 250aa. This observation is, however, not surprising 

because firstly, the overall size of the AAA+ proteins (400 - 1200aa) (Confalonieri & 

Duguet, 1995) tends to be much smaller than full length sequence of Py235s and their 

homologues (generally >2000aa) and secondly, the AAA domain is a prediction in 

these homologues and therefore needs to be validated with structural studies. In view 

of this, one must bear in mind that the prediction of an AAA domain within Py235s 

and their homologues does not necessarily indicate that these proteins are actually 

AAA+ proteins. They could just be nucleotide binding proteins possessing some 

conserved structural elements that are found in the AAA domains of AAA+ proteins. 

In fact, there are proteins that are known to bind ATP but lack a P-loop motif or other 

structural motifs typically found in the AAA domains. These include the glycolytic 

kinases, El/E2-type ATPases, actin, tubulin and aminoacyl-tRNA synthetases (Saraste 

et al, 1990; Walker et al, 1982) 

Nevertheless, we investigated whether we could locate Walker A and Walker B 

motifs in the primary amino acid sequence of Py235. The AAA domain of PY01365 

was first selected for investigation as it was predicted with the highest confidence 

amongst the Py235 members. A glycine-rich region, GTPKGNT, is seen in this 

region (which is similar to GKJNKGDTS found in the Walker A motif of vacuolar 

ATPase (Armbriister et al, 2005)), while a possible Walker B motif ("IYNIIDEIE") is 

also detected (Fig. 3.4). 
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Fig. 3.4 The linear sequence and the corresponding secondary structure prediction of the putative AAA 
domain of PY01365 
The prediction was done using the program in found http://\v\v\v.expas\.ora/. The a-helices are shown in red. P-
sheet as a red arrow and the dotted lines denote coil region. The potential Walker A and B regions are 
highlighted in yellow and red respectively. Tyrosine and cysteine residues are highlighted in green and aqua 
blue respectively. The sequences that are underlined in blue indicate the ATP binding peptide that is elucidated 
during MALDI-TOF spectrometric analysis (See Section 3.7.1). The region of sequences underlined in black 
denotes the amino acids that were omitted when constructing NBD941^550. 
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Potential Walker A and B motifs were then searched in the predicted AAA domains of 

other Py235 members (Table 3.3) and these motifs could be seen in all ten Py235 

members that were examined. These observations strongly suggest that presence of a 

potential motif that is important for ATP binding in PY01365 and other Py235 

members. 

Table 3.3 Identification of possible Walker A and B motifs in various Py235 members 

Py235 
members 

PY03432 

PY02033 

PY05995 

PY06381 

PY06018 

PY05054 

PY03534 

Prediction of 
Walker A 

motif 

•/ 

/ 

ND 

ND 
^ 

/ 

ND 

Prediction of 
Walker B motif 

S 

^ 

ND 

ND 

S 

S 

ND 

Py235 
members 

PY03184 

PY01365 

PY01185 

PY04630 

PY00649 

PY02104 

PY04930 

Prediction 
of Walker 

A motif 

^ 

• 

/ 

• 

/ 

V 

ND 

Prediction of 
Walker B motif 

S 

/ 

/ 

/ 

y 

/ 

ND 

NOTE: ND: not determined 

3.3 Choice of Py235 member for further characterization 

Of the 14 members of py235 gene family in P. yoelii 17XNL, PY01365 was 

selected for study to understand further the functional role(s) of Py235. There are a 

number of reasons for doing so. Firstly, an almost full length genomic sequence of 

this member is known (accession no.: AABLO1000359; genebank id: 23485984). As 

highlighted in the introduction, PY01365 is a dominant member of Py235 that is 

highly expressed in the rhoptry of merozoite; it binds to RBC; and is recognized by a 

protective monoclonal antibody that attenuates the virulent YM infection. Most 

importantly, as shown by the bioinformatics analyses, this member potentially 

possesses an AAA domain that was predicted with the highest level of confidence 

compared to the remaining members. In addition, putative Walker A and B motifs 

could be observed. 
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3.4 Expression and purification of the AAA domain of PY01365 

To study whether the predicted AAA domain of Py235 is able to bind to 

nucleotides or possess ATPase enzymatic activity, an attempt to express the AAA 

domain as a recombinant protein was made. Here, the gene coding for predicted AAA 

domain of PY01365 was amplified by PCR and cloned into pET9d-His6 bacterial 

vector. The sequence of the insert was verified and the recombinant plasmid was then 

used to transform bacteria Rosetta-gami™ (DE3). The transformed bacteria were then 

grown to the appropriate O.D. and the expression of the His-tagged protein was 

induced using IPTG. The induction resulted in an approximately 94 kDa protein 

(expected mass) which was found entirely within the soluble fraction as revealed by 

SDS-PAGE (Fig. 3.5) and western analysis. The 94 kDa recombinant protein was then 

purified from the main contaminants by affinity chromatography in which the soluble 

fractions were applied onto a Ni2+-Sepharose™ resin column. An imidazole-gradient 

(0 - 250 mM) in buffer consisting of 50 mM Tris/HCl, pH 7.5, 250 mM NaCl, 4 mM 

Pefablocsc and 0.7 mM DTT was used and the protein mainly eluted between 

75 - 200 mM imidazole (Fig. 3.6). Apart from the 94 kDa recombinant protein, a 

lower molecular weight protein of ~70 kDa (presumably the truncated form) was also 

prominently observed (Fig. 3.6 and 3.7B and C). 

As can been seen from the SDS-PAGE, there were still contaminating bands present 

in fractions that contain the 94 kDa recombinant protein. As these contaminants have 

molecular mass close to 94 kDa, ion-exchange was the preferred technique for the 

next step of purification. Here, an anion-exchanger (which is positive charged) was 

used because the expected isoelectric point of the recombinant protein is 5.59, making 

it negatively charged at pH 7.5 which happens to be the pH of the buffer in which the 
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protein is isolated in. The 125 - 200 mM imidazole fractions were pooled and 

subsequently applied onto an anion exchanger. Many types of anion exchangers which 

include Resource Q were used for optimizing this purification step. However, only the 

column containing DEAE matrix gave the best outcome in terms of purity and 

recovery. DEAE, also called diethylaminoethyl cellulose, is a positively charged resin 

and works well at pH less than 9 (See figure below). 

u2 3 

2 2 | 

CH^-CH3 
Cellulose 

The ion exchange chromatography resulted in the elution of the recombinant protein 

at about 200 mM NaCl (20% of 1M NaCl) which correspond to the main peak in 

Figure 3.7. Figure 3.7B gives an indication of the purity of the isolated protein as 

analyzed by SDS-PAGE. The identity of the protein was confirmed by MALDI-TOF 

mass spectrometry (Table 3.4) and western analysis (Fig. 3.7C). Various attempts at 

further purification by gel filtration using different additives and buffers to isolate the 

94 kDa protein from the 70 kDa truncated form failed. In fact, in some cases, further 

degradation of the protein occurred. Since the purity of the recombinant protein 

purified by DEAE is sufficiently high, the fractions containing it were then pooled and 

concentrated for subsequent experiments. 
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Fig. 3.5 Induction and solubility assay of AAA domain of PY01365 

(A) IPTG-induced (lane 1) and uninduced (lane 2) cells cultured for 3hours at 37°C were lysed and ran 
on SDS-PAGE. (B) Solubility assay carried out where lane I represents the soluble extract and lane 2 
represent the pellet or insoluble extract after sonication and centrifugation of induced sample. Arrow 
indicates the expected position of recombinant protein. M: marker 

(A) 
kDa 

150 

100 

75 

50 

37 

25 

20 

(B) 

kDa 

250 

150 

100 

75 

. ' ~ " ""^ — 

pellet M flow-
through 

Fig. 3.6 Affinity chromatographic purification of recombinant AAA domain of PY01365 using Ni-
Sepharose 

IPTG-induced cells were cultured for 3hours at 37°C were lysed, sonicated, and cleared, followed by 
incubation with Ni-Sepharose. (A) The pellet after centrifugation and flowthrough after incubation with Ni-
Sepharose are shown. (B) Step gradient elution from 0 - 250mM imidazole was carried out where lane 1: 
OmM, lane 2: 20mM, lane 3: 50mM, lane 4: 55mM, lane 5: 75mM, lane 6: lOOmM, lane 7: 125mM, lane 8: 
200mM, lane 9: 250mM. M: marker 
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Fig. 3.7 Ion exchange chromatographic purification of recombinant AAA domain of PY01365 using DEAE 
matrix 
(A) DEAE column was used for anion exchange where the imidazole fractions (125 - 200mM) containing 
recombinant protein were pooled and injected onto the column. Elution was carried out 3ml/min where the proteins 
were separated using a NaCl gradient (See Material and Method, Section 2.10.2. Fractions within half peak of the 
highest peak were pooled and concentrated for subsequent analysis. (B) SDS-PAGE of the purified NBD94 after 
ion-exchange. (C) Duplicate sample of purified NBD94 as analyzed by western blotting using anti-His antibody 

3.5 Spectroscopic characterization of the recombinant AAA domain of 

PY01365 

It would be prudent to first determine whether the recombinant protein is 

properly folded (hence its functional property is retained) before carrying out any 

exhaustive studies. Such determination using high-resolution techniques such as X-ray 

crystallography or nuclear magnetic resonance (NMR) would be complex and 

time-consuming. Therefore, a fast and low-resolution technique was employed. In this 

case, far-UV circular dichroism (CD) was carried out to determine the secondary 

structure of the purified AAA domain of PY01365, which in turn gives some 

information regarding its structural conformation. The CD spectrum of the 

recombinant protein ranging from 185 nm to 260 nm is depicted in Figure 3.8. The 

minima at 222 nm and 208 nm and the maximum at 192 nm point to the presence of 

a-helical structures in the protein (See Appendix A-3 for explanation on CD and CD 
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spectra). The secondary structure content was calculated to be 65% a-helix and 24% 

random coiled using various algorithms (See Section 2.14). As can been seen from 

Figure 3.4, this result is in line with secondary structure predictions based on primary 

amino acid sequence of the protein. The molar ellipticity (0) values, which are 

measurable quantities of CD (See Appendix A-3), are -32,135.7 deg x aa~' x dmol 

and -32,224.8 deg x aa~' x dmoF1 at 208 nm and 222 nm respectively. The ellipticity 

ratio (0222/0208) of these values is calculated to be 1.0. It has been shown that non-

interacting helices typically give a ratio of around 0.8, while the interacting ones have 

ratios close to 1.0 (Cooper & Woody, 1990). Thus, the CD spectrum presented gives 

an indication of the proper folding of recombinant protein and that the a-helices are in 

intimate interactions with each other. 

40000 i 
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if 
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Fig. 3.8 Identification and far UV circular dichroism spectroscopy of purified recombinant 
NBD94 
CD spectrum of NBD94. 2mg/ml of protein was scanned with 1 nm bandwidth in the wavelength range 
of 180 - 260 nm with 1 nm step. Three scans were made and the average was corrected and computed 
to produce the spectrum, deg, degrees; aa, amino acid. 
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3.6 Determination of ATPase activity in the recombinant "AAA" domain of 

PY01365 (performed by Dr. Cornelia Hunke) 

Many AAA+ proteins possess ATPase activity where it has been shown that 

the AAA domain in these proteins is primarily responsible for this activity. Hence, we 

attempt to determine whether the AAA domain of PY01365 is able to hydrolyse ATP. 

However, there was no ATPase activity detected in the presence of MgCh, as 

compared to the standard hydrolytic activity of 11 - 13 umol of ATP hydrolyzed x 

mg~ x min"1 of the Escherichia coli Fi ATPase (Svergun, 1998). However, there are 

AAA+ ATPases, such as p97ATPase, where the isolated domain has very low, if any, 

activity (Confalonieri & Duguet, 1995; Peters et al, 1992). However these enzymes 

tend to become active when they form complexes, for example, in their oligomeric 

forms. Hence, whether PY01365 has any ATP hydrolytic activity cannot be 

completely ruled out and needs further validation by studying the native forms. 

3.7 Determination of nucleotide binding activity in the recombinant AAA 

domain of PY01365 

Despite the apparent lack of ATPase activity, the recombinant protein may still 

possess nucleotide binding capacity. There are biomolecules that possess ATP binding 

capability but do not hydrolyze ATP which include subunit C in ViV0 ATPase where 

it is proposed to act as a sensor for cytosolic ATP/ADP ratio (Armbruster et al, 2005). 

From the bioinformatics analyses (See Sections 3.1 and 3.2), it was proposed that the 

AAA domain of PY01365 contains nucleotide binding site, especially since it contains 

a putative Walker A and B motifs. To test this ability, a series of biochemical and 

biophysical experiments were carried out. 
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3.7.1 Photoaffinity labeling of recombinant protein with the photoactivatable A TP 

analogue 

Experiment that results in the permanent binding of photoactivable ligand 

(also called photoaffinity label or photolabel) to the active binding site of protein 

molecule by covalent modification using UV irradiation (strong light) is fast 

becoming a powerful and efficient approach. Such photoaffinity labeling experiments 

have previously been employed to demonstrate ATP binding in various subunits of 

ATPases (Armbruster et al, 2005; Hunke et al, 2007; Schafer et al, 2001; Schafer et al, 

2006b). However, these experiments were not carried out in invasion molecules of 

malaria parasites. In this study, we use photoactivable ATP analogue, 8-N3-3'-

biotinyl-ATP (also termed "photolabel ATP", see Figure 3.9), to determine the 

nucleotide binding capability of nucleotide depleted recombinant protein in the 

presence of magnesium. 

After irradiation, the bound photolabel is then detected by western blotting using 

streptavidin-peroxidase which appears as a coloured band on the strip (positive result) 

(See Section 2.16 for details). This observation was indeed noted as shown in lane 3 

of Figure 3.10A. To test whether the binding of the photolabel ATP is specific, the 

natural substrates, MgATP (lane 6) and MgADP (lane 5), or the non-hydrolysable 

analogue MgAMP-PNP (lane 4) were added prior to the labeling event. This allows 

these analogues to bind to the protein thereby occupying all available active binding 

sites since these nucleotides are in excess. As a result, further binding by photolabels 

does not occur due to unavailability of binding site, assuming that the photolabel ATP 

specifically binds to the same site as the natural substrates. In addition, intrinsic 

ATPase activity by the protein, if any, is circumvented by using non-hydrolysable 
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ATP analogue (lane 4). It can be seen that the addition of all three nucleotide 

analogues prevented the binding of Mg-8-N3-3'-biotinyl-ATP to the protein. In 

addition, irradiation of the recombinant protein in the absence (lane 2) of the label or 

by incubation of the protein in the presence of 8-N3-3'-biotinyl-ATP in the dark (i.e. 

no photoactivation) (lane 1) did not result in the labeling of the protein. These 

observations indicate that the covalent binding of 8-N3-3'-biotinyl-ATP by the 

protein is specific. 

(A) (B) 

O O-f-O-f-O-fO-; 

N=N=N 

R-V 
V-M — 

R 

1ST 

N: 

Fig. 3.9 Structure of photoactivatable 8-iN3-3'-biotinyl-ATP 
(A) The important functional groups that were added to modify ATP in this photolabel are highlighted. 
The azide group (N3) is involved in the covalent bond formation between this ATP analogue and the 
protein is circled in red. This analogue is photoactivable. Upon exposure to strong light (UV: 366 nm), 
the aryl azide group is converted to an extremely reactive intermediate known as aryl nitrene. This 
nitrene is an electrophile (deficient in an electron lone pair) that reacts with nearby nucleophilic group 
(having a lone pair of electron) found in the active binding site of the protein, thereby forming a strong 
convalent bond. Biotin group is depicted in the blue square. The biotin has an extremely high affinity 
for protein avidin. An example of avidin is streptavidin which is a tetrameric protein purified from 
bacterium Streptomyces avidinii that is commonly available in the commercial form of streptavidin-
peroxidase complex. Such complex allows detection of the photolabel using chemiluminescent 
technique (See Materials and Methods, Section 2.16) (B) The figures at the top, centre and bottom are 
the azide anion, azide functional group and nitrene. 
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Since ADP and ATP are known to compete for the same binding site, this assay also 

indirectly indicate the binding of these natural nucleotides to protein where these 

interactions are observed as negative results (i.e. no bands) in lane 5 and 6 

respectively. 

Further information on where the label resides within the AAA domain of PY01365 

was obtained by performing MALDI mass spectrometry (Schafer et al, 2001; Schafer 

et al, 2006b). For this, the labeled protein band was subjected to in-gel tryptic 

digestion followed by MALDI-TOF analysis. Figure 3.1 OB shows a MALDI-TOF 

spectrometry map. All the peptide sequences obtained were clearly seen to be derived 

from the recombinant protein (Table 3.4). Interestingly, the analysis also identifies a 

peptide fragment 488EKLKHYNFDDFVK5oo (numbering includes the His6-tag; peak 

position 2761.85 m/z), having a mass heavier by 1079 Da. The actual mass of this 

peptide is 1682 but it was recorded as 2761 Da (Table 3.4). As the 8-N3-3'-biotinyl-

ATP (776 Da) was purified and obtained as triethylammonium salt (303 Da), this 

denotes that 8-N3-3'-biotinyl-ATP was bound to that peptide as tri-

triethylammonium salt derivative. 
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Fig. 3.10 Interaction of 8-N3-3'-biotinyl-ATP with recombinant AAA domain of PY01365 
(A) Photolabeling of recombinant protein with 8-N3-3'-biotinyl-ATP in the absence and presence of 
4mM nucleotide inhibitors, followed by an SDS-PAGE run and immumnoblotting of the samples. 
Detection of labeling event was carried out using streptavidin/peroxidase conjugate according to 
Schafer et al., 1996. Lane 1: light control in the presence photolabeled ATP; Lane 2: dark control in the 
absence of photolabeled ATP; Lane 3: sample incubated with photolabeled ATP only; Lane 4, 5 and 6: 
sample preincubated with Mg-AMP-PNP, Mg-ADP and Mg ATP respectively prior to incubation with 
photolabeled ATP. (B) In-gel trypsin digestion of unlabeled protein and protein photolabeled with 8-
N3-3'-biotinyl-ATP followed by MALDI-TOF mass spectrometric analysis of peptides. The upper 
spectrum shows the analysis of the labeled protein and the peak labeled * represent the peptide that is 
conjugated to the photolabeled ATP. Intens., intensity. 

It can also been seen that this ATP binding peptide is located within the near vicinity 

of the P-loop and Walker B motifs (Fig. 3.4, sequence of peptide underlined in blue). 

In view of the observed nucleotide binding characteristic of the AAA domain of 

PY01365, this recombinant protein is hereby termed as NBD94 (Nucleotide Binding 

Domain 94 kDa). As such, this term will be used interchangeably in the subsequent 

sections. 
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Table 3.4 MALDI-TOF mass spectrometry analysis of peptides of the recombinant AAA domain 
ofPY01365 

Start 
esidue 

1 
24 

52 

60 

119 
161 

203 

239 
275 
302 
322 

360 
374' 

398 
404 
432 

438 
464 

488 

506 
524 

559 
584 

611 
635 

690 
695 

754 
779 

End 
residue 

18 
38 

64 

82 

140 
180 

218 

256 
293 
314 
334 

372 

403 
410 
431 
459 

459 
487 

500 
523 

537 
571 

601 

627 
647 
702 

710 
764 

790 

Measured mass 
(Dâ  

2260.0941 

1719.8911 
1511.8315 
2585.3344 

2557.4633 

2402.1470 
1987.9607 

2125.1036 

2239.9949 
1580.7802 

1568.8101 

1546.7020 
3579.8468 

1538.7849 
3224.5342 
3187.6303 
2574.3119 
2815.5451 

2761.8536 

2149.1499 
1613.9584 

1606.8322 
2227.1678 

1999.0681 
1600.8073 
1538.8060 

1865.9603 

1444.7318 
1379.6835 

Sequence 

HHHHHHPMVSDKNEYVKK 
KWENNNAYIDELAK 

DKIYSTIKSELSK 

SELSKIYQGDLDALYNELSS IVK 
LNLSTIENKKNELLSIIVEM KK 
EKQLSSNINDYSNYKDELNK 

DEDAKQNYEKSKEYIK 

DDILNKVNVFVNLENNHK 
NEISDDQLNDYEKNVNDSK 
SIEEEYQNINTLK 

ICKNTTESIEKFR 

SYTNQFDNTLTDK 

TELEKIFTELSLSSYEAKNN ELIKYFNDLK 
YFNDLKENLGTPK 

ENLGTPKGNTLYQQFDENEK ATNDIEQK 
SVNANKNVSNIEMVIHTSIY NI1DEIEK 
NVSNIEMVIHTSIYNIIDEI EK 

NIELLNKEILKEAEISITNF NEIK 
EKLKHYNFDDFVK* 

YADEINKIKNDIKTLDQK 
VDKNIKALTEIKNK 
TIYNEDPKEIEKK 

YIYDNMKKLLNEIAEIEK 

NINMSYGKSLNKLFLEK 
SENMIKSMEKYIK 

EKSLKLTEGNYEK 

LTEGNYEKSNINDIKK 
EYTKKIEEYNK 

TIKENSNLETCK 

* Peptide labeled with 8-N3-3'-biotinyl-ATP 
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3.7.2 Evidence of nucleotide binding of NBD94 as determined by extrinsic 

fluorescence assay using trinitrophenyl analogue of ATP 

As discussed in Appendix A-5, extrinsic fluorescence assays are common and 

reliable analytical methods to determine binding of fluorescent-labeled nucleotide to 

protein. One such approach that capitalized this method is a complex and powerful 

technique called FCS which was carried out as described later. However, in addition 

to the evidence provided by photoaffinity labeling, a quick and reliable method was 

needed to give further concrete evidence of nucleotide binding by protein. Extrinsic 

fluorescence measurements using ATP labeled with trinitrophenyl group (TNP-ATP) 

in the presence of Mg (1:1) was thus carried out. Measurements using TNP-ATP have 

been used previously to rigorously determine nucleotide (ATP and GTP) binding in 

various nucleotide binding proteins (Hiratsuka, 2003; Yao & Hersh, 2006; Ye et al, 

2000), see Appendix A-5 for principle of this assay). A typical corrected fluorescence 

spectrum of TNP-ATP in the absence of protein is obtained as depicted in Figure 3.11 

(similar to Fig. A-7 in Appendix A-5). However, upon incubation of the labeled ATP 

with NBD94 there was a characteristic shift of the maximum to the shorter 

wavelength as well as an increase in fluorescence intensity (by 28%) was observed. 

Such observation would not be possible if there was no binding of labeled nucleotide 

to the protein. This result adds another line of evidence that indicate a specific 

interaction between NBD94 and the nucleotide. 
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Fig. 3.11 Fluorescence emission spectra of free and NBD94 bound MgATP-TNP 
Trinitrophenyl ATP analog was incubated in the absence and presence of purified NBD94. Samples 
were excited at 415nm and a flourescence scanning from 415 - 620 nm was carried out. 

3.7.3 Nucleotide binding of NBD94 determined by fluorescence correlation 

spectroscopy (done in conjunction with Dr. Cornelia Hunke) 

ATP- and ADP-binding of the recombinant protein NBD94 and the strength of 

the nucleotide-binding were further examined by fluorescence correlation 

spectroscopy (FCS). See Appendix A-4 for further details about FCS and its various 

parameters. The high sensitivity of FCS enables the determination of binding kinetics 

in the range of nanomolar quantity. One of the most important quantitative 

information obtained from FCS is diffusion time, rD. Here, the nucleotides labeled 

with fluorophore ATTO-647N (Fig. 3.12) was used to determine the characteristic 

diffusion time for NBD94, provided they bind to protein (NBD94 itself does not emit 

fluorescence during the experiment). The diffusion times of the non-labeled 

recombinant protein that are bound to fluorescent nucleotides were correlated to the 

standard fluorophore Cyanine 5 (Cy5) and the ATTO-647N conjugated nucleotides in 
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the absence of the protein. Another important characteristic parameter of FCS is the 

mean count rate per ATTO fluorophore bound to NBD94 which gives an indication of 

the average sample intensity. In this study, the mean count rate was measured at 56.4 

kHz for ATP ATTO-647N (50 nM) and 31.2 kHz for ADP ATTO-647N (50 nM). 

Upon fitting of the autocorrelation functions, the following characteristic times of 

diffusion rD of 62.4 ps and 62.7 ps for free moving ATP ATTO-647N and ADP 

ATTO-647N respectively were determined. 
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Fig. 3.12 ATTO-647N-labeled ADP and ATP: structural formulae and excitation/emission 
spectra 

The top left and right figures show EDA-ADP ATTO-647N and EDA-ATP ATTO-647N respectively. 
The bottom figure shows the absorption and emission spectra of the ATTO-647N label. This ATTO-
647N dye is an alternative to Cy5 dye. The characteristic features of ATTO 647N are strong absorption, 
extraordinary high fluorescence quantum yield and outstanding pH and photo-stability. The maximal 
absorption and emission occurs at 647nm and 669nm respectively. The absorption and emission spectra 
overlap. The ATTO fluorophore is excited using 633nm HeNe laser beam and a long-pass emission 
filter is used to block off this incident beam ensuring fluorescence emission detection specificity. 
Figures adapted from JENA bioscience: http://www.jenabioscience.com. 
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In this study, the concentration of ATP ATTO-647N and ADP ATTO-647N was fixed 

at 50 nM and the concentration of protein was varied. The measured autocorrelation 

curves of the fluorescent ATP analogue, ATP ATTO-647N, in the absence and 

presence of different concentrations of NBD94 is depicted in Figure 3.13A. On the 

whole, the results reveal the monodispersity (characterized by particles of uniform 

size, shape and mass in adispersed phase) of the protein which gives further evidence 

on the identity and purity of NBD94. In addition, it can be seen that the 

autocorrelation curve of labeled ATP analogue appeared to shift to the right as the 

concentration of NBD94 increases. This significant increase in mean diffusion time ID 

of the fluorophores is due to labeled nucleotide binding to the non-fluorescent NBD94 

in the presence of Mg2+ ions (ratio of 1:1), resulting in a heavier and slow-moving 

fluorophore (Fig. 3.13A) (See Appendix A-4 for further explanation). An increase of 

up to 14.2% in the diffusion time of ATP ATTO-647N is observed with increasing 

concentrations of protein. The inflection points, where the gradient of the 

autocorrelation curve changes from positive to negative, were derived by performing 

non-linear analysis of these curves using OriginLab 7.5 software. The various G(t) 

values of the inflection points were then plotted against their corresponding 

concentration of NBD94 (Fig. 3.13C). The value of the concentration at half of the 

curve maximum is the dissociation/binding constant (kd) of the binding reaction. Here, 

the binding constant of 21 ± 3 uM was calculated for bound ATP ATTO-647N to 

protein (Fig. 3.13C, - • - ) . Similar phenomenon was also observed when the ADP 

analogue ADP ATTO-647N was incubated with NBD94. In this case, the mean 

diffusion time increased up to 14.9% and a binding constant of 26 ± 3 uM for bound 

labeled ADP was obtained (Fig. 3.13D, -A-). 
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Fig. 3.13 Fluorescence correlation spectroscopy of free and NBD94 bound MgATTO-647N 
nucleotide analogues 
Mg concentration in all experiment is 2mM. (A) Normalized autocorrelation functions of fluorescent 
ATP analogue in absence and in different concentration of NBD94. (B) Normalized autocorrelation 
functions of fluorescent ATP analogue in absence and in different concentration of truncated 
NBD94|_550. (C) Comparison of the bound fractions of full length NBD94 (•) and its truncated form ( • ) 
with Mg-ATTO ATP. The percentage of bound nucleotide for each concentration of protein was 
calculated using a two-component scheme, [E] + [S] <-» [ES]. The fitted lines represent the best possible 
fit from which the binding constants are then calculated. (D) Comparison of the bound fractions of full 
length NBD94 (A) and its truncated form (A) with Mg-ATTO ADP. (E) Normalized autocorrelation 
functions of fluorescent NBD94-ATP analogue in absence and in different concentration of inhibitor 
NBD-C1. From right to left, OuM (black), O.lirM (blue) and 0.5|^M (green) of inhibitor are shown. The 
red line indicates the normalized autocorrelation function of unbound (free) fluorescent ATP analogues. 
The arrow denotes the reduction in nucleotide binding. 
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To further determine the specificity of binding of nucleotide to the recombinant 

protein NBD94, a binding inhibition assay was carried out. The F1F0 ATPsynthase 

inhibitor, 7-chloro-4-nitrobenzo-2-oxa-l,3-diazole (NBD-C1), was found to react 

with a Tyr residue in the central nucleotide-binding domain of the catalytic subunit P 

(Orriss et al, 1998). This interaction results in the loss of the lowest affinity binding 

site for the nucleotides (Weber et al, 1994), thus preventing nucleotide binding to the 

catalytic subunit. By using this inhibitor in the experiment, competitive inhibition 

between ATP and NBD-C1 will result if they compete for the same binding site in the 

nucleotide binding core within NBD94. Moreover, a tyrosine residue is found in the 

sequence of the ATP binding peptide (Fig. 3.4) which may form part of the nucleotide 

binding core. These form the rationale for using NBD-C1 for the competition assay. 

The following experiments were carried out where the recombinant protein was first 

incubated with increasing concentration of NBD-C1 prior to addition of the labeled 

nucleotide. The various autocorrelation curves of the NBD94-ATP-ATTO-647N 

bound form were obtained and graphically shown in Figure 3.13E. When compared to 

the autocorrelation curves where no pre-incubation with NBD-C1 was carried, it 

appeared that the diffusion time of ATP ATTO-647N decreases with increasing 

concentrations of the inhibitor. This indicates that the binding of nucleotide to NBD94 

became inhibited. For example, in the case of NBD94 and labeled ATP (with no 

inhibitor) the diffusion time is 224us, but in the presence of 0.1 mM NBD-C1 inhibitor, 

the diffusion time decreased to 107us. The standard deviation in all cases is around 3-

5%. The data shows that the diffusion time with no inhibitor is significantly higher 

than those with the inhibitor. Taken together, the results of the FCS experiment 

indicate that the binding of labeled nucleotide to the AAA domain of PY01365 is 

specific. 
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3.8 Determination of secondary structural alterations in NBD94 due to 

nucleotide-binding using various spectroscopic studies 

Conformational changes that are observed in most AAA+ proteins are linked 

to ATP binding and/or hydrolysis where the latter functions are carried out by AAA 

domain. These changes are then propagated to substrate proteins or domains that are 

linked to the AAA domain where they are eventually translated to perform a certain 

biological function (Erzberger & Berger, 2006; Hanson & Whiteheart, 2005). Such 

phenomenon is known to occur in several ATPases, e.g. A- and F-ATPases 

(Kabaleeswaran et al, 2006; Schafer et al, 2006a). In view of this, one could 

rationalize that the binding of nucleotide could possibly activate or enhance the 

activity (function) of NBD94, i.e. the behavior of NBD94 could alter upon nucleotide 

binding. Thus, it is possible that such binding would lead to conformational changes 

in NBD94. Here, information pertaining to structural changes upon nucleotide binding 

was gathered by carrying out various spectroscopic experiments as described below. 

The background information on these spectroscopic analyses is described in 

Appendices A-3 and A-5 

3.8.1 Study of the possible structural changes in NBD94 that arises upon 

nucleotide-binding using intrinsic tyrosine assay (done in conjunction with Dr. 

Gerhard Griiber) 

By monitoring the intrinsic fluorescence emission of the protein in the absence 

and presence of the nucleotide ligand, one can determine if any secondary structural 

changes have occurred. Such studies have previously been carried out where the 

fluorescence emission by tryptophan was monitored (Hunke et al, 2007; Svergun, 

1998), see Appendix A-5 for principle of fluorescence and intrinsic protein 
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fluorescence). Since NBD94 lack tryptophan residues, the appropriate excitation 

wavelength was first determined by obtaining an absorption spectrum of the protein 

(Fig. 3.14). The excitation wavelength that results in maximal absorption was 277 nm 

and this wavelength is close to the wavelength at which tyrosine absorbs maximally. 

This was expected as the sequence of NBD94 indeed contains many tyrosine residues 

(Fig. 3.4). Thus, by monitoring the intrinsic fluorescence of tyrosine residues in 

NBD94, we could detect possible nucleotide-induced structural changes. 
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Fig. 3.14 Absorption spectroscopy of NBD94 

The absorption spectrum of NBD94 was obtained by performing a scanning from 230 - 310 nm. 

The fluorescence emission spectrum of NBD94 alone was monitored and depicted as 

a black curve A in Figure 3.15. It was observed that there is a specific decrease in the 

total quantum yield (up to 18 %) with a concurrent displacement of the fluorescence 

maximum to a longer wavelength upon addition of MgADP (green curve o). This 

phenomenon observed might be due to the reorientation of a Tyr residue(s) inside the 

binding pocket to a more polar environment (See Appendix A-5). Such reorientation 

and, consequently, the changes in protein environment surrounding the tyrosine 

residues would only be allowed if there are secondary structure perturbations that 
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result upon nucleotide entering and residing in the binding pocket. The fluorescence 

intensity was quenched further in the presence of the MgATP {red curve • ) . On the 

other hand, incubation of NBD94 with MgGTP {blue curve x) displayed an identical 

spectrum to that obtained in the absence of nucleotides. These observations clearly 

point to significant structural changes within the binding pocket of NBD94 in the 

presence of either ATP or ADP. Interestingly, it must be noted that such structural 

changes induced by ATP binding is different from that induced by ADP binding. This 

is distinctly reflected in different spectra obtained in each case. Moreover, the data 

also indicated that NBD94 specifically binds to adenosine nucleotide rather than 

guanosine nucleotide as shown by the observation that the tyrosine fluorescence 

spectrum of NBD94 is sensitive to ATP and ADP binding but not to GTP binding. 

400 -\ 

0 H 1 1 1 

295 310 325 340 

Wavelength (nm) 

Fig. 3.15 Fluorescence emission behaviour of NBD94 in the absence and presence of nucleotides 
Prior to measurement of the tyrosine fluorescence emission of NBD94, the protein was first incubated 

with 2mM of either of the following nucleotides in the presence of Mg (1:1): GTP {blue curve X) or 
ATP {red curve O) or ADP {green curve O). Tyrosine fluorescence spectrum of NBD94 in the 
absence of nucleotide was also obtained {black curve A ) 
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3.8.2 Detection of possible secondary structural changes in NBD94 due to 

nucleotide-binding using circular dichroism spectroscopy 

Circular dichroism was performed to determine whether there is a difference 

in the absorption of circularly polarized light by NBD94 in the presence of ATP or 

ADP with respect to the absorption by the protein alone. These absorptions are 

graphically represented in the form of CD spectra as shown in Figure 3.16. As 

mentioned in Section 3.5 and Appendix A-3, the CD spectral measurements give us 

information about the secondary structure of the protein, bearing in mind that the 

angle of rotation of the peptide bonds determines the energy transitions of electrons 

upon absorption of circularly polarized light (and hence ellipticity of the resultant 

polarized light in which physical parameter is defined as 0). Hence any changes in 

these spectral values would indicate changes in the angular rotation of peptide bonds 

and, consequently, the overall secondary structure of NBD94. These changes would 

be induced by the variable component of the experimental condition (i.e. addition of 

nucleotides) under which NBD94 is subjected to. From the CD spectra in Figure 3.16, 

it can be observed that the overall signatory shape of CD spectra is preserved 

indicating that the secondary structure of NBD94 in the presence of nucleotide 

remains predominantly a-helical. However, the ellipticity values (0) at the maximum 

and minima of the CD spectra as well as the ellipticity values at different wavelengths 

of UV are greatly varied compared to those values of NBD94 alone. In fact, the peaks 

at 196 nm show much larger changes where the molar ellipticity values in the 

presence of MgATP and MgADP are 56,000 deg x aa_1 x dmol ' and 48,728 deg x 

aa_1 x dmol1 respectively compared to protein alone (34,222 deg x aa x dmol"1). To 

determine if the residues in the a-helices are still in strong interactions, ©222/0208 

ratios were calculated. When MgATP is present, the NBD94 have a slightly lower 
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©222/0208 ratio (0.98) whereas a much lower @222/©208 ratio (0.9) was obtained for the 

NBD94-MgADP bound form. In addition, when MgATP is bound to NBD94, the 

protein is calculated to have a slightly lower helical content (62%) but a higher (69%) 

a-helical amount is obtained in the presence of MgADP as compared to that of protein 

alone (65%). 

-40000 
Wavelength |nm) 

Fig. 3.16 Far UV circular dichroism spectroscopy of purified recombinant NBD94 in absence and 
presence of Mg-nucieotides 
CD spectra of 2mg/ml of NBD94 in absence (—) and presence of Mg ATP (...) and Mg ADP (—). The 
sample was scanned with 1 nm bandwidth in the wavelength range of 180 - 260 nm with 1 nm step. 
Three scans were made and the average was corrected and computed to produce the spectrum, deg, 
degrees; aa, amino acid. 

Collectively, these results indicate NBD94 binds to the nucleotides and that this 

binding has a profound effect whereby it induces a significant and global alteration in 

the overall secondary structure of NBD94 while retaining its signatory a-helical 

profile (i.e. it is not denatured). 
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It must be noted that the results obtatined from CD spectroscopy and from intrinsic 

tyrosine fluorescence spectroscopy give different information regarding the 

conformational changes of NBD94 induced by nucleotide binding. For example, the 

results of the intrinsic tyrosine assay generally reflect the local structural changes in 

the region of the protein (as indicated by the altered tyrosine fluorescence in that 

region) where the nucleotide binds, i.e. the binding pocket. On the other hand, the 

results of CD spectroscopy give an indication of a more global structural change 

occurring within the protein in the presence of nucleotide. This is due to the rotation 

of the peptide bonds which occurs throughout or in part of the protein upon nucleotide 

binding. This, in turn, affects the ability of the structurally-altered protein to absorb 

circularly polarized light. Though these spectroscopic measurements are different, the 

information obtained are in agreement in that there is a clear and specific change that 

occur in the structure of NBD94 and this is dependant on the type of nucleotide that 

NBD94 binds with. On the whole, the results of these two spectroscopic techniques to 

determine structural changes during nucleotide binding were similarly reported 

elsewhere with other ATP-/GTP-binding proteins (Armbruster et al, 2005; Coskun et 

al, 2002; Coskun et al, 2004; Hunke et al, 2007; Svergun, 1998). 

Both the intrinsic assays capitalize on the presence of naturally occurring aromatic 

amino acids (in the case of intrinsic tyrosine assay) or amide bonds (in the case of 

circular dichroism) within NBD94. As such, these experimentations exclude any 

possibility that the label/dye (in the extrinsic fluorescence assay) itself could 

contribute to the changes observed. Hence, the results of these intrinsic assays further 

proved that the AAA domain of PY01365 binds specifically to ATP or ADP. 
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3.9 Expression and purification of the truncated 65 kDa form of NBD94 

To further dissect the nucleotide binding region, a search for the minimal 

nucleotide-binding domain of the NBD94 protein was carried out. Based on the 

secondary structure prediction, a C-terminal truncated form of NBD94 (NBD94i 55o) 

that includes both the Walker A and B motifs as well as the ATP-binding peptide was 

constructed (Fig. 3.4). The induction of the truncated protein and its solubility was 

determined as shown in Figure 3.17. The induction resulted in an approximately 

65 kDa protein (expected mass) which was mainly found to be in the soluble fraction 

as clearly shown by SDS-PAGE (Fig. 3.17B) and western analysis. The expressed 

protein was then purified from the contaminating proteins after sonication by metal 

chelate affinity chromatography (Fig. 3.18) using Ni2+-Sepharose™. This 

chromatography was performed using an imidazole-gradient ranging from 

0 - 250 mM in 50 mM Tris/HCl, pH 7.5 buffer containing 200 mM NaCl, 1 mM 

PMSF and 0.7 mM DTT. The protein mainly eluted between 75 - 100 mM imidazole. 

However, the purity of these fractions was still low where some contaminating bands 

are found close to band corresponding to NBD94i 550. Hence, the next preferred 

choice for purification of NBD94i 550 was ion-exchange chromatography. Just like 

NBD94, anion-exchanger DEAE was used as the isoelectric point of NBD94i_55o is 

5.36. The 75 - 100 mM imidazole fractions were therefore pooled and purified by 

anion-exchange chromatography using DEAE column (Fig. 3.19). NBD94i_55o was 

eluted at about 100 mM NaCl (10% of 1M NaCl) which is indicated as the main peak 

in Figure 3.19A. Fractions corresponding to half peak maximum were pooled and 

analyzed by SDS-PAGE (Fig. 3.19B). Though the purity is better but there is still 

evidence of contaminating proteins. As a result, a third and final step of purification 

was carried where the protein was eluted from a size-exclusion column (Superdex™ 
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S-75 10/300 GL column) at 0.5 ml/min in a single peak. Superdex™ S-75 column was 

chosen because it is able to efficiently resolve globular protein ranging from 3 kDa to 

70 kDa by size. As the matrix consists of beads of differential pore sizes, the larger 

molecular size protein will travel much faster than the smaller one as the latter will 

diffuse into and traverse more beads. Hence, the larger size protein will elute earlier 

and has a much shorter retention time. Consequently, NBD941-550 appeared to elute 

early at characteristic retention volume of 9 ml (Fig. 13.20). SDS-PAGE analysis of 

the isolated protein revealed the high purity of the 65 kDa protein NBD94i_550 (Fig. 

3.20B) and its identity was verified by western analysis (Fig. 3.20C). Secondary 

structure of the truncated protein was established using circular dichroism (Fig. 3.21) 

where its structure is shown to be predominantly a-helical. The molar ellipticity 

values of minima at 210 nm and 222 nm were calculated to be -17,521 deg x aa"1 x 

dmol"1 and -17,186 deg x aa"1 x dmol"1 respectively which are much lower than full-

length NBD94. Despite the difference in values, the signature CD profile is somewhat 

similar to NBD94 where the difference observed is mostly likely due to C-terminal 

portion of NBD94 that was excluded in the truncated protein. Besides, the molar 

ellipticity ratio is 1.02 which indicates that the helices in NBD94K 5 5 0 are in strong 

interaction with each other, similar to NBD94. 
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(A) (B) 
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Fig. 3.17 Induction and solubility assay of 65 kDa truncated form of NBD94 (NBD94, 550) 

(A) Uninduced (lane 1) and IPTG-induced (lane 2) cells cultured for 3hours at 37°C were lysed and ran 
on SDS-PAGE. (B) Solubility assay carried out where lane 1 represents the soluble extract and lane 2 
represent the pellet after sonication and centrifugation of induced sample. Arrow indicates the expected 
position of recombinant protein. M: marker 
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Fig. 3.18 Affinity chromatographic purification of recombinant NBD941S50 using Ni-Sepharose 

IPTG-induced cells were cultured for 3hours at 37°C were lysed, sonicated, and cleared, followed by 
incubation with Ni-Sepharose. Step gradient elution from 0 - 250mM imidazole was carried out where 
lane 1: OmM, lane 2: 20mM, lane 3: 50mM, lane 4: 55mM, lane 5: 75mM, lane 6: lOOmM, lane 7: 
125mM, lane 8: 200mM, lane 9: 250mM. M: marker 
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Fig. 3.19 Ion exchange chromatographic purification of recombinant NBD94,_5S0 

(A) Purification of truncated protein by ion-exchange chromatography using DEAE column where the 
protein is eluted within 0 - 40% NaCl. The fractions that fall within area of curve demarcated by the 
dotted line were pooled and concentrated for the next chromatographic purification step (Fig. 3.20). 
(B) SDS-PAGE of the pooled fractions corresponding to the shaded area in (A). Lane 1 represents of lul 
of concentrated, pooled fractions. M: marker 
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Fig. 3.20 S75 Gel filtration chromatographic purification of recombinant NBD94i_550 

(A) Purification of truncated protein by gel filtration using S75 Sephadex column where NBD941_550is 
eluted as the first migration peak corresponding to the retention volume of 9ml. (B) SDS-PAGE of lul 
of concentrated sample of main peak after final step of purification was carried out. Fractions falling 
within half peak of the highest peak were pooled and concentrated prior to SDS-PAGE analysis. (C) 
Western blotting of the same sample was performed using anti-His antibody to confirm identity of 
NBD94,_550. 
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Fig. 3.21 Comparision of far UV circular dichroism spectroscopy of purified recombinant 
NBD94, 550 and NBD94 

CD spectra of NBD94i_550(—) and NBD94 (—) in buffer alone, deg, degrees; aa, amino acid. 

3.10 Nucleotide binding activity of NBD94i_55o as determined by fluorescence 

correlation spectroscopy 

Just like the full length NBD94, the truncated form NBD94i_550 was subjected 

to FCS to ascertain its nucleotide-binding property. The measured autocorrelation 

curves of MgATP ATTO-647N in the absence and presence of the truncated protein is 

illustrated in Figure 3.13B. As indicated in this figure, the FCS results indicate the 

monodispersity of the truncated protein which gives further evidence on its identity 

and purity. In addition, a pronounced change in the mean diffusion time TD of the 

fluorescent label nucleotide was observed upon addition of the truncated NBD94] 550. 

In this case, the diffusion time of MgATP ATTO-647N increased up to 31.9%. 

Furthermore, a binding constant of 51 ± 3 uM for bound MgATP ATTO-647N to this 

protein could be calculated (Fig. 3.13C). By comparison, the diffusion time of 

MgADP ATTO-647N yielded an increase of 31.6% when incubated with the 
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truncated protein and a binding constant of 53 ± 3 uM was established for bound form 

of MgADP ATTO-647 to NBD94i 550 (Fig. 3.13D). The data clearly showed that 

NBD94i_55o is still able to bind nucleotides, albeit at a lower affinity compared to the 

full-length NBD94 protein. In addition, the binding constants for ATP and ADP were 

observed to be almost similar for the truncated protein as compared to NBD94. A 

probable reason for this could be that the residue(s) responsible for sensing and 

discriminating the different types of nucleotide for binding might reside in the 

C-terminal truncated portion of the full-length NBD94. Such residues could either be 

the arginine or alanine residue where either of the conserved residues is known to 

interact specifically with y-phosphates of the bound ATP in the helical C-terminal 

subdomain of AAA protein as highlighted in Section 3.2.1. 

3.11 Determination of structural alteration of NBD94i_55o upon nucleotide 

binding using circular dichroism spectroscopy 

Circular dichroism spectroscopy was performed to demonstrate whether 

NBD94] 550 behave differently upon addition of MgADP or MgATP. From Figure 

3.22, the spectra for both types of nucleotide bound proteins were found to be similar 

to the one done in the absence of nucleotides. This is reflected in the molar ellipticity 

values at 210 nm and 222 nm where no distinct changes were observed in the absence 

or presence of both nucleotides. Thus, no obvious structural changes in the truncated 

form of NBD94 occurred upon nucleotide binding. This indicates that the C-terminal 

portion NBD94 is primarily responsible for the phenomenon of "nucleotide binding 

induced conformational change" observed in full-length NBD94. 
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Fig. 3.22 Far UV circular dichroism spectroscopy of purified recombinant NBD94,_55o 
CD spectra of NBD94i_550 in absence (—) and presence of Mg ATP (...) and Mg ADP (—). deg, 
degrees; aa, amino acid. 

3.12 To study whether NBD94 and NBD94i_55o has a propensity to form 

complexes 

It is known that the AAA+ proteins tend to dimerize or oligomerize (to form 

hexamer) to create a functional complex. The interactions between these proteins 

occur via their AAA domains where direct (SRH) and indirect contacts are made 

(Hanson & Whiteheart, 2005). The stability of the oligomeric form of different AAA+ 

proteins varies where in some proteins ATP binding may play a role in dimer/oligmer 

formation and stability. Hence, we proceeded to determine whether the AAA domain 

of NBD94 has the propensity to form multimeric complexes. 

Various cross-linking experiments have been carried out to study the relative location 

and motion of subunits as well as the relative spatial arrangement of different 

subunits/domains (i.e the structural conformation) (Aggeler et al, 1995a; Aggeler et al, 

1995b; Griiber & Capaldi, 1996; Orlando et al, 1997; Schulenberg & Capaldi, 1999). 

To explore the possibility whether NBD94 or the truncated NBD94] 550 forms 
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complex with one another in the absence of nucleotides, the protein is treated with 

CuCl2 prior to loading onto SDS-PAGE. C11CI2 is a zero-length cross-linker which 

causes disulphide bond formation between the cysteine residues of proteins that are in 

very close proximity to each other. Such covalent bond formation is only possible if 

the complex formation is stable and relatively long-lasting, and is not a random 

process. NBD94 has only 2 cysteine residues where one residue is almost centrally 

located (aa position 314) while the second one is found near the C-terminal 

(aa position 780) (See Fig. 3.4). CuCl2 treatment resulted in the increased formation of 

products (Fig. 3.23 lane 3 (a)) that are of higher molecular weight than NBD94 

(Fig.3.23 lane 1 - 4 (b)). These products are either absent or in low abundance in the 

untreated sample (Fig. 3.23 lane 1) and much reduced in the case of the sample treated 

with both CuCi2 and DTT (a reducing agent) (Fig. 3.23 lane 4). Treatment of protein 

with DTT only has the same profile as untreated sample (Fig. 3.23 lane 2). 

Interestingly, the truncated NBD94 that lacks the C-terminal cysteine residue 

appeared to be unaffected by Q1Q2 treatment (Fig. 3.23 lane 3 (c), 3.24 lane 3). 

It is evident that the results indicate the ability of AAA domain of PY01365 to form 

dimers and oligomers. However, whether this event occurs in the native Py235 is yet 

to be determined. As the truncated form of NBD94 as well as NBD94i_55o are 

unaffected by the treatment, this juxtaposition of the AAA domains would involve the 

C-terminus of these domains. This is further supported by the observation that the 

cysteine residue at position 780 (at the C-terminus) was most likely involved in the 

cross-linking by CuCl2. 
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Fig. 3.23 Crosslinking assay of NBD94 using CuCl2 

NBD94 was either incubated in the presence of DTT alone (lane 2) or CuCl2 alone (lane 3) or in 
both DTT and CuCl2 (lane 4). Lane 1 represents just the protein alone in absence of any additives. 
Crosslinking was terminated with addition of EDTA, followed by SDS-PAGE of samples. 

Fig. 3.24 Crosslinking assay of iNBD941_s50 using CuCl2 

NBD94i_55o was either incubated in the presence of DTT alone (lane 2) or CuCl? alone (lane 3) or in 
both DTT and CuCl2 (lane 4). Lane 1 represents just the protein alone in absence of any additives. 
Crosslinking was terminated with addition of EDTA, followed by SDS-PAGE of samples. 
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3.13 Establishment and verification of the erythrocyte binding capability of 

NBD94, NBD94,_5so and native Py235 

It was previously demonstrated that the soluble form of Py235 (i.e. Py235 that 

are secreted into the culture media upon harvesting of schizont in vitro for 16 hours) 

binds to murine erythrocyte. In addition, this binding was shown to be inhibited when 

erythrocyte treated with either chymotrypsin or trypsin was used. On the other hand, 

neuraminidase treatment did not affect the ability of Py235 to bind to the treated red 

blood cells (Ogun et al, 2000). In all these experiments, the detection of Py235 was 

done radioactively. In our study, we attempt to use chemiluminiscent detection 

technique (as described in Section 2.23.3) to first establish whether the native Py235 

exhibit the same binding phenomenon as describe earlier, and secondly to determine if 

NBD94 or its truncated form, NBD94i_550, is able bind to erythrocyte. 

Figure 3.25 shows the direct erythrocyte binding assay (EBA) of soluble Py235 in the 

absence and presence of enzyme treatment. Bound Py235 was detected using the well 

characterized monoclonal antibody MAb 25.77 (Freeman et al, 1980a; Freeman et al, 

1980b) which recognizes the full length in the parasite supernatant (Fig. 3.25, lane 1). 

The binding to erythrocyte is inhibited by treatment of erythrocyte with chymotrypsin 

(Fig. 3.25, lane 3) and trypsin (Fig. 3.25, lane 4) but is unaffected by neuraminidase 

treatment (Fig. 3.25, lane 2), confirming the previously described binding properties 

of Py235 (Ogun et al, 2000). 
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Fig. 3.25 Erythrocyte binding assays of dialyzed P. yoelii YM parasite culture supernatant 
with or without enzyme treatment of murine RBCs 

Supernatant was incubated with neuraminidase-treated (lane 2), chymotrypsin-treated (lane 3) or 
trypsin-treated (lane 4) mouse erythrocyte. Lane 1 is supernatant incubated with untreated mouse 
erythrocyte where a 260 kDa protein is detected by monoclonal antibody 25.77 

Having established a reliable and reproducible method of direct EBA, NBD94 and its 

truncated form were subjected to the same assay. The binding of the full length 

NBD94 and truncated NBD94i_550 to murine erythrocytes appear to be dose-

dependent (Fig. 3.26A and B). In addition, this binding is specific as it is adversely 

affected when trypsin-treated red blood cells were used but remains relatively 

unaffected when incubated with neuraminidase-treated erythrocyte (Fig. 3.27A and 

B). This binding behavior is exactly similar to that of the native Py235. 
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Fig. 3.26 Erythrocyte binding assays of different concentration of NBD94 and of NBD941_550 

(A) lOOul of mouse erythrocytes was incubated with O^g (lane 1), 5ug (lane 2) and 10(̂ g (lane 3) of 
NBD94. Lane 4 is purified NBD94 alone which is detected by anti-His antibody. (B) lOOul of mouse 
erythrocytes was incubated with 0u,g (lane 2), 2.5(ig (lane 2), 5u.g (lane 3) and 10(ag (lane 4) of 
NBD94i_550. Lane 1 is purified NBD94i_55o alone which is detected by anti-His antibody. 
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Fig. 3.27 Erythrocyte binding assays of different concentration of NBD94 and of NBD94] 550with 
or without enzyme treatment of murine RBCs 

(A) 5(ag of NBD94 was incubated with neuraminidase-treated (lane 2), trypsin-treated (lane 3) or 
untreated (lane 4) mouse erythrocyte. Lane 1 is NBD94 alone, detected by anti-His antibody. (B) 5ug 
of NBD94|^550 was incubated with untreated (lane 2), trypsin-treated (lane 3) or neuraminidase-treated 
(lane 4) mouse erythrocyte. Lane 1 is NBD941_55o alone, detected by anti-His antibody. 
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3.14 To study the effect of ATP or ADP on erythrocyte binding ability of NBD94, 

NBD94i_55o and native Py235 (done in conjunction with Dr. Gao Xiaohong) 

Py235 plays a role in the invasion process of P. yoelii and this role is most likely 

attributed to its ability to bind erythrocyte. We have shown that the AAA domain of 

Py235 binds to ATP and ADP, albeit with a different affinity. In view of this, it would 

be interesting to determine if there is a link between nucleotide binding and the 

erythrocyte binding function of Py235 as this would ultimately affect its role in 

invasion. 

Thus, further investigation was carried out to establish whether the nucleotides ATP or 

ADP has a direct influence on the ability of native Py235 or the recombinant NBD94 

and its truncated form NBD94] 550 to bind to erythrocytes. Direct erythrocyte binding 

assays in the presence of either no nucleotide, ATP or ADP were thus performed. In the 

case of soluble Py235 (Fig. 3.28), the EBA shows the nominal binding of Py235 to 

erythrocytes in the absence of any additional nucleotide (Fig. 3.28, lane 3). Note that the 

soluble Py235 has been dialyzed prior to EBA to remove any residual ATP that might 

be present in the supernatant. The binding of dialyzed Py235 however increases 

significantly in the presence of additional ATP (Fig. 3.28, lane 2) while a noticeable 

abatement in the binding is observed upon incubation with additional ADP (Fig. 3.28, 

lane 1). These results were further affirmed by the quantitation of the scanned bands 

(Fig 3.28B). This was done using the program AIDA 2.40 (advanced image analyzer). 

In contrast, no significant change in erythrocyte binding of NBD94 (Fig 3.29A) or of its 

truncated form NBD94i_55o (Fig 3.29B) could be seen in the presence of ATP (A, lane 3 

and B, lane 1) or ADP (A, lane 4 and B, lane 2), as compared to in the absence of 

nucleotide (A, lane 2 and B, lane 3). 
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Fig. 3.28 Erythrocyte binding assays (EBAs) of dialyzed P. yoelii YM parasite culture 
supernatant in the absence or presence of Mg-nucleotide 
(A) Supernatant was either left untreated (lane 3) or treated with 3mM MgATP (lane 2) or 3mM 
MgADP (lane 1) prior to binding with mouse RBCs. Lane 4 is is supernatant where a -260 kDa 
protein is detected by monoclonal antibody 25.77. (B) The relative intensities of the bands in lanes 1, 
2, and 3 of the blot (A) were determined by scanning the blot with an HP ScanJet 4c flatbed scanner. 
The intensity of each band was digitized after background subtraction and calculated by the program 
AIDA 2.40 (advanced image analyzer; Raytest) according to Coskun et al., 2002 (Coskun et al, 2002). 
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Fig. 3.29 EBAs of NBD94 and of NBD941_550in the absence or presence of Mg-nucleotide 

(A) 5|ig of NBD94 was either left untreated (lane 2) or treated with 3mM MgATP (lane 3) or 3mM 
MgADP (lane 4) prior to binding with mouse RBCs. Lane 1 is NBD94 alone, detected by anti-His 
antibody. (B) 5ug of NBD94i_550 was either left untreated (lane 3) or treated with 3mM MgATP (lane 
1) or 3mM MgADP (lane 2) prior to binding with mouse RBCs. Lane 4 is NBD94,_550 alone, detected 
by anti-His antibody. 
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3.15 To elucidate the antigenic site of PY01365 that is recognized by the 

protective monoclonal antibody 25.77 

Currently, there is no information on the exact erythrocyte binding region of 

PY01365 or of other members of Py235. Also, the antigenic region of PY01365 that is 

responsible for eliciting the immune response of monoclonal antibody 25.77 has not 

been clearly elucidated. The region of amino acid that encompasses this antigenic site, 

together with the erythrocyte binding region and NBD, would be an important 

consideration when designing a potent vaccine against malaria. Here, we attempt to 

identify the region of the dominant member of Py235 (PY01365) that is capable of 

recognition by protective monoclonal antibody 25.77. 

3.15.1 Expression and purification of different parts of N-terminal region of 

PY01365 

Judging from erythrocyte binding region that has been elucidated in the RBLs 

of Plasmodium falciparum (Gao et al, 2008; Gaur et al, 2007; Rodriguez et al, 2008) 

as well as the erythrocyte binding region of Py235 (located within NBD94), one could 

postulate that the antigenic region recognized by monoclonal antibody 25.77 would 

probably lie within the N-terminus of PY01365. Hence, using the predicted secondary 

structure of PY01365, two constructs were designed to encompass the N-terminal 

portion of PY01365 termed Region 1 and Region 2 (Fig. 3.30, Appendix C). The 

genes coding for these regions were cloned into pET9d-His6 bacterial vector and their 

sequences were verified. The recombinants were then transformed in BL21 (DE3) and 

Rosetta-gami™ (DE3). In addition, the recombinant plasmid of Region 2 was also 

transformed in BL21RIL. The expression of Region 1 and 2 in these different 
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bacterial host expression systems was carried out under different induction conditions 

as described in Section 2.11.1. 

The induction and solubility assay showed that soluble recombinant protein of Region 

1 was only expressed at 16 °C overnight in BL21 expression system and its identity 

verified by western blot analysis using anti-His antibody (Fig. 3.31 A). The expected 

molecular size and isoelectric point of this recombinant protein is 74.6 kDa and 8.32 

respectively. The protein is soluble in either 25 mM sodium phosphate, 200 mM NaCl 

pH 6.8 or 50 mM Hepes, 150 mM NaCl pH 7.0. However, the size of the protein 

appears to be a less than the expected value of 74.6 kDa (Fig. 3.31A and B). This 

probably indicates that the C-terminal portion of the recombinant protein was cleaved 

off as the His-tag is located at its N-terminus. Regardless, further purification of the 

recombinant protein was carried out using affinity chromatography. The elution of the 

protein was observed to occur between 75 mM to 500 mM of imidazole. However, 

only 175 - 500 mM fractions that are relatively pure were pooled and concentrated for 

further analysis. 
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Fig. 3.30 A diagrammatic representation of the full length PY01365 indicating the different regions 
being expressed 
The start of Region 1 was specifically chosen after the predicted signal peptide. The dotted line represent 
the C-terminal half of the protein could not be displayed. See Appendix C for further details on the 
predicted secondary structures of Region 1 and 2 aa : amino acids 
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Fig. 3.31 Expression and Purification of Region 1 of PY01365 
(A) Western analysis of the Region 1 harvested under different condition and solubilised in 50mM 

Hepes 150mM NaCl pH 7.0. Detection by anti-His antibody was carried out. Lane 1: expressed in 
Rosetta-gami at 37°C, 3H; lane 2: expressed in Rosetta-gami at 16°C, overnight; lane 3: expressed in 
BL21 (DE3) at 37°C, 3H; lane 4: expressed in BL21 (DE3) at 16°C, overnight (B) Ni-NTA purification 
of Region 1. Induction using 0.2mM IPTG at 16°C overnight was carried out followed by lysis and 
sonication of induced sample. Soluble fraction was then incubated with Ni-NTA agarose and eluted 
accordingly: lane 1: 20mM, lane 2: 50mM, lane 3: 75mM, lane 4: lOOmM, lane 5: 175mM, lane 6: 
300mM, lane 7: 500mM. M: marker 
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In the case of Region 2, however, no soluble form (Fig. 3.32) could be obtained 

regardless of which expression system or solubilization buffer was used. By either 

varying the temperature of incubation or using different concentration of IPTG did not 

improve the solubility of the recombinant protein of Region 2. As such, it was decided 

to use the insoluble form of Region 2 to carry out subsequent experiment. The 

expected molecular size and isoelectric point of this recombinant protein is 81.4 kDa 

and 6.68 respectively. 

Fig. 3.32 Solubility assay of Region 2 of PY01365 

Induction of Region 2 in BL21RIL was carried out at 16°C, overnight using O.lmM IPTG. 
Solubilization was performed in 50mM Tris/HCl, 200mM NaCl pH 8.5. Sample was then centrifuged 
and the insoluble and soluble fractions were applied on SDS-PAGE, followed by western analysis 
using anti-His antibody. Lane 1: pellet (insoluble fraction); lane 2: soluble fraction. Note that similar 
results were obtained for samples expressed in BL21 and Rosetta-gami 2 under different concentration 
of IPTG and different incubation time and temperature. Also buffers of different pH were used 
yielding similar results. 
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3.15.2 Determination of the reactivity of different parts of IS-terminal region of 

PY01365 to protective monoclonal antibody 25.77 by western analysis 

The recombinant proteins of region 1, region 2 and NBD94 were subjected to 

SDS-PAGE followed by western blotting using two sets of primary antibodies, 

namely anti-His and monoclonal antibody 25.77. Here, duplicate samples were run 

where each set was tested with the respective antibody ensuring a reliable comparison. 

It can be seen from Fig. 3.33 that all recombinant proteins were recognized by anti-

His but only the recombinant protein of Region 2 was detected by monoclonal 

antibody 25.77. This indicates that the antigenic site recognized by this monoclonal 

antibody either lies just before the erythrocyte binding region or at the N-terminus of 

the erythrocyte binding region. Since the carboxyl terminal of 

Region 1 is apparently truncated, it is probably the reason why it is not recognized by 

the monoclonal antibody. In view of this, one could postulate that this region of 

antigenicity could lie within a short stretch of amino acids just prior to amino acid 

position 612 of the full length PY01365. 
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Fig. 3.33 Reactivity of different regions of N-terminus of PY01365 to monoclonal antibody 25.77 

(A) Similar amount of recombinant proteins of Region 1, Region 2 and NBD94 was run on SDS-PAGE, 
followed by western analysis using anti-His antibody. Lane 1: Region 1; lane 2: Region 2; lane 3: 
NBD94 (B) Identical run was carried out where monoclonal antibody 25.77 was used for western 
analysis instead. Lane 1: Region 1; lane 2: Region 2; lane 3: NBD94 
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4.1 Summary of the key findings achieved in this study 

Though circumstantial, there were a number of important findings that were 

obtained from various bioinformatics analyses. Of these, three main observations lend 

strong support to the existence of a conserved AAA domain in Py235. The first line of 

evidence indicates that this domain was predicted with a high level of confidence in 

all Py235 members. Secondly, there is a strong prediction of this domain in 

homologues of Py235 in other species of Plasmodium, for example the RHs of 

P. falciparum and RBPs of P. vivax. Interestingly, no such domain was found to be 

predicted in other unrelated malaria invasion or erythrocyte binding protein that was 

being analyzed with the exception of RhopH2 (where the level of confidence was very 

much lower than that predicted for Py235). Thirdly, Walker A and Walker B motifs, 

which are hallmark motifs found in nucleotide binding proteins, were potentially 

found in the predicted amino acid sequence of the AAA domain of the dominant 

member PY01365 and in all other Py235 proteins that have been examined. 

Collectively, these observations would imply a strong functional importance of AAA 

domain amongst the Py235 members and their homologues PfRHs and PvRBPs. This 

domain is generally located at the N-terminus of the protein (Fig. 3.1), indicating that 

it is localized extracellularly and thus might be involved directly or indirectly in (a) 

specific ligand (Py235) - receptor(RBC) interaction; and/or (b) in invasion of parasite 

into the RBC. 

To validate the functional activity of the conserved AAA domain, the AAA domain of 

the dominant member of Py235 (PY01365) was cloned and expressed as a 

recombinant protein. This protein does not appear to possess any hydrolytic activity, 

but was shown, however, to be able to bind specifically to adenine nucleotide and not 
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to guanine nucleotide. It was further demonstrated by various biochemical and 

biophysical experiments to bind strongly to both ATP and ADP. The affinity of the 

recombinant protein for ATP is higher than ADP as clearly shown by FCS. The 

specificity of ATP binding was further shown by two independent approaches. In the 

photoaffinity labeling assay, the binding of the photolabel ATP to the protein is 

completely inhibited by Mg-ATP and Mg-ADP which are natural substrates, as well 

as by Mg-AMP-PNP (Fig. 3.10A). The binding of ATP to the protein was also shown 

to be inhibited by NBD-C1 in a dose dependent manner as illustrated by FCS 

(Fig. 3.13E). NBD-C1 is a potent inhibitor of F1F0-ATP synthase where it prevents the 

subunit in this enzyme from acquiring a nucleotide binding state. Hence, due to this 

binding characteristic of "AAA" domain, this recombinant protein was thus termed as 

"nucleotide binding domain (NBD) 94" and the conserved domain would now be 

known as nucleotide binding domain. The binding of either ATP or ADP resulted in a 

conformational change in the nucleotide binding domain (Fig. 3.15 and 3.16). In 

addition, NBD appears to be able to form complexes where the C-terminal region was 

shown to be responsible for this function (Fig. 3.23 and 3.24). 

To examine the importance of the adenine nucleotides in the function of native Py235, 

we have shown for the first time that the binding of native Py235 to erythrocyte can 

be modulated by the addition of nucleotides ATP and ADP. Using direct in vitro 

binding assay (Fig. 3.28), it appears that more Py235 bind to erythrocyte in the 

presence of ATP, indicating an increase in its binding activity. The reverse 

phenomenon was observed upon the addition of ADP. 
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Another key finding presented here is the observation that the putative erythrocyte 

binding domain overlaps with the NBD (Fig. 3.26 and 3.27). This is the first evidence 

for the demarcation of the binding region in Py235. Curiously, the antigenic region of 

PY01365 that gave rise to the protective monoclonal antibody 25.77 was found to be 

located upstream of this erythrocyte binding region (Fig. 3.33). 

4.2 A model of Py235 as a biological sensor and its role in erythrocyte binding 

and invasion 

4.2.1 Presence of a hinge structure in Py235 

Though the truncated form of NBD94, NBD94i.550, showed nucleotide binding 

activity, albeit at a slightly lower affinity, no obvious secondary structure changes 

were observed upon nucleotide binding (Fig. 3.22). It could be inferred that the 

structural changes due to nucleotide binding observed in full length NBD94 could be 

attributed to its C-terminal region. Such finding indicates that this C-terminal portion 

acts as a hinge structure that undergoes conformational changes depending on whether 

ATP or ADP is bound to the protein. Hinge structures such as these have been 

reported in some ATP synthases, for example the C-terminal domain of nucleotide -

binding subunit B of A-ATP synthase. Here, upon nucleotide binding, the C-terminal 

domain of this subunit B of A-ATP synthase undergoes a relative motion that results 

in the coupling of the subunit with the neighboring subunit F. In doing so, this causes 

a rotational movement in the entire enzyme complex (Schafer et al, 2006a). Similar 

phenomenon was also observed in the case of C-terminal domain of the nucleotide-

binding subunit p of F-ATPase (Kabaleeswaran et al, 2006). 
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4.2.2 Various conformational states ofPy235 

Different states of AAA+ proteins that arise from nucleotide-driven 

conformational changes have been observed. For example, Wang et al. elucidated 

eight X-ray structures of heat-shock-locus (Hsl U) protease of bacteria and archea and 

described at least four different conformations of the AAA+ domain of Hsl U. These 

conformations basically vary in terms of the relative spatial orientation of the 

N-terminal and C-terminal subdomains within the AAA domain. ADP binding 

resulted in the closest proximity of these subdomains while the maximum separation 

was observed in the unbound state (Wang et al, 2001). 

Though the extent of the conformational changes induced by nucleotide is not 

generally well dissected, the propagation of these changes in AAA domain to other 

domains (e.g. substrate domain) has however been well described in the protomer of 

97 kDa protein/valosin-containing protein (p97/VCP). The substrate domain which is 

the N-terminal domain (see domain architecture of AAA+ protein described in Section 

3.2.1) of this protomer acquires different positions in the presence of different 

nucleotides (Davies et al, 2005; Rouiller et al, 2002). Recent X-ray crystal structures 

of four different nucleotide bound p97/VCP states reveal a huge variation in the 

relative spatial orientation of the N-terminal domain and AAA+ domain indicating the 

effects of nucleotides on the movements of these domains (DeLaBarre & Brunger, 

2003; DeLaBarre & Brunger, 2005). 

The secondary structure of AAA domain of PY01365 appears to be altered in the 

presence of ATP or ADP. What was interesting was that the conformational change 

was observed to be different in the unbound state as well as both the nucleotide-bound 
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states as the spectra for each state were different (Fig. 3.15 and 3.16). This indicates 

that there possibly exist at least three conformational states of NBD: ATP-bound, 

ADP-bound and no nucleotide-bound states. From the observations in other AAA+ 

proteins, one would rationalize that these observed conformation changes could be 

due to the relative movement of C-terminal subdomain with respect to the N-terminal 

subdomains within NBD. Such movements could be propagated to other domain(s) 

thereby affecting the function of Py235. Indeed, the finding that ATP and ADP 

modulates the direct binding of Py235 to the erythrocyte strongly and the existence of 

a hinge structure in the NBD of Py235 together suggest that the nucleotide-driven 

conformational changes could serve as a switch on/off mechanism that determines the 

availability of the binding domain in the native Py235 for receptor binding. However, 

X-ray crystal structures or structures from nuclear magnetic resonance (NMR) are 

needed to give further confirmation on the existence of different conformations and 

the relative positions of the erythrocyte binding domain with respect to NBD. 

4.2.3 How does Py235 behave as an A TP/ADP sensor? 

The behavior of nucleotide binding domain as an ATP/ADP sensor within the 

Py235 complex stems from a number of observations. Firstly, no ATPase activity 

could be observed for this domain. Secondly, there is a high affinity for ATP and 

ADP whereby a subtle difference in binding affinity is observed for NBD, with a 

higher affinity for ATP. Lastly, the NBD assumes three different conformational 

forms based on whether it is ATP-bound or ADP-bound or in its free form. 
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4.2.4 The role of nucleotide in erythrocyte binding and invasion by Py235? 

Nucleoside triphosphates are vital and indispensable mediators of life of which 

ATP and GTP are two most physiologically important nucleotides. ATP is used to 

enable unfavorable chemical reactions to proceed, to fuel various biological 

machineries, and to modulate a number of biochemical processes via phosphorylation 

of protein. GTP, on the other hand, is used almost discriminatively for the signal 

transduction and transport activities. The proteins that bind and use ATP and GTP for 

different enzymatic reaction and regulation are highly varied (Vetter & Wittinghofer, 

1999). 

However, ATP is involved in both extracellular and intracellular signaling. In 

extracellular signaling, cell releases ATP into the surrounding where it then becomes 

an extracellular regulator, i.e. it is a signaling molecule. The release of ATP or other 

nucleotides may occur in time of physiological stress or need or even in normal 

circumstances (Novak, 2003). The released ATP (or ADP) then specifically interacts 

with purinergic receptors, thereby initiating a variety of cellular responses depending 

on where these receptors are located. These signaling effects maybe either autocrine 

(i.e. ATP binds to the cell that releases it) or paracrine (i.e. ATP binds to neighbouring 

cells) in nature. Purinergic receptors are transmembrane protein found on plasma 

membrane of cells such as nerve cells, epithelial cells or endothelial cells. So far, 

these receptors categorized into two classes of receptor namely G-protein-coupled 

receptors and ligand-gated ion channel (Di Virgilio et al, 2001). In the case of 

intracellular signaling, ATP is used by various kinases as source of phosphate group 

during phosphorylation process. This phosphorylation event is crucial form of signal 

transduction where it can lead to either activation or inhibition of the activity of the 
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phosphorylated proteins in the cascade such as MAPK (mitogen-activated protein 

kinase) cascade. 

Erythrocyte contains ATP in millimolar amounts and it generally secretes ATP under 

normal physiological circumstances. However, ATP release becomes augmented 

when there is a mechanical deformation of the cell (Sprague et al, 1996; Sprague et al, 

2007) or it is under physiological stress such as decreased oxygen level (Bergfeld & 

Forrester, 1992). Such secretion of ATP would probably be in the order of 10"6 M 

(McCullough et al, 1997). The released ATP interacts with purinergic receptors on the 

endothelium of blood vessels (paracrine effect). This results in the release of 

vasodilators thereby regulating vascular tone. 

The enhanced secretion of ATP by erythrocyte would result in the formation of an 

ATP gradient from the surface of the erythrocyte to the surrounding environment. As 

the NBD has a very high affinity for ATP (and ADP) where the binding constant is in 

the micromolar range, it enables the Py235 to respond to the secreted ATP. As such 

one would expect that the ATP gradient generated could be sensed by merozoite, 

especially when it comes in contact with the surface of the erythrocyte during the 

initial stages of invasion (Fig. 4.1). During the initial binding and the reorientation of 

the merozoite, deformation of the RJBC membrane is known to occur. Such 

deformation acts as mechanical stress thereby inducing ATP secretion and the 

formation of extracellular ATP gradient. Due to the subtle difference in nucleotide 

affinities, the Py235 molecule is able to detect the small changes in the ATP/ADP 

ratios that occur at the extracellular surface of the erythrocyte. This would then cause 

a structural change where an ATP-bound state is achieved (as described previously) 
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whereby the conformational change is propagated to the nearby domains found within 

Py235. Since the erythrocyte binding domain (EBD) is in such close proximity to 

NBD, it could result in the exposure of the EBD. Hence, such conformational change 

triggers the activation of Py235 that eventually results in the binding of Py235 to its 

corresponding erythrocyte surface receptor (Fig. 4.1). This event would then be 

rapidly followed by the invasion of the merozoite into the red cell. This ability of 

Py235 to sense ATP adds yet another level of intricacy to whole complex process of 

host cell recognition and invasion by merozoite. The phenomenon involving 

ATP/ADP sensing has been proposed for the role of subunit C in V1V0 ATPase 

(Armbriister et al, 2005) which only has nucleotide binding activity just like Py235. 

Unlike Py235, the erythrocyte binding region of Plasmodium falciparum RH1 is 

located much farther downstream of the nucleotide binding region. A gap of about 

627aa separates these domains. Would the above mechanism envisioned for Py235 

apply to PfRHs? One could envisage that the three-dimensional folding would bring 

out the juxtaposition of both these domains. The intervening 627aa would serve as a 

flexible linker as well as a shield to hide the EBD rendering it inaccessible thereby 

inactivating PfRHl. In the case of Py235, the EBD overlaps with NBD and, most 

likely, the folding of the protein would hide the EBD within its core. Upon nucleotide 

binding by PfRHl, the conformational change would be transmitted to the EBD via 

the linker. This results in the dislocation of the linker from the EBD and the swinging 

out of the erythrocyte binding domain making it available for binding to the 

appropriate erythrocyte receptor. Hence, the mechanism of nucleotide-driven 

activation of PfRHl would differ slightly from that envisage for Py235. 

161 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



5 
5 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Discussion 

Fig. 4.1 Model depicting the possible underlying mechanism by which Py235 plays a role in host 
cell selection 
(A) The initial attachment of merozoite on the surface of erythrocyte is non-specific and weak. The 
concentration of ATP within the erythrocyte is very much higher than the surrounding environment. 

(B) The reorientation of the merozoite to achieve apical contact involves a series of intermittent steps in 
which the deformation of the surface of the erythrocyte is known to occur. In this process, the parasite 
may act to cause mechanical stress to the erythrocyte which in turn responds by releasing ATP to the 
environment. Here, it may seem that the parasite has taken advantage of the behavioural response of 
erythrocyte. This response is observed when erythrocyte travelling through the microvasculature 
experiences mechanical deformation while squeezing through (Sprague et al, 1996). 

(C) If the intrinsic concentration of ATP is high enough, i.e. erythrocyte is ATP-rich, sufficient ATP 
molecules are released to ensure a steep gradient of ATP concentration from the extracellular surface of 
red cell outwards. In most instances, the apical end of the merozoite may not be in direct contact with 
the surface of the red cell and hence an establishment of a high ATP gradient is necessary to ensure that 
the Py235 molecule is able to sense a difference in ATP concentration surrounding it. 

(D) The affinity of Py235 for nucleotide is high (in uM range) but it has a higher affinity for ATP 
compared to ADP. If the surrounding ATP concentration is in sufficient amount resulting in the 
ATP/ADP ratio being high enough, then this ensures the complete binding of ATP to Py235 molecule. 
The ATP binding results in the conformational changes within the NBD and this change is transmitted 
through the protein to the erythrocyte binding domain which then undergoes a conformational change. 
In the ATP-bound state, the Py235 exposes its erythrocyte binding domain and avails the domain for 
binding to appropriate erythrocyte receptor. Hence, ATP binding causes the activation of Py235 
molecule. In the event where the intrinsic ATP is deficient and unable to establish the appropriate ATP 
gradient for Py235 activation, then the processes (A) to (C) are aborted and the merozoite then searches 
for an appropriate erythrocyte to invade. Note that the interactions involved in steps (A) to (C) are 
reversible and weak so the merozoite can easily detach from the red cell and move on to the next 
erythrocyte. 

(E) Upon activation of Py235, the accessible erythrocyte binding domain then binds specifically with 
the erythrocyte surface receptor resulting in the formation of a strong cohesive interaction between 
Py235 (and thus parasite) and receptor (and thus erythrocyte). Such interaction initiates formation of 
tight junction and cements the parasite's commitment to invasion. 

4.2.5 Role ofPy235 and A TP in host cell selection: a novel insight 

Intracellular ATP has been shown in various studies to be important for the 

establishment of infection inside erythrocyte by merozoite (Dluzewski et al, 1983a; 

Dluzewski et al, 1983b; Olson & Kilejian, 1982; Rangachari et al, 1989). Invasion of 

parasite failed when erythrocytes depleted of ATP were used but invasion was 

restored upon ATP replenishment. ATP is used in a lot of biochemical and molecular 

events occurring when the parasite invades and establishes within the erythrocyte. In 

fact, its role in maintaining the phosphorylation state of the cytoskeletion is apparently 

important in the invasion process (Rangachari et al, 1986). Hence, it is important that 

the merozoite select and invade the right type of erythrocytes, preferably those that 
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contained sufficient ATP thereby ensuring an appropriate environment for the proper 

survival of the parasite within. Such defined selection would require the parasite to be 

able to sense ATP-rich RBCs before initiating the actual invasion process. This would 

require a quick and cost effective mechanism that avoids unnecessary energy 

expenditure. The paradigm described earlier that Py235 acts as an ATP/ADP sensor 

would enable a successful selection of ATP-rich erythrocytes by the malaria parasite. 

This adds another level of specificity displayed by Py235 during host cell selection. 

As highlighted earlier, ATP behaves as a signaling molecule in a number of 

physiological processes in human. However, here we describe yet another possible 

function of ATP where it behaves as a signaling molecule in the parasite invasion of 

erythrocyte. In other words, if the intrinsic concentration of ATP in RBC is low, this 

results in insufficient secretion of ATP to maintain the desired ATP gradient at the 

surface of erythrocyte for Py235 activation. Hence the paracrine activation of 

merozoite invasion by ATP via its interaction with Py235 (which acts as an "ATP 

receptor") fails to occur and vice versa. Or alternatively, it could have been that the 

parasite may have adapted by capitalizing on the physiological behavior of 

erythrocyte to its advantage to ensure its survival and successful reproduction. In this 

instance, the parasite could possibly upregulate the expression of Py235 (in this case 

PY01365) thereby ensuring that there is sufficient Py235 molecules at its apical end. 

This would bestow upon the merozoite an acute sensitivity in detecting ATP in minute 

amount (in micromolar range) at surface of RBC, i.e. it acts a potent ATP/ADP 

sensing machine. 
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4.3 The probable roles of different Py235 domains in erythrocyte invasion 

4.3.1 Other potential domains predicted within Py235 and its homologues 

Apart from NBD, the bioinformatics analyses further revealed that there were 

other domains that were predicted as a distinct domain with relatively good 

confidence in some Py235 members and its homologues. In the family of Py235, the 

"contractile protein''/"motor activity" domains were predicted in PY02104, PY04930 

and PY01185, while a "peptidase" domain was predicted in PY06018 (E8). 

Interestingly, the "contractile protein'V'motor activity" domain was predicted as an 

independent domain within the amino acid sequence of the PfRH4 and PvRBPl as 

well as RBLs of other species. This observation would likely indicate that this domain 

would indeed be a potential domain but these are just circumstantial evidence. To 

ascertain whether these domains are indeed real domains, various biochemical and/or 

biophysical assays need to be carried out. 

4.3.2 Functional grouping ofPy235 based on domain architecture 

Based on the arrangement and presence of the different domains as shown in 

Fig. 3.1 and Table 3.1, various Py235 members could be divided into 3 main groups 

as follows: 

(a) Group 1: consists of Py235 members that are currently predicted to contain 

only nucleotide binding domain. However, in some of these members, either 

an overlapping "contractile" domain or "peptidase" domain was also 

predicted, albeit at a very much lower confidence (See Table 3.1 and tables in 

Appendix B). Examples of such members include PY01365 and PY00649. In 

fact, many Py235 members fall into this group. 
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(b) Group 2: consists of Py235 members that are currently predicted to contain 

NBD and "contractile protein'V'motor activity"" domain as two separate and 

distinct domains. This group includes PY02104, PY01185 and PY04930. 

(c) Group 3: consists of Py235 members that are currently predicted to contain 

NBD and "peptidase" domain that are assigned at separate positions. 

Presently, only PY06018 (E8) belongs to this group. 

PvRBP family shows similar grouping as above. PvRBPl has NBD, "contractile 

protein" domain and "hydrolase/endopeptidase" domain predicted where the latter 

overlaps with NBD. PvRBP2 has NBD and "contractile protein" domain where both 

domains overlap. In both cases, NBD was still predicted at a higher confidence level. 

However, the overlap between the domains is small. In fact, in the case of PvRBP2, 

the overlap is about 68 amino acid long which is almost negligible compared to the 

overall size of the NBD which is 708aa. In view of this, PvRBPl appears to be similar 

to Py235 members falling in Group 3 whereas PvRBP2 is similar to those in Group 2. 

The ability of Plasmodium vivax to invade reticulocytes is mediated in part by RBP1 

and -2. It has been postulated that RBP1 and -2 form a complex that mediates 

adhesion and recognition of reticulocyte (Galinski & Barnwell, 1996; Galinski et al, 

1992). This postulation could be extended to Py235 where different members (each 

belonging to different functional group) could form a complex that plays an important 

role in erythrocyte binding and invasion. 

166 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Discussion 

4.3.3 Interaction of different domains ofPy235 in ensuring an efficient invasion 

process 

As highlighted in Section 3.12, AAA proteins are able to form multimeric 

complex where each protein interact via their AAA domain to produce a functional 

complex. Most of these proteins tend to form hexameric rings where individual 

constituent of the multimeric complex may be identical or completely different (Vale, 

2000). Even though we have shown that the AAA domain of the dominant Py235 

member (PY01365) was able to form multimeric complexes, oligomerization has not 

been tested for in native Py235 molecules. Nevertheless, one could hypothesize that 

Py235s would be able to oligomerize to produce a homogenous or heterogenous 

complex. This intimate positioning allows interaction(s) between 2 or more domains 

with each other so as to perform a concerted function. In addition, the three-

dimensional folding of Py235 protein might result in the juxtaposition of different 

domains within itself so that any conformational changes are able to be propagated to 

the relevant domain within the same protein or across to another protein within the 

multimeric complex. Basically, the domains discussed here are the erythrocyte 

binding domain, the nucleotide binding domain, "contractile protein" domain and 

"peptidase" domain. 

A model of how different Py235 members might work in concerted fashion to ensure 

invasion is described as follows: 

(a) When the Plasmodium merozoite comes in contact with the surface of 

erythrocyte membrane, the change in the ATP/ADP ratio is sensed by the 

merozoite (Fig. 4.1). If the erythrocyte is "ATP adequate", it results in the 

activation of Py235 belonging to Group 1 whereby exposure of the erythrocyte 
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binding domain occurs via conformational change. This allows a specific 

interaction of Py235 with its erythrocyte surface receptor. Of the Group 1 

members, PY01365 is the most likely candidate because it is a dominant 

member (Iyer et al, 2007b; Ogun et al, 2006) and its high availability at apical 

end ensures that a rapid recognition and binding occurs. Also, it is currently 

the only member known to bind to erythrocyte. This highlights the question of 

whether other members of Py235 indeed bind to erythrocyte. This actually 

determines the next course of action by Py235 (Fig. 4.2). 

(b) Following initial erythrocyte attachment is the recruitment of other Py235 

molecules via oligomerization. This oligomerization process is achieved 

through conserved "AAA" domain shared amongst various Py235 members. If 

PY01365 is the only Py235 member capable of erythrocyte binding, then the 

formation of the multimeric complex would require several molecules of 

PY01365 oligomerising in alternate fashion with other Py235 members to 

possibly form a hexameric configuration. In this way, it strengthens the initial 

attachment of Py235 to RBC. However, if other Py235 members are able to 

specifically bind to surface receptors on the erythrocyte, then only one 

PY01365 molecule would probably be required per multimeric complex. In 

either case, the recruited Py235 molecules may include one from the Group 2, 

i.e. those with "contractile protein" or "motor protein" (for e.g. PY01185), 

and/or one from the Group 3 that possess "peptidase" domain (for e.g. 

PY06018). This process most likely would occur after the binding of Py235 

molecules to the red blood cell. The consequence of such cohesive interactions 

is the formation of an active Py235 complex that has strong and specific 
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interaction with the host receptors and this fortifies the onset of the 

commitment to invasion by the merozoite. 

(c) This contractile function of the "contractile/motor protein" domain may 

thereafter occur whereby the contraction wave is propagated throughout 

resulting in the contraction of the whole Py235 complex. This brings the apical 

end of the parasite much closer to the surface of the erythrocyte. This would 

enable the interaction of the EBL members, which belong to the micronemal 

multigene family of erythrocyte binding proteins, with other surface receptors 

on the erythrocyte. Thus, this event completes the formation of tight junction 

and hence committing the parasite to the invasion process. 

(d) This would be followed some time later by the cleavage of the interactions 

between Py235s and its host surface receptors which is catalyzed by both the 

peptidase domain found within the Py235 complex and the rhomboid proteases 

(homologues of PfROMl and/or 4 (Baker et al, 2006)) found on the surface of 

the merozoite. The rhomboid proteases would most likely cleave at the C-

terminal region of Py235 while the peptidase domain would probably cleave at 

the N-terminal region (see rationale below). It is also possible that the 

surrounding ATP concentration may drop such that the Py235 reverts to 

unbound state or ADP-bound state. This event has a two-fold consequence. 

Firstly, the erythrocyte binding domain becomes disengaged from the receptor 

and Py235 returns to its inactive form. Secondly, a conformational change 

results that totally disrupts the remaining interactions within the functional 

complex thereby completely dislodging the parasite from those red cell 

receptors. The cleavage and inactivation of Py235 may occur concurrently or 

consecutively. Regardless, these activities together probably facilitate the 
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onset of invasion and the discharge of rhoptry into the nascent parasitophorous 

vacuole. 

The size of the soluble Py235 in the cultured supernatant is previously reported to be 

around 235 - 250 kDa. However, the size predicted based on the gene sequence would 

be around 300 kDa or more. In the case of PY01365, which is 2719aa, it is predicted 

to have a molecular weight of 319 kDa. The estimated size of its predicted signal 

sequence is 2.8 kDa while that of transmembrane/cytoplasmic domain is 7.8 kDa. 

Since the rhomboid proteases most likely cleaved at the transmembrane domain 

(Baker et al, 2006), both this proteolytic processing and signal peptide cleavage do not 

account for the resultant size of the soluble PY01365. Hence, this observation most 

likely indicates that other processing event(s) may occur. An example would include 

the N-terminal processing carried out by the activated peptidase domain of Py235 

complex as mentioned in (d) above. 

The process of oligomerization amongst the different Py235 molecules could result in 

the activation of the ATPase function of the Py235 complex. This in turn could 

phosphorylate other Py235 thereby either recruiting more Py235 complexes or 

activating the various functions of the Py235 complexes such as the contractile or the 

peptidase function. It has been shown that in some AAA+ proteins such as p97/VCP, 

oligomerization may allow cooperative ATP hydrolysis resulting in a functional 

complex (DeLaBarre et al, 2006; Hattendorf, 2002). 
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Fig. 4.2 Model depicting the possible events leading to the formation of tight junction during 
invasion which involve different members of Py235 multigene family 
(A) Upon activation of Py235 by ATP binding (please refer to Fig. 4.1), there are 2 possible outcomes: 
(A) -> (B) -* (E) -> (F) or (C) -» (D) ->• (E) -> (F). Which one would proceed would depend on 
whether Py235 members from Group 2 and 3 (highlighted in blue and pink) have binding activity or 
not. 

(B) In the first scenario where these members have erythrocyte binding activity, binding of these 
members to the appropriate receptor would occur followed by oligomerization of the Py235 members 
from different groups via their NBD thereby forming a functional Py235 complex. This event could 
lead to the formation of hexameric rings like those observed in some AAA proteins. Such cohesiveness 
would strengthen the attachment of parasite to RBC. 

(C) In the second scenario where the other Py235 members do not have erythrocyte binding activity, no 
erythrocyte receptor for these members would be found on the surface of RBC. 
(D) Here, upon Py235 activation, more than one PY01365-receptor complex would be involved in 
recruiting other Py235 members to form a functional Py235 complex. 

(E) Once a Py235 functional complex(es) is formed, the events that follow would be the same for both 
scenarios. However, here the events (E) —» (F) is illustrated for second scenario. The active Py235 
complex may possess a contractile activity due to the presence of the relevant domains found in Py235 
belonging to Group 2. Activation of these domains may occur through phosphorylation. This 
phosphorylation is a result of ATPase activity that becomes activated upon formation of the Py235 
complex. Py235 complex undergoes contraction which results in closing up of the gap between the 
parasite and the RBC. 

(F) At this stage, the EBLs which are much smaller proteins than RBLs are now easily accessible to 
their respective erythrocyte receptor. Binding of these EBL ligands to the receptor would seal the tight 
junction between the parasite and erythrocyte. Such irreversible attachment defines the parasite's 
commitment to invasion. This then signals the onset of invasion and the formation of parasitophorous 
vacuole in RBC. 

Iyer and colleagues (Iyer et al, 2007b) have shown that the expression level of py235 

varied in avirulent, intermediate virulent and virulent parasite clones where some 

Py235 members are expressed at higher level and others having a much lower amount. 

In addition, differential py235 expression is also observed when the rodent malaria 

parasite is made to adapt in different hosts. However, in all cases, PY01365 still 

remains as the dominant form of Py235 being expressed in all clones as well as those 

clones adapted in different hosts. Thus, it is possible that the differentially upregulated 

Py235(s) that is specifically observed in each clone (and adapted clone) may complex 

with PY01365 to recognize a specific set of host RBC receptors in order to mediate a 

unique invasion pathway in each case. Such complex formation appears to be akin to 

that proposed for P. vivax RBP1 and -2 (Galinski & Barnwell, 1996) and is in line 

with the proposed model above. This is in contrast to the previously held view that a 
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single merozoite expresses a distinct member of py235 (Preiser et al, 1999). It must be 

noted, however, that this observation comes from the profiling of mRNA level and 

thus it needs to be verified whether such observation is reflected at the protein level. 

However, this observation might not be entirely contradictory and can be expanded in 

the sense that a single merozoite expresses a distinct set of Py235 member that contain 

a unique Py235 member, rather than a merozoite expressing only a single member. 

Interestingly, it has been suggested recently that PfRH5, which is one of the members 

of Py235 orthologues in human P. falciparum, may form complex with another 

membrane bound surface protein(s) on the apical end of merozoite. This stems from 

the observation that PfRH5 is found to be localized to rhoptry as well as on the apical 

end of the merozoite and is seen to move along the tight junction during invasion 

despite the fact that it has no transmembrane domain (Baum et al, 2009). In addition, 

the soluble P. falciparum rhoptry proteins RAP2 and RAP3 that lack transmembrane 

domain are found to be escorted by RAP1 to the body of rhoptry organelle (Baldi et 

al, 2000). Taken together, it is tempting to speculate that PfRH5 might be complexed 

with other members of PfRH family and translocated to the apical end where they 

form a functional complex to mediate the interaction between the parasite and 

erythrocyte surface. 

The protective antibody 25.77 that recognizes the native Py235 does not inhibit the 

binding of the protein to erythrocyte (Ogun et al, 2000). This indicates that a different 

mechanism is involved in the blocking of invasion by the antibody. In this study, we 

have preliminary observation that the antigenic region of PY01365 was found to be 

located upstream of the erythrocyte binding region (Fig. 3.33). In view of the 

173 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Discussion 

paradigm described above, it could likely be that the binding of the antibody to the 

antigenic determinant acts a steric hindrance thereby preventing the formation of an 

invasion complex by inhibiting the oligomerization of different Py235 members, 

rather than inhibiting the erythrocyte receptor binding by PY01365. What is 

interesting is that 25.77 antibody limits the invasion of parasite to a subset of RBC 

population, namely the reticulocytes. It could be explained by the fact that certain 

receptors may not be available on the surface of reticulocytes for other groups of 

Py235 to bind thus preventing any oligomerization or the formation of Py235 

complex. This would mean that the invasion in reticulocyte by Py235 would be a 

simpler process probably involving only PY01365. 

Thus it can be seen above that the whole invasion process is much more complex and 

may involve more than one Py235 member coordinating together before the final 

commitment of the parasite to invasion. Such synergistic behavior displayed by Py235 

serves to allow specificity of invasion as well as to enhance the invasion potential of 

the parasite. This behavior would presumably be seen in PfRHs as we know that 

different PfRHs bind to distinctly different receptors on human erythrocyte (Cowman 

& Crabb, 2006; Iyer et al, 2007a). This would mean that the virulent malaria parasite 

P. falciparum (and P. yoelii YM) could potentially mix and match different ligand-

receptor complexes thereby enabling it to invade a large and varied population of 

RBCs. This behavior could account for the virulence exhibited by P. falciparum (and 

P. yoelii YM) under different immune pressure or phenotypic host receptor variation. 
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4.4 Py235 and immune evasion 

Currently, there is evidence of that RBL members play an important role in 

immune evasion. This mainly stems from two important findings. Firstly, in P. 

falciparum, multiple ligands and phenotypic variation of PfRH members confer the 

parasite an adaptive advantage by offering multiple dominant invasion pathways to 

choose from in face of an immune attack (Cowman & Crabb, 2006; Duraisingh et al, 

2003b; Gaur et al, 2004). Secondly, in P. yoelii, the mechanism of clonal phenotypic 

variation of py235 results in merozoites originating from a single schizont to bind to 

different RBC receptors and hence increasing the repertoire of erythrocyte the parasite 

can invade (Preiser et al, 1999; Snounou et al, 2000). This provides an ample number 

of merozoites that are able avoid the immune attack. However, in this study, we 

propose yet another mechanism by which Py235 is able to confer the merozoite an 

ability to minimize the immune response being elicited against it. 

4.4.1 Probable mechanism of immune evasion by Py235 

From the findings obtained from biophysical and biochemical experiments as 

well as EBAs, the model of how Py235 behave during host cell recognition was 

envisaged and illustrated in Fig. 4.1. In this illustration, it was proposed that Py235 is 

activated upon ATP binding which exposes the EBD for RBC receptor binding. 

Another interesting implication of this behavior exhibited by Py235 is that it allows 

the parasite to prevent unnecessary exposure of the EBD to host immune response. 

This gives rise to the phenomenon known as "just in time". Here, in this scenario, the 

binding domain is only "nakedly" revealed just in time for the binding event to occur 

and, almost immediately, this event is followed by the formation of the Py235 

complex which shields the domain preventing further exposure. Once the tight 
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junction is formed, parasite invasion into the RBC is extremely rapid. Hence, it could 

be seen that from the moment the EBD is exposed, it is almost shielded off 

minimizing any chance for the host antibodies to act on. This would probably be one 

of the reasons why currently no protective antibodies generated so far is able to inhibit 

erythrocyte binding by Py235. Interestingly, this is in agreement with the observation 

made by Gaur et al., 2007 that the antibodies raised against PfRH4 was unable to 

block invasion of neuraminidase-treated erythrocyte by Dd2/NM. One of the proposed 

explanations for this phenomenon was that during invasion PfRH4 was either hidden 

from the immunizing antibodies or possibly exposed for an extremely short period 

which would need a substantially high amount of blocking antibody to prevent 

invasion (Gaur et al, 2007). 

Another interesting observation made from EBA assays was that no obvious change in 

binding activity was observed for NBD94 and its truncated form NBD94i_55o 

indicating that the accessibility of the EBD was restricted in the full length native 

Py235. One could postulate that the region after the NBD acts a protective shield 

(probably similar to that in PfRHl, see Section 4.2.4) that might serve to completely 

conceal the erythrocyte binding domain (Fig. 4.3). Such concealment would appear to 

be important for two reasons. Firstly, it allows appropriate host cell adhesion and 

selection as explained in Section 4.2.5. Secondly, it prevents the exposure of the 

erythrocyte binding domain to the various arms of host immunity thereby ensuring a 

successful immune evasion. Alternatively, the region N-terminal to EBD may act as a 

shield instead. Recently, it was shown that most of the PfRH5 in the culture 

supernatant were processed fragments of about 45kDa which bind with much greater 

affinity than the full-length (63kDa) product (Baum et al, 2009). It was suggested that 

176 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Discussion 

the processing would involve cleavage of the N-terminus region of PfRH5 and this 

would imply that this region might serve to partially shield the EBD as the full length 

PfRH5 was still able to bind red cell. PfRH5 is a very small protein compared to the 

other members of PfRHs and it lacks most of the ectodomain save the N-terminus 

region (which contains the erythrocyte binding domain) as well as the transmembrane 

and cytoplasmic domains (Rodriguez et al, 2008). This would infer that the region 

beyond the N-terminus of ectodomain (i.e. just before the EBD) in PfRH would 

probably play a crucial role in shielding of its EBD which prevents untimely 

interaction with erythrocyte surface receptor and exposure to the host immune system. 

Fig. 4.3 Erythrocyte binding behavior of native Py235, NBD94 and NBD94i_55o in the presence of 
nucleotides 
Based on the results of the EBA experiments carried out with P. yoelii YM parasite culture supernatant 
(Section 3.14, Fig. 3.28) and purified NBD94 and NBD941.550, the probable behaviour of the proteins is 
depicted as shown. (A) In the absence or low ATP concentration, the conformation of native Py235 in 
the supernatant would prevent any high affinity RBC binding by shielding the erythrocyte binding 
domain. Exposure to high ATP level would likely bring out a conformational change induced by ATP 
binding to the active site within NBD. This in turn would result in the exposure of EBD leading to 
Py235 interacting with specific erythrocyte surface receptor. (B) & (C) Recombinant NBDs of Py235 
would be expected to have a much shorter C-terminal region. Hence, even after acquiring a tertiary 
structure, the EBD still remains exposed. Thus, regardless of the presence of nucleotide, these forms 
would still be able to bind to RBC. 
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4.5 Implications for treatment of malaria 

One of the more notable findings in this study which is the discovery of a 

conserved nucleotide binding domain within the Py235 (and PfRHs) could be used for 

its application in malaria intervention studies. There are possibly three approaches in 

which this finding could be applied. In all instances, the primary aim of the 

intervention study would be to abolish the sensing mechanism by parasite. Without 

the ability to sense the changes in ATP/ADP ratio, activation of Py235 (or PfRHs) and 

thus formation of functional Py235 (or PfRH) complex cannot occur. The downstream 

effect of this would be that no effective tight junction formation can occur due to 

absence of appropriate Py235s/receptor-mediated signaling and thus parasite invasion 

is nullified. 

The first approach would be passive immunization. This is a quick way to help 

minimize the parasite reproduction in an infected subject. Here, a cocktail of 

protective monoclonal antibody generated in response to NBD would be produced. 

The second approach would be producing drugs or peptide inhibitors that specifically 

negate the NBD function. Here, however, more studies need to be carried out (See 

Section 4.6). Thirdly, the NBD could be used as a vaccine candidate. This would be 

more streamlined and does not carry the risk of side effects that normally appear in 

drug treatment. However, many malaria vaccine candidates have been considered and 

tested but mainly failed when used as a preventive measure in epidemic regions. It is 

imperative to create a more versatile and effective vaccine. Based on the findings in 

our studies, an approach that can create a more effective vaccine would be one that is 

designed to encompass the region from the antigenic region to the end of the 

nucleotide binding region. Note that this region would also include the erythrocyte 
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binding domain. The rationale for this design would be one could assume that such 

region contains potential antigenic sites that would serve to improve its ability to elicit 

an array of protective antibodies that would theoretically inhibit invasion of parasite at 

different junctures. 

4.6 Future studies 

In the course of our study, we have presented a number of interesting findings 

which leads to a possibly novel insight(s) into host cell selection and invasion by 

malaria parasite as well as immune evasion. However, these findings need to be 

further validated especially in the context of native Py235 and in other RBLs, 

especially PfRHs. It is, therefore, imperative that future studies need to be carried out. 

Broadly speaking, following would be the possible areas of study to focus on: 

(a) Validate all possible conserved domains of Py235 to get an idea of the domain 

architecture of Py235 and thus RBLs in general 

(b) Further characterize the erythrocyte binding and nucleotide binding as well as 

determine any interactions between these activities at the tertiary structural 

level 

(c) Investigate further the behaviour of native Py235 as a functional complex in 

host cell binding and invasion 

(d) Search for potential vaccine or drug targets against Py235/RBLs that can be 

used for malaria intervention. 
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4.6.1 Further characterization of erythrocyte binding domain and its activity 

It is crucial to determine whether Region 1 and Region 2 of PY01365 do bind 

to erythrocyte. Thus, an alternative method of purification that allows refolding of 

Region 2 from the insoluble fraction after induction needs to be optimized to obtain 

purified form of this recombinant protein. Following which, delineation of the 

minimal binding region where smaller overlapping regions need to be carried out as 

described by Gao et al, 2008. Once, a minimal binding region is elucidated, one can 

then easily determine if such region is conserved amongst other members of the 

Py235 family. Hence, this gives further insight into a possible conserved binding 

domain in this multigene family. 

4.6.2 Further characterization of antigenic region and its implication in malaria 

treatment 

With the purified form of Region 2 of PY01365, it is important to re-establish 

if it is still reactive to the protective monoclonal antibodies 25.77 and 25.37 in the 

native as well as in the denatured form. Also, it would be interesting to see if there is 

any reactivity to the non-protective monoclonal antibody 25.86. However, at this 

point, the antigenic motif responsible for eliciting the production of protective 

antibody would be of greater importance. This region together with the sequence of 

the erythrocyte binding region will allow one to search for possible conservation 

among other members of Py235. The search would be much easier as it is now limited 

to a much shorter stretch of amino acid sequence as compared to the full-length 

sequence (See Section 3.1.1). On the whole, this would also reveal important 

information necessary of the development of an effective vaccine. 
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4.6.3 Further characterization of nucleotide binding domain and its activity and 

its implication in malaria treatment 

To have a much clearer understanding of the specific nucleotide binding 

activity of NBD, we need to further delineate the critical residues required for 

nucleotide binding by NBD. To do this, we need to perform mutagenesis aiming 

specifically at the glycine and theorine residues within Walker A motif or the tyrosine 

residues of the ATP-binding peptide. The information of these critical residues would 

be important consideration in the design of anti-malarials. 

To further understand the mechanistic behavior (i.e. structural changes) of 

NBD in presence of different nucleotides, we need to carry out crystallization studies 

or other equivalent studies of this domain in the different nucleotide binding states. 

This would provide us a better perspective on the how this domain might work. Also, 

such studies can be further exploited to obtain unique ligands that specifically bind to 

this domain thereby locking it in the "ADP-state" which would be the inactive form of 

Py235 (based on finding that ADP inhibits its erythrocyte binding function). This 

would then reveal an array of specific inhibitors that could be designed to target 

specifically the RBL members and thus potential drugs against the malaria parasite 

could be envisioned. 
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4.6.4 Study the interaction between the nucleotide binding activity and erythrocyte 

binding activity ofPy235 

To investigate these interactions, experiments using EBD-NBD domain as 

well as the native Py235 should be performed. Just like above, X-ray crystallography 

and other structural studies of these proteins would be done in presence of different 

nucleotides. In this way, we can explore the extent of nucleotide driven 

conformational change, especially in bringing about the movement of the EBD. 

4.6.5 Study the effects of nucleotide on erythrocyte binding activity ofPfRHs and 

its implication in malaria treatment 

Importantly, studies are currently being undertaken to determine if the 

erythrocyte binding ability of RBLs of P. falciparum is affected by addition of ATP or 

ADP. Such information would prove essential as that would give further evidence of 

the conservation of nucleotide binding activity amongst the RBL members. Also, 

expression and purification of nucleotide binding domains of P. falciparum and P. 

vivax would be important as the validation of their binding activity can provide 

valuable insight for effective intervention strategy aimed at P. falciparum and P. vivax 

malaria. 

4.6.6 Characterization of other potential domains in Py235/RBL 

One of the important information revealed by bioinformatics analyses is the 

presence of other domains: "contractile protein'V'motor activity" and "peptidase" 

domain. However, since the former is found as a distinct domain in some RBLs of 

most Plasmodium spp, one could postulate that this domain would be important for 

RBL to function as an effective invasion molecule. To ascertain the role of this 
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domain, the expression and purification of the domain as recombinant protein need to 

be carried out. Various biochemical and biophysical assay, such as in vitro motility 

assays (Shima et al, 2006), can be performed to determine the activity of these 

domains. These studies need to be extended to native Py235/RBL as such information 

would then provide further understanding of how Py235/RBL behave as an invasion 

molecule in vivo. 

4.6.7 Validation of the presence of an active Py235 complex 

It would be interesting to determine if an active Py235 complex occurs within 

the apical region of P. yoelii as suggested in Section 4.3. To determine if such 

complex exist, various experiments need to be carried out. These would include cross-

linking studies, pull-down assays and FCS. In the latter two techniques, one would 

need antibodies such as those against the nucleotide-binding domain. Hence, 

appropriate polyclonal and monoclonal antibodies to different domains are therefore 

needed to be raised. Moreover, inhibition assays using these antibodies can delineate 

which members or domains would be important in the formation and function of the 

complex. Such exciting information would then provide a totally new dimension on 

how the invasion process could possibly take place. 

4.7 Conclusion 

The results of bioinformatics analyses, together with the direct evidence of 

erythrocyte binding by full-length Py235, indicate a potentially new perspective of 

how Py235 (or RBLs) might function. The large sized Py235 containing 

approximately 2700 amino acid is being dissected into a few domains that have the 

following functions: erythrocyte-binding, nucleotide-binding, contractile and 
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proteolytic processing. In this study, we have determined a potential nucleotide 

binding domain as well as a partially characterized erythrocyte binding domain which 

are both located at the N-terminus of the Py235. The juxtaposition of these domains 

seems to be important as the erythrocyte binding activity is modulated in the presence 

of ATP or ADP. Moreover, structural perturbations are observed in the nucleotide-

binding domain upon ATP/ADP binding, and this is attributed to its C-terminal region 

which behaves as a hinge structure. Collectively, these observations are consistent 

with the concept that nucleotide binding domain functions as an ATP/ADP sensor 

within the Py235 complex. The ability of this domain to form multimeric complex via 

its C-terminal region adds another level of complexity on how Py235 functions as an 

invasion molecule. The oligomerization process would possibly allow the recruitment 

of different Py235 to form a functional invasion complex which eventually leads to 

the activation of the invasion process. We have also shown that the antigenic region of 

Py235 responsible for eliciting the protective monoclonal antibodies lies upstream of 

the erythrocyte binding domain. Since the Holy Grail in preventing human malaria 

infections would arise from a successful and safe vaccine, the information regarding 

these motifs and domains would help in the formulation of a better vaccine against the 

virulent P. falciparum. On the whole, the findings reported here paint a whole new 

paradigm about Py235 (and importantly RBLs of P. falciparum) that is worth 

investigating. The possible interplay between the different members of Py235 (and 

RBLs) could also account for virulence and immune evasion in Plasmodium parasites. 

185 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Results 

BIBLIOGRAPHIES 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Adams JH, Hudson DE, Torii M, Ward GE, Wellems TE, Aikawa M, Miller LH 
(1990) The Duffy receptor family of Plasmodium knowlesi is located within the 
micronemes of invasive malaria merozoites. Cell 63(1): 141-153 

Aggeler R, Haughton MA, Capaldi RA (1995a) Disulfide Bond Formation between 
the COOH-terminal Domain of the [IMAGE] Subunits and the [IMAGE] and 
[IMAGE] Subunits of the Escherichia coli F[IMAGE]-ATPase. J Biol Chem 270(16): 
9185-9191 

Aggeler R, Weinreich F, Capaldi RA (1995b) Arrangement of the [epsilon] subunit in 
the Escherichia coli ATP synthase from the reactivity of cysteine residues introduced 
at different positions in this subunit. Biochimica et Biophysica Acta (BBA) -
Bioenergetics 1230(1-2): 62-68 

Aikawa M, Miller LH (1983) Structural alteration of the erythrocyte membrane during 
malarial parasite invasion and intraerythrocytic development. Ciba Found Symp 94: 
45-63 

Aikawa M, Miller LH, Johnson J, Rabbege J (1978) Erythrocyte entry by malarial 
parasites. A moving junction between erythrocyte and parasite. J Cell Biol 77(1): 72-
82 

Aikawa M, Miller LH, Rabbege JR, Epstein N (1981) Freeze-fracture study on the 
erythrocyte membrane during malarial parasite invasion. J Cell Biol 91(1): 55-62 

Aikawa M, Torii M, Sjolander A, Berzins K, Perlmann P, Miller LH (1990) 
Pfl55/RESA antigen is localized in dense granules of Plasmodium falciparum 
merozoites. Experimental Parasitology 71(3): 326-329 

Alexander DL, Arastu-Kapur S, Dubremetz J-F, Boothroyd JC (2006) Plasmodium 
falciparum AMA1 Binds a Rhoptry Neck Protein Homologous to TgRON4, a 
Component of the Moving Junction in Toxoplasma gondii. Eukaryotic Cell 5(7): 
1169-1173 

Alexander DL, Mital J, Ward GE, Bradley P, Boothroyd JC (2005) Identification of 
the Moving Junction Complex of Toxoplasma gondii: A Collaboration between 
Distinct Secretory Organelles. PLoS Pathog 1(2): el7 

Alonso PL, Sacarlal J, Aponte JJ, Leach A, Macete E, Aide P, Sigauque B, Milman J, 
Mandomando I, Bassat Q, Guinovart C, Espasa M, Corachan S, Lievens M, Navia 
MM, Dubois M-C, Menendez C, Dubovsky F, Cohen J, Thompson R, Ballou WR 
(2005) Duration of protection with RTS,S/AS02A malaria vaccine in prevention of 
Plasmodium falciparum disease in Mozambican children: single-blind extended 
follow-up of a randomised controlled trial. The Lancet 366(9502): 2012-2018 

Alonso PL, Sacarlal J, Aponte JJ, Leach A, Macete E, Milman J, Mandomando I, 
Spiessens B, Guinovart C, Espasa M, Bassat Q, Aide P, Ofori-Anyinam O, Navia 
MM, Corachan S, Ceuppens M, Dubois M-C, Demoitie M-A, Dubovsky F, Menendez 
C, Tornieporth N, Ripley Ballou W, Thompson R, Cohen J (2004) Efficacy of the 

187 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

RTS,S/AS02A vaccine against Plasmodium falciparum infection and disease in young 
African children: randomised controlled trial. The Lancet 364(9443): 1411-1420 

Andrade MA, Chacon P, Merelo JJ, Moran F (1993) Evaluation of secondary 
structure of proteins from UV circular dichroism spectra using an unsupervised 
learning neural network. Protein Eng 6(4): 383-390 

Aponte JJ, Aide P, Renom M, Mandomando I, Bassat Q, Sacarlal J, Manaca MN, 
Lafuente S, Barbosa A, Leach A, Lievens M, Vekemans J, Sigauque B, Dubois M-C, 
Demoitie M-A, Sillman M, Savarese B, McNeil JG, Macete E, Ballou WR, Cohen J, 
Alonso PL (2007) Safety of the RTS,S/AS02D candidate malaria vaccine in infants 
living in a highly endemic area of Mozambique: a double blind randomised controlled 
phase I/IIb trial. The Lancet 370(9598): 1543-1551 

Armbruster A, Hohn C, Hermesdorf A, Schumacher K, Borsch M, Griiber G (2005) 
Evidence for major structural changes in subunit C of the vacuolar ATPase due to 
nucleotide binding. FEBS Lett 579(9): 1961-1967 

Arnot DE, Gull K (1998) The Plasmodium cell cycle: facts and questions. Annals of 
Tropical Medicine and Parasitology 92: 361-365 

Baker RP, Wijetilaka R, Urban S (2006) Two Plasmodium Rhomboid Proteases 
Preferentially Cleave Different Adhesins Implicated in All Invasive Stages of Malaria. 
PLoSPathog 2(10): el 13 

Baldi DL, Andrews KT, Waller RF, Roos DS, Howard RF, Crabb BS, Cowman AF 
(2000) RAP1 controls rhoptry targeting of RAP2 in the malaria parasite Plasmodium 
falciparum. Embo J 19(11): 2435-2443 

Bannister LH, Butcher GA, Dennis ED, Mitchell GH (1975) Structure and invasive 
behaviour of Plasmodium knowlesi merozoites in vitro. Parasitology 3: 483-491 

Bannister LH, Dluzewski AR (1990) The ultrastructure of red cell invasion in malaria 
infections: a review. Blood Cells 16(2-3): 257-292; discussion 293-257 

Bannister LH, Mitchell GH (1986) Lipidic vacuoles in Plasmodium knowlesi 
erythrocytic schizonts. JProtozool 33(2): 271-275 

Bannister LH, Mitchell GH, Butcher GA, Dennis ED (1986) Lamellar membranes 
associated with rhoptries in erythrocytic merozoites of Plasmodium knowlesi: a clue 
to the mechanism of invasion. Parasitology 92( Pt 2): 291-303. 

Barale J-C, Blisnick T, Fujioka H, Alzari PM, Aikawa M, Braun-Breton C, Gordon L 
(1999) Plasmodium falciparum Subtilisin-Like Protease 2, a Merozoite Candidate for 
the Merozoite Surface Protein 1-42 Maturase. Proceedings of the National Academy 
of Sciences of the United States of America 96(11): 6445-6450 

Barcus MJ, Basri H, Picarima H, Manyakori C, Sekartuti, Elyazar I, Bangs MJ, 
Maguire JD, Baird JK (2007) Demographic Risk Factors for Severe and Fatal Vivax 

188 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

and Falciparum Malaria Among Hospital Admissions in Northeastern Indonesian 
Papua. Am J Trop Med Hyg 77(5): 984-991 

Barnwell JW, Nichols ME, Rubinstein P (1989) In vitro evaluation of the role of the 
Duffy blood group in erythrocyte invasion by Plasmodium vivax. J Exp Med 169(5): 
1795-1802 

Barnwell JW, Wertheimer SP (1989) Plasmodium vivax: merozoite antigens, the 
Duffy blood group, and erythrocyte invasion. Prog Clin Biol Res 313: 1-11 

Baum J, Chen L, Healer J, Lopaticki S, Boyle M, Triglia T, Ehlgen F, Ralph SA, 
Beeson JG, Cowman AF (2009) Reticulocyte-binding protein homologue 5 - An 
essential adhesin involved in invasion of human erythrocytes by Plasmodium 
falciparum. International Journal for Parasitology 39(3): 371-380 

Baum J, Gilberger T-W, Frischknecht F, Meissner M (2008) Host-cell invasion by 
malaria parasites: insights from Plasmodium and Toxoplasma. Trends in Parasitology 
24(12): 557-563 

Baum J, Maier AG, Good RT, Simpson KM, Cowman AF (2005) Invasion by P. 
falciparum Merozoites Suggests a Hierarchy of Molecular Interactions. PLoS Pathog 
1(4): e37 

Baum J, Richard D, Healer J, Rug M, Krnajski Z, Gilberger T-W, Green JL, Holder 
AA, Cowman AF (2006) A Conserved Molecular Motor Drives Cell Invasion and 
Gliding Motility across Malaria Life Cycle Stages and Other Apicomplexan Parasites. 
J Biol Chem 281(8): 5197-5208 

Baum J, Thomas AW, Conway DJ (2003) Evidence for diversifying selection on 
erythrocyte-binding antigens of Plasmodium falciparum and P. vivax. Genetics 
163(4): 1327-1336 

Bergfeld GR, Forrester T (1992) Release of ATP from human erythrocytes in 
response to a brief period of hypoxia and hypercapnia. Cardiovasc Res 26(1): 40-47 

Berzins K, Perlmann H, Wahlin B, Carlsson J, Wahlgren M, Udomsangpetch R, 
Bjorkman A, Patarroyo ME, Perlmann P (1986) Rabbit and Human Antibodies to a 
Repeated Amino Acid Sequence of a Plasmodium falciparum Antigen, Pf 155, React 
with the Native Protein and Inhibit Merozoite Invasion. Proceedings of the National 
Academy of Sciences of the United States of America 83(4): 1065-1069 

Black CG, Wang L, Wu T, Coppel RL (2003) Apical location of a novel EGF-like 
domain-containing protein of Plasmodium falciparum. Molecular and Biochemical 
Parasitology 127(1): 59-68 

Black CG, Wu T, Wang L, Hibbs AR, Coppel RL (2001) Merozoite surface protein 8 
of Plasmodium falciparum contains two epidermal growth factor-like domains. 
Molecular and Biochemical Parasitology 114(2): 217-226 

189 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Blackman MJ, Fujioka H, Stafford WHL, Sajid M, Clough B, Fleck SL, Aikawa M, 
Grainger M, Hackett F (1998) A Subtilisin-like Protein in Secretory Organelles of 
Plasmodium falciparum Merozoites. J Biol Chem 273(36): 23398-23409 

Blair PL, Kappe SH, Maciel JE, Balu B, Adams JH (2002) Plasmodium falciparum 
MAEBL is a unique member of the ebl family. Mol Biochem Parasitol 122(1): 35-44 

Bojang KA, Milligan PJM, Pinder M, Vigneron L, Alloueche A, Kester KE, Ballou 
WR, Conway DJ, Reece WHH, Gothard P, Yamuah L, Delchambre M, Voss G, 
Greenwood BM, Hill A, McAdam KPWJ, Tornieporth N, Cohen JD, Doherty T 
(2001) Efficacy of RTS,S/AS02 malaria vaccine against Plasmodium falciparum 
infection in semi-immune adult men in The Gambia: a randomised trial. The Lancet 
358(9297): 1927-1934 

Borre MB, Owen CA, Keen JK, Sinha KA, Holder AA (1995) Multiple genes code 
for high-molecular-mass rhoptry proteins of Plasmodium yoelii. Mol Biochem 
Parasitol 70(1-2): 149-155 

Braun Breton C, Pereira da Silva LH (1993) Malaria proteases and red blood cell 
invasion. Parasitology Today 9(3): 92-96 

Camus D, Hadley TJ (1985) A Plasmodium falciparum antigen that binds to host 
erythrocytes and merozoites. Science 230(4725): 553-556 

Cantor EM, Lombo TB, Cepeda A, Espinosa AM, Barrero CA, Guzman F, Gunturiz 
ML, Urquiza M, Ocampo M, Patarroyo ME, Patarroyo MA (2001) Plasmodium 
vivax: functional analysis of a highly conserved PvRBP-1 protein region. Molecular 
and Biochemical Parasitology 117(2): 229-234 

Cao J, Kaneko O, Thongkukiatkul A, Tachibana M, Otsuki H, Gao Q, Tsuboi T, Torii 
M (2009) Rhoptry neck protein RON2 forms a complex with microneme protein 
AMA1 in Plasmodium falciparum merozoites. Parasitology International 58(1): 29-
35 

Carlton JM, Adams JH, Silva JC, Bidwell SL, Lorenzi H, Caler E, Crabtree J, 
Angiuoli SV, Merino EF, Amedeo P, Cheng Q, Coulson RMR, Crabb BS, del Portillo 
HA, Essien K, Feldblyum TV, Fernandez-Becerra C, Gilson PR, Gueye AH, Guo X, 
Kang/'a S, Kooij TWA, Korsinczky M, Meyer EVS, Nene V, Paulsen I, White O, 
Ralph SA, Ren Q, Sargeant TJ, Salzberg SL, Stoeckert CJ, Sullivan SA, Yamamoto 
MM, Hoffman SL, Wortman JR, Gardner MJ, Galinski MR, Barnwell JW, Fraser-
Liggett CM (2008) Comparative genomics of the neglected human malaria parasite 
Plasmodium vivax. Nature 455(7214): 757-763 

Carlton JM, Angiuoli SV, Suh BB, Kooij TW, Pertea M, Silva JC, Ermolaeva MD, 
Allen JE, Selengut JD, Koo HL, Peterson JD, Pop M, Kosack DS, Shumway MF, 
Bidwell SL, Shallom SJ, van Aken SE, Riedmuller SB, Feldblyum TV, Cho JK, 
Quackenbush J, Sedegah M, Shoaibi A, Cummings LM, Florens L, Yates JR, Raine 
JD, Sinden RE, Harris MA, Cunningham DA, Preiser PR, Bergman LW, Vaidya AB, 
van Lin LH, Janse CJ, Waters AP, Smith HO, White OR, Salzberg SL, Venter JC, 
Fraser CM, Hoffman SL, Gardner MJ, Carucci DJ (2002) Genome sequence and 

190 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliograph ies 

comparative analysis of the model rodent malaria parasite Plasmodium yoelii yoelii. 
Nature 419(6906): 512-519 

Chitnis CE (2001) Molecular insights into receptors used by malaria parasites for 
erythrocyte invasion. Curr Opin Hematol 8(2): 85-91. 

Chitnis CE, Chaudhuri A, Horuk R, Pogo AO, Miller LH (1996) The domain on the 
Duffy blood group antigen for binding Plasmodium vivax and P. knowlesi malarial 
parasites to erythrocytes. J Exp Med 184(4): 1531 -1536 

Collins CR, Withers-Martinez C, Hackett F, Blackman MJ (2009) An Inhibitory 
Antibody Blocks Interactions between Components of the Malarial Invasion 
Machinery. PLoSPathog 5(1): el000273 

Confalonieri F, Duguet M (1995) A 200-amino acid ATPase module in search of a 
basic function. BioEssays 17(7): 639-650 

Cooper JA (1993) Merozoite surface antigen-I of plasmodium. Parasitology Today 
9(2): 50-54 

Cooper JA, Ingram LT, Bushell GR, Fardoulys CA, Stenzel D, Schofield L, Saul AJ 
(1988) The 140/130/105 kilodalton protein complex in the rhoptries of Plasmodium 
falciparum consists of discrete polypeptides. Molecular and Biochemical Parasitology 
29(2-3): 251-260 

Cooper TM, Woody RW (1990) The effect of conformation on the CD of interacting 
helices: a theoretical study of tropomyosin. Biopolymers 30(7-8): 657-676 

Coskun U, Griiber G, Koch MHJ, Godovac-Zimmermann J, Lemker T, Miiller V 
(2002) Cross-talk in the A1-ATPase from Methanosarcina mazei Gol Due to 
Nucleotide Binding. Journal of Biological Chemistry 277(19): 17327-17333 

Coskun U, Rizzo VF, Koch MHJ, Griiber G (2004) Ligand-Dependent Structural 
Changes in the VI ATPase from Manduca sexta. Journal of Bioenergetics and 
Biomembranes 36(3): 249-256 

Cowman AF, Crabb BS (2006) Invasion of red blood cells by malaria parasites. Cell 
124(4): 755-766 

Cox FEG (2002) History of Human Parasitology. Clin Microbiol Rev 15(4): 595-612 

Culvenor JG, Day KP, Anders RF (1991) Plasmodium falciparum ring-infected 
erythrocyte surface antigen is released from merozoite dense granules after 
erythrocyte invasion. Infect Immun 59(3): 1183-1187 

Davies JM, Tsuruta H, May AP, Weis WI (2005) Conformational Changes of p97 
during Nucleotide Hydrolysis Determined by Small-Angle X-Ray Scattering. 
Structure 13(2): 183-195 

191 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Deans JA, Alderson T, Thomas AW, Mitchell GH, Lennox ES, Cohen S (1982) Rat 
monoclonal antibodies which inhibit the in vitro multiplication of Plasmodium 
knowlesi. Clin Exp Immunol 49(2): 297-309. 

DeLaBarre B, Brunger AT (2003) Complete structure of p97/valosin-containing 
protein reveals communication between nucleotide domains. Nature Structural 
Biology 10(10): 856-863 

DeLaBarre B, Brunger AT (2005) Nucleotide Dependent Motion and Mechanism of 
Action of p97/VCP. Journal of Molecular Biology 347(2): 437-452 

DeLaBarre B, Christianson JC, Kopito RR, Brunger AT (2006) Central Pore Residues 
Mediate the p97/VCP Activity Required for ERAD. Molecular Cell 22(4): 451-462 

Desai M, ter Kuile FO, Nosten F, McGready R, Asamoa K, Brabin B, Newman RD 
(2007) Epidemiology and burden of malaria in pregnancy. The Lancet Infectious 
Diseases 7(2): 93-104 

DeSimone TM, Bei AK, Jennings CV, Duraisingh MT (2009) Genetic analysis of the 
cytoplasmic domain of the PfRh2b merozoite invasion protein of Plasmodium 
falciparum. International Journal for Parasitology 39(4): 399-405 

Di Virgilio F, Chiozzi P, Ferrari D, Falzoni S, Sanz JM, Morelli A, Torboli M, 
Bolognesi G, Baricordi OR (2001) Nucleotide receptors: an emerging family of 
regulatory molecules in blood cells. Blood 91(3): 587-600 

Dluzewski AR, Rangachari K, Wilson RJ, Gratzer WB (1983a) Properties of red cell 
ghost preparations susceptible to invasion by malaria parasites. Parasitology 87(Pt 3): 
429-438 

Dluzewski AR, Rangachari K, Wilson RJM, Gratzer WB (1983b) A cytoplasmic 
requirement of red cells for invasion by malarial parasites. Molecular and 
Biochemical Parasitology 9(2): 145-160 

Dolan SA, Miller LH, Wellems TE (1990) Evidence for a switching mechanism in the 
invasion of erythrocytes by Plasmodium falciparum. J Clin Invest 86(2): 618-624 

Dolan SA, Proctor JL, Ailing DW, Okubo Y, Wellems TE, Miller LH (1994) 
Glycophorin B as an EBA-175 independent Plasmodium falciparum receptor of 
human erythrocytes. Mol Biochem Parasitol 64(1): 55-63. 

Doolan DL, Hedstrom RC, Gardner MJ, Sedegah M, Wang H, Gramzinski RA, 
Margalith M, Hobart P, Hoffman SL (1998) DNA vaccination as an approach to 
malaria control: current status and strategies. Curr Top Microbiol Immunol 226: 37-56 

Douki J-BL, Sterkers Y, Lepolard C, Traore B, Costa FTM, Scherf A, Gysin J (2003) 
Adhesion of normal and Plasmodium falciparum ring-infected erythrocytes to 
endothelial cells and the placenta involves the rhoptry-derived ring surface protein-2. 
Blood 101(12): 5025-5032 

192 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Duraisingh MT, Maier AG, Triglia T, Cowman AF (2003a) Erythrocyte-binding 
antigen 175 mediates invasion in Plasmodium falciparum utilizing sialic acid-
dependent and -independent pathways. Proc Natl Acad Sci USA 100(8): 4796-4801 

Duraisingh MT, Triglia T, Ralph SA, Rayner JC, Barnwell JW, McFadden GI, 
Cowman AF (2003b) Phenotypic variation of Plasmodium falciparum merozoite 
proteins directs receptor targeting for invasion of human erythrocytes. Embo J 22(5): 
1047-1057 

Dvorak JA, Miller LH, Whitehouse WC, Shiroishi T (1975) Invasion of Erythrocytes 
by Malaria Merozoites. Science 187(4178): 748-750 

Eftink MR (2001) Intrinsic Fluorescence of Proteins. In Topics in Fluorescence 
Spectroscopy, pp 1-15. 

Ellsworth ML (2004) Red blood cell-derived ATP as a regulator of skeletal muscle 
perfusion. Med Sci Sports Exerc 36(1): 35-41 

Ellsworth ML, Forrester T, Ellis CG, Dietrich HH (1995) The erythrocyte as a 
regulator of vascular tone. Am J Physiol Heart Circ Physiol 269(6): H2155-2161 

Erdmann R, Wiebel FF, Flessau A, Rytka J, Beyer A, Frohlich K-U, Kunau W-H 
(1991) PAS1, a yeast gene required for peroxisome biogenesis, encodes a member of 
a novel family of putative ATPases. Cell 64(3): 499-510 

Erzberger JP, Berger JM (2006) Evolutionary Relationships and Structural 
Mechanisms of AAA+ Proteins. Annual Review of Biophysics and Biomolecular 
Structure 35(1): 93-114 

Escalante AA, Ayala FJ (1994) Phylogeny of the malarial genus Plasmodium, derived 
from rRNA gene sequences. Proceedings of the National Academy of Sciences of the 
United States of America 91(24): 11373-11377 

Escalante AA, Freeland DE, Collins WE, Lai AA (1998) The evolution of primate 
malaria parasites based on the gene encoding cytochrome b from the linear 
mitochondrial genome. Proceedings of the National Academy of Sciences of the 
United States of America 95(14): 8124-8129 

Facer CA (1983) Erythrocyte sialoglycoproteins and Plasmodium falciparum 
invasion. Transactions of the Royal Society of Tropical Medicine and Hygiene 77(4): 
524-530 

Fang X, Kaslow DC, Adams JH, Miller LH (1991) Cloning of the Plasmodium vivax 
Duffy receptor. Molecular and Biochemical Parasitology 44(1): 125-132 

Field JW, Shute PG (1956) The microscopic diagnosis of human malaria. Vol 2. A 
morphological study of the erythrocytic parasites. Studies from the Institute for 
Medical Research, Federation of Malaya No. 24: pg251 

193 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Florens L, Washburn MP, Raine JD, Anthony RM, Grainger M, Haynes JD, Moch JK, 
Muster N, Sacci JB, Tabb DL, Witney AA, Wolters D, Wu Y, Gardner MJ, Holder 
AA, Sinden RE, Yates JR, Carucci DJ (2002) A proteomic view of the Plasmodium 
falciparum life cycle. Nature 419(6906): 520-526 

Foley M, Tilley L, Sawyer WH, Anders RF (1991) The ring-infected erythrocyte 
surface antigen of Plasmodium falciparum associates with spectrin in the erythrocyte 
membrane. Molecular and Biochemical Parasitology 46(1): 137-147 

Freeman RR, Holder AA (1983) Surface antigens of malaria merozoites. A high 
molecular weight precursor is processed to an 83,000 mol wt form expressed on the 
surface of Plasmodium falciparum merozoites. J Exp Med 158(5): 1647-1653 

Freeman RR, Holder AA, Trejdosiewicz AJ, Cross GAM (1980a) Monoclonal 
Antibodies Against The Rodent Malaria Parasite, Plasmodium yoelii. In The Host-
Invader Interplay (ed ed, HVdB) 121 (Elsevier/North Holland 
Biomedical Press, Amsterdam, 1980) 

Freeman RR, Trejdosiewicz AJ, Cross GA (1980b) Protective monoclonal antibodies 
recognising stage-specific merozoite antigens of a rodent malaria parasite. Nature 
284(5754): 366-368 

Freitas-Junior LH, Bottius E, Pirrit LA, Deitsch KW, Scheidig C, Guinet F, Nehrbass 
U, Wellems TE, Scherf A (2000) Frequent ectopic recombination of virulence factor 
genes in telomeric chromosome clusters of P. falciparum [In Process Citation]. Nature 
407(6807): 1018-1022 

Friedman MJ, Blankenberg T, Sensabaugh G, Tenforde TS (1984) Recognition and 
invasion of human erythrocytes by malarial parasites: contribution of 
sialoglycoproteins to attachment and host specificity. J Cell Biol 98(5): 1672-1677 

Galinski MR, Barnwell JW (1996) Plasmodium vivax: Merozoites, Invasion of 
Reticulocytes and Considerations for Malaria Vaccine Development. Parasitology 
Today 12(1): 20-29 

Galinski MR, Medina CC, Ingravallo P, Barnwell JW (1992) A reticulocyte-binding 
protein complex of Plasmodium vivax merozoites. Cell 69(7): 1213-1226 

Galinski MR, Xu M, Barnwell JW (2000) Plasmodium vivax reticulocyte binding 
protein-2 (PvRBP-2) shares structural features with PvRBP-1 and the Plasmodium 
yoelii 235 kDa rhoptry protein family. Molecular & Biochemical Parasitology 
108(2): 257-262 

Gallup JL, Sachs JD (2001) The economic burden of malaria. Am J Trop Med Hyg 
64(l_suppl): 85-96 

Gao X, Yeo KP, Aw SS, Kuss C, Iyer JK, Genesan S, Rajamanonmani R, Lescar J, 
Bozdech Z, Preiser PR (2008) Antibodies Targeting the PfRHl Binding Domain 
Inhibit Invasion of Plasmodium falciparum Merozoites. PLoS Pathog 4(7): el000104 

194 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Gardner MJ, Hall N, Fung E, White O, Berriman M, Hyman RW, Carlton JM, Pain A, 
Nelson KE, Bowman S, Paulsen IT, James K, Eisen JA, Rutherford K, Salzberg SL, 
Craig A, Kyes S, Chan M-S, Nene V, Shallom SJ, Suh B, Peterson J, Angiuoli S, 
Pertea M, Allen J, Selengut J, Haft D, Mather MW, Vaidya AB, Martin DMA, 
Fairlamb AH, Fraunholz MJ, Roos DS, Ralph SA, McFadden GI, Cummings LM, 
Subramanian GM, Mungall C, Venter JC, Carucci DJ, Hoffman SL, Newbold C, 
Davis RW, Fraser CM, Barrell B (2002a) Genome sequence of the human malaria 
parasite Plasmodium falciparum. Nature 419(6906): 498-511 

Gardner MJ, Shallom SJ, Carlton JM, Salzberg SL, Nene V, Shoaibi A, Ciecko A, 
Lynn J, Rizzo M, Weaver B, Jarrahi B, Brenner M, Parvizi B, Tallon L, Moazzez A, 
Granger D, Fujii C, Hansen C, Pederson J, Feldblyum T, Peterson J, Suh B, Angiuoli 
S, Pertea M, Allen J, Selengut J, White O, Cummings LM, Smith HO, Adams MD, 
Venter JC, Carucci DJ, Hoffman SL, Fraser CM (2002b) Sequence of Plasmodium 
falciparum chromosomes 2, 10, 11 and 14. Nature 419(6906): 531-534 

Garnham PC (1973) Recent research on malaria in mammals excluding man. Adv 
Parasitol 11(0): 603-630 

Garnham PCC (1966) Malaria Parasites And Other Haemosporidia, Oxford: 
Blackwell Scientific Publications. 

Gaur D, Furuya T, Mu J, Jiang L-b, Su X-z, Miller LH (2006) Upregulation of 
expression of the reticulocyte homology gene 4 in the Plasmodium falciparum clone 
Dd2 is associated with a switch in the erythrocyte invasion pathway. Molecular and 
Biochemical Parasitology 145(2): 205-215 

Gaur D, Mayer DCG, Miller LH (2004) Parasite ligand-host receptor interactions 
during invasion of erythrocytes by Plasmodium merozoites. International Journal for 
Parasitology 34(13-14): 1413-1429 

Gaur D, Singh S, Singh S, Jiang L, Diouf A, Miller LH (2007) Recombinant 
Plasmodium falciparum reticulocyte homology protein 4 binds to erythrocytes and 
blocks invasion. Proceedings of the National Academy of Sciences 104(45): 17789-
17794 

Genton B, DAcremont V, Rare L, Baea K, Reeder JC, Alpers MP, Miiller I (2008) 
Plasmodium vivax and Mixed Infections Are Associated with Severe Malaria in 
Children: A Prospective Cohort Study from Papua New Guinea. PLoS Med 5(6): el27 

George KC (2005) Transgenic mosquitoes and malaria transmission. Cellular 
Microbiology 7(3): 325-333 

Gilberger TW, Thompson JK, Triglia T, Good RT, Duraisingh MT, Cowman AF 
(2003) A novel erythrocyte binding antigen-175 paralogue from Plasmodium 
falciparum defines a new trypsin-resistant receptor on human erythrocytes. J Biol 
Chem218(l6): 14480-14486 

Gilles HM, Warrell DA (1996) Bruce-Chwatt's Essential Malariology, Third edn.: 
Edward Arnold Press, New York. 

195 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

God VK, Li X, Chen H, Liu S-C, Chishti AH, Oh SS (2003) Band 3 is a host receptor 
binding merozoite surface protein 1 during the Plasmodium falciparum invasion of 
erythrocytes. Proceedings of the National Academy of Sciences of the United States of 
America 100(9): 5164-5169 

Gollery M (2003) Specialized Hidden Markov Model Databases for Microbial 
Genomics. Comparative and Functional Genomics 4(2): 250-254 

Greenwood D (1995) Conflicts of interest: the genesis of synthetic antimalarial agents 
in peace and war. J Antimicrob Chemother 36(5): 857-872 

Griiber G, Capaldi RA (1996) The Trapping of Different Conformations of the 
Escherichia coli Fl ATPase by Disulfide Bond Formation. EFFECT ON 
NUCLEOTIDE BINDING AFFINITIES OF THE CATALYTIC SITES. J Biol Chem 
271(51): 32623-32628 

Griiber G, Godovac-Zimmermann J, Link TA, Coskun U, Rizzo VF, Betz C, Bailer 
SM (2002) Expression, purification, and characterization of subunit E, an essential 
subunit of the vacuolar ATPase. Biochemical and Biophysical Research 
Communications 298(3): 383-391 

Griiner AC, Snounou G, Fuller K, Jarra W, Renia L, Preiser PR (2004) The Py235 
proteins: glimpses into the versatility of a malaria multigene family. Microbes and 
Infection 6(9): 864-873 

Hackett F, Sajid M, Withers-Martinez C, Grainger M, Blackman MJ (1999) PfSUB-2: 
a second subtilisin-like protein in Plasmodium falciparum merozoites. Molecular and 
Biochemical Parasitology 103(2): 183-195 

Hall N, Karras M, Raine JD, Carlton JM, Kooij TWA, Berriman M, Florens L, 
Janssen CS, Pain A, Christophides GK, James K, Rutherford K, Harris B, Harris D, 
Churcher C, Quail MA, Ormond D, Doggett J, Trueman HE, Mendoza J, Bidwell SL, 
Rajandream M-A, Carucci DJ, Yates JR, III, Kafatos FC, Janse CJ, Barrell B, Turner 
CMR, Waters AP, Sinden RE (2005) A Comprehensive Survey of the Plasmodium 
Life Cycle by Genomic, Transcriptomic, and Proteomic Analyses. Science 307(5706): 
82-86 

Hall N, Pain A, Berriman M, Churcher C, Harris B, Harris D, Mungall K, Bowman S, 
Atkin R, Baker S, Barron A, Brooks K, Buckee CO, Burrows C, Cherevach I, 
Chillingworth C, Chillingworth T, Christodoulou Z, Clark L, Clark R, Corton C, 
Cronin A, Davies R, Davis P, Dear P, Dearden F, Doggett J, Feltwell T, Goble A, 
Goodhead I, Gwilliam R, Hamlin N, Hance Z, Harper D, Hauser H, Hornsby T, 
Holroyd S, Horrocks P, Humphray S, Jagels K, James KD, Johnson D, Kerhornou A, 
Knights A, Konfortov B, Kyes S, Larke N, Lawson D, Lennard N, Line A, Maddison 
M, McLean J, Mooney P, Moule S, Murphy L, Oliver K, Ormond D, Price C, Quail 
MA, Rabbinowitsch E, Rajandream MA, Rutter S, Rutherford KM, Sanders M, 
Simmonds M, Seeger K, Sharp S, Smith R, Squares R, Squares S, Stevens K, Taylor 
K, Tivey A, Unwin L, Whitehead S, Woodward J, Sulston JE, Craig A, Newbold C, 

196 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Barrell BG (2002) Sequence of Plasmodium falciparum chromosomes 1, 3-9 and 13. 
Nature 419(6906): 527-531 

Hanson PI, Whiteheart SW (2005) AAA+ proteins: have engine, will work. Nat Rev 
Mol Cell Biol 6(7): 519-529 

Harris PK, Yeoh S, Dluzewski AR, O'Donnell RA, Withers-Martinez C, Hackett F, 
Bannister LH, Mitchell GH, Blackman MJ (2005) Molecular Identification of a 
Malaria Merozoite Surface Sheddase. PLoS Pathog 1(3): e29 

Harrison T, Samuel BU, Akompong T, Hamm H, Mohandas N, Lomasney JW, Haldar 
K (2003) Erythrocyte G Protein-Coupled Receptor Signaling in Malarial Infection. 
Science 301(5640): 1734-1736 

Hattendorf DA, Lindquist, S.L. (2002) Cooperative kinetics of both Hspl04 ATPase 
domains and interdomain communication 
revealed by AAA sensor-1 mutants. EMBO Journal 21 ((1-2)): 12-21 

Haynes JD, Dalton JP, Klotz FW, McGinniss MH, Hadley TJ, Hudson DE, Miller LH 
(1988) Receptor-like specificity of a Plasmodium knowlcsi malarial protein that binds 
to Duffy antigen ligands on erythrocytes. J Exp Med 167(6): 1873-1881 

Hayton K, Gaur D, Liu A, Takahashi J, Henschen B, Singh S, Lambert L, Furuya T, 
Bouttenot R, Doll M, Nawaz F, Mu J, Jiang L, Miller LH, Wellems TE (2008) 
Erythrocyte Binding Protein PfRH5 Polymorphisms Determine Species-Specific 
Pathways of Plasmodium falciparum Invasion. Cell Host & Microbe 4(1): 40-51 

Hehl AB, Lekutis C, Grigg ME, Bradley PJ, Dubremetz J-F, Ortega-Barria E, 
Boothroyd JC (2000) Toxoplasma gondii Homologue of Plasmodium Apical 
Membrane Antigen 1 Is Involved in Invasion of Host Cells. Infect Immun 68(12): 
7078-7086 

Higgins CF, Gallagher MP, Mimmack ML, Pearce SR (1988) A family of closely 
related ATP-binding subunits from prokaryotic and eukaryotic cells. BioEssays 8(4): 
111-116 

Hiratsuka T (2003) Fluorescent and colored trinitrophenylated analogs of ATP and 
GTP. European Journal of Biochemistry 270(17): 3479-3485 

Hodder AN, Crewther PE, Matthew MLSM, Reid GE, Moritz RL, Simpson RJ, 
Anders RF (1996) The Disulfide Bond Structure of Plasmodium Apical Membrane 
Antigen-1. J Biol Chem 271(46): 29446-29452 

Holder AA, Blackman MJ, Borre M, Burghaus PA, Chappel JA, Keen JK, Ling IT, 
Ogun SA, Owen CA, Sinha KA (1994) Malaria parasites and erythrocyte invasion. 
Biochem Soc Trans 22(2): 291-295 

Holder AA, Freeman RR (1981) Immunization against blood-stage rodent malaria 
using purified parasite antigens. Nature 294(5839): 361-364 

197 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Holder AA, Freeman RR (1982) Biosynthesis and processing of a Plasmodium 
falciparum schizont antigen recognized by immune serum and a monoclonal antibody. 
J Exp Med 156(5): 1528-1538 

Holder AA, Freeman RR (1984) The three major antigens on the surface of 
Plasmodium falciparum merozoites are derived from a single high molecular weight 
precursor. J Exp Med 160(2): 624-629 

Holder AA, Freeman RR, Uni S, Aikawa M (1985a) Isolation of a Plasmodium 
falciparum rhoptry protein. Molecular and Biochemical Parasitology 14(3): 293-303 

Holder AA, Keen JK, Sinha KA, Brown KN (1991) The 235 kD rhoptry protein of 
Plasmodium yoelii. Acta Leiden 60(1): 101-106 

Holder AA, Lockyer MJ, Odink KG, Sandhu JS, Riveros-Moreno V, Nicholls SC, 
Hillman Y, Davey LS, Tizard MLV, Schwarz RT, Freeman RR (1985b) Primary 
structure of the precursor to the three major surface antigens of Plasmodium 
falciparum merozoites. Nature 317(6034): 270-273 

Holt RA, Subramanian GM, Halpern A, Sutton GG, Charlab R, Nusskern DR, 
Wincker P, Clark AG, Ribeiro JMC, Wides R, Salzberg SL, Loftus B, Yandell M, 
Majoros WH, Rusch DB, Lai Z, Kraft CL, Abril JF, Anthouard V, Arensburger P, 
Atkinson PW, Baden H, de Berardinis V, Baldwin D, Benes V, Biedler J, Blass C, 
Bolanos R, Boscus D, Barnstead M, Cai S, Center A, Chatuverdi K, Christophides 
GK, Chrystal MA, Clamp M, Cravchik A, Curwen V, Dana A, Delcher A, Dew I, 
Evans CA, Flanigan M, Grundschober-Freimoser A, Friedli L, Gu Z, Guan P, Guigo 
R, Hillenmeyer ME, Hladun SL, Hogan JR, Hong YS, Hoover J, Jaillon O, Ke Z, 
Kodira C, Kokoza E, Koutsos A, Letunic I, Levitsky A, Liang Y, Lin J-J, Lobo NF, 
Lopez JR, Malek JA, Mcintosh TC, Meister S, Miller J, Mobarry C, Mongin E, 
Murphy SD, O'Brochta DA, Pfannkoch C, Qi R, Regier MA, Remington K, Shao H, 
Sharakhova MV, Sitter CD, Shetty J, Smith TJ, Strong R, Sun J, Thomasova D, Ton 
LQ, Topalis P, Tu Z, Unger MF, Walenz B, Wang A, Wang J, Wang M, Wang X, 
Woodford KJ, Wortman JR, Wu M, Yao A, Zdobnov EM, Zhang H, Zhao Q, Zhao S, 
Zhu SC, Zhimulev I, Coluzzi M, della Torre A, Roth CW, Louis C, Kalush F, Mural 
RJ, Myers EW, Adams MD, Smith HO, Broder S, Gardner MJ, Fraser CM, Birney E, 
Bork P, Brey PT, Venter JC, Weissenbach J, Kafatos FC, Collins FH, Hoffman SL 
(2002) The Genome Sequence of the Malaria Mosquito Anopheles gambiae. Science 
298(5591): 129-149 

Hong-Hermesdorf A, Brux A, Gruber A, Gruber G, Schumacher K (2006) A WNK 
kinase binds and phosphorylates V-ATPase subunit C. FEBS Lett 580(3): 932-939 

Howard RF, Narum DL, Blackman M, Thurman J (1998) Analysis of the processing 
of Plasmodium falciparum rhoptry-associated protein 1 and localization of Pr86 to 
schizont rhoptries and p67 to free merozoites. Molecular and Biochemical 
Parasitology 92(1): 111-122 

Howard RJ, Haynes JD, McGinniss MH, Miller LH (1982) Studies on the role of red 
blood cell glycoproteins as receptors for invasion by Plasmodium falciparum 
merozoites. Molecular and Biochemical Parasitology 6(5): 303-315 

198 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Howell SA, Well I, Fleck SL, Kettleborough C, Collins CR, Blackman MJ (2003) A 
Single Malaria Merozoite Serine Protease Mediates Shedding of Multiple Surface 
Proteins by Juxtamembrane Cleavage. J Biol Chem 278(26): 23890-23898 

Howell SA, Withers-Martinez C, Kocken CHM, Thomas AW, Blackman MJ (2001) 
Proteolytic Processing and Primary Structure of Plasmodium falciparum Apical 
Membrane Antigen-1. J Biol Chem 276(33): 31311-31320 

Hunke C, Chen WJ, Schafer HJ, Griiber G (2007) Cloning, purification, and 
nucleotide-binding traits of the catalytic subunit A of the VIVO ATPase from Aedes 
albopictus. Protein Expr Purif'53(2): 378-383 

Hyman RW, Fung E, Conway A, Kurdi O, Mao J, Miranda M, Nakao B, Rowley D, 
Tamaki T, Wang F, Davis RW (2002) Sequence of Plasmodium falciparum 
chromosome 12. Nature 419(6906): 534-537 

Iyer J, Gruner AC, Renia L, Snounou G, Preiser PR (2007a) Invasion of host cells by 
malaria parasites: a tale of two protein families. Mol Microbiol 65(2): 231-249 

Iyer JK, Amaladoss A, Ganesan S, Preiser PR (2007b) Variable expression of the 235 
kDa rhoptry protein of Plasmodium yoelii mediate host cell adaptation and immune 
evasion. Mol Microbiol 65(2): 333-346 

Iyer JK, Fuller K, Preiser PR (2006) Differences in the copy number of the py235 
gene family in virulent and avirulent lines of Plasmodium yoelii. Mol Biochem 
Parasitol 150(2): 186-191 

Jarra W, Brown KN (1989) Protective immunity to malaria: studies with cloned lines 
of rodent malaria in CBA/Ca mice. IV. The specificity of mechanisms resulting in 
crisis and resolution of the primary acute phase parasitaemia of Plasmodium chabaudi 
chabaudi and P. yoelii yoelii. Parasite Immunol 11(1): 1-13 

Kabaleeswaran V, Puri N, Walker JE, Leslie AG, Mueller DM (2006) Novel features 
of the rotary catalytic mechanism revealed in the structure of yeast Fl ATPase. Embo 
J'25(22): 5433-5442 

Kaneko O (2007) Erythrocyte invasion: Vocabulary and grammar of the Plasmodium 
rhoptry. Parasitology International 56(4): 255-262 

Kaneko O, Lim BYSY, Iriko H, Ling IT, Otsuki H, Grainger M, Tsuboi T, Adams JH, 
Mattei D, Holder AA, Torii M (2005) Apical expression of three RhopHl/Clag 
proteins as components of the Plasmodium falciparum RhopH complex. Molecular 
and Biochemical Parasitology 143(1): 20-28 

Kaneko O, Mu J, Tsuboi T, Su X, Torii M (2002) Gene structure and expression of a 
Plasmodium falciparum 220-kDa protein homologous to the Plasmodium vivax 
reticulocyte binding proteins. Mol Biochem Parasitol 121(2): 275-278. 

199 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Kaneko O, Tsuboi T, Ling IT, Howell S, Shirano M, Tachibana M, Cao Y-M, Holder 
AA, Torii M (2001) The high molecular mass rhoptry protein, RhopHl, is encoded by 
members of the clag multigene family in Plasmodium falciparum and Plasmodium 
yoelii. Molecular and Biochemical Parasitology 118(2): 223-231 

Kappe SH, Curley GP, Noe AR, Dalton JP, Adams JH (1997) Erythrocyte binding 
protein homologues of rodent malaria parasites. Mol Biochem Parasitol 89(1): 137-
148 

Kappe SH, Noe AR, Fraser TS, Blair PL, Adams JH (1998) A family of chimeric 
erythrocyte binding proteins of malaria parasites. Proc Natl Acad Sci USA 95(3): 
1230-1235 

Kariu T, Yuda M, Yano K, Chinzei Y (2002) MAEBL is essential for malarial 
sporozoite infection of the mosquito salivary gland. J Exp Med 195(10): 1317-1323 

Kats LM, Cooke BM, Coppel RL, Black CG (2008) Protein Trafficking to Apical 
Organelles of Malaria Parasites - Building an Invasion Machine. Traffic 9(2): 176-186 

Kauth CW, Epp C, Bujard H, Lutz R (2003) The Merozoite Surface Protein 1 
Complex of Human Malaria Parasite Plasmodium falciparum: INTERACTIONS 
AND ARRANGEMENTS OF SUBUNITS. J Biol Chem 278(25): 22257-22264 

Kauth CW, Woehlbier U, Kern M, Mekonnen Z, Lutz R, Mucke N, Langowski J, 
Bujard H (2006) Interactions between Merozoite Surface Proteins 1, 6, and 7 of the 
Malaria Parasite Plasmodium falciparum. J Biol Chem 281(42): 31517-31527 

Keeley A, Soldati D (2004) The glideosome: a molecular machine powering motility 
and host-cell invasion by Apicomplexa. Trends in Cell Biology 14(10): 528-532 

Keen J, Holder A, Playfair J, Lockyer M, Lewis A (1990a) Identification of the gene 
for a Plasmodium yoelii rhoptry protein. Multiple copies in the parasite genome. Mol 
Biochem Parasitol 42(2): 241-246 

Keen J, Sinha KA, Brown KN, Holder AA (1994) A gene coding for a high-molecular 
mass rhoptry protein of Plasmodium yoelii. Molecular and Biochemical Parasitology 
65(1): 171-177 

Keen JK, Holder AA, Playfair JHL, Lockyer MJ, Lewis AP (1990b) Identification of 
the gene for a Plasmodium yoelii rhoptry protein. Multiple copies in the parasite 
genome. Molecular and Biochemical Parasitology 42(2): 241-246 

Khan SM, Jarra W, Preiser PR (2001) The 235 kDa rhoptry protein of Plasmodium 
(yoelii) yoelii: function at the junction. Mol Biochem Parasitol 117(1): 1-10. 

Knowles G, Walliker D (1980) Variable expression of virulence in the rodent malaria 
parasite Plasmodium yoelii yoelii. Parasitology 81(1): 211-219 

200 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Koussis K, Withers-Martinez C, Yeoh S, Child M, Hackett F, Knuepfer E, Juliano L, 
Woehlbier U, Bujard H, Blackman MJ (2009) A multifunctional serine protease 
primes the malaria parasite for red blood cell invasion. Embo J28(6): 725-735 

Kwon H-W, Lu T, Rutzler M, Zwiebel LJ (2006) Olfactory Responses in a Gustatory 
Organ of the Malaria Vector Mosquito Anopheles gambiae. Proceedings of the 
National Academy of Sciences of the United States of America 103(36): 13526-13531 

Labaied M, Harupa A, Dumpit RF, Coppens I, Mikolajczak SA, Kappe SHI (2007) 
Plasmodium yoelii Sporozoites with Simultaneous Deletion of P52 and P36 Are 
Completely Attenuated and Confer Sterile Immunity against Infection. Infect Immun 
75(8): 3758-3768 

Laemmli UK (1970) Cleavage of structural proteins during the assembly of the head 
of bacteriophage T4. Nature 227(5259): 680-685 

Lakowicz JR (1999) Principles of fluorescence spectroscopy, second edition. In 
Kluwer Academic Publishers. 

Landau I, Chabaud A (1994) Plasmodium species infecting Thamnomys rutilans: a 
zoological study. Adv Parasitol 33: 49-90 

Latterich M, Patel S (1998) The AAA team: related ATPases with diverse functions. 
Trends in Cell Biology 8(2): 65-71 

Letunic I, Copley RR, Schmidt S, Ciccarelli FD, Doerks T, Schultz J, Ponting CP, 
Bork P (2004) SMART 4.0: towards genomic data integration. Nucleic Acids Res 
32(Database issue): D142-144 

Lew VL, Tiffert T (2007) Is invasion efficiency in malaria controlled by pre-invasion 
events? Trends in Parasitology 23(10): 481-484 

Ling IT, Florens L, Dluzewski AR, Kaneko O, Grainger M, Brian YS, Lim Y, Tsuboi 
T, Hopkins JM, Johnson JR, Torii M, Bannister LH, Yates JR, Holder AA, Mattei D 
(2004) The Plasmodium falciparum clag9 gene encodes a rhoptry protein that is 
transferred to the host erythrocyte upon invasion. Molecular Microbiology 52(1): 107-
118 

Lobo C-A, de Frazao K, Rodriguez M, Reid M, Zalis M, Lustigman S (2004) Invasion 
Profiles of Brazilian Field Isolates of Plasmodium falciparum: Phenotypic and 
Genotypic Analyses. Infect Immun 72(10): 5886-5891 

Lobo CA, Rodriguez M, Reid M, Lustigman S (2003) Glycophorin C is the receptor 
for the Plasmodium falciparum erythrocyte binding ligand PfEBP-2 (baebl). Blood 
101(11): 4628-4631 

Lotscher HR, DeJong C, Capaldi RA (1984) Interconversion of high and low ATPase 
activity forms of ECF1 by the detergent lauryldimethylamine oxide. Biochemistry 
23(18): 4140-4143 

201 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Lustigman S, Anders RF, Brown GV, Coppel RL (1988) A component of an antigenic 
rhoptry complex of Plasmodium falciparum is modified after merozoite invasion. 
Molecular and Biochemical Parasitology 30(3): 217-224 

Maier AG, Duraisingh MT, Reeder JC, Patel SS, Kazura JW, Zimmerman PA, 
Cowman AF (2003) Plasmodium falciparum erythrocyte invasion through 
glycophorin C and selection for Gerbich negativity in human populations. Nat Med 
9(1): 87-92 

Manavalan P, Johnson WC, Jr. (1987) Variable selection method improves the 
prediction of protein secondary structure from circular dichroism spectra. Anal 
Biochem 167(1): 76-85 

Margos G, Bannister LH, Dluzewski AR, Hopkins J, Williams IT, Mitchell GH 
(2004) Correlation of structural development and differential expression of invasion-
related molecules in schizonts of Plasmodium falciparum. Parasitology 129(03): 273-
287 

Marrelli MT, Li C, Rasgon JL, Jacobs-Lorena M (2007) Transgenic malaria-resistant 
mosquitoes have a fitness advantage when feeding on Plasmodium-infected blood. 
Proceedings of the National Academy of Sciences 104(13): 5580-5583 

Marshall VM, Silva A, Foley M, Cranmer S, Wang L, McColl DJ, Kemp DJ, Coppel 
RL (1997) A second merozoite surface protein (MSP-4) of Plasmodium falciparum 
that contains an epidermal growth factor-like domain. Infect Immun 65(11): 4460-
4467 

Marshall VM, Tieqiao W, Coppel RL (1998) Close linkage of three merozoite surface 
protein genes on chromosome 2 of Plasmodium falciparum. Molecular and 
Biochemical Parasitology 94(1): 13-25 

Mayer DC, Mu JB, Feng X, Su XZ, Miller LH (2002) Polymorphism in a Plasmodium 
falciparum erythrocyte-binding ligand changes its receptor specificity. J Exp Med 
196(11): 1523-1528 

Mayer DC, Mu JB, Kaneko O, Duan J, Su XZ, Miller LH (2004) Polymorphism in the 
Plasmodium falciparum erythrocyte-binding ligand JESEBL/EBA-181 alters its 
receptor specificity. Proc Natl Acad Sci USA 

Mayer DCG, Cofie J, Jiang L, Hartl DL, Tracy E, Kabat J, Mendoza LH, Miller LH 
(2009) Glycophorin B is the erythrocyte receptor of Plasmodium falciparum 
erythrocyte-binding ligand, EBL-1. Proceedings of the National Academy of Sciences 
106(13): 5348-5352 

Mayer DCG, Kaneko O, Hudson-Taylor DE, Reid ME, Miller LH (2001) 
Characterization of a Plasmodium falciparum erythrocyte-binding protein paralogous 
to EBA-175. Proceedings of the National Academy of Sciences of the United States of 
America 98(9): 5222-5227 

202 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

McBride JS, Heidrich H-G (1987) Fragments of the polymorphic Mr 185 000 
glycoprotein from the surface of isolated Plasmodium falciparum merozoites form an 
antigenic complex. Molecular and Biochemical Parasitology 23(1): 71-84 

McCullough WT, Collins DM, Ellsworth ML (1997) Arteriolar responses to 
extracellular ATP in striated muscle. Am J Physiol Heart Circ Physiol 272(4): HI 886-
1891 

McCutchan TF, Kissinger JC, Touray MG, Rogers MJ, Li J, Sullivan M, Braga EM, 
Krettli AU, Miller LH (1996) Comparison of circumsporozoite proteins from avian 
and mammalian malarias: biological and phylogenetic implications. Proceedings of 
the National Academy of Sciences of the United States of America 93(21): 11889-
11894 

Miller LH, Aikawa M, Johnson JG, Shiroishi T (1979) Interaction between 
cytochalasin B-treated malarial parasites and erythrocytes. Attachment and junction 
formation. J Exp Med 149(1): 172-184 

Miller LH, Baruch DI, Marsh K, Doumbo OK (2002) The pathogenic basis of 
malaria. Nature 415(6872): 673-679 

Miller LH, Dvorak JA, Shiroishi T, Durocher JR (1973) Influence of erythrocyte 
membrane components on malaria merozoite invasion. J Exp Med 138(6): 1597-1601 

Miller LH, Mason SJ, Clyde DF, McGinniss MH (1976) The resistance factor to 
Plasmodium vivax in blacks. The Duffy-blood-group 
genotype, FyFy. N EnglJ Med 295(6): 302-304 

Miller LH, Mason SJ, Dvorak JA, McGinniss MH, Rothman IK (1975) Erythrocyte 
Receptors for (Plasmodium knowlesi) Malaria: Duffy Blood Group Determinants. 
Science 189(4202): 561-563 

Mital J, Meissner M, Soldati D, Ward GE (2005) Conditional Expression of 
Toxoplasma gondii Apical Membrane Antigen-1 (TgAMAl) Demonstrates That 
TgAMAl Plays a Critical Role in Host Cell Invasion. Mol Biol Cell 16(9): 4341-4349 

Mitchell GH, Thomas AW, Margos G, Dluzewski AR, Bannister LH (2004) Apical 
Membrane Antigen 1, a Major Malaria Vaccine Candidate, Mediates the Close 
Attachment of Invasive Merozoites to Host Red Blood Cells. Infect Immun 72(1): 
154-158 

Mueller A-K, Camargo N, Kaiser K, Andorfer C, Frevert U, Matuschewski K, Kappe 
SHI (2005a) Plasmodium liver stage developmental arrest by depletion of a protein at 
the parasite-host interface. Proceedings of the National Academy of Sciences of the 
United States of America 102(8): 3022-3027 

Mueller A-K, Labaied M, Kappe SHI, Matuschewski K (2005b) Genetically modified 
Plasmodium parasites as a protective experimental malaria vaccine. Nature 
433(7022): 164-167 

203 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Narum DL, Fuhrmann SR, Luu T, Sim BKL (2002) A novel Plasmodium falciparum 
erythrocyte binding protein-2 (EBP2/BAEBL) involved in erythrocyte receptor 
binding. Molecular and Biochemical Parasitology 119(2): 159-168 

Narum DL, Green JL, Ogun SA, Holder AA (2001) Sequence diversity and antigenic 
polymorphism in Plasmodium yoelii p235 high molecular mass rhoptry proteins and 
their genes. Molecular and Biochemical Parasitology: in press 

Neuwald AF, Aravind L, Spouge JL, Koonin EV (1999) AAA+: A Class of 
Chaperone-Like ATPases Associated with the Assembly, Operation, and Disassembly 
of Protein Complexes. Genome Research 9(1): 27-43 

Noe AR, Adams JH (1998) Plasmodium yoelii YM MAEBL protein is coexpressed 
and colocalizes with rhoptry proteins. Mol Biochem Parasitol 96(1-2): 27-35 

Noe AR, Fishkind DJ, Adams JH (2000) Spatial and temporal dynamics of the 
secretory pathway during differentiation of the Plasmodium yoelii schizont. 
Molecular and Biochemical Parasitology 108(2): 169-185 

Nosten F, White NJ (2007) Artemisinin-based combination treatment of falciparum 
malaria. Am J Trop Med Hyg 77(6 Suppl): 181-192 

Novak I (2003) ATP as a Signaling Molecule: the Exocrine Focus. News Physiol Sci 
18(1): 12-17 

Ockenhouse CF, Barbosa A, Blackall DP, Murphy CI, Kashala O, Dutta S, Lanar DE, 
Daugherty JR (2001) Sialic acid-dependent binding of baculovirus-expressed 
recombinant antigens from Plasmodium falciparum EBA-175 to Glycophorin A. 
Molecular and Biochemical Parasitology 113(1): 9-21 

Ogun SA, Holder A A (1994) Plasmodium yoelii: brefeldin A-sensitive processing of 
proteins targeted to the rhoptries. Exp Parasitol 79(3): 270-278 

Ogun SA, Holder AA (1996) A high molecular mass Plasmodium yoelii rhoptry 
protein binds to erythrocytes. Mol Biochem Parasitol 76(1-2): 321-324 

Ogun SA, Howell SA, Taylor HM, Holder AA (2006) A member of the py235 gene 
family of Plasmodium yoelii encodes an erythrocyte binding protein recognised by a 
protective monoclonal antibody. Molecular and Biochemical Parasitology 147(1): 
140-143 

Ogun SA, Scott-Finnigan TJ, Narum DL, Holder AA (2000) Plasmodium yoelii: 
effects of red blood cell modification and antibodies on the binding characteristics of 
the 235-kDa rhoptry protein. Experimental Parasitology 95(3): 187-195 

Ogura T, Whiteheart SW, Wilkinson AJ (2004) Conserved arginine residues 
implicated in ATP hydrolysis, nucleotide-sensing, and inter-subunit interactions in 
AAA and AAA+ ATPases. Journal of Structural Biology 146(1-2): 106-112 

204 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Ogura T, Wilkinson AJ (2001) AAA+ superfamily ATPases: common structure-
diverse function. Genes to Cells 6(7): 575-597 

Oka M, Aikawa M, Freeman RR, Holder AA, Fine E (1984) Ultrastructural 
localization of protective antigens of Plasmodium yoelii merozoites by the use of 
monoclonal antibodies and ultrathin cryomicrotomy. American Journal of Tropical 
Medicine and Hygiene 33(3): 342-346 

Okoyeh JN, Pillai CR, Chitnis CE (1999) Plasmodium falciparum field isolates 
commonly use erythrocyte invasion pathways that are independent of sialic acid 
residues of glycophorin A. Infect Immun 67(11): 5784-5791 

Olson JA, Kilejian A (1982) Involvement of spectrin and ATP in infection of resealed 
erythrocyte ghosts by the human malarial parasite, Plasmodium falciparum. J Cell 
Biol 95(3): 757-762 

Orlandi PA, Klotz FW, Haynes JD (1992) A malaria invasion receptor, the 175-
kilodalton erythrocyte binding antigen of Plasmodium falciparum recognizes the 
terminal Neu5Ac(alpha 2- 3)Gal- sequences of glycophorin A. J Cell Biol 116(4): 
901-909 

Orlando V, Strutt H, Paro R (1997) Analysis of Chromatin Structure byin 
VivoFormaldehyde Cross-Linking. Methods 11(2): 205-214 

Orriss GL, Leslie AGW, Braig K, Walker JE (1998) Bovine Fl-ATPase covalently 
inhibited with 4-chloro-7-nitrobenzofurazan: the structure provides further support for 
a rotary catalytic mechanism. Structure 6(7): 831-837 

Osipchuk Y, Cahalan M (1992) Cell-to-cell spread of calcium signals mediated by 
ATP receptors in mast cells. Nature 359(6392): 241-244 

Otsuki H, Kaneko O, Thongkukiatkul A, Tachibana M, Iriko Ff, Takeo S, Tsuboi T, 
Torii M (2009) Single amino acid substitution in Plasmodium yoelii erythrocyte 
ligand determines its localization and controls parasite virulence. Proceedings of the 
National Academy of Sciences'. -

Owen CA (1994) The characterisation of genes encoding for a 235 kDa rhoptry 
protein of Plasmodium yoelii. PhD Thesis, University of London 

Owen CA, Sinha KA, Keen JK, Ogun SA, Holder AA (1999) Chromosomal 
organisation of a gene family encoding rhoptry proteins in Plasmodium yoelii. Mol 
Biochem Parasitol 99(2): 183-192 

Padua RA (1981) Plasmodium chabaudi: Genetics of resistance to chloroquine. 
Experimental Parasitology 52(3): 419-426 

Pasvol G, Jungery M, Weatherall DJ, Parsons SF, Anstee DJ, Tanner MJA (1982) 
GLYCOPHORIN AS A POSSIBLE RECEPTOR FOR PLASMODIUM 
FALCIPARUM. The Lancet 320(8305): 947-950 

205 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliograph ies 

Pei X, Guo X, Coppel R, Bhattacharjee S, Haldar K, Gratzer W, Mohandas N, An X 
(2007) The ring-infected erythrocyte surface antigen (RESA) of Plasmodium 
falciparum stabilizes spectrin tetramers and suppresses further invasion. Blood 110(3): 
1036-1042 

Perkins ME, Ziefer A (1994) Preferential binding of Plasmodium falciparum SERA 
and rhoptry proteins to erythrocyte membrane inner leaflet phospholipids. Infect 
Immun 62(4): 1207-1212 

Peters J-M, Harris JR, Lustig A, Muller S, Engel A, Volker S, Franke WW (1992) 
Ubiquitous soluble Mg2+-ATPase complex : A structural study. Journal of Molecular 
Biology 223(2): 557-571 

Peterson DS, Wellems TE (2000) EBL-1, a putative erythrocyte binding protein of 
Plasmodium falciparum, maps within a favored linkage group in two genetic crosses. 
Mol Biochem Parasitol 105(1): 105-113 

Phillips RS (2001) Current Status of Malaria and Potential for Control. Clin Microbiol 
Rev 14(1): 208-226 

Pinder J, Fowler R, Bannister L, Dluzewski A, Mitchell G (2000) Motile Systems in 
Malaria Merozoites: How is the Red Blood Cell Invaded? Parasitology Today 16(6): 
240-245 

Poinar G (2005) Plasmodium dominicana n. sp. (Plasmodiidae: Haemospororida) 
from Tertiary Dominican amber. Systematic Parasitology 61(1): 47-52 

Ponting CP, Schultz J, Milpetz F, Bork P (1999) SMART: identification and 
annotation of domains from signalling and extracellular protein sequences. Nucl Acids 
Res 27(1): 229-232 

Prasad CD, Prasad Singh A, Chitnis CE, Sharma A (2003) A Plasmodium yoelii yoelii 
erythrocyte binding protein that uses Duffy binding-like domain for invasion: a rodent 
model for studying erythrocyte invasion. Mol Biochem Parasitol 128(1): 101-105 

Preiser P, Kaviratne M, Khan S, Bannister L, Jarra W (2000) The apical organelles of 
malaria merozoites: host cell selection, invasion, host immunity and immune evasion. 
Microbes and Infection 2(12): 1461-1477 

Preiser P, Renia L, Singh N, Balu B, Jarra W, Voza T, Kaneko O, Blair P, Torii M, 
Landau I, Adams JH (2004) Antibodies against MAEBL ligand domains Ml and M2 
inhibit sporozoite development in vitro. Infect Immun 72(6): 3604-3608 

Preiser PR, Jarra W, Capiod T, Snounou G (1999) A rhoptry-protein-associated 
mechanism of clonal phenotypic variation in rodent malaria. Nature 398(6728): 618-
622 

Preiser PR, Khan S, Costa FT, Jarra W, Belnoue E, Ogun S, Holder AA, Voza T, 
Landau I, Snounou G, Renia L (2002) Stage-specific transcription of distinct 

206 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

repertoires of a multigene family during Plasmodium life cycle. Science 295(5553): 
342-345. 

Price RN, Tjitra E, Guerra CA, Yeung S, White NJ, Anstey NM (2007) Vivax 
malaria: neglected and not benign. Am J Trop MedHyg 77(6 Suppl): 79-87 

Provencher SW (1982) A constrained regularization method of inverting data 
represented by linear algebraic or integral quations. Comput Phys Commun 27: 213-
227 

Rangachari K, Beaven GH, Nash GB, Clough B, Dluzewski AR, Myint O, Wilson 
RJM, Gratzer WB (1989) A study of red cell membrane properties in relation to 
malarial invasion. Molecular and Biochemical Parasitology 34(1): 63-74 

Rangachari K, Dluzewski A, Wilson RJM, Gratzer WB (1986) Control of malarial 
invasion by phosphorylation of the host cell membrane cytoskeleton. Nature 
324(6095): 364-365 

Rayner JC, Galinski MR, Ingravallo P, Barnwell JW (2000) Two Plasmodium 
falciparum genes express merozoite proteins that are related to Plasmodium vivax and 
Plasmodium yoelii adhesive proteins involved in host cell selection and invasion. 
Proc Natl Acad Sci USA 97(17): 9648-9653 

Rayner JC, Vargas-Serrato E, Huber CS, Galinski MR, Barnwell JW (2001) A 
Plasmodium falciparum homologue of Plasmodium vivax reticulocyte binding protein 
(PvRBPl) defines a trypsin-resistant erythrocyte invasion pathway. J Exp Med 
194(11): 1571-1581. 

Reed MB, Caruana SR, Batchelor AH, Thompson JK, Crabb BS, Cowman AF (2000) 
Targeted disruption of an erythrocyte binding antigen in Plasmodium falciparum is 
associated with a switch toward a sialic acid-independent pathway of invasion. Proc 
Natl Acad Sci USA 97(13): 7509-7514 

Rehwagen C (2006a) WHO recommends DDT to control malaria. BMJ 333(7569): 
622 

Rehwagen C (2006b) WHO ultimatum on artemisinin monotherapy is showing 
results. BMJ 332(7551): 1176 

Ridley RG (2002) Medical need, scientific opportunity and the drive for antimalarial 
drugs. Nature 415(6872): 686-693 

Robson KJH, Hall JRS, Jennings MW, Harris TJR, Marsh K, Newbold CI, Tate VE, 
Weatherall DJ (1988) A highly conserved amino-acid sequence in thrombospondin, 
properdin and in proteins from sporozoites and blood stages of a human malaria 
parasite. Nature 335(6185): 79-82 

Rodriguez M, Lustigman S, Montero E, Oksov Y, Lobo CA (2008) PfRH5: A Novel 
Reticulocyte-Binding Family Homolog of Plasmodium falciparum that Binds to the 
Erythrocyte, and an Investigation of Its Receptor. PLoS ONE 3(10): e3300 

207 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliograph ies 

Roos M, Soskic V, Poznanovic S, Godovac-Zimmermann J (1998) Post-translational 
modifications of endothelin receptor B from bovine lungs analyzed by mass 
spectrometry. J Biol Chem 273(2): 924-931 

Rosario VE (1976) Genetics of chloroquine resistance in malaria parasites. Nature 
261(5561): 585-586 

Rosenthal P (2001) Antimalarial Chemotherapy: Mechanisms of Action, Resistance 
and New Directions in Drug Discovery. Humana Press, Totowa, NJ 

Rouiller I, DeLaBarre B, May AP, Weis WI, Brunger AT, Milligan RA, Wilson-
Kubalek EM (2002) Conformational changes of the multifunction p97 AAA ATPase 
during its ATPase cycle. Nat Struct Mol Biol 9(12): 950-957 

Sam-Yellowe TY (1996) Rhoptry Organelles of the Apicomplexa: Their role in Host 
Cell Invasion and Intracellular Survival. Parasitology Today 12(8): 308-316 

Sam-Yellowe TY, Banks TL, Fujioka H, Drazba JA, Yadav SP (2008) Plasmodium 
yoelii: Novel rhoptry proteins identified within the body of merozoite rhoptries in 
rodent Plasmodium malaria. Experimental Parasitology 120(1): 113-117 

Sam-Yellowe TY, Shio H, Perkins ME (1988) Secretion of Plasmodium falciparum 
rhoptry protein into the plasma membrane of host erythrocytes. J Cell Biol 106(5): 
1507-1513 

Sanders PR, Gilson PR, Cantin GT, Greenbaum DC, Nebl T, Carucci DJ, McConville 
MJ, Schofield L, Hodder AN, Yates JR, III, Crabb BS (2005) Distinct Protein Classes 
Including Novel Merozoite Surface Antigens in Raft-like Membranes of Plasmodium 
falciparum. J Biol Chem 280(48): 40169-40176 

Saraste M, Sibbald PR, Wittinghofer A (1990) The P-loop-a common motif in ATP-
and GTP-binding proteins. Trends Biochem Sci 15(11): 430-434 

Schafer HJ, Coskun U, Eger O, Godovac-Zimmermann J, Wieczorek H, Kagawa Y, 
Griiber G (2001) 8-N(3)-3'-biotinyl-ATP, a novel monofunctional reagent: differences 
in the F(l)- and V(l)-ATPases by means of the ATP analogue. Biochem Biophys Res 
Commun 286(5): 1218-1227 

Schafer I, Rossle M, Biukovic G, Muller V, Griiber G (2006a) Structural and 
functional analysis of the coupling subunit F in solution and topological arrangement 
of the stalk domains of the methanogenic A1AO ATP synthase. J Bioenerg Biomembr 
38(2): 83-92 

Schafer IB, Bailer SM, Duser MG, Borsch M, Bernal RA, Stock D, Griiber G (2006b) 
Crystal structure of the archaeal AlAo ATP synthase subunit B from Methanosarcina 
mazei Gol: Implications of nucleotide-binding differences in the major AlAo 
subunits A and B. J Mol Biol 358(3): 725-740 

208 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Schofield L, Bushell GR, Cooper JA, Saul AJ, Upcroft JA, Kidson C (1986) A 
rhoptry antigen of Plasmodium falciparum contains conserved and variable epitopes 
recognized by inhibitory monoclonal antibodies. Molecular and Biochemical 
Parasitology 18(2): 183-195 

Schulenberg B, Capaldi RA (1999) The epsilon Subunit of the FIFO Complex of 
Escherichia coli. Cross-linking studies show the same structure in site as when 
isolated. J Biol Chem 274(40): 28351-28355 

Schultz J, Milpetz F, Bork P, Ponting CP (1998) SMART, a simple modular 
architecture research tool: identification of signaling domains. Proc Natl Acad Sci US 
/4 95(H): 5857-5864 

Sherman IW (1999) Malaria. Parasite Biology, pathogenesis and protection. 

Shi Q, Cernetich-Ott A, Lynch MM, Burns Jr JM (2006) Expression, localization, and 
erythrocyte binding activity of Plasmodium yoelii merozoite surface protein-8. 
Molecular and Biochemical Parasitology 149(2): 231-241 

Shi Q, Cernetich A, Daly TM, Galvan G, Vaidya AB, Bergman LW, Burns JM, Jr. 
(2005) Alteration in Host Cell Tropism Limits the Efficacy of Immunization with a 
Surface Protein of Malaria Merozoites. Infect Immun 73(10): 6363-6371 

Shima T, Kon T, Imamula K, Ohkura R, Sutoh K (2006) Two modes of microtubule 
sliding driven by cytoplasmic dynein. Proceedings of the National Academy of 
Sciences 103(47): 17736-17740 

Silva MD, Cook BM, Guillotte M, Buckingham DW, Sauzet JP, Le Scanf C, 
Contamin H, David P, Mercereau-Puijalon O, Bonnefoy S (2005) A role for the 
Plasmodium falciparum RESA protein in resistance against heat shock demonstrated 
using gene disruption. Molecular Microbiology 56(4): 990-1003 

Sim BK, Orlandi PA, Haynes JD, Klotz FW, Carter JM, Camus D, Zegans ME, 
Chulay JD (1990) Primary structure of the 175K Plasmodium falciparum erythrocyte 
binding antigen and identification of a peptide which elicits antibodies that inhibit 
malaria merozoite invasion. J Cell Biol 111(5): 1877-1884 

Sim BKL, Chitnis CE, Wasniowska K, Hadley TJ, Miller LH (1994) Receptor and 
ligand domains for invasion of erythrocytes by Plasmodium falciparum. Science 
264(5167): 1941-1944 

Singh B, Sung LK, Matusop A, Radhakrishnan A, Shamsul SSG, Cox-Singh J, 
Thomas A, Conway DJ (2004) A large focus of naturally acquired Plasmodium 
knowlesi infections in human beings. The Lancet 363(9414): 1017-1024 

Singh S, Plassmeyer M, Gaur D, Miller LH (2007) Mononeme: A new secretory 
organelle in Plasmodium falciparum merozoites identified by localization of 
rhomboid-1 protease. Proceedings of the National Academy of Sciences 104(50): 
20043-20048 

209 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Sinha KA, Keen JK, Ogun SA, Holder AA (1996) Comparison of two members of a 
multigene family coding for high- molecular mass rhoptry proteins of Plasmodium 
yoelii. Mol Biochem Parasitol 76(1-2): 329-332 

Smith GR, Contreras-Moreira B, Zhang X, Bates PA (2004) A link between sequence 
conservation and domain motion within the AAA+ family. Journal of Structural 
Biology 146(1-2): 189-204 

Smith JD, Craig AG, Kriek N, Hudson-Taylor D, Kyes S, Fagen T, Pinches R, Baruch 
DI, Newbold CI, Miller LH (2000a) Identification of a Plasmodium falciparum 
intercellular adhesion molecule-1 binding domain: A parasite adhesion trait 
implicated in cerebral malaria. Proceedings of the National Academy of Sciences of 
the United States of America 97(4): 17'66-1771 

Smith JD, Subramanian G, Gamain B, Baruch DI, Miller LH (2000b) Classification of 
adhesive domains in the Plasmodium falciparum Erythrocyte Membrane Protein 1 
family. Molecular and Biochemical Parasitology 110(2): 293-310 

Snider J, Houry WA (2008) AAA+ proteins: diversity in function, similarity in 
structure. Biochemical Society Transactions 036(1): 72-77 

Snounou G, Jarra W, Preiser PR (2000) Malaria Multigene Families: The Price of 
Chronicity. Parasitology Today 16(1): 28-30 

Snow RW, Guerra CA, Noor AM, Myint HY, Hay SI (2005) The global distribution 
of clinical episodes of Plasmodium falciparum malaria. Nature 434(7030): 214-217 

Sprague RS, Ellsworth ML, Stephenson AH, Lonigro AJ (1996) ATP: the red blood 
cell link to NO and local control of the pulmonary circulation. Am J Physiol 271(6 Pt 
2): H2717-2722 

Sprague RS, Stephenson AH, Ellsworth ML (2007) Red not dead: signaling in and 
from erythrocytes. Trends in Endocrinology & Metabolism 18(9): 350-355 

Sreerama N, Woody RW (1993) A self-consistent method for the analysis of protein 
secondary structure from circular dichroism. Anal Biochem 209(1): 32-44 

Sterkers Y, Scheidig C, da Rocha M, Lepolard C, Gysin J, Scherf A (2007) Members 
of the low-molecular-mass rhoptry protein complex of Plasmodium 
falciparum bind to the surface of normal erythrocytes. J Infect Dis 196(4): 617-621 

Stoute JA, Slaoui M, Heppner DG, Momin P, Kester KE, Desmons P, Wellde BT, 
Garcon N, Krzych U, Marchand M, Ballou WR, Cohen JD, The Rts SMVEG (1997) 
A Preliminary Evaluation of a Recombinant Circumsporozoite Protein Vaccine 
against Plasmodium falciparum Malaria. N EnglJ Med 336(2): 86-91 

Stubbs J, Simpson KM, Triglia T, Plouffe D, Tonkin CJ, Duraisingh MT, Maier AG, 
Winzeler EA, Cowman AF (2005) Molecular mechanism for switching of P. 
falciparum invasion pathways into human erythrocytes. Science 309(5739): 1384-
1387 

210 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Su X-Z, Heatwole VM, Wertheimer SP, Guinet F, Herrfeldt JA, Peterson DS, Ravetch 
JV, Wellems TE (1995) The large diverse gene family var encodes proteins involved 
in cytoadherence and antigenic variation of Plasmodium falciparum-'mfected 
erythrocytes. Cell S2(\): 89-100 

Sultan AA, Thathy V, Frevert U, Robson KJH, Crisanti A, Nussenzweig V, 
Nussenzweig RS, Menard R (1997) TRAP Is Necessary for Gliding Motility and 
Infectivity of Plasmodium Sporozoites. Ce//90(3): 511-522 

Svergun DIA, Ingo; Sieck, Tanja; Altendorf, Karlheinz; Koch, Michel H.J.; Kane, 
David J.; Kozin, Michael B.; Gruber, Gerhard (1998) A Model of the Quaternary 
Structure of the Escherichia coli Fl ATPase from X-Ray Solution Scattering and 
Evidence for Structural Changes in the Delta Subunit during ATP Hydrolysis 
Biophysical Journal 75(5): 2212 - 2219 

Swardson-Olver CJ, Dawson TC, Burnett RC, Peiper SC, Maeda N, Avery AC (2002) 
Plasmodium yoelii uses the murine Duffy antigen receptor for chemokines as a 
receptor for normocyte invasion and an alternative receptor for reticulocyte invasion. 
Blood 99(8): 2677-2684 

Taylor HM, Triglia T, Thompson J, Sajid M, Fowler R, Wickham ME, Cowman AF, 
Holder AA (2001) Plasmodium falciparum homologue of the genes for Plasmodium 
vivax and Plasmodium yoelii adhesive proteins, which is transcribed but not 
translated. Infect Immun 69(6): 3635-3645. 

Taylor WR, Green NM (1989) The predicted secondary structures of the nucleotide-
binding sites of six cation-transporting ATPases lead to a probable tertiary fold. 
European Journal of Biochemistry 179(1): 241-248 

Tham W-H, Wilson DW, Reiling L, Chen L, Beeson JG, Cowman AF (2009) 
Antibodies to Reticulocyte Binding Like Homologue 4 Inhibit Invasion of P. 
falciparum into Human Erythrocytes. Infect Immun: IAI.00048-00009 

Thompson JK, Triglia T, Reed MB, Cowman AF (2001) A novel ligand from 
Plasmodium falciparum that binds to a sialic acid-containing receptor on the surface 
of human erythrocytes. Molecular Microbiology 41(1): 47-58 

Tjitra E, Anstey NM, Sugiarto P, Warikar N, Kenangalem E, Karyana M, Lampah 
DA, Price RN (2008) Multidrug-Resistant Plasmodium vivax Associated with Severe 
and Fatal Malaria: A Prospective Study in Papua, Indonesia. PLoS Med5(6): el28 

Tomas AM, van der Wei AM, Thomas AW, Janse CJ, Waters AP (1998) Transfection 
systems for animal models of malaria. Parasitology Today 14: 245-249 

Tomoyasu T, Yuki T, Morimura S, Mori H, Yamanaka K, Niki H, Hiraga S, Ogura T 
(1993) The Escherichia coli FtsH protein is a prokaryotic member of a protein family 
of putative ATPases involved in membrane functions, cell cycle control, and gene 
expression. JBacteriol 175(5): 1344-1351 

211 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Torii M, Adams JH, Miller LH, Aikawa M (1989) Release of merozoite dense 
granules during erythrocyte invasion by Plasmodium knowlesi. Infect Immun 57(10): 
3230-3233 

Trager W, Rozario C, Shio H, Williams J, Perkins ME (1992) Transfer of a dense 
granule protein of Plasmodium falciparum to the membrane of ring stages and 
isolation of dense granules. Infect Immun 60(11): 4656-4661 

Treeck M, Struck NS, Haase S, Langer C, Herrmann S, Healer J, Cowman AF, 
Gilberger TW (2006) A Conserved Region in the EBL Proteins Is Implicated in 
Microneme Targeting of the Malaria Parasite Plasmodium falciparum. J Biol Chem 
281(42): 31995-32003 

Triglia T, Duraisingh MT, Good RT, Cowman AF (2005) Reticulocyte-binding 
protein homologue 1 is required for sialic acid-dependent invasion into human 
erythrocytes by Plasmodium falciparum. Mol Microbiol 55(1): 162-174 

Triglia T, Healer J, Caruana SR, Hodder AN, Anders RF, Crabb BS, Cowman AF 
(2000) Apical membrane antigen 1 plays a central role in erythrocyte invasion by 
Plasmodium species. Molecular Microbiology 38(4): 706-718 

Triglia T, Thompson J, Caruana SR, Delorenzi M, Speed T, Cowman AF (2001a) 
Identification of proteins from Plasmodium falciparum that are homologous to 
reticulocyte binding proteins in Plasmodium vivax. Infect Immun 69(2): 1084-1092. 

Triglia T, Thompson JK, Cowman AF (2001b) An EBA175 homologue which is 
transcribed but not translated in erythrocytic stages of Plasmodium falciparum. 
Molecular and Biochemical Parasitology 116(1): 55-63 

Trottein F, Triglia T, Cowman AF (1995) Molecular cloning of a gene from 
Plasmodium falciparum that codes for a protein sharing motifs found in adhesive 
molecules from mammals and Plasmodia. Molecular and Biochemical Parasitology 
74(2): 129-141 

Trucco C, Fernandez-Reyes D, Howell S, Stafford WH, Scott-Finnigan TJ, Grainger 
M, Ogun SA, Taylor WR, Holder AA (2001) The merozoite surface protein 6 gene 
codes for a 36 kDa protein associated with the Plasmodium falciparum merozoite 
surface protein-1 complex. Molecular and Biochemical Parasitology 112(1): 91-101 

Tsuboi T, Kappe SH, al-Yaman F, Prickett MD, Alpers M, Adams JH (1994) Natural 
variation within the principal adhesion domain of the Plasmodium vivax duffy 
binding protein. Infect Immun 62(12): 5581-5586. 

Urquiza M, Suarez JE, Cardenas C, Lopez R, Puentes A, Chavez F, Calvo JC, 
Patarroyo ME (2000) Plasmodium falciparum AMA-1 erythrocyte binding peptides 
implicate AMA-1 as erythrocyte binding protein. Vaccine 19(4-5): 508-513 

Vale RD (2000) AAA Proteins: Lords of the Ring. J Cell Biol 150(1): 13F-20 

212 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

van Dijk MR, Waters AP, Janse CJ (1995) Stable transfection of malaria parasite 
blood stages. Science 268: 1358-1362 (1995 

Van Geertruyden J-P, Thomas F, Erhart A, DAlessandro U (2004) The contribution 
of malaria in pregnancy to perinatal mortality. Am J Trop Med Hyg 71(2_suppl): 35-
40 

VanBuskirk KM, Cole-Tobian JL, Baisor M, Sevova ES, Bockarie M, King CL, 
Adams JH (2004) Antigenic drift in the ligand domain of Plasmodium vivax duffy 
binding protein 
confers resistance to inhibitory antibodies. J Infect Dis 190(9): 1556-1562 

Vernick KD, Waters AP (2004) Genomics and Malaria Control. N Engl J Med 
351(18): 1901-1904 

Vetter IR, Wittinghofer A (1999) Nucleoside triphosphate-binding proteins: different 
scaffolds to achieve phosphoryl transfer. Quarterly Reviews of Biophysics 32(01): 1-
56 

W.H.O. 

W.H.O. (2008) World Malaria Report 2008. 

Walker JE, Saraste M, Runswick MJ, Gay NJ (1982) Distantly related sequences in 
the alpha- and beta-subunits of ATP synthase, myosin, kinases and other ATP-
requiring enzymes and a common nucleotide binding fold. Embo J 1(8): 945-951 

Wang J, Song JJ, Seong IS, Franklin MC, Kamtekar S, Eom SH, Chung CH (2001) 
Nucleotide-Dependent Conformational Changes in a Protease-Associated ATPase 
HslU. Structure 9(11): 1107-1116 

Weber J, Wilke-Mounts S, Senior AE (1994) Cooperativity and stoichiometry of 
substrate binding to the catalytic sites of Escherichia coli Fl -ATPase. Effects of 
magnesium, inhibitors, and mutation. J Biol Chem 269(32): 20462-20467 

Weber JL, Lyon J A, Wolff RH, Hall T, Lowell GH, Chulay JD (1988) Primary 
structure of a Plasmodium falciparum malaria antigen located at the merozoite surface 
and within the parasitophorous vacuole. J Biol Chem 263(23): 11421-11425 

213 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Wertheimer SP, Barnwell JW (1989) Plasmodium vivax interaction with the human 
Duffy blood group glycoprotein: identification of a parasite receptor-like protein. Exp 
Parasitol 69(4): 340-350 

White SR, Lauring B (2007) AAA+ ATPases: Achieving Diversity of Function with 
Conserved Machinery. Traffic 8(12): 1657-1667 

Wickham ME, Culvenor JG, Cowman AF (2003) Selective Inhibition of a Two-step 
Egress of Malaria Parasites from the Host Erythrocyte. J Biol Chem 278(39): 37658-
37663 

Wickramarachchi T, Cabrera AL, Sinha D, Dhawan S, Chandran T, Devi YS, Kono 
M, Spielmann T, Gilberger TW, Chauhan VS, Mohmmed A (2009) A novel 
Plasmodium falciparum erythrocyte binding protein associated with the merozoite 
surface, PfDBLMSP. International Journal for Parasitology 39(7): 763-773 

Wilkins MR, Lindskog I, Gasteiger E, Bairoch A, Sanchez JC, Hochstrasser DF, 
Appel RD (1997) Detailed peptide characterization using PEPTIDEMASS-a World-
Wide-Web-accessible tool. Electrophoresis 18(3-4): 403-408 

Withers-Martinez C, Haire LF, Hackett F, Walker PA, Howell SA, Smerdon SJ, 
Dodson GG, Blackman MJ (2008) Malarial EBA-175 Region VI Crystallographic 
Structure Reveals a KJX-Like Binding Interface. Journal of Molecular Biology 
375(3): 773-781 

Xainli J, Adams JH, King CL (2000) The erythrocyte binding motif of Plasmodium 
vivax duffy binding protein is highly polymorphic and functionally conserved in 
isolates from Papua New Guinea. Mol Biochem Parasitol 111(2): 253-260. 

Yao H, Hersh LB (2006) Characterization of the binding of the fluorescent ATP 
analog TNP-ATP to insulysin. Archives of Biochemistry and Biophysics 451(2): 175-
181 

Ye JY, Yamane Y, Yamauchi M, Nakatsuka H, Ishikawa M (2000) Direct observation 
of the interaction of single fluorescent nucleotide analogue molecules with DNA 
polymerase I. Chemical Physics Letters 320(5-6): 607-612 

Yeoh S, O'Donnell RA, Koussis K, Dluzewski AR, Ansell KH, Osborne SA, Hackett 
F, Withers-Martinez C, Mitchell GH, Bannister LH, Bryans JS, Kettleborough CA, 
Blackman MJ (2007) Subcellular Discharge of a Serine Protease Mediates Release of 
Invasive Malaria Parasites from Host Erythrocytes. Cell 131(6): 1072-1083 

214 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Bibliographies 

Yoeli M, Hargreaves B, Carter R, Walliker D (1975) Sudden increase in virulence in a 
strain of Plasmodium berghei yoelii. Ann Trop Med Parasitol 69(2): 173-178 

Zarembinski TI, Hung L-W, Mueller-Dieckmann H-J, Kim K-K, Yokota H, Kim R, 
Kim S-H (1998) Structure-based assignment of the biochemical function of a 
hypothetical protein: A test case of structural genomics. Proceedings of the National 
Academy of Sciences of the United States of America 95(26): 15189-15193 

Zwiebel LJ, Takken W (2004) Olfactory regulation of mosquito-host interactions. 
Insect Biochemistry and Molecular Biology 34(7): 645-652 

215 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Results 

APPENDICES 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Appendices: Appendix A-l 

Appendix A-l 

Table A-l Annotation of the different PY01365 PCR primers and products 

PCR 
products 

PCR primers PCR products 
correspond to 

nucleotide position in 
gDNAofPY01365 

(bp) 

sequence 
size (bp) 

PCR products 
correspond to 
amino acid 
position in 
PY01365 

sequence 
size 

(amino acid 
length, aa) 

NBD94 
NBD94,_55o 
Region 1 
Region 2 

Fl andRl 
Fl andR2 

PYF1 andPYRl 
PYF2 and PYR2 

1961-4334 
1961-3602 
206 - 2060 
1124-3152 

2374 
1642 
1855 
2029 

612-1403 
612-1159 

27 - 645 
333 -1009 

792 
548 
619 
677 

Fig. A-l Expression vector pET9a 
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NOTE: The pET9a-d basically have a similar backbone as depicted above. The modified pET9d 
used in this study has several changes made. In particular, the multiple cloning site (MCS) were 
modified to include Ncol and Sacl restriction sites. Any gene that is inserted between these two 
sites will allow expression of the gene product with no/minimal introduction of redundant 
residue(s) at either ends. 
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Appendix A-2 

Table A-2 Sequencing primers for pET9d constructs 

Primers 

M13F 

M13R 

Sequencing Reverse 
primer Rl A 
Sequencing Reverse 
primer RIB 

Sequencing Forward 
primer Fl A 
Sequencing Forward 
primer FIB 

Sequencing Reverse 
primer R2A 
Sequencing Reverse 
primer R2B 

Sequencing Forward 
primer F2A 

Sequencing Forward 
primer F2B 

Sequencing Reverse 
primer R3A 
Sequencing Reverse 
primer R3B 

Sequencing Forward 
primer F3A 

Sequencing Forward 
primer F3B 

Sequence 5' to 3' 

GTT TTC CCA GTC ACG ACG TTG TA 

CAG GAA ACA GCT ATG ACC 

AGT CTT TCA TCC TCA 

TGT TTT TGT TCC CCC 

CAT AGA CAG TAA AGG C 

TCT GAG GGG GAA C 

TAT TAA ATT ACT GTT TTT TAT GAC 

TAT ATG TTT TTT CAT TTC CAC 

TAT GAT AAT AAA AAA ACT CTT GG 

ATA ATA CAG AAG ACA AAG C 

CTC ATA ATT TCC TTC TGT TAG 

GCC TTT ATG TTT TTA TCG 

AAG ACG CAA AAC AAA AC 

AAG CGA AGA ACA ATG 

Used to check 

sequences of all 
constructs 

internal 
sequences of 
PY01365 
amplified by 
PyFl & PyRl 

internal 
sequences of 
PY01365 
amplified by 
PyF2 & PyR2 

internal 
sequences of 
NBD94 and 
NBD94,_55o 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Appendices: Appendix A-3 

Appendix A-3 

Principles of Circular Dichroism 

Circular dichroism (CD) is a phenomenon discovered by the French physicist 

Aime Cotton in 1896. Basically, CD is a measure of the difference in the absorbance 

of the left- and right-handed circularly polarized light by an optically active molecule 

(having a chiral centre) in the far- and near-UV region. Nearly all biological 

molecules are optically active and therefore exhibit CD, for example L-amino acids 

that are predominantly produced in most living organisms. 

When a circularly polarized light is passed through a solution containing an optically 

active sample, the left and right circularly polarized components are absorbed in 

different amounts by the sample. When difference in absorbance is zero, the resultant 

light is linearly polarized and when one component is completely absorbed, then a 

circularly polarized light is produced. However, in most cases (e.g. in biological 

macromolecules), an elliptically polarized light appears once the light components are 

recombined after absorption. This measurable parameter of CD is called ellipticity 

which is defined as the angle of polarization, 0. The unit for measurement is degrees 

(deg) or millidegrees (mdeg). In experiments using molar quantity of proteins/sample, 

ellipticity is often expressed as molar ellipticity (deg/mol). 

In proteins, the absorption of polarized light in far-UV region (180 - 250 nm) comes 

from the amide (peptide) bond electrons while that occurring in near-UV region (250 

- 350 nm) comes from the aromatic amino acids. The far-UV CD spectrum of 

proteins reveals important features of their secondary structure. In fact, conformations 
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such as a-helix, p-sheet, P-turn, random coils, etc. have signature absorption spectra 

(Fig. A-2). 

mdeg 

/ \ 

/ )r\ / \ 
/ \ \ 

/ \ 

/ \ \ 1 

^^i 

i / 

-

• 
• 

«- helix 

|! - sheet 

random coil 

/ 

130 190 200 210 220 230 2«> 250 

Wavelength (nm) 

Fig. A-2 Far UV circular dichroism spectra of a typical a-helix, P-sheet, and random coil 

The various spectra produced by poly-L-lysine which assumes a-helix, P-sheet and random coil at 
pH 10.8, pH 11.1 heating at 52 °C and re-cooling, and pH 7.0 respectively. Figure adapted from 
http://www.proteinchemist.com/cd/cdspec.html 

The amide bond electrons absorb under the far-UV range undergoes the following 

transitions (see figure below): 

/ 
(a) n —> 7T* transition: lone pair of electron from the peptide 

chromophore (i.e. NH2 group) being excited to a higher 

H—N 
TV ^cp 

energy level; and 

(b) 71 —* 7i* transition: 7t bond electrons being excited to a n 

higher energy level / 

The intensity and energy of these transitions depends on the angles of rotation (cp and 

v|/) of the peptide bonds. These rotations (and therefore the characteristics of the 

energy transitions) are reflective of the secondary structure of the protein being 

measured. The lowest energy transition (n —» TC*) is seen as negative at 222 nm for 
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a-helix and 195 nra for random coil but positive for p-sheet at 196 nm (Fig.A-2). 

Meanwhile, most absorption in the far UV occurs during the 71 —* n* transition. Here, 

it is reflected by the positive peak in CD spectrum at 212 nm for random coil but a 

negative for p-sheet at 218 nm. However, in the case of a-helix, there are two 7t —> 7r* 

transitions. The perpendicular 7t —>• TT* transition is observed as positive at 192 nm 

while the parallel transition occurs at 208 nm is seen as negative as shown in figure 

below: 

180 190 200 210 220 230 240 250 

Wavelength (nm) 

Though near-UV spectrum provides information on tertiary structure (such as 

prosthetic groups), but unlike far-UV spectrum, no particular 3D (three-dimensional) 

structure can be assigned to the protein. 

Thus, the CD spectra (absorption spectra) and degree of ellipticity are very much 

dependent on the structural conformation of the protein. As can be seen in Figure A-2, 

the same protein though having different secondary structures (induced by different 

experimental conditions) will produce different degree of ellipticity (and hence 0) 

over the range of wavelengths, and consequently display very different CD spectra. 
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Apart from being able to determine secondary structure of proteins, CD is an 

invaluable tool for studying conformational changes in proteins. For example, by 

comparing the spectra of a particular protein under different conditions (such as 

temperature, pH, cofactors, additives, etc.), CD can show how secondary structure of 

a molecule can change as a function of these parameters. Also, CD is useful in 

verifying if a particular protein is in its native conformation before embarking on 

further experimentations. 
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Appendix A-4 

Principles of Fluorescence Correlation Spectroscopy 

Introduction 

Fluorescence correlation spectroscopy (FCS) is a powerful spectroscopic technique 

that is based on the measurement of fluorescence intensity and the analysis of its 

spontaneous fluctuations produced by single molecules (fluorophores) diffusing in 

solution. It is the latter that is the parameter of primary interest in FCS measurements. 

Early FCS measurements generally failed because of poor signal-to-noise ratio which 

is defined as the ratio of the optical signal from a specimen to the noise (optical) 

signal of the surrounding background. The possible reasons for this poor resolution 

could be the low detection efficiency or high number of molecules or poor 

background suppression. To overcome these limitations, one has to decrease the 

concentrations and detection volumes such that the measurements of the signals are 

made on only a few molecules that transverse a tiny volume. In addition, one should 

also increase the quantum (fluorescence photon) yield per molecule. These 

improvements were made possible with the following changes: 

(a) using efficient fluorescent dyes that could be stably conjugated to 

molecules of interest; 

(b) using strong and stable light sources such as lasers; 

(c) using detectors that are ultrasensitive such as avalanche photodiodes 

(APD) or photomultiplier having single photon sensitivity; 

(d) combining confocal optics with FCS technique. 

(e) introducing a pinhole (aperture) at the conjugate image plane 

In the case of (d), the well focused laser beam is generated by focusing the incoming 

laser light using an objective lens having a high numerical aperture (ideally > 0.9). 

223 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Appendices: Appendix A-4 

This focused beam will illuminate a limited spot in the sample (object plane), thereby 

defining a detection volume on the order of femtoliter (0.3 urn in diameter and 1.5 urn 

in height) called the confocal volume (also known as "in-focus" volume). This 

volume is much smaller compared to the sample volume which is in range of 

microliters. Thus, rather than illuminating and exciting the entire sample, by using 

confocal optics only a very few molecules are excited at a time in this confocal 

volume (as represented by the red line of the diffusion path in the left figure below): 

The confocal illumination and signal collection using confocal optics are depicted in 

figure below: 

As explained earlier, the laser beam (green beam) is focused onto the object plane in 

the sample (represented by white dot) by a high numerical aperture objective (right

most blue disc). This incident beam is normally selectively deflected by a dichroic 

mirror (also known as beamsplitter, centre disc). Upon excitation by the laser beam, 
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the sample then emits a red-shifted fluorescence (i.e. a longer wavelength as 

compared to the incident light). The emitted fluorescence is collected by the same 

objective and is passed through the dichroic mirror and then through the pinhole 

(depicted by the left-most disc) in the conjugate image plane. This confocal pinhole 

blocks any light not originating from the confocal region, thereby limiting the 

resolution on axial direction. These improvements provided by the confocal optics 

arrangements allow the measurements of the fluctuations by FCS to be made with a 

negligible background noise (i.e. producing a good signal-to-noise ratio). 

The dichroic mirror serves as a beamsplitter by allowing some wavelengths (e.g. red-

shifted wavelength) to go through while deflecting other wavelengths (e.g. excitation 

light). However, the dichroic mirror does not effectively block the entire laser light 

and hence, one or more emission filters is essentially required to be placed after the 

dichroic mirror and the confocal pinhole (see Fig. A-3). These filters are band-pass 

filters that are made according to the emission properties of the fluorophores, thus 

improving the detection specificity and signal-to-noise ratio. Finally, the fluorescence 

emissions are focused onto an ultrasensitive detector (e.g. APD). The detector is 

interfaced with a personal computer that runs on Microsoft Windows NT where the 

emissions are recorded as pulses. These are then analyzed using various softwares 

(See 2.18.4). The general setup for FCS is schematically drawn in Figure A-3. 
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^ ^ Sample 

^m^m ^ ^ Cover slide 

Optical Fiber 

Fig. A-3 Fluorescence correlation spectroscopy setup 
General illustration depicting the confocal arrangement in the setup. The excitation beam is generated 
by the laser is directed into a high numerical aperture objective by a dichroic mirror. This beam is then 
focused onto the sample by the objective. Water immersion objectives are used if the molecules of 
interest are dissolved in aqueous solution. The emitted fluorescence from the sample is collected by the 
same objective and travels through the dichroic mirror (main beamsplitter), the pinhole and emission 
filter. The pinhole at the image plane eliminates out-of-focus fluorescence providing an axial resolution 
while the emission filter blocks any excitation wavelength originating from the laser. Finally the 
fluorescence light is focused onto the detector (APD). Adapted from Fluorescence Correlation 
Spectroscopy: An introduction to its concepts and applications by Schwille and Haustein. 
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FCS: Analysis of the emitted fluorescence 

The rate of fluorescence emission (i.e. the number of emitted photons per unit time) 

depends on the following parameters: 

(a) the number of molecules within the confocal volume (i.e. the 

concentration of fluorophore); 

(b) the time the fluorophore transverse the confocal volume (i.e. diffusion 

time which in turn depends on the mass of fluorophore); 

(c) the quantum (fluorescence photon) yield of the fluorophore which 

depends on the dye property (i.e. the type of dye used). 

Due to random Brownian motion (caused by the thermodynamic fluctuations), the 

number of fluorophore within the confocal volume will fluctuate. FCS detects each 

fluorescence photon generated from the excited fluorophore as a pulse which is 

depicted as vertical lines as shown in the upper panel of the diagram below: 

measurement lime [sj 

The number of pulses detected at particular time point within the confocal volume 

will be recorded as the intensity signal (see lower panel). This intensity would reflect 

the number of excited fluorophore in confocal volume, i.e. concentration of sample. 

227 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Appendices: Appendix A-4 

Hence, we can see that FCS measures the fluctuations of fluorescence signal intensity 

(51) about the constant average/mean intensity ( ( I ) ) as shown in the diagram and 

equation below, 

I(t) = (I) + bI(t) (1) 

1060 

Al(t) 

<I> 

Measurement time t 

What the equation means is that at a particular time t, the absolute intensity of 

fluorescence I(t) is the sum of the average intensity ( I ) and its change in intensity at 

time t (5I(t)), regardless of whether the change is positive or negative. 

As mentioned earlier, it is the fluctuating component (51) and the information it 

carries that we are concerned about. This is so because these spontaneous intensity 

fluctuations are caused by minute changes occurring within the small system 

(confocal/detection volume) from thermal equilibrium. The physical processes that 

undergo these changes include the number of fluorescent particles diffusing in and out 

of the system, or the physicochemical property such as the rate constants of molecular 

reactions involving fluorescent particles in the system, or intersystem crossing 

between singlet and triplet states. Hence, by measuring and correlating these 
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fluctuations in fluorescence intensity, FCS allows us to analyse and translate 

(interpret) these fluctuations to useful physical (quantitative) information. Such 

characteristic FCS parameters include: 

(a) correlation time or diffusion time (TD) for one or more diffusing 

components and their diffusion coefficients (D); 

(b) average number of fluorophore (N); 

(c) relative concentration of each diffusing component, i.e. the fraction of 

N that is associated with another component(s) of different size; 

(d) average sample intensity (in terms of mean count rate, i.e. count per 

second) 

(e) kinetic chemical reaction rates 

In other words, any changes in these physical parameters would be seen as 

fluctuations in fluorescence intensity (81) within the system. 

Mathematical theory and method of FCS analysis: Correlation and autocorrelation 

When the system contains only one particular species of fluorescent particles, the 

method of analysis carried out by FCS is called autocorrelation analysis. 

What is correlation? When one compares two different sets of measurements, and it 

is found that the relationship between them is not random (i.e. it does not occur by 

chance), then there is a correlation between these two results. This is reflected in the 

coefficient of correlation, R, of the fit between these two sets of results where a 

perfect correlation has an R value of 1.00. 
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Autocorrelation and FCS. In a system containing one fluorescent species, only one 

set of results are generated over time during FCS measurement. Here, we compare the 

mean intensity at time = 0 with the mean intensity at a later time to see if there is a 

correlation between them. Then, we express the correlation coefficient for each 

comparison as a function of the shift in time, t. This gives rise to the autocorrelation 

function G(r) and it has a characteristic constant TD (correlation time). This 

autocorrelation function G(T) is defined by the software as: 

\Tf G(f)= iI(l)I(t }f)dt 
1 0 

= </ (0 / (Mr) ) 

(2) 

Basically, this autocorrelation function G(r) gives an indication of the probability of 

whether the emission of the second photon from the same molecule would be 

registered after the first one was emitted. The figure below illustrates the relationship 

between the autocorrelation function against time: 
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In most FCS cases, a logarithmic time scale is used as the measurements are generally 

made over seven or more decades of time resolution. 
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By comparing the correlation coefficient between the fluctuation from the mean 

intensity at time t = 0 and the fluctuation from the mean intensity at some time later, 

we obtain the autocorrelation g(r) which is represented as follows: 

g(T) = (M(t)6I(t + r)) (3) 

The relationship between G(T) and g(i) is given by: 

G(T)=l+g(T) (4) 

The normalization of the autocorrelation function g(r) is carried out by dividing 

equation (3) by the square of the mean intensity <I(t))2. By substituting normalized 

g(r) into equation 4, this gives rise to the following equation: 

(8I(l)'8I(t + T)> 

(5) 

The autocorrelation function for three-dimensional diffusion of the fluorophore in 

three axes (isotropic), the x, y and z axes, is expressed in the mathematical model as 

shown: 

g(T) 
1 

A7 

1 +— .,;1 + 0) \ 7 

ID 
(6) 

GW) = N 

('^)-v+(i)-
T 

TD 

+ 1 

(7) 
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where N is the average number of fluorescent molecules in the sample volume, TD is 

the characteristic translational diffusion time of fluorescent molecules, co and z are the 

radius and half length of the confocal detection volume. The translational diffusion 

time, TD, is in turn defined by: 

CO 
T D 4D 

(8) 

where D is the characteristic diffusion coefficient which is dependent on viscosity of 

the solvent, r\, temperature, T, and the hydrodynamic radius of the particle, R, and 

thus, its mass. This relationship is defined in the equation below 

/:, kT 

(9) 

where k is the Boltzmann constant (1.38 x 10 23 J/K). Likewise, there are other 

mathematical models fitting autocorrelation function when determining parameters 

such as triplet state or multicomponent translational diffusion. 

During FCS measurement, the autocorrelation function G(T) is calculated by the 

software which then produce a plot of G(r) against time, r, as shown in Figure A-4. 
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Fig. A-4 FCS measurements and autocorrelation curve 
(A) A typical autocorrelation curve. A single measurement consists of 10 scans where each scan lasts 30s. The 
resultant autocorrelation curve is the average of these 10 scans. Normally, three measurements are taken for 
each sample. The region of curve before 0.1 us is the dead time of the instrument that reveals no physical 
parameter. However, the slope gives an indication of the calibration of the machine or whether the condition of 
measurement is optimal. From 0.1 to lus is the period where the particle emits fluorescence in an anti-
bunching manner (i.e. each fluorescence photon is well spaced in time due to the fact that the emission of one 
photon reduces the probability that the next photon will be emitted immediately afterward). Between 1 to 10 
us, a fraction of the particles at triplet state is known to occur. The remaining portion of the curve (ms to s) 
depicts the diffusion behavior of the particle. 

(B) A typical window appearing on the computer screen during FCS measurement. The upper panel depicts 
the intensity of emission recorded as count rate; the centre panel shows the autocorrelation curve just like (A) 
that is concomitantly calculated by the software during the measurement; the lower panel shows the readings 
of 10 scans whilst the last (11th) reading is the average of the readings of 10 scans and is reflected in the 
autocorrelation curve in the middle panel. 

(C) Fitting the autocorrelation data from (B) into an appropriate model in order to extract various physical 
parameters. One the right panel, the first icon allows one to select which type of models from a list offered by 
the software to fit the FCS data. The results of the various parameters obtained from this fit are shown below 
this icon. Here, the fraction of triplet state, the fraction of non-fluorescent binding partner and the diffusion 
time (us) are some of the parameters derived from this fitting process. The left panel shows the output of 
fitting the 10 scans previously obtained and tabulated in (B), where the green line in the autocorrelation curve 
in the upper left panel indicates that the degree of fit is good while the lower left panel shows the standard 
deviation occurring during this fit. When one considers only the region of the autocorrelation that depicts the 
diffusion process, one can see that the deviation of the fit is minimal, indicating a good fit. 
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How are physical parameters extracted from FCS data? The most fundamental 

aspect of FCS is to be able to equate the observed fluctuations in intensity to the 

underlying physical processes, thereby establishing the various important physical 

determinants/constants of the system under study. (These characteristic physical 

constants or parameters include those cited previously). For example, by fitting the 

FCS data which is the normalized autocorrelation function G(r) (equation 5) into the 

isotropic 3D-diffusion model (equation 7, Fig. A-4C), 

(5/iti'Shi + T ) ) l 

the values of N (concentration of sample) and TD (diffusion time) can be easily 

obtained. The following two examples are illustrations about extracting physical 

parameters from two different properties of the correlation functions. 

EXTRACTING PARAMETERS FROM CORRELATION TIME. The rate at which the correlation 

decreases over time (i.e. the correlation time TD) is dependent on the physical 

parameter that causes this correlation. Such physical parameter includes diffusion of 

the fluorophore within the detection volume. The longer the correlation continues, the 

longer the time spent by the fluorophore in the detection volume (See equation 2). 

Therefore, the correlation (between the fluctuations in fluorescence intensity in time) 

persists longer for slow moving fluorophore and decreases rapidly for fast moving 

fluorophore. As can be seen in equations 8 and 9, the diffusion time of the fluorophore 

in the detection volume is related to its mass. Thus, in a system where there is binding 

between the fluorophore and a non-fluorescent partner, an overall increase in mass 

and thus a slower moving fluorophore complex results. As the concentration of the 

T '| tOt'Y T 

- h l + - ' — 

+ 1 
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non-fluorescent binding partner increases, there would be an increase in the fraction 

of slow moving fluorophore complex in a dose-dependent manner in the detection 

volume. This is observed as a shift of the autocorrelation curve towards longer time 

scale as shown below: 

n 
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TW 

Note that in the case of the rightmost curve, the correlation in the fluctuations in 

intensity over time persists till about 10 ms before decaying, as compared to the 

leftmost curve where the correlation is short-lived and its decay is rapid. From the 

autocorrelation curve, we can estimate the mean diffusion time, ro, of the fluorophore 

from the inflection point where the gradient of the curve changes from positive to 

negative and its characteristic diffusion coefficient can thus be calculated using 

equation 9. These computations are carried out using various FCS softwares. This 

application of FCS was capitalized in our study. 
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EXTRACTING PARAMETERS FROM THE INTERCEPT. From equation 6, we can calculate g(r) at 

time t = 0 to be the reciprocal of the number of fluorophore, N, in the detection 

volume: 

g(0) = I 
(11) 

Thus, the autocorrelation function G(T) through its relation to g(r) by equation 4 

would then become 

G(0)=T7 + 1 
IS (12) 

As shown in the figure below, the ^-intercept of the diffusion part of the fitted 

autocorrelation curve is inversely proportional to the number of fluorophore that are 

detected in the confocal volume. This number decreases when the intercept value 

increases. For example, from the curve, we can estimate that a particle number of 1.5 

in the detection volume would correspond to a sample concentration of 10 nM. 
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Appendix A-5 

Principles of fluorescence and intrinsic and extrinsic protein fluorescence 

measurements 

Theory of fluorescence 

The process in which a sample absorbs light and subsequently re-radiates light is 

called photoluminescence. This luminescence can be divided into two categories, 

namely fluorescence and phosphorescence. The former occurs almost immediately (in 

nanoseconds) after the absorption while the latter occurs very much later (in 

milliseconds). 

At room temperature, a molecule is normally said to be at ground state where the 

electron spins are paired (i.e. one electron spinning clockwise, while the other is 

spinning anticlockwise). The electronic configuration depicting the opposite spin is 

called singlet state. When an incoming light (which consists of packets of energy 

called quanta) collides with an electron in the molecule, the electron absorbs the 

energy and transits to a higher electronic vibrational level. The molecule thus 

becomes excited while the electron spin still remains unaltered (i.e. singlet state). This 

absorption occurs very quickly (in femtoseconds). The excited electrons then undergo 

a process called internal conversion or vibrational relaxation where it loses part of its 

energy without any emission of light. This loss normally occurs in the form of heat 

energy upon collision of the excited molecule with the solvent molecule. Here, the 

excited electron relaxes to the lowest vibrational level of the excited electronic state. 

This process occurs within picoseconds. Finally, the excited molecule returns to 

ground state when the electron relaxes to the lowest vibrational level of the ground 

state with the concurrent emission of fluorescence. This emission occurs in a 
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relatively long time frame of nanoseconds. Due to the loss of energy during internal 

conversion, the emitted light is of longer wavelength than the excitation light. This 

results in the emission spectrum being red-shifted with respect to the absorption 

spectrum, a phenomenon known as Stokes shift: 

350 400 450 500 
Wavelength (am) 

So, Si and S2 are different electronic levels within a molecule (See Fig. A-5 for 

explanation). Apart from the conventional fluorescence emission process, other 

relaxation pathways may possibly occur after excitation. These are illustrated in 

Figure A-5. One of the alternative pathway called intersystem crossing will be 

discussed in more detail as it is of interest in this study. This crossing results in the 

molecule being in a triplet state whereby it must undergo spin conversion to produce 

unpaired electrons, i.e. electrons spinning in parallel. This spin conversion is highly 

unfavorable and therefore intersystem crossing is a rather rare event. The outcome of 

this process, the return of the excited molecule to ground state, can be one of these 

processes. Either the excited triplet state molecule emits photons via phosphoresence 

or it returns to the excited single state (electron spinning pair is restored) and then 

undergoes fluorescence, albeit at a later time (delayed fluorescence). 
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Fig. A-5 Jablonski energy diagram illustrating the excitation and the various relaxation pathways 
The singlet ground state (S0), the excited singlet states (St and S2) are depicted as stack of lines. S2 state 
is depicted at a higher energy level than Si. The thick line denotes the lowest level of the various 
electronic energy levels while the thinner lines represent the different vibrational energy states where 1 
is the lowest and 5 is the highest. The electronic transitions are either shown as straight lines 
(absorption (green) or emission (red/orange) of photons) or wavy lines (internal conversion or non-
radiative relaxation process). A molecule absorbs the excitation light in discrete amounts or quanta in 
an all or none fashion, allowing it to be excited from the ground state to an excited state. Depending on 
the energy quantum of incident light (which is inversely proportional to the wavelength), the molecule 
is excited to Si and/or S2. If the incident light has a wide spectrum of wavelengths, then a wide range of 
allowed transitions occurs thereby resulting in a population of different excited states of the molecule 
(S) 0 —> 5 and S2 0 —> 5). Following excitation, the excited molecule eventually relaxes to the lowest 
excited singlet state, S, 0 without any luminescence emission through the process of internal 
conversion or vibrational relaxation (yellow, wavy arrows) and remains there for some time. From this 
point, different possible relaxation processes occur with different probabilities. The most probable 
pathway involves the return of the molecule to the lowest singlet ground state with the concurrent 
emission of fluorescence (red arrow). In rare cases, the excited molecule undergoes spin conversion to 
generate unpaired electrons resulting in intersystem crossing to the excited triplet state (dark blue wavy 
line). This can be followed by relaxation to the ground state through emission of phosphorescence. 
Alternatively, the excited triplet state molecule can return to the excited single state and this is followed 
by fluorescence at a much later time frame. In some cases, excited molecules lose energy non-
radiatvely in the form of heat, regardless of it being in single or triplet state. Another possible pathway 
involves the non-radiative transfer of energy from the excited molecule to another via collision (e.g. 
quenching process, blue wavy line). Note the various time scales for the radiative and non-radiative 
processes. Figure adapted from http://www.olvmpusmicro.com/primer/iava/iablonski/iabintro/ 
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Fluorophores and their characteristics 

Fluorophore is generally defined as the structural domain or distinct region of a 

molecule that is able to fluoresce upon excitation. There are basically two groups of 

fluorophores, intrinsic and extrinsic. Intrinsic fluorophores are those found naturally 

in biological molecules, e.g. aromatic groups found in amino acids. On the other hand, 

extrinsic fluorophores are those added to molecules that do not exhibit the desired 

fluorescence features. These fluorophores can be conjugated to a larger 

macromolecule (e.g. proteins, antibodies, nucleotides, etc.). Examples of extrinsic 

dyes include propidium iodide (PI) that intercalates DNA molecules and fluorescein 

isothiocyanate (FITC) that are conjugated to antibodies in order to produce fluorescent labeled 

antibodies. In our study, intrinsic fluorophores that are exploited are tyrosine residues found in 

protein of interest during intrinsic fluorescence assays, while extrinsic fluorophores such as free 

moving cyanine 5 (Cy5) and ATTO dyes as well as ATTO dyes conjugated to nucleotides 

are used during FCS experiments. 

Three fundamental properties of fluorophores that one has to consider when using 

them for various experiments are: 

(a) molar extinction coefficient (e), 

(b) fluorescence lifetime (t) 

(c) quantum yield (F) 

Molar extinction coefficient, also known as molar absorptivity, of fluorophore 

describes the ability of the fluorophore to absorb light (i.e. how strongly the 

fluorophore absorb light at a particular wavelength). Normally, fluorophores having 

high extinction coefficient have higher chances of emitting fluorescence. However, 

these molecules generally have shorter fluorescence lifetime during its excited state 

(as the relationship between s and t are inversely proportional). 
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Fluorescence lifetime is a characteristic time a molecule stays excited before returning 

to the ground state. It is normally measured from the time of initial fluorescence 

intensity (1(0)) to the time this intensity decays to 1/e (-37% of 1(0)). During this 

period, the excited fluorophores can diffuse through local surrounding and interact 

with other molecules in the system, or undergo conformational changes. 

Quantum yield is generally used as a guide to determine the efficiency of fluorescence 

emission in relation to other alternative relaxation pathways. Hence, it represents the 

probability of an excited molecule to undergo fluorescence. It is defined as a ratio of 

number of photons emitted to the number of photon absorb. As a result, the value 

ranges from 0 to 1. Currently, fluorophores exploited during microscopy can have 

quantum yield as low as 0.05 or less though generally fluorophores having high 

quantum yield are preferred. The quantum yield of a fluorophore can vary in degrees 

depending on the environmental factors such as solvent polarity or pH. 

Intrinsic fluorescence of protein and its measurements 

Proteins are generally excited at 280 nm or even at longer wavelength (usually 

295 nm) and they display characteristic fluorescence emission profiles. This intrinsic 

fluorescence emission is due primarily to the aromatic amino acid residues found in 

the protein, namely phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Tip). These 

residues have different spectral behaviours as shown in Table A-3 and Fig. A-6. As 

seen in the table, the absorptivity of Tip and Tyr is high while the quantum yield is 

highest for Tip. 
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Amino acid Wavelength 
(nm) 

Absorption 
Molar extinction 

coefficient/absorptivity 
(M'cm1) 

Fluorescence 

Wavelength 
(nm) 

Quantum 
yield 

Lifetime 
(ns) 

Tryptophan 

Tyrosine 

Phenylalanine 

280 

274 

257 

5050 

1440 

220 

348 

303 

282 

0.20 

0.14 

0.04 

2.6 

3.6 

6.4 

Table A-3 Table of comparison of the different fundamental spectral properties of the aromatic 
amino acids 
In general, the lifetimes are short and the quantum yields are low for all three amino acids. Adapted 
from http://dwb.unl.edu/Teacher/NSF/C08/C08Links/pps99.ervst.bbk.ac.uk/proiects/gmocz/fluor 
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Fig. A-6 Absorption (left) and emission (right) spectra of the aromatic amino acid residues, the 
phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Trp) 

Scanning for both the absorption and emission was carried out at pH 6.0. To obtain the emission 
spectra, the amino acids were excited at the wavelength (Amax)where their absorptivity was the highest 
(see table A-3). Figures adapted from Tinoco et al, Physical chemistry: Principle and applications in 
biological sciences, 4th edition, Prentice Hall.) 

Generally, the observed fluorescence of the folded protein conies from a mixture of 

fluorescence from the individual amino acid. However, most of the fluorescence 

emissions come from the excitation of the Trp residues because of the resonance 

energy transfer from Phe to Tyr and Tyr to Trp. However, in the case where there is 

absence of Trp residues, then the fluorescence emission spectrum of the protein 

resembles closely to that of Tyr residues. 
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The fluorescence intensity, quantum yield and wavelength of the maximum 

fluorescence emissions are quantitative parameters that allow us to make 

spectroscopic measurements in proteins. These spectral characteristics of Tip and, to a 

much lesser extent Tyr residues, are dependent on the polarity of its local environment 

and hence the folding status of the protein containing these residues. For example, the 

fluorescence spectrum of Trp shifts to a longer wavelength and the intensity of 

fluorescence decreases when the surrounding environment becomes more polar and 

vice versa. As a result, these changes would also be reflected in the emission spectrum 

of the protein containing either or both residues. Hence, current spectroscopic 

techniques that measure fluorescence with high sensitivity allow detection of these 

changes in intrinsic fluorescence enabling us to monitor changes in the structural 

conformation of the protein under study. Therefore, condition that causes structural 

perturbation in protein can thus be investigated (Eftink, 2001; Hunke et al, 2007; 

Lakowicz, 1999). 

Extrinsic fluorescence of protein measurements 

Extrinsic fluorescence measurement is widely used when studying structure and 

conformation of protein and its function. Such measurement includes FCS (See 

Appendix A-4). In these measurements, the fluorophore is introduced to the protein as 

either covalently attached label or non-covalently interacting dye/probe. The free-

moving fluorophores are generally small molecules that non-convalently interact with 

the protein whereby this interaction will produce changes in one or more of its 

fluorescent properties. Over the years, great efforts have been undertaken in the 

modification of nucleotides so as to enhance their ability as fluorescent probes for 

study of nucleotide binding proteins. An example of such probe used in this study is 
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the fluorescent analog of ATP called 2'(3')-0-(2,4,6-frinitrophenyi)adenosine-5'-

triphosphate (TNP-ATP): 

H 0 _ p _ 0 _ f ) _ 0 — JJ-OCHT 

I I 

This fluorescent analogue has been used in a number of experiments investigating the 

binding interactions of nucleotide with different proteins (e.g. Insulysin (see Fig. A-

7), DNA polymerase I, F-ATPases, cation pumping ATPases, Ca2+-ATPases, etc, also 

reviewed by Hiratsuka, 2003). There are several advantages of using TNP-ATP 

which include the following: 

(a) they closely resemble naturally occurring ATP; 

(b) they are weakly fluorescent in aqueous medium but exhibit high 

fluorescence when bound to protein; 

(c) their excitation wavelength is much further than the absorbance spectra 

of protein and nucleotide; 

(d) they are sensitive to changes in the surrounding environment such as 

polarity and viscosity. 

The absorption and fluorescence emission maximum of TNP-ATP varies depending 

on the solvent polarity as shown in the following table: 
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Absorption Fluorescence 
Solvent polarity Wavelength 

Wavelength (nm) 
(nm) 

Water 408 561 

Organic 410 533 

(80% ethylene glycol) (A^N-dimethylformamide) 

The quantum yield is augmented by 75-fold when it is transferred from water to 

organic solvent (iV,iV-dimethylformamide). It should be emphasized that the 

fluorescence of TNP-ATP can be enhanced markedly upon binding to a protein. This 

is so because when the nucleotide binds to the active binding pocket of the protein, the 

water is displaced and the surrounding environment of the nucleotide becomes more 

hydrophobic (i.e. local polarity decreases). The binding interaction between the 

protein and TNP-ATP is therefore normally observed with the following changes in 

the fluorescence properties of TNP-ATP (see Fig. A-7): 

(a) a specific shift of the fluorescence emission maximum to a shorter 

wavelength, and 

(b) an increase in the relative intensity fluorescence 

On the whole, these spectral properties of TNP-PNP enable us to use this analogue as 

a fluorescent probe in investigations of binding interactions of nucleotide with various 

proteins (Yao & Hersh, 2006; Ye et al, 2000). Such studies can easily monitored by 

detecting the changes in absorption and fluorescence using sensitive spectroscopic 

instrumentation (such as Varian Cary Eclipse fluorescence spectrometer). 
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r—— ^ f „ | ^ , , , , , , , _ , , „ , , , , , ! 

.00 520 540 560 580 
Wavelength (nm) 

Fig. A-7 A typical fluorescence spectra of TNP-ATP in the presence and absence of insulin 
degrading enzyme, insulysin (IDE) 
The wavelength of the maxium fluorescence emission of TNP-ATP in buffer alone is at 547 nm 
whereas the protein and the buffer alone displayed little fluorescence at this wavelength. However, in 
the presence of protein IDE, the fluorescence maximum enhanced by four fold with a concurrent shift 
of the maxima to the left by 9 nm to 538nm. These spectral changes indicate specific binding 
interaction between IDE and TNP-ATP and such observation are generally noted in all other protein-
TNP-ATP interactions. Figure adapted from Yao et al., 2006. 

Apart from TNP-ATP, we exploited other extrinsic fluorophores such those used in 

FCS experiments (ATTO-labeled nucleotides and Cy5). 
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Appendices: Appendix C 

Appendix C 

Secondary prediction of PY01365 showing the location of Region I and Region 2 

The red solid line demarcates Region 1 while the blue dashed line demarcates Region 
2. 

P r e d : 

Pred: CCCEEEEHHHHHHHHHHHHHHHHHHHHHCCCCCCCCCCCC 
AA: MKKFIYITTTYIVLFTSLEIIYGRKIETEKKNHDAQLNSF 

lO 20 30 40 

Pred: 6EZZD 6M 
Pred: CCCCCCCCCCCCCCCCCHHHHHCCCCCCCCCCCCCCCCHH 

AA: YLYHNLEGVNLNDSNSSNEKQYNNKNNAINDQTFIQPHSI 
• i i i 

50 60 70 80 

Conf : 

Pred: 
Pred : 

AA 

Conf : 

Pred : 

Pred: 
AA: 

Conf : 

Pred: 

Pred : 
AA: 

Conf : 

Pred: 

Pred : 
AA 

Conf : 
Pred : 

Pred: 
A A 

<=> 
HHHCCCCCCCCCCEEECCCCCCCCCCCCHHHHCCCCCCCC 
TYFRNQKDTANDKITLYNDYTIKNNFNAFKSFNNDSEKTD 

90 lOO H O 120 

]Dla=,DDDDa=,=i=i3DDDDDDD3DDD=iii==iiizi=iDDDIlDDD=iuE 

CCCCCCCCCCEECCCCCCCCHHHHHHHEEEECCCCCCCEE 
RKATIVKNSFIQKSSAPSFDPDIYNEIDIIYGASYTNENL 

• • • • 

13Q 14Q ISO 16 O 

EECCHHHHHHHHHHHHHHHCCCCCCCHHHHHHHHHHHHHH 
EFFYAKLQICYDLRTIDSKGYYSSKRLLDSILNKLKQIQK 

• I I I 

170 ISO 190 200 

HHHHHHHHHHHHHHHHHHHHHHHCCCHHHHHCCCCCCHHH 
DIIAIKKECEPRRTNVIGEMVKIQDPLYEFYKEPIHSYYN 

210 220 230 240 

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCC 
SYEISKKDYVNCILPRFKNLEPILDGILSSLKLEYDYVGY 

250 :60 2VO 280 
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Conf : 
Pred : 

Pred : 
AA 

Conf i 
Pred: 

Pred : 
AA 

Conf : 
Pred: 

Pred : 
AA 

JDDDDzmiiDDlDDDlDDDDDDDDiiDDDriDDIIlDJDziii^-lE 

<L 
CCHHHCCHHHHHHHHHHHHHHHHCCCCCCCCCCCCCCCCH 
YSYWDIDAAYKEHATITHKHILAFLNDVKKHPMPNDKETV 

290 300 310 320 

]331333311333J233333333113331133111212123i 

HHHHHHHHHHHHCCCHHHHHHHHHHHHHHHHHHHHHHHHH 
PHIKSLIQILESEGEQKHLKNKLIFLEKQFEDVIHKSSIY 

330 340 350 360 

]DDDHDDDIDIDIDDD3D1DDDZ.DDDD31I]D:ID]DD]DE 

> <L 
HHHHHHHHHHHHHHHCCCCCCCHHHHHHHHHHHHHHHHHH 
LEKCLSSHLLMEDYLKDSKISPYYYEFLEKIKRISKRREI 

370 380 390 400 

Conf : 
Pred : 

Pred : 
AA 

Conf : 
Pred : 

Pred : 
AA 

]DDDDDDDDDDDDDDDIDDDDDDDDDDDDDDDD:3=IDDDDDE 

_ > • 

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCCC 
FFYNAKKLKYL.E IVYNHQKEVLNS FVKTLGRLLIEKPD PN 

410 420 430 440 

UluU^JlJDnnzi^^ziDllJllllJJllJllJ^Ullnu^ 

CCCCCCCCCCHHCCCCHHHHHHHHHHHHHHHHCCCCCCCC 
NNQIFKDDFDEFYKPIPKSNLKALETRFFEIFKQEWGSYD 

• t i i 

450 460 470 480 

Conf 
Pred : 

Pred : 
AA 

: ]33^IlZin^33linZlnzj313133113133l333Hln3=in3=inl 

CCCCHHHCCCCCHHHHHHHHHHHHHHHHHHHHHHCCCCCC 
NKKTLGKNVNQDNTVRLILMRMKDFKDIIDSMELYKRRVT 

490 500 510 520 

Conf : 

Pred ; 

Pred : 
AA 

3nDDDDDDDDDDDDll=ilDDlDDDlDlDDDDDDD3DDDDDDDE 

HHHHHHHHHHHHHCCCCHHHHHHHHHHHHHHHCCHHHHHH 
SKNKILSDIDQNLNKKTYKEIENGLKESYTLATNWKRLKH 

530 540 550 560 
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Conf : 

Pred i 

Pred : 
A A 

Conf : 

Pred: 

Pred: 
A A 

Conf : 

Pred : 

Pred.: 
A A 

Conf : 

Pred: 

Pred 
A A 

Conf 

Pred 

Pred : 
A A 

Conf : 

Pred: 

Pred : 
A A 

Conf : 

Pred: 

Pred : 
A A 

]MDDDDDDDDD1]DDDDDDDDD3DDDDDDD3DDDDDDDDDE 

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH 
KIKTELEEYNEDSIHLEKEIMNLPDKYLEIDDEIVYINTL 

570 580 590 600 

]DDDDD]D:DDDDDDDDDDDDID=,DDDDD^DD3DDDI:DDE 

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHC 
K L E L K E K I K N I S D K M E Y V K K A I D L K K W E N N N A Y I D E L A K 

610 620 630 640 

]^DDHJI:IDD^DD^DDDDD:DDD^D=^DDDDD:DDE 

CCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH 
IS PYQVTEYVKNKDKIYSTIKS ELSKIYQGDLDALYNELS 

• • • • 

650 660 670 680 
• 

HHHHHCHHHHHCCHHHHHHHHHHHHHHHHCCCCCCCCCHH 
SIVKENAVDNTEDKAKLEDLKSKIDKEYDKIQNMETETVK 

• i i i 

690 700 710 720 

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHC 
LNLSTIENKKNELLSIIVEMKKHIHSELNNELNKIVEDFK 

« i i i 

730 740 750 760 

4) )—g 
CHHHHCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCC 
SKEKQLSSNINDYSNYKDELNKYKSKISEIKSQYNDQSNI 

• • • I 

770 780 790 800 

<L >-€L _ 
CCCCCCHHHHHHHHHHHHHHHCCCHHHHHHHHHHHHHHHH 
DNIKDEDAKQNYEKSKEYIKTISVKEDEIFKIINEMKFMK 

810 820 830 840 
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Pred: • rJ2 
Pred: HHHHHHHHHHHHHHHHHHHHCCCCHHHHHHHHHHHHHHHH 

AA: DDILNKVNVFVNLENNHKEKINSGHESFAELVNKIKNEIS 
• i i i 

850 860 870 880 

conf: 3DD::DID:^^DDDDD::D^:IDDD:IDDD:^DD:DDE 

Pred: HHHHHHHHHHHCCHHHHHHHHHHHHHHHHHHHHHHHHHHH 
AA: DDQLNDYEKNVNDSKSLINEITKSIEEEYQNINTLKKVNG 

• i i i 

890 900 910 920 

conf: 3DD:DIDDDDDDD:DDDIDDDDD:DDDD:DDDD:DDDD,D=IE 
Pred: 

Pred: HHHHHHCHHHHHHHHHCCHHHHHHHHHHHHHHHHCCCCHH 
AA: YLKICKNTTESIEKFRNKQNKLNEILNKNIDVIKNSNLIE 

• • i i 

930 940 950 960 

conf: IDD:DDDD:DDDD:DDDD:DDDDDDUDD3DDDDDDDDD:DDE 
Pred: ZXT" 
Pred: HHHHHHHHHHHHHHHHHHHHHHCHHHHHHHHHHHHHHHHH 

AA: KSYTNQFDNTLTDKKTELEKIFTELSLSSYEAKNNELIKY 

970 980 990 1000 

conf : JIDIlIIIIIlIbllimE 
Pred: ^ ~% 
Pred: HHHHHHHHCCCC 

AA: FNDLKENLGTPK 
• 

1 0 1 0 

Legend: 

= helix Conf: ]aDJ J JL = confidence of prediction 

,—s 
1 y< = strand Pred: predicted secondary structure 

= coil AA: target sequence 
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Secondary prediction of recombinant His-tagged Region 1 

C o n f 
P r e d — 0 ) d 
Pred: CCCHHHHCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCH 

AA: HHHHHHMVTEKKNHDAQLNSFYLYHNLEGVNLNDSNSSNE 

Conf 

Pred 

Pred 
AA 

10 20 30 40 

3n 3 n 3 3 U IDI I IG : ] zi n n H Z b n = o n n n =13 3330003 =i H H u zaUllE 

-en ^ > 
HHHCCCCCCCCCCCCCCCCCCCHHCCCCCCCCCEEEECCC 
KQYNNKNNAINDQTFIQPHSITYFRNQKDTANDKITLYND 

5 0 6 0 7 0 8 0 

C o n f : 3D11DHDDHDIIDDI1DIIDDDIIZII1IIZ1Z1ZIZIDIIZIZ1DZ1Z1DDDDDDI1E 

P r e d - - — o y 
Pred: CCCCCCCCCHHHHCCCCCCCCCCEECCCCHHHHCCCCCCC 

AA: YTIKNNFNAFKSFNNDSEKTDRKATIVKNSFIQKSSAPSF 
• i i i 

90 100 110 120 

c o n f : 3DDDDIInIlIlD=innDDD^DD=i=.ziz.zi^ziiiDDDllDlDDDDDDDllE 

~ t ^ ^ \S*~ vS~ t i 
Pred: CHHHHHHEEEECCCCCCCCEEEECCCHHHHHHHHHHHHHH 

AA: DPDIYNEIDIIYGASYTNENLEFFYAKLQICYDLRTIDSK 
i i i i 

130 140 150 160 

Conf : ̂ ziDDDDDll^D^DDDD^DD^DDDDl^Dll^DDDD^DE 
Pred: -J ( - ) . ' ' \ 
Pred: HCCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH 

AA: GYYSSKRLLDSILNKLKQIQKDIIAIKKECEPRRTNVIGE 
• i i i 

170 180 190 200 

Conf : 3DlDD=lDDDDI]l!DllDDDDDllZID=lIlllDDHDIlDDlDDDDDll=lE 
P r e d : 

P r e d : HHHHCCHHHHHCCCCCCCCCCCCHHHHHHHHHHHHHHHHH 
A A : M V K I Q D P L Y E F Y K E P I H S Y Y N S Y E I S K K D Y V N C I L P R F K N 

i i i i 

2 1 0 2 2 0 2 3 0 2 4 0 

C o n f : ]=iD=lZlDDlDDIlDDDDDDD=l=l=IlDDDZIZlDDllDDDDDDDDDDZlE 
p->--£=>(-3 . \ r\ \ /-y 

' ) tL_ ) tl_ 
Pred: HHHHHHHHHHHHHHHHHHCCCCCHHHCCCHHHHHHHHHHH 

AA: LEPILDGILSSLKLEYDYVGYYSYWDIDAAYKEHATITHK 
• i i i 

250 260 270 280 
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C o n f : 

P r e d : 

P r e d ; 
A A 

C o n f : 

P r e d : 

P r e d : 
A A 

C o n f : 

P r e d i 

P r e d : 
A A 

C o n f : 

P r e d : 

P r e d : 
A A 

C o n f : 

P r e d ; 

P r e d : 
A A 

C o n f : 

P r e d : 

P r e d : 
A A 

C o n f : 

P r e d : 

P r e d : 
A A : 

^ZlZI^HZlIlDDIIZlDlDllIlDlDD^DziIlDIlDDDDDDDllDlllllDDDE 

EEECCCCCCCCCCCCCCCCCHHHHHHHHHHHHHCCCHHHH 
HILAFLNDVKKHPMPNDKETVPHIKSLIQILESEGEQKHL 

• i i i 

290 300 310 320 

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCC 
KNKLIFLEKQFEDVIHKSSIYLEKCLSSHLLMEDYLKDSK 

330 340 350 360 

3DDDHDDDDDDDDDDDDDDDD]DDD=.DDDDDDDDDDDDDDDE 

CCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH 
ISPYYYEFLEKIKRISKRREIFFYNAKKLKYLEIVYNHQK 

• i i i 

370 380 390 400 

c£> 
HHHHHHHHHHHHHHCCCCCCCCCEECCCCCCCCCCCCCHH 
EVLNSFVKTLGRLLIEKPDPNNNQIFKDDFDEFYKPIPKS 

• • i i 

410 420 430 440 

- : _ 
HHHHHHHHHHHHHHHHHHHHCCCCCCCCCCCCCCHHHHHH 
NLKALETRFFEIFKQEWGSYDNKKTLGKNVNQDNTVRLIL 

• • i i 

450 460 470 480 

zy-^n 
HHHHHHHHHHHHHHHHH C CC CHHHHHHHHHHHHHHC C CHH 
MRMKDFKDIIDSMELYKRRVTSKNKILSDIDQNLNKKTYK 

490 500 510 520 

mDDziDDDDlDDDDllDDDDDDDDDDDDDDii3DDDDDDDDDE 

Z 
HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH 
EIENGLKESYTLATNWKRLKHKIKTELEEYNEDSIHLEKE 

530 540 550 560 
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conf: nniiiDBDiniLDminrnraDJini]::! 
Pred: 
Pred: HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH 

AA: INNLFDKYLEIDDEIVYINTLKLELKEKIKNISDKNEYVK 

570 580 590 600 

Pred: 

Pred: HHHHHHHHHHHHHHHHHHHHCCCCCC 
AA: KAIDLKKWENNNAYIDELAKISPYQ 

610 620 

Legend: 

= helix 

> - strand 

coil 

Conf t JaaD J J L = confident e of prediction 

Pred: predicted secondary structure 

AA: target sequence 
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Secondary prediction of recombinant His-tagged Region 2 

Conf : 

Pred: 

Pred: 
AA: 

Conf : 

P r e d : 

P r e d : 
A A 

Conf : 

Pred: 

P r e d : 
A A 

Conf : 

Pred : 

P r e d : 
AA: 

Conf : 

P r ed ; 

Pred : 
AA: 

Conf : 

P r e d : 

Pred: 
AA: 

C o n f : 

P r ed : 

Pred: 
A A 

]]DD3IIDDDD=IDDDDDDDDDDDDDDDDDDDDDDDDJDDDDDE 

<L 
C C C H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H 
H H H H H H M V G E Q K H L K N K L I F L E K Q F E D V I H K S S I Y L E K C L 

10 20 30 40 

nDDDDDDDDDziDDDDDDDDDDDDDDD^DD^DDDDDDJE 
: 

H H H H H H H H H H H C C C C C H H H H H H H H H H H H H H H H H H H H H H H H 
S S H L L M E D Y L K D S K I S P Y Y Y E F L E K I K R I S K R R E I F F Y N A 

• i i i 

5 0 6 0 7 0 8 0 

I Z I H B I ^ 0> 
H H H H H H H H H H H H H H H H H H H H H H H H H H H H H C C C C C C C C C E E 
K K L K Y L E I V Y N H Q K E V L N S F V K T L G R L L I E K P D P N N N Q I F 

• i i i 

90 100 110 120 

C C C C C C C C C C C C H H H H H H H H H H H H H H H H H H H H H H H C C C C C 
K D D F D E F Y K P I P K S N L K A L E T R F F E I F K Q E W G S Y D N K K T L 

t i l l 

130 140 150 160 

C C C C C C C C C H H H H H H H H H H H H H H H H H H H H C C C C C C H H H H H 
G K N V N Q D N T V R L I L M R M K D F K D I I D S M E L Y K R R V T S K N K I 

I I I I 

170 180 190 200 

H H H H H H H H C C C C H H H H H H H H H H H H H H H C C H H H H H H H H H H H 
L S D I D Q N L N K K T Y K E I E N G L K E S Y T L A T N W K R L K H K I K T E 

• i i i 

210 220 230 240 

H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H 
L E E Y N E D S I H L E K E I N N L F D K Y L E I D D E I V Y I N T L K L E L K 

250 260 270 280 
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Conf : 

P r e d : 

P r e d ; 
A A 

Conf : 

Pred : 

Pred : 
A A 

Conf : 

Pred: 

Pred : 
AA: 

Conf : 

Pred : 

P r e d : 
A A 

Conf 

P r e d 

P r e d ; 
A A 

Conf : 

Pred : 

Pred : 
A A 

Conf : 

Pred : 

Pred : 
A A 

3^DDDII::D^^D:DDHD^DD^:::D:D^II^IDIIE 

H H H H H H H H H H H H H H H H H C H H H H H H H H H H H H H H H H C C C C C C 
E K I K N I S D K N E Y V K K A I D L K K W E N N N A Y I D E L A K I S P Y Q 

290 300 3 10 320 

3HDDDDD=I=IDD^^D:I::D:^D^::ID:^DD^::IIE 

H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H 
V T E Y V K N K D K I Y S T I K S E L S K I Y Q G D L D A L Y N E L S S I V K E 

330 34 0 350 360 

3DHDHZIII=I:ID^^D:::ID:^D^DDDII==III^DI:IIE 

CHHHHHHCHHHHHHHHHHHHHHHHHHCCCCCCCHHHHHHH 
NAVDNTEDKAKLEDLKSKIDKEYDKIQNMETETVKLNLST 

• i i i 

370 380 3 90 400 

H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H H 
I E N K K N E L L S I I V E M K K H I H S E L N N E L N K I V E D F K S K E K Q 

410 420 43 0 440 

DlDDD^D^DDDDDD^^^DDDDDHnziziDlDlDE ]=ozo 

HHCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCCCCC 
LSSNINDYSNYKDELNKYKSKISEIKSQYNDQSNIDNIKD 

i i i i 

45 0 460 470 480 

bz.^DDDDDD^^DiDii=iiii^^D:DD:D^DD:::DE 

C C H H H H H H H H H H H H H H C C C C H H H H H H H H H H H H H H H H H H H H 
E D A K Q N Y E K S K E Y I K T I S V K E D E I F K I I N E M K F M K D D I L N 

490 50 0 510 520 

3D=,DIIDIDD:D^DDZIIDDDDI^DDI::]D:DI^D::DDE 

H H H H H H H H H H H H H H H C C C C H H H H H H H H H H H H H H H H H H H H H 
K V N V F V N L E N N H K E K I N S G H E S F A E L V N K I K N E I S D D Q L N 

530 54 0 55 0 56 0 
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conf = D:::D3:D::i:m]]m]:::D:]]]:]:::D:]::DE 
Pred: 3 
Pred: HHHHHHCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH 

AA: DYEKNVNDSKSLINEITKSIEEEYQNINTLKKVNGYLKIC 

57 0 580 59 0 600 

Pred: 

Pred: CCHHHHHHHHHCCHHHHHHHHHHHHHHHHCCCHHHHHHHH 
AA: KNTTESIEKFRNKQNKLNEILNKNIDVIKNSNLIEKSYTN 

610 620 63 0 640 

conf: DII3]]]IDlD]]]] : I I ] ] ] ] : ] ] ] ] I I ] ]m 
Pred 
Pred: HHHHHHHHHHHHHHHHCCHHHHHHHHHHHHHHHHHHHHHH 

AA: QFDNTLTDKKTELEKIFTELSLSSYEAKNNELIKYFNDLK 
i i i i 

650 660 670 680 

Conf : DDIHL 
Pred 

Pred 
AA 

HHCC 
ENLG 

Legend: 

= helix 

\S = strand 

::oil 

Conf : J a 3 J J J [ = confidence of prediction 

Pred: predicted secondary structure 

AA: target sequence 
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