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ABSTRACT

Myristoyl Co A: jV-myristoyltransferase (NMT) catalyses the transfer of the carbon 14 

fatty acid from myristoyl-CoA to the N-terminal glycine of a variety of eukaryotic 

cellular and viral proteins. This occurs co-translationally i.e. as the protein is being 

synthesised or very soon after completion of protein synthesis. NMT has previously 

been cloned from the three pathogenic fungi: Histoplasma capsulatum, Cryptococcus 

neoformans and Candida albicans. Mutations which knock out the gene cause recessive 

lethality, suggesting that one or more 7V-myristoylated proteins is required for the 

viability of these pathogenic fungi. The purpose of this study was to identify and clone 

the Plasmodium falciparum N M T then to express an enzymatically active, recombinant 

protein. A alignment of all known NMT amino acid sequences show areas of homology. 

Oligonucleotide primers were designed, based on these areas of homology and used to 

amplify part of Plasmodium falciparum NMT (PfNMT). Full length PfNMT was 

subsequently cloned using a series of genomic and vectorette libraries. The PfNMT gene 

covers 1617bp of genomic DNA and 1233bp of cDNA with 3 introns, all towards the 

5’end of the gene. The human NMT possesses N-terminal extension, which is thought 

to direct the normally cytosolic enzyme to the free ribosomes. Extensive studies of the 

5’ end of PfNMT by PCR has confirmed the absence of this extension in the P. 

falciparum enzyme. PfNMT cDNA was expressed in the expression vector pTRC-HisC 

and the recombinant protein has an apparent molecular mass of 47kDa. Enzymatic 

activity of recombinant PfNMT was determined based on its ability to A-myristoylate a 

synthetic peptide in vitro. This assay confirmed that PfNMT is functionally active in



vitro. Finally, the inhibition of both recombinant PfNMT and PfNMT from parasite 

cultures was investigated, for a comparison with the human NMT and to determine if 

inhibition of NMT from P. falciparum cultures was detrimental to the growth of the 

parasite.
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CHAPTER ONE 

INTRODUCTION

1.1.1 Why is Malaria a Human Health Concern?

Malaria is a debilitating disease transmitted by the female Anopheline mosquito. 

Malaria is the most significant human parasitic disease and is caused by protozoa of 

the genus Plasmodium. Four species of Plasmodium naturally infect humans: 

Plasmodium vivax, Plasmodium ovale, Plasmodium malariae and Plasmodium 

falciparum. Infection with either of the first three aforementioned species, leads to a 

relatively benign form of malaria with severe illness characterized by distinctive, 

intermittent fevers, hot stages, cold stages and periods of profuse sweating (White, 

1996). Other symptoms of malaria include headaches, backaches, malnutrition, 

general debilitation, enlargement of the spleen and anaemia. The fourth species, 

Plasmodium falciparum causes a much more serious and chronic illness, with a 

greater number of complications, including cerebral malaria, that may lead to coma 

and death within a few days. P. falciparum is the most prevalent of the four human 

malaria parasites and causes most of the severe and lethal infections, and is thus 

responsible for the high incidence of morbidity and mortality associated with the 

disease. Malaria is transmitted in both tropical and temperate regions with P. vivax 

having the widest geographical distribution in Central America and South East Asia, 

and P. falciparum predominating in Africa and much of South East Asia. The threat 

of malaria varies with the rate of transmission and the immunity of the individuals 

at risk. In drier areas, where rainfall is sporadic, malaria tends to be transmitted 

only during the wet seasons. In these areas of seasonal transmission, malaria 

epidemics occur, the population often have a low immunity to the disease and all



ages are at risk. Here, the case numbers can be very high with the deaths of many 

adults and children. In tropical areas with rainfall throughout the year, the 

transmission of malaria is continuous and people are constantly exposed to the 

parasite. Here, malaria is often fatal to children between one and five years old 

(White, 1996). Those that survive to adulthood develop a state of premunition, 

which is a partial immunity, whereby the body can limit the rate of multiplication of 

the parasite but does not clear the infection. Hence the infected person and the 

parasite may achieve a state of equilibrium. Repeated infections are required to 

maintain this premunition. This immunity to malaria will be lost within a few 

months if exposure stops and the person will be at risk again when re-exposed. 

Malaria impairs the physical and mental development of children, often inflicting 

lethargy on its victims. This ultimately limits their education and their potential to 

contribute fully to the social and economic growth of the country. As malaria is 

most serious in poor countries, it contributes to a vicious circle of disease-poverty- 

disease and therefore, continues to be a threat to third world countries (Kondrachine 

et al., 1997). At present, some 90 countries are at risk. This covers approximately 

40% of the world’s population, with 500 million clinical cases and 2.7 million 

deaths being reported annually, according to World Health Organisation estimates.
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Figure 1.1 The Plasmodium lifecycle.

A female Anopheline mosquito takes a blood meal and inadvertently, injects 

sporozoites into the mammalian host. These sporozoites invade liver hepatocytes 

within 30-60 min post inoculation (Doolan et al., 1996) and develop into 

multinucleate schizonts. This is known as extra-erythrocytic or hepatic schizogeny 

and this part of the life cycle ends when the schizonts lyse the liver cells, releasing 

thousands of merozoite progeny into the bloodstream. These merozoites invade 

erythrocytes and develop into ring forms. Within the erythrocyte, the parasite is 

partially protected from the host’s immune response and develops through the 

trophozoite stage into a multinucleate schizont, producing 8-32 merozoites per 

infected erythrocyte. The schizonts rupture, releasing new merozoites into the 

bloodstream. Some merozoites successfully invade new erythrocytes, repeating the 

asexual erythrocytic cycle. Some of these parasites differentiate into gametocytes 

which are ingested by a mosquito as it takes its next bloodmeal. These gametocytes 

then start a new round of sexual reproduction in the mosquito’s stomach, resulting in 

the formation of oocysts and the production of sporozoites. These sporozoites migrate 

to the mosquito’s salivary glands and so the cycle continues.

3
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1.1.2 Malaria Pathogenesis

Malaria is a severe debilitating disease often with the development of malnutrition, 

enlargement of the spleen and anaemia. P. falciparum infections can cause severe 

complications including hypoglycaemia, renal failure, and blockage of the veins and 

capillaries serving the major organs, which can lead to organ failure (Ockenhouse et 

al., 1991). The time of erythrocyte rupture and merozoite release coincides with 

fever and chills that are believed to be caused by a malarial toxin that induces 

macrophages to secrete tumuor necrosis factor a  (TNFa) and interleukin 1, which
i

are pyrogens that are believed to play a role in disease pathogenesis (|Rockett et al.,

1994). TNFa is thought to induce the upregulation of ICAM-1 receptors in 

endothelia of cerebral blood vessels (mechanisms described below). This allows 

infected erythrocytes to bind to the capillaries leading to blockage of the veins 

serving the brain and resulting in cerebral malaria.

1.1.3 Modifications of Parasitised Erythrocytes

Plasmodium infected red blood cells show dramatic changes both morphologically 

and biochemically from uninfected red cells (Aikawa , 1988). These 

modifications are probably crucial for the parasite, in order to survive and replicate 

within the host erythrocyte. These include the development of a complex network of 

membranes termed the parasitophorous vacuolar membrane (PVM) and the 

tubovesicular membranes (TVM) ( Dluzewski et al., 1995).

Parasitised erythrocytes also greatly increase in permeability to low molecular mass

>
sugars, alcohols and nucleosides. Infected red cells also show increased fluidity and
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the ability to import nutrient molecules (Deitsch et al., 1996). This suggests that ion 

channels may be formed during parasite development.

Only one enzyme activity has been detected, to date, in the PVM/TVM network. 

This activity is that of sphingomyelin synthase (Elmendorf et al., 1994), which, is 

involved in the production of sphingomyelin from its ceramide precursor and is a 

characteristic marker for the Golgi network. As sphingolipids in mammalian cells 

are believed to modulate the sorting of proteins and lipids, this may implicate the 

PVM/TVM network in the uptake of extracellular lipids into the parasite. As well as 

sphingomyelin synthase, two other proteins residing in the PVM/TVM network have 

been identified. One of these proteins is a 21kDa protein, termed exp-1, that has the 

typical structure of a transmembrane protein (Simmons et al., 1987).

However, the most prominent modification of infected red cells is the generation of 

electron dense protrusions at the surface of the erythrocyte termed knob structures 

(Deitsch et al., 1996). These serve as points of attachment, whereby, infected red 

cells adhere to the vascular endothelium of venules and capillaries, a process called 

cytoadherence. Such sequestration in the veins and capillaries of vital organs may 

induce the release of toxic mediators resulting in organ dysfunction and death 

(Ockenhouse et al., 1991). Hence much of the pathogenesis of P. falciparum malaria 

is attributed to cytoadherence. This sequestration is thought to be an important 

mechanism of avoiding the reticulo-endothelial cells of the spleen, which recognize 

and destroy damaged erythrocytes and effectively remove them from the circulation.

6



The molecular basis for cytoadherence is the interaction between parasite ligands 

inserted into the erythrocyte membrane and host endothelial receptors. This occurs 

by the binding of parasite proteins at the red cell surface to receptors such as CD36, 

ICAM-1, VCAM-1, E-Selectin and thrombospondin. However, the insertion of 

parasite proteins into red cell membranes renders the parasite susceptible to immune 

attack by circulating host antibodies (Borst et al., 1995). To overcome this problem, 

the parasite undergoes antigenic variation by changing the phenotype of antigens 

expressed on the red cell membrane. A family of highly diverse, high molecular 

mass proteins has been identified on the surface of infected erythrocytes. These 

proteins are defined by their antigenic diversity, high and variable molecular masses 

between 200-350kDa and their insolubility in non-ionic detergents (Smith et al.,

1995). These proteins are collectively known as PjEMP-1 (Plasmodium falciparum 

Erythrocyte Membrane Protein-1) and are the products of the var genes. These 

proteins concentrate at the knob structures of infected red cells and mediate 

cytoadherence to the vascular endothelium. Several studies have found that P. 

falciparum parasites express P/EMP-1 at the infected cell surface and that these 

proteins are responsible for both antigenic variation and cytoadherence of infected 

red cells to the vascular beds of vital organs (Su et al., 1995). Another aspect of 

cerebral malaria may be the overproduction of NO, which is induced by TNF (Clark 

et al, 1994). NO is a potent vasodilator, capable of causing blood vessels in the brain 

to dilate. This could lead to increased pressure within the cranium, as seen in 

cerebral malaria patients. Therefore, NO together with the var gene products, 

probably mediate the pathology of severe, complicated cerebral malaria characteristic 

of P. falciparum infections.

7



1.2 Intervention in the Parasite Life Cycle

One target to control of malaria, is the Anopheles mosquito vector, but this approach 

has its difficulties. These difficulties include resistance of the mosquito to pesticide, 

refusal by people to repeatedly spray their houses or sacred buildings, and the high 

cost of pesticide control. The long term use of antimalarials comes hand in hand 

with the emergence of drug resistant strains of P. falciparum and therefore, there is 

an urgent need for new drugs against the parasite. The lack of new effective drugs or 

vaccination as prophylactic control together with breakdown of mosquito vector 

control strategies to prevent its transmission, have lead to the return of malaria to 

areas where it had previously been eradicated, often with increased severity.

1.2.1 Breaking the Life Cycle with a Vaccine

Interfering with the transfer of the malaria parasite from the infected mosquito to the 

human host by using insecticides, prophylactic drugs and physical barriers such as 

impregnated bednets can reduce the morbidity and mortality of malaria. However, 

this is becoming increasingly impractical due to the spread of insecticide resistance 

in the mosquito and drug resistance in the parasite. Therefore, the generation of a 

vaccine may be critical to reduce the 300-500 million new Plasmodium infections 

each year. A universally effective malaria vaccine is not available, despite 

significant advances in understanding the immune mechanisms that confer 

protection, the identification of several vaccine candidate antigens and the design of 

several vaccine delivery systems that induce the required immune responses. 

However, due to the complexity of the parasite life cycle, the cost of vaccine



development, and the relative lack of interest from commercial companies, only 

recently have vaccines entered clinical trials.

Several prote^nsjilve been identified as potential targets for a vaccine (Nussenweig et 

al., 1994). The first protein identified as the target of protective immune responses 

against the pre-erythrocytic stages was the circumsporozoite (CS) protein. The CS 

protein is a major surface protein of sporozoites and is carried into the hepatocyte 

when the sporozoite invades. A repetitive amino acid sequence appears to be the 

immunodominant B-cell epitope on the CS molecule in P. falciparum, this repeat 

sequence comprises (Asn-Ala-Asn-Pro)n and appears to be conserved between 

different isolates. Experimental animals immunised with irradiated sporozoites are 

protected against challenge with the Plasmodium parasite (Nussenweig et al., 1997) 

and human volunteers subjected to multiple bites from P. falciparum or P.vivax 

irradiated mosquitoes were resistant to sporozoite challenge proving that 

immunisation against malaria is possible. However, problems lie, first with the fact 

that sporozoites are difficult to maintain in culture and therefore, a recombinant 

vaccine is the only practical solution. Secondly, the presence of sporozoites in the 

peripheral circulation is limited to only minutes prior to liver hepatocyte invasion, 

giving any circulating antibodies very little time in which to mediate an immune 

response.

The asexual, erythrocytic stage of the parasite life cycle is responsible for the 

pathology induced by malaria, presenting a possible target for a vaccine. Several 

blood stage antigens have been identified as promising vaccine candidates (Good et

9



ah, 1998). The best understood of these is merozoite surface protein 1 (MSP-1). 

MSP-1 is currently a leading candidate vaccine antigen (Holder et al., 1994). The 

19kDa fragment is a conserved region of the molecule and has 2 EGF-like domains 

thought to play a critical role in parasite invasion of red blood cells (Blackman et al., 

1990; Blackman et al., 1994). This 19kDa fragment also induces a protective 

immune response in rodent malaria models (Daly et ah, 1993).

In a different approach, Pattaroyo and co-workers in Columbia, used a string of 

immunodominant peptides from various blood stage antigens and the CS protein to 

generate the SPf66 vaccine (Lopez et ah, 1994; Migasena et al., 1997). SPf66 is a 

synthetic peptide vaccine against P. falciparum malaria, and induced partial 

protection initially in Aotus monkeys and subsequently in humans. This vaccine has 

been tested in clinical trials in South America, Africa and Thailand (Caba et al, 

1997; Alonso et al., 1994). However, recent evidence suggests that SPf66 offers 

little, or no protection against P. falciparum malaria (Marshall et ah, 1996).

The sexual stages which are responsible for transmission to the mosquito vector, are 

another vaccine target. Such a vaccine would not directly protect the immunised 

individual from the disease, but would prevent the spread of the disease by blocking 

mosquito transmission (Kaslow et al., 1991; Kaslow et ah, 1992; Kaslow et al., 

1994). Recently, the P. falciparum transmission blocking vaccine candidate Pfs25, 

entered Phase 1 trials for safety and immunogenicity. Although early data suggest 

that the vaccine is safe and induces antibodies, these antibodies lack functional 

transmission blocking activity in vitro (Kaslow et al., 1997).
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During each developmental stage of the malaria parasite’s life cycle, different 

antigens are expressed. Therefore, the strategies to develop a malaria vaccine are 

focused mainly on inducing immunity against single stages. Thus, these vaccine 

candidate antigens are all based on a limited set of antigens and often, a certain set of 

epitopes. However, many of these epitopes show high levels of diversity between 

different strains, suggesting the need for a strategy that will overcome this strain to 

strain variation. Furthermore, in spite of the fact that several vaccine candidates 

have been identified and that clinical trials are currently underway, the results of 

these trials have so far proved to be disappointing. This, together with emerging 

resistance against the currently available anti-malarial drugs, underlie the fact that 

there is an urgent need for novel chemotherapeutic targets in malaria.

1.2.2 Breaking the Life Cycle and Antimalarial Drugs

The second method of breaking the parasite’s life cycle is with the use of anti- 

malarial drugs. The earliest of all the anti-malarials used in Europe, was quinine, 

concentrated from the bark of the Cinchona tree in South America where it was 

originally discovered. However, quinine is now considered too toxic for prophylaxis 

or the routine treatment of malaria and therefore, it is only used to treat severe or 

cerebral malaria (Foley et al., 1997). 4-aminoquinolines have been synthesised as 

less toxic analogues of quinine, namely, chloroquine, amodiaquine, mepacrine and 

sontaquine. Mepacrine and sontaquine have been heavily used in the past but the 

only two currently in use are chloroquine and amodiaquine. Amodiaquine is a 

popular drug for the treatment of acute malaria but due to its toxic side effects, it is 

not used as a prophylactic agent (Cowman, 1990). Chloroquine is the most widely
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used of all the anti-malarials. It is effective against all the blood stages of Plasmodia 

that infect humans, it is cheap and chemically stable and it is also effective against 

the life threatening form of cerebral malaria. Chloroquine is only active against the 

blood stage of malaria, in which the parasite is actively degrading haemoglobin 

(Foley et al., 1997). This suggests that chloroquine may be interfering with the 

parasite’s feeding process. Chloroquine is a diprotic weak base and in its 

unprotonated form, is able to cross the erythrocyte plasma membrane and move 

down a pH gradient into the acidic food vacuole of the parasite. Within this vacuole, 

the parasite degrades haemoglobin into its constituent amino acids, with the 

concomitant release of the toxic haem product ferriprotoporphyrin IV (FPIV) 

(Wellems, 1992). Intraerythrocytic parasites, unlike their human host, cannot 

degrade these haem molecules and are thus faced with a toxic waste problem. The 

parasite deals with this problem by polymerising the toxic haem moieties into non

toxic crystals of haemozoin (malaria pigment). Chloroquine is thought to interfere 

with this haem polymerisation process by binding to FPIV in the acid food vacuole. 

The presence of this drug-haem complex prevents elongation of the haemozoin 

chain, leading to a build up of toxic free haem in the food vacuole (Sullivan et al., 

1996). Therefore, the parasite is ultimately poisoned with its own excreta (Wellems 

et al., 1992).

Along with chloroquine, two anti-folate drugs are heavily in use, and these have been 

a constant form of anti-malarial prophylaxis over the last forty years. These are the 

two dihydrofolate reductase (DHFR) inhibitors, proguanil and pyrimethamine. 

Dihydrofolate reductase (DHFR) catalyses the NADPH dependent reduction of 7,8
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dihydrofolate to 5,6,7,8 tetrahydrofolate. The antifolate compounds used to inhibit 

malaria parasites include pyrimethamine and proguanil, which is then converted to 

cycloguanil. These compounds are closely related in structure to dihydrofolate and 

bind to the parasite DHFR several hundred times more tightly than to the human 

DHFR (Hyde, 1990).

In protozoa and plants, DHFR activity is on the same polypeptide chain as 

thymidilate synthase (TS). TS catalyses the transfer of a methylene group from 

tetrahydrofolate to dUMP to generate dTTP, a precursor in DNA synthesis. Hence 

the action of the antifolate compounds is ultimately to disrupt folate metabolism, 

which in turn inhibits purine and pyrimidine metabolism and hence the production of 

DNA. Pyrimethamine is still used in conjunction with the sulphonamides or the 

sulphones which block the action of the enzyme, dihydropteroate synthase (DHPS), 

(Triglia et al., 1997). DHPS catalyses the condensation of p-aminobenzoic acid 

(PABA) to 7,8 dihydrofolate, another step in the folate pathway. Hence, inhibition 

of DHPS by the sulphones and sulphonamides leads to a depletion in dTTP and 

decreased DNA synthesis.

Resistance is now common to all of these compounds. Single and multiple point 

mutations in the parasite DHFR gene have been linked with resistance to the 

antifolate drugs, pyrimethamine and cycloguanil. DHFR mutations, including 

combination of Ser-108 to Asn-108 and lie-164 to Leu-164 are associated with 

pyrimethamine resistant parasites (Sirawarapom et al., 1997). Resistance to the 

sulphones and sulphonamides is due to multiple point mutations in the DHPS gene.
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These mutations increase the Ki for sulphadoxine by 800 fold, thus rendering these 

mutated strains highly resistant to the sulphonamide drugs (Triglia et al., 1997). 

Chloroquine resistance, however, has been attributed to extrusion of the drug from 

the site of action, rather than an alteration in the drug target itself. Chloroquine 

resistant parasite lines do not concentrate the drug to the high levels found in the 

food vacuole in sensitive strains. Presumably, this keeps the concentrations of 

chloroquine below that which would inhibit haem polymerisation. The rate of uptake 

of chloroquine was the same in both resistant and sensitive parasite lines. However, 

the rate of efflux of the drug is 40-50 fold faster in resistant parasite strains. 

Verapamil, a calcium channel blocker which can reverse the multidrug resistance 

phenotype (MDR) of mammalian tumour cells, is also able to reverse chloroquine 

resistance, this suggests that chloroquine resistance is similar to MDR in mammalian 

cells. The rapid efflux of anti-tumour drugs from MDR tumour cell lines is due to 

the overexpression of a gene, termed the multidrug resistance gene. This multigene 

family encodes cell surface P-glycoproteins that have homology to bacterial transport 

proteins. The resistant phenotype possessed an increase in copy number of the mdr 

gene, conferring the parasite resistant to chloroquine (Cowman, 1990). This was 

originally believed to be the mechanism by which parasites developed resistance to 

chloroquine. However, recent findings have suggested amplification of the mdr gene 

is only a secondary effect and that chloroquine resistance is primarily linked to the 

presence of the cg2 gene (Su et a l, 1997). This gene encodes the 330kDa CG2 

protein, which is found at the parasite periphery. This CG2 protein is believed to be 

an Na+/H+ ion exchanger (P/NHE), which is responsible for drug transport (Sanchez 

et al., 1998). Chloroquine resistant parasites have an NHE with a reduced affinity for
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chloroquine and a reduced transport rate. However, it has recently been suggested 

that CG2 is not Na+/H+ ion transporter (Wellems et al., 1998) and thus, CG2 may be 

affecting chloroquine access, haem digestion and haem sequestration by some other 

mechanism. Therefore, the mechanism by which parasites develop resistance to 

chloroquine is not clearly understood. However, since multidrug resistance of P. 

falciparum to chloroquine and other commonly used anti-malarials, is now prevalent 

in Africa and South-East Asia, the search for new anti-malarials is essential. The 

increasing problems of drug resistance in many parts of the world and the limited 

number of anti-malarial drugs available, have led to increasing demands for the 

development new anti-malarial drugs (Kondrachine, 1997). Therefore, it is critical 

that in addition to optimising the known classes of anti-malarials, novel 

chemotherapeutic targets must be identified and safe and effective inhibitors 

designed against them.

1.2.3 Potential Targets for Breaking the Plasmodium Life Cycle

The first step in rational drug development involves the identification of enzyme 

targets in the parasite. One method of identifying such targets is by analogy to 

targets identified in other organisms, followed by research on the Plasmodium 

homologue. Targets unique to the organism or possessing altered properties from 

those of the host, are good candidates for the development of parasite specific 

inhibitors.

Many potential targets for intervention in the parasite life cycle are within the process 

by which the merozoite invades the red cell. Once the parasite has successfully
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invaded a red cell, prevention of the development of the mature schizont is another 

target. Within the host erythrocyte, replication of the parasite is initiated upon 

successful invasion of the red cell by an invasive merozoite. Erythrocyte invasion 

has been a main focus of study for vaccines, since blocking this process would 

effectively block both the replication of the parasite and the associated clinical 

disease. However, it is also a target for drug development. A serine-protease activity 

has been identified that is involved in an essential processing step of MSP-1 at 

invasion (Blackman et al., 1992; Blackman et al., 1993). This step may be mediated 

by the subtilisin-like serine protease, termed /ySUB-1, which is concentrated within 

the apical domain of the mature merozoite and is released in a soluble form during 

erythrocyte invasion (Blackman et al., 1998).

Studies on the development of the parasite and the metabolic pathways of 

Plasmodium species, once the parasite has successfully invaded an erythrocyte, have 

led to the identification of many characteristics unique to the parasite. One such 

recent finding is the existence of the shikimate pathway within the malaria parasite 

(Roberts et al., 1998). This pathway involves the formation of chorismate from 

erythrose-4-phosphate and phosphoenolpyruvate. Chorismate is ultimately required 

for the formation of the aromatic amino acids i.e. tryptophan, tyrosine and 

phenylalanine as well as para-amino benzoic acid (PABA) and hydroxybenzoic acid. 

This pathway is an attractive pathway for herbicides and anti-microbial agents 

because it is essential in algae, higher plants, bacteria and fungi but is absent from 

mammals. One of the enzymes of the shikimate pathway is 5-enoylpyruvyl 

shikimate-3-phosphate dehydrogenase (ESPS). This enzyme is inhibited by the
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herbicide glyphosate. Malaria parasites also show inhibition by glyphosate and this 

inhibition can be reversed by the addition of PABA. The gene encoding chorismate 

synthase, the final enzyme in the shikimate pathway, has been identified in P. 

falciparum (Roberts et al., 1998). The existence of this pathway in the malaria 

parasite therefore, provides several targets for the development of anti-malarial 

agents. As well as differences existing between metabolic pathways of parasite and 

the host, differences also exist between metabolic pathways that are common to both. 

For example, differences lie with the tricarboxylic acid (TCA) cycle, which is absent 

in the blood stage parasite. The parasite therefore, depends solely on glycolysis for 

its ATP requirements. The glucose consumption of the intraerythrocytic parasite is 

50-100 fold higher than that of an uninfected cell (Roth et al., 1988). Two of the 

glycolytic enzymes which provide promising targets for a drug are hexokinase and 

lactate dehydrogenase. Hexokinase is the first enzyme in the pathway and converts 

glucose to glucose-6-phosphate. P. falciparum hexokinase has only 26% identity 

with the human enzyme, these differences may facilitate the design of a drug specific 

for the parasite enzyme. Lactate dehydrogenase, on the other hand, is the last 

enzyme in the glycolytic cycle and inhibition of this enzyme in the parasite would 

stop NAD regeneration. As glycolysis is the major source of energy for Plasmodium, 

the parasite lactate dehydrogenase has evolved to avoid inhibition by high levels of 

pyruvate or lactate. The crystal structure the parasite lactate dehydrogenase has 

identified a cleft adjacent to the active site, which is absent in the human enzyme, 

and which could also provide a good target for drug design (Subayya, 1997).
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Another potential target is the development of the TVM/PVM network within the 

parasitised erythrocyte (Haidar et al., 1993). The TVM develops beyond the parasite 

plasma membrane and is thought to be necessary for the development of the parasite 

within the infected red cell. A striking feature of this TVM network is the presence 

of the Golgi marker, sphingomyelin synthase (Elmendorf et al., 1993). 

Sphingomyelin synthase converts ceramides into sphingomyelin and this conversion , 

can readily be seen in infected, but not uninfected erythrocytes. This suggests that 

sphingomyelin synthase is of parasite origin and therefore, may potentially be a 

target for an anti-malarial drug (Lauer et al., 1995). Blocking the action of 

sphingomyelin synthase by the incorporation of ceramide analogues into parasite 

cultures, does not prevent the development of the ring into the trophozoite stage. 

However, ceramide inhibitors that retard the development of the TVM/PVM 

network, demonstrate that inhibition of sphingomyelin synthase alters the 

interconnected, tubovesicular structures into punctate vesicles in ring stage parasites 

(Lauer et al., 1995). Therefore, as the TVM/PVM network appears to be essential for 

the survival of the parasite, specific inhibitors that target its development may 

provide future targets for anti-malarial treatments.

1.3 Lipid Modification of Malarial Proteins May Provide a Target for 

Intervention of the Parasite Life Cycle

In addition to membrane biosynthesis, other metabolic pathways involving lipids, are 

the lipid modifications of proteins. The covalent attachment of long chain fatty acids 

to proteins appears to be fairly ubiquitous in eukaryotic cells occurring in plant,
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fungal and animal cells. Four types of lipid modification of proteins have been 

described

• Prenylation - addition of an isoprenyl group to the C terminus of a nascent protein.

• Palmitoylation - post-translational attachment of palmitate by a thioester or ester 

linkage to cysteine, threonine or serine residues.

• Addition of a glycosyl phosphatidyl inositol (GPI) anchors to the carboxyl 

terminus of a nascent protein shortly after completion of protein synthesis.

• A-myristoylation - cotranslational attachment of myristate to N-terminal glycine 

via an amide linkage.

The chemical structures for palmitoylation, myristoylation and GPI-anchor addition 

are shown in figure 1.2.
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Figure 1.2

Types of Fatty Acid Modifications of Proteins

Palmitoylation - post-translational attachment of palmitate by a thioester

or ester linkage to cysteine, threonine or serine 

residues.

TV-myristoylation - cotranslational attachment of myristate to N-terminal

glycine residue.

Addition of a GPI-anchor - post-translational addition of a GP-anchor to the

carboxyl terminus of a nascent protein shortly after 

completion of protein synthesis.
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Although prenylation and myristoylation have been documented in other eukaryotic 

systems, very little is known to date, about the myristoylation and isoprenylation of 

malarial proteins. However, palmitoylated and GPI-anchored proteins have been 

reported and lipid modified proteins play a role in both parasite invasion of the host 

red cell and malarial pathogenesis.

1.3.1 Protein Prenylation

Protein prenylation involves the post-translational attachment of isoprenoids, via a 

thioether linkage, to cysteine residues at or near the C terminus (Casey et al, 1992). 

Two types modification have been identified: the addition of either famesyl or 

geranylgeranyl units. Famesol is a fifteen carbon compound consisting of three 

isoprene groups and it exists in the cell as famesol pyrophosphate, a precursor in 

cholesterol biosynthesis. The twenty carbon geranylgeranyl unit consists of four 

isoprene groups and exists in the cell as geranylgeranylpyrophosphate. This is not an 

intermediate of cholesterol biosynthesis. Addition of the geranylgeranyl unit is the 

more abundant modification, accounting for 80-90% of this type of lipid 

modification. Different enzymes are believed to exist which transfer either famesol 

or geranylgeranol to its protein substrate (Turner, 1994). A famesyl: protein 

transferase, which transfers famesol to peptide substrates, has been purified from 

mammalian brain tissues. This enzyme exists as a 50kDa soluble protein. The 

enzyme geranylgeranyl: protein transferase has yet to be identified. Prenylation 

occurs at the C-terminal motif CAAX, whereby C=cysteine, A=aliphatic amino acid, 

X=any amino acid. This is followed by the proteolytic removal of the AAX residues 

and methylation of the resulting carboxyl group to leave a highly modified C
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terminus (Maltese, 1990, Clarke et al., 1992, Chow et al., 1992). Isoprenylated 

proteins include Lamin B and p21ras, which are modified by C l5 famesyl groups and 

the y subunit of the heterotrimeric G proteins, which is modified by a C20 

geranylgeranyl group. The functional significance of isoprenylation is thought to be 

association of these modified proteins with the plasma membrane. This modification 

has been extensively studied in the case of oncogenic p21ras, whereby inhibition of 

isoprenylation leads to loss of interaction with the plasma membrane and 

concomitant loss of transforming activity. In the case of the nuclear lamins, 

isoprenylation is critical for a strong association with the nuclear membrane 

(Maltese, 1990) and lamins, which have not been modified by the addition of an 

isoprenyl chain, fail to associate with the nuclear membrane. Although this 

modification has not yet been studied in malarial proteins, studies in the free living 

nematode Caenorhabditis elegans, have demonstrated the role played by 

isoprenylated proteins in the growth and development of this nematode (Aspbury et 

al., 1998). C.elegans expresses the protein product of the let-60 gene, which 

encodes of a GTP-binding protein and is a target for isoprenylation. Inhibitors of 

isoprenylation appear to interfere with the development of this nematode and this 

interference is believed to be with the let-60 developmental pathway in C.elegans.

1.3.2 Palmitoylation

Palmitoylation involves the attachment of palmitic acid (16:0), via a thioester linkage 

to the side chains to cysteine, serine or threonine residues at any point in the primary 

structure of the proteins (Towler et al., 1988) and occurs soon after synthesis of the 

nascent polypeptide chain, i.e. post-translationally. The enzymology of this process
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is poorly understood due to the difficulty in purifying labile, membrane bound 

palmitoyl CoA: protein transferases (Magee, 1990). Palmitoylation often occurs in 

transmembrane proteins on the cytoplasmic side of the membrane spanning region 

(Magee, 1990). In addition to these transmembrane proteins, many hydrophilic 

proteins associated with the cytoplasmic face of the plasma membrane are often 

palmitoylated and this lipid modification is thought to promote the interaction of the 

modified protein with the plasma membrane. For example, the measles virus 

expresses a protein, termed the F protein, which is involved in fusion of the virus 

particle with the host cell plasma membrane (Caballero et al., 1998). The F protein 

is palmitoylated on one of its five cysteine residues (Cys-506). By site-directed 

mutagenesis, Cys-506 was mutated to a serine and the resulting mutants still showed 

membrane fusion, but only relatively little compared to the wild type. This suggests 

that palmitoylation may not be providing the full signal for membrane fusion, but 

instead, may be playing an accessory role. Therefore, as palmitoylation of viral 

proteins is necessary to promote viral fusion, it remains possible that Plasmodium 

palmitoylated proteins may be participating in erythrocyte invasion, although this 

remains to be elucidated.

1.3.3 Addition of GPI-anchors

The full GPI-anchor structure was first characterised from the Trypanosoma brucei 

Variant Surface Glycoprotein (VSG) and has now been observed attached to many 

cell surface glycoproteins (Ferguson et al., 1988). This class of acylated proteins is 

found exclusively in the outer leaflet of the lipid bilayer (Magee, 1990). GPI-anchors 

are a class of glycolipid that anchor proteins and sugars into membranes. GPI-
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anchors have some highly conserved structural features. GPI anchors contain a 

hydrophobic fragment linked to inositol via a phosphodiester bond. There is also a 

hydrophilic region, which consists of glucosamine, a tri-mannosyl core glycan and a 

phosphoethanolamine, whose amino group is linked to the C-terminal residue of the 

protein moiety (Cross et al., 1990). In the malaria parasite, targets for the addition of 

GPI-anchors are the two predominant surface proteins of the merozoite, namely, 

MSP-1 and MSP-2. Although the function of the MSP-1 complex is still unclear, it 

is of interest with respect to erythrocyte invasion and its relevance to vaccine 

development. MSP-1 has an apparent molecular mass of 195kDa and is processed to 

four distinct polypeptides of 83, 42, 38 and 30kDa fragments (Freeman et al., 1983). 

The 42kDa fragment of MSP-1 is thought to be anchored to the membrane via a GPI- 

anchor (Gerold et al., 1996). Malarial GPIs, derived from purified MSP-1 and MSP- 

2, are able to induce high levels of TNF and IL-1 from macrophages (Tachado et al., 

1996). These cytokines upregulate the expression of adhesion molecules in vivo, 

contributing to sequestration of infected red cells in the vascular endothelium and 

ultimately leading to cerebral malaria. These observations suggest the possibility of 

an anti-disease vaccine, i.e. one to prevent the clinical symptoms of malaria, maybe 

by passive immunisation with anti-GPI antibodies or by immunisation against the 

malarial GPI (Schofield et al., 1993).

1.3.4 A-myristoylation

This involves the transfer of the fourteen carbon fatty acid myristate (C l4:0), from 

myristoyl-CoA, to the N-terminal glycine of a variety of eukaryotic cellular and viral 

proteins. This transfer is catalysed by the enzyme myristoyl CoA: protein TV-
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myristoyltransferase (NMT) (Rudnick et al., 1990). Due to significant differences 

between the human and fungal NMTs, this enzyme is currently being exploited as a 

drug target for fungal infections (Lodge et al., 1994a; Lodge et al., 1994b). Although 

there is very little documentation to date regarding the A-myristoylation of P. 

falciparum proteins, two pieces of evidence have suggested that this lipid 

modification may be taking place within the malaria parasite. The first observation is 

that exp-1, a low molecular mass protein that has been localised to the PVM, is 

thought to be modified by the attachment of myristic acid (Stenzel et al., 1989). The 

function of this protein is not clearly defined, although it has been suggested to play a 

role in the trafficking of proteins from the parasitophorous vacuolar membrane to the 

erythrocyte membrane of P. falciparum infected red cells (Stenzel et al., 1989). The 

second observation is that the ADP-ribosylation factor (ARF1) was identified and the 

gene cloned from P. falciparum (Stafford et al., 1996). This is one of many proteins 

involved in signal transduction including, protein kinase C (PKC) and the 

heterotrimeric G-proteins, which are all modified by TV-myristoylation (discussed in 

section 1.4.2) The identification of this TV-myristoylated protein is the first indication 

to suggest that the enzyme, AT-myristoyltransferase may be expressed in the malaria 

parasite. As NMT is currently being exploited as a potential drug target for fungal 

infections, the parasite NMT may provide a new, chemotherapeutic drug target for 

malaria.
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1.4 Functions of N-myristoylated proteins

The functions of A-myristoylated proteins appear to fall into three broad categories. 

These involve signal transduction, viral assembly and replication, and finally in 

cellular transformation and proliferation.

1.4.1 A-myristoylation in Signal Transduction

Many proteins involved in signal transduction are TV-myristoylated (James et al.,

1990). These include the a  subunit of the heterotrimeric G proteins, the catalytic 

subunit of cyclic AMP dependent protein kinases and protein kinase A.

The G proteins are heterotrimeric in nature, comprised of the a, p and y subunits. 

The p and y subunits are tightly associated and G proteins undergo cycles of subunit 

dissociation and reassociation, which occurs concurrently with GTP exchange and 

hydrolysis. In the resting state, the protein is a heterotrimer with GDP bound to the 

a  subunit. The trimer dissociates when GTP binds to the a  subunit to cause a 

conformational change in the polypeptide, leading to a  subunit release. The GTP 

bound a  subunit then interacts with its receptors and the system is deactivated when 

GTP is hydrolysed to GDP. Nearly all a  subunits examined so far are modified at 

the N-terminus by the addition of myristate (Wedegaertner et al., 1995). The P and y 

subunits direct the heterotrimer to the plasma membrane and the modified amino 

terminus of the Ga subunit is required for interaction with the py subunits. This 

evidence was obtained from the dual expression of the Ga subunit and the yeast 

NMT in E.coli to generate the myristoylated Ga subunit (Linder et al., 1991). If the 

N-terminal glycine is mutated to an alanine such that its ability to be myristoylated is
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abolished, then the non-myristoylated Ga subunit has a reduced affinity for the py 

subunits and can no longer target the complex to membranes. This suggests that N- 

myristoylation of the Ga subunit is essential for association with the py subunits and 

the subsequent targetting of the heterotrimer to the membrane, where myristate can 

direct stable association with the membrane (Joseph et al., 1996).

Protein A-myristoylation may also play a role in the biological activity of the cyclic 

AMP dependent protein kinase A (PKA). PKA mediates the actions of various 

neurotransmitters and peptide hormones, as well as controlling a number of long and 

short term cellular responses. PKA consists of two regulatory subunits (R) and two 

catalytic subunits (C) which associate to form the holoenzyme. Activation of the 

holoenzyme by cAMP is followed by release of the C subunit into the cytoplasm. 

The catalytic subunit is myristoylated at the N-terminus. Mutation of the N-terminal 

glycine to alanine abolishes its ability to be myristoylated, but this mutation does not 

appear to affect the formation of the holoenzyme or the kinase activity of this protein 

(Clegg et al., 1989). Although the function of A-myristoylation here is not clear, it 

may be involved in localising the holoenzyme to the plasma membrane.

A-myristoylation is also required for the functional activity of the ARF proteins. 

These ADP-ribosylation factors are members of the RAS Superfamily of GTP- 

binding proteins. ARFs have several different activities, including acting as 

cofactors in the cholera-toxin catalysed ADP-Ribosylation of Gsa  . They are 

regulators of protein trafficking from the Endoplasmic Reticulum (ER) to the Golgi, 

endosome fusion and coatomer binding to membranes. They are very highly
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conserved within a species and between evolutionary distinct species. All the 

members of the ARF family have a Gly residue at position 1, after the initiator 

methionine, and therefore they are potential substrates for NMT. V-myristoylation of 

ARF proteins is believed to serve several purposes. ARF proteins must be N- 

myristoylated prior to coatomer association with Golgi membranes. N- 

myristoylation of ARF is required for in vivo activity, since a mutation that changes 

the glycine to an alanine is a null allele in yeast (Kahn et al., 1997). Non- 

myristoylated ARF has similar GTP binding properties and cholera toxin co-factor 

activity to that of wild type ARF purified from bovine brain (Randazzo et al., 1995), 

but iV-myristoylation of ARF is required for protein transport from the ER to the 

Golgi, endosome fusion and nuclear vesicle fusion.

1.4.2 A-myristoylation in Viral Assembly and Replication

Several proteins from both enveloped and non-enveloped viruses are N- 

myristoylated. These include the L-protein of the Hepatitis B envelope protein (Buss 

et al., 1984; Buss et al., 1986), the gag polypeptide of several retroviruses, including 

the Human Immunodeficiency Virus, and the VP4 Capsid protein of Polioviruses.

Hepatitis B virus (HBV) is an enveloped DNA virus of the hepadnavirus family. 

HBV particles are generated by the budding of preassembled nucleocapsids 

containing only the viral genome and the viral polymerase into the ER membranes 

containing the viral envelope proteins L, S, and M. L and S proteins, but not M, are 

required for virion assembly. The HBV L protein is TV-myristoylated, although N- 

myristoylation is not required for virion assembly. Mutant HBV which express non-
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myristoylated L proteins, assemble in a way identical to the wild type HBV, 

suggesting that V-myristoylation is dispensible for virion formation (Buss et al., 

1991). However, even though V-myristoylation is not required for viral assembly, 

myristoylation clearly plays some functional role in the biology of the 

hepadnaviridae, as non-myristoylated mutants are capable of virion assembly and 

release, but are completely non-infectious (Macrae et al., 1991). This suggests that 

myristoylation of the HBV viral coat proteins may be required for binding to the host 

cell or membrane fusion.

Poliovirus is a non-enveloped RNA virus consisting of 4 capsid proteins - VP4, VP2, 

VP3 and VP1 given in the order that they map on the viral genome. These capsid 

proteins are derived from a single, 97kDa precursor polypeptide PI, which is 

primarily cleaved to yield VPO (37kDa), VP3 (26kDa) and VP1 (34kDa). As the 

virus matures, VPO is cleaved to yield VP4 (7kDa) and VP2. VP4 is the smallest of 

the capsid proteins and is myristoylated at the N-terminus. However, the function of 

V-myristoylation is unclear, although it has been hypothesized that A-myristoylation 

of VP4 may be required for uncoating of the virus after internalisation into the host 

cell and/or encapsidation of the genomic RNA (Buss et a l, 1986).

TV-myristoylation of structural proteins of HIV-1 is also required for the development 

of this human retrovirus (Saermark et al., 1989). The major structural components of 

most mammalian retroviruses originate from a single precursor by a specific 

cleavage. In HIV-1, the major structural precursor is Pr55gag which is cleaved to 

yield p i7 and p24. Both Pr55gag and pl7 are A/-myristoylated at the N-terminal
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glycine residue (Saermark et al., 1989). Site directed mutation of this glycine to an 

alanine, results in HIV-1 particles that are incapable of viral assembly and replication 

(Bryant et al., 1989; Bryant et al., 1991). Without the myristoyl moiety, Pr55gag 

accumulates in infected HeLa cells and processing into p i7 and p24 of the mature 

virion is prevented (Bryant et al., 1989). This suggests that V-myristoylation plays 

an important role in the proteolytic processing of Pr55gag and its association with 

components of the cellular membrane, where virus maturation and budding occurs. 

Non-myristoylated Pr55gag was found only loosely associated with the membrane, 

whereas the V-myristoylated form was tightly bound. This suggests that assembly of 

the virus requires targetting of Pr55gag to specific membranes, where the myristate 

group is involved in stable membrane association.

1.4.3 TV-myristoylation in Cellular Transformation and Proliferation

The Rous Sarcoma Virus produces transformation of cells, by the expression of a 

single viral protein designated p60src. This functions as a protein kinase, which 

specifically phosphorylates tyrosine residues in vivo. P60src is believed to bring about 

transformation of cells, by tightly associating with the cytoplasmic face of the plasma 

membrane and sending unregulated mitogenic signals, through the continuous 

phosphorylation of one or more proteins involved in normal cellular proliferation. 

Site directed mutagenesis of the N-terminal glycine of p60src to either an alanine or 

glutamic acid, results in abolition of TV-myristoylation, but the kinase activity of the 

non-myristoylated p60src remains equal to that of the myristoylated p60src (Buss et 

al., 1986; Kamps et al., 1986). This suggests that JV-myristoylation is not essential 

for the intrinsic kinase activity of p60src. However, the transforming ability of the
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non-myristoylated p60src is completely abolished, suggesting that iV-myristoylation is 

required to induce morphological transformation of host cells. The N-terminal 

myristoyl group is probably necessary for the association of p60src with the plasma 

membrane, allowing it to interact with particular proteins, whose phosphorylation is 

critical for cellular transformation.

1.5 Myristoyl-CoA: protein 7V-myristoyltransferase

This process of A-myristoylation is brought about by the enzyme myristoyl-CoA: 

protein A-myristoyltransferase (NMT, EC 2.1.3.97). This enzyme catalyses the 

transfer of the Cl 4:0 fatty acid myristate, from myristoyl Co A, to the N-terminal 

glycine of a variety of eukaryotic cellular and viral proteins (Duronio et al., 1989). 

NMT (NMTlp) from S. cerevisiae was the first NMT to be isolated and so far has 

been the most extensively studied by expression in E. coli, a prokaryote with no 

endogenous NMT activity (Towler et al., 1987). NMT from S. cerevisiae is a single 

copy gene, interrupted by multiple introns, and the native enzyme has a molecular 

mass of 55kDa. NMTlp has been purified to apparent homogeneity and has no 

evident requirement for a cofactor. Biochemical characterisations of the enzyme 

have suggested a slightly alkaline pH optimum for the S. cerevisiae NMT at pH7.5- 

8.0 and the acyltransferase activity is inactive at pH less than 6.0. The activity of the 

purified enzyme is unaffected by iodoacetamide and phenylmethylsulphonylfluoride 

(PMSF), suggesting that the enzyme does not possess modifiable cysteine or serine 

residues critical for activity. Diethylpyrocarbonate (DEPC), totally inactivates 

NMTlp, but this activity can be recovered by the addition of 20mM histidine, 

suggesting that one or more histidine residues are required for enzyme activity.
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Highly purified NMT does not possess intrinsic methionylpeptidase activity and the 

initiator methionine must therefore be removed before NMT can act on its substrate. 

For example, the viral p60src N-terminal glycine is immediately preceded by the 

initiator methionine, which must be removed prior to acylation. The synthetic NMT 

peptide Met-Gly-Asn-Ala-Ala-Ala-Ala-Arg-Arg is not acylated by highly purified 

NMT, but can be TV-myristoylated by the 80% pure enzyme suggesting that the 

methionylpeptidase activity may be co-purifying with NMT (Towler et al., 1987).

No cofactors have yet been identified that appear critical for NMT enzyme activity. 

5’ATP, 5’ADP, 5’AMP, 3’AMP, 2’AMP, 5’cAMP, 5’GTP, 5’GDP, 5’GMP, 

3’GMP, 2’GMP, 3’cAMP, pyrophosphate and yeast RNA have no effect on the 

activity of yeast NMTlp (Rudnick et al., 1993). Furthermore, NMT does not appear 

to require a divalent cation as EDTA and EGTA do not reduce enzyme activity 

(Rudnick et al., 1993). The purified enzyme from S. cerevisiae is a 55kDa monomer, 

with a blocked amino terminus and a cytoplasmic localisation (Towler et al., 1987). 

Yeast NMT is present in both the crude membrane and the soluble fractions of 

homogenised cells, suggesting that the enzyme is a peripheral membrane protein or 

loosely associated with ribosomes. After digestion of native NMT with 

chymotrypsin, 2 fragments of 21kDa and 24kDa are produced. However, enzyme 

activity is not affected, as the specific activity of native NMT prior to and after 

digestion with the protease was apparently identical, when measured by a 

discontinuous in vitro assay (Rudnick et al., 1990). Furthermore, electrophoresis on 

a non-reducing polyacrylamide gel showed that the electrophoretic mobilities of the 

intact and digested NMT were very similar. This suggests that the 21kDa and the
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24kDa fragments may be linked by non-covalent bonds and therefore, able to 

maintain its 3D native structure and thus the active site geometry of the enzyme.

Metabolic labelling studies indicate that S. cerevisiae produces at least 12 N- 

myristoylated proteins (Heukeroth et al., 1988; Heukeroth et al., 1990). Insertional 

mutagenesis of NMTlp causes recessive lethality (Duronio et al., 1989). Two 

NMTlp mutants have been generated: the first is nmtl-181, which encodes a Gly to 

Asp mutation at position 451 (Duronio et al., 1991) and the second is nmtl-72, which 

encodes a Leu to Pro substitution at position 99 (Johnson et al., 1993). These 

positions correspond to Gly-595 and Leu-214 respectively, in figure 1.3. Both 

mutations cause temperature sensitive growth arrest, whereby these strains no longer 

grow at 37°C, but only at 30°C. Both strains show reduced affinity for myristoyl- 

CoA and growth at 37°C can only be recovered by the addition of myristate to the 

medium (Duronio et al., 1991; Johnson et al., 1993). This suggests that NMT is 

required for the vegetative growth of S. cerevisiae and that NMT provides an 

essential function for at least one of the 12 A-myristoylated proteins produced by this 

yeast. Four of these proteins are essential and require the myristoyl moiety for the 

full expression of their biological function. One of these is Vpsl5p, a 

serine/threonine kinase required for vacuolar protein sorting (Herman et al., 1991). 

A Gly-2 to Ala-2 mutation blocks the ability of this protein to be acylated and results 

in vacuolar sorting defects. A-myristoylation of Gpalp is required for it to act as a 

negative regulator of the yeast mating pathway and mutant nmtl-72 strains fail to 

efficiently myristoylate Gpalp, resulting in cell cycle arrest at the G1 phase (Johnson 

et al., 1993). The ADP-Ribosylation factors ARFlp and ARF2p (Sewell et al., 1988;
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Steams et al., 1990) are functionally interchangeable, 21kDa GTP-binding proteins 

involved in vesicular trafficking. A Gly-2 to Ala-2 mutation prevents N- 

myristoylation of ARFlp and ARF2p and results in the lethal phenotype. 

Overexpression of either of the mutant S. cerevisiae ARFs cannot rescue the 

ARF1ARF2 lethal phenotype null strain (Kahn et al., 1992).

1.5.1 NMT from Three Pathogenic Fungi

Candida albicans, Cryptococcus neoformans and Histoplasma capsulatum are the 

three principle causes of systemic fungal infections in immunocompromised 

individuals. Candida albicans is a dimorphic, asexual yeast that is a opportunistic 

pathogen in humans. It causes systemic infections and is particularly dangerous in 

immunocompromised individuals, where infections can be life threatening. 

Metabolic labelling studies have revealed that all three pathogens synthesise a 

number of 7V-myristoylated proteins during exponential growth, the most prominent 

being the 2 functionally interchangeable ADP-ribosylation factors ARFlp and 

ARF2p. Both NMT and the ADP-ribosylation factors have been identified in these 

three organisms and like the S. cerevisiae enzyme, NMT from these three fungi, are 

coded by single copy genes, interrupted by multiple introns. Using anti-NMT 

antibodies raised in rabbits, the NMT gene from C .albicans was isolated from a 

genomic library (Wiegand et al., 1992). C. albicans NMT has a predicted molecular 

mass of 52kDa with 55% amino acid identity to the S. cerevisiae NMT. The 

predicted masses of the H. capsulatum and C. neoformans NMTs are 59kDa and 

54kDa respectively (Lodge et al., 1994). Both enzymes have 47-50% amino acid 

identity with the S.cerevisae NMT. NMTs from H. capsulatum and C neoformans
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can both complement the null mutation nmtlp 1-181 of S. cerevisiae (Lodge et al., 

1994).

1.5.2 NMT has been Isolated from Higher Eukaryotes

The NMT gene has also been cloned and sequenced from embryonic extracts of 

Drosophila melanogaster and from mammalian sources such as bovine brains, 

bovine spleen and rabbit intestine (Mcllhinney et al., 1993; Raju et al., 1997). The 

gene from Drosophila is closely related in sequence to that for the mammalian and 

fungal enzymes and the protein has a molecular mass of 46kDa (Ntwasa et al., 1997). 

A high level of NMT activity has been detected in the embryonic stages of 

Drosophila, suggesting that one or more A-myristoylated proteins may be essential 

for embryogenesis.

The NMT gene from various mammalian sources, unlike the fungal enzymes, 

exhibits varying molecular masses. Initial purification using DEAE-Sepharose 

column chromatography, indicated that bovine brain possesses four forms of NMT 

with apparent molecular masses of 190, 224, 391 and 126kDa respectively (Glover et 

al., 1995). Bovine brain NMT activity exists as four interconvertible oligomeric 

complexes, which has been attributed to reversible multimerisation of an 

approximate 60kDa subunit. The 391kDa form of NMT can disassociate into the 

126kDa form upon formation of an A-myristoylated product of NMT and can 

reassociate during column chromatography. The 391 and 126kDa forms are believed 

to be hexamers and dimers of the 60kDa NMT subunit. In the presence of excess 

myristoyl-CoA, the 391kDa hexamer dissociates into the 60kDa monomer. The
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60kDa form is gradually converted into a 50kDa form, presumably due to the action 

of proteases. It is possible that the dissociation of the NMT multimers induced by 

either iV-myristoylated proteins or myristoyl-CoA, may be a mechanism for 

regulating the activity of the bovine brain enzyme. Multimers of NMT from the 

lower eukaryotes have not been identified to date, which illustrates a 

functional/structural difference between NMTs from mammalian and fungal sources.

Human NMT has been purified from HeLa cells and as with other NMTs, this 

enzyme is predominantly cytosolic, with approximately 90% of activity present in 

the soluble fraction and 10% being associated with the crude membrane fraction. The 

human NMT has an apparent molecular mass of 48kDa (Mcllhinney et al., 1996).

Using the program PileUp from GCG Package, the sequences of the NMTs cloned to 

date were aligned. This sequence alignment is given in figure 1.3 and the conserved 

residues are highlighted. Some of these conserved regions are essential for catalytic 

activity and this is supported by the fact that mutation of a Gly residue situated 5 

amino acids from the carboxyl terminus to Ala (Gly-595 in figure 1.3), results in 

temperature sensitive myristic acid auxotrophy. This mutation results in a 

temperature sensitive 10-fold increase in the Km for myristoyl-CoA (Duronio et al.,

1991). Furthermore, the C. albicans NMT can complement the lethal phenotype of 

S. cerevisiae nmtl suggesting that the functional similarities of this enzyme are 

conserved in nature. This is further supported by the evidence that the C. albicans 

NMT can metabolically label most, if not all, of the S. cerevisiae A-myristoylproteins
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suggesting that there may be conservation of the substrate specificities between the 

enzymes.
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Figure 1.3

Sequence Comparison of Known NMTS

Using the GCG Package, the sequences of the NMTs cloned to date were aligned 

using PileUp. All of the known NMTs have approximately 50% sequence identity to 

the S. cerevisiae NMT, which was the first of these NMTs to be isolated and cloned. 

The conserved residues are highlighted and these regions of high conservation are 

thought to be involved in catalysis and these conserved regions are predominantly at 

the C-terminus of the enzyme.

Hs Homo sapiens

Ce Caenorhabditis elegans

Sc Saccharomyces cerevisiae

Ca Candida albicans

He Histoplasma capsulatum

Cn Cryptococcus neoformans

The following regions of amino acid identity were identified and used for the design 

of degenerate primers. These conserved regions are underlined.

285e i n f l c v /i h k

302P V L IK E V /I/T  

558K F G A N Y G D G

151q/k f w a n y t q p v

217e/d n /h y v e d
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1.6 Sequence Conservation and Diversity in NMT

The greatest sequence diversity is present in the N-terminal region. Previous studies 

on the S. cerevisiae NMTlp have revealed that the first 59 amino acid residues are 

not required for catalysis but may be functioning as a targetting signal (Rudnick et 

al., 1992a). H. capsulatum NMT shows the greatest N-terminal sequence diversity, 

with an apparent extension of 71 amino acid residues compared to the other enzymes. 

Within this 71 amino acid stretch, there are three in frame Met residues and to date it 

is unknown which acts as the initiator Met for translation, although it is expected to 

be the first methionine residue in frame with the remainder of the protein (Lodge et 

al., 1994b).

1.6.1 Four Histidine and Two Cysteine Residues May Be Required for 

Catalysis

A comparison of the NMT sequences reveals that 2 cysteine residues at positions 290 

and 335 in human NMT and S. cerevisiae sequence are conserved (see figure 1.3). 

The human NMT is inhibited to 40% of its original activity in the presence of 

iodoacetamide, suggesting the involvement of one or more cysteine residues. 

However, S. cerevisiae NMT shows no reduction in activity in the presence of 

iodoacetamide, which suggests that cysteine residues may not be accessible or 

critical for catalytic activity (Towler et al., 1987). Four histidine residues are also 

conserved at positions 250, 292, 339 and 415, in the human enzyme in the sequence 

alignment shown in figure 1.3 (Peseckis et al., 1994). One or more of these histidine 

residues may be involved in the acyl-transfer mechanism as the rate of acyl transfer
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to glycine in vitro is optimum at pH 6.5-7.5 and the reaction is completely inhibited 

by DEPC.

1.6.2 Human NMT has an extended N-terminal region

Functional, recombinant human NMT has been expressed as a 48kDa protein, as 

predicted from the amino acid sequence (Mcllhinney et al., 1993). However 183 and 

186 bases upstream of the assigned start site, lies an alternative start site predicting 

an enzyme with an extended N-terminal region and molecular mass of approximately 

60kDa. In all earlier studies, NMT has been detected in the cytoplasm. However, 

there have been recent reports to suggest that the 60kDa form of human NMT with 

the extended N-terminal region, is present in the particulate fraction enriched in 

ribosomes, whereas the shorter, 50kDa form is predominantly cytoplasmic (Glover et 

al., 1997). These data suggest that there is an alternative start site for the human 

NMT, starting either 183 to 186 bases upstream to the proposed start site. However, 

it is not clear whether or not, this alternative form arises as a result of differential 

splicing. This extended N-terminal domain is contained in a gene product that is 10- 

12kDa larger than originally identified and it is possible that the 50kDa product 

could be derived by proteolysis from the 60kDa form. The additional residues 

encoded by this larger open reading frame (ORF), appear to be providing a high 

affinity signal to target the enzyme to the ribosomes. As A-myristoylation occurs co- 

translationally, it is highly plausible that the enzyme is part of the ribosome complex. 

Immunoblotting with an anti-human NMT has identified a 60kDa polypeptide as the 

predominant form of NMT, in both bovine brain and in human HeLa cells (Glover et 

al., 1995). This extended N-terminal domain is absent in the yeast, fungal, and
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Drosophila enzymes. Therefore, it is possible that this N-terminal domain is a 

species specific targetting signal, that may be required for the action of mammalian 

NMT in vivo.

An interesting feature of this extended N-terminus is the presence of a lysine-rich 

region (Glover et al., 1997), which has 64% identity to part of the human and the rat 

N-methionylaminopeptidase. Three similar basic stretches are also present in the 

amino terminus of the eIF-2B initiation factor, a protein that mediates the binding of 

the initiator Met-tRNA to the ribosome, before the start of translation. Therefore it is 

possible that these lysine rich regions in the mammalian NMTs may provide 

ribosomal targetting signals.

1.7 Mechanism of Action of NMT

The mechanism of catalysis of yeast NMTlp has been investigated. The initial 

reaction velocities suggest that the reaction is sequential and proceeds via a tertiary 

enzyme-substrate complex (Rudnick et al., 1992a), (Figure 1.4). Furthermore, the 

reaction mechanism is sequential ordered Bi-Bi, by which myristoyl-CoA binds to 

NMT prior to binding of the peptide or protein. The myristoyl group is then 

transferred to the peptide substrate followed by the release of CoA and finally the 

release of the myristoylated peptide.

NMtlp
myristoyl-CoA + peptide ----------- > CoAsH + Myristoylpeptide
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It has been proposed that the reaction occurs with the formation of an acyl-enzyme 

intermediate via cysteine-290.

The myristoylated-peptide produced in an enzymatic assay is a competitive inhibitor 

for myristoyl-CoA and a non-competitive inhibitor for the peptide (Towler et al., 

1987). This suggests that the acyl-peptide can bind the enzyme at the acyl-CoA 

binding site, but not the peptide binding site. The reaction between myristoyl-CoA 

and the enzyme is thought to be stoichiometric, i.e. after binding of myristoyl-CoA to 

the acyl-CoA binding site, peptide substrate must bind the peptide binding site, 

before the CoASH group can be released. Hence, this indicates that NMT does not 

possess an intrinsic, peptide independent catalytic thioesterase activity (Rudnick et 

al., 1990).
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Figure 1.4

Mechanism of Action of NMT

The mechanism by which NMT transfers myristate to it protein substrate is depicted 

in four stages:

Stage 1 Binding of myristoyl-CoA to NMT.

Stage 2 This induces the formation of a peptide binding site and the peptide

then binds at this peptide binding site.

Stage 3 Myristate is then transferred to the N-terminal glycine of the peptide

substrate and CoA is released.

Stage 4 The myristoylated-peptide is released and NMT returns to its resting

state.
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1.7 Substrate Specificities of NMT

1.7.1 Fatty Acid Specificity of NMT

In vitro studies of the fatty acids containing eight to fourteen carbon atoms, indicate 

that the enzyme has a very high degree of specificity for myristoyl-CoA (C14:0) 

(Kishore et al., 1993). NMT is highly specific for myristoyl-CoA, despite the fact 

that myristate is a relatively rare fatty acid, representing only 2-3% of total cellular 

fatty acids. However, the enzyme will bind to tridecanoyl (C l3:0) and 

pentadecanoyl (C l5:0) fatty acids, but these are relatively rare in eukaryotic cells 

(Rudnick et al., 1990). Tridecanoyl-CoA (Cl3:0) and pentadecanoyl-CoA (C l5:0) 

are poor substrates for NMT, but both are better than palmitoyl-CoA. Palmitate 

(Cl6:0) is the more abundant cellular fatty acid, comprising about 20% total cellular 

fatty acids and binds NMT with an affinity similar to that of myristate in vitro. 

However, palmitoyl-CoA has a of less than 2% of myristoyl-CoA (Heukeroth et 

al., 1988; Heukeroth et al., 1990). Furthermore, binding of palmitate to the acyl- 

CoA binding site of NMT, appears to hinder interaction with its peptide substrate 

(Rudnick et al., 1991b). Therefore, NMT is highly selective against palmitoyl-CoA, 

as its catalytic efficiency (X^/K^) is approximately ten fold lower than for myristoyl- 

CoA. As yet, in nature no protein has been identified that has palmitate bound to the 

N-terminal glycine via an amide bond, suggesting that this fatty acid is not utilised 

by the enzyme in vivo (Rudnick et al., 1991b). This suggests that the acyl-CoA 

binding site of NMT can monitor the distance from the carboxyl to the omega 

terminus of a bound fatty acid, as well as the steric volume, in order to differentiate 

between palmitate and myristate (Heukeroth et al., 1988; Rudnick et al., 1991b).
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1.7.2 Protein Substrate Specificity of NMT

In contrast to the high specificity for myristoyl-CoA by the acyl-CoA binding site of 

NMT, the peptide binding site shows a high degree of variability. More than 100 

peptides have been tested as substrates for NMTlp, using sequences based on the 

amino terminal sequence of the catalytic subunit of protein kinase A (Towler et al., 

1987; Towler et al., 1988; Duronio et al., 1991). From these studies, it is clear that a 

consensus sequence for the first eight amino acids is present at the N-terminus of all 

A-myristoylated proteins. This consensus sequence ultimately, determines their 

ability to act as a substrate for NMT.

Myristoyl - AA1- AA2-AA3- AA4-AA5-AA6-AA7-AA8-COOH

AA1 Must be Glycine. No other amino acid is accepted.

AA2 Relatively permissive. Uncharged residues are preferred. Cys, Ala

and Leu are accepted by NMTlp and Asn, Gin, Ser, Val are accepted 

by the other NMTs. Negatively charged amino acids prevent binding, 

whereas positively charged residues are either inactive or poor 

substrates.

AA3 Relatively permissive. Neutral residues are favoured over basic then

acidic residues. Trp, Cys and Pro have not been observed in this 

position.

AA4 Relatively permissive. Neutral residues are favoured over basic and

acidic residues. Arg, Asp, Glu and Met have not been observed in this 

position.
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AA5 Ser is highly favoured at this position, as this dramatically increases

the affinity of peptide for NMT.

AA6 Pro not permitted. Usually Thr, Lys and Leu in yeast. Ala, Arg, Tyr,

Ser, Asn, Gin, Val and lie are favoured for NMTs from higher 

eukaryotes.

AA7 Relatively permissive. Basic residues preferred over neutral and

acidic residues. Basic residues promote binding, whereas acidic 

residues decrease the binding affinity.

AA8 Relatively permissive. Basic residues preferred over neutral and

acidic residues. Basic residues promote binding, whereas acidic 

residues decrease the binding affinity (Towler et al., 1987).

Shorter peptides appear to bind with relatively low affinity. The hexapeptide Gly- 

Asn-Ala-Ala-Ala and a pentapeptide Gly-Asn-Ala-Ala-Ala were both recognised by 

NMT, but with greatly reduced affinities. When elongated to an octapeptide, the 

affinity for each peptide was greatly increased, suggesting that the seventh and eighth 

amino acid residues may greatly influence ligand binding.

1.8 The Crystal Structures of C .albicans and S. cerevisiae NMT 

The crystal structure of the C. albicans NMT has recently been reported (Weston et 

al., 1998). The overall structure of NMT is a wedge-shaped, compact, globular 

structure, with the approximate dimensions of 50 x 50 x 40 Angstroms. Computer 

analysis of current databases showed no structural homology with other known 

proteins. This suggests that NMT has a novel fold. NMT is a compact a/p helix
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with internally symmetric topology i.e. the motifs in the N-terminal region of the 

molecule are also present in the C-termini. The C and the N-terminal halves interact 

closely to give a single domain structure. The presence of symmetrical, repeated 

structural motifs at the C and the N-terminals suggest, that early on during evolution, 

gene duplication may have taken place. However, the functional requirement for the 

duplication of the topology of an enzyme with a single active site is not clear.

The catalytic site of NMT is within a relatively uncharged, long curved groove with a 

negatively charged pocket in the centre. The pocket lies at the centre of the 

molecule, between the two topologically identical halves. The negatively charged C- 

terminal carboxylate (Leu-456) and the conserved Glu-285 lie on the floor of this 

pocket. On one side of the pocket surface lie a cluster of hydrophobic residues, 

including 5 phenylalanine residues, which are exposed to solvent and may participate 

in stabilising the fatty acid chain. On the other side of the pocket, there is a cluster of 

tyrosine residues. Glu-285 is positioned between the pocket and a cavity in the 

protein. This cavity contains buried water and is predominantly lined with 

uncharged residues. Glu-285 buried in this environment may be important for the 

function of NMT. The structure of the apoenzyme suggests the involvement of the 

C-terminal carboxylate in the enzyme mechanism, since it is positioned at the base of 

the pocket and site-directed mutation of this residue to a positively charged one 

results in abolition of enzyme activity (Rudnick et al., 1992). Recently, a complex 

composed of S. cerevisiae NMTlp, a myristoyl-CoA analogue (S-(2-oxo-) 

pentadecanoyl CoA) and a peptidomimetic inhibitor was crystallized (Bhatnagar et 

al., 1998). The inhibitor was based on the peptide GLYASKLS, whereby the N-
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terminal tetrapeptide is replaced by 2-methylimidazole-N-butyl. Like the natural 

peptides for NMT, the binding of this peptide inhibitor only becomes possible upon 

the binding of myristoyl-CoA to the enzyme. The overall structure of S. cerevisiae 

NMTlp is very similar to the C. albicans enzyme. NMTlp possesses an internal 

pseudo-two fold symmetry that is not apparent in the sequence. The two symmetric 

halves have specialised functions: the N-terminal region contributes the myristoyl- 

CoA binding site whilst the C-terminal half contributes the peptide binding site. In 

the sequence comparison given in figure 1.3, Arg-296 and Trp-153 appear crucial 

for the recognition and the binding of myristoyl-CoA. The myristoyl-CoA chain 

enters the negatively charged pocket by passing through a hole formed by the 

residues Ile-184, Trp-153, Ile-286 and Tyr-322. The amide chains of Phe-264 and 

Leu-289 form a hole into which the thioester carbonyl of myristoyl-CoA must be 

inserted, and this is thought to be one of the mechanisms by which NMT is 

absolutely specific for myristoyl-CoA. The myristoyl-CoA analogue itself, also 

forms part of the peptide binding site. Within the N-terminal amino acid consensus 

sequence, serine and lysine are critical determinants for recognition of peptide 

substrates. The side chain of serine is completely buried and its hydroxyl group is 

hydrogen bonded to the N atom of His-339 and to the amide nitrogen of Gly-595. 

The charged amino group of lysine is surrounded by a large, negative electrostatic 

field formed by the side chains of Asp-222, Asp-224 and Asp-449. NMTlp 

mutations have been described, which interfere with the binding of one, or both of it 

substrates. For example, Asn-550 to Ile-550 reduces the affinity for S-(2-oxo- 

pentadecyl-CoA (Zhang et al., 1996). His-339 forms a hydrogen bond with the 

serine hydroxyl of the peptide substrate. Replacement of this serine with Asn
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reduces the acyltransferase activity in crude lysates containing the human NMT 

(Peseckis et al., 1994). Mutation to Ala in results in reduced affinity for the peptide 

substrate NMTlp (Bhatnagar et al., 1998). This suggests that the interaction 

between His-339 and the serine residue in the peptide is important for binding but not 

for catalysis. Deletion of the four residues at the C-terminus i.e. mutation of Gly-595 

to a stop codon, results in abolition of NMT enzyme activity, this is consistent with 

the proposed role of the C-terminal carboxylate in enzyme activity.

1.9 NMT is a Potential Drug Target for Fungal Infections

The functions of V-myristoylated proteins have implicated NMT as a target for 

inhibitors of both tumour formation and fungal infections. Several inhibitors have 

been designed which interfere with the synthesis of V-myristoylated proteins or their 

function. The design of inhibitors has been based on the modification of NMT 

substrates. One approach involves the use of heteroatoms in myristate, whereby a 

single methylene group is replaced by an oxygen or sulphur group. This maintains 

the chain length, such that the acyl-CoA can bind to the enzyme, but interferes with 

the function of the resulting heteroatom V-myristoylated peptide. Such heteroatom- 

myristate analogues have been shown to inhibit replication of the human 

immunodeficiency virus (HIV) and Murine Moloney Leukemia Virus (MMLV) by 

incorporation in the p55gag polyprotein, thus interfering with its myristate dependent 

membrane targetting and maturation dependent proteolytic processing (Bryant et al., 

1989). Similarly, heteroatom iV-acylation interferes with membrane association of 

the Rous sarcoma viral p60v’src, (Kamps et al., 1985) whose association with the 

membrane is required for its transforming ability. However, although the use of the
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inhibitory activity of heteroatom analogues of myristoyl-CoA in the targetting of 

tumours is clear, this approach may not be so feasible for development of inhibitors 

of fungal infections.

Another approach is to exploit the differences in peptide binding sites between the 

human and fungal NMTs, as a basis for drug design. This uses the principle of 

peptidomimetics, which involves the systemic replacement of amino acids from a 

high affinity octapeptide NMT substrate, which are not essential for recognition and 

binding by the enzyme, to produce a tightly binding, non-peptide inhibitor. This 

approach has led to the development of a potent inhibitor against the C. albicans 

NMT, which is 250 times more selective towards the fungal enzyme than the human 

one (Devadas et al., 1995). The high affinity octapeptide substrate was based on the 

N-terminal sequence of the ADP-ribosylation factor ARF-2p and has the sequence 

GLYASKLS Peptide structure-activity relationship studies using octapeptides, in 

which each amino acid was individually replaced with an alanine, revealed that the e- 

amino group of lysine is the key enzyme recognition site that is critical for tight 

binding of the peptide to the enzyme (Devadas et al., 1995). The substitution of 

glycine with alanine at position one created a competitive inhibitor with a Ki of 5mM 

for S. cerevisiae (Rudnick et al., 1991), 8mM for C. albicans and 35mM for the 

human NMT (McWherter, unpublished results). This provided the starting point for 

the development of the first potent and selective NMT inhibitors against the fungal 

enzyme. A compound containing a 2-methyl imidazole group in place of the N- 

terminal primary amino group of the peptide conveys extremely high affinity and 

selectivity with an IC50 of 56nM.
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1.9.1 Is NMT a Potential New Drug Target for Malaria?

There are several reasons why NMT provides an attractive target for malaria 

chemotherapy. Firstly, mutations of the S. cerevisiae NMT are lethal, suggesting that 

NMT is an essential enzyme in fungi (Lodge et al., 1994a; Weinberg et al., 1995). 

Secondly, peptide binding studies have revealed that the peptide substrate 

specificities of the NMTs of different species have diverged (Towler et al., 1988). 

This has made possible the design of an inhibitor, which is 250 times more selective 

against the C. albicans NMT than the human NMT. Therefore, it may also be 

possible to design an inhibitor of the P. falciparum NMT which is not harmful to the 

host. The ADP-ribosylation factor ARF-1 is known to be N-myristoylated for its 

function and ARF-1 has been identified in P. falciparum (Stafford et al., 1996), 

indirectly suggesting that N-myristoylation must be occur. This provides indirect 

evidence for the expression of NMT within this organism. This observation provides 

the link for believing that NMT, a potential drug target for fungal infections, may 

also be a novel drug target for malaria.

1.10 Aims of the Project

Therefore, this project entailed the isolation, cloning and sequencing of NMT from P. 

falciparum and its subsequent expression to generate an NMT-fusion protein. The 

next stage involved the development of an assay for NMT activity and the 

demonstration of NMT activity in the NMT-fusion protein. A functionally active, 

recombinant enzyme will provide subsequently provide material for the testing of N- 

myristoyltransferase inhibitors in vitro. If such inhibitors prevent the replication of
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the parasite in vitro, then this will strengthen the belief that NMT may be a potential 

new drug target for malaria.
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CHAPTER TWO 

MATERIALS AND METHODS

2.1 General buffers and media

LB*: lO.OOg Bacto-tryptone, 5.00g Bacto-yeast extract,

lO.OOg NaClinlL , pH 7.0 

NZY*: lO.OOg NZ amine (casein hydrosylate), 5.00g Bacto-

yeast extract 5.00g NaCl, 1.84g MgCl2.H20 in 1 L 

PBS: Phosphate buffered saline (140mM NaCl, 3mM KC1,

3mM KH2P04,140mM Na2HP04, pH 7.4)

SM: Sodium magnesium buffer (lOOmM NaCl, lOmM

MgS04, 50mM Tris-HCl pH 7.5, 0.01% w/v gelatin) 

TBE: Tris-borate EDTA (10 x TBE ) 900mM tris-borate,

2mM EDTA pH 8.0.

Tris-acetate EDTA (50 x TAE) 2M tris-acetate, 50mM 

EDTA pH 8.0

Tris buffered saline (20mM Tris-HCl pH 7.5, 150mM 

NaCl).

Sodium chloride-citrate buffer (lx SSC is 0.15MNaCl, 

0.015M trisodium citrate)

5 x Loading Buffer: 500pl glycerol, 500pl lOx TBE, bromophenol blue

(0.05%)

* For LB or NZYagar add 15.00 g of Difco agar per litre. For NZY top agarose add 7.00 g of agarose per litre.

TAE:

TBS:

20 x SSC:

57



3M potassium acetate:

500mM EDTA:

10% SDS:

Ampicillin:

Kanamycin:

Tetracycline:

Blocking Solution:

Adjusted to pH 4.8 with glacial acetic acid and 

autoclaved

Adjusted to pH 8.0 with cone HC1 and autoclaved 

Adjusted to pH 7.0 with cone HC1 and autoclaved 

(Sigma) Stock solution of 50mg ml"1 in SDW, used at 

50pg ml"1

(Sigma) stock solution of 50mg ml-1 in SDW, used at 

50pg ml"1

(Sigma) stock solution of 15mg ml"1 in SDW, used at 

15pg ml-1

5% BSA (w/v) in PBS, 0.02% sodium azide
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2.2 Preparation of Plasmodium falciparum parasites

P. falciparum strain T9/96 was maintained in continuous culture, according to the 

method described by Trager and Jensen (1976). Clone T9/96 parasites were 

maintained in 0+ erythrocytes at 1% haematocrit in RPMI-1640, containing 25mM 

HEPES, 24mM NaHC03, 0.2% (w/v) glucose, 25jag ml"1 genatamycin, 20pg ml-1 

hypoxanthine and 0.5% (w/v) AlbuMAX™ (Gibco-BRL). The culture medium was 

changed twice daily with freshly washed, leucocyte depleted blood added every 48hr. 

The cultures were gassed with 7% C02,5% 0 2, 88% N2 and incubated in a 37°C 

incubator. Parasites were synchronized by centrifugation over 70% percoll, the pellet 

contained only intact rings, whilst the schizonts, trophozoites and uninfected red cells 

were present in the supernatant (Freeman and Holder, 1983). Parasitaemias were 

monitored each day by the preparation of thin blood smears and microscopy. These 

smears were air dried, fixed with 100% methanol for 1 min, and stained with 10% 

Giemsa in PBS for 15 min. Cultures that had reached approximately 10% 

parasitaemia were spun in a bench centrifuge at 400 x g for 5 min, the pelleted cells 

were washed with ice-cold PBS for 2 x 5 min and then the red cells lysed by the 

addition of 1% acetic acid, followed by the immediate addition of 40ml ice-cold 

PBS. This lyses the red cells but leaves the parasites intact. This suspension was 

spun at 400 x g to pellet the parasites and these were washed with ice-cold PBS for 2 

x 5 min, to remove any contaminating haemoglobin. The parasite pellets were then 

stored at -70°C until required.

59



2.3 Purification and Preparation of nucleic acids

2.3.1 Extraction of P. falciparum genomic DNA

Genomic DNA was extracted from T9/96 infected red cells that had been previously 

lysed with 1% acetic acid to remove any contaminating haemoglobin and stored at - 

70°C. The frozen extracts were thawed and a midiprep carried out using the Blood 

and Cell Culture Genomic DNA Maxi Kit (Qiagen). The purity of the DNA was 

checked by spectroscopy. The measured absorbance at 260nm and 280nm was 0.440 

and 0.229 respectively. The ratio of 260:280 for pure DNA is expected to be in the 

range of 1.7-1.9 and in this case was 1.92. Using pGEM as a control in gel 

electrophoresis, the concentration of P. falciparum DNA was estimated as 250ng pi'1

2.3.2 Purification of Plasmodium falciparum RNA

T9/96 parasites grown in lymphocyte free blood were collected by centrifugation, 

and lysed by the addition of 1% acetic acid. Prior to the lysis of the red cells, the 

haematocrit was calculated to be 1% with 38% parasitaemia. The total number of 

infected red blood cells was calculated to be 1.9 x 109 infected red cells ml'1 blood.

Two ml of T9/96 parasite culture (3.8 x 109 infected red cells) were used for RNA 

extraction using the SNAP™ Kit for RNA Extractions (Invitrogen) according to the 

manufacturer’s guidelines to isolate total RNA. RNA was eluted in lOOpl SDW, and 

lOpl of the RNA preparation was checked by electrophoresis on a 0.7% agarose gel. 

The RNA concentration was estimated at 20ng pi'1.
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2.3.3 RT-PCR and cDNA Synthesis

Ten pi of RNA (approximately 200ng) was used for cDNA synthesis using the

cDNA Cycle Kit for RT-PCR (Invitrogen). This uses AMV Reverse Transcriptase to

generate full length, first strand cDNA from total RNA for use as a template in PCR.

To lOpl of RNA was added 1.5pl sterile, DEPC treated water and lpl Random

Primers. This was heated to 65°C in a water bath for 10 min to remove any

secondary structure and then kept at RT for 2 min. After a brief centrifugation at 10,

000 x g in a bench microfuge, the following components were added; 1.0pl RNAse

Inhibitor, 4.0pl 5x reverse transcriptase buffer, l.Opl lOOmM dNTPs, LOpl 80mM

sodium pyrophosphate and 0.5pi AMV reverse transcriptase. This reaction mixture

was incubated at 42°C for 1 hr then 95°C for 2 min. As the amount of RNA starting

material was relatively low, the cDNA synthesis was repeated by adding a further

0.5pl of AMV reverse transcriptase, mixing briefly then incubating for 42°C for 1 hr

then at 95°C for 3 min as before. The samples were centrifuged briefly, then

immediately kept on ice. At this stage, reverse transcription was complete but, prior

to use of the cDNA in PCR, a phenol-chloroform extraction step was carried out by

adding to the cDNA, lpl of 0.5M EDTA, pH 8.0 and 20pl of phenol-chloroform

(Amresco). The tube was then vortexed and centrifuged in a microfuge at 10,000 x g

for 3 min. The top aqueous layer was carefully removed and transferred to a new
2m

sterile tube. Twenty two pi of^ammonium acetate and 88pl of 100% ethanol was 

then added, the tube vortexed and frozen in dry ice for 15 min, until the solution was 

completely solid. The solution was then thawed, centrifuged in an SS-34 rotor, at 

27,000 x g, using a Sorvall RC-5B centrifuge, at 4°C for 15 min. The supernatant 

was discarded and the pellet resuspended in 20pl of sterile, distilled water and stored



at -20°C. By electrophoresis on a 1% agarose gel, the DNA concentration was 

estimated to be 25ng pi'!

2.3.4 Preparation of Degenerate Primers

Degenerate primers were synthesised using an ABI 380B DNA synthesiser by the 

Sequencing and Synthesis Service at NIMR. Primers were supplied fully deprotected 

in 35% ammonia and hence required ethanol precipitation prior to use. Three

hundred and sixty pi of each oligonucleotide solution were treatedjthe addition of ^

40pl (0.1 volume) of 3M potassium acetate pH5.2 and 1ml (2.5 volumes) of 100% 

ethanol, mixed and stored at -20°C for 1 hr to precipitate the DNA, followed by 

centrifugation at 27,000 x g in a SS34 rotor, using a Sorvall RC-5B centrifuge, for 30 

min at 18°C. The supernatant was discarded and the pellet washed twice in 70% 

ethanol. The pellet was finally air-dried and resuspended in 40pl of SDW.

The concentration of each oligonucleotide was calculated using the following 

equation:-

E = (G x 11.7) + (A x 15.4) + (T x 8.8) + (C x 7.3)

c fpMi = A260 x 1000 
E

where E is the molar extinction coefficient, G, A, T and C are the number of each 

respective base in the oligonucleotide and c is the concentration of the 

oligonucleotide.
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The degenerate primers were the only oligonucleotides to be treated in this manner. 

All subsequent oligonucleotides were supplied by Oswel, in SDW. These primers 

were then diluted to lOpmol pi’1 and a total of 50pmol of each primer, was used per 

PCR reaction.

2.4 Preparation of Plasmid DNA

2.4.1 Restriction Digestion Analysis

Overnight bacterial cultures were grown in L-broth containing, 50pg ml-1 

kanamycin. Three ml of each culture were used for plasmid minipreps and the DNA 

extracted using the SNAP™ Miniprep Kit (Invitrogen), eluted in 50pl of SDW and 

then a lOpl sample analysed by restriction digestion, in 1 x reaction buffer with 10U 

of restriction enzyme, in a final volume of 20pl. Each 20pl restriction digest with 

4pl loading buffer was electrophoresed on 1.5% agarose gels in 1 x TBE + 0.5pg ml" 

1 ethidium bromide. The clone containing the expected size insert was grown 

overnight at 37°C in 5ml Terrific-broth, 50pg ml-1 ampicillin. DNA was purified 

from the 3ml of each culture and 500pl used to prepare glycerol stocks. Glycerol 

stocks were subsequently streaked onto LB-Ampicillin Agar, (50pg ml"1 antibiotic) 

and incubated overnight at 37°C. Colonies were selected, grown up as before, 

checked by restriction digestion analysis and sequenced.

2.4.2 Preparation of Vector and Insert DNA for Ligation

Vector and insert DNA were digested with the appropriate restriction enzymes and 

electrophoresed on a 1% agarose gel in 1 x TAE + 0.5pg ml"1 ethidium bromide. Gel 

slices, corresponding to vector and insert DNA, were removed using a sterile scalpel
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blade and the DNA eluted from the agarose using GeneClean™ (Biorad) according 

to the manufacturer’s instructions, with the exception that the DNA was incubated 

with the Glassmilk suspension, on ice for 15 min. Following centrifugation, the 

DNA was eluted in 2 x 5pl of water. One pi of DNA was checked on a 1% agarose 

gel in 1 x TBE, alongside a known concentration of a pGEM plasmid as a control, 

and the concentrations of the vector and insert DNA were estimated by comparison 

to the standard.

2.4.3 Ligation of Vector to Insert

Ligations were carried out in a total volume of lOpl, in lx T4 ligase buffer, with 3U 

of T4 DNA ligase (Boehringer). One hundred ng of vector was ligated to insert 

DNA, in a molar ratio of 1:3. For cloning of PCR products, fresh PCR material, 

typically less than 24 hr old, was ligated to the pCR 2.1 TA cloning vector 

(Invitrogen). The amount of PCR product to ligate with lOOng of pCR 2.1 was 

calculated using the following equation:

Xng PCR product = (Ybp PCR product) (TQOng pCR 2.D 
(3900; size of pCR 2.1)

Ligations were carried out in a total reaction volume lOpl and incubated overnight at 

16°C.
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2.4.4 Transformation of Competent Cells

Ten ng of ligated DNA were used to transform competent cells, after heat shock at 

42°C for 30 sec, or as directed by the manufacturer. The cells were grown in 300pl 

of SOC medium for 1 hr at 37°C with gentle agitation. Then, lOOp.1 and 200pl of 

each transformation mix was plated onto LB-Kanamycin Agar (50pg ml’1 antibiotic), 

overlaid with 40pl of 40mg ml’1 X-GAL and/or 0.5mM DPTG, depending on the 

bacterial strain, for blue-white colour selection.

The genotypes of the host strains used were :

XLl-BlueM RF’ (Stratagene) A(mcrA) 183A(mcrCB-hsdSMR-

mrr) 173 end A l supE44 thi-l recAX gyrA96 

relAl lac [F’proAB laclq ZAM15 TnlO (TetR)] 

BL21-Gold (DE3)pLysS (Stratagene) E.coli B F" ompT hsdS (r8‘ m8')

dcm Tetr gal end A  Hte 

TOPI OF’ (Invitrogen) F’ {lad? TnlO (TetR)} mcrh A

(mrr-hsd RMS-wcrBC)(|)80/acZAM15 AlacX14 

recAl araD139 A(ara-leu) 7697 galU galK 

rpsL (Str ) endAl nupG

As TOP 10 competent cells lack the lac repressor, IPTG was not required. Plates 

were incubated overnight at 37°C.
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2.5 Automated Sequencing of DNA

2.5.1 Protocol for Cycle Sequencing

Template DNA for automated sequencing was prepared using the SNAP™ Miniprep 

Kit (Invitrogen), according to the manufacturer’s guidelines. Miniprep DNA was 

eluted in 50pl of SDW and the DNA was precipitated, using lOOpl of absolute 

ethanol (Hayman) and 15pi of 3M potassium acetate, pH 4.8. The reactions were 

then incubated at -20° for 2 hr, spun in a microfuge for 30 min and the pellet was 

washed in 70% ethanol for 2 x 5 min. The DNA was then air dried and resuspended 

in lOpl SDW. The DNA concentration was then checked on a 1% agarose gel in 1 x 

TBE + 0.5pg ml’1 ethidium bromide. In order to estimate the DNA concentration, 

lOOng of from the pGEM plasmid, was electrophoresed alongside the template DNA. 

Sequencing reactions were carried out using the ABI PRISM Cycle Sequencing Kit 

(Applied Biosystems Inc.), which contains fluorescently labelled dideoxynucleotides. 

For automated sequencing using the ABI 377 machine (Perkin-Elmer), template 

DNA was amplified using 500ng of DNA, 8.0pl of Terminator Ready Reaction Mix, 

3.2pmol of each primer, typically M13-21 forward or the M13 reverse primers, and 

SDW up to a final volume of 20pl. The reactions were subjected to 25 cycles of the 

following thermal cycling program:

Denaturation of template DNA 96°C 30 sec

Annealing of primers 50°C 15 sec

Synthesis of target sequence 60°C 2 min
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Each 20pl reaction was purified with 2pl of 3M potassium acetate pH 4.6 and 50pl 

of 95% ethanol. The tubes were chilled on ice for 10 min, and then centrifuged at 10, 

000 x g for 30 min in a microfuge. The pellet was washed in 250pl 70% ethanol and 

air dried at RT. Cycle sequencing was carried out in accordance with the 

manufacturer’s instructions, with the exception that 500ng of DNA template and 

3.2pmol of primer were used in a total reaction volume of 20pl. Sequencing 

reactions were loaded onto a 6% denaturing polyacrylamide gel, or a 5% Long 

Ranger polyacrylamide gel (Flowgen) and the gel run at 30W for 12 hours on an ABI 

377 Automated Sequencer (Applied Biosystems Inc.). The data were collected using 

the ABI 377 Data Collection Software (Applied Biosystems Inc.) and analysed using 

Factura and Autoassembler programs. All DNA contiguous sequences were prepared 

using Mac Vector software (Applied Biosystems Inc.).

2.6 Polymerase Chain Reaction (PCR) Conditions

2.6.1 PCR Thermocycling

All PCR reactions were typically lOOpl volumes in 0.5ml sterile Eppendorf tubes 

using Taq Polymerase (AmpliTaq Gold), stock concentrations of 10 x PCR Buffer 

and 25mM MgCl2 supplied by Perkin-Elmer, and used at a final concentration of 1 x. 

The Ampli7b# enzyme has a “hot-start” reaction, whereby a 95°C hold for 12 min is 

required for activation of this enzyme. This hot start also prevents amplification of 

products caused by annealing of primers to non-specific sequences at lower 

temperatures. The dNTPs supplied by Pharmacia-Biotech as lOOmM solutions of 

dATP, dGTP, dCTP and dTTP, were used at a final concentration of 2.5mM. Each 

100pl PCR reaction comprised: 50ng genomic DNA, 25pmol of each primer, 2.5U
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Taq Polymerase (Perkin-Elmer), 2mM MgCl2, lOpl 10 x PCR Buffer, IOjlxI dNTPS 

(to give a final concentration of 2.5mM) and made up to lOOpl with SDW. PCR 

reactions were overlaid with 20pl mineral oil, spun and subjected to repeated rounds 

of thermal cycling, after which, lOpl of each product was analysed by 

electrophoresis on a 1% agarose gel, in 1 x TBE + 0.5jLig ml'1 ethidium bromide

2.6.2 Conditions for Thermal Cycling

Denaturation of template DNA 94°C 1.5 min

Annealing of primers X°C 2 min

Synthesis of target sequence 72°C 3 min

for 30 cycles followed by 72°C for 10 min in a thermal cycler (Perkin-Elmer)

where X= lowest annealing temperature of each primer. Annealing temperatures 

used were typically 2°C below the designated temperature.

The annealing temperatures of the degenerate primers were calculated using the 

following equation:

Tm (°C) = 2 (A+T) + 4 (G+C)

X = Tm-2°C
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where A, T, C and G correspond to the number of each respective residue in the 

primer and Tm represents the melting temperature of the primer.

The annealing temperatures of all the subsequent primers were calculated based on 

the data supplied by Oswel, whereby the Tm of each primer at 1M and 0.1M salt 

concentrations respectively, were stated. The Tm was then calculated at 0.5M salt 

which is the concentration present in Taq polymerase buffer.

2.7 Amplification of part of the PfNMT gene from genomic DNA, using 

degenerate primers

Putative segments of the PfNMT gene were amplified by PCR, using degenerate 

oligonucleotide primers, based on the conserved regions of the amino acid homology 

between the 6 NMT sequences known at that time. 5 conserved amino acid regions 

were identified, used for degenerate primer design and the primers were then used in 

PCR thermocycling.

NMT1 GAA ATT AAT TTT TTA TGT ATT CAT AA 
A C T

Tm 4 6 . 3°C

NM1R TT ATG TAC ACA TAA AAA ATT TAT TTC 
A T  A G  A

Tm 4 6 . 7°C
A

NMT2 CCA GTT TTA A H  AAA GAA ATT AC 
T A C T  . T G A

Tm 4 4 . 4°C

NMT2R GT AAT TTC TTT TAT TAA TAC TCC 
T C A A G A

Tm 4 1 . 4°C

NMT3R CC ATC TCC NNN TCC AAA TTT Tm 4 6 . 9°C
A A
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NMT4 AA TTT TGG NNN ACT CAA CCT GT 
A A

Tm 5 1 . 6°C

NMT5 GAA CAT TAT GTA GAA GAT Tm 3 1 . 6°C
T A

where N= any nucleotide

2.7.1 PCR Amplification of part of PfNMT using gene specific primers

Based on the 630bp region of PfNMT amplified by the degenerate primers, NMT 

specific primers were designed to amplify a 480bp fragment of PfNMT. These 

primers were designated NMTF1 and NMTB1. PCR conditions were as before with 

the following thermal cycling program: 94°C for 5 min, 60°C for 1 min, 72°C for 2 

min for 1 cycle, then 94°C for 1 min, 60°C for 2 min, 72°C for 2 min for 30 cycles 

followed by 72°C for 10 min. The sequence of the primers used were as follows:

NMTFl AGC AGG TGT TTA TCT ACC CAA AC Tm 62°C

NMTB1 TTG GCT AAG CAT ATA GCA TCT TG Tm 60°C

2.7.2 Inverse PCR

FCB-1 and T9/96 genomic DNA (1.5pg), was digested with 10U of the restriction 

enzymes Dde 1 and Rsa\ (Gibco BRL), as separate digests, in a total volume of 50pl. 

The reaction was incubated overnight at 37°C. The DNA was precipitated with 50pl 

of chloroform:isoamyl alcohol (Amresco) and vortexed thoroughly for 1 min. The 

top aqueous phase was transferred to a sterile Eppendorf and the lower phase back 

extracted with an equal volume of TE buffer. The reaction was vortexed thoroughly
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and the top aqueous phases were combined. One hundred pi of chloroform was 

added and the samples were centrifuged in a microfuge, at 10, 000 x g for 5 min. 

The top aqueous phase was transferred to a sterile Eppendorf and 150pl of 100% 

ethanol added to the tube. Thirty pi of 3M potassium acetate was added and the tube 

was chilled at -20°C for 2 hr, then spun in an SS34 rotor at 27, 000 x g, using a 

Sorvall RC-5B centrifuge at 18°C for 30 min. The pelleted DNA was washed with 

70% ethanol by centrifugation at 10,000 x g in microfuge as before. The pellet was 

then air dried and dissolved in lOOpl of T4 ligase buffer. The DNA was circularised 

with 20U of T4 ligase in a total volume of 1ml. The ligation was incubated at 37°C 

for 2 days, for optimum results. The ligations were extracted with an equal volume 

of phenohisoamyl alcohol and centrifuged for 1 min at 10,000 x g in a bench 

microfuge. The aqueous phase was transferred to a fresh tube and the lower phase 

was back extracted with an equal volume of TE buffer and spun in a microfuge for 5 

min at 10,000 x g. The aqueous phases were combined and the DNA precipitated, by 

addition of 2ml of 100% ethanol and 300pl 3M potassium acetate and then chilled at 

-20°C overnight. The DNA sample was then centrifuged at 27,000 x g in an SS34 

rotor, using a Sorvall RC-5B centrifuge, for 30 min, at 18°C. The pellet was then 

washed with 70% ethanol, air dried and resuspended in lOpl SDW. The 

concentration of the DNA was checked after gel electrophoresis and estimated to be 

lOOng pi-1. As 500ng of DNA was required for inverse PCR, 5pl of this DNA 

solution was used per reaction.
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2.7.3 PCR Conditions

PCR conditions were as before with cycling conditions of 94°C for 5 min, 50°C for 1 

min, 72°C for 2 min, for 1 cycle, then 94°C for 1 min, 50°C for 1 min, 72°C for 2 min 

for 30 cycles followed by a final extension step of 72°C for 10 min. The primer 

sequences are given as follows:

INV1 ATT ACT ACA ACA ACA ACC Tm 5 0 .,9°C

INV2 TCG ATC TAT GAA AAT ATC TAG C Tm 5 6 .,9°C

INV3 AAT TAA TTT TGA TGT TTT TAA TGC C Tm 5 4 .,8°C

INV4 GTT TGG GTA GAT AAA CAC CTG C Tm 6 1 ,,5°C

Ten pi of the PCR products were analysed on a 1% agarose gel. The DNA 

concentrations were estimated and lOOng ligated to the TA vector. Two pi of ligated 

DNA was used to transform TOP 10 competent cells, as before. Transformations 

were plated onto LB-Ampicillin (50pg ml"1 antibiotic), spread with 40pl of 40mg ml" 

1 X-GAL and the recombinant colonies were selected by blue-white colour screening. 

20 white colonies were selected at random, grown overnight in L-broth + 50pg ml"1 

ampicillin and positive recombinant colonies were identified by restriction digest 

analysis. The inserts were subsequently sequenced on both strands by automated 

sequencing.
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2.8 Southern Blotting

Southern blotting was carried out by a modification of the method described by 

Sambrook et al. (1989). Five fig of P.yoelii and P. falciparum genomic DNA were 

digested with several restriction enzymes. After resolution of the DNA fragments by 

agarose gel electrophoresis on a 0.8% agarose containing 0.5pg ml-1 ethidium 

bromide, the DNA was acid nicked, denatured and neutralised as follows: the gel was 

placed in 0.2M HC1 for 2 x 20 min, rinsed twice in water, placed in 0.5M NaOH, 

1.5M NaCl for 2 x 45 min and then rinsed twice in SDW. Each step was performed 

by submerging the gel in 500ml of each buffer on a rotary shaker with gentle 

agitation.

The DNA was transferred by capillary action to Hybond-N+ Nylon Membranes 

(Amersham) overnight in 20 x SSC (Sambrook et al., 1989) using a 500g weight and 

QuickDraw filter paper (Sigma). Following transfer, the blot was washed in 6 x 

SSC, air dried for 1 hr on 3MM chromatography paper (Whatman) and the DNA was 

immobilised by UV crosslinking for 12 sec (Autocrosslink, UV Stratalinker, 

Stratagene.) The blot was wrapped in SaranWrap (Dow ) and stored at 4°C until 

required.

2.8.1 Labelling of Probes and Hybridisation

Oligonucleotide probes (typically 50ng of DNA) were labelled with Redivue [a-32P]- 

dATP (Amersham), using 1.85Mbq per probe, with random hexamers and the 

Prime-It II Random Labelling Kit (Stratagene). Random hexanucleotides anneal 

along the DNA template forming a substrate for the Exonuclease negative, Klenow
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fragment of DNA Polymerase I. This synthesises new strands by incorporating

32nucleotide monophosphates at the 3’end of the primer and including [a- P]-dATP

into the reaction mixture, ensures incorporation of the radiolabel into the probe.

Fifty ng of PfNMT480 DNA (section 2.7.1), usually 5pi of PCR product, was mixed

with 1 Opil of the random primers, and the volume made up to 34pl with SDW. This

was heated for 5 min at 100°C, centrifuged briefly at 10, 000 x g in a microfuge and

the following reagents were added: 1 OjlxI of 5x reaction buffer containing dCTP,

dTTP, dGTP, 5pl Redivue [a-32P]-dATP (1.85MBq) and lp l (5U) Klenow

polymerase. This was incubated for 20 min at 37°C and the reaction terminated by

the addition of 2pl of Stop solution. Any unincorporated label was removed by

elution of the probe from a G25 Sephadex column (Pharmacia). The Sephadex

column was first equilibrated in 3ml TE buffer (lOmM Tris-HCl pH 7.4, ImM

EDTA). The probe was applied to the column, washed with 400pl TE and then

eluted using 400pl TE buffer. The P incorporation of each probe was evaluated,

with each specific activity being a minimum of 1x10 cpm per 50ng of DNA. The 
{concentration

a o f the probe was adjusted to a final o f lx  106 cpm per ml o f hybridisation 

buffer.

2.8.2 Hybridisation of the Radiolabelled Probe to Southern Blots

Southern Blot filters were prehybridised for 2 hr using prehybridisation solution (6x 

SSC, 5 x Denhardts (1 x Denhardts is 0.02% Ficoll, 0.02% w/v BSA fraction V, 

0.02% w/v polyvinylpyrrolidone from Sigma), 0.5% SDS. Sonicated salmon sperm 

DNA (Stratagene) at lmg ml'1, was boiled for 5 min at 100°C, placed on ice for 5 

min immediately prior to use and added to the prehybridisation solution, to give a
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final concentration of 100|_ig ml"1. Prior to addition of the probe, it was denatured by 

boiling at 100°C for 5 min, followed by incubation on ice for 5 min. Hybridisation 

was earned out using 0.5ml of hybridisation buffer per cm blot. Hybndisation was 

carried out overnight, in a shaking incubator (New Brunswick Scientific, model G24) 

with gentle agitation.

2.8.3 Washing Conditions

The blots were washed under high stringency conditions for P. falciparum genomic 

DNA using:

2 x SSC, 0.1% SDS at RT for 20 min,

1 X SSC, 0.1% SDS at 65°C for 15 min, and 

0.1 x SSC, 0.1% SDS at 65°C for 15 min.

Blots with P.yoelii genomic DNA were washed under low stringency conditions:

2 x SSC, 0.1% SDS at RT for 20 min,

1 x SSC, 0.1% SDS at 50°C for 15 min, and 

1 x SSC, 0.1% SDS at 50°C for 15 min.

All washes were carried out in a shaking incubator (New Brunswick Scientific Model 

G24). The blots were wrapped in SaranWrap and exposed to 32P sensitive film 

(Amersham), with intensifying screens for 24 hr at -70°C.
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2.9 Construction and Screening of Genomic Libraries

2.9.1 Construction of a P. falciparum Size-Fractionated Genomic Library

Following Southern Blot analysis, the size range of Bgttl digested DNA hybridising 

to the oligonucleotide probe, was used to construct a size-fractionated, sub-genomic 

library (Sambrook et al., 1989). A 2.0kb region of BglII digested genomic DNA, 

hybridised to the oligonucleotide probe, PfNMT480 and this was used as a basis to 

construct a size-fractionated library. Five pg of P. falciparum T9/96 genomic DNA 

was electrophoresed in a 1.5% TAE agarose gel and the DNA in the region of l-6kb, 

which hybridised to the oligonucleotide probe, was used to construct the size- 

fractionated library. This region of the gel was excised with a sterile scalpel blade, 

transferred to a sterile 1.5ml Eppendorf and the DNA from each gel slice was eluted 

using the Geneclean kit (Biorad). The concentration of the DNA was determined by 

gel electrophoresis. Concomitantly, total genomic libraries were constructed using 

P. falciparum genomic DNA digested with BglYL. The DNA was ethanol precipitated 

as before and ligated directly to ^-ZAPII vector.

2.9.2 Ligation into A.-ZAP II

One hundred ng of P. falciparum genomic DNA (either size-fractionated or total) 

were ligated into X-ZAB II (Stratagene) using lpg of vector, lx ligase buffer lOmM 

rATP and 3U T4 ligase in a total reaction volume of 5pi. Ligations were incubated 

overnight at 4°C. The recombinant phage were packaged according to 

manufacturer’s guidelines (Gigapack II Gold, Stratagene) and E.coli XLl-Blue 

MRF’ strain (Stratagene) infected with the packaged phage. The packaged phage 

were eluted in 500pl of SM buffer and stored at 4°C with 20pl chloroform.
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2.9.3 Library Titration

Serial dilutions of phage stock were prepared and used to transform XLl-Blue MRF’ 

cells. Glycerol stocks of XLl-Blue MRF were kept at -70°C and used to streak LB- 

Tetracycline Agar (15pg ml"1 antibiotic). Cultures were grown overnight at 30°C in 

50pl L-Broth supplemented with lOmM MgS04 and 0.2% maltose, but in the 

absence of tetracycline. The bacterial cultures were centrifuged in an IEC-Centra 4B 

centrifuge, at 400 x g for 10 min, the supernatant decanted and the pellet was 

resuspended in 25pi lOmM MgS04. Phage dilutions were prepared, in the range of 

10"3 to 10"7 and 20pl of each dilution were used to transform 1.2ml of XLl-Blue 

MRF’ cells. The bacterial cell/phage suspensions were incubated at RT for 10 min, 

followed by incubation at 37°C for 15 min with shaking. Aliquots (610pl) of this 

suspension were mixed with 3.3ml molten NZY top agar and poured over 140mm 

petri dishes (Nunclon). The plates were incubated at 37°C for 8 hr until distinct 

plaques had developed. The number of plaques per dilution were counted and plaque 

forming units (pfu) per ml determined.

2.9.4 Amplification of Libraries

Twenty pi of each phage stock was mixed with 600pl XLl-Blue MRF’ and each 

library was plated onto 140mm NZY agarose plates at a density of 5 x 104 plaques 

per plate. The plaques were grown 37°C for 8 hours and then overlaid with 8ml of 

SM buffer overnight at 4°C with gentle shaking. Following the overnight incubation, 

the bacterial suspensions were recovered, each plate rinsed with 2ml SM buffer and 

each library pooled. Chloroform was added to a final concentration of 5% (v/v), 

incubated for 15 min at RT, cell debris was removed by centrifugation at 400 x g in a
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Beckman J-6B centrifuge for 10 min and the supernatant stored in a sterile glass 

bottle, with a final concentration of 0.3% chloroform.

2.9.5 Library Screening

The genomic DNA library was plated out as before but this time at a higher density 

of 5 x 104 plaques per 140mm plate. Nylon membrane lifts were taken in duplicate, 

allowing 2 min for the first transfer and 4 min for the second. The filters were 

orientated with needle and ink, then denatured in 1.5M NaOH, 1.5M NaCl for 2 min, 

neutralized in 1M Tris-HCl pH 7.4, 1.5M NaCl for 4 min and finally rinsed in 2 x 

SSC, 0.2M Tris- HC1 (pH 8.0) prior to immobilisation by UV crosslinking, in a 

Stratagene Stratalinker. Filters were wetted in 6 x SSC for 2 min, then incubated in 

prehybridisation solution for 2 hr at 65°C with shaking. The radiolabelled probe was 

denatured by boiling at 100°C for 5 min, chilled immediately on ice for 5 min and 

then added to the prehybridisation solution. Hybridization was allowed to occur 

overnight at 65°C. Filters were then subjected to a series of high stringency washes:

2 x SSC, 0.1% SDS for 20 min at RT 

1 x SSC, 0.1% SDS for 15 min at 65°C 

0.1 x SSC, 0.1% SDS for 2 x 15 min at 65°C.

The filters were then wrapped in SaranWrap (Dow) and exposed to X-Omat MR film 

(Kodak), using an intensifying screen (Dupont), overnight at -70°C.
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2.9.6 Plaque Purification

All positive plaques were cored and stored in 500pl SM buffer and 50pl chloroform. 

Plaques were purified by subsequent secondary and tertiary screening. Phage 

dilutions of 10'3 were plated onto 82mm round plates, overlaid with Hybond-N+ 

Nylon membranes (Amersham), hybridised to radiolabelled PfNMT480 and detected 

by autoradiography as before. Any plaques that were persistently positive after the 

tertiary screen were excised in vivo, to rescue the pBK-CMV SK(-) plasmids.

2.9.7 In Vivo Excision of the pBK-CMV (SK-) Phagemid from the X-ZAP II 

Express II Vector

Plaques were resuspended in SM buffer as before and the pBK-CMV SK(-) 

phagemid excised from the A.-ZAP II vector, using the ExAssist/SOLR system 

(Stratagene). Two hundred pi XLl-Blue MRF’ cells, lOOpl of the appropriate phage 

stocks and lpl ExAssist Helper Phage (1 x 106 pfu ml"1) were mixed in a 50ml 

conical tube and incubated at 37°C for 15 min. Three ml L-Broth added to the tubes 

and the tubes were incubated for a further 3 hr at 37°C, with shaking. The tubes were 

heated at 70°C for 20 min and spun in a bench centrifuge (IEC Micro Centaur), at 

400 x g for 15 min. The supernatant containing the excised plasmid was decanted 

into a sterile tube. One pi and 50pl of this plasmid stock were mixed with 200pl of 

XLl-Blue-MRF’ cells, incubated at 37°C for 15 min, then lOOpl from each tube was 

plated onto LB-kanamycin Agar (50pg ml"1 antibiotic) and incubated overnight at 

37°C. Colonies were picked from the agar plates using a sterile tooth pick and grown 

overnight in L-broth, 50pg ml"1 kanamycin. Minipreps were prepared and DNA
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sequences of the inserts were analysed directly by automated sequencing, using Ml 3- 

21 and the Ml 3 reverse primers.

2.10 Screening for the 5’end of the NM T  Gene

Once DNA had been isolated and cloned from the genomic library, the inserts were 

sequenced and it was immediately obvious that the 5’ end of the gene had not been 

isolated. Therefore, the partial sequence of PfNMT obtained from the BglR digested 

genomic library was checked against the Plasmodial sequences in the TIGR 3D7 

database. This search identified a TIGR clone termed PF2MJ, which was 

approximately 98% identical to the partial sequence from the genomic library. A 

contig was constructed which extended the partial sequence from the genomic library 

by 168bp, upstream of the BglII site. Two primers, termed NMTVEC1 and 

NMTVEC2, were designed within this 168bp region. These primers were 

subsequently used to amplify the 5’ end of the NMT gene from P. falciparum 

genomic DNA, using the Vectorette-PCR strategy.

2.10.1 Construction of Vectorette-11 Libraries

Vectorette-II PCR was employed as a final approach to clone the remaining 5’ region 

of PfNMT Vectorette-II Libraries were made according to the manufacturer’s 

guidelines (Genosys) using 0.1 pg of T9/96 genomic DNA digested with either Alul, 

Rsal, Sau3A, Xholl or Dral. Vectorette Linkers were supplied as lyophilized DNA 

and 15pmol was resuspended into 25pi of SDW. Genomic DNA digested with Dral, 

Rsal and Alul was ligated to blunt ended Vectorette Linkers whereas, genomic DNA 

digested with Sau3A and Xholl were ligated to BamRl Vectorette Linkers. Ligations
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were carried out using 3pmol of each Vectorette linker, lOOnM rATP, lOOnmol DTT 

and 1 unit T4 ligase in final reaction volume of lOOpl. Following ligation to the 

Vectorette linkers, the Vectorette-II libraries were subjected to three rounds of 

thermal cycling, each cycle consisting: 20°C for 1 hour and then 37°C for 30 min. To 

prevent the re-formation of the 4bp, blunt ended Sau3 A restriction enzyme site, the 

Sau3A Vectorette-II library was heated at 70°C for 10 min, prior to thermal cycling. 

The Vectorette-II libraries were then aliquoted into lOpl volumes and stored at -20°C 

until required.

2.10.2 PCR Conditions for Vectorette-II Library Screening

All PCR reactions were carried out under sterile conditions in lOOpl reaction 

volumes, using lpl of each Vectorette-II library, 1 x PCR Buffer II (Perkin-Elmer), 

50mM of each dNTP, 3mM MgCl2, 250nM of Universal Vectorette Primer, 250nM 

of each NMT specific primer NMTVEC1 or NMTVEC2, and 5U AmpliTaq Gold 

(Perkin-Elmer), with a 20pl mineral oil overlay. Thermal Cycling was as follows 

94°C for 12 min, 94°C for 1 min, 60°C for 2 min, 72°C for 3 min for 40 cycles, 

followed by final extension step of 72°C for 10 min. Nested PCR was carried out as 

above except using lpl of each PCR product, ImM Nested Vectorette Primer and 

ImM of the gene specific primers i.e. NMTVEC1 or NMTVEC2.

After the first sequence had been obtained using the Vectorette approach, further 

upstream sequence was necessary in order to obtain the full length gene. Two 

primers were designed for this second Vectorette walk, namely NMTVEC3 and 

NMTVEC4. NMTVEC3 was used for first round PCR and NMTVEC4 for nested



PCR, as before. Thermal cycling was carried out as before except using a Tm of

55°C. Primer sequences are given as follows:

NMTVEC1 CCA ATT TTT TAC ATA TTT AGG AGA ACT C Tm 6 3 . 3°C

NMTVEC2 AAC ACA ATA AAA AAT TCA CCC CAG C Tm 6 1 .7 ° C

NMTVEC3 CAA GTC TTA TTC TTT CCT TCG T Tm 5 8 . 7°C

NMTVEC4 GAT ATA AAT CCC TAC CAA CAA A Tm 5 6 . 9°C

2.10.3 Cloning of Vectorette PCR Products

lOpl of each Vectorette PCR was analysed on a 1% agarose gel in 1 x TBE + 0.5pg 

ml"1 ethidium bromide. The concentrations of each PCR product were estimated, the 

DNA was ligated to lOOng of the TA vector, in molar ratio of 3:1, insert: vector as 

before, then used to transform TOP 10 competent cells. Transformations were plated 

onto LB-Ampicillin Agar, (50pg ml-1 antibiotic) and spread with 40pl of 40mg ml"1 

X-GAL. Positive colonies were subsequently chosen by blue-white selection.

2.10.4 Restriction Digest Analysis

Twenty colonies were selected for restriction digest analysis and inoculated into 

Terrific-broth for overnight growth at 37°C. Five ml overnight cultures were grown 

in Terrific-broth containing 15pg ml-1 kanamycin. DNA was extracted using the 

Wizard™ Miniprep Kit (Promega). DNA was eluted in 50pl SDW and 5pi used for 

restriction enzyme digest analysis with 10U of Xhol and Kpnl, with 1 x restriction 

enzyme buffer in a final volume of lOpl. These enzymes were selected as they are 

both unique to the vector and due to the G-C richness of their restriction sites, they
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are both unlikely to digest A-T rich malarial DNA. Following overnight incubation 

at 16°C, positive clones were identified by gel electrophoresis on a 1% agarose gel in 

1 x TBE containing 0.5pg ml-1 ethidium bromide.

2.11 Cloning Full Length PfNMT from genomic DNA and cDNA

The sequences obtained from the BglU digested genomic libraries isolated the 3’ end 

of PfNMT and the Vectorette-II libraries isolated the 5’ end of the gene. The full 

length sequence was therefore amplified from both genomic and cDNA using two 

primers termed NMTORF1A and NMTORF2A. NMTORF1A was designed to 

amplify from the 5’end of PfNMT by PCR and NMTORF2A to amplify from the 3’ 

end. To allow insertion into the pTrc-HisC expression vector, NMTORF1A had the 

BarriHl restriction site incorporated into the primer sequence and NMTORF2A had 

the EcoRI restriction site incorporated into the sequence. The restriction sites are 

shown in bold type.

Primer details are given as follows:

NMT0RF1A GG ATC CCG AAT GAT GAT AAG AAA GAT TTT GTT GG Tm 69°C

NMT0RF2A G GAA TTC AAG ATG GTG GTT ATA AAC TTA TAA TAA ACC Tm 6 6 . 7°C

Full length NMT gene sequence was amplified from both cDNA and genomic DNA, 

using KlenTaq Polymerase (Clontech) which has the 5’ to 3’ proofreading activity. 

PCR reactions were set up as before using lOOng of genomic DNA or 50ng cDNA.
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Cycling conditions were 94°C for 5 min for 1 cycle, 94°C for 1 min, 64°C for 30 sec, 

68°C for 2 min, for 30 cycles followed by a final extension step of 68°C for 10 min.

PCR products were checked on a 1% agarose gel, in 1 x TBE + 0.5pg ml-1 ethidium 

bromide and ligated into the TA vector as before using 25ng of PfNMT from 

genomic DNA or 15ng of PfNMT from cDNA, lpl 10 x reaction buffer, lpl (10U) 

T4 ligase and 2pl (lOOng of TA vector) in a final volume of lOpl. Ligated DNA was 

used to transform TOP 10 competent cells. Transformed cells were plated onto LB- 

Ampicillin Agar (50pg ml"1 antibiotic) and spread with 40pl of 40mg ml 1 X-GAL 

for blue-white colour selection. Miniprep DNA was prepared using the SNAP 

Miniprep Kit (Invitrogen) and sequenced on both strands using the following 

primers: M l3-21 forward primer, NMTF1, M l3 reverse primer and NMTB1. Once 

the sequence had been confirmed, both PfNMT from genomic and cDNA were used 

to transform the expression vectors pGEX-3X and pTrc-HisC.

2.12 Cloning of the Upstream region of /yNMT to Determine the Presence or 

Absence of an N-Terminal Extension

In order to elucidate whether an N-terminal extension, resulting from an alternative 

start site was present in PfNMT, the upstream region of the gene was amplified by 

PCR, using both genomic and cDNA as a template. The following primers were 

used for the PCR reaction:

NMTUP4 T M  M T  M T  ATA M C  CCC Tm 4 5 .5 ° C

NMTVEC4 GAT ATA M T  CCC TAC C M  C M  A Tm 5 6 .9 ° C



PCR thermocycling was carried out as before, except an annealing temperature of

43.5°C was used.

The PCR products, from both genomic and cDNA were ligated to the TA vector and 

ligated DNA used to transform TOP 10 competent cells as before. Transformed cells 

were plated onto LB-Ampicillin Agar (50pg ml'1 antibiotic) and spread with 40pl of 

40mg ml"1 X-GAL for blue-white colour selection. Positive clones were selected by 

miniprep analysis and restriction digestion using EcoRl. Both inserts were 

sequenced using the M l3-21 and M l3 reverse primers and compared, to determine 

the presence or absence of an upstream intron.

2.13 Cloning the PfNMT Gene in Expression Vectors

2.13.1 PCR Amplification of an NM T  Gene fragment for Cloning into pGEX- 

3X

Based on the original 630bp sequence of PfNMT amplified by the degenerate 

primers, primers were designed to amplify a 500bp fragment of NMT which would 

incorporate a BamRl restriction site at the 5*end and an EcoRl site at the 3’ end, and 

which would allow cloning into the pGEX-3X expression vector. PCR conditions 

were as before except an annealing temperature of 65°C was used. The sequence of 

the primers were as follows, with the restriction sites shown in bold type:
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p G E X N M T f o r  TAA GAG CTC GGG ATC CCA GCA GGT GTT TAT CTA CCC AAA C

Tm 78.1°C

pGEXNMTrev TCC GAG CTC GAA TTC TTA TTT GGC TAA GCA TAT AGC ATC TTG

Tm 75°C

2.13.2 Cloning of PCR Products into pGEX-3X

DNA in the lOOpl PCR reactions was precipitated with 180pl of 100% ethanol and 

30pl of 3M potassium acetate pH 4.8. Reactions were incubated at -20°C for 1 hr 

and centrifuged at 10,000 x g in a bench centrifuge for 30 min, then the pellet was 

washed in 1ml 70% ethanol, air dried and redissolved in 20pl of SDW. Two pi of 

the final solution was electrophoresed on a 1.0% agarose gel in 1 x TBE + 0.5pg ml"1 

ethidium bromide and the DNA concentration estimated. Amplified DNA (1.8pg) 

and 4pg of pGEX-3X were digested with 20U of EcoBl and BamRl in lx restriction 

buffer in a total reaction volume of 50pl. Digests were incubated overnight at 37°C.

Digested insert DNA and pGEX-3X were electrophoresed on a 1.5% agarose gel in 1 

x TAE + 0.5pg ml’1 ethidium bromide and eluted from the gel using the GeneClean 

Gel Elution kit (BioRad). The DNA and vector were resuspended in a final volume 

of lOpl SDW and ligated at a ratio of 3:1, insert : vector using the formula 

previously described. Fifty ng of insert DNA was ligated to 200ng of pGEX-3X with 

3U T4 ligase in 1 x ligation buffer, 5nM rATP in a final volume of lOpl. Ligations 

were incubated overnight at 16°C.
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2.13.3 Transformation of BL21 Gold Host Cells

Fifty ng of ligated DNA was used to transform lOOpl of BL21 Gold Competent Cells 

(Stratagene). Transformations were carried out as directed by the manufacturer’s 

instructions, the transformed cells were plated out onto LB-Ampicillin Agar (50pg 

ml'1 antibiotic) and incubated overnight at 37°C.

2.13.4 Cloning Full Length PfNMT Gene into pTRC-His C

Full length PfNMT was amplified by PCR using NMTORF1A and NMTORF2A and 

cloned into the TA vector as before. The sequence confirmed by automated 

sequencing using the M l3-21 forward primer, M l3 reverse primer, NMTF1 and 

NMTB1. The PfNMT gene was then digested from the TA vector. pTrc-His C was 

similarly digested with EcoPl and BamEl and both samples were electrophoresed on 

a 1% agarose gel in 1 x TAE + 0.5pg ml-1 ethidium bromide. Gel slices were cut 

using sterile scalpel blades and the DNA was removed from the gel using the 

Geneclean Gel Purification kit (BioRad). DNA was eluted in lOpl of SDW and to 

determine the concentration, lpl was checked on a 1% agarose gel in 1 x TBE + 

0.5pg ml"1 ethidium bromide.. The ligations were carried out using both 1:1 and 3:1 

molar ratios of insert: vector. Ligation reactions included lOOng of pTrc-His C, lpl 

of 10 x ligation buffer, lp l of lOmM ATP and lp l (10U) DNA ligase in a final 

volume, of lOpl. Reactions were incubated overnight at 16°C, after which 2pi of 

each ligation was used to transform 50pl of competent TOP 10 host cells. 

Transformed cells were plated onto LB-Ampicillin Agar plates, (50pg ml"1 

antibiotic) and incubated overnight at 37°C as before. Twenty clones were selected 

at random and positive clones identified after preparation of miniprep DNA using the
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Wizard™ kit (Promega) and digestion with EcoRl and BamRl as before. Positive 

clones were sequenced with M l3 -20 forward, M l3 reverse primer, NMTF1 and 

NMTB1, using an ABI 377 Automated Sequencer as before, to ensure that the insert 

was in the correct frame with respect to the vector and that no mutations had 

occurred, especially any that would disrupt the expression of the fusion proteins.

2.14 Induction of Fusion Proteins

2.14.1 Induction of pGEX-NMT Fusion Protein Expression

Early morning, a single colony was inoculated into 10ml L-Broth containing 50pg 

ml-1 ampicillin. This was grown for 6 hr at 37°C with vigorous shaking. This 

culture was subsequently diluted into 2 x 100ml Terrific-broth containing 50pg ml-1 

ampicillin in 2 x 1 litre flasks and grown overnight at 37°C with shaking. Following 

the overnight incubation, each 100ml culture was added to 500ml Terrific-broth 

containing 50pg ml"1 ampicillin and grown for 1 hr at 37°C. The optical density was 

checked at 600nm and when the OD600 reached 0.6, expression of the fusion proteins 

was induced by the addition of 600pl of 60mg ml"1 IPTG, such that the final 

concentration of IPTG was 60pg ml"1. The following step was carried out with three 

separate variations:

• 37°C for 4hr with shaking

• 37°C for lhr with shaking

• 27°C for 4hr with shaking



The cultures were spun at 400 x g in Coming 500ml Conical tubes in a Beckman 

J6B. The supernatant was discarded, with a small volume being retained for further 

analysis. The pelleted cells were resuspended in 10ml of 50mM Tris-HCl pH 8.0, 

ImM EDTA, 0.2% NP40 (w/v), containing lOOpl of lOOmM PMSF, which was 

added immediately prior cell lysis. The bacterial cell suspension was transferred to 

30ml Oakridge tubes and lysed by the addition of lOmg ml"1 lysosyme, to a final 

concentration of lmg ml"1 lysosyme. This was incubated for 2 hr and the cell lysate 

spun at 27,000 x g in an SS34 rotor, using a Sorvall RC5B centrifuge for 10 min at 

18°C. The supernatant was transferred to a sterile tube and frozen at -20°C, until 

required.

2.14.2 Purification of pGEX-NMT Fusion Proteins on a Glutathione Agarose 

Column

The frozen supernatants were thawed and diluted with an equal volume of 50mM 

Tris-HCl, ImM EDTA pH8.0. The approximate volume at this stage was 45ml. The 

diluted supernatants were spun at 82, 000 x g, for 2 hr in a 70Ti rotor using a 

Beckman L7-65 Ultracentrifuge. The supernatant was then immediately loaded onto 

a pre-equilibrated 50ml glutathione column.

Prior to use the glutathione-agarose beads were pre-swollen in 200ml SDW. The 

column was then loaded and equilibrated with 5 volumes of 50mM Tris-HCl, ImM 

EDTA pH8.0.
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2.14.3 Elution of pGEX-NMT Fusion Proteins

The fusion proteins were eluted with 5mM reduced glutathione in 50mM Tris-HCl, 

ImM EDTA in a volume 5x that of the column. One ml fractions were collected on 

a LKB-Readirac fraction collector at a flow rate of 0.1ml min'1, using a Pharmacia 

Peristaltic Pump. Fractions were aliquoted and stored at -20°C. The protein content 

of each fraction was checked on a 12.5% polyacrylamide gel and the protein content 

of each fraction was verified by Western blotting, after separation of the proteins on a 

12.5% polyacrylamide gel, using the anti-GST polyclonal antibody.

2.14.4 Induction of Hexa-His-NMT Fusion Protein Expression

A single colony was inoculated into 5ml Terrific Broth, 50pg ml"1 ampicillin and 

grown overnight at 37°C with shaking. Following this overnight incubation, the 

culture was diluted into 100ml Terrific broth containing 50pg ml-1 ampicillin and 

grown for a further 2 hours until the optical density reached 0.6. The bacterial 

culture was then induced with ImM EPTG and incubated overnight at 37°C, with 

shaking. The following morning, the culture was spun at 400 x g, in a Beckman J- 

6B centrifuge, the supernatant was decanted and the pelleted cells stored at -20°C, 

until required. The pellets were thawed on ice for 15 min, resuspended in 1ml of 

Lysis Buffer (50mM sodium phosphate pH8.0, 300mM NaCl, lOmM imidazole and 

Complete™ Protease Inhibitor Cocktail EDTA-free (Boehringer Manheim). Ten mg 

ml’1 lysosyme was added to a final concentration of lmg ml"1 and the cells were 

incubated on ice for 30 min. The suspension was sonicated in a Sonics and Materials 

VibraCell Sonicator, for 4 x 15 second bursts on minimum deflection with pulse and 

spun at 147,000 x g, in a 70.1.Ti rotor using a Beckman L7-65 Ultracentrifuge, for 1
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hr at 4°C. The cleared supernatant was then loaded onto a Qiagen Ni-NTA spin 

column, equilibrated with 600pl of lysis buffer. Six hundred pi of cleared 

supernatant was loaded per column and spun in a microfuge at 700 x g for 4 min. 

The flowthrough was kept for analysis on a Western blot and the column washed 

twice with 600pl Wash Buffer (50mM sodium phosphate pH8.0, 300mM NaCl, 

20mM imidazole), by spinning at 700 x g for 2 min. The bound fusion protein was 

then eluted from the column using either lOOpl Elution Buffer (50mM sodium 

phosphate pH8.0, 300mM NaCl, 250mM imidazole) or, 1M imidazole, by spinning 

at 700 x g for 2 min. The presence of fusion proteins was determined by Western 

Blotting, using the Anti-Penta His or the Anti-Xpress Antibodies (both from Qiagen).

2.15 Western Blotting

All protein samples were analysed by Western blotting. Typically, lOpl volumes of 

each sample were diluted in 2 x Sample Buffer, heated for 5 min at 100°C, spun at 

10,000 x g, in a microfuge for 3 min and the supernatant loaded onto 12.5% 

acrylamide gels, alongside the standard low molecular mass markers (Gibco). Gels 

were electrophoresed in 1 x Running Buffer at 18mA for 45 min and transferred to 

Nitrocellulose (Schleicher and Schuell) in 1 x Transfer Buffer overnight at 20V. Any 

residual acrylamide was removed using gloved hands and the blot was blocked in 5% 

BSA (w/v) for 1 hr at RT. The blots were then probed with 1 in 1000 dilutions of 

either anti-GST polyclonal antibody for the detection of GST-fusion proteins or with 

Penta-His or anti-Xpress monoclonal antibodies for the detection of the pTrc-His 

fusion proteins, diluted in 5% BSA (w/v) for 1 hr at RT. Blots were washed for 3 x 

10 min in PBS, 0.1% Tween 20 at RT with shaking and probed with 1 in 1000
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dilutions of anti-mouse horse radish peroxidase conjugated second antibody for 1 hr 

at RT. Blots were washed as before with the final rinse in PBS to remove any traces 

of residual Tween-20. The blots containing the pGEX-NMT fusion proteins were 

developed using horse-radish peroxidase substrate. This comprised of 30mg 4- 

chloro-l-napthol (Sigma), 10ml methanol (Hayman), 40ml of PBS and 30pl of 

hydrogen peroxide (Sigma). The blots containing the pTRC-NMT fusion proteins 

were developed using ECL substrate for 2 min and exposed to X-Omat film (Kodak) 

for 10-30 sec.

2.16 Development of an Assay for Recombinant iyNMT Enzyme Activity

This assay was designed based on the original method by King and Sharma (1991) 

that measures the ability of active NMT to transfer [3H]-myristate from [3H]- 

myristoyl-CoA, to the N-terminal glycine of a synthetic peptide in vitro. A peptide 

termed P/G8, was designed based on the N-terminal sequence of the P. falciparum 

ARF protein. This peptide contained the sequence Gly-Leu-Tyr-Val-Ser-Arg-Leu- 

Phe and conformed to the consensus sequence required for the iV-myristoylation of 

proteins by NMT. The peptide sequence was verified by reverse-phase HPLC and 

provided as a freeze-dried powder, (Peptide Synthesis Service, NIMR), which was 

resuspended in dimethylsulphoxide (DMSO) to a final stock concentration of lOmM 

and was subsequently used in the NMT assays.

The NMT assay was carried out in a final volume of lOOpl in 30mM Tris-HCl 

pH7.4, containing 0.5mM EGTA, 40nM peptide, 1% (w/v) Triton X-100 (Sigma) 

and 615ng of purified PfNMT per lOOpl reaction. The reaction was initiated by the
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3 0addition of 0.55pCi [ H]-myristoyl-CoA (Amersham) and incubated at 37 C.

Samples were removed at time points over 24 hr, by removing 13pi aliquots and 

spotting them onto P81 phosphocellulose paper (Whatman). The control time point 

sample was collected at 0 hr. The spots were dried under a stream of warm air for 30 

sec and the P81 phosphocellulose discs were washed in three changes of 40mM Tris- 

HC1 at pH 7.3, for 90 min. The peptide and the [ H]-myristoylated-peptide carry a 

positive charge and therefore, binds to the negatively charged P81. The level of 

incorporation of [3H]-myristoyl-CoA was quantified in 5ml of Ready Safe Liquid 

Scintillation mixture (Beckman), in a Liquid Scintillation Counter (Beckman LKB 

Wallac 1216 Rackbeta).

2.17 Estimation of Protein Concentration

The BCA assay was employed to estimate the concentration of purified P/NMT 

protein. This was prepared according to the manufacturer’s guidelines and the 

reactions were incubated at 65°C for 1 hr. The absorbance at 280nm was measured 

using a Beckman Spectrophotometer.

2.18 Inhibition of PfNMT Activity

2.18.1 Inhibition of Recombinant P/NMT Activity

PfNMT enzyme assays were carried out as before, but in the presence of two known 

NMT inhibitors, iodoacetamide and DEPC, to evaluate the sensitivity of P/NMT to 

these known inhibitors. The enzymes were incubated in either lOmM DEPC or 

iodoacetamide at RT for 15 min. The reaction was then initiated by addition of the 

peptide substrate and [3H]-myristoyl-CoA and transferred to 37°C for a further 4 hr.
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Twenty mM histidine protects the human NMT from inhibition by DEPC. The 

activity of PfNMT in the presence of DEPC and histidine was measured by first 

incubating the enzyme with histidine for 15 min at RT, prior to addition of DEPC. 

The enzyme assays were carried out in parallel with human NMT as a positive 

control. All human NMT assays were incubated at 37°C for 30 min, unless otherwise 

stated.

2.18.2 Inhibition of PfNMT Activity in Parasite Cultures

P. falciparum cultures were incubated in the presence of two known inhibitors of the 

C. neoformans A-myristoyltransferase: 2-hydroxymyristic acid and 4-

oxatetradenacoic acid (Sigma), to investigate the effects of these NMT inhibitors on 

the growth and development of the parasite. The reactions were performed in 96 well 

plates (Nunclon). Two hundred pi of parasite culture, at 2% haematocrit comprised 

of 10% rings, were incubated in the presence of both inhibitors. The inhibitors were 

dissolved in absolute ethanol (Hayman) and used at concentrations ranging from 

ImM to 0.3pM. The stocks were prepared at 100 x the final concentration, such that 

2pi of each inhibitor concentration could be added to 198pl of parasite culture. This 

allowed the final concentration of ethanol to be maintained at 1%. P. falciparum 

cultures have previously been shown survive at this concentration of ethanol 

(Barbara Clough, personal communication). One pi of [8-3H]-Hypoxanthine 

(Amersham), at a concentration of 3.7Mbq ml'1, was also added to the culture. This 

would allow monitoring of the extent at which the parasite were actively synthesising 

DNA and incorporating the tritiated label into its replicating DNA strands. The cells 

were then frozen at -20°C, until required. Cells were thawed at 37°C for 30 min and



harvested using a Combi Cell Harvester (Skatron). Each sample was then dispensed 

on to a Filtermat Filter Paper disc and the amount of label incorporated by the 

parasite was determined by scintillation counting.
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CHAPTER THREE

3.1 CLONING THE NMT  GENE FROM P. FALCIPARUM

In preliminary studies, part of the gene encoding PfNMT had already been identified. 

The aims of this project were to clone and characterise the lull length PfNMT gene 

and to study its expression as an active enzyme.

Several strategies were employed in attempts to clone the NMT gene from P. 

falciparum. All involved the use of oligonucleotides, either as probes or as primers 

in various PCR amplification techniques. The first approach involved the generation 

of a PCR product using specific primers based on a sequence of the NMT gene. This 

sequence had originally been amplified by PCR using two degenerate primers: 

NMT2 and NMT3, which corresponded to a 630bp region of the NMT gene. 

However, owing to the degenerate nature of these primers, several bands were 

amplified by PCR (data not shown). The deduced amino acid sequence from the 

630bp band was found to have similarity with other NMTs in a Blast search of the 

sequence Database. NMT gene specific primers were designed based on this 630bp 

sequence and were used in a PCR to generate a 480bp DNA sequence. This 

sequence was designated PfNMT480 and was used as a radiolabelled oligonucleotide 

probe, labelled using the Prime-It II Random Labelling Kit (Stratagene), random 

primers, and [a -32 P]-dATP. The labelled PfNMT480 probe was subsequently used to 

screen a total of 2 cDNA libraries, one genomic library and a Southern blot.

The first cDNA library to be screened had been produced by Dr. William Stafford 

using the T9/96 line of P. falciparum (PhD thesis, 1996). Approximately 5 x 104
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clones were screened, using [a- P]-dATP labelled PfNMT480 oligonucleotide probe. 

This yielded 42 putative positive clones in the primary screen. All of these clones 

were re-screened and after the secondary screen, 14 clones were persistently positive. 

However, after the tertiary screen, no positive plaques were produced. PCR was 

carried out on these 14 putative positive clones using the oligonucleotides, NMTF1 

and NMTB1 as PCR primers, but yet again all were negative. The primary screen 

was repeated but was unsuccessful. This suggests that recombinant plaques carrying 

the NMT gene from P. falciparum, were not present in this T9/96 expression library.

The next library that was screened again using PfNMT480 was the expression library 

produced by Dr. Hilary Longhurst, using cDNA from the FCB-1 line of P. 

falciparum (PhD thesis, 1995). Here, the primary screen produced 19 putative 

positive plaques but all 19 clones were negative in the subsequent secondary screen. 

PCR screening confirmed the negative nature of these clones.

The next approach that was used to try to clone the NMT gene from P. falciparum, 

was Inverse PCR. Inverse PCR allows the amplification of DNA flanking a region 

of a known sequence. This principle is based on digestion of the DNA with 

restriction enzymes and circularisation of the cleavage products, prior to 

amplification with primers synthesised in the reverse orientation to those normally 

employed for PCR ( Silver, 1991) Hence Inverse PCR allows the amplification of 

the upstream or downstream regions flanking a specified segment of DNA. The 

principle relies on the identification of two restriction enzymes that have no more 

than 2-3 sites within the sequence of interest. Following restriction digestion, the
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DNA is circularised using T4 ligase and the circular DNA is subsequently used as a 

template for PCR, allowing amplification of the target sequence. Inverse PCR was 

carried out using the method described. The restriction enzymes DdeI and Rsal had 

been selected, as both are relatively infrequent, 4 base pair cutters of P. falciparum 

DNA and have few sites within the sequence of the gene known at that time (figure 

3.1).

After the procedure had been performed, 2 bands of approximately 0.8 and lkb were 

generated by PCR, using the primer pairs INV1 and INV2, INV3 and INV4 

respectively. These fragments were cloned into the TA vector and sequenced, but 

unfortunately both bands were non-specific fragments of DNA (data not shown).

3.2 Southern Blotting of P. falciparum Genomic DNA

Southern Blot analysis, using PfNMTm  as a radiolabelled probe, showed that BgHl- 

digested genomic DNA generated a positive hybridisation signal, at a size 

corresponding to approximately 2.0kb. Only one band was obtained suggesting that 

NMT from P. falciparum, like the other known NMTs is a single copy gene 

(Fig.3.2B). Alongside the BglYl digested, P. falciparum genomic DNA, BglU. 

digested, P. yoelii genomic DNA was also present. This was probed to attempt to 

clone the P. yoelii NMT for comparison with PfNMT However, no signal was 

obtained. This may have been due the use of a P. falciparum DNA sequence as a 

probe and poor similarity with the corresponding region of P. yoelii NMT. P. 

falciparum DNA has a high A-T content, up to 80%, in contrast to P. yoelii DNA, 

which tends to be more G-C rich.
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3.3 Construction and Analysis of Genomic Libraries with BglII digested DNA

To obtain further DNA sequence at both the 5’ and the 3’ end of PfNMT, a size- 

fractionated sub-genomic library was constructed. A size-fractionated sub-genomic 

library was chosen to enhance the specificity of the library and to reduce the number 

of colonies that needed to be screened. The specific size fraction of BgUl digested P. 

falciparum genomic DNA, which had been shown to contain the target sequence by 

Southern Blotting, was cloned into the X-ZAPII bacteriophage vector and the library 

was screened by hybridisation of a radiolabelled probe to membrane lifts. Southern 

Blotting had showed that BgHI digested PfNMT genomic DNA gave a positive 

hybridisation signal at approximately 2.0kb with the PfNMTm  probe (figure 3.2B). 

This enzyme was chosen to generate the sub-genomic library as Bglll digested DNA 

can be ligated directly to BamHl digested X-ZAPII vector. A genomic library was 

selected because of the lack of success in screening pre-existing cDNA libraries. Ten 

pg of P. falciparum genomic DNA were digested to completion with BgBl and 

electrophoresed on a 1% TAE-agarose gel. Slices were excised from the gel and 

one-half of each DNA sample they contained was electrophoresed on a 0.8% agarose 

gel, followed by Southern transfer to a nylon membrane and hybridisation of the blot 

to the same P fN M T probe as before.

The remainder of the size-fractionated DNA was ligated to the X-ZAPII vector, that 

had been digested with BamHl and the ligation mix was transformed into E.coli 

XLl-Blue MRF’ host cells.
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The number of recombinants to be screened in a genomic library can be calculated 

using the following equation:

N = In (1-pt______
ln(l-f)

where ‘N’ is the number of recombinants, ‘p’ is the probability of finding the specific 

sequence and ‘f  is the fraction of the genome contained in a single recombinant 

clone (Sambrook et al., 1989). In this case, a size-fraction of 5000bp was used and a 

genome size of 3 x 107bp was assumed, therefore f  = 5000/ 3 x 107 = 1.66 x 10*4. 

Therefore,

N = In (1-0.991 = 27,629
In (1 -1.66 x 10-4)

Therefore, for a probability of 0.99 of detecting a specific gene sequence in the size- 

fractionated genomic library, at least 27,629 clones must be screened.

Concomitantly, a total genomic DNA library was constructed using P. falciparum 

genomic DNA, digested with BglLl as before and ligated to X-ZAPll. Both the size- 

fractionated and the total genomic libraries were packaged, as described in the 

Materials and Methods section and used to transform E.coli strain XL 1-Blue MRF’ 

host cells.

The P. falciparum size-fractionated library was plated out at density of 100,000 pfu 

per 200mm2 plate. Screening with PfNMT480 produced 40 positives with the primary 

screen. After the tertiary screen and subsequent plaque purification, 10 of these were
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persistently positive. All 10 of these clones were excised and subsequently 

sequenced on both strands using the M l3 -21 forward and M l3 reverse primers. 

Analysis of the clones showed that all 10 clones contained a 2.0kb insert. Sequence 

analysis identified 636bp from the 3’ end of the PfNMT gene, (nucleotide sequence 

given in figure 3.3). At the amino acid level, 50% identity with NMTs was observed 

in a Pile-Up sequence comparison (figure 3.20). A putative stop codon followed the 

open-reading frame. As there was a BglII site in the nucleotide sequence, the 

sequence obtained did not cover the entire gene.

Although library screening generated multiple positive plaques, all the clones 

isolated encoded the C-terminal region of the protein with the putative stop codon. 

No full length clones, resulting from a partial BglII digestion were detected in either 

of the two genomic libraries. In summary, screening a P. falciparum size-fractionated 

library with the radiolabelled PfNMT480 probe produced 10 positive clones by 

hybridisation to the membrane filters. All ten of these clones contained a 2.0kb 

insert and encoded 636bp of PfNMT, at the 3’end of the gene. A putative stop codon 

was identified by comparison with the other known NMTs. The clones did not 

encode the 5’ end of the gene. This was due to the presence of a Bgfll site within the 

PfNMT gene. No further clones were obtained using either the size-fractionated or 

the total genomic DNA libraries. However, the distinct homology between the 

positive clones obtained from the size-fractionated library and other NMTs, 

confirmed that part of the gene encoding PfNMT has been identified and cloned.
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Therefore, the next stage entailed a sequence comparison between the partial 

sequence of PfNMT obtained from the BglU. digested genomic library and the 

sequences held on the Databases from The Institute for Genome Research (TIGR). 

This identified a 534bp clone, termed PF2MJ, which had approximately 98% identity 

to 366bp of the sequence obtained from the BglII digested genomic library. The 

remaining 168bp extended this sequence in the 5’region i.e. upstream of the BglII site 

(Figure 3.5). A schematic representing the overlap between the sequence obtained 

form the BgUl digested, genomic library and the sequence of the TIGR clone PF2MJ 

is given in figure 3.6. Due to the highly variability of the sequences of the NMTs 

cloned to date, it would have been impossible to identify the sequence of PF2MJ as 

part of PfNMT, in the absence of the partial sequence obtained from the BglLI 

digested genomic library. Based on this 168bp region, two primers were designed, 

termed NMTVEC1 and NMTVEC2, which were subsequently used to clone the 

remainder of PfNMT by Vectorette-PCR.

3.4 Screening of Vectorette Libraries

To obtain the upstream region of PfNMT, the PCR based Vectorette-II library 

approach was used. This Vectorette PCR technique allows the amplification of the 

target sequence using only one gene specific primer. Genomic DNA was digested 

with the appropriate restriction enzymes and ligated to Vectorette adapters. These 

adapters have a central region of mismatch whereby the double stranded DNA is 

non-complementary (figure 3.7). The Vectorette primer is identical to one of the 

strands of the adapter and therefore in the first round of PCR, it has no 

complementary region of DNA to hybridise to. Only after a complementary region is
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amplified by the gene specific primer can the Vectorette primer anneal (figure 3.8). 

Five Vectorette-II libraries were constructed, the genomic DNA was digested with 

Alul, Dral, Rsal, Xhol and Saul A. Two gene specific primers were designed. 

NMTVEC1 were used for standard Vectorette PCR. Nested Vectorette PCR was 

carried out using NMTVEC1 and NMTVEC2. The position of NMTVEC1 was 

upstream of NMTVEC2 and it was designed for use in nested PCR, to confirm the 

authenticity of any PCR products. The Vectorette primer was the second primer in 

each instance.

3.4.1 The First Vectorette Screen

A 500bp band was produced with NMTVEC2 from the Rsal library and a 984bp 

band was produced from the Dral library (figure 3.9). With the nested PCR, no 

bands were evident, only smears could be detected on a gel. Therefore both of the 

PCR products from the Rsal and Dral libraries were cloned and sequenced. The 

500bp band produced with the Rsal library was DNA that was not derived from the 

NMT gene, whereas the 984bp band produced with the Dral library corresponded to 

the sequence of the PfNMT gene upstream and extended the sequence in the 5’ 

region. The sequence of the region amplified from the Dral library is given in figure 

3.10. A schematic representing the overlap between the sequence obtained from the 

Dral Vectorette library and the other PfNMT partial sequences is given in figure 3.11

The deduced amino acid sequence was aligned using the Pile-Up Package (GCG 

Software) with other NMT sequences. Even though NMTs show a significant 

homology at the C-terminus and in the central region of the protein, the sequence is
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highly variable at the N-terminus. Due to this variability at the amino terminus of the 

protein, it was not clear at this stage whether or not, the full length gene had been 

obtained. Therefore, two NMT specific primers, designated NMTVEC3 and 

NMTVEC4, were designed, based on the 168bp sequence of the TIGR clone PF2MJ, 

which was upstream of the BgUl site. Vectorette PCR was performed again using 

each of the 5 Vectorette-II libraries, together with each of these primers.

3.4.2 The Second Vectorette Screen

NMTVEC3 was used for standard Vectorette PCR and NMTVEC4 for nested PCR 

as before. Bands corresponding to 681bp were obtained using NMTVEC3 with both 

the Sau3A and the Alul Vectorette libraries (figure 3.12). Using NMTVEC4, the 

primer which was based approximately lOObp upstream of NMTVEC3, products 

corresponding to approximately 700bp, were amplified with both the Sau3A and the 

Alul Vectorette libraries. Both of these bands were cloned into the TA vector and 

sequenced. Again both DNA sequences are derived from the NMT gene and 

extended the gene in the 5’region. The nucleotide sequence of the 702bp region 

amplified from the Alul library is given in figure 3.13.

In summary, by using a BgUl cut genomic DNA library, the region of the gene 

covering C-terminal sequence of PfNMT was obtained. By using two Vectorette 

libraries, the sequence of PfNMT was extended in the 5’direction and a potential 

initiation site was designated. Figure 3.14 shows a schematic of a clone contig and 

the region of PfNMT isolated from each library are marked.
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3.5 Amplifying the Full length NMT from P,. falciparum Genomic DNA and 

cDNA

The sequence of PfNMT was obtained by screening T9/96 genomic and Vectorette-II 

libraries together. Therefore, the full length sequence was amplified first from T9/96 

genomic DNA and then from T9/96 cDNA, in order to map the position of the 

introns. Full length PfNMT from cDNA was then used for subsequent expression 

and protein purification.

NMTORF1A was designed to amplify from the 5’end of NMT by PCR and 

NMTORF2A designed to amplify from the 3’ end. To allow insertion into the pTrc- 

HisC expression vector, NMTORF1A both had the BamHl restriction site 

incorporated into the primer sequence and NMTORF2A had the EcoRl restriction 

site in the sequence. Figure 3.15 shows the PCR products obtained from using 

NMTORF1A/NMTORF2A. PCR products of approximately 1.6kb from genomic 

DNA and approximately 1.2kb from cDNA were produced, using these two primers. 

Both of these PCR products were ligated to the TA cloning vector and sequenced.

The sequence data obtained covers the full length NMT gene from P. falciparum 

genomic DNA (figure 3.16). A putative start site and stop site have been identified 

and the gene is interrupted by 3 introns. The sequence j spans \ 1617bp with 3 

introns of 114, 126 and 144bp respectively. The first exon encodes only 5 amino 

acids. All three introns are at the 5’ end and span the nucleotides 16-130, 253-379 

and 427-571 respectively. From position 572, the open reading frame is continuous 

through to the stop codon. Southern Blotting using the 1617bp genomic sequence as
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a probe identified a single band with HindUl cut genomic DNA, suggesting that 

PfNMT, like the orthologous NMTs, is a single copy gene (figure 3.21). A second 

band was faintly visible with EcoRY digested DNA, although this is not shown in the 

figure, due to space limitations. This can be attributed to the presence of an EcoKV 

site in the non-coding regions of PfNMT. The two bands are therefore, probably not 

due to the presence of a second NMT gene in the malarial genome.

By using RT-PCR, the PfNMT gene was amplified from cDNA. The cDNA 

sequence spans a region of 1233bp, encoding 411 amino acids. To compare PjNMT 

with the orthologous enzymes, the amino acid sequence of PJNMT was aligned with 

the NMT sequences (figure 3.20). Although some regions of homology exist, these 

are all in the middle or, at the C- terminus with little or no homology at the N- 

terminus. This makes the identification of the start site extremely difficult. In a 

report regarding the H. capsulatum NMT, an extended N-terminal region with three 

in frame Methionines was reported (Lodge et al, 1994b). It was therefore unclear 

which Met is acting as the initiator in the P. falciparum sequence, because the 

presence of an additional intron could not be excluded. It was still possible at this 

stage that there was further coding sequence upstream, containing the actual start 

site.
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3.6 Discussion

Isolation and Sequencing of the Full Length PfNMT Gene

PfNMT was isolated using first a BglII cut genomic library to obtain the C-terminal 

region of the open reading frame. The N-terminal region was obtained by PCR 

screening with Vectorette-II libraries. Unlike the C. albicanf/NMT\(Wiegand et al., x 

1992) and Drosophila melanogastei NMT (Ntwasa et al, 1997), which contain no 

introns, the full length gene from PfNMT encodes 1617bp of genomic DNA, with 

three introns all located towards the 5’ region of the gene (figure 3.17). Each intron 

spans 100-150bp DNA, a typical size for malarial introns. The open reading frame 

encodes 1233bp, with the potential to encode a 49kDa protein (figure 3.18). The
(i

amplification of PfNMT as an RT-PCR product, indicates that this gene i i s , 

transcribed in the blood stages of the malarial life cycle. The predicted protein is 

identical to human NMT at approximately 50% of positions. When the protein 

sequences used in a BLAST search of the databases, no significant similarities other 

than to NMTs were found. Orthologous NMT sequences were aligned and compared 

using Pile-Up (Computer Genetics Group, 1994). This showed a high degree of X 

conservation through the central and C-terminal regions of the protein (figure 3.20).

This conservation includes a Gly residue located 5 residues from the C-terminus and 

which is conserved in all known NMTs (Gly-595 in figure 3.20). Mutation of this 

Gly residue to Asp in S. cerevisiae NMTlp (h/w/1-182 mutant), results in temperature 

sensitive myristic acid auxotrophy due to a temperature sensitive ten-fold increase in 

the enzyme’s apparent Km for myristoyl-CoA (Duronio et al., 1991). The greatest 

sequence diversity occurs within the N-terminal region of the protein. Previous 

deletional studies using S. cerevisiae NMTlp, have suggested that the first 59 amino
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acids may not to be involved in catalysis (Rudnick et al., 1992), but may instead play 

a regulatory role, such as targetting the enzyme to the ribosomes in the cytoplasm or 

to myristoyl-CoA pools.

Human NMT is inhibited by both iodoacetamide and DEPC, suggesting that one or f 

more of the conserved cysteine and histidine residues are involved in the catalytic 

transfer mechanism. (Towler et al., 1987; Mcllhinney et al., 1994). All the residues j 

known to participate directly in the enzymatic mechanism or play critical regulatory 

roles are conserved in the P. falciparum enzyme. These include His-250, His-292, 

His-339, His-415, Cys-290 (Peseckis et al., 1994), in the sequence /

alignment shown in figure 3.21. However, Cys-335 is replaced by Ala in PfNMT. 

Despite the conservation of these four His and two Cys residues in NMTs, mutational 

studies have revealed that only mutation of Cys-290, His-339 and His-415 resulted in 

NMTs with greatly attenuated abilities to A-myristoylate a peptide substrate. 

Mutations at His-250 and Cys-335 had relatively little effect on myristoylated- , 

peptide formation, compared with mutations in the other conserved residue mutations 

and therefore appear not to be critical for the mechanism of myristoyl-CoA transfer 

(Peseckis et al., 1994). These results are consistent with the predicted protein 

sequence of PfNMT, in which Cys-335 is replaced by an Ala residue. The crystal 

structure of the S. cerevisiae NMT has identified Glu-285 and Leu-456 to be located 

on the floor of the active site pocket (Weston et al., 1998). Leu-456 is thought to be 

the C-terminal carboxylate and participate directly in the catalytic mechanism. Both 

Leu-456 and Glu-285 are conserved in PfNMT. Similarly, Arg-296 and Trp-153 are 

believed to be essential for the binding of myristoyl-CoA to NMT (Bhatnagar et al.,

108



1998). The amide residues of Phe-264 and Leu-289 are involved in the myristoyl- 

CoA substrate specificity of NMT, by the formation of a hole, through which the 

thioester-carbonyl of the acyl-CoA must be inserted. Gly-595 and His-339 are 

believed to be required for the recognition of peptide substrates, and Gly-595 is 

thought to be critical for enzyme activity. All of these residues have been conserved 

in PfNMT. Asp-222 and Asp-224 are also thought to be required for peptide 

binding, however, in P/NMT, both of these amino acids have been replaced by a Thr 

residue. Similarly, Ile-286, Trp-153, Ile-184 and Tyr-322 are involved in the 

formation of a pocket to which myristoyl-CoA binds, all of these residues have also 

been conserved in PfNMT, with the exception of Ile-184 which is replaced by Val- 

184 inP/NMT.
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Figure 3.1

Strategy for Inverse PCR

Primers were designed to flank the DdeI and the Rsal restriction sites, of which both 

have no more than two sites in the known sequence of the gene. Following 

restriction digestion and ligation of the DNA, the circularised DNA was used as a 

template for PCR, using the primers ENV1, INV2, INV3 and INV4. These primers 

are in the reverse direction to conventional PCR primers. However, after 

circularisation of the DNA, these primers are now orientated in the opposite direction 

and amplification of the sequence of interest can proceed by conventional PCR 

methods.

This schematic depicts the position of the Dde I and the Rsal restriction sites in 

relation to the primer positions.
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Figure 3.2

Southern Blot analysis of Bglil digested, genomic DNA

Ten jig of P. falciparum genomic DNA were digested to completion with BglII. The 

DNA was electrophoresed on a 0.8% agarose-TBE gel and visualised under UV 

radiation, prior to Southern transfer onto a nylon membrane (3.2A)

Track 1 BglU digested P. falciparum genomic DNA

Track 2 Bglil digested P. yoelii genomic DNA

lkb DNA ladder markers are shown as indicated.

The blot was hybridised to a P fN M T probe, radiolabelled with [a 32P]-dATP and 

washed under low stringency conditions. As a comparison, lOpg of P. yoelii

genomic DNA was also digested and electrophoresed alongside the P. falciparum

DNA (3.2B). The PfNMTm  probe hybridised to a 2kb band with P. falciparum 

genomic DNA, but did not hybridise to P. yoelii genomic DNA.
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Figure 3.3

Partial Sequence of PfNMT obtained from the B g lll  digested, genomic DNA 

library

636bp of PfNMT sequence was obtained from a 2.0kb clone, using the size- 

fractionated genomic library which includes the putative stop codon. The protein 

sequence is shown in yellow and the sequence starts with a Bglll start (denoted in 

bold type). The arrow (4<) denotes the restriction enzyme site for Bglll, A^GA TCT. 

The sequence encoded 636bp of open reading frame, suggesting that no introns are 

present at the 3’ end of the gene. The stop codon is denoted by * and no sequence 

beyond the stop codon is presented.
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Figure 3.4

Schematic Representation of the Position of the Partial Sequence obtained from 

the Bglll digested Library

Screening the Bglll cut genomic library with radiolabelled PfNMT, isolated a 2.0kb 

clone, of which 636bp coded for the 3’ end of the PfNMT gene. An amino acid 

sequence comparison, suggested that this codes for the C-terminus of PfNMT. 

Figure 3.4 depicts the position of this genomic fragment relative to the original PCR 

product, P f N M T The DNA sequences are colour coded as follows:

Black genomic sequence

Grey PCR product

Yellow Sequence of PfNMT isolated from the BgM cut genomic DNA library

and obtained by partial sequence of a 2.0kb clone
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Figure 3.5

Overlap of PfNMT sequence with a DNA sequence from the TIGR Database

A current DNA sequencing project is underway at The Institute for Genome 

Research (TIGR) where the P.falciparum genome from strain 3D7 is currently being 

sequenced with its completion date expected in December 2000. All the 

P.falciparum DNA that has been sequenced so far is held on the TIGR database and 

a comparison of the PfNMT sequence from the BglII library showed homology with 

a clone on the TIGR database, termed PF2MJ5. This clone covered 534bp, with 

approximately 98% identity to 366bp of the sequence obtained from the BglU. 

digested genomic library. The remaining 168bp lie beyond the BglU restriction 

enzyme site and extend the sequence of PfNMT by 168bp in the 5’ direction. Xhe 

protein sequencel is shown in magenta, up to the BglU. restriction enzyme site. No 

sequence downstream of the BglU restriction enzyme site is given. The position of 

the Bglll restriction enzyme site A-l GA TCT, is denoted by an arrow
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CGG GCT TTG AGT TCT CCT AAA TAT GTA AAA AAT TGG CAT ATA TGT
GCC CGA AAC TCA AGA GGA TTT ATA CAT TTT TTA ACC GTA TAT ACA

R A L S S P K Y V K N W H I C

GTT AAA TAT GAA TCA ACA AAT AAA CTA GCA AGT TTT ATA AGT GCT
CAA TTT ATA CTT AGT TGT TTA TTT GAT CGT TCA AAA TAT TCA CGA

V K Y E S T N K L A S F I S A

ATA CCT ATT GAC ATG TGT GTA AAT AAG AAT ATA ATA AAG ATG GCT
TAT GGA TAA CTG TAC ACA CAT TTA TTC TTA TAT TAT TTC TAC CGA

I P I D M C V N K N I I K M A

GAG GTG AAT TTT TTA TGT GTT CAT AAA TCA H A A I
CTC CAC TTA AAA AAT ACA CAA GTA TTT AGT AAT T

E V N F L C V H K S L



Figure 3.6

Schematic Representation of the Overlap between the TIGR clone and the 

Sequence obtained from the BglII digested Library

This schematic depicts the relative position of the TIGR clone, PF2MJ, with respect 

to the sequence of PfNMT isolated from the BglU digested genomic library. The 

TIGR clone extends the latter sequence by 168bp upstream of the BglU. restriction 

site.

Black genomic sequence

Grey PCR product

Yellow Sequence of PfNMT isolated from the BglU cut genomic DNA library

and obtained by partial sequence of a 2.0kb clone 

Magenta Sequence of the TIGR clone PF2MJ
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Figure 3.7

Structure of the Vectorette adapter

The Vectorette adapter is ligated to genomic DNA which has been digested with the 

appropriate restriction enzyme. This adapter has a central region of mismatch 

whereby the two strands of DNA are non-complementary. The Vectorette primer is 

identical to one of these strands (shown in red and white) and therefore cannot 

participate in the first round of PCR until a complementary region is amplified by the 

gene specific primer.
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Figure 3.8

Schematic Representation of the Vectorette-PCR Strategy

As the Vectorette primer is identical to one of the non-complementary strands of 

DNA, it is unable to hybridise and amplify any target DNA. Therefore, the first 

round of DNA amplification is by the gene specific primer alone. This first round of 

PCR will thus, amplify a region of DNA complementary to one of the strands in the 

region of mismatch and hence, provides a new template for the Vectorette primer. 

Therefore, in the second and subsequent rounds of PCR cycles, both the gene specific 

and the Vectorette primers will enable the target sequence of interest, to be amplified.
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Figure 3.9

PCR products obtained with the first Vectorette -PCR

PCR was carried out using the 5 Vectorette libraries as templates and NMTVEC2 

with the Vectorette primer, as the two primers. PCR reactions containing water 

instead of DNA were used as negative controls. Ten pi of each of the 5 PCR 

products were loaded onto a 1% agarose-TBE gel. Lanes are marked as shown:

Track 1 Negative control

Track 2 Negative control

Track 3 Blank

Track 4 Alul

Track 5 Dral

Track 6 Sau3A

Track 7 Rsal

Track 8 Xhol

Track 9 Blank

Track 10 Blank

Two bands amplified from the Dral and the Rsal libraries, corresponding to 

approximately lkb and 500bp respectively, were ligated to the TA vector and 

sequenced.
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Figure 3.10

Sequence of PfNMT amplified from the Dral Vectorette library

The 984 base pair PCR product, amplified from the Dral Vectorette-H library was 

ligated to the TA vector and a clone was sequenced using the M l3-21 and the M l3 

reverse primers. The nucleotide sequence was translated in all three frames (not 

shown). The amino acid sequence of PfNMT is shown in one frame. Analysis of the 

sequence data suggests the presence of introns. The exact location of the introns was 

identified by comparison with a cDNA clone. The putative coding region is 

indicated with the amino acid translation shown underneath, in pale blue type. The 

non-coding region being represented by a blank region. The arrow ( i)  denotes the 

Dral restriction enzyme site TTT>1 AAA.
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Figure 3.11

Schematic Representation of the Position of the PfNMT Sequence obtained from 

the Dral Library

This schematic depicts the position of the Vectorette product obtained with the Dral 

library, in relation to the previous clones corresponding to PfNMT.

Black genomic sequence

Grey PCR product

Yellow Sequence of PfNMT isolated from the BglR cut genomic library

Magenta Sequence of the TIGR clone PF2MJ

Pale Blue Sequence from Dral Vectorette library
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Figure 3.12

PCR products obtained with the second Vectorette PCR

PCR was carried out using the 5 Vectorette-II libraries as templates and NMTVEC3 

or NMTVEC4 respectively, with the Vectorette primer. The position of NMTVEC4 

was approximately lOObp downstream from the position of NMTVEC3. Therefore, 

the authenticity of any PCR products obtained from each of these 2 primers, can be 

confirmed, if the size difference of the products is approximately lOObp. PCR 

reactions containing water instead of DNA template were used as a negative control. 

Ten pi of each of the 10 Vectorette PCR products were loaded onto a 1% agarose- 

TBE gel. Lanes are marked as shown:

Track 1 Negative control Track 6 Sau3A + VEC3

Track 2 Negative control Track 7 Xhol + VEC3

Track 3 Alul + VEC3 Track 8 Xhol + VEC4

Track 4 Dral + VEC3 Track 9 Alul + VEC4

Track 5 Rsal + VEC3 Track 10 Dral + VEC4

Track 11 Rsal + VEC4 Track 12 Sau3A + VEC4

Bands amplified from the Sau3A and the Alul libraries, both corresponding to 702bp 

respectively, were ligated to the TA vector and positive clones were sequenced.
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Figure 3.13

Sequence of PfNMT Amplified from the Alul Vectorette Library

The PCR products obtained from the Alul and Sau3A Vectorette libraries, were 

ligated into the TA vector and positive clones were sequenced using the M l3 reverse 

and M l3-21 primers. The 702bp nucleotide sequence from the Alul Vectorette 

library, was translated in three frames (not shown) and this region of the gene 

showed the presence of introns. Therefore the coding sequence is shown with the 

amino acid sequence marked underneath in dark blue type. The non-coding sequence 

is represented by a blank region. The arrows (4<) denote the Alul restriction enzyme 

site AGl CT.
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Figure 3.14

Schematic Representation of the Position of the PJNMT Sequence obtained from 

the Alul Library

This schematic depicts the position of the Vectorette product obtained with the Alul 

library, in relation to the previous clones corresponding to PJNMT

Black genomic sequence

Grey PCR product

Yellow Sequence of PJNMT isolated from the Bgtll cut genomic library

Magenta Sequence of the TIGR clone PF2MJ

Pale Blue Sequence from Dral Vectorette library

Dark Blue Sequence from Alul Vectorette library
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Figure 3.15

PCR Products Amplified from Genomic DNA and cDNA, using the 

NMTORF1A and NMTORF2A Primers

Primer pairs were used in PCR to amplify PJNMT from both genomic DNA and 

cDNA. PCR reactions containing water instead of DNA template, and reactions 

containing either NMTORF1A alone or NMTORF2A alone, were used as negative 

controls. Ten pi of each PCR product were loaded onto a 1% agarose-TBE gel. The 

results show that the band obtained from cDNA (tracks 9 and 10) is approximately 

400bp smaller at 1.2kb, than the band obtained from genomic DNA (track 6), which 

corresponds to approximately 1.6kb. This suggests that introns are present, spanning 

across at least 300bp of DNA.

Tracks 1 and 2 Negative water control 

Track 3 Negative control containing NMTORF1A only

Track 4 Negative control containing NMTORF2A only

Track 5 Blank

Track 6 Genomic DNA amplified with NMTORF1A and NMTORF2A

Tracks 7 and 8 Blank

Track 9 cDNA amplified with NMTORF 1A and NMTORF2A

Track 10 cDNA amplified with NMTORF1A and NMTORF2A

The lkb ladder markers are shown on either side of the gel.
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Figure 3.16

Sequence of PfNMT from Genomic DNA

The genomic sequence of PfNMT was amplified by PCR, from P. falciparum DNA 

of strain T9/96, using NMTORF 1A and NMTORF2A. The 1.6kb fragment 

amplified by PCR was ligated into the TA vector and sequenced using the following 

primers: M13 reverse, M13 -21 forward primer, NMTF1 andNMTBl.

The nucleotide sequence is shown, with the intron regions denoted by a blank region. 

The sequence encodes 1617bp with 3 introns all in the size range of 114, 126 and 

144bp respectively. The first exon encodes only 5 amino acids. The introns span 

the nucleotides 16-130, 253-379 and 427-571. From position 572, open reading 

frame is continuous through to the stop codon. The amino acid sequence is shown 

underneath in green type and the stop codon is denoted by *.
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Figure 3.17

Schematic Representation of the Sequence oi PfNMT from Genomic DNA

This schematic represents the relative positions of the partial sequences of PfNMT 

obtained from the B glll genomic libraries, the TIGR clone PF2MJ and the two 

Vectorette libraries. The full length PfNMT from genomic DNA is also shown in 

green, with the position of the introns given in red.

Black genomic sequence

Grey PCR product

Yellow Sequence of PfNMT isolated from the Bglll cut genomic library

Magenta Sequence of TIGR clone PF2MJ

Pale Blue Sequence from Dral Vectorette library

Dark Blue Sequence from Alul Vectorette library

Green/Red Full length PfNMT from T9/96 genomic DNA
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Figure 3.18

Sequence of PfNMT from cDNA

Full length PfNMT was amplified from P. falciparum cDNA by PCR, using 

NMTORF 1A and NMTORF2A. The primer sequences have been removed and the 

sequence encodes 1233bp of open reading frame. This is 355bp smaller than the 

genomic sequence. The protein sequence is shown in green type and encodes 411 

amino acids, with the initiator Met residue shown bold. The stop codon is denoted 

by *.
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Figure 3.19

Schematic Representation of the Genomic and cDNA sequences of PfNMT

Schematic depicting the genomic sequence of PfNMT with the three intronic regions. 

The corresponding cDNA sequence is also shown. The coding regions are given in 

green and the intron regions shown in red. All three introns are in the range of 100- 

150bp. From position 572, begins the open reading frame through to the stop site.
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Figure 3.20

Comparison of Orthologous NMTs

The sequence of the NMTs cloned to date, were compared using the Pile-Up program 

(GCG Package). 3 more NMT sequences have been isolated since the 

commencement of this project and PfNMT is now the tenth enzyme to be cloned. 

The sequence comparisons are given:

Key

Hs Homo sapiens

Mm Murine muscularis

Dm Drosophila melanogaster

Ce Caenorhabditis elegans

Pf Plasmodium falciparum

Cg Candida glabrata

Sc Saccharomyces cerevisiae

Ca Candida albicans

He Histoplasma capsulatum

Cn Cryptococcus neoformans

The conserved residues are shown in green.
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Figure 3.21

Southern Blotting Analysis Demonstrates that PfNMT is a Single Copy Gene

Genomic DNA was digested with BamRl and EcoRL as a double digest, and 

independently digested with EcoRV and HindUl. Five pg of genomic DNA was used 

for each digest. DNA was electrophoresed on a 0.8% agarose-TBE gel and 

photographed under UV transillumination (3.21 A). The lkb ladder marker is shown on 

either side.

Track 1 genomic DNA digested with BamRl and EcoRl

Track 2 genomic DNA digested with EcoRV

Track 3 genomic DNA digested with HindUl

The DNA was subsequently transferred to a nylon membrane and hybridised to P32 

labelled P/NMT from genomic DNA. The blot was washed under high stringency 

conditions and exposed to X-Omat MR (Kodak) film overnight at -70°C (3.2IB). Single 

bands can be seen with BamRl/EcoRI digested DNA and HindUl digested DNA 

suggesting that PfNMT is a single copy gene. However, due to the presence of an 

EcoRV site within the genomic DNA, a second band was visible in EcoRV digested 

DNA. This band was smaller than 2kb and therefore has been removed from the 

photograph.
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CHAPTER FOUR

4.1 DOES PfNMT HAVE AN N-TERMINAL EXTENSION?

It has recently been reported that the human NMT contains a lysine-rich, extended N- 

terminal region (figure 3.20) (Mcllhinney et al., 1998). The N-terminal extension 

increases the size of the full length protein from approximately 50kDa to 60kDa and is 

reported to direct the predominantly cytosolic enzyme to the free ribosomes. As N- 

myristoylation is a co-translational event, this interaction would enable NMT to be 

present at the site of protein synthesis. It is unclear whether or not the smaller protein 

results from proteolysis of the 60kDa NMT, or by differential splicing.

Full length PfNMT was cloned and a putative start site was identified. The sequence of 

PfNMT obtained from the Alul Vectorette library extended approximately 600bp 

upstream of this designated start site and a lysine-rich region was evident (figure 3.13), 

suggesting the possibility of an N-terminal extension in PfNMT. However, although 

three Met residues were present upstream of the PfNMT start site, none were in frame 

with the remainder of the gene. However, it was possible that a fourth intron was 

present, upstream of the designated start site, which upon removal by intron splicing, 

would bring one of these three Met residues into frame with the remainder of the gene.

Therefore, in order to determine whether or not an intron was present upstream of the 

proposed ATG start site, the region upstream of the start site was further characterised. 

The positions of the putative introns were identified according to the GT-AG rule and a
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primer was designed, flanking this region. This primer was termed NMTUP4 and used 

together with NMTVEC4, in PCR to amplify the upstream region of PfNMT from both 

cDNA and genomic DNA. If any introns were present, these would become evident by 

comparing the sequences of genomic DNA and cDNA amplified by these primers. PCR 

products were obtained with both genomic and cDNA (figure 4.1), corresponding to 438 

and 324bp respectively. The presence of an intron would be indicated by a smaller band 

obtained from cDNA. As the position of NMTVEC4 was downstream of the first 114bp 

intron, the presence of another intron upstream of the start site would be confirmed by 

the bands from genomic and cDNA having a difference in size of over 114bp. However, 

the size differences between genomic and cDNA was only 114bp, suggesting the 

absence of an intron upstream of the ATG start site. Both the genomic DNA and the 

cDNA products were cloned into the TA vector and sequenced and the cDNA sequence 

is given in figure 4.2. Also in the case of cDNA, if any introns had been spliced out, the 

presence of a second in-frame Met should become clear at this stage.

4.2 Discussion

The genomic and cDNA sequences of the upstream regions of the PfNMT start site, were 

identical. This suggests that there is no intron being spliced out to bring one of the three 

upstream methionine residues into frame with the gene to act as an alternative start site. 

These results suggest that PfNMT, unlike the human NMT, has no N-terminal extension, 

which is believed to direct the normally cytosolic enzyme to the free ribosomes in the 

cytoplasm.
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Figure 4.1

PCR Amplification of the Upstream Regions of the PfNMT Start Site

Putative introns were identified by examination of the genomic sequence of PfNMT and 

a primer designed flanking these sites. This region was amplified by PCR, from both 

genomic and cDNA, using the primers NMTUP4 and NMTVEC4. PCR reactions 

containing water instead of template DNA, was used as a negative control. Ten pi of 

each PCR product were electrophoresed on a 1% TBE-agarose gel. NMTORF1A and 

NMTORF2A were used in the PCR reaction as positive controls.

Track 1 Negative control

Track 2 Negative control

Track 3 Genomic DNA amplified with NMTOFR1A and NMTORF2A

Track 4 cDNA amplified with NMTOFR1A and NMTORF2A

Track 5 genomic DNA amplified with NMTUP4 and NMTVEC4

Track 6 cDNA amplified with NMTUP4 and NMTVEC4

A band corresponding to 438bp was amplified from genomic DNA and a 324bp band 

amplified from cDNA, using the primers NMTUP4 and NMTVEC4. No size 

differences greater than 114bp were apparent at this stage, suggesting the absence of an 

upstream intron.
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Figure 4.2

Nucleotide sequence of the upstream region of PfNMT from cDNA

The PCR products amplified from both genomic DNA and cDNA, using NMTUP4 and 

NMTVEC4, were ligated to the TA cloning vector and sequenced on both strands using 

the M l3-21 and the M l3 reverse primers. The nucleotide sequences from both cDNA 

and genomic DNA, upstream of the start site, were found to be identical. The sequence 

of the upstream region from cDNA spanning a 324bp region is shown, with the
i
i

translated sequence is shown beneath. The protein sequence is shown in green, j
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CHAPTER FIVE

5.1 EXPRESSION OF PfNMT IN E. COLI

cDNA from PfNMT was expressed in the two expression vectors: pGEX-3X and pTrc- 

HisC, in order to generate NMT-fusion proteins. There were two purposes for the 

expression of Pf NMT. The first purpose was to generate an adequate quantity of NMT- 

fusion protein for immunisation of mice, for polyclonal antibody production. The aim 

was to use these antibodies for immunoprecipitation and immunofluorescence studies. 

Immunoprecipitation would allow native NMT from blood stage malarial cultures, 

bound to polyclonal antibodies, to be isolated. Subsequent SDS-PAGE analysis would 

enable the molecular mass of the native protein to be determined, for comparison with 

orthologous NMTs. Furthermore, immunofluorescence with polyclonal antibodies, 

would enable the cellular localisation of /yNMT to be elucidated. This would allow 

comparison with orthologous NMTs, which are predominantly cytosolic enzymes. The 

second purpose was to determine whether or not, the recombinant NMT had enzyme 

activity. For this second purpose, full length NMT amplified from P. falciparum T9/96 

cDNA, was expressed in the pTrc-HisC expression vector. A biochemical assay to detect 

NMT enzyme activity was developed, and the fusion protein was investigated for 

enzyme activity.

5.1.1 Expression of a 500bp Fragment of PfNMT in pGEX-3X

To produce a recombinant protein for the purposes of polyclonal antibody production, a 

fragment of PfNMT was expressed in the vector pGEX-3X as a fusion with glutathione-
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S- transferase (GST). From the original 630bp sequence amplified by the degenerate 

primers, specific primers were designed (pGEXNMTfor and pGEXNMTrev). These 

primers had the BamHl and EcoRl sites respectively, incorporated into the 

oligonucleotide sequence and were used in PCR, to amplify a 500bp fragment of PfNMT 

from genomic DNA. Expression of this 500bp fragment of PfNMT in pGEX-3X was 

primarily to generate sufficient quantities of fusion protein to immunise mice, for the 

production of polyclonal antibodies. pGEX-3X is an E.coli expression vector, which 

directs the synthesis of an inserted DNA sequence, as C-terminal fusion to the 26kDa 

glutathione-S-transferase gene from Schistosoma japonicum. Purification of the fusion 

protein is possible, under non-denaturing conditions, by glutathione affinity v 

chromatography. The material bound to the column can be specifically eluted using 

reduced glutathione. The 500bp fragment of PfNMT was ligated to BamHl/ EcoBl 

digested pGEX-3X and used to transform competent cells. Ten clones were selected for 

miniprep analysis of which seven contained the 500bp insert. One of these seven clones 

was then analysed for its ability to express GST-NMT fusion protein, expression was 

detected by Western blotting using an anti-GST antibody. The molecular mass of the 

GST-fusion protein was predicted to be 44kDa, with 26kDa being the molecular mass of 

the GST tag. The optical density of the bacterial culture was monitored, when an OD600 

of 0.6 was reached, expression of the fusion protein was induced. This was initially 

performed for 3 hr at 37°C, in the presence of 4mM EPTG. After induction of 

expression, the cells were lysed, a soluble supernatant was prepared and then the fusion 

proteins were purified on a glutathione-sepharose column. The protein content of each
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fraction was assessed by Western blotting. These conditions yielded a 44kDa band as 

expected but it was only present as the minor band. The major band was a 26kDa 

polypeptide corresponding to the GST (figure 5.1). This suggested that breakdown of 

the full length fusion protein was occurring, despite the fact the purification was in the 

presence of ImM PMSF, a potent serine protease inhibitor. In an attempt to counteract 

breakdown of the full length fusion protein, the induction conditions were altered to 

overnight induction at 27°C. This appeared to have made little difference, the 44kDa 

band still appeared to be the minor band bound to the affinity column (figure 5.2). 

Various induction times and temperatures were tested in order to express preferentially 

the 44kDa band, which included times from 1 hr to overnight at both 27°C and 37°C. 

No significant improvement in expression of the 44kDa protein was obtained (data not 

shown).

The next approach was to try and separate the 44kDa and the 26kDa proteins, on the 

basis of their size, using a G50-Sephadex size exclusion column (kindly provided by Dr. 

Mike Blackman, Parasitology, NTMR). The 5 x 1ml fractions eluted from the 

glutathione agarose column, which contained both the 26kDa GST and the 44kDa GST- 

fusion protein were pooled, and passed through the G50-Sephadex column overnight. 

Protei^s)vere eluted from the column on the basis of their size and as the two proteins 

differed in size by 17kDa, it was anticipated that they would be eluted in different 

fractions. However, the elution profile indicated that both proteins were eluted in the 

same fraction (figure 5.3). Therefore, as the separation of the GST-NMT fusion protein
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from the GST proved difficult, further work with the GST-NMT fusion protein was 

abandoned.

5.1.2 Expression of Full Length PfNMT in pTrc-HisC

The full length PfNMT cDNA obtained by RT-PCR, was cloned into the expression 

vector pTrc-HisC. This vector directs the expression of the inserted polypeptide in 

E.coli as a fusion to a six histidine residues in tandem at the N-terminus. Earlier studies 

had demonstrated that any form of modification at the C-terminus of the S. cerevisiae 

NMT can greatly reduce enzyme activity. Therefore, this pTRC-HisC was chosen in 

preference to other vectors such as pTrc-HisII, which directs the expression of the 

inserted polypeptide, with a C-terminal fusion to the hexahistidine repeat. The fusion 

protein can be purified under non-denaturing conditions by affinity chromatography with 

a nickel-chelate column, to which the hexahistidine repeat will bind with a very high 

affinity. The bound material can then be specifically eluted using imidazole. The 

1233bp insert corresponding to PfNMT from cDNA, was ligated to BamHI/EcoRI 

digested pTrc-HisC and used to transform TOP 10 cells. Nine clones were selected for 

miniprep analysis, of which 2 contained the 1233bp insert (figure 5.4). All five clones 

were sequenced on both strands to ensure that no nonsense mutations had occurred 

during RT-PCR or PCR. No mutations were detected and each clone encoded PfNMT 

with a complete open reading frame. One of these clones TRC-NMT5, was analysed for 

its ability to express the i^NMT fusion protein by Western blotting with two monoclonal 

antibodies directed at the N-terminal tag of the expression vector. Preliminary
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experiments had shown that the best expression of the enzyme was achieved in the E.coli 

strain TOP 10, after an overnight induction with ImM IPTG at 37°C and hence these 

conditions were used for all subsequent purifications. The expression vector pTrc-HisC 

with no insert (empty vector control), was similarly transformed into TOP 10 cells and 

induced overnight at 37°C. Purified material from lysates of bacteria with the empty 

vector was used in all subsequent experiments as a negative control. Purified hexa

histidine tagged fusion proteins were bound to a Ni-NTA nickel column and eluted with 

1M imidazole. These stringent conditions were adopted, after preliminary experiments 

had demonstrated that recombinant PfNMT remained bound to the column, even after 

the addition of either 250mM or 500mM imidazole.

A sample of eluate from the column was electrophoresed on a 12.5% polyacrylamide gel 

and the gel stained with Coomassie blue (figure 5.5). A strong band at 47kda was 

evident, strongly suggesting that PfNMT was being expressed at relatively high levels. 

A second weaker band at 90kDa was also apparent. To investigate the identity of these 

bands, they were analysed extensively by tryptic digestion and mass spectroscopy, by 

Dr. Steve Howell, Protein Structure, NIMR. The band of 47kDa was not PfNMT, as 

originally believed, but instead the 41kDa lac f repressor, which is coded for by the 

pTrc-HisC plasmid. The 90kDa was a bacterial aminotransferase. This analysis 

suggests that if PfNMT is being expressed, it is at very low levels, i.e. levels too low to 

be detected by Coomassie staining.
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5.1.3 Detection of iyNMT fusion Protein by Western Blotting

Recombinant iyNMT was detected by SDS-PAGE and Western blotting, with two 

monoclonal antibodies: Anti-Penta-His (figure 5.6), which recognises 5 histidine 

residues in tandem and Anti-Xpress which recognises an epitope at the N-terminus of the 

fusion protein (figure 5.7). These antibodies did not recognize any proteins in the lysate 

from the bacteria containing empty vector. However, both antibodies recognised a 

47kDa protein in the crude lysate of bacteria expressing iyNMT, as well as the material 

eluted from a nickel column with 1M imidazole. This confirms that full length iyNMT 

is being expressed in pTrc-HisC, although the level of expression is very low.

5.1.4 Estimation of Protein Concentration in the Nickel Column Eluate

The concentration of protein in the Nickel column eluate was estimated using the Micro- 

BCA Protein Assay (Pierce). The reagent is highly sensitive for the quantitative 

colorimetric determination of protein concentration in dilute aqueous solution. This 

reagent utilises bicinchoninic acid (BCA) as the detection reagent for the Cu+ ions that 

are formed when Cu** is reduced by protein in an alkaline environment. A purple 

coloured reaction product is formed by the chelation of two molecules of BCA with one 

Cu+ ion. This compound absorbs at 563nm. The assay was calibrated with dilutions of 

BSA, as recommended by the manufacturer and a standard curve generated (data not 

shown). Using the partially purified iyNMT, the protein concentration was interpolated 

from this curve at 12.3ng/pl As this preparation of iyNMT was relatively impure and 

the actual percentage of active NMT unknown, a volume of 30pl (369ng) was used per 

50pl reaction volume in the NMT Assay (see chapter 6).
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Figure 5.1

Expression of GST-NMT fusion proteins for 3 hr at 37°C

Expression of the GST-NMT fusion protein was induced in 4mM IPTG for 3 hr at 37°C, 

and the protein purified on a glutathione agarose column. The column was eluted using 

5mM reduced glutathione and 1ml fractions were collected. Ten pi aliquots of fractions 

1-8 were analysed by SDS-PAGE on a 12.5% polyacrylamide gel, transferred to 

nitrocellulose and Western blotted. The samples were probed using an anti-GST 

antibody. A 44kDa band corresponding to GST-NMT fusion protein was detected in 

fractions 3 and 4 but the major band was 26kDa, corresponding to GST. The mobilities 

of the high molecular mass markers are indicated.
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Figure 5.2

Induction of GST-NMT fusion proteins overnight at 27°C

Expression of GST-NMT fusion protein was induced by overnight incubation in 4mM 

IPTG, at 27°C. Protein was purified on a glutathione agarose column and eluted using 

5mM reduced glutathione. One ml fractions were collected. Ten pi aliquots of fractions 

1-7 were resolved by SDS-PAGE on a 12.5% polyacrylamide gel, transferred to 

nitrocellulose and Western blots were probed using an anti-GST antibody. A 44kDa 

band corresponding to GST-NMT fusion protein was detected in fractions 1 and 2. The 

major band is 26kDa corresponding to the GST. The mobilities of the high molecular 

mass markers are indicated.
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Figure 5.3

Profile of the Eluate from a Glutathione-Agarose Column containing GST-NMT 

Fusion Protein and GST, applied to a G50 Sephadex Column

A 5ml fraction containing the pooled GST and GST-NMT fusion protein was loaded

onto a G50-Sephadex column. One ml fractions were collected at a flow rate of 0.1ml

min'1. The profile shows the absorbance at 280nm of the fractions eluted from the 

column. The graph shows that the two proteins were not resolved, but eluted in the same 

fraction.

Key

The elution profile of GST is shown in blue

The elution profile of the GST-NMT fusion protein is shown in red.
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Figure 5.4

Restriction Enzyme Digest Analysis of putative pTrc-HisC plasmids, containing the 

PfNMT gene

The band of approximately 1.2kb, corresponding to full length PfNMT amplified from 

cDNA, was ligated into the expression vector pTrc-HisC and transformed into TOP 10 

host cells. Plasmid DNA was prepared using the Wizard™ Miniprep Kit and the clones 

were checked by restriction enzyme digest analysis, using EcoRI and BamHl. The 

products were electrophoresed on a 1% agarose-TBE gel and the presence of the 1.2kb 

insert noted.

Tracks 1-9 are loaded with potential, recombinant pTrc-HisC plasmids, digested with 

ZscoRI and BamHl. Clones 5 and 7 contain the PfNMT insert. The 5kb band 

corresponds to pTrc-HisC. The position of the lkb ladder markers are shown on the right 

hand side of the gel.
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Figure 5.5

SDS-PAGE Analysis of NMT Purification

A lysate was prepared from bacterial cells and the soluble fraction applied to a Nickel- 

NTA column. After washing the column, bound material was eluted with 1M imidazole. 

Samples of each fraction were resolved by SDS-PAGE analysis on a 12.5% gel and the 

proteins were detected by Coomassie staining.

Trackl Crude lysate from the recombinant PfNMT construct, which was loaded

onto the Nickel column 

Track 2 Unbound proteins from the recombinant iyNMT construct, which did not

bind to the column

Track 3 Purified proteins from the recombinant iyNMT construct, which was

eluted with 1M imidazole 

Track 4 Crude lysate from the empty vector, which was loaded onto the nickel

column

Track 5 Unbound empty vector proteins, which did not bind to the column

Track 6 Empty vector proteins, eluted with 1M imidazole

The mobilities of the molecular mass markers are shown on the left hand size of the gel.
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Figure 5.6

SDS-PAGE Analysis and Western Blotting of NMT Purification, using the Anti- 

Penta-His Monoclonal Antibody

A lysate was prepared from bacterial cells and the soluble fraction applied to a Nickel- 

NTA column. After washing the column, bound material was eluted with 1M imidazole. 

Samples of each fraction were resolved by SDS-PAGE analysis, on a 12.5% gel and the 

proteins were analysed by Western blotting. Samples were probed using the Anti- 

PentaHis monoclonal antibody, which recognises 5 histidine residues in tandem. In 

track 3, which contains the material eluted from the column, a band corresponding to 

47kDa was seen, which represents the full length iyNMT fusion protein.

Trackl Crude lysate from the recombinant iyNMT construct, which was loaded 

onto the Nickel column 

Track 2 Unbound proteins from the recombinant iyNMT construct, which did not

bind to the column

Track 3 Purified proteins from the recombinant iyNMT construct, which was

eluted with 1M imidazole 

Track 4 Crude lysate from the empty vector, which was loaded onto the nickel

column

Track 5 Unbound empty vector proteins, which did not bind to the column

Track 6 Empty vector proteins, eluted with 1M imidazole

The mobilities of the molecular mass markers are shown on the left hand size of the gel.
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Figure 5.7

SDS-PAGE Analysis and Western blotting of NMT Purification, using the Anti- 

Xpress Monoclonal Antibody

A lysate was prepared from bacterial cells and the soluble fraction applied to a Nickel- 

NTA column. After washing the column, bound material was eluted with 1M imidazole. 

Samples of each fraction were resolved by SDS-PAGE analysis on a 12.5% gel and the 

proteins were analysed by Western blotting. Samples were probed using the Anti- 

Xpress monoclonal antibody, which recognises the Xpress epitope present in the pTrc- 

HisC vector.

Track 1 Crude lysate from the recombinant PjNMT construct, which was loaded

onto the Nickel column 

Track 2 Unbound proteins from the recombinant P/NMT construct, which did not

bind to the column

Track 3 Purified proteins from the recombinant P/NMT construct, which was

eluted with 1M imidazole 

Track 4 Crude lysate from the empty vector, which was loaded onto the nickel

column

Track 5 Unbound empty vector proteins, which did not bind to the column

Track 6 Empty vector proteins, eluted with 1M imidazole

The mobilities of the molecular mass markers are shown on the left hand size of the gel. 

In track 3, which contains the material eluted from the column, a band corresponding to 

47kDa was seen, which represents the full length P/NMT fusion protein.
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CHAPTER SIX

ANALYSIS OF V-MYRISTOYLTRANSFERASE ACTIVITY USING THE 

PHOSPHOCELLULOSE BINDING ASSAY

6.1 Phosphocellullose Binding Assay

Once expression of full length P/NMT in pTrc-HisC had been detected, the next stage 

was to determine whether or not, the recombinant protein had enzyme activity. An assay 

was designed based on the selective binding of [ H]-myristoylated peptides to P81 

phosphocellulose paper matrix (King et al., 1991). This assay involved the preparation 

of a reaction mixture which contained [3H]-myristoyl CoA, the synthetic peptide 

substrate and active NMT. In the presence of active NMT, myristate is transferred to the 

N-terminal glycine of the peptide substrate and a [3H]-myristoylated peptide is formed. 

This [3H]-myristoylated peptide is then separated from the unreacted [3H]-myristoyl- 

CoA and any [ H]-myristic acid, by washing the P81 phosphocellulose paper discs with 

50mM Tris-HCl at pH7.3. P81 paper is negatively charged and hence will only bind

• • 3positively charged material. In this reaction only the free peptide and the [ H]- 

mynstoylated peptide will bind. Myristic acid and the [ H]-myristoyl CoA are 

negatively charged, or neutral at this pH and therefore would not bind the paper. The 

radioactivity was quantified by scintillation counting in 5ml of Beckman Ready Safe 

Liquid Scintillation mixture, in a Beckman Liquid Scintillation Counter.

This assay was adopted to test whether or not recombinant P/NMT has enzyme activity, 

using a peptide substrate that was synthesised on the basis of the N-terminal amino acid
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sequence of the P. falciparum ARF protein. This ADP-ribosylation factor must be N- 

myristoylated in vivo for its biological activity. This peptide was termed PJG& and 

contained the sequence:

Gly-Leu-Tyr-Val-Ser-Arg-Leu-Phe 

The peptide has the consensus sequence for TV-myristoylation. Therefore, in the presence

3 3of [ H]-mynstoyl-CoA and active NMT, a [ H]-myristoylated-peptide should be 

produced. To ensure that the assay was functional and to optimise the conditions of the 

assay, human NMT with enzymatic activity (a kind gift from Dr. Jeff Mcllhinney, 

Oxford University) was tested in the assay and its enzyme activity demonstrated. The 

enzymatic activity of recombinant P/NMT was subsequently tested. Preliminary 

experiments were carried out to test the enzyme activity, using cleared lysate from 

bacteria expressing P/NMT. The bacterial culture was incubated overnight at 37°C, with 

ImM IPTG to induce expression, centrifuged to remove the medium, and then the 

bacterial pellet was resuspended in Lysis buffer in the presence of a Complete™ 

protease inhibitor cocktail. After centrifugation at high speed in a Beckman 

Ultracentrifuge, the cleared lysate was tested for NMT enzyme activity. Once activity 

had been detected, recombinant PfNMT, partially purified by affinity chromatography 

on a Nickel column was tested for enzyme activity.
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6.2 Characterisation of the NMT Assay

The NMT assay was first characterised using recombinant human NMT and then with 

the recombinant P/NMT. One hundred ng human NMT was incubated at 37°C in the 

presence of 40nmol P/G8 peptide and 0.55pCi of [3H]-myristoyl-CoA in a final volume 

of lOOpl. Aliquots of 13.5pl were removed every 10 min over a time course of 30 min 

for the human NMT. For every assay, scintillation counts of reaction mix in the absence 

of NMT or the absence of P/G8 peptide were included as negative controls (figure 6.1). 

For these negative controls, the scintillation counts generated were consistently below 

3000. The scintillation counts increased dramatically in the presence of active human 

NMT, confirming that the assay was functional. In the presence of human NMT,.

maximum counts of over 20,000 were measured, incorporation rose rapidly and reached
---------------J

saturation point after 45 min. The time course for the human NMT was measured over a 

period of 3 hr at 37°C, using lOOng of enzyme per reaction. All subsequent reactions 

using human NMT, were incubated for 30 min, to ensure that the assay had not reached 

its saturation point.

The enzyme assay with recombinant P/NMT was initially carried out using cleared 

bacterial lysate as a source of NMT. The reaction was monitored at 37°C, over a period 

of 16-24 hr. As negative controls, the reaction was also monitored in the absence of the 

PjG8 peptide and in the absence of the crude lysate. Measurements of radioactivity 

incorporated were made at time zero and after 24 hr. Incorporation of the radiolabel was 

seen in the complete reaction mixture containing the crude lysate, giving preliminary
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evidence that recombinant PfNMT is active (figure 6.2). As expected the reaction which 

contained no crude lysate, resulted in only background incorporation of the label. 

However, the reaction that had crude lysate but no peptide substrate, also exhibited high 

levels of radiolabel incorporation. This phenomenon has been observed previously 

(Raju et al., 1995) and is attributed to the A-myristoylation of endogenous bacterial 

peptides, that are present in the crude lysate.

Once preliminary data showing recombinant enzyme activity had been obtained, the 

assay was performed using PjNMT, purified by affinity chromatography on a nickel 

column. Cleared lysate obtained from 100ml bacterial culture was loaded onto a nickel 

column and bound material was eluted with 1M imidazole. As the concentrations of 

P/NMT in this preparation were expected to be lower than that of the purified human 

NMT, a volume of 30pl (369ng) of partially purified enzyme was used in a total reaction 

volume of 50pl. The reaction was incubated for up to24 hr, 13.5pi aliquots were spotted 

onto P81 paper, washed as before with 50mM Tris-HCl, pH7.3 and the level of 

radiolabel incorporated was measured by scintillation counting (figure 6.3). The control 

samples which contained either no peptide substrate or no PjNMT, showed background 

levels of radiolabel incorporation. In the complete reaction in the presence of both 

P/NMT and the PjG8 peptide, a steady incorporation of counts of over 16,000 were 

recorded with time, and incorporation peaked after 10 hr. These data show that the 

recombinant P/NMT is enzymatically active. The PjNMT enzymatic reaction proceeded 

at a rate lower than with the human NMT, with maximal scintillation counts being

187



observed after a longer period. To ensure that the observed activity was due to PJNMT 

and not an artifact, the enzyme assay was simultaneously performed using material 

prepared from bacterial lysates containing the empty pTrc-HisC expression vector, with 

no insert. As expected, the scintillation counts generated with this material were 

comparable to background levels. Similarly, in the absence of enzyme or the absence of 

PJGS peptide, the scintillation counts were relatively low therefore confirming that the 

levels of incorporated radioactivity are due to A-myristoyltransferase dependent transfer 

of radiolabelled myristate to the peptide substrate and further confirming that the 

| partially purified, recombinant P/NMT is enzymatically active

6.3 Inhibition of NMT Activity

6.3.1 Inhibition of Recombinant iyNMT Activity

In order to identify any functional differences between the human NMT and PJNMT, the 

activity of both enzymes was investigated, in the presence of lOmM iodoacetamide, 

lOmM DEPC and lOmM DEPC, 20mM histidine. Functional differences between the 

human NMT and PJNMT may strengthen the evidence for P/NMT being a potential 

chemotherapeutic target for malaria. S. cerevisiae NMT shows no inhibition by 

iodoacetamide (Towler et al., 1987), whereas the human NMT has been reported to be 

inhibited by lOmM iodoacetamide. Both S. cerevisiae and the human NMT are 

inhibited by lOmM DEPC. The inhibition by DEPC can be reversed in the presence of 

20mM histidine (Mcllhinney et al., 1994). This inhibition by DEPC suggests the 

requirement for a histidine residue in the catalytic site. Four histidine residues and two
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cysteines are conserved in most NMTs, including the human enzyme, with all four 

histidine and one of the cysteines being conserved in the P. falciparum homologue. 

These residues are His-250, His-292, His-339, His-415, Cys-290 and Cys-335 in the 

sequence comparison given in figure 3.20. It is possible that one of these cysteines may 

be being modified by iodoacetamide in the human enzyme. However, it is not clear 

which residues are present in the catalytic site, or which residues are modified by DEPC 

and iodoacetamide respectively. Mutational studies have identified His-292, His-339, 

His-415 and Cys-290 as essential residues for NMT enzyme activity, as replacement of 

these residues results in NMTs with greatly reduced affinity for the peptide substrate 

(Peseckis et al., 1994). Replacement of His-250 or Cys-335 appeared to have very little 

effect on enzyme activity. It is therefore possible, that the latter two residues are in close 

proximity to the active site, rather than actually being involved in the catalytic 

mechanism. Modification of Cys-335 may therefore result in the inhibition of human 

NMT activity, possibly by steric hindrance. In the P/NMT, Cys-335 is replaced by Ala, 

which may explain the lack of inhibition of /^NMT by iodoacetamide. These results 

clearly demonstrate the inhibition of the human NMT by lOmM iodoacetamide and 

lOmM DEPC (figure 6.4). However, even though the reversal of inhibition from DEPC 

by histidine has previously been documented, these results were not reproducible in 

these experiments. Iodoacetamide did not cause total inhibition of the enzyme, causing 

approximately 50% inhibition, whilst DEPC caused nearer 75% inhibition of human 

NMT under the conditions used. P/NMT showed no inhibition in the presence of lOmM 

iodoacetamide or lOmM DEPC (figure 6.5), suggesting that the histidine or cysteine
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residue modified by DEPC and iodoacetamide respectively, even though they may be 

situated close to the active site, may not be involved in catalysis i.e. in the transfer of the 

fatty acid to the peptide substrate. In these observations, P/NMT is behaving more like 

the fungal NMT than the human NMT, as it shows no inhibition by iodoacetamide.

6.3.2 Inhibition of PfNMT Activity in Parasite Cultures

To investigate the effects of NMT inhibition in parasite cultures, P. falciparum cultures 

were incubated in the presence of two A-myristoyltransferase inhibitors: 4- 

oxatetradecanoic acid and 2-hydroxymyristic acid. Metabolic labelling studies have 

shown that 4-oxatetradecanoic acid is a substrate for NMT and that it is incorporated 

into cellular JV-myristoylproteins (including ARFs), with an efficiency comparable to 

that of myristate (Langner et al., 1992). Using C. neoformans cultures, the activity of 

NMT in the presence of 4-oxatetradecanoic acid, was investigated and the compound 

was reported to have fungicidal activity at 300pM (Langner et al., 1992). However, 

inhibition by 4-oxatetradecanoic acid is species specific, as this agent, which is toxic to 

C. neoformans cultures, has little effect on the viability of C. albicans cultures. In order 

to determine the effects of 4-oxatetradecanoic acid on malarial cultures, the parasite 

cultures were incubated in the presence of this drug, using concentrations ranging from 

0.3pM to ImM. As controls, parasite cultures were incubated in the absence of the drug, 

or in the presence of 1% absolute ethanol, or in the presence of 0.3pM to ImM myristic 

acid. The cultures were incubated with the drug, in the presence of [ H]-hypoxanthine, 

for 30 hours. The level of incorporation of radioactivity by the parasites was then 

monitored by scintillation counting. The data (not shown) demonstrated that 4-
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oxatetradecanoic acid and 2-hydroxymyristic acid had little effect on the growth and 

viability of parasite cultures, with the test cultures having levels of incorporated 

radioactivity similar to that of the controls. The activity of C. neoformans NMT and C. 

albicans NMT in the presence of 2-hydroxymyristic acid, is yet to be reported. 

However, these results show that P/NMT is behaving like the C. albicans NMT, with no 

apparent inhibition in the presence of 4-oxatetradecanoic acid.
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Figure 6.1

Enzyme Assay using Recombinant human NMT

Each assay was carried out using lOOng of human NMT in a total reaction volume of 

50j j ,1. The reaction mixture contained [ H]-myristoyl-CoA (as described in the Materials 

and Methods section) and lOpmol of the PfG8 peptide. The reaction mixtures contained 

either:-

Assay 1 human NMT with P/G8

Assay 2 human NMT with PJGS

Assay 3 human NMT, no PfGS

Assay 4 No human NMT with PJGS

The samples containing no peptide substrate or no enzyme showed only background 

levels of radiolabel incorporation (samples 3 and 4) whereas in the presence of human 

NMT, the production of [ H]-myristoylated-P/G8, is demonstrated over a time course of 

30 min, by a steady increase in counts per minute.
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Figure 6.2

Preliminary Assay to determine if Enzyme Activity is Present in Crude Lysates of 

Bacteria Expressing PJNMT

The crude fractions from bacteria expressing PJNMT were examined for their enzyme 

activity in vitro. Samples were prepared and measured in duplicates. The difference 

between the duplicate samples was consistently below 10% and the mean of the two 

readings is shown. All reactions were prepared either in the presence or absence of 

crude lysate, with or without the P/G8 peptide. Two time points were taken for each 

sample, one at time zero (0) and the second, after a 24 hr incubation at 37°C (18). The 

assays were set up as follows:

Assay 1 No lysate with PJG80

Assay 2 No lysate with P/G824

Assay 3 Crude lysate, with PJGS0

Assay 4 Crude lysate, with PJG$ 24

Assay 5 Crude lysate, no PJG80

Assay 6 Crude lysate, no P/G824

These results show that PJNMT activity is present in crude lysates from bacteria 

expressing PJNMT. In assay 6, which contained no iyG8, high level of radiolabel 

incorporation is also seen, which is due to the AT-myristoylation of endogenous bacterial 

peptides.
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Figure 6.3

Enzyme Assay using Recombinant PJNMT

The time course for the PJNMT activity was measured for 24 hr, using 369ng of protein 

per 50pi reaction. Aliquots were removed at various time points, at time 0, i.e. prior to 

incubation at 37°C and up to 24 hr. Samples were assayed in duplicates. The assays 

were set up as follows:

Assay 1 PJNMT with P/G8

Assay 2 PJNMT with P/G8

Assay 3 PJNMT, no P/G8

Assay 4 No P/NMT with PJG8

Assay 5 Empty Vector with P/G8

Assay 6 Empty Vector, no PJG8

Assay 7 No Empty Vector with P/G8

As with the human NMT assay, only background counts could be detected in the 

controls i.e. using empty vector material or in the absence of either enzyme or PJGS 

peptide. However, in the presence of P/NMT, the production of [3H]-myristoylated- 

PJG& could be detected over a time period of 24 hr, as shown by the incorporation of 

scintillation counts. This demonstrates that recombinant i^NMT has enzyme activity in 

vitro.

196



Sc
in

til
la

tio
n 

C
ou

n
ts

/m
in

20000

18000

16000

14000

12000

10000

8000

6000

4000

2000

0
0.5 1 3 6 12 24

Time (nr)

—♦— Assay 1 >■ Assay 2 Assay 3 Assay 4
—* — Assay 5 •  Assay 6 — 1—  Assay 7



Figure 6.4

Inhibition Assay for human NMT

The inhibition of human NMT activity by iodoacetamide and DEPC, was measured by 

the addition of either lOmM iodoacetamide or lOmM DEPC, to the reaction mixture. 

The reversal of inhibition by 20mM histidine was also investigated. The reactions were 

incubated for 20 min at 37°C. Controls samples which contained either no enzyme, no 

peptide or no inhibitor were also assayed. The assays were set up as follows:

Assay 1 human NMT with P/G8

Assay 2 human NMT no P/G8

Assay 3 No human NMT with PJG8

Assay 4 human NMT with PJG8 and lOmM iodoacetamide

Assay 5 human NMT with PJG8 and lOmM DEPC

Assay 6 human NMT with PJG8 and lOmM DEPC and 20mM histidine

These results show that human NMT activity is inhibited to about 50%, in the presence 

of iodoacetamide and to about 75% by DEPC. No protection of human NMT activity by 

histidine was observed.
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Figure 6.5

Inhibition Assay for PJNMT

The inhibition of P/NMT by iodoacetamide and DEPC were measured by the addition of 

either lOmM iodoacetamide or lOmM DEPC to the reaction mixture. The reversal of 

inhibition by 20mM histidine was also investigated. The reactions were incubated for 4 

hr at 37°C. Controls) samples which contained either no enzyme, no peptide or no 

inhibitor were also assayed.; The assays were set up as follows:

Assay 1 PJNMT with P/G8

Assay 2 P/NMT no iyG8

Assay 3 No P/NMT with P/G8

Assay 4 PJNMT with P/G8 and lOmM iodoacetamide

Assay 5 PJNMT with P/G8 and lOmM DEPC

Assay 6 PJNMT with P/G8 and lOmM DEPC and 20mM histidine

These results show that recombinant PJNMT is not inhibited by either iodoacetamide, or 

DEPC.

All control samples contained a protein concentration of approximately 350ng, as 

estimated using the Micro BCA Protein Assay (Pierce).
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CHAPTER SEVEN

GENERAL DISCUSSION AND FUTURE WORK

Malaria caused by Plasmodium falciparum is responsible for more than 2 million deaths, 

and morbidity in 300-500 million people annually world-wide (WHO Statistics). 

Increase in the widespread occurrence of drug resistant parasites has further complicated 

the treatment of malaria. Together with the non-availability of an effective anti-malarial 

vaccine, this situation necessitates the urgent development of new anti-parasitic drugs. 

The first step in rational drug development involves the identification of enzyme targets 

in the parasite. Targets unique to the organism or possessing altered properties are good 

candidates for the development of parasite specific inhibitors. One such candidate is 

Myristoyl-CoA: protein A-myristoyltransferase (NMT). NMT catalyses the co- 

translational transfer of the C14:0 fatty acid from myristoyl-CoA to the N-terminal 

glycine of a variety of viral and eukaryotic cellular proteins (Rudnick et al., 1993). 

Several observations have suggested that NMT is a potential target, for a 

chemotherapeutic drug against fungal infections. First, mutagenesis of the S. cerevisiae 

NMTlp causes lethality (Duronio et al., 1989), indicating that the activity of this 

acyltransferase is essential for fungal viability. The second observations is that 

orthologous NMTs have two distinct binding sites, the acyl-CoA binding site and the 

peptide binding site. Throughout evolution, the acyl-CoA binding site has remained 

very highly conserved, whereas the peptide binding sites have become diverse (Duronio 

et al., 1989; Duronio et al., 1991, Rudnick et al., 1992a). Therefore, the acyl-CoA 

substrate specificity of these orthologous enzymes are highly conserved, but there may
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be distinct differences in their peptide or protein binding specificities. Due to these 

differences in peptide binding, the design of an inhibitor to specifically inhibit the fungal 

enzyme without affecting the human enzyme has been achieved, suggesting NMT is a 

potential target for a chemotherapeutic drug against fungal infections. The difference in 

peptide binding specificities was used to develop the first potent and selective 

peptidomimetic inhibitors of NMT (Devadas et al., 1995), which contains a 2- 

methylimidazole group in place of the N-terminal primary amino group, and which show 

250 fold greater selectivity towards the fungal NMT. The third observation is that the 

pathogenic fungi that are responsible for much of the morbidity and mortality in humans, 

all synthesise a small number of Af-myristoylated proteins. Metabolic labelling studies 

have identified the most prominently labelled proteins in the yeast S. cerevisiae, as the 

ADP-ribosylation factors, Arf-lp and Arf-2p (Duronio et al., 1991). Interestingly, ARF- 

1 has also been identified in P. falciparum (Stafford et al., 1996). As the ARF proteins 

are known to require TV-myristoylation for their biological activity, this provides strong 

evidence to suggest that P. falciparum also expresses NMT and that inhibitors of this 

enzyme may therefore be a potential chemotherapeutic target for malaria.

In this study, the gene encoding the P. falciparum NMT has been cloned and sequenced. 

Its expression in E.coli has been studied together with its sensitivity towards known 

inhibitors such as iodoacetamide and DEPC.
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The full length NMT from genomic DNA was isolated using a series of genomic libraries 

and PCR based Vectorette libraries. PfNMT from genomic DNA spans a region of 1617 

bases, consisting of four exons and three introns. The three introns are 114, 126 and 144 

bases respectively, which are all similar sizes to other malarial introns. Introns are also 

present in the NMTs from the three pathogenic fungi C. albicans (Wiegand et al., 1992), 

H. capsulatum and C. neoformans (Lodge et al., 1994J) but are absent from NMT in 

Drosophila melanogaster (Ntwasa et al., 1997). Each intron obeys the consensus GT- 

AG sequence rule at their 5’ and 3’ junctions. Using RT-PCR, PfNMT cDNA was 

cloned, which encompasses 1233bp of DNA, coding for 411 amino acid residues. As 

P/NMT was amplified by RT-PCR, using RNA from parasite cultures, this suggests that 

the gene is transcribed in asexual blood stage parasites. The sequences were compared 

using the PileUp package (GCG Software). This revealed approximately 50% identity 

between the orthologous NMTs. Southern blot analysis has revealed that PfNMT, like 

its orthologous counterparts is a single copy gene.

Although the orthologous NMTs have approximately 50% amino acid identity, the N- 

termini show the greatest sequence divergence. Previous deletional studies of the yeast 

NMTlp has suggested that the first 59 amino acid residues are not required for catalytic 

activity; instead, they may function as a targetting signal to direct the enzyme to 

intracellular pools of myristoyl-CoA (Rudnick et al., 1992). This N-terminal sequence 

divergence is most evident with both the H. capsulatum NMT (Lodge et al., 1994b) and 

the human NMT (Glover et al., 1997). H. capsulatum contains an apparent N-terminal
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extension of 71 residues compared with the other NMTs. Three in-frame Met residues 

are contained within this region and it is uncertain which one functions as the initiator 

Met, although it is believed to be the first. It has recently been suggested that the human 

NMT also contains an N-terminal extension of approximately 50 amino acid residues 

with an alternative, in-frame start site at 186 bases upstream of the original, designated 

start site (Glover et al., 1997). This N-terminal extension increases the molecular mass 

of the human NMT from 50kDa, to approximately 60kDa. Expression of the protein 

with the N-terminal extension results in the localisation of the recombinant protein with 

the particulate fraction, whereas expression of the protein without the N-terminal 

extension results in the localisation of the protein to the soluble fraction. Therefore, this 

N-terminal extension is postulated to direct the normally soluble enzyme to the 

ribosomal fractions. As A-myristoylation is known to occur co-translationally, typically 

within synthesis of the first 100 amino acid residues, it is highly plausible that NMT 

associates with the free ribosomes in the cytoplasm, i.e. the site of protein synthesis.

The N-terminal region of the human NMT contains a lysine-rich region. The sequence 

of PfNMT obtained from the Alul Vectorette library, extended approximately 600bp 

upstream of the postulated start site. Within this region lay a lysine rich region and three 

putative Met codons, although none were in frame with the remainder:>f the gene. This x

suggests that the PjNMT may also contain an N-terminal extension. For this to be part 

of the open reading frame, there would need to be another intron in this region that, upon 

being spliced out, would bring one of the three Met residues into frame with the 

remainder of the gene, and act as an alternative initiation site. To test this hypothesis,
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any possible intron splice sites were identified and a primers designed which flanked this 

region, allowing the amplification of both genomic and cDNA by PCR. If an intron was 

present, it would immediately be obvious at this stage. The first intron in PfNMl spans 

114 bases and lies five amino acid residues after the start site. Therefore, a size 

difference of only 114 bases, upon amplification of the upstream regions from genomic 

and cDNA, would confirm the absence of an upstream intron. This was indeed the case 

and sequencing of these PCR products revealed that both sequences were identical at the 

5’end. This indicates that there is no intron upstream of the PfNMT designated start site, 

hence no alternative Met residues are in frame with the rest of the gene. Therefore, there 

is no alternative start site, and hence no N-terminal extension in P/NMT. AAA/G codes 

for lysine, but this region upstream of the initiator methionine is a stretch of non-coding 

DNa  , rather than coding for the lysine-rich sequence that is characteristic for the X 

human NMT N-terminal extension. Furthermore, according to the scanning theory of 

the initiation of translation, the 40S ribosomal subunit stops at the first AUG if that 

codon occurs in a favourable context. The ideal consensus is ACCAUGG, at positions - 

3, -2, -1, 1, 2, 3 and 4 respectively, i.e. if there is a G at the +4 position and a C residue 

at -3 (where the A of AUG corresponds to +1.) (Kozak et al., 1986). Since there is a G 

immediately proceeding the AUG and a C residue, 3 bases upstream of the postulated 

start site of Pf NMT, this strengthens the case that the postulated start site is the correct 

one.
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The crystal structure of the C. albicans NMT has recently been reported (Weston et al., 

1998). This work has identified the catalytic site of NMT as a relatively uncharged, long 

groove with a negatively charged pocket in the centre. This pocket is believed to house 

the negatively charged, C-terminal carboxylate (Leu-456) and Glu-285. Both of these 

residues are conserved in all NMTs, including Pf NMT.

Similarly, 2 cysteine and 4 histidine residues are conserved amongst all the NMTs. 

These residues lie at positions Cys-290, Cys-335, His-250, His-292, His-339 and His- 

415. One or more of these histidine residues was thought to be involved in the 

mechanism of fatty acid transfer to the peptide substrate, because the human NMT can 

be fully inhibited by DEPC (Peseckis et al., 1994). By site directed mutagenesis of these 

six conserved residues, the four His residues were mutated to Asn, and the two Cys 

residues mutated to Ser, in order to establish their importance for enzyme activity. 

Comparison of the ability of the mutated and wild type forms to N-myristoylate the 

pp60-vsrc, revealed that that only one of two conserved Cys and three of four conserved 

His residues are required for the transfer mechanism. Mutations at Cys-290, His-339 or 

His-415 resulted in NMTs with greatly reduced abilities to N-myristoylate the pp60-vsrc 

peptide and these residues have therefore been implicated as critical for enzyme activity. 

In contrast, mutations at Cys-335 or His-250, had relatively little effect on myristoylated 

product formation compared to the wild type suggesting that these two residues are not 

essential for enzyme activity. Interestingly, whilst all four His residues are conserved in 

the other NMTs, even though Cys-335 has been conserved in the other NMTs, it is not



present in PJNMT where it has been replaced by Ala. No insertions or deletions of 

amino acids in the linear polypeptide sequence are found between the conserved active 

site residues identified in these studies in all NMTs.

Two other residues have also been recognised as critical for NMT enzyme activity. 

These residues are Leu-214 and Gly-595 in S. cerevisiae. Two yeast mutants of NMTlp 

have been produced which are nmtl-181 encoding a Gly to Asp mutation at position 595 

(Duronio et al., 1991) and nmtl-72 encoding a Leu to Pro substitution at position 214 

(Johnson et al., 1993). Both mutations cause temperature sensitivity, whereby these 

strains are no longer viable at 37°C and can only survive when grown at 30°C. Both 

mutant strains show reduced affinity for myristoyl-CoA at 37°C and can only be 

recovered by addition of exogenous myristate to the media. These observations indicate 

that both Leu-214 and Gly-595 are critical residues for NMT activity. They are strictly 

conserved in all NMTs, including the P. falciparum NMT.

Recombinant PJNMT has been expressed in E.coli, a prokaryote with no endogenous 

NMT activity (Towler et al., 1987). The recombinant protein was expressed as a hexa- 

histidine tagged fusion protein with the tag present at the N-terminus. The recombinant 

protein was purified by affinity chromatography using a nickel-chelate column to which 

the hexa-histidine tag will bind with very high affinity and can subsequently be eluted 

using imidazole. 250-500mM imidazole will generally elute any material that is 

specifically bound to the column but surprisingly, recombinant PfNMT appeared to bind
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to the nickel column with a unusually high affinity. Its elution was therefore, only 

possible using 1M imidazole. The recombinant protein was not readily detectable by 

Coomassie staining although a band in the region of 47kDa was strongly evident, mass 

spectroscopy of this band confirmed its as the lacf* repressor, which is encoded by the 

pTrc-HisC plasmid. However, PJNMT was detected by two monoclonal antibodies 

raised against two different epitopes in the pTrc-HisC expression vector sequence. The 

first monoclonal antibody termed Anti-Xpress recognises the Xpress epitope and the 

second antibody, Anti-PentaHis, recognises five histidine residues in tandem. This is 

very rare in nature and therefore, this antibody will specifically recognise the hexa 

histidine tag in the fusion protein. Western blotting using both of these monoclonal 

antibodies identified a band of 47kDa, corresponding to the recombinant PjNMT. This 

apparent molecular mass is in good agreement with the predicted 49.1kDa and is 

comparable with the size of the fungal NMTs, which include yeast NMT of 55kDa 

(Towler et al., 1987), Candida albicans NMT at 52kDa (Wiegand et al., 1992) and 

Histoplasma capsulatum NMT at 54kDa (Lodge et al 1994).

Once the expression of full length NMT had been established, the next stage was to 

design an assay to demonstrate the presence of enzyme activity. An assay was designed 

based on the method described by King et al., (1991), using the selective binding of 

[3H]-myristoylated-peptides to P81 phosphocellulose paper. A peptide substrate for 

NMT was designed based on the N-terminal amino acid sequence of the PfARF protein 

(Stafford et al., 1996). The peptide was named P/G8 and had the sequence: Gly-Leu-
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Tyr-Val-Ser-Arg-Leu-Phe. This sequence already fits the consensus sequence for N- 

myristoylation as ARF1 is known to be AT-myristoylated in vivo for its biological 

activity. Assays were prepared using the PJG8 peptide substrate, based on the N- 

terminal amino acid sequence of the PJNMT ARF protein and [3H]-myristoyl-CoA. In 

the presence of biologically active NMT, [3H]-myristate is transferred to the peptide 

substrate, aliquots of the reaction mixture are then spotted onto P81 phosphocellulose 

paper and the level of radiolabel incorporation can be established by scintillation 

counting. Human NMT was initially used to establish the optimal conditions for the 

assay. A time course was taken whereby human NMT showed a steady increase in 

radiolabel incorporation for 20 min and then begins to plateau. PJNMT activity was 

measured over a 24 hr period and PJNMT showed a steady incorporation of counts 

which peaked after about 1 hr and subsequently began to plateau. In the case of both the 

human NMT and P/NMT, incorporation of the radiolabel does not occur above 

background level in the absence of either the enzyme or the peptide substrate. Similarly, 

when the assay was performed using affinity purified material from empty vector, i.e. 

vector with no insert present, no incorporation of radiolabel was detectable. These 

findings confirm the incorporation of the radiolabel is due to NMT dependent transfer of 

the [3H]-myristate to the peptide and therefore indicate that PJNMT is enzymatically 

active in vitro.

Inhibition of both the recombinant ZyNMT, and i^NMT in parasite cultures were also 

investigated. The S. cerevisiae NMT is inhibited DEPC, but shows no inhibition by
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iodoacetamide (Towler et al., 1987). However, the human NMT has been reported to be 

inhibited by both iodoacetamide and DEPC treatment (Mcllhinney et al., 1994). DEPC 

inhibition causes total loss of enzyme activity but this inhibition can be prevented by the 

addition of histidine to the reaction mixture. These results suggest that histidine and 

cysteine residues must be present, or close to, the active site. Iodoacetamide did not 

cause total inhibition of the enzyme, causing approximately 50% inhibition, whilst 

DEPC caused nearer 75% inhibition of human NMT under the conditions used. 

However, even though the reversal of inhibition from DEPC by histidine has previously 

been documented, these results were not reproducible in these experiments. In contrast 

to this, PJNMT showed no inhibition in the presence of iodoacetamide or DEPC, 

suggesting that the histidine or cysteine residue modified by DEPC and iodoacetamide 

respectively, even though they may be situated close to the active site, may not be 

involved in catalysis i.e. in the transfer of the fatty acid to the peptide substrate. 

Mutational studies have previously identified His-292, His-339, His-415 and Cys-290 as 

essential residues for NMT enzyme activity, as replacement if these residues results in 

NMTs with greatly reduced affinity for the peptide substrate (Peseckis et al., 1994). 

Replacement of His-250 or Cys-335 appeared to have very little effect on enzyme 

activity. It is therefore possible, that the latter two residues are in close proximity to the 

active site, rather than actually being involved in the catalytic mechanism. Modification 

of Cys-335 may therefore result in the inhibition of human NMT activity, possibly by 

steric hindrance. In the PJNMT, Cys-335 is replaced by Ala, which may explain the lack 

of inhibition of PJNMT by iodoacetamide. In these observations, PJNMT is behaving
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more like the fungal NMT than the human NMT, as it shows no inhibition by 

iodoacetamide.

The effect of two NMT inhibitors (2-hydroxymyristic acid and 4-oxatetradecanoic acid) 

on parasite cultures was also investigated and monitored by scintillation counting. The 

results showed that the parasite growth appeared to be unaffected by the presence of 

these two drugs, suggesting that they had no effect on PJNMT. However, although the 

activity of the fungal NMTs in the presence of 2-hydroxymyristic acid is yet to be 

reported, parallels can be drawn with the activity of the C. albicans NMT in the presence 

of 4-oxatetraecanoic acid. The loss of NMT activity in the presence of 4- 

oxatetradecanoic acid appears to be species specific. 4-oxatetradecanoic acid is highly 

fungicidal to C. neoformans, whereas it appears to have little effect on the activity of the 

C. albicans enzyme (Langner et al., 1992). Therefore, with respect to inhibition by 

iodoacetamide, the PJNMT appears to be behaving like the C. albicans enzyme. Further 

studies of the PJNMT from parasite cultures, using alternative NMT inhibitors will need 

be investigated, in order to determine if anti-AT-myristoyltransferase drugs are anti- 

parasitic.

Targets unique to the organism or possessing altered properties from those of the host, 

are good candidates for the development of parasite specific inhibitors. In conclusion, 

differences are clearly apparent between PJNMT and the human NMT, with the former 

showing greater similarities to the fungal enzyme than the human one. These differences 

suggest that NMT is a potential chemotherapeutic drug target against malaria.
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FUTURE WORK

Future work would entail firstly, the generation of polyclonal antibodies. This would 

allow the localisation of the enzyme within the parasite and may enable parasite NMT 

bound to antibody, to be isolated by immunoprecipitation methods. The exact 

localisation and the molecular mass of the native enzyme could then be determined.

Further work would also entail the testing of various peptidomimetic compounds, to 

identify a compound that will inhibit the P/NMT. A 2-methylimidazole derivative, 

based on the N-terminal sequence of the C. albicans A rf gene, specifically inhibits the 

fungal NMT, with a 250 fold affinity for the fungal NMT, compared with the human 

NMT (Devadas et al., 1995). This inhibitor may be of particular interest for P. 

falciparum as the PJNMT appears to behave more like the fungal NMT, with respect to 

its inhibition by iodoacetamide, than the human enzyme. Anti-A-myristoyltransferase 

agents that inhibit the growth of the parasite in vitro and in vivo, may be of potential 

interest for anti-malarial chemotherapy.
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APPENDIX ONE

THE pBK-CMV PHAGEMID VECTOR 

(Stratagene)

Prokaryotic Expression

lac promoter: (1300-1220bp) IPTG inducible

lacZ gene: (1183-810bp, ATG 1183 and TAA 799bp). The coding sequence of the lacZ 

gene provides a-complementation for blue-white colour selection of recombinant 

plasmids. The inducible lac promoter upstream from the lacZ gene also permits protein 

expression with the P-galactosidase gene product.

Multiple cloning site (MCS) Sacl-Kpnl (1126-1019bp) provides 17 unique sites flanked 

by T7 and T3 promoters.

R R ■Neo -Kan 4034-3032bp. Neomycin and Kanamycin resistance genes driven by the p- 

lactamase promoter in bacteria.

Replication origin: 462-6bp. fl(-) filamentous phage origin of replication, allowing 

recovery of the antisense strand of the lacZ gene when a host strain containing the pBK- 

CMV phagemid vector is co-infected with the helper phage.

ColEl origin: used in the absence of the helper phage.
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APPENDIX TWO

ORIGINAL TA CLONING VECTOR (pCR 2.1)

(Invitrogen)

The Original TA Cloning Vector pCR 2.1 is a 3.3kb plasmid that contains the following 

features:

M l3 reverse priming site and the T7 priming site

lacZ a-complementation fragment for blue-white colour selection

R RAmp -Kan : Ampicillin and Kanamycin Resistance genes for selection 

Multiple Cloning Site with 14 unique restriction enzyme sites
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APPENDIX THREE

THE pGEX-3X EXPRESSION VECTOR 

(Pharmacia)

The pGEX-3X vector is a 4.9kb plasmid with the following features:

pGEX plasmids are designed for inducible, high level intracellular expression of genes

or gene fragments as fusions with the Schistosoma japonicum GST.

Fusion proteins are purified using Glutathione sepharose-4B

A multiple cloning site beginning with the Bamffl restriction site and ending with the 

EcoBl restriction site

A tac promoter for chemically inducible, high level expression.

An internal laclq gene for use in any E. Coli strain.

Factor Xa protease recognition site for cleaving the desired protein from the fusion 

product.
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Factor Xa

lie Glu Gly Arg |  Gly lie Pro Gly Asn Ser Ser
ATC GAA GGT CGT GGG ATC CCC GGG AAT TCA TCG TGA CTG ACT GAC

I  l l I | ,  I ___  ____ ___
Bam HI |____________ | EcoR I Stop codons
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APPENDIX FOUR

THE pTRC-HisC EXPRESSION VECTOR 

(Invitrogen)

The pTRC-HisC expression vector is a 4.4kb plasmid, designed from the pSE420 vector 

and contains the following features:

Polylinker sequence with 11 unique cloning sites 

High level regulated transcription from the trc promoter.

Enhanced translation efficiency of eukaryotic genes in E. coli.

The lacO and the laclq repressor for transcriptional regulation in any E. coli strain. 

Enterokinase cleavage site for the removal of the fusion tag.

N-terminal hexa-histidine tag for purification of the fusion protein on a Nickel column.
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APPENDIX FIVE 

PRIMER MAP

The relative positions of the primers used for cloning and expression of PfNMT are 

given below:

A NMTF1 AGC AGG TGT TTA TCT ACC CAA AC

B NMTB1 TTG GCT AAG CAT ATA GCA TCT TG

C IN VI ATTACTACAACAACAACC

D INV2 T CGAT CT AT GAAAAT AT CT AGC

E INV3 AATTAATTTTGATGTTTTTAATGCC

F INV4 GTTT GGGT AGAT AAACACCTGC

G NMTVEC1 CCA ATT TTT TAC ATA TTT AGG AGA ACT C

H NMTVEC2 AAC ACC ATA AAA AAT TCA CCC CAG C

I NMTVEC3 CAA GTC TTA TTC ITT  CCT TCG T

J NMTVEC4 GAT ATA AAT CCC TAC CAA CAA A

K NMT0RF1A GG ATC CCG AAT GAT GAT AAG AAA GAT TTT GTT GG

L NMT0RF2A G GAA TTC AAG ATG GTG GTT ATA AAC TTA TAA TAA ACC

M NMTUP4 TAA AAT AAT ATA AAC

N pGEXNMTfor TAA GAG CTC GGG ATC CCA GCA GGT GTT TAT CTA CCC AAA C

O  pGEXNMTrev TCC GAG CTC GAA TTC TTA TTT GGC TAA GCA TAT AGC ATC TTG
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