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ABSTRACT 

The L(+) lactate dehydrogenase (LDH-P) of P.falciparum 

has been studied as a model parasite enzyme. A monoclonal 

antibody (McAb), designated 7.2, has been shown to bind the 

LDH-P subunit, which has a mass of 35 kDa. The McAb does 

not bind to the enzyme active site, and LDH-P remains active 

whilst bound by the antibody. Monoclonal antibody affinity 

chromatography allows one-step purification of milligram 

amounts of the enzyme subunit. 

The enzyme is wholly-encoded in the parasite genome. 

The ldh-p mRNA is 1.2 kb (± 0.3 kb) and can be translated 

in vitro to yield a 35 kDa product that is recognised by 

McAb 7.2. Both the ldh-p mRNA and LDH-P enzyme are present 

in all stages of intra-erythrocytic development and are 

synthesised at a constant level relative to total biosynthetic 

activity throughout the cycle. 

Immunological screening of Agtll-cDNA expression libraries 

with a polyvalent anti(LDH-P) serum identified 9 ALDH-P clones. 

The identity of some of these clones has been confirmed by 

antibody select; this allows purification of antibodies 

against the cDNA-encoded polypeptide in the expression clone. 

DNA sequence analysis of one clone, ALDH-P.1, demonstrated 

the zresence of single open reading frame which is strikingly 

homcLsgc'us to the C-terminal domain cf the known LDH sequences. 



GenonhiC clones containing ldh-p gene sequences have been isolated 

and characterised. There is probably only one copy of the ldh-p 

gene per parasite genome. 
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1.1 Introduction 

Malaria, a disease of humans caused by infection with 

Plasmodium parasites, is one of the world's major public health 

problems. There are four species of the genus Plasmodium which 

commonly cause disease in man. They share many features in common 

and all are haemoprotozoa (living for part of the life-cycle in the 

bloodstream) with a sexual cycle in an Anopheline mosquito, the 

vector responsible for transmission. P.falciparum is the most 

dangerous species as it can cause death due to cerebral malaria, 

or less commonly algid malaria and blackwater fever. It has a high 

mortality in non-immunes, i.e. young children in an endemic area 

and adults moving into an endemic area. Recurrent or recrudescent 

infections can cause varying degrees of ill-health including anaemia 

and growth retardation, while during pregnancy maternal morbidity, 

fetal prematurity and dysmaturity are common sequels of the 

increased prevalence of infection. P.vivax causes debility due to 

recurrent and relapsing infections. P.ovale and P.malariae in 

general cause mild disease. However, P.malariae has been implicated 

as a cause of tropical nephrotic syndrome secondary to immune-complex 

deposition in the kidneys. 

Human malaria is distributed throughout the tropics and is found 

in Africa, Asia and the Americas. It was estimated that in 1979, 

excluding the population of China, some 2,100 million people were 

at risk from malaria (Wernsdorfer, 1980) . P.falciparum was 

st:ate< as causg at least one million deaths per year in Africa 

alone WorJ 	aith Organization, 1974) . Apart from the effect on 

i-:nan health, malaria indirectly causes a great deal of economic 



loss. Conly (1975) showed that during an epidemic of malaria in 

rural Paraguay, food and crop production as well as rate of land 

clearance were all markedly reduced. 

The disastrous toll taken by malaria has led to attempts by 

governments and international bodies to eradicate or control this 

disease. During the 1950's a campaign based predominantly on 

residual insecticide spraying initially achieved great successes 

including the eradication of malaria in Southern Europe, Southern 

USA and Australia. However, these were areas where the mosquito 

vector had only a tenuous hold. Elsewhere, especially in the 

hyper-endemic areas, results were much less satisfactory. 

Now a combination of problems, which include vector resistance 

to insecticides and parasite resistance to chemotherapy but also 

inadequate funding, administrative inefficiencies and logistic 

difficulties have led to a world-wide resurgence of malaria. The 

concept of eradication has been abandoned and replaced by that of 

control together with a recognition that malaria control needs to 

be one part of integrated health programmes in the developing 

world. The total cost of these programmes between 1955 and 1976 

was a comparatively modest, in global terms, $US2,000 million 

(Wernsdorfer, 1980) . The control programmes of the future now 

need improved tools, including safer more effective drugs and 

insecticides and if oossible, vaccines. 

2 .2 Scone of this reziew 

There has been an enormous amount of data accumulated in the 

of malaria in both man and animal. As this thesis focusses on 

the production and characterisation of P. falcicarurn blood stage 

L 



enzymes, I will restrict discussion in the main to studies on 

p.falciparum. However, where studies in other model systems, 

especially rodent and simian malarias, provide additional useful 

material, I have included these as well. In addition, I have 

briefly reviewed the use of expression systems in the production of 

proteins, but have focussed on the use of cDNA vectors in prokaryotic 

systems. 

1.3 Biology: Life-cycle and Morphology of P.falciparum (Garnham 

1966) See Fig. 1.1 

Malaria is carried by female Anopheles mosquitoes which can 

infect man during the act of biting, by injection of sporozoites. 

The parasites rapidly disappear from the peripheral circulation 

and within 30 minutes are sequestered within a hepatocyte. 

Recent electron micrographic studies on the rodent malaria P.berghei 

have raised the possibility that the initial target cell is a Kupffer 

cell in the hepatic sinusoid from which the parasite then escapes into 

a parenchymal liver cell (Meis et al., 1983). Whether this 

occurs in other malarial species is currently unknown. The parasite 

divides asexually in the liver cell leading to the production of 

mature schizonts containing up to 40,000 merozoites (Bruce-Chwatt 

1980). This stage of massive amplification means that even a single 

sporozoite reaching the liver can cause blood stage infections. 

After a latent period of 5.5 to 7 days for P.falciparuin (Fairley, 1947), 

he merozoites are released into the bloodstream when the liver cell 

ruptures. It is believed that these P.falciparum merozoites are 

ncaable of re-invadinc liver cells. Other species of Plasmodium 

RM 
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notably P.vivax (P.vivax hibernans) and P.ovale remains dormant in 

the liver for months to years (hypnozoites) whereupon they are released 

to cause bloodstream infection and clinical relapse (Krotoski et al. 

1980; 1982) 

Upon entering an erythrocyte, the P.falciparum inerozoite under-

goes growth and asexual division. Commencing as a ring stage, then 

maturing to a trophozoite, the parasite finally forms 8-32 merozoites 

in the mature schizont form, prior to rupture and re-invasion. Only 

a proportion of the released merozoites invade new red cells. The 

entire cycle lasts 48 hours for P.falciparum. If the cycle of 

rupture and re-invasion is synchronised, then fever will occur on 

the first and third days, giving rise to the name "tertian" malaria. 

More commonly the cycle is asynchronous and fever is continuously 

present. 

Merozoite attachment and invasion has been extensively studied 

mainly in non-human Plasmodia (Ladda, 1969; Dvorak et al., 1975; 

Aikawa et al., 1978; Aikawa and Seed, 1980). 	Successful invasion 

can only occur if the merozoite is orientated so that its apical end, 

containing the rhoptries and inicronemes, is in contact with the 

erythrocyte membrane. Invagination of the red cell membrane is 

initiated by release of material from the rhoptries. As the merozoite 

enters the red cell a moving junction forms between the cell membranes 

and the dense merozoite coat is stripped away. The merozoite finally 

resides in a parasitophorous vacuole surrounded by material derived 

from the erythrocyte membrane. The merozoite has a specific receptor 

or some component on the red cell surface which controls attachment 

and presumably limits cross-species infections. Weiss et al. (1981) 



showed that addition of N-acetyl-glucosamine to in vitro cultures 

would inhibit merozoite invasion without any apparent toxicity to 

intraerythrocytic forms. Perkins (1981) showed that glycophorin A 

at low concentration (in the form of fractionated membranes) or 

anti-glycophorin antibody would also block invasion. Extensive 

studies by Pasvol et al., (1982) and Jungery et al., (1983a) have 

defined the regions on the red cell glycophorins recognised by the 

inerozoite. For P.falciparum, these include distal derminants on 

the alpha and delta sialoglycoproteins, and the membrane-proximal 

Wright b antigen of the alpha sialoglycoprotein (Ridgewell et al., 

1983, Facer 1983). 	Furthermore, Jungery et al., (1983b) have used 

glycophorin-affinity absorbant to identify parasite molecules 

responsible for recognition and binding of host erythrocyte receptors. 

The principal method of diagnosis of P.falcipa rum infections 

has been the examination of stained films of infected blood and the 

light microscopic appearance of the parasites is well known. In the 

peripheral blood the only form usually seen is the ring form with a 

characteristic pale central area surrounded by cytoplasm and nucleus 

looking like a signet ring. Alternatively, the nucleus may be seen 

at the edge of the cell, the applique form. 	Maurer's clefts which 

are flattened membrane bound cisternae appear at the late ring 

stage (Laneth et al., 1979). More than one parasite may infect 

a single cell and in severe infections more mature forms may be 

seen in the peripheral blood. The more mature forms are marked by 

he presence of malarial pigment, i.e.haemozoin which derives from 

iiested haemoglobin. The schizont is identified by the presence of 

_,re than one nucleus in a singly infected pigmented cell. The 
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mature forms are larger in size than the ring which occupies about 

one quarter of the diameter of the red cell. Dramatic changes occur 

in the surface of the infected red cell. Surface protrusions called 

"knobs" are seen and are probably responsible for sequestration of 

cells containing mature parasites in the deep vasculature (Trager 

et al., 1966; Luse and Miller, 1971) . Udeinya et al., (1981) 

showed that knobbed cells could bind to a line of cultured endothelial 

cells through the knob structure, and that this binding could be 

inhibited by sera from immune monkeys (Udeinya et al., 1983). 

The in vitro studies are thought to model the endothelial sequestration 

of schizont-infected erythrocytes in vivo. Parasites can exist in 

both knobbed and knobless variants and an uncloned isolate changed 

from being predominantly knobbed to knobless (Langreth et al., 1979). 

Single cell cloning of an isolate has given clones of both morphologies 

(Trager et al., 1981). 	The presence of knobs is parasite-dependent 

and it has been demonstrated that a Concanavalin A binding protein 

(Mr 70-80 kd) is located in the knob (Kilejian, 1979; Kilejian and 

Olson, 1979) and is believed to be structurally related to the 

histidine-rich protein (HRP) found in duck erythrocytes infected with 

P.lophurae schizonts (Kilejian, 1974, 1976, 1978). The knob has 

been shown by several workers to be immunogenic (Kilejian et al., 

1977; Langreth and Reese, 1979). 

Sometimes maturing parasites produce sexual forms (gametocytes) 

which are usuailv first seen Ii days after appearance of the asexual 

forms (Bruce-Chwatt, 1980). These forms can be produced in vitro 

by the addition of hypoxanthine to the growth medium (Kaushal et al., 

10) 	The natural trigger for this complex differentiation is, 



however, unknown. Young sexual forms of P.falciparum are spindle 

shaped before achieving the classic mature creserttic form from which 

the name falciparuxn derives. 

Sexual forms taken up by the mosquito undergo further maturation. 

The male microgametocyte exflagellates and combines with a female 

gamete to form a zygote. The zygote matures to an ookinete, then an 

oocyst which divides and bursts, releasing sporozoites into the body 

cavity of the mosquito. The sporozoiteS migrate to the salivary glands 

where they are ready to be injected with the next blood meal. This 

sexual cycle is temperature-dependent, ranging from 10 days at 28°C 

to 22 days at 20°C (Bruce-Chwatt, 1980). 

1.4 Immunity to Malaria 

Epidemiological studies have revealed a characteristic pattern 

of age-related malarial infection in people living in an endemic 

area. Infants of immune mothers rarely get infected presumably 

due to passively acquired maternal antibody. Moreover, the para-

amino benzoic acid deficiency of their milk diet (Kretschmar et al., 

1973), and the probability that fetal haemoglobin (HEF) is a poorer 

substrate than adult haemoglobin for parasite growth (Pasvol et al., 

1976) may also afford some protection. This privileged status wanes 

at about six months and episodes of parasitaemia and disease become 

frequent. At the age of two the incidence of parasitaemia in the 

population is about 95% (McGregor 1964), but during their third 

year survivors show an increasing resistance to the clinical effects 

of the disease, and this is paralleled by increased immunoglobulin 

synthesis in comparison to children of the same age maintained on 



prophy]4a.ic chemotherapy. After age five, both incidence of 

parasitaemia in the population and intensity in the individual 

decline, but still remain significant into the fourth and fifth 

decades of life. However, in adulthood parasitaemia may only be 

one hundredth of the intensity found in childhood, and incidence in 

the population may have fallen to about 20% (McGregor, 1964). 

Specific acquired immunity acts through both the T-cell and B-cell 

systems as well as through macrophages, predominantly against the 

blood stages and sporozoites. Immunoglobulin prepared from adults 

in a hyper-endemic area is very effective in depressing parasitaemia 

when given to children over several days at doses totalling 1.5-2.5 gm. 

and appears to act by preventing re-invasion after schizogony 

(Cohen et al., 1961). Similarly, adult immune sera (Wilson and 

Phillips 1976) or purified Ig (Mitchell et al., 1976) inhibit 

merozoite invasion into red cells in vitro. More recently, Jensen 

et al., (1982, 1983) have demonstrated an adverse effect of immune IgG 

on the intra-erythrocytic development of P.falciparum, generating 

'crisis forms'. Merozoites and infected cells (Kusmith et al., 1982) 

are opsonized by immune serum for phagocytosis, and antibody-dependent 

cell-mediated cytotoxicity against P.falciparum has been shown 

in vitro (Brown and Smalley, 1980). Antibody that precipitates 

around the sporozoite reacting with its coat - the circumsporozoite 

protein or CS - has been demonstrated in W. African sera (Nardin 

et al., 1979). Antibody of similar specificity is known to be 

associated with immunity to sporozoite challenge in rodents 

(Vanderburg et al., 1969). 	In hyperendemic conditions the 

infection rate is lower than would be expected from the inoculation 



rate from mosquitoes, strongly suggesting that many sporozoites 

fail to produce parasitaemia (Cohen and Lambert, 1982). 

Considerable attention is currently devoted to the sporozoite 

and blood-stages, particularly rnerozoites, in order to identify 

surface antigens which are capable of inducing anti-parasite immune 

response either alone or in the presence of acceptable adjuvants 

(Newbold 1984 and Nussenzweig 1961). Once identified, these antigens 

will be produced with the aid of recombinant DNA technology, forming 

the basis of the first imxnunoprophylaxis against the human disease. 

1.5 Control of Malaria 

The methods used for reducing the incidence of malaria are 

designed to interrupt the cycle of the parasite between its two 

hosts and to reduce the number of mosquitoes (MacDonald 1957). 

Reduction in man-mosquito contact helps prevent infection. 

Measures to achieve this include bed-nets, mosquito screens, 

protective clothing and insect repellants (Bruce-Chwatt, 1980). 

The attack on the mosquito itself can be on a number of 

fronts. First, the number of breeding sites can be reduced by 

filling in or emptying water-holding areas. Secondly, anti-larval 

methods including spraying oil or Paris green on to water surfaces 

to poison larvae are widely used. 	In addition, biological controls 

by larvivorous fish (Gambusia affinis) and application of the toxin 

produced by the bacterium Bacillus thurigiensis var. israeliensis have 

recently proved successful (Wright et al., 1972). Since 1945, with 

the advent of the insecticides DTT (dichloro diphenyl trichloroethane) 

and dieldi- jn, the main focus of attack has been on the adult 

moscuito by house-spraying. Unfortunately insecticide sprays were 

I 



in such heavy use in agriculture that as early as 1953 some species 

of Anopheline mosquito vector were resistant to both these compounds. 

By 1976 the situation was dire; 3 species i're resistant to DTT 

only, 21 species to DTT and dieldrin and 42 species to dieldrin 

(Center for Disease Control 1978). 

Possible new approaches to mosquito control are only at the 

developmental stage. These include genetic controls by introducing 

sterile males to reduce the fecundity of vector populations, and 

the introduction of pathogens harmful to mosquitoes such as 

bacteria (Bacillus sphaericus), protozoa (Noserma) fungi 

(Coelomyces) and nematodes (Bruce-Chwatt, 1950). 

Another control measure relies on anti-malarial drugs which 

can either prevent infection occurring or be used to eliminate an 

established infection and reduce the infectivity of gametocytes to 

new vectors. I will now discuss these chemotherapeutic measures 

in detail as they bear on the work on LDH in this thesis. 

Anti-malarials are divided into four categories according to 

the stage in the life cycle they attack. Sporozoites are not 

killed by any anti-malarials. Prophylactic drugs appear to kill 

early but not late liver stages and prevent erythrocytic infections. 

Drugs which destroy these exo-erythrocytic forms are known as tissue 

schizontocides (e.g. primaquine and proguanil) . 	Blood schizontocides 

act on the asexual erythrocytic parasites. Some anti-malarials 

affect the gametocytes, particularly the inir.ature forms and these 

are called gametocytocidal drugs (e.g. quin.ne  and chioroquine). 

Finally, some drugs when taken up in a blocd meal by the mosquito 

will inhibit the development of the oocyst . --.nd thereby prevent the 
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production of new sporozoites: this anti-malarial activity is termed 

sporontocidal (Peters, 1980). 

The commonly used anti-malarials are illustrated in Fig. 1. 2 

and will be described briefly in terms of their mechanism of 

action on the parasite; these drugs affect energy metabolism, 

cofactor synthesis and nucleic acid synthesis. 

Starting with energy metabolism, it is thought that,at least 

in mammals, the 8-aminoquinolines such as primaquine and proguariil 

are catabolised to a 5,6-quinoline diquinone; this is an analogue 

of ubiquinone which is found in the parasite respiratory chain 

(see 1.8), and hence may disrupt essential biosynthetic pathways 

(Gutteridge et al., 1979). Under the electron microscope, parasites 

treated withprixnaquine are •seen to have swollen mitochondria (Aikawa 

and Beaudoin, 1968). 

Anti-malarials acting on membrane functions are not known at 

present. The action of sulphonamides and suiphones on malaria 

parasites can best be explained in the context of the known anti-bacterial 

activity of these drugs. Both sulphonamides and suiphones are 

metabolised in vivo by bacteria, generating analogues of the 

essential growth factor para-aminobenzoic acid (PABA). PABA is 

utilised by bacteria in the synthesis of dihydrofolate which is 

converted, by the key enzyme dihydrofolate reductase, to tetra-

hydrofolate; this is an important cofactor in a number of reactions, 

including the interconversion of certain amino acids and the de novo syn-

thesis of pyrimidines. In bacteria, the sulphonamides act by blocking 

the synthesis of dihydrofolate by inhibiting the enzyme di-hydro - 

opteroate synthetase and it seems they have the same action in malaria 
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parasites which also use PABA as an essential growth factor from the 

host. The differential action of sulphonamides and sulphones on the 

parasite compared with the host is that the parasite has to synthesise 

its own dihydrofolate from PABA and guanosine triphosphate. The host 

is able to utilise folates in the diet which are converted to dihydro-

folate and hence does not need the enzyme dihydropteroate synthetase 

(Bruce-Chwatt, 1980). 

The antimalarial 2,4-diaminopyrimidines such as pyrimethamine 

and proguanil act directly on the enzyme dihydrofolate reductase (DHFR) 

which catalyse the conversion of dihydrofolate to tetrahydrofo late 

(Ferone et al., 1969, Ferone, 1973, Gutteridge and Trigg, 1971, Platzer, 

1974). In this case the host has a similar enzyme but the parasite DHFR 

is very much more sensitive to the action of this drug than the host's 

(Ferone 1970). The points of action of the sulphonamides and diamino-

pyrimidines are indicated in the folate synthetic pathway (adapted 

from Sherman, 1979). 

Quinine and chioroquine are thought to inhibit DNA and RNA 

synthesis possibly because the drugs intercalate with DNA. Both these 

drugs, however, bind to DNA from any source. The reason why they 

selectively inhibit parasite nucleic acid synthesis rather than that 

of the host is because the drug is concentrated in parasitised red 

cells. Malaria parasites seem to have three binding sites for 

chloroquine and the drug can reach concentrations in the parasite 

100-1000 times that in the bloodstream (Chou et al., 1980). In addition 

chloroquine binds to haern in the erythrocyte and the resulting complex 

is thought to be toxic to the parasite (Orijih et al., 1981). 

The menace of drug resistance is seriously compromising 

12 



GTP + PABA + GLUTAMATE 

,4 

PTERI D INE 

PTERIDINE 

PYROPHOSPHATE 

SULPHONAMIDES 
DHO SYNTHETASE 

SULPHONES 

DIHYDROPTEROATE 

4 
DI HYDROFOLATE 

PYRIMETHAMINE 
DHFR 

PROGUANI L 

TETRAHYDROFOLATE 

'If 
PYRIMIDINE AND 

NUCLEIC ACID 

BIOSYNTHESIS 

Outline of fotate biosynthesis in Plasmodia.; 
site of action of antimalarial drugs. 

13 



attempts at malaria chemotherapy (Lepes, 1982). Drug resistance is 

defined by the WHO as the ability of a strain of parasite to multiply 

and survive in the presence of normal or above normal doses of an 

anti-malarial. 

Resistance to anti-folates (pyrimethaxnine and proguanil) has 

been recorded in all four species of human malarias for the last 

20 years, most frequently in S.E. Asia and Africa. More worrying is 

the emergence and spread of chloroquine resistance; first in S. 

America in the 1960's, then S.E. Asia. Currently there are strong 

indicators that chloroquine resistant strains of P.falciparum are 

present in E. Africa (WHO Programme Report, 1982). 	Even 

more alarming is the finding that these chloroquine resistant strains 

are often resistant to other anti-malarials such as amodiaquine 

and mepacrine and are also less sensitive to quinine. 

The genetic basis of drug-resistance has been studied in rodent 

malaria and is discussed more fully in 1.10. In the laboratory it 

has been easy to develop strains resistant to the slow acting 

schizortticides such as pyrimethamine and proguanil but only with 

difficulty to the fast acting 4-aminoquinolines and quinine. The 

need for new anti-malarial drugs is urgent; the process of finding 

them and testing them is increasingly difficult. For example, in the 

1960's the U.S. Defence Department screened over 250,000 compounds, 

out of which only 6 looked promising, and to date only one of these, 

mefloquine, is likely to become commercially available. It acts 

against the erythrocytic stages but its precise mode of action waits 

elucidation (Ellis and choidini, 1984). However, in vivo experiments 

with rodent models have already demonstrated the development of 
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mefloquinine resistance (Peters et al., 1977a and b), and although the 

drug has not been widely used, moderate resistance has already been 

encountered (Boudrean et al., 1982; Bygbjerg et al., 1983). 

A completely new drug, Quinghaosu, from China, appears to be a 

rapidly acting schizontocide. Although rodent studies suggest some 

cross resistance with chioroquine, the compound has so far proven 

effective against chioroquine-resistant P.falciparum infections in 

man (Doberstyn 1983). Until quinghaosu and mefloquine become widely 

available, drug companies have resorted to marketing mixtures of 

existing anti-malarials; Maloprin (pyrimethamine and dapsone) and 

Fansidar (pyrimethamine plus sulphadoxine) . However, resistance to 

these mixtures has already quickly emerged (Wernsdorfer, 1983). 

Ideally, anti-malarials should be identified rationally by 

pinpointing parasite processes that are different from the host and 

susceptible to differential inhibition. Unfortunately, too little 

is presently known about the basic biochemistry of the parasite 

for this strategy of rational chemotherapy to have yielded any 

results (see section 1.7) 

The need for a radically new approach is paramount. A cheap, 

easily administered anti-malarial vaccine would be of immense 

value in the control and eradication of the disease (WHO Bulletin, 

1983). Ideally, the vaccine should consist only of those parasite 

antigens which induce acquired resistance (see section 1.4 above) 

and free of contaminating host materials such as red cell antigens, 

and a single immunising dose should give lasting protection. Such a 

vaccine is the goal of much current research of malaria (Newark 

1983, Cox 1983). 
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1.6 Molecular Biology of Plasmodia 

Because there are relatively few molecular studies on 

P.falciparuxn, the work on other species of Plasmodia will also be 

reviewed, in particular the cloning of the P.knowlesi sporozoite 

coat gene and the histidine-rich protein of P.lophurae. 

(1) DNA 

Initially, many studies were performed on animal malaria 

because of the ready availability of parasites. Chen (1944) 

and Deane (1945) demonstrated that parasites contain deoxy-

ribonucleic acid (DNA) using the Feulgen staining technique. 

By chemical analysis, Goman et al. (1982) and Odink et al., 

(1984a) estimated that the ring stages of P.falciparum contained 

0.01-0.02 pg of DNA per nucleus (3.0 x 1O 7  base pairs/nucleus). 

This implies that the genome size of P.falciparum is about 3-7 

times that of E.coli (Bachman and Low 1980). This agrees well 

with the estimates of Dore et al.(1980) of 2 x 10 base-pairs 

per nucleus for P.berghei made on the basis of reassociation 

kinetics. 

However, Hough-Evans and Howard (1982) , using re-association 

kinetics on P.falciparum DNA found that the genome is 0.4 pg/nucleus 

(3.8 x 10 bp/nucleus) or approximately 17 times the value of 

Goman et al. (1982). Bahr and Mikel (1972) , using chemical 

analysis, also found that ring stage nuclei of P.falciparum 

contain 0.1 pg DNA/nucleus, increasing 10-20 fold during 

schizogony. Clearly there is a large discrepancy between 

the estimate of Goman et al. (1982) and Hough-Evans and 

Howard (1982) for P.falciparum and this has not yet been resolved. 
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An accurate estimate of the genome size of the parasite is 

essential for the calculation of the copy number of particular 

genes (Lis et al., 1978) 

Like all eukaryotes, the genome of P.falciparum has 

repititive , middle-repetitive and single copy sequences. About 

10% consists of highly-repetitive sequences with an average 

repetition frequency of 95 copies per repeated sequence 

(Hough-Evans and Howard 1982). These repeated sequences are 

on average Ca. 400 bp long and the authors merely assume that 

these are interspersed with single copy sequences. More 

information is available for P.berghei (Dore et al. 1  1980 and 

1983), and in the latter publication these authors report that 

the repetitive sequences (400-1400 bp long) are largely inter-

spersed with unique DNA of average length 8 kb. They also 

found that the percentage of repetitive DNA varied depending 

on the strain examined. Strong support for the presence of a 

repetitive fraction of DNA comes from Goman et al.(1982) and 

Bone et al., (1983) who demonstrated that restricting 

P.falciparum DNA with Hindlil or EcoRI followed by agarose gel 

electrophoresis and staining with ethidium 	bromide, generates 

a distinctive banding pattern. Furthermore, examination of 

heteroduplex formation suggested that 20% of the DNA was 

repetitive. Examination of a clone of this repetitive DNA 

suggested that the A+T content was greater than 70% (see 

below) 

There is some uncertainty about the G+C content of 

P.falciparum DNA. First reports (Gutteridge et al., 1971) set 



this at 37%. parasites were obtained from infected Aotus 

blood, and two components were documented; 95% of the DNA had 

a G+C content of 19%. The authors considered this second 

component to be mitochondrial DNA. Recently, Pollack et al., 

(1982) examined P.falciparum DNA derived from in vitro cultures 

using bouyant density and thermal stability measurements. 

The reported G+C value of 19% agrees with that of Goman et al. 

(1982). The authors suggested that this is the correct value 

and the higher value previously reported was due to contamination 

with host DNA. Pollack et al., (1982) examined the base 

composition using high performance liquid chromatography, 

following formic acid hydrolysis. No methylated bases were 

found, a somewhat unusual finding in eukaryotic cells (Bird 

1983). No chromosomes have been visualised as yet so the 

genome organisation, chromosome number etc. is not known. 

Electron micrographic studies on extracted DNA did not detect 

any circular molecules, and the average size of DNA was 50 

to 150 kb (Bone et al., 1983). 

(2) RNA 

(a) rRNA 

The ribosomal RNA of P.falciparum has been 

well characterised in several recent studies (Hyde et al., 

1981; VezZa and Trager, 1981, 1982). There are two species 

of ribosomal RNA, a large subunit rRNA of molecular mass 

variously reported as either 1.49 x 106  or 1.3 x 106 Da., 

and a small subunit rRNA with a molecular mass of 0.78 x 10 

or 0.72 x 10 6  Da. The two sDecies are present in equimolar 



amounts, are poly(A) , and have a G+C content of about 

35-40%. There is no nick in the large rRNA subunit and 

oligonucleotide fingerprinting studies showed that the 

small subunit is not a breakdown or cleavage product of the 

large subunit (Vezza and Trager 1981). 	The rRNA is 

comparable to that found in other Plasmodia (Sherman, 

1979). The rRNA of four isolates of P.falciparum was 

studied by ribonuclease T1  digestion and 2-dimensional 

gel electrophoresis. Many oligonucleotides were in 

common but each isolate gave a characteristic pattern. 

This technique may be useful in strain-typing and 

taxonomic studies. Recently, genomic clones encompassing 

most of the genes of both subunits of the rRNA of 

P.falciparum have been 	isolated (Goman et al., 

1982; Bone et al., 1983; Langsley et al., 1984). 

They were identified by hybridisation using a heterologous 

rRNA probe from Drosophila melanogaster. 

The rRNA genes are organised in a typical eukaryotic 

pattern of '18St-'5.8S'-'28S'. Detailed mapping of the 

2 cloned genomic fragments shows that although both 

encode the three rRNA genes, they are clearly different 

(Langsley et al., 1984). The authors propose that they 

are derived from separate transcription units. In 

addition, preliminary evidence suggests that an inter-

vening sequence (intron) is present in the large subunit 

(28S) rRNA gene. Copy.number analysis reveals that each 

transcription unit is present four times per haploid genome, 
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and that, remarkably.there is a total of only 8 rRNA 

genes. This unusually low number is comparable with the 

total of four reported for the rodent malaria P.berghei, 

in which the four transcription units also appear to be 

different (Dame and McCutchan 1983a, 1983b). These 

authors have also recently identified a '5S' rRNA 

(approximately 120 bp long) in P.berghei ribosomes. 

The 5S rRNA gene does not appear to be located near to 

any of the 5' 28S-5.8S-18S3' transcription units (Dame 

and McCutchan 1984). Dame et al., (1984a) have now 

grouped the 4 rDNA units into 2 classes by restriction 

analysis. From SI. nuclease mapping and electron microscopy 

they conclude that these 2 classes differ in the 5' 

flanking regions and have extensive sequence differences 

in the DNA coding for the mature large and small 

ribosomal RNAs. One of the units is not transcribed in 

blood stage parasites. To explain this interesting 

result they postulate that transcription of a new set of 

rRNAs could be a major step in the commitment of the 

parasite to a change in life cycle; one set of rRNAs 

for the mosquito stages, the other for blood-stage 

existence. Alternatively, a simple interpretation could 

be that different segments of the genome are accessible to 

transcriptional apparatus during different parts of the 

life cycle. Any of these mechanisms would be of great 

interest in understanding the parasite life style at a 

enomic level. 
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(b) Messenger RNA 

P.falciparunl RNA has been extracted from in vitro 

cultured parasites and translated in vitro in the rabbit 

reticulocyte lysate system (Wallach 1982, Hyde et al., 1984). 

Wallach reported that translation of both P.falciparuxn 

and P.lophurae mRNA was poor unless the system was 

supplemented with homologous tRNA, whereupon proteins up 

to 200,000 Da were synthesised (Wallach and Kilejian, 1982, 

Wallach 1982). However, other workers, Gritzmacher and 

Reese, 1982; Hyde et al., 1984; Coppel 1984,and Odink 

et al. , 1984a, have successfully translated P.falciparum 

mRRA in a range of systems including rabbit reticulocyte 

lysates, Xenopus oocytes and wheat germ extracts, without 

this modification. However, heterologous tRNA, for example 

from calf liver, greatly stimulates synthesis in all these 

systems. Many groups have been able to iimnunoprecipitate 

polypeptides using immune sera from monkey models and 

humans (Wallach 1982; Gritzmacher and Reese 1982; 

Hyde et al., 1984). Both total RNA and poly(A) mRNA 

fractions can be translated. 

The tightly synchronous growth of P.chabaudi in 

mice allowed Franco da Silvera and Mercereau-Puijalon 

(1983) to extract mRNAs at different stages of the 

erythrocytic cycle. Translation of these mRNA populations 

in vitro revealed stage-specific patterns of proteins and 

antigens reflecting those observed in vivo. This was 

confirmed by the detailed work of Hyde et al., (1984) for 
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P.falciparum by comparing trophozoite and schizont-

specific mRNA populations. They identified 32 major 

polypeptides consistently synthesised by in vitro 

translation, ranging in size from 16 to 230 kDa. A number 

of high molecular mass proteins were only present in late 

parasite stages and were recognised by both acute and 

endemic human sera. 

Hyde et al.,(1984)have also performed detailed 

quantitation of mRNA from P.falciparum. About 4-6% of 

total RNA is mRNA, assayed by binding to oligo(dT)cellulose. 

Of the remainder, 82% is ribosomal RNA and approximately 

14% is tRNA. The number average chain length of 

p(A)RNA was calculated to be approximately 1.2 kb, 

the weight average chain length approximately 2 kb., and the 

modal value approximately 3.5 kb. The average poly(A) 

tail length was estimated to be approximately 120-200 

residues. 

Cloning P.falciparum genes 

There has been a rapid increase in the number of 

reports on the cloning of P.falciparum DNA and RNA 

over the last 2 years (see Table 1.1 up to September 1984) 

Representatives of the three classes of genomic sequences; 

highly repetitive, middle repetitive and single copy 

have been isolated. 

In the first such report, P.falciparum DNA was cleaved 

with EcoRl and Hindill and inserted into several 

bacterioDhage vectors (Gornan et al., 1982; Bone et al., 1983) 

22 



TABLE 1.1 

LIST OF LIBRARIES AND GENES OF PLASMODIA CLONED UP TO SEPTEMBER 1984 

1. 	LIBRARIES 

(a) 	GENOMIC ISOLATE RE. VECTOR REF. 

P.falciparuxn HG.13 Hindlil XNM788 Goman et al. 

EcoRl 1982 

P.falciparum Ki EcoRI ANM1149 Langsley 1983 

P.falciparum W. African HindIll pAT153 Odink et al. 

Wellcome EcoRl 1984 

P.falciparurn Tanzanian Sau3A 11059 Franzen et al. 

F-32 (partial) 1984 

P.kncwlesi - ACharon 4A Ozaki et al. 

1983 

(b) cDNA 

P.fa1ciarum 	FCQ27/PNG EcoRI 

P.falcitarum 	FCQ27/PNG Pstl 

P.falciarum 	K1. 	EcoRI 

P.falciparum 	SGE2 	pt 1 

(Zaire) 

P.knowlsi 	- 	 PstI 

P.bergh - L 	NYU-2 	Ec0RI 

P.chaba:.i 	Clone 	PstI 

IP-IpC 

XgtllAmp3 Kemp et al. 

1983 

pBR322 Coppel et al. 

1984 

ANM1149 Hyde et al. 

1984 

pBR322 McGarvey et al. 

pPL3IA 1984 

pBR322 Ellis et al. 

1983 

A Charon 4A Dame and 

McCutchan 1983 

pBR322 Franco da 

Silvera 1984 



Table 1.1 (continued) 

2. GENES 

REPETITIVE 

SPECIES ISOLATE GENE(S) REF. 

P.falciparum HG.13 Highly repeated Goman et al. 1982 

clones 
Bone et al. 1983 

Rep 10/20/13 

P.falciparum Tanzanian Highly repeated Franzen et al. 

F-32 clones 1984 

MIDDLE-REPETITIVE 

P.falciparum Ki 18S-5.8S-28S Langsley et al. 

rRNA 
	

1984 

P.berghei 	NYU-2 	18S-5.8S-28S 
	

Dame and McCutchan 

rRNA 	 1983 a,b 

5S RNA 
	

1984 

(c) GENES CODING FOR PROTEINS 

P.falciparum 	FCQ27/PNG S-Antigen 

P . falciparuni 

P. falciparurn 

P . falciparum 

P. falciparuxn 

FCQ27/PNG Pf120 

Wellcome Pf140 

Lagos 

Ki P190 

W.African P195 

Wellcome 

Coppel et al. 

1983 

Coppel et al. 1984 

Odink et al. 1984 a 

Hall et al. 1984 b 

Odink et al. 1984 b 

P .knowlesi 

P. knowlesi 

P . chabaudi 

P . loDhurae 

- 	 cDNA/CS protein 	Ellis et al. 1983 

- 	 CS protein 	Ozaki et al. 1983 

(genomic clone) 

Clone 	Pc.68 	 Franco da Silvera 

IP-IPC 	Pc.37 	 et al. 1984 

PC .23 

- 	 HRP 	 Wallach et a]. 1984 



DNA was completely digested and either cloned directly or 

after size fractionation. The number of recombinants ranged 

between 1.7 x 104  and 3 x 1O3 . The Hindill library was 

screened in several ways to determine its completeness. 

It was shown to contain two clones coding for actin and 

clones coding for rRNA genes (Hyde et al., 1982; Langsley 

et al., 1984) . Similarly, screening with total nick 

translated DNA identified clones containing highly-

repetitive DNA. These clones could be used as 

taxonomic markers to distinguish two Thai isolates of 

P.falciparuln (Kl and Taq 9/96), by different banding patterns 

on Southern blot analysis. In addition, there was a 

perfect correlation between the genomic hybridisation analysis 

of a set of cloned lines of the Taq 9 strain and the 

results of other genetic analyses (Langsley 1983, Goman 

et al., submitted). Recently, Franzen et al., (1984) 

have isolated similar repetitive DNA clones from a partial 

Sau3A genomic library of the Tanzanian F-32 strain of 

P.falciparum cloned into the lambda vector 1059 (Murray 

1983). In addition they have developed a rapid and 

sensitive assay for the detection of P.falciparum infected 

blood using these clones as probes. 

A genomic library has been constructed by Od±nk 

et al.,(1984)using the 8-12 kb Hindill fragments of 

P.falciparum DNA of the W. African Wellcome strain. 

This partial library has yielded clones encoding an 

ant1efl1c protein Of Mr 140 kDa. 
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Several groups have constructed cDNA libraries and 

successfully isolated specific clones. Kemp et al., (1983) 

established cDNA libraries from the Papua New Guinea 

isolate (FCQ/PNG 27) in the expression vector Xgtll.Amp 3. 

Using pooled immune human sera, known to inhibit the growth 

of P.falciparum in vitro, they successfully isolated banks 

of clones expressing hybrid proteins (Stahl et al., 1984). 

One of these clones has since been identified as the S-

antigen (Wilson 1981) of the PNG-FCQ 27 isolate (see below) 

(Coppel et al., 1983). In addition the Australian group 

constructed a cDNA library of approximately 10 clones 

from the same P.falciparuxn isolate, in pBR322 (Coppel 

et al., 1984). A cDNA clone encoding a mature blood 

stage antigen of molecular mass 120 kDa was isolated 

from this library by immunisation of mice with bacterial 

lysates. 

Hyde et al., (1984) successfully isolated putative 

clones for parasite actin from a cDNA library of the 

Thai Kl isolate in the lambda phage vector NM1149. 

A somewhat different approach has been adopted by 

McGarvey et al. (1984) , to identify a set of merozoite 

stage-specific genes of P.falciparum. These gene clones 

were isolated by differential hybridisation of a cDNA 

library with ring-stage and mature-schizont specific cDNA 

probes. 132 cDNA clones out of a library of 10,000 were 

found to be schizont-specific and these corresponded to 

only 12 different genes. Some of these were subsequently 
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expressed in the plasmid vector pPL31A in E.coli and 

the proteinswere recognised by monoclonal antibodies 

specific for late schizont-merozoite proteins. The 

authors concluded that only a small set of genes is 

specifically induced in the schizont-merozoite stage and 

that the stage-specific cDNA clones isolated by them are 

very likely to include the genes coding for the immuno-

logically relevant proteins of P.falciparum. 

The Wellcome group have recently isolated a CDNA 

clone for the major schizont-specific surface antigen of 

P.falciparum, P195 (Odink et al. 1984b). 	The cDNA insert 

from this clone, which hybridised to a 5.6 kb mRNA, was 

expressed in a tryptophan-based plasmid vector; fusion 

proteins consisting of anthranilate synthetase I and 

part of P195 were produced and was shown to contain epitopes 

of the 195 kD protein. Clones of the same protein have also 

been isolated by Hall et al. 1984b, using the Xgtll-vector. 

The cDNA inserts corresponded to the C-terminal 70 amino 

acids of the protein. Genomic fragments of the P190 gene 

were identified and shown to differ in size between two 

isolates of P.falciparum from S.E. Asia. Furthermore, by 

using a new technique called antibody select, the authors 

were able to study the processing of P195 into smaller 

polypeptides. This is discussed more fully in Section 

1.11 and Chapter 5. 
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cDNA libraries of three other Plasrnodium species 

have also been reported and these are P.knowlesi 

(Ellis et al., 1983), P.chabaudi (Franco da Silvera 

et al., 1984) and P.lophurae (Wallach et al., 1984). 

Of the Plasmodium genes coding for proteins so 

far cloned, three will be discussed in detail as they 

reveal a remarkable structure and these are: 

the S-antigen of P.falciparum, 

the circumsperozoite protein (CS)of P.knowlesi,and 

(iii)the histidine-rich protein of P.lophurae. 

(i) 	S-Antigen of P.falciparum 

One of the expression clones reacting with immune 

human sera isolated from the . Amp 3 cDNA library of Kemp 

et al., (1983), has been shown to be the heat-stable soluble 

S-antigen absolutely unique to the PNG/FCG-27 isolate 

(Coppel at al., 1983; Wilson, 1981). 	Remarkably this 

protein is composed of tandem repeats of 11 amino acids. 

The S-antigen gene is not detectable in strains that do not 

express this protein. The repeating epitope in this 



S-antigen is: 

[Pro-Ala--Lys-Ala-Ser-Glu-Gly-Gly-Leu-Glu-Asp] and was 

defined by synthesising peptides corresponding to this 

sequence and testing their reactivity with anti-S-antigen 

antibodies. 

(ii) Circumsporozoite coat protein (CS) of P.knowlesi 

The sporozoite is covered with a highly immunogenic 

surface protein called the circumsporozoite protein (CS). 

Ellis et al., (1983), cloned cDNA made from mRNA extracted 

from infected mosquito thoraxes into the Pstl site of 

pBR322 by homopolymer tailing. Lysates of cDNA clones were 

screened by radio-immunoassay with iodinated anti-CS mono-

clonal antibodies and three expressing clones were 

identified. Transposon mapping of one of these cDNA 

clones demonstrated that two ixnmunoreactive epitopes occurred 

in the first 100 nucleotides (Lupski et al.,1983). 

Nucleotide sequencing revealed the presence of 12 tandem 

repeats of a 36 base-pair unit remarkably like the pattern 

seen in the S-antigen gene of P.falciparum. The sequences 

are, however, completely different. The amino acid 

sequence of the CS repeat is: 

Gb.i -Ala-Glu -Gly-Asp-Gly-Ala-Asn-Ala-Gly-Glu -Pro 

which was also confirmed by synthesis of peptides 

corresponding to 1 or 2 repeat units (12 and 24 amino 

acids respectively). The 12 repeated units account for 

over one third of the amino acid sequence of the CS 

Protein (Gcdson et al., 19-0 3) . Recently, Ozaki et al., 
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(1983) have isolated genomic clones for the Cs protein from 

genomic libraries constructed from blood stage DNA. 

Identical clones containing an 11 kb EcoRl fragment were 

obtained with identical restriction maps suggesting that 

all the clones were derived from the same gene which is 

present in a single copy per genome. No introns were 

detected and the genomic clones express the CS protein 

in E.coli suggesting that the P.knowlesi transcription 

signals are being recognised. The whole CS protein is 

composed of the 12 repeats of 12 amino acids flanked 

on the carboxyl (5') side by alternating positively and 

negatively charged amino acids. In addition there is a 

membrane signal sequence of hydrophobic amino acids at 

the N-terminus. As the genomic clones were isolated from 

blood-stage merozoite DNA, it is not presently known 

if the stage specific expression of the CS protein is 

related to genomic re-arrangements. 

(iii) Histidine Rich Protein (HRP) of P.lophurae. 

Blood stages of P.lophurae an avian parasite, 

possess cytoplasmic granules which consist of an unusual 

protein, the histidine-rich protein (HRP). HRP is 

composed of 73% histidine and only 4 other amino acids 

proline, alanine, glutamine and aspartic acid (Kilejian, 

1974). HRP cDNA clones have been isolated by using a 

penta-histidine oligonucleotide probe (Wallach and 

Boeke, 1983) and DNA sequence analysis has confirmed the 

remarkable strucre 	tally isccverab by ileja. 
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Approximately half of the HRP mRNA sequence has been 

determined and 80% of the coding region consists of 

histitine codons. 

P.falciparuia contains a related protein (KP) present 

in the knob-like protrusions responsible for sequestration 

of infected erythrocytes in the venous endothelium 

(Schmidt et al., 1982; Udeinya et al., 1983). 	The 

pentahistidine probe and HRP cDNA clones have recently 

been used to detect homologous gene(s) and RNA transcripts 

from P.falciparum blood stages. Both KP mRNAs and 

genornic sequences have been identified (Wallach et al., 

1984) but not yet cloned. 

From just these three examples it is obvious that 

molecular cloning has provided a rapid insight into the 

structure and organisation of Plasmodium genes and 

proteins. As can be seen from Table 1.1, the emphasis 

so far, has been on cloning the genes coding for antigens 

that may confer protection when used as a vaccine. No 

genes coding for parasite enzymes have yet been cloned. 

As reviewed in Section 1.5 above, many anti-malarial 

drugs act on parasite-specific enzymes and resistance to 

these drugs is spreading at an alarming rate. Cloning 

parasite enzyme genes will provide detailed structural 

information, allowing parasite and host enzymes to be 

distinguished; new anti-malarial drugs could then be 

rationally selected or designed. 



The key enzymes of P.falciparum that could be 

developed as targets for new drugs were recently reviewed 

by Sherman (1984) and I will discuss each of them 

briefly. 	Lactate dehydrogenase (LDH) and phosphoenol 

pyruvate carboxylase are two enzymes of glucose catabolism 

in Plasmodium which differ in properties from the iso- 

functional enzymes of the host erythrocyte (Vander Jagt et al., 

1981, LDH is discussed in depth below). The transport of 

amino acids into the parasite and the breakdown of host 

haemoglobin by parasite peptidases (Gyang et al., 1982 and 

Vander Jagt et al., 1984) may provide other targets for 

therapeutic attack. The 20-fold increase in the DNA 

content of a developing malaria schizont, and its 

absolute dependence on pyrimidine biosynthesis and purine 

salvage, suggest that the biosynthesis of nucleotides 

may also provide good target areas. 	Dihydro-orotate 

dehydrogenase, adenosine deaminase and dihydrofolate reductase 

are three key enzymes in these pathways which are 

especially worthy of further study. 

1.7 Rational Chemotherapy 

If the genes coding for these enzymes were cloned, detailed 

structural information could be rapidly obtained about the protein. 

The parasite enzyme could then be compared with the isofunctional 

host enzyme and key differences pinpointed by a combination of model 

building and computer graphics (Silverton 1984, Feldman 1984). 

Specific enzyme inhibitors may then be rationally selected or 

designed that selectively act on the parasite but not the host 
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enzyme. This 'rational' approach to chemotherapy has been 

applied intensively to mammalian and bacterial dihydrofolate reductase 

(DHFR), which is inhibited by the anti-folate drug methotrexate (MTX). 

However, structural details of the equivalent malarial 

enzyme (DHFR:TS) and its inhibition by pyrimethamine, remain 

unknown (see section 1.5 above). 

An additional advantage in studying parasite enzyme genes is 

the insight it could give into understanding the mechamism of drug 

resistance. An excellent example of this is the resistance of many 

cells and protozoa to the anti-folate, methotrexate (Schimke 1982). 

Methotrexate (MTX) is a specific inhibitor of DHFR, and in rodent 

cell lines and the protozoan Leishmania tropica, MTX resistance is 

due to an amplification of the DHFR gene (Kaufman et al., 1979; 

COderre et al., 1983). In L.tropica amplified DHFR genes were 

detected in MTX resistant cells, as a prominent band on an ethidium 

bromide stained agarose gel. 

Plasmodial DHFR is inhibited by a range of àntifolate drugs 

including pyrimethamine, trimethopriin, cycloguanil and dihydrotriazines. 

Could the resistance of certain isolates of P.falciparum to antifolates 

be due to a similar gene-amplification? Comparing Ki (pyrimethamine 

resistant) to Tak 9 (sensitive) genomic DNA on ethidiuxn bromide 

stained gels, Langsley, 1983) failed to reveal any prominent species 

even when the DNA was extracted from parasites in the presence of drug 

challenge; this is also true for the mRNA (Hyde et al., 1984). 

The naturally occurring pyrimethamine resistant strains of malaria, 

aDear to be stable mutants which do not revert in the absence of 

challenge, and the failure to detect any amplification of their DNA, 
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implies that resistance may be due to single (or multiple) lesion, 

rather than to amplification of DHFR sequences. However, this will 

only be resolved when the DHFR gene is cloned from P.falciparum 

resistant isolates such as 1<1. 

As discussed below, P.falciparum, relies exclusively on glycolysis 

for energy generation and this pathway could be a potential target 

for drug action. It is possible to apply this rational 

chemotherapy approach to this pathway for two reasons. 

Firstly, much is known about the structure of the glycolytic 

enzymes from higher eukaryotes. The primary amino acid sequence of 

all thirteen enzymes of the pathway have been determined (Dayhoff, 

M.O., 1984), as have high-resolution crystallographic structures of 

all but one enzyme (Schultz and Schirmer, 1979 and references therein). 

Secondly, the structures of the glycolytic enzymes are very 

highly conserved. Thus it will be possible to model the parasite 

primary structures into existing crystallographic structures, 

allowing salient differences to be highlighted and drugs 

rationally selected. 

In the present work, lactate dehydrogenase of P.falciparum, 

denoted LDH-P, has been chosen as a model enzyme. To place LDH-P in 

its context, I will review the essential features of carbohydrate 

metabolism of Plasmodia, concentrating on P.falciparum. This will 

in turn lead to a brief review of LDH and then specifically, LDH in 
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1.8 Carbohydrate Metabolism in Plasmodia 

Glucose uptake 

As Plasmodium species have neither stored glycogen nor 

other reserve polysaccharide (Schethel and Miller 1969; 

Homewood 1978) , sugars, especially glucose, are essential for 

their continued growth and division. Parasitised erythrocytes 

consume up to 75 times more glucose than uninfected cells 

(Zoig et al., 1984, Jensen et al.,1983). To accommodate this 

vast increase in glucose transport, major changes in the 

permeability of infected red cells to sugars occurs. This has 

been demonstrated most convincingly by following the uptake of 

non-metabolisable sugars, such as 3-0-methyl glucose, which 

allows the processes of transport and metabolism to be 

differentiated. Erythrocytes infected with the avian parasite 

P.lophurae took up these sugar analogues at an accelerated rate 

due to increases in membrane permeability and carrier-mediated 

transport (Sherman and Tanigoshi, 1974, a, b; Neame and Homewood 

1975). Similarly P.berghei-infected red cells readily took up 

the non-metabolisable isomer, L-glucose (Neame and Homewood 1975) 

Glucose catabolism 

The end products of glucose catabolism vary with the species 

of Plasmodium. In general, mammalian malarias incompletely oxidise 

glucose to organic acids, whereas in bird malarias, a significantly 

higher degree of oxidation occurs, with the production of CO  

as well as organic acids being commonly seen. 

In rodent, simian end hnan maiar:es, the major end product 

ie Thctec acid :5hetan i9) . ?.bernhei infected ervthrocytes 
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consumed 5-10 times more glucose than did uninfected red 

cells, and more than 70% of the added glucose was converted to 

lactate (Bryant et al., 1964; Homewood and Naeme 1983). 

Scheibel and Pflaunl (1970) using free P.knowlesi parasites, 

found that little added radioactive glucose was converted to 

14 CO 2 and that all of the glucose could be accounted for as 

lactate or other volatile acids. For P..falciparum, at least 

in culture, all of the glucose taken up by parasitised cells was 

converted to lactate (Scheibel 1979). In independent studies, 

Zoig et al., (1984) and Jensen et al., (1983) found that 

infected red cells produced between 5 and 100 times more lactic 

acid than uninfected cells. It is highly unlikely that aerobic 

respiration via the tricarboxylic acid cycle occurs in 

P.falciparum in vitro as no active c*-ketoglutarate 

dehydrogenase has been found after an intensive search by 

Blum et al.,(1984). However, P.falciparum is not a complete 

anaerobe. It has been described as a 'micro-aerophile' 

(Scheibel et al. 1  1979 a,b; 1980) since it does require oxygen 

albeit at very low concentrations. Parasites do not grow 

when the 0
2 
 concentration is below 0.5% and grow optimally at 

3%. This oxygen is probably needed as a chemical reactant for 

biosynthesis rather than for respiration. 

Pfaller et al., (1982) measured lactate production from 

highly synchronised in vitro cultures of P.falciparum 

and found evidence for stage-specificity; with 2-3 times more 

lactate being produced by schizonts compared with earlier stages. 

oever, aS di5cussed by the authors, this may merely reflect an 
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increase in parasite size through the cycle. Lactate production 

per unit mass of parasite may remain constant. 

(iii) Enzymes of carbohydrate metabolism 

The catabolism of glucose to lactate suggests that 

malarial parasites possess glycolytic enzymes of the Embden-

Meyerhoff pathway. Indeed, where such enzymes have been looked 

for, they have been found. However, it has often been 

difficult to establish whether enzyme activities associated 

with infected cells are actually essential components of the 

parasite. Parasite preparations may be contaminated with 

lymphocytes, reticulocyteS and mature erythrocytes, all of 

which have active glytolytic enzymes. In addition, subtle 

changes may occur in the host enzymes as a result of infection 

so that enhanced activities may often be wrongly ascribed to 

the parasite (Homewood and Neame 1980). The most powerful 

evidence for the existence of unique parasite enzymes comes 

from two independent approaches. 

Firstly, the detection of parasite-specific iso-enzymes 

separated from host enzymes by gel electrophoresis. Secondly, 

purification of the parasite enzyme and demonstration of 

distinct kinetic and, or regulatory properties from the 

isofunctional host enzyme. 

Sherman (1961, 1962) was the first to demonstrate 

parasite-specific lactate dehydrogenase (LDH) by gel electro-

phoresis in the avian malaria P.lophurae. The glycolytic 

enzymes of rodent malarias have been extensively analysed by 

this method (Carter 1973, 1978). There is firm evidence for 
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the existence of glucose-6-phosphate isomerase (GPI) and 

lactate dehydrogenase (LDH). Additional, unique bands of these 

enzymes were found in parasitised blood which varied according 

to the strain of parasite, but was independent of the host 

species infected. The data for other unique glycolytic 

enzymes such as hexokinase and pyrurate kinase is much weaker 

(Carter 1973,and criticism in Homewood and Neame, 1980). 

Similarly, GPI and LDH unique to P.falciparum infected cells 

have been detected by gel-electrophoresis from both wild 

isolates and in vitro cultured parasites (Carter and McGregor, 

1973, Sanderson et al., 1981; Thaithong et al., 1981). LDH 

has recently been purified and partially characterised by Vander 

Jagt et al., (1981) from P.falciparum in vitro and designated 

LDHP. It has distinctly different properties to the host LDH 

(see below) 

A partial pentose phosphate pathway is present in 

Plasmodium for the provision of pentose for - biosynthesis, 

although the overall activity of the pathway is low. Using 

specifically radiolabelled [1- 14C] glucose, Scheibel and 

Miller (1969) and Sherman and Tanigoshi (1974a,b) concluded 

that this pathway played a minor role in P.berghei, P.lophurae 

and P.knowlesi. A key enzyme in this pathway is glucose-6-

phosphate dehydrogenase (G6PDH); there is contradictory 

evidence over the existence of a parasite-specific enzyme. 

Most reports from mammalian malarias conclude that there is no 

araste G6?DFibt ri a recea at' - . 1 , Hempelmann and Wilson 

19.l 	erect uaique GPDH arzye bands for both p.knowlesi 



and P.falciparuin using gel electrophoresis. What is paradoxical 

about the pentose phosphate pathway in malaria is that the second 

enzyme, 6-phosphogluconate dehydrogenase, has been consistently 

identified as electrophoretically distinct from the host cell 

enzyme (Carter and Walliker, •  1977). Thus the pathway is most 

likely incomplete. It has been postulated that the parasite 

takes up 6-phosphogluconate, the product of the G6PDH reaction 

from the host cell allowing the pathway to proceed (Sherman 1979). 

This may explain the innate immunity of heterozygous females 

that are deficient in the X-linked G6PDH (Bienzle et al., 1979). 

Indeed,the growth of P.falciparum in vitro, is impaired in 

G6PDH(-)erythrocytes (Friedman 1979, Luzzatto 1981); the rate 

of invasion is virtually the same for G6PDH (-4-) and (-) cells, 

but the rate of maturation is retarded in the deficient 

erythrocytes. However, in subsequent rounds of growth, the 

rate of maturation of parasites in G6PDH(-) cells approaches 

that of G6PDH normal cells. Luzzatto (1979) has proposed that 

the parasite has its own G6PDH gene which is only fully 

expressed when there is little or no active erythrocyte enzyme. 

Thus when a parasite invades a GGPDH(-) cell its growth will 

be retarded until it has activated its own G6PDH gene and 

synthesised sufficient quantities of the parasite enzyme. 

This explains the lag phage observed from in vitro culture 

studies. Also, according to this model, once the first 

round of growth has taken place the parasite will be adapted 

and grow normally, just as in G6PDH normal individuals, explaining 

why hemizyous  males (G6PDH - ) are not protected. By contrast, 

JJ 



in heterozygous females there is a risk at each round that a 

parasite emerging from a normal cell may invade a deficient 

cell rather than a normal cell. Thus the parasites will not 

'adapt' by expressing their own G6PDH gene and the growth 

retardation will be perpetuated. This explains why heterozygous 

females are protected, due to the random inactivation of one 

of the X-chromosomes in somatic cells so that the erythrocyte 

population is a mosaic of GGPDH(+) and (-) phenotypes. 

Whether P.falciparum has its own G6PDH will only be resolved 

when the parasite gene has been cloned and its expression 

analysed in these different host cell environments 

(Luzzatto 1981). 

The only enzyme of the tricarboxylic acid cycle that has 

been identified with some degree of certainty is malic 

dehydrogenase (Momen et al., 1975; Tsukamoto 1974). As 

mentioned above, a key enzyme of the cycle, o-ketoglutarate 

dehydrogenase, has not been found after an intensive search (Blum 

et al., 1984) . 	Thus it seems unlikely that, at least in 

mammalian malarias, there is a functional TCA cycle. 

However, there is evidence that they do contain a cytochrome-

based electron transport chain. Cytcchrome oxidase has been 

reported but no other cytochromes (Schibe1 and Miller 1969a, 

1969b). Gutteridge et al., (1979) prcpsed that oxygen 

utilisation by plasmodia is not invol: d in a respiratory 

process but in the de novo biosynthes 	of pyrimidines. 

They demonstrated that a key reaction jenerating the pyrimidine UMP, 

cataled by cirrdrc-orotate dehvdroc ase, was tightly coupled 



to a cytochrome chain: 

CO2 , ATP, glutainine 

1 
DIHYDRO-OROTATE 	tJBIQUIN0NECYTOCHR0ME 	02 

OROTATE 	 UBIQUINONE 	CYTOCHROME 	H 0 

	

4, 	
2 

OMP 

1 

	

UMP 	 NUCLEIC ACIDS 

OMP = OROTIDINE MONOPHOSPHATE 

UMP = URI DINE MONOPHOSPHATE 

This explains the 'micro-aerophilic' properties of 

P.falciparum in vitro described above. 

In summary, glycolysis is the major energy-generating 

pathway in mammalian rnalarias; Fig. 1.3 outlines the key 

role of this pathway in the parasite's metabolism. 

Parasite versus host orioin? 

What is the origin of the parasite-associated enzyme 

activities so far detected? Are they wholly encoded in the 

parasite genome or are they modified forms of existing host 

enzymes? A clear answer to this question has been found for 

very few enzymes. 
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Fig. 	1.3 

Outline of carbohydrate metabolism in Plasmodia 
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Many of the rodent malaria enzymes, such as GPI and LDH, 

have been used as genetic markers of parasite clones and their 

inheritance and recombination followed through the parasite 

life-cycle (Carter 1973, Rosario 1981, Walliker 1982). The 

results of these classical genetic crosses provide firm 

evidence that these enzymes are parasite-encoded. Results 

present in Chapter 5 show definitively that LDH-P is wholly 

encoded in the P.falciparum genome. 

Digressing from the topic of energy metabolism for a 

moment, I will mention a few other enzymes from rodent and 

human malarias whose origin has been firmly established. 

Dihydrofolate reductase (DEFR) has been pruified from both 

P.berghei and P.falciparum and shown to have distinct 

properties from host DHFR. In both cases the parasite enzyme 

exists as a bifunctional unit coupled with thymidylate 

synthetase (TS). The rodent DHFR:TS is 120 kDa compared with 

20 kDa for DHFR in the host. In addition, the parasite enzyme 

has distinct K 
m 	max 

and V 	values; DHFR:TS from pyrimethamine 

sensitive clones of P.chabaudi was shown to be competitively 

inhibited by the drug whereas the non-competitive inhibition was 

observed for the enzyme from resistant clones (siriwaraporn and 

Yuthavong 1984). From these results, it was concluded that the 

major basis for drug resistance is not an increase in enzyme content, 

but a large decrease in drug binding with a structurally 

different enzyme. This concurs with the absence of gene /mRNA 

amplification observed for P.falciparum (see above). 	DHFR in 

P.falcicarurn has also been isolated as a bifunctional enzyme with 
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TS, with a native mass of 120-130 kDa on HPLC gel permeation 

(Garrett et al. 1  1984). 

Four distinct peptidases, responsible for degrading red 

cell haemoglobin, have been purified from P.falciparuxn cultures 

in vitro. 	An acid peptidase, a neutral amino peptidase and 

an alkaline peptidase were isolated by Gyang et al., (1982). 

Recently, Vander Jagt et al., (1984) purified, a fourth amino- 

peptidase distinct from the one isolated by Gyang and co-workers. 

All of these are unique to P.falciparum, none of them are 

found in uninfected erythrocytes. 

For all the enzymes described so far, strong evidence 

suggests that they are largely or wholly parasite-encoded. 

However, the enzyme super-oxide dismutase (SOD) is a striking 

exception to this rule. 	SOD catalyses the removal of highly 

destructive super-oxide anions such as 02  by the following reactions: 

2 O+ 2H 	
SOD, 	

H202 + 

Even though SOD serves an essential scavenging function in the 

parasite it has been found for P.berghei that the existing host 

enzyme is adopted. The parasite does not appear to synthesise 

its own (Fairfield et al.,1983) as the only enzyme detected 

in parasitised erythrocytes was the unmodified host enzyme. 

The absence of detectable SOD synthesised by the parasite 

itself is especially surprising in an organism living in such 

an oxygen-rich environment as the erythrocyte. This is the 

first example of direct parasitic incorporation of an active 

host cell enzyme. 	The uptake of nutrients and cofactors by 
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malarial parasites is well established (see section 1.8 above). 

Malarial parasites rapidly endocytose and digest host cell 

haemoglobin (Sherman 1979), and probably other cytoplasmic 

constituents. Super-oxide dismutase that is taken up with the 

haemoglobin may escape digestion and either remain within the 

food vacuole or co-migrate into the parasite cytoplasm. 

Whether this pattern of dependency turns out to be true for 

other 'parasite-associated' enzyme activities remains to be seen. 

1.9 Lactate Dehydrogeflase 

(EC 1.1.1.27; L-Lactate:NADOXidOredUctaSe) 

There is a wealth of information on the structure and mechanism 

of action of lactate dehydrogenase from a wide range of organisms 

(see reviews by Everse and Kaplan 1973 and Holbrook et al., 1975). 

The reaction catalysed by LDH is as follows 

+ 
LACTATE 	+ NAD + 
	

- PYRUVATE + NADH + H 

HO 
OH 	

0 
)JoH 

Y, 

The kinetics and mechanism of this reaction have been studied 

intensively over the last two decades. However, as this has not 

been the focus of this thesis, I will confine the present review to 

genetic and structural aspects of the enzyme. 

LDH plays a key role in several metabolic pathways. In 

anaerobic glycolysis, LDH is the terminal enzyme in the catabolism 

of lucose to lactate and is essential for the regeneration of 

NAD 	and thus the continual production of ATP. In the reverse 

pathway, gluconeogeneSis1 LDH is the first enzyme in the conversion 
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of lactate to glycogen reserves. 	Furthermore, in some aerobic 

tissues and cells such as the heart and spermatozoa, lactate is 

used as a fuel for the citric acid cycle. 

With few exceptions, all animal LDHs purified to date have a 

relative molecular mass of 140,000 Da and consist of four subunits 

each with a mass of 35,000 Da. Interestingly, the mass of the 

subunit has remained constant during evolution; only small 

differences in the masses of different species have been reported 

(Ruth and Wold 1976). In all higher animals, the product of the 

reduction of pyruvate is the L-isomer of lactate. Certain lower 

animals and some bacteria catalyze the formation of the D-lactate 

isomer from pyruvate. The masses of the L-specific and D-specific 

LDH subunits are closely related. The significance of the relatively 

constant mass of the LDH subunit during evolution is not yet clear; 

the amino acid compositions vary greatly in LDHs from various organisms 

indicating that many mutations have occurred (Everse and Kaplan 

1973) 

In all higher animals, there are two major types of LDH 

subunit, denoted A and B, coded by different genes at independent 

loci (Markert et al., 1975). The subunits can be arranged in the 

5 possible combinations; A4 , A3 3, A 2B2 , A 
3 
 B and B4 . This explains 

the complex pattern of multiple bands seen when LDH from vertebrate 

tissues is analysed on non-denaturing gels and stained for enzyme 

activity (Fig. 1.4) (Markert et al., 1975). 

These different tetramic forms are known as iso-enzymes 

or 'isozymes', and each has a slightly different mobility on these 

gels. 



Fig. 1.4 

Lactate dehydrogenase isoenzyme patterns on starch gel 

electrophoresis (adapted from Rider, C. C. and Taylor, C. B. 

1980) - 

(a) Changes in LDH isozymes during development of 

chicken breast muscle; 

Track 1 whole embryo: 3 day old 

2 breast muscle: 1 day - prehatch 

3 	I' 	 3 day old 

4 	 adult 

(b) Adult tissue isozyme patterns 

Track 1 Chicken breast muscle 

2 Chicken liver 

3 Chicken heart 

4 Mouse testis (LDH-X ). 
4 
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The A4  and 34  isozymes have distinct kinetic and regulatory 

properties. The turnover of A4  is twice that for B4  (Pesce et al. 1  

1967), whilst the 3 4  isozyme binds oxidized or reduced coenzyme better 

than the A4  isozyme (Anderson and Weber 1967; Hinz and Jasnicke 1975). 

The B4 -type is more strongly inhibited by the substrates - pyruvate 

and NAD + - than A4 . 

LDH is a constitutively expressed enzyme in all tissues in 

higher organisms but nevertheless exhibits a unique pattern of 

control in relation to development and tissue differentiation. 

Different tissues exhibit different isozyme patterns as a result 

of differential expression of the A and B genes. Extreme examples 

in adult tissues are the heart, being almost all B4  (LDH-l) and skeletal 

muscle being predominantly A4  (LDH-5). The distribution in other 

tissues varies from species to species, as do the marked changes in 

the pattern of LDH isozymes expressed during development (Rider and 

Taylor 1980). 

There is some evidence that the expression of the A locus is 

controlled by oxygen tension; being repressed by raising oxygen 

pressure and increased by reducing it (Lindy and Rajasalmi, 1966). 

This fact, coupled with the finding that 'anaerobic tissues' have 

mainly the A4  (LDH-5) isozyme, suggests that this form may play 

a special role in anaerobic metabolism (Everse and Kaplan 1973). 

A third, distinct genetic locus, LDH-C, is present in 

mammals and birds (stambcugh and Buckley 1967, Markert et al. 1 1975). 

This codes for the C subunit found un1ueiy in the testes and 

scermatozoa. Developmental changes in this subunit parallels 

sexual maturity and are under hormonal control; synthesis of the 
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C subunit occurs only in the spermatocyte and coincides with gamete 

maturation and the repression of both A and B polypeptide synthesis 

(Winer and Nikitovitch-Winer 1971). consequently only the C 4  

homotetramer is observed in primary spermatocytes . The tissue 

specificity of LDH C4  is reflected in its remarkable thermal 

stability and in its unique catalytic properties; C 4  is more 

sensitive to pyruvate inhibition and less sensitive to lactate 

inhibition. 	Its catalytic efficiency is only 5-10% of the somatic 

LDH's (Wheat and Goldberg, 1975). This unique isozyme has been the 

focus of a great deal of attention recently and is discussed in more 

detail below. 

Not only are there multiple loci for LDH in vertebrates, but 

there are also multiple alleles of each locus. The A and B loci are 

highly polymorphic; different alleles occur at such a high 

frequency that they must be considered normal constituents of the 

gene pool rather than rare mutants. Isoenzyme typing of LDH has 

contributed to our understanding of the extent of genetic 

variation in wild populations and how this evolves (Kimura and Ohta 

1971). The high incidence of allelic isozymes of LDH supports the 

view that such isozyrnes are the product of neutral or 'silent' 

mutations that are neither advantageous nor disadvantageous 

(Kimura 1983). Genetic studies on LDH in malaria parasites 

reveals a similar pattern of polymorphism and variation (see 

below). 

Primary amino acid sequences are now available for five 

eukaryotjc LDHs (mouse, rat, pig, chicken and dogfish) and one 

prokaryotic LDH (Lactobacillus casei) (NBRF Protein Sequence 
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Library. Dayhoff et al. 1984). The vertebrate A, B and C subunits 

and the single bacterial subunit have approximately 330 amino acids 

and show extensive sequence homology with a high degree of 

evolutionary conservation (Eventoff et al., 1977; Li et al., 1983b; 

Hensel et al., 1983) (Fig. 1.5) In spite of this conservation of 

primary structure, immunological studies reveal significant 

differences in higher levels of structure. For example, Beebee 

and Carty (1982) raised antisera against highly purified A and B 

subunits from rat tissues. The antisera showed negligible cross-

reaction with the heterologous subunit. This is also true of 

antisera raised against LDH-C 4 ; these do not cross-react with either 

of the somatic subunits (Goldberg et al., 1981) . The fact that 

isozymes are immuno-chemically distinct indicates that extensive 

substitutions of surface amino acids may have taken place, so that 

there are no common antigenic determinants shared by both isoenzymes. 

This absence of immunological cross-reactivity between isozyines is 

remarkable as the isozyme-specific antisera tend to show con-

siderable lack of species specificity. 	Thus anti-A antibodies will 

recognise A-type isozymes in a range of species but not the B-type, 

even from the species in which the initial antiserum was raised 

(Holmes and Scopes, 1974) . Recently, Li et al., (1983a) 

identified the amino acid differences bewteen rat and mouse LDH-C 4  

isozymes; most of these were located on the external surface of 

the enzyme and are responsible for the antigenic differences 

between these two isoenzyrnes. 

The average identity between the vertebrate LDHs is 76% 

corresponding to an average minimum base change of 0.3 (Eventoff et al. 
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Fig. 1.5 

Evolutionary Relationship of vertebrate Lactate Dehydrogenases: 

A4, B
41  C

4  and L.casei LDH 

Amino acid sequences of dogfish LDH-A4 , chicken LDH-A4 , 

LDH-B4 , pig LDH-A4 , and LDH-34  and mouse and rat 

LDH-C4  isozymes. 

The identical residues of all 7 sequences at 159 

positions are indicated by boxes. (Adapted from Li et al., 

1982) 

Sequence comparison between the L-LDH of dogfish and 

Lactobacillus casei 

The identical residues between these 2 sequences are 

indicated by boxes. (Adapted from Hensel et al., 1983). 
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1977). As may be expected from the much earlier branching of 

prokaryotes and eukaryotes, compared to the more recent diversification 

of the vertebrates, the similarity between the sequences of 

eukaryotic and prokaryotic L-LDHs is much lower than the similarity 

among the sequence of the vertebrate enzymes. The average identity 

between the sequences of the Lactobacillus casei and the vertebrate 

enzymes is only 37% (corresponding to an average minimum base 

change of 0.9) (Hensel et al., 1983). 	However, a significantly 

higher degree of similarity exists among the active centres: 

prokaryotes and eukaryotes still show 70% identical residues compared 

to 86% among the vertebrate enzymes thus demonstrating a high 

conservation in the essential parts of the enzyme. Remarkably, the 

Lactobacillus casei L+LDU lacks 12 amino acid residues at the 

N-terminus, whereas it carries 7 additional residues at its C-terminus. 

Since a lack of the first 14-15 amino acids at the N-terminus is also 

found in other bacterial enzymes (Schar and Zuber 1979; Crossley 

et al. 1979), the shortened N-terminus is possibly a common feature 

of the bacterial enzymes. 

The amino acid sequences of dogfish A4 , pig A4  and B4  and 

chicken A4  and B4  have been compared (Eventoff et al., 1977) and an 

interesting feature has emerged. Overall there is greater sequence 

similarity between the same subunit of the different species than 

between the different subunit types in the same species. Thus the 

evolutionary difference between the A and B subunits of the pig is 

greater than that between the pig A and chicken A, or that between 

pig B and chicken B. This feature of A and B subunit homologies 

now brings me on to discuss the origin of the multiple LDH loci. 
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Invertebrates and primitive vertebrates possess only a single 

LDH locus, in contrast to higher vertebrates which possess at least 

two loci. This suggests that the LDH locus duplicated soon after 

the vertebrates evolved. In a recent study on primary sequence 

variations in the known vertebrate LDHs, Li et al., (1983b), 

established that the A and B subunits are more closely related to each 

other than either to the LDH-C subunit. They proposed that the ldh 

locus duplicated in early vertebrates yielding, precursors of the 

ldh C and ldh 'AB' loci. Subsequently in lower vertebrates the A and 

B loci emerged from a duplication of the ldh 'AB' locus, thus 

generating the pattern of three ldh loci seen in present day 

vertebrates. 

As mentioned above there is much current interest in the sperm-

specific LDH-C4 isozyme as a model for investigating the evolution 

of enzyme structure, function and developmental specificity 

(Goldman-Leikin and Goldberg, 1983). In addition, it is hoped that 

an anti-fertility vaccine based on anti (LDH-C 4 ) antibodies may 

be soon developed (Goldberg 1973; Erickson et al. 1  1975; 

Goldman-Leikin and Goldberg 1983). LDH-C 4  is highly immunogenic 

in both males and females. Indeed, female mice, rabbits and baboons 

immunized with mouse LDH-C 4  show a significant suppression of 

fertility (Goldberg et al. 1  1981). Furthermore, antibodies to 

LDH-C4  do not cross-react with LDH isozymes composed of A and B 

subunits, but dc bind to LDH-C 4  from other mammalian species. 

Knowledge of the complete antigenic structure of LDH-C 4  and its 

antigenic determinant(s) responsible for inducing infertility are 

recuired for ti.- construction of small svnthetic peptides having 
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similar immunogenic properties for impairing fertility. An 

excellent candidate for such a synthetic vaccine has already been 

identified; the flexible loop region between residues 94-115 

(see below) is remarkably different from the corresponding segment 

of somatic A4  and B4  isozymes (Pan et al., 1980). This region was 

identified by a detailed comparison of the rat and mouse LDH-C 4  

isozymes by Li et al., (1983a). With the use of computer graphics, and 

space-filling models of the rat and mouse isozymes were constructed 

from known amino acid sequence and X-ray diffraction data (Musick and 

Rossmanri 1979,a and b). They were able to identify 32 residues 

differing between the 	two enzymes and related these to the 

immunological properties. Five potent±al antigenic determinants 

on the enzyme were predicted from primary sequence data (Hopp and 

Woods 1981) and one of these was in an exposed, surface region 

that also differed significantly from the same region in A4  and 

34  isozymes. 

An alternative approach for surveying specific structural features 

of LDH isozymes is provided by monoclonal antibodies directed 

against the enzyme. Goldman-Leikin et al., (1983) raised monoclonal 

antibodies (McAbs) against murine LDH-C4  and tested their cross-

reactivities with other LDH isozymes. One of their McAbs proved to 

be highly interesting; the epitope recognised by this McAb was 

localised to a sequential determinant on the coenzyme binding loop 

which is highly variable in LDH-C 4  of mammals, in stark contrast 

to the absolute invariance of this domain in somatic LDH isozyrnes. 

Many other groups (Dao et al., 1982; Carroll et al., 1982 and 

Clark et_al.,1982) have used McAbs as powerful tools to probe enzyme 

49 



structure and relate this to catalytic and regulatory properties. 

This strategy has been followed in this thesis to characterise the 

LDH subunit from P.falciparum, denoted LDH-P.. 

Thus the structural and immunological studies of LDH-C 4  

provide a striking example of the power of comparative analysis in 

pinpointing salient differences between related enzymes. This is 

relevant to the work on LDH-P in this thesis as it is hoped that 

significant differences bewteen parasite and host enzymes will be 

identified as the first step towards rational chemotherapy. 

The overall globular structure of the LDH subunit may be 

divided into four distinct regions on the basis of high-resolution 

crystal structures in conjunction with biochemical and kinetic data 

The four regions or domains are as follows: 

the NH 
2
-terminalarm (residues 1-20) 

the coenzyme-binding domain (residues 21-95 and 118-163), 

the loop and helix XD region (residues 96-117), and 

the substrate-binding domain (residues 164-333) 

(Li et al., 1983, Grau et al. 1981). 

Domain (ii) is the most highly conserved of the four, and is 

similar to the co-enzyme binding domains in other dehydrogenases 

including malate dehydrogenase, glyceraldehyde-3-phosphate 

dehydrogenase and alcohol dehydrogenase (Birktoft et al., 1982). 

Surprisingly the catalytic domain is more variable and different LDH5 

possess slightly different catalytic sites (Banaszak and Bradshaw 

1975). The loop and helix aD regions of LDH-A4  and B4  are highly 

conserved whilst LDH-C4  has a remarkably different structure in this 

ornain (Pan et al., 1980) . The NH 2 -terminal 20 residues are extremely 
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variable and it was thought that their primary function was to 

stabilise the quarternary structure of tetrameric LDH through inter-

action with the C-terminal regions of other subunits (Eventoff and 

Rossmann 1975). However, as all prokaryotic LDHs lack 14-15 residues 

at the HN2-terminus compared with vertebrate LDHs and are known 

to be tetrameric (Buhner et al., 1982) the function of this domain 

remains in doubt. 

It has been suggested that LDH results from the combination 

of a variety of discrete domains into a single polypeptide chain 

as a consequence of gene fusion (Rossmann et_al., 1975) . In view 

of recent findings of eukaryotic gene organisation, it would be of 

considerable interest if these different domains of LDH correspond 

to different exons, as is the case, par excellence, for the 

immunoglobulin genes in which every exon corresponds exactly with 

a known functional domain of the protein (Tonegawa et al., 1978). 

In some instances, exons can be identified that code for segments that 

clearly extend across the junction between two different structural 

domains of the protein. In the alcohol dehydrogenase gene (ADH) of 

D.melanogaster, there is a curious duality, with some exons 

corresponding exactly to protein domains, while others divide domain 

into two parts (Benyajati et al., 1981) . The smaller of the two 

+ 
introns interrupts the presumptive NAD binding domain, 

separating an essential s-sheet structure and invariant codons. 

Thus the location of this intron raises serious doubts about the 

exon/domain hypothesis. The final assignment of structural and 

functional domains for the Drosophila ADH depends on x-ray 

crystallographic analysis of the enzyme which has not yet been completed. 
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ance the tertiary structure of LDH is so much better understood and 

the functional domains more precisely delineated, isolation and 

analysis of LDH genes would help to answer some of these questions. 

In addition, much is known about prokaryotic L(+)LDH from Lactobacillus 

casei and it appears that this enzyme conforms to the eukaryotic 

pattern at both the primary and tertiary levels of structure. 

The work in this thesis describes the cloning of the ldh-p 

gene from P.falciparum. Analysis of this gene, the first LDH gene to 

be cloned, may contribute to our understanding of the evolution of 

eukaryotic genes. 

LDH in Plasmodia 

LDH has been studied most extensively in rodent malaria species 

as a classical genetic marker (Carter 1973, 1978) and also as a 

model for genetic transmission and recombination (Rosario 1976) 

(section 1.10). Electrophoretica].ly distinct bands of parasite LDH 

activity have been detected in P.berghei, P.yoelii, P.vinckei and 

P.chabeudi (see Fig. 1.6). A considerable number of variants of 

LDH have been identified; 11 different forms in the 4 rodent 

malaria species, denoted LDH-1 to LDH-11, each having distinct 

mobility on starch or cellulose acetate gels. In cloned lines of 

P.berghei, only one variant is ever seen, never a multiple set of 

isozymes as in vertebrate cells. This suggests that there is only 

one expressed LDH locus in Plasmodia, unlike the multiple loci 

of vertebrates. These electrophoretic variants may be allelesof t:e 

LDH gene in the parasite. 

LDH has also been used as a genetic marker in P. falciparuzn, 
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Fig. 1.6 

Electrophoretic forms of LDH in Plasmodia on starch-gels. 

Murine malaria parasites 

P.berghei, P.yoelii, P.vinckei and P.chaubaudi 

(Adapted from Carter, R., 1978). 

Open box is mouse erythrocyte LDH enzyme. 

Black boxes are parasite LDHs; isozyme forms are 

indicated below each track (1 to 10). 

P.fa1ciparu (Adapted from Carter and McGregor, 1973) 

Open boxes are host, erythrocyte LDH isozymes 

Black boxes are parasite LDHs. 
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Diagrammatic representation of etectrophoretic 
forms of LDH in Plasmodia. 
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to study diversity in world parasite populations (Carter and McGregor 

1973; Carter and Voller 1975; Sanderson et al. 1981; Thaithong 

et al. 1981). 	Only 2 electrophoretic variants have ever been 

found, in over 330 separate isolates of P.falciparum from Africa and 

S.E. Asia. LDH-1 is found world-wide as the major variant; 

however, is confined to occasional rare isolates in W.African isolates 

from pregnant women (Walliker, pers. comm.). As discussed below, 

the gel-electrophoresis assay used in all these studies may not 

reveal the full extent of variation in LDH structure so the actual 

number of LDH alleles may be much larger. 

The only detailed enzyme characterisation of LDH has been done 

on the P.falciparum enzyme, denoted LDH-P (Vander Jagt et al., 1981). 

They identified a single, unique band of parasite LDH-P, distinct from 

the erythrocyte isozymes on polyacrylamide gels. The enzyme was 

95 fold purified, by HPLC, to a final specific activity of 98 .Lmol/min/mg 

protein. The single peak of LDH-P activity seen on the HPLC gel permeation 

profile was similar to the erythrocyte LDH profile. The strongly 

suggests that the native size of host and parasite LDH's are 

similar at 140 kDa. They characterised LDH-P by its kinetic and 

regulatory properties. In its Km  values, LDH-P most closely 

resembled the host LDH-H 
4 	m 	 m 
; K (NADH) 7 and 8, K (Pyruvate) 30 

and 60 respectively. However, it differed significantly from both 

host H4  and M4  isozvmes in its regulatory properties. LDH-P is 

insensitive to inhibition by high levels of the substrate 

pyruvate and also by the ternary complex formed hetween LDH-P. 

NAD and pyruvate. Both host isozyrnes, H 4  and M4 , are strongly 

inhibited by these ligands. From this data, Vander Jagt et al., 
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(1981) concluded that LDH-P from P.falciparuxn is unique to the 

parasite and is distinguishable from the host isozytnes by its electro-

phoretic mobility, kinetic and regulatory preperties. Because of 

the lack of any regulation of LDH-P through substrate inhibition or 

inhibition by the ternary complex of LDH-P/pyruvate/NAD , they 

proposed that LDH-P functions within the parasite to maintain the 

unidirectional flow from glucose to lactate in order to regenerate 

NAD for continued use in glycolysis and AT? production. Thus 

LDH-P plays a key role in parasite energy metabolism. 

Interestingly they also found that LDR-P was inactivated 

within seconds by the ionic detergent sodium deoxycho late, at 

concentrations (2.5 mg/ml) that had no effect on the host isozymes. 

This already reveals important differences between the parasite 

and host enzymes that will be useful for rational selection or 

design of new anti-malarial drugs. 

1.10 Genetic Variation in Plasmodia 

An understanding of the origin and extent of genetic diversity 

in Plasmodia is fundamental to any attempts at parasite eradication. 

Control measures, such as drugs or vaccination, that are effective 

against one group of parasites may be ineffective against others. 

Genetic analysis, both classical and molecular, could provide 

information on the origin, nature and spread of parasite mutations 

affecting drug resistance and variant forms of antigens. 

Studies of genetic transmission and recombination of 

selected characters has so far been limited to two rodent 

Plasmodium species, P.yoelii and P.chabaudi, since the entire 
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life cycle of these parasites can be easily followed using laboratory 

animals. However, for P.falciparum the life-cycle can only be 

completed through humans or primate models such as Aotus monkeys 

(Aotus trivirgatus) - Deliberate infection of humans is not ethically 

permissible, whilst model hosts are difficult to obtain in the 

numbers required for extensive genetic crosses. The inheritance 

of three stable and defined characters have been followed in rodent 

malarias and they are (i) enzyme types, (ii) drug susceptibility, 

and (iii) parasite virulence (Walliker, 1982) 

Cloned lines having distinct enzyme types e.g. LDH-1 GPI-2 

and LDH-2 GPI-1 were crossed by infecting mice with the blood-stage 

parasites. Uninfected mosquitos are allowed to feed on the 

gametocytes in the blood; the parasites go through sexual reproduction 

in the mosquito, before it is allowed to feed on uninfected mice. 

Blood-stage parasites are then cloned out from this infected mouse 

and analysed for genetic markers. Two essential conclusions 

emerged: Firstly, blood-stages are haploid, as only a single enzyme 

variant of each marker was found in the cloned progeny of a cross. 

Secondly, recombination occurs and enzyme variants are inherited in 

a simple Mendelian fashion. Analysis of the cloned progeny of 

such a cross revealed not only the parental combinations (LDH-1, 

GPI_2/LDH-2 GPI-l) but also new combinations (LDH-1 GPI-1 and LDH-2 

GPI-2) 

These conclusions were extended by studying inheritance of 

stable drug resistance and parasite virulence (Walliker et al. 1975, 

1976; Rosario 1976). Strains of rodent malaria resistant to 

either chlorcquine or pyrimethamine have been generated either by 
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'single-step' or 'multi-step' drug challenges. Stable drug resistance 

is produced in both approaches. Crosses bewteen pyrimethamine 

resistant and sensitive clones showed that the resistance to this 

drug was monofact orial and inherited independently of enzyme 

markers used in the cross. In contrast, progeny from a cross 

between chioroquine sensitive and resistant clones displayed 

varying degrees of resistance. Thus chioroquine resistance is 

multifactorial, and may have arisen by a number of successive 

mutations at specific chromosomal loci (and explains why resistance 

to this drug takes so long to appear in the wild). Finally, these 

drug-resistance markers were inherited independently of each other. 

The virulence of a parasite infection depends on a mixture of 

host and parasite factors. However, in P.yoelii infections the 

genetic basis of parasite virulence have been clearly demonstrated. 

Stable virulent and avirulent lines were crossed. These lines also 

differed with respect to enzymes and drug-resistant markers. 

Segregation of the virulent and avirulent types occurred as well as 

recombination between these 'virulence' genes and all the other 

markers. 

The genetic recombination observed in these animal models is 

unlikely to be a laboratory artefact. Carter and Walliker (1975) 

analysed enzyme variants from wild isolates of P.chabaudi. 

Previous work (Carter 1973) had indicated that three variants of 

PGD (3-phosphoglyceraldehyde dehydrogenase) and four of LDH occur 

in these wild isolates. By analysing large numbers of these isolates, 

9 out of the 12 possible combinations of these 2 enzymes were found. 

This implies that an extensive degree of random mating occurs in 
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wild parasite populations. 

Due to the inherent difficulties of studying the complete 

life-cycle of P.falciparum discussed above, no comparable data on 

genetic transmission is yet available for 	human inalarias. 

However, genetic diversity in a large number of stable, defined 

traits has been observed in wild isolates of P.falciparum. 

Table 1.2 summarises each of the markers that have been analysed 

and I will discuss each in turn. 

Enzyme and drug-resistance markers were the first to be 

studied following from the work on rodent malarias (Carter and 

McGregor 1973, Carter and Voller 1975, Sanderson 1981, Thaithong 

et al., 1981). Two major differences emerged from this work 

compared with the earlier rodent models. Firstly, very few 

electrophoretic variants of the enzymes studied in rodent malarias 

were found in wild isolates of P.falciparuin. For example, up to 6 

different variants of LDH were observed in the single species 

P.chabaudi (denoted. LDH 2, 3, 4, 5, 8 and 10) out of 27 isolates 

examined (Carter 1978). However, in a much larger survey of 

P.falciparum isolates - 100 from W. and E. Africa and 200 from 

S.E. Asia - only 2 variants of LDH were revealed. 	Even then, 

only LDH-1 occurred universally whilst LDH-2 was completely absent 

from S.E. Asia. This difference in the degree of variation found 

in wild rodent and human malaria parasites is not due to experimental 

artefacts; the technique of starch-gel electrophoresis used 

to detect the variants was identical in the two studies. Hence, 

at least for this enzyme, there appear to be far fewer distinct 

variants for P.falciparum than for rodent rnalarias. The reasons 

for this are not known. The LDH in rodent malarias could allow 
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TABLE 1.2 Markers of Genetic Diversity in P.falciparum 

MARKER 	 METHOD 	 REFERENCE 

Enzyme variants 	Starch or Cellulose 	 Carter and McGregor 

Acetate 	 1973, 

Electrophoresis 	 Sanderson 1981 

Thaithong 1981 

Drug Susceptibility 	Chioroquine and 	 Thaithong 1981 

pyrimethamine 	 and 1984 

in vitro assays 

S-Antigens 	 Serotyping 	 Wilson 1969 and 

1981 

Monoclonal 	 Indirect iminuno- 	 McBride et al., 

Antibodies 	 fluorescence 	 1982 

[ 35S] -rnethionine 	2 Dimensional Gel 	 Tait, 1981 

labelled proteins 	electrophoresis 

Knobs 	 presence/absence 	 tideirtya 1984 

Repetitive DNA 	 Southern hybridisation 	Gotnan et al., 

Patterns 	 using repetitive clone 	1982, 1984 



more mutations in non-essential sites compared with LDH in 

p.falciparuin. 	Alternatively, variants of LDH in P.falciparum 

may exist but they do not affect electrophoretic mobility. Firm 

conclusions cannot yet be drawn as insufficient numbers of isolates 

of rodent malarias have been studied, and only one species of 

human malaria, P.falciparum, has been analysed to date. 

The second difference between human and rodent malarias occurred 

in the distribution of the enzyme variants between geographical 

regions. The distribution of variants in P.falciparum is 

remarkably uniform, both within a single region and between regions. 

For example, the frequency of GPI variants 1 and 2 was 64:36 in W. 

Africa and 67:33 in Thailand (Sanderson et al., 1981; Thaithong 

et_al. 1  1981). This is in marked contrast to similar studies with 

rodent malarias. Carter (1973 and 1978) found that for the same 

enzyme in P.berghei the frequency of variants differed significantly 

within a single region of Africa. 

The relative homogeneity of world-wide isolates of 

P.falciparum, as judged by enzyme and drug markers, led to the 

idea that the human malaria parasite was a single inter-breeding 

population (Sanderson et al., 1981). However, there are several 

reasons for suggesting that these observed frequencies of enzyme 

polymorphism may prove to be underestimates of the actual degree 

of genetic variation between parasite clones. 

Firstly, only those alleles giving rise to enzymes with 

distinctive electrophoretic migrations will be identified. A 

point mutation of a gene may cause an amino acid substitution, 

but the net charge of the encoded polypeptide will only be altered 



if an amino acid with one charge is replaced by one with a 

different charge. 	Of the 20 commonly occurring amino acids, 15 

possess side groups which are either apolar or un-ionised at neutral 

pH. There is, therefore, a good chance that any substitution of 

one of these uncharged residues will replace it with a similarly 

uncharged amino acid. Such a 	mutation would not be detected 

from electrophoretic studies. 

Secondly, there is also the question of the practical limit 

of resolution of gel electrophoresis. It is not known how large 

the charge difference between 2 proteins must be before they can be 

resolved by gel electrophoresis. Singh et al., (1976) initially 

identified 6 alleles of the enzyme xanthine dehydrogenase in 

Drosophila melanogaster, but by a more intensive programme of 

electrophoresis under a variety of conditions, they revealed a further 

31 alleles. 

It is therefore, probable that most surveys of enzyme poly-

morphism have severely underestimated the extent of multiple 

alleles in malaria. Indeed, when other genetic markers have been 

studied a considerable degree of variation is revealed not only 

between isolates from different regions and isolates from a 

single region, but also between cloned lines of parasites from a 

single isolate. 

Analysis of major [ 35S]-methionine labelled polypeptides 

on 2D polyacrylamide gel electrophoresis (2D-PAGE) revealed 

considerable differences between the same African and S.E. Asian 

isolates studied for enzyme types above (Tait 1981) . In addition, 

four Thai isolates found to be similar by enzyme and drug markers 



could be readily distinguished by the 2D-PAGE technique. This 

diversity in wild isolates of P.falciparum was confirmed by studying 

the heat-stable soluble proteins, known as S-antigens associated 

with P.falciparum infections (Wilson 1969). S-antigens show a marked 

degree of serological variation and can be used as stable, isolate 

markers. Isolates from endemic areas throughout the world show 

characteristic S-antigen specificities (Wilson 1980). 

When McBride and co-workers (1982) used a panel of monoclonal 

antibodies, raised against the Thai isolate Ki, to define (by 

fluorescence) the occurrence of antigenic determinants in a large 

panel of P.falciparum strains,extensive differences were found. 

Antigens associated with merozoites and schizonts exhibited most 

diversity and the distribution of antigenic types was unrelated to 

geographic origin of the strains. Recently, Newbold et al., (1984) 

found extensive differences in the peptide maps of one of the 

antigens defined by the Ki monoclonals when two clones of 

?.falciparum were compaired. 

In contrast to variability of antigens in different strains 

is the phenomenon of antigenic variation where a single parasite 

is able to alter its antigens. The most well known example occurs 

in the African trypanosome T.brucei brucei (see Marcu and 

Williams, 1983; Borst and Cross, 1982). The possibility that anti-

genic variation occurred in Plasmodia was raised by the examination 

of relapse populations of P.knowlesi in rhesus monkeys (Brown 

and Brown, 1965; Brown 1973). Here antibodies produced in 

response to relpase could agglutinate the schizonts of previous 

relapse populations but not of subsequent relapses. Analogous studies 



in the P.falciparuin infected squirrel monkey by Hommel et al. 

(1982) showed that antibody would bind to homologous infecting 

parasitised cells but not the relapse population. A major 

criticism of this work was that the parasite lines were not cloned 

and that the results could represent selection of subpopulations. 

These studies have now been repeated with cloned lines of 

P.falciparum (Hommel, 1983) and also P.knowlesi (Howard et al., 

1983) and it appears that antigenic variation does occur. It 

is not clear what the importance of this phenomenon is, during 

natural infection. 

Strain-specific antigens at the surface of P.falciparuni 

schizont-infected erythrocytes have also been detected by an 

in vitro adhesion assay (Udeinya et al., 1981, 1983). The antigens 

may undergo variation and are related to the 'knobs' seen on 

infected cells (Kilejian, A. 1979) 

Studies on genetic diversity of P.falciparum have now been 

extended to the level of genomic organisation. Clones of 

repetitive DNA sequences isolated from genomic libraries of 

P.falciparuxn reveal remarkable patterns between parasite strains 

(Goman et al., 1982; Bone et al., 1983). In addition, cloned lines 

of P.falciparum could be differentiated using these repetitive 

sequence probes; there was a perfect correlation between the 

genornic hybridisation analysis and the results of other criteria 

used to type these lines. 

In conclusion, there is now overwhelming evidence for the 

existence of genetic diversity in P.faiciparum. The diferent 

forms or variants of the characters studied so far may be alleles 
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of the corresponding parasite genes. Definitive proof of allelism 

of any two variants could come from one of two approaches. Firstly, 

genetic crosses between variant lines and progeny analysis could 

be made. However, this is at present highly impractical for 

P.falciparum (see above). Secondly, the parasite genes coding for 

the enzyme or antigen could be cloned and detailed structural 

analysis carried out. This latter approach will allow an under-

standing of the molecular basis of variation; do variants arise 

by single or multiple point mutations or by deletions and larger 

genomic rearrangements? Is there selective gene amplification as 

occurs with DHFR genes? 

The data presented in this thesis describe the isolation and 

partial characterisation of the gene for LDH-P in P.falciparum. 

Analysis of this gene will eventually provide answers to some of 

these questions. 

1.11 Cloning and Expression of Eukaryotic Proteins in coli 

As described in 1.4 one of the major goals of current malaria 

research is the production of defined antigen vaccines. This goal 

may be approached by the development of host-vector systems capable 

of expressing P.falciparum proteins and an assay system capable 

of identifying those clones producing antigens. Additionally, 

immunological screening of expression libraries is a very 

powerful technique for the isolation of genes of interest 

(Harris, 1983). For these reaons, LDH-P gene sequences were 

sought using this stragegy. 

To place this in context. I will review those reports dealing 

with expression of eukaryotic proteins as fused polypeptides, 
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concentrating on lac and P based-vectors as these are the systems 

used in this thesis. More brief accounts of trp and -1actamase 

based-vectors are included for completeness. 

There are many potential problems involved in the expression 

of eukaryotic genes in E.coli. 	The gene must be efficiently 

and specifically transcribed and the messenger RNA translated. In 

addition, the resulting protein must be able to survive in the 

host cell. Probably the majority of eukaryotic genes contain 

intervening sequences (introns) which must be spliced out of 

any transcribed mRNA. Bacterial genes possess neither introns nor 

splicing enzymes. Therefore, eukaryotic genomic DNA cannot in 

general be used as the source of the gene. This problem has 

usually been overcome by the use of cDNA, reverse transcribed from 

mRNA (Efstratiadis,et_al. 1975). This also overcomes the problem of 

different gene transcriptional signals between eukaryotes and 

prokaryotes (Miller and Reznikoff 1980, Cordon et al., 1980, 

Breathnach and Chambon 1981) 	An alternative solution has 

recently been introduced by Young and Davis (1983b) and Goto and 

Wang (1984), involving random shearing of eukaryotic DNA and 

direct insertion of the small fragments (less than 1 kb) into 

suitable expression vectors. As this has so far only been tried 

on yeast genomic DNA, it is not known how generally useful this 

strategy will be. 

The structure of eukaryotic mRNA is also different from its 

prokaryotic counterpart. It is polyadenylated at its 3' end and 

normally 'capped' at the 5' end with a modified nucleotide, 

while it lacks the equivalent of the Shine-Dalgarno sequence 
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which is an important component of the ribosome binding site (Shine 

and Dalgarno 1975; Steitz 1979; Kozak 1981). In addition the 

codon usage of eukaryotes can differ significantly from that in 

E.coli; there is a marked preference for particular codons for 

some amino acids (Grantham et al., 1981). This is reflected in the 

abundance of different tRNA pools (Ikemura 1981). Consequently, the 

levels of some tRNA species may be so low as to interfere with 

efficient translation of the foreign mRNA. 

Finally, the expressed protein may be unstable in the host 

cell or may require post-translational modifications, such as 

glycosylation, which do not occur in E.coli (Harris, 1983). 

One way of overcoming many of these potential problems is to 

insert the eukaryotic cDNA into an existing bacterial gene. 

Transcription initiation and termination signals are then provided 

by the prokaryotic DNA, as is the ribosomal binding site. 

Advantage can be taken of strong prokaryotic promoters that are 

inducible to allow high levels of expression only at the time of 

assay. This prevents possible selective pressure that may act 

against E.coli expressing particular sequences. 

Protein modification and stability are problems that are 

less amenable to solution. Host strains are available that are 

deficient in proteolytic mechanisms (Young and Davis, 1983; Simon 

et al., 1983), and this appears to decrease degradation of 

expressed proteins. 

Thus transcription of foreign genes is controlled by inserting 

the DNA adjacent to a strong prokaryotic promoter in a cloning 

vector. Four promoters have been used most widely and they are the 
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lac promoter from the E.coLi lac operon; the trp promoter from the 

E.coli trp operon; the strong leftward promoter P phage lambda 

and the constitutive but weaker 8-lactamase promoter present 

in the plasmid vector pBR322. Each of these will now be reviewed 

in turn. 

The lac system 

One of the genes controlled by the lac operon is the lacZ 

structural gene which codes for 8-galactosidase (B-gal), a protein 

of 1023 amino acids (116 kDa ) (Beckwith and Zipser, 1980). The 

operon is kept switched off by the lac repressor, a product of the 

lac i gene, but can be de-repressed by the presence of lactose or 

the non-metabolisable inducer isoproplythiogalactoside (IPTG). A 

fragment of the lac operon that is most commonly used is Xplac5 

(Shapiro et al., 1969) which contains the lac promoter (P) and 

operator (0) and the B-galactosidase gene (Z) . Smaller sub-

fragments of this, containing only lacP, lacO and the first 8 

codons of lacZ are sometimes also used (Backman and Ptashne 1978; 

Itakura et al. 1977) . Several workers have produced vectors 

containing these lac operon fragments (Polisky et al.,, 1976; 

Backman et al., 1976; Itakura et al., 1977; Fuller 1982; Young 

and Davis 1983; Ruther and Muller-Hill 1983) . The site for 

insertion of foreign DNA can be either end of the lacZ gene thus 

producing fused polypeptides with short (approximately 2 amino acids) 

or long (over 1,000 amino acids Vgalactosidase segments. 

Such constructs have been used to express several eukaryotic 

proteins. Itakura et al. (1977), chemically synthesised the gene 

for the peptide hormone somatostatin and cloned it into two sites, 
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5' and 3', in lacZ on a plasmid vector. When the resultant fused 

polypeptides contained the first 7 amino acids of -gal fused to 

somatostatin, there was no detectable expression. However, the 

construct where a large part of s-gal was fused to somatostatin 

did express detectable levels of hormone. This strongly suggested 

that proteolytic degradation of fusion proteins had been greater 

in the former than the latter cases. Many other hormones have 

been successfully expressed using the strategy based on lac 

promoter/operator and s-gal fusions, including insulin (Goeddel 

et al., 1979; Wetzel et al., 1981) 6-endorphin (Shine et al., 

1980) and thymosin a, (Wetzel et al., 1980). Similar experiments 

have been performed using ovalbumin as a model (Mercereau-Puijalon 

et al., 1978; Baty et al., 1981). These experiments demonstrated 

that levels of the hybrid product were boosted 50 fold by de-repression 

of the operon. They also showed that, although the fusion product 

was reasonably stable, only about 10% of the theoretical yield of 

ovalbumin was achieved, based on native 5-gal synthesis. 

More recently, ovalbumin was used as a test gene for the 'phage 

Xgtll expression vector described by Young and Davis (1983a). 

Yields of fusion protein of 1 fg/cell were obtained. Expression 

vectors based on Xgtll have been used here to obtain clones 

expressing 8-galactosidase-LDH-P fusion polypeptides. This system 

is described in more detail in Section 5.1. 

The phage XP 
L 
 system 

The lytic cycle of 'phage lambda is initiated by transcription 

from the P promoter, which controls early leftward expression of 

X genes through N to mt (Szybalski and Szybalski 1979). One of 
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the most important controls of P L is by the repressor encoded by the 

ci gene. High levels of expression of foreign genes have been 

obtained using P 
L 
 in one of two constructs. The promoter may be 

cloned into a plasmid vector or, alternatively, the foreign genes 

are cloned with their own or lac - derived promoters. In the latter 

case oversynthesis of foreign protein(s) is primarily due to the 

increased copy number attained by 'phage DNA replication. 

Until recently, most success had been achieved with the 

former type of constructs. High levels of expression of inserted 

genes has been reported for 8-lactamase, tryptophan synthetase 

(Remaut et al., 1981, Bernard et al. 1979), human fibroblast 

interferon (Derynck et al., 1980) and SV40 viral t antigen (Derom 

et al., 1982). The foreign protein often constitutes up to 10% 

of total cell protein. 

However, the Xgtll vector introduced above is a very powerful 

system employing both P in 'phage lambda itself and also the lac 

operon to obtain consistently high levels of expression of 

eukaryotic genes (Young and Davis 1983a, 1983b, Kemp et al. 1  1983 

and Goto and Wang 1984). Precise control of both operators is 

achieved via the temperature sensitive ci 857 mutation of the 

ci gene and use of the gratuitous inducer IPTG (see section 5.1) 

The trp system 

The trp operon is controlled in a similar manner to the lac 

operon (Yanof sky et al., 1981). Repressor binds to switch off the 

promoter and this can be blocked by addition of 3-indolylacrylic acid 

(IAA). After induction, the tryptophan biosynthetic enzymes can 

account for about 20-25% of total cell protein. This is more 
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protein than is made by lac based vectors. In addition, the 

expression of the trp genes is tightly controlled by IAA, rather 

than being constitutive as is often the case with lacZ. 

Hallewell and Emtage (1980) constructed plasmid vectors 

using a fragment of the trp.  operon containing the trp promoter 

operator, leader and attenuator, all of the 	E gene and part of 

the 	D gene, denoted ptrpED5-l. The proteins are transcribed on 

a polycistronic mRNA. It was claimed that, after induction with 

IAA, these vectors could produce fused polypeptides (anthrarlilate 

synthetase - foreign protein), accounting for 30% of the total 

cell protein. These vectors have been used to express human 

growth hormone (Martial et_al., 1979) . However, levels of expression 

here were much lower, at about 3% of total cell protein and 

levels of trpE fusion proteins were much greater than for trpD 

constructs. Kemp and Cowman (1981) confirmed that the trpD-

immunoglobulin M heavy chain fusion protein is expressed at a 10 

fold or lower level than the corresponding trpE protein. 

The level of induction by IAA was found to be only 3 fold. 

As with lac-based vectors, sub-fragments of the trp operon 

have been constructed, consisting of the trp operator/promoter plus 

the first seven codons of trpE (Emtage et al., 1980). This was 

placed upstream of the tetracycline resistance gene in pBR322, so 

that transcription through inserted genes could be monitored by 

tetracycline resistant phenotypes. This vector was used 

successfully to express fowl plague influenza virus haernagglutinin 

(HA). It is interesting to note that the levels of trpE-HA fusion 

polypeptide were much lower than expected from the levels of 



expression of trpE from the same plasmid. The authors proposed 

that part of the HA protein was toxic to E.coli. Indeed, the 

problem of fusion protein toxicity may be a general one (see 

Section 5.1, and Young and Davis 1983b). Rose and Shafferman 

(1981) also found that the glycoprotein G of vesicular stomatitis 

virus (VSV), when expressed from trp-based plasmids, was lethal 

to the host cell. 

The -lactamase system 

The -1actamase gene in the plasmid vector pBR322 (Bolivar 

et al. 1  1977), has often been used as a site for insertion of 

eukaryotic genes (Efstratiadis et al., 1977). It was first 

chosen as it offered a convenient site for accepting homopolymer 

tailed cDNA that was reconstituted to enable easy insert removal. 

The 8-lactamase promoter is not particularly powerful and in general 

only low levels of expression have been obtained. Villa Komaroff 

et al., (1978) inserted the rat pre-proinsulin gene into the Pstl 

site of -lactamase and expression of insulin was detected by solid 

phase radioimmunoassay (Broome and Gilbert 1978). However much lower 

levels of expression were reported when rat pre-growth hormone 

was cloned in the same site (Seeburg et al., 1978). Other proteins 

cloned and expressed from this site include rat prolactin (Ewin 

et al., 1980), leucocyte interferon (Nagata et al., 1980), mouse 

dihydrofolate reductase (Chang et al., 1978), bovine growth hormone 

(Keshet et al., 1981) and hepatitis B surface antigen (McKay et al., 

1981). Recently Coppel et al., 1984, employed this system to 

express P.falciparum cDNA. However, levels of expression were so 

low that they had to resort to immunising mice with individual clones 
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and testing the anti-clone antisera for reactivity with 

P.falciparum proteins (Coppel 1984). This labour-intensive and 

time consuming strategy was also used by McKay et al., (1981) in 

order to detect the very low levels of hepatitis B surface antigen 

expressed from their recombinant plasmids. 

Systems have been developed in which the signal sequence of 

-lactamase is used to transport the fused protein into the bacterial 

periplasmic space (Talmadge et al., 1980; Talmadge and Gilbert 1982). 

The authors hoped this would minimise proteolytic degradation. 

An interesting observation made by several groups has been the 

successful expression of eukaryotic sequences where, although the 

gene was inserted to produce a fused polypeptide, in fact, the 

expressed protein was only a fragment arising from internal 

initiation of translation (Burrel et al., 1979; Pasek et al., 1979; 

Hepatitis B core antigen: Kemp and Cowman, 1981 immunoglobulin M 

heavy chain: Emtage et al., 1980, Influenza haemagluttinin: 

Chang et al., 1978, dihydrofolate reductate). 

Mis-identification of clones 

An important problem associated with the use of antibody probes 

is the possible mis-identification of expressing clones. This 

could be due to non-specific binding of the antibody to the 

expressed, hybrid protein or, more likely, to cross-reaction due to 

epitopes shared between the protein of interest and those present 

in the clones actually isolated from the library. 

To solve this problem of clone mis-identification, a technique 

called antibody select has been developed (see Chapter 5, part II) 

that has considerable advantages over other methods of confirming 
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the identity of recombinant DNA clones, which I will now briefly 

review. 

Methods for confirming the identity of DNA clones 

Hybridisation Selection 

cDNA clones carrying sequences complementary to specific 

mRNAs are identified by hybridisation selection. The 

cloned DNAs are denatured, immobilised on a solid matrix, 

and hybridised to preparations of mRNA. The RNA.DNA 

duplex is heated to release the mRNA, which is then 

translated in cell-free protein synthesising systems or in 

Xenopus oocytes. The translation products are identified 

by immunoprecipitation and/or SDS-polyacrylamide gel 

electrophoresis or, in rare cases, by biological assays. 

This technique has been used extensively and successfully on 

many systems including (Prives et al., 1974; Paterson et al., 

1977: Harpold et al., 1978; Ricciardi et al., 1979; 

Seed 1982; Goldberg et al., 1979; Parnes et al., 1981). 

A major drawback with this strategy is that mRNA in 

large amounts (> 10 igm) are needed and in many cases, 

especially with P.falciparum, isolation of these quantities 

of mRNA is prohibitive. 

DNA Sequencing 

Perhaps the most powerful confirmation of the identity of 

DNA clones is direct nucleic acid sequencing (Sanger et al., 

1977, Maxam and Gilbert 1977) and comparison with known DNA 

and protein sequences (Dayhoff, M. 1984) . However, this is 

only possible when a high degree of conservation of sequence is 

7'l 



to be expected and also when the sequences of closely related 

genes are already known. 

(39 Competition between fusion protein and specific protein in 

radio-immunoassay 

In cases where the expressed hybrid protein represents a 

large proportion of the total polypeptide of interest, the 

hybrid can be used to directly compete with the whole, native 

protein in binding to antibodies raised against that protein. 

Recently Young and Davis (1983b) confirmed the identify of cDNA 

clones coding for yeast RNA polymerase (RNAP) by using the 

-galactosidase-RNAP hybrid polypeptides to compete out the 

binding of native RNAP to anti-RNAP antibodies. However, 

in most cases, the fusion polypeptide will represent only a small 

part of the whole protein and hence will not significantly 

compete with the complete protein. 

(4) Raising antisera against hybrid proteins 

Antibodies may be raised against the hybrid protein and 

used to identify the protein corresponding to the region 

encoded in the DNA clone. McKay et al., 1981 used this 

technique to isolate bacterial clones expressing fragments 

of the hepatitis core surface antigen (HBs) . Recently, 

Coppel et al.,(1983 and 1984) confirmed the identify of 

several DNA clones expressing parts of P.falciparum antigens. 

This technique has proved successful in identifying expressed 

hybrid proteins where many other highly sensitive methods have 

failed, as was the case for McKay et al., 1981 and Coppel 

et al., 1984. However, a disadvantage of this technique is 
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that in many cases the hybrid protein fails to elicit an 

immune response against the cDNA-encoded portion. The structure 

adopted by the fusion polypeptide may be totally different to 

the structure of the protein in its original intact state. 

Also, the immunisation regimes require the use of many animals 

and takes up to three months to yield high-titre antisera. 

To overcome the disadvantages of all these techniques, 

a new strategy, termed antibody select has been developed 

(Chapter 5, part II). 

Proteolytic Degradation in E.coli 

E.coli proteins are in a dynamic state of turnover. The rate 

of degradation of proteins is highly selective; specific proteins 

are degraded at different rates. Abnormal proteins produced 

either by mutation or experimental manipulation are selectively 

recognised and rapidly degraded (Goldberg and St. John 1976). One 

of the major pathways of protein degradation in E.coli is an 

ATP-dependent protease, named protease La which stimulated the 

breakdown of nonsense fragments of -galactosidase r4urakami, 

et al., 1979). La appears to be identical to the lon-encoded 

protease described by Bukhari and Zipser (1973)and Chung and 

Goldberg (1981). Mutations in the lon gene have no effect on 

the degradation of most normal E.coli proteins (Goldberg and 

St. John 1976) but reduce the rate of degradation of nonsense 

polypeptides (Bukhari and Zipser, 1973) puromycyl peptides 

(Simon et al., 1979) and other abnormal proteins (Simon et al., 1979). 

The inhibition of degradation is only partial, and some breakdown 

of the abnormal protein is still observed. 



Another method of stabilising abnormal proteins is by the 

inhibition of proteolysis. It has been observed that infection 

with T4  bacteriophage inhibited the degradation of labile 

proteins in E.coli (Simon et al., 1979). The  T4  gene controlling 

this function, designated pin, has been cloned on a multicopy 

plasmid and introduced into E.coli expressing human fibroblast 

interferon from a second plasmid (Simon et al., 1978) . Interferon 

levels were increased 4-8 fold. It is not known whether the pin 

gene acts via inhibiting the ion system or by some other mechanism. 

One general feature of the protease system functioning in 

E.coli is that the rate of destruction of an abnormal protein is 

related to its molecular mass (Goldberg and St. John, 1976). The 

results of Itakura et al., (1977) with respect to levels of 

expression of somatostatin as fusion proteins of 2 different sizes, 

described above, would support this. Thus production of foreign 

proteins as fusions to much larger native E.coli proteins, such 

-galactocidase (M116 kDa), would also stabilise the foreign 

product. 
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Outline of Thesis 

The development of new anti-malarial drugs and the production 

of defined antigen vaccines capable of inducing immunity are key 

goals of current malaria research. Cloning of parasite genes 

encoding for enzymes and antigens will enable the detailed 

structure and function of these proteins to be understood. This is 

particularly relevant to parasite enzymes, in order to clearly. 

distinguish them from the isofunctional host enzymes. In turn, 

this will allow new anti-malarial drugs to be rationally selected 

or designed. So far, however, no parasite enzyme genes have been 

cloned. The work described in this thesis is aimed at rectifying 

this omission. 

Firstly, the key metabolic enzyme of P.falciparuxn, lactate 

dehydrogenase (LDH-P), has been chosen as a model system to 

illustrate the structure and expression of parasite enzyme genes. 

Secondly, a host-vector system, based on lambda gtll, capable 

of expressing P.falciparum proteins, including LDH-P, has been 

developed. In addition an assay system capable of identifying 

those clones producing P.falciparum proteins has been established. 

Chapter 3 describes the characterisation of LDH-P and the 

evidence that a monoclonal antibody, designated 7.2, recognises 

the enzyme subunit. Chapter 4 continues the characterisation of 

LDF-? at the messenger RNA level and shows definitively that 

LDH-P is wholly parasite-encoded. Chapter 5 describes the isolation 

of LJH-P cDNA clones by immunological screening of an expression 

lilry. In Chapter 6, these clones are analysed at the level of 
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DNA sequences and are then used as probes to study the structure 

and organisation of parasite enzyme genes. 
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PART I. Biological materials. 

Microbiology 

2.1 Bacterial Strains and Phages (Table 2.1; Fig. 2.1) 

All bacterial strains and phages used in this study are 

listed in Table 2.1. The phage lambda cloning vectors used were 

either NM1149 (Murray 1983) or Xgtll Young and Davis(1983a) 

derivatives; ATn5 was made in this laboratory (Hall et al., 1984b) 

as follows: 

Construction of ATn5 vector 

The )Tn5 vector was constructed by N. Bone and M. Goman 

as.follows. Strain NB39, bearing the transposon Tn5, inserted 

near proC, was infected with phage P1 and the resulting lysate 

used to transduce TGL70. The kanarnycin resistant strain, designated 

NB51, produced from this transduction was, in turn, infected with 

Xgtll and approximately 150 single phage plaques were picked and 

stabbed into lawns of ED395. Lysogens were replicated on to 

kanamycin plates and a single kanR  colony, lysogenic for phage 

lambda was further analysed. The phage recovered from this isolate 

was designated gtll::Tn5, or ')Tn5', having the transposon 

inserted just to the left of att on the right arm (Fig. 2.1). 

2.2 Media and Solutions 

L Broth 	Difco Bacto Tryptone, 10 gins, 

Difco Bacto Yeast extract, 5 gms, 

NaCl5gms 1- 
1, 
 pH 7.2. 
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Table 2.1 Strains and Vectors 

Strain 	 Genotype 

NM514 	 iyc7 hsdR M S hfl 

NB39 	 ion pro his arg thr leu hsdRM strA A 

(P1 transductant with Tn5 near ion) 

TGL70 	 met sull (supE), su III (supF). RM tonA lac Y 

Reference 

Murray N.M. (1983) 

Bone, N. (unpublished) 

Murray, N. M. (1983) 

ED395 	 prototrophic lac 1U124 

BTA282 	araD139 ion hsdR hsdM lac tJ169 strR  thi hflA150 

hflB150 (chr: :TnlO) 

Y1090 	 Alac U169 pA L1on araDi 39 strA suEF 58 

[trp C22::TnlO] (pMC9) 

NM522 	 hsd (MSR) Alac Apro supE thi / FtproAB 	iacZ 

AM15 traD36  

Murray, N. M. (1983) 

Willetts, N. S. (1983) 

(a derivative of RY1083 

Young & Davis 1983a) 

Young and Davis (1983b) 

Gough and Murray 

(1983) 



Table 2.1 (continued) 

Vectors 	 Genotype 

xgtil 	 1ac5 nin5 c1857 S100 

ATn5 	 X2t1l::Tn5 

AAmp3 	 Xgtll, Amp 

ANM1149 	 Ximm 
434

b(538) 

Reference 

Young and Davis (1983a) 

Hall et al. (1984b) 

Kemp et al. (1983) 

Murray (1983) 

*Maps of vectors shown in Fig. 2.1 



Fig. 2.1 

Cloning vectors used in this work 

Xgtll-based vectors 

cDNA is inserted into the EcoRI site in lacZ 

AMP3 encodes ampicillin resistance whereas TnS 

encodes neomycin (kanamycin) resistance. 

XNM1149 vectors used for construction of genomic DNA 

libraries. 

M13mpll vector used for DNA sequencing; cDNA was 

inserted into the EcoRl site in the polylinker. 
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L Agar 	- Difco Bacto Tryptone, 10 gins; 

Difco Bacto Yeast extract, 5 gins, 

NaCl 13 gins, Difco agar 15 gins, 

pH 7.2. 

BBL Agar 	- Baltimore Biological Laboratories trypticase 

10 gins; 	NaCl 5 gins; 	Difco agar 10 gins per 

litre. 

BBL Top Agar As 	for BBL agar but only 6.5 gins Difco agar 

per litre. 

Minimal Media - 1 x M9 salts, 2% glucose, 10 mM MgSO 4 , 

I 
 0.1 mM Cad., 1 .ig ml- 	vitamin BI, 

1.5% agar. 

M9 salts 	- 60 g Na 2 HPO4 , 30 g KH 2 PO4 , 5 g NaCl, 10 g 

NH4C1 dissolved in 1 litre H 2o. 

Phage buffer - KH2 PO4 , 3 g; Na2 HPO4  (anhydrous), 7 g, 

NaCl 5g; 	10 ml 0.1 M MgSO4 ; 	10 ml 0.1N 

Cad 2 ; 1 nil 1% gelatin solution per litre. 

Bacterial KH2 PO4 , 3 g; 	Na 2 HPO4  (anhydrous), 7 g; 

buffer 	- NaCl 4g; 	M9SO4  7 H0, 0.2 gins; per litre. 

TE buffer - 10 mM Tris-HC1 pH 8.0,1 mM EDTA. 

1 x SSC 0.015 M trisodium citrate 

0.15 M NaCl 

(Prepared as 20 x SSC stock and diluted as 

appropriate 

Phage Dialysis - 10 mM NaCl, 50 mM Tris-HC1 pH 8.0, 

Buffer 10 rnMMgCl2. 



2.3 Plating Cells 

A fresh overnight culture of cells (NM514, ED395, Y1090, 

BTA282) was diluted 20-fold in 100 ml L-broth and incubated with 

aeration at 37°C until an A650  of 0.5-1.0 was reached. The cells 

were then centrifuged and resuspended in an equal volume of 10 mM 

MgC12 . Bacteria prepared in this manner were stored at 4°C and 

could be used for up to two weeks. 

2.4 Phage lambda titration 

The phage stock to be titrated was diluted in phage buffer; 

and 0.1 ml of theappropriate dilution mixed with 0.1 ml of 

plating cells. 2.5 ml of molten BBL top agar was added and the 

mixture poured on to a BBL agar plate. 

Parasite Culture 

2.5 Strains 

The P.falciparum isolates used in this work were from 

Thailand. Most of the experiments were performed on the asexual 

erythrocytic forms of Kl (Thaithong and Beale 1981). The cloned 

line Taq 9/96 (Rosario 1981) was used for comparison with Kl. 

2.6 Culture Media 

RPM1 (Gibco Laboratories) , 10.4 gms in 900 mis of double 

distilled water; HEPES (Sigma) 6 gms, gentamycin (Sigma 100 mgs. 

The solution is diluted to 960 mls and sterilised by filtration 

through a Millipore filter 0.22 pm porosity. This solution may be 

stored for up to one month at 4°C. The medium is completed by 

the addition of filter sterilised 5% sodium bicarbonate to 0.2% final 

concentration. This medium without serum (RP) can be stored for up 

I 
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to a week in the refrigerator. RP is used routinely for washing 

blood for parasite culture. Complete medium (C.M.) is prepared 

from it by the addition of pooled human serum (Blood Transfusion 

Service, BTS) to a final concentration of 10%. 

2.7 Culture 

All parasites were maintained in culture in the medium of 

Trager and Jensen (1976). The parasiteswere grown in human red 

blood cells (group 0, rhesus +) not more than three weeks, after 

being withdrawn, in flat bottomed Falcon tissue culture flasks, 

under an atmosphere of 2% CO2, 	°2' 95% N2  at 37°C with daily 

medium changes. Culture volumes were either 1 ml of infected 

bloos plus 10 ml of medium (25 cm  growth area), or 10 ml of 

blood plus 50 ml of medium (75 cm  growth area). The parasites 

were diluted every 48 to 72 hr. in fresh blood plus CM 

(haematocrit of 40%) to give a parasitaemia of about 1%. 

Parasites were harvested when the desired quantity of red blood 

cells had a parasitaemia of 5-10%. 

2.8 Synchronisation 

Cultures were synchronised by two treatments with 5% sorbitol 

spaced 30 h apart essentially as described (Lambros and Vanderberg 

1979); sorbitol lyses late stage parasites, trophozoites and 

schizonts, leaving only ring stages. Successive sorbitol treat-

ments lead to tighter synchronisation. 

Infected blood is centrifuged at 350 g for 7 mins at 4°C and 

the supernatant discarded. The pellet was resuspended in 5 volumes 

of 5% aqueous D-sorbitol (Sigma) (filter-sterilised through a 



0.22 i..m Millipore filter) and incubated at room temperature for 

5-10 mins. The suspension was centrifuged at 350.g for 7 mins. at 

4°C and the supernatant discarded. The final infected red cell 

pellet was resuspended in complete culture medium (CM) to a 

haematocrit of 6% and cultured as usual. For successive 

synchronisations, the infected cell pellet was re-suspended in 5% 

sorbitol and re-incubated as described. 

2.9 Hybridoma culture (Kohler et al., 1976) 

Monoclonal antibodies used in this work have already been 

described (McBride et al., 1982) and characterised (Hall et al., 1983). 

The hybridoma cell line 7.2 was maintained in culture at 37°C in a 

medium consisting of RPM1 1640 (Gibco) containing 10-15% v/v 

of foetal calf serum (Seralab Laboratories), with supplementation 

by sodium pyruvate to 1 mM, glutamine to 2 mM, penicillin to 

500 units/ml and streptomycin to 500 mcg/ml (Gibco) and with the 

addition of sodium bicarbonate at a level of 0.2% w/v to produce 

a pH of 7.4. The cells were maintained in static cell culture 

at a density of 2-6 x 10 cells/ml by dilution into fresh medium 

every 24-72 hours, being harvested once sufficient cells were 

generated. The atmosphere above the culture was maintained at 

5-6% CO  in air with 85-95% relative humidity. 

For preparation of samples for storage, a suspension of the 

cells in culture medium is centrifuged at 250.g for S mm. The 

cell pellet is suspended at room temperature in a freezing 

mixture which consists of 1 volume  DMSO (Sigma) , 4 volumes of 

FCS and 5 volumes of RPM1 1640 with a cell concentration not 



exceeding about 2 x 1o 6/mi. Cell aliquots to be frozen are closed 

in 2 ml plastic vials which are placed in a small (15 x 15 x 15 cm 3 ) 

well insulated polystyrene box. This is kept at -20°C for 3 h. 

and at -60°C overnight to allow slow cooling down and freezing of 

the cells. The vials are then transferred to liquid nitrogen for 

storage. 

To recover the cryo-preserved cells, an aliquot is rapidly 

thawed in a 37°C incubator, the cells are washed in about 10 ml 

of serum-free medium and then set up in the RPM1 1640 medium with 

20% FCS at a concentration of about 5 x lO cells ml- 
1 
 (the 

addition of mouse thyxrcyte feeder cells at this stage is often 

beneficial). When the cells begin to divide well, typically 

after 1-2 days, the culture is maintained and/or expanded as 

described above. 

2.10. Production of monoclonal antibodies from the hybridoma 

__11 , 

(i) In vitro 

2.32, 7.2 and 7.8 cells produced in tissue culture 

as described above are cultured in a similar RPM1 1640-

based medium as described but containing 10% v/v of FCS, the 

culture being carried out in tissue culture flasks con-

taining 50 ml of medium. When the medium above the cells 

turns acid, the cells are discarded and the supernatants 

harvested to prepare antibody (2.30 below). 

raw 



(ii) In vivo 

7-2 cells produced in tissue culture as described 

were grown as tumours by intraperitoneal inoculation into 

female BALB/c mice bred and maintained in the Animal Unit 

of the Department of Zoology. Each mouse received about 

3 x 106  washed cells in the culture medium lacking serum 

after an initial priming 2-7 days previously with 0.5 ml pri-

stane (2 ,6,l0,14-tetramethylpentadecane; 	Aldrich Chemical 

Co.). Ascitic fluid is collected daily once the tumour 

develops. Antibody is prepared from this fluid by affinity 

chromatography (2.30 below). 

PART II Nucleic Acid Methods 

2.11 Extraction of parasite DNA (Coman et al., 1982) 

Parasitized blood was harvested by centrifugation, washed, 

and resuspended in an equal volume of RP. To this, saponin 

is added to give a final concentration of 0.1%, and the mixture 

left on ice for five minutes. Parasites released from lysed red 

blood cells were pelleted at 10,000.g for 5 mins., washed 3 times 

in RP, and finally resuspended in 3.2 mis of RP. To this, 

0.8 mis of 0.5 M EDTA was added giving a final concentration of 

EDTA of 100 mM. 

Parasites were lysed by sodium Jauroyl sarcosine (Sigma) at 

a final concentration of 4%, in the presence of Proteinase K 

(1 mg/ml) (Boehringer). 	The solution was made up to 10 mis, 

1 ml of ethidium bromide (5 mgs/ml) added plus caesium chloride 

to give a density of 	= 1.55. The DNA was centrifuged to 
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equilibrium at 38 K.rpm for 48 hrs. on a Sorvall OTD50B/50 Ti 

rotor (Beckman) at 18°C. The single band of parasite DNA was 

harvested from the gradient by syringe puncture and the ethidium 

bromide removed with CsCl-saturated isopropanol followed by 2 

phenol and ether extractions. The DNA was dialysed against 

10 mM Tris-HC1 pH 8.0, 10 mM NaCl and 100 mM EDTA and stored at 

4°C. 

2.12 Extraction of parasite RNA 

Parasite RNA was extracted according to the method of Hyde 

et al. 1  (1981, 1984). Parasites were isolated from either 

asynchronous or synchronous cultures as required as above (2.8), 

and extracted with detergent and hotphenol/chloroform. Parasite 

pellets were washed in 1 x SSC then lysed in detergent mix (100 

mM sodium acetate (NaAc), pH 5, 10 m EDTA, 1% SDS, 0.5% 

4 amino-salicyclic acid, 100 4g/ml heparin (Sigma) and 0.1M 

2-mercaptoethanol). 20 vols. of detergent mix were vortexed with 

1 vol. of packed parasites at 4°C. This lysate was extracted in 

100 mis of phenol at 65°C for 10 mins. then 100 mis of chloroform 

were added and the mixture extracted for a further 5 mins. at 65°C. 

This was repeated three times, with the lower organic layer being 

aspirated off at each stage. A fourth extraction with chloroform 

alone was also performed. Nucleic acid was precipitated with 

2.5 vols. of 100% ethanol (EtOH) without further increase in ionic 

strength. 

To remove contaminating DNA (see Hyde et al., 1984), dried 

pellets (50-300 'g) were taken up in 1.2 ml of 4 M guanidinium 
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thiocyanate (GuSCN), 2 mM EDTA, 0.5% sarkosyl 0.1 M 2-mercaptoethanol, 

30 mM NaAc pH 6, then added to 2.5 ml of 3.3 M CsC1, 2 mM EDTA, 

0.2% sarkosyl, 30 mM NaAc pH 6. 	The solution was heated at 65°c 

for 2 mins. then layered on to a cushion of 5.7 M CsC1, 50 mM 

EDTA, 30 mM NaAc, pH 6 in a Beckman SW.50 tube. After centrifugation 

at 39,000..rpm for 16-20 h. at 19°C, the clear RNA pellet was 

dissolved in 150 41 of the GuSCN buffer and precipitated with 

2 vols. of EtOH at -20°C. 

2.13 Isolation of poly(A) RNA 

Pellets of total RNA were dissolved in 1 mM EDTA, pH 7.0 

(100-500 4g ml 1 ) heated at 65°C for 3 mins. then adjusted to 

0.5 M Lid, 1 mM EDTA 0.2% SDS, 10 mM Tris 7.5. After 

application of the RNA to a 100 mg column of oligo-(dT)-cellulose 

(Nakazoto and Edinonds,1974) pretreated with 100 4g of E.coli 

rRNA (Bantle et al. 1  1976) the column was washed with about 15 vols. 

of the same buffer but with 0.15 M Lid. The bound poly(A) RNA 

was then eluted with 10 mM Tris, pH 7.5, 1 mM EDTA and fractions 

containing >1 ig nucleic acid pooled and recycled through the 

column. Peak fractions were made 0.3 M in NaAc, pH 6, and stored 

under EtOH (2.5 vols.) at -70°C. Overall recovery of poly(A+) and 

poly(A- ) RNA was >95% of input. 

2.14 In vitro translation 

Messenger RNA was translated in the rabbit reticulocyte 

lysate system (Pelham and Jackson,1976) to give [3 5S]methionine-

labelled protein products. The lysates were either made in this 

laboratory or were purchased from Bethesda Research Laboratories (BRL) 
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or Amersham International and used according to the manufacturers 

protocols. 

All lysates were supplemented with tRNA to a final concentration 

of (50-100 4g m1 1) (Boehringer). Incubation was at 30°C for 

1.5 h. 

2.15 Size fractionation of RNA 

RNA was fractionated by centrifugation through sucrose-

formamide density gradients (Brown and Suzuki,1976). A linear 

gradient (12 ml) is made from 4.6% and 22% w/v sucrose dissolved 

in gradient buffer (3 mM Tris, 3 mM EDTA, 70% formamide). The 

RNA is dissolved in the formamide buffer, layered on the gradient 

and centrifuged at 25°C for 20 hr. at 39,000 rpm in an SW.41 

Beckman rotor. At room temperature the RNA is denatured by the 

high concentration of formamide. Gradients are analysed by 

pumping the buffer from the bottom of the tube, and measuring the 

absorbance at 260 run on an ISCO-analyser and pen-chart recorder. 

0.5 ml aliquots are collected and the RNA precipitated by addition 

of 3 M NaAc to 0.3 M final concentration and 2.5 vols of EtOH. 

Fractions are stored at -70°C for subsequent analysis by translation 

in vitro. 

2.16 RNA gels and Northern blotting 

The RNA was fractionated under denaturing conditions using 

an agarose-formaldehyde gel (Goman et al., 1982, Hyde et al., 1981). 

The gel buffer (GB) used was 20 mM MOPS (Sigma) , 5 mM sodium 

acetate, 1 m14 EDTA pH 7.0. Agarose of the required concentration 

(0.8%, 1.5%) was melted in 1 x GB and then cooled to 50°C. 



Formaldehyde was added to give a final concentration of 2.2M. 

The RNA samples were taken up in sample buffer (50% formamide, 

2.2 M formaldehyde, 1 x GB) and heated at 60°C for 5 nuns. 

Loading buffer (16% ficoll (Sigma) 0.025% bromophenol blue) was 

then added and the samples run in at 5 volts/cm. Gels (6 cm x 10 

cm x 0.5 cm) were run at 40 volts for 4 h. under buffer (GB), 

then stained in ethidium bromide (5 mg/nil in GB) for 15 mm., 

destained in GB, then photographed under short wave uv light. 

Northern blots 

The agarose/formaldehyde gel was soaked in 20 x SSC for 30 

nuns and transferred to nitrocellulose in 10 x SSC overnight 

according to the method of Southern (1975). After transfer the 

nitrocellulose was rinsed in 3 x SSC, air dried, and baked for 

2 hrs. at 80°C under vacuum. 

2.17 Genomic and cDNA libraries 

The genomic and cDNA libraries used in this work are listed 

in Table 2.2. The genomic XKl library is described in 

Langsley 1983 and Langsley et al. 1  (1984). The HindIII.K1 

library was constructed by M. Goman from Hindill digested Kl DNA 

ligated into the Hindlil site of ANMI149 and packaged in vitro 

(Hohn and Murray, 1977); approximately 2 x 10 recombinant 

phages were obtained (Goman, unpublished). 

The NM1149 cENAK1 library was made by J. E. Hyde and its 

construction and characterisation are fully described in Hyde 

et a1. (1984) 

Both the XTn5 and XAxnp3 cDNA libraries were constructed 

by J. E. Hyde and M. Goman according to the protocol outlined in 

WA 



Table 2.2 Libraries 

(all constructed from 1(1) 

Genomic 

ANM1149 !!: Ki 

XNM1149 HindlilKi 

No. of Reference 
recombinants 

1 x lO 	 Langsley et al.,a984) 

2 x lO 	 Goman (unpublished) 

cDNA 

XNM1149 cDNA Ki 
	

1 x 10 	 Hyde et a1. (1984) 

XTn5.Kl 
	

0.9 x 10 	 Hall et al., (1984b) 

XAxnp3 .1(1 
	

1.7 x 10 5 	 Hyde (unpublished) 
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Fig. 2.2. 

Briefly, P.falciparum cDNA was synthesised from 8 4g of 

poly(A+) RNA isolated from asynchronous 1(1 parasites according to 

the method of Hyde et al. (1984). The cDNA was treated with the 

Kienow fragment of P01 1 to fill in 'ragged' ends, ligated to 

(32P]-phosphorylated EcoRl linkers, cut with EcoRl and separated 

from unligated linkers on Sephadex G-200 columns. The resulting 

DNA fragments carrying EcoRl linkers were cloned into both ATn5 

and XAmp3 vector DNA. IA each case, 10 ng of P.falciparum 

double stranded cDNA were ligated to 1 4g of the vector arms. 

Aliquots of the ligation mix were packaged in vitro (Hohn and 

Murray 1977) and dilutions plated on NB78, on X-gal indicator plates. 

Recombinant phages appear as white or pale blue plaques. In 

each case, approximately 10% of the plaques were scored as 

recombinants. 

2.18 Preparations of bacteriophage DNA 

(i) from XTn5 lysogens 

750 ml of L-broth containing 40 jig ml- 
1 
 kanamycin 

was inoculated with a 10 ml overnight culture of lysogenised 

E.coli (BTA282), then grown to an O.D. 650 nm of 0.4 at 

30°C. After induction at 45°C for 15 mm. the culture was 

grown for 3 hr. at 39°C. Bacteria were pelleted by centri-

fugation in a Sorvall RCSB centrifuge in a GSA rotor at 

8000 rpm for 10 min at 20°C. The pellet was resuspended in 

10 mM Tris-HC1 pH 7.5, 10 mM MgC1 2  100 mM NaCl and 10 g ml- 

gelatin to a volume of 10 ml. After addition of 1 ml of 

chloroform and 0.2 4g/ml deoxyribonuclease I (Sigma, crude 
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Construction of Afolciparum cDNA libraries. 
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grade) 0.24g/ml pancreatic ribonuclease (Sigma) the solution 

was incubated for 10 mm. at 37°C. Bacterial debris was pelleted 

by centrifugation for 10 mm. at 8000.rpm. 	Phage titres 

were taken of the supernatant (yields were routinely i0
11

-i0 12  

phages in total) and caesium chloride added to this to 

0.74 gin/mi. Gradients were centrifuged to equilibrium at 38K. 

rpm in a Beckman 50.Ti rotor for 24 h at 4°C. Phage bands 

were taken off with sterile 22 guage needles and immediately 

dialysed against phage dialysis buffer. 

(ii) From single plate lysate 

(XNM1149, XTn5, XAinp3) 

A fresh BBL plate at confluent lysis was overlaid with 

4 ml of phage buffer at 4°C and gently rocked overnight 

at 4°C. The overlay was removed, 1 drop of chloroform 

was added and vortexed to lyse residual bacteria; debris was 

removed by centrifugation at 5000.rpm for 5 mm. To 2 ml 

of this cleared lysate, 0.4 ml of sSDS_mixs was added 

(0.25M EDTA, 0.5M Tris-HC1 pH 8.0, 2.5% SDS) and heated at 

65°C for 30 mm. 0.5 ml of 8M potassium acetate was then 

added and left on ice for 15 mm. Precipitated protein and 

bacterial DNA was then removed by centrifugation at 17.K 

rpm for 15 mm. and the supernatant decanted to new tubes. 

Phage DNA was precipitated by addition of 5.6 ml of EtOH 

and chilling at -70°C for 20 mm. Precipitates were 

collected by centrifugation at 10 K.rpm for 1 h at 0°C and 

the pellets dissolved in 0.25 ml of 2M ammonium acetate. 

Finally, the DNA was precipitated by addition of 0.75 ml of 



EtOH, chilling at -70°C for 20 min and centrifugation at 

10 K.rpm in an Eppendorf minifuge. Pellets of phage DNA were 

then resuspended in 50 41 of 1 mM EDTA pH 7.6 

From liquid lysates 

A single phage plaque was picked into phage buffer, 

plated for confluent lysis on 5 moist BBL agar plates and 

incubated overnight at 37°C. Thetop agar was scraped into 

phage buffer, removed by centrifugation at 5000.rprn for 

10 min and the phage stock titred. 

A 250 ml or 500 ml culture of ED395 grown to A 650 = 0.4 

was pelleted at 8000.rpm for 10 mm. and the cells re-

suspended in 10 ml of L-broth. These cells were incubated 

with phages at a multiplicity of infection (Moi) of 10, 

for 20 min at 37°C to allow adsorption. The mixture was 

diluted into 250 ml or 500 ml of L-broth at 37°C and grown 

at 37°C until complete lysis had occurred. The phage were 

pelleted in a Type 19 rotor (Beckman) at 18.5K.rpm for 4 hr 

at 4°C and the pellets resuspended overnight in 10 ml of 

phage buffer with gentle shaking at 4°C. Caesium chloride 

was added at 0.74 gm/ml to give a final density of 1.45 and 

centrifuged to equilibrium at 38K.rpm for 24 h in a Beckman 

50.Ti rotor. Phage bands were collected as above. 

Extraction of phage DNA 

Phage DNA from each of the three sources above was 

extracted using two phenol, one phenol/chloroform (50:50) 

one chloroform and two ether extractions. All organic 

components were previously equilibrated with TE. The 

IMV 



resulting DNA was precipitated by addition of 3M sodium 

acetate pH 6.0 to a final concentration of 0.3M and 2.5 vols 

of EtOH. After chilling at -20°C overnight, or at -70°C for 

20 mm., DNA was pelleted by centrifugation at lOK.rpm at 

4°C for 10' mm, washed twice in 70% EtOH and dried in vacuo. 

Finally, DNA pellets were re-dissolved in TE buffer and 

stored at 4°C. Concentrations and integrity of DNA were 

determined by measuring absorbance at 260 rim and 280 run. 

2.19 Digestion of DNA with restriction enzymes 

DNA was routinely digested to an end point of 5-fold 

over-digestion according to the conditions recommended by the 

suppliers (Boehringer-Mannheim GmbH, New England Biolabs. USA, 

Amersham International UK, Northern Enzymes Ltd. UK). Double or 

multiple digests were carried out simultaneously unless buffer 

requirements were incompatible, in which case enzymes requiring 

lower salt conditions were used first and salt and pH 

subsequently changed. Digestions were terminated by addition of 

EDTA pH 8.1 to 10 mM final concentration and heating at 65°C for 

10 mm. 

2.20 DNA gels 

(i) Agarose (a) Large gels 

Digested DNA was fractionated by electrophoresis through 

0.7-2% agarose gels as follows. Horizontal slab gels (28 x 14 

x 0.5 cm), connected by wicks at each end of 500 ml tanks 

were routinely used, with gel electrophoresis buffer being 

50 mM Tris-HC1, 20 mm tn-sodium acetate, 1 mM EDTA adjusted 

to pH 8.2, with glacial acetic acid, and containing ethidium 
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bromide (500 i.ig ii). Agarose type II (Sigma) was melted in 

this buffer and used at concentrations appropriate for 

resolution of particular fragments (0.5, 0.7, 1.0, 1.5 or 

2.0% final concentration) 

DNA samples were prepared for electrophoresis by addition 

of 10 j.l of loading buffer (10% ficoll ,0.325% bromophenol blue). 

DNA was run into the gel at 10 volts cm- 1 for 30 min and 

then overnight at 4 volts cm- 1. Marker fragments werecI857 

DNA restricted with Hindill. 

(b) Minigels 

To allow rapid testing of theprcgressof restrictions 

or checks on DNA integrity minigels were prepared according to 

the method developed by D. Hogness. Small amounts of DNA 

(0.05 ig - 0.5 .ig) were fractionated using small gels 

(10 x 5 x 0.15 cm) containing Tris-borate buffer (89 mM Tris-

HCl pH 8.2, 89 mM boric acid, 25 mM EDTA) with ethidium bromide 

at 0.5 .ig ml- 1. Gels were electrophoresed under the same 

buffer for 60 min at 100 volts and immediately photographed. 

(ii) Polyacrylamide gels 

For the resolution of very small DNA fragments (less than 

300 base pairs), DNA was fractionated on 8% polyacrylamide 

slab gels according to the method of Maniatis et al., (1982). Single 

DNA fragments to be extracted from these gels were first 

visualised under uv and excised from the gel. The gel slice 

was cut into small pieces in an eppendorf tube and an equal 

volume of elution buffer added (0.5 M ammonium acetate, 1 mM 

EDTA, pH 8.0). The suspension was rotated overnight at 37°C. 
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ciel debris was removed by centrifugation at 10 K.rpm for 10 mm 

and the supernatant passed through a small column of glass 

wool. The DNA was then precipitated in EtOH (Maxam and Gilbert 

1977) 

2.21. Southern blotting 

DNA was first restricted and fractionated on 0.7-2% agarose 

gels. The DNA was transferred to nitrocellulose either by the method 

of Southern (1975) or a modification of this, as follows. The gel 

was cut to size, denatured in 0.5 M NaOH, 1.5 M NaCl (2 x 500 ml; 

15 min each) then neutralised in 0.02M NaOH, 1 M ammonium acetate 

(2 x 500 ml; 30 min each) and then assembled in a 'sandwich' 

structure. Nitrocellulose, cut to the size of the gel, and soaked in 

neutralisation buffer was placed on the gel with 6 sheets of 3 MM 

Whatman filter paper and 2 inches of paper towels with a heavy weight 

on top. 	Transfer was complete in 1-2 h as monitored by restaining 

gels post-transfer. Filters were washed in 2 x SSC for 2 mm, air-

dried and baked at 80°C for 2 h under vacuum. Bi-directional 

transfers (Smith and Summers,1980) were sometimes performed using 

this method. 

2.22 Plaque screening by hybridisation with DNA probes 

The method used was that described by Benton and Davis,(1977). 

Nitrocellulose discs were placed on pre-chilled BBL plates, left 

for 5 mm. carefully removed with forceps and placed, plaque 

uppermost, on 3 MM Whatman paper soaked in 0.5 M NaOH. After a 

further 5 min the filters were placed sequentially in 0.1 M NaOH 

1.3 M NaCl, 0.5 M Tris-HC1/1.5M NaCl pH 7.5 and 0.2M Tris-HC1/ 

2 x SSC pH 7.5. The filters were then air-dried before baking at 
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80°C under vacuum for 2 h. 

2.23 Preparation of DNA probes 

Nick translation 

DNA used for probing nitrocellulose filters was labelled with 

o [P1 -dCTP (Amersham), of specific activity 410 Ci/rnM 

(0.8 mC/ml). 

The method employed was essentially that of Rigby et al., 

(1977). Usually 0.5 p.g of DNA were labelled and the activity 

incorporated was usually 1-10 x 106 cpm/.Lg. The incorporated 

counts were separated from the unincorporated counts by 

passing the reaction mixture over a Sephadex G-50 (fine) 'spun- 

column', (Maniatis et al. 1982). Probes were denatured by boiling 

for 10 rain and diluted into 20 ml of hybridisation solution 

(see below). 

Double-strand M13 probes 

32P-dCTP labelled probes were also synthesised from the 

single-strand form of M13 (Messing and Vieria 1982) according 

to the method of Akaxn (1983) with the following modifications, 

For a standard reaction, 1 4g of M13 template and 8 ng of 

pentadecamer primer (New England Biolabs) , were denatured 

at 90°C for 1 min and then annealed at 60°C for 60 min in 

10 tl of 100 mM NaCl, 40 mM Tris-HC1 pH 8.3 40 mM MgCl 2 . 

After annealing, this was diluted to a reaction volume of 

40 .il containing 6 units of Kienow polymerase (New England 

Biolabs) in a final reaction buffer containing 10 mM Tris-HC1 

pH 8.3, ID mM MgC1 2 , 22 mM NaCl, 1 mM dithiothreitol (DTT), 

50 j.M each cold dNTP and 10 .iNO(-[ 32PI-labelled dCTP (410 
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Ci.mM-; 0.8 mCi ml- 
1 
 Amershaxn). 

Second strand synthesis was carried out for 2 h. at 25°C, 

and terminated by heating to 70°C for 5 mm. The reaction 

was made to the appropriate salt concentration for EcoRl 

digestion and restricted with EcoRl for 30 mm. Sample 

buffer for sequencing gels was added (0.1 vol.) and the mixture 

loaded directly on to a DNA-polyacrylamide sequencing gel 

(see below) and run at 28 mA, for 1 h. The gel was removed 

and autoradiographed immediately, for 5 mm. The position of 

the free labelled insert was measured from the autoradiograph 

and the corresponding position in the gel excised. DNA was 

extracted from this gel slice using the ammonium acetate 

elution procedure described above (2.20). 

2.24 Hybridisation 

The hybridisation of Southern and northern blots with either 

type of probe was the same. Filters were pre-hybridised for 2 h 

at 37°C in hybridisation solution (HS): 4 x SSC, 50% formamide, 

0.1% SDS, 1 x Denhardt solution (0.02% BSA, 0.02% polyvinyl 

pyrolidone, 0.02% ficoll), containing 50 4g/ml denatured, 

sonicated, salmon sperm DNA (Sigma) . Blots were then hybridised 

overnight in HS containing the labelled probe at 37°C with constant 

shaking. When probing for sequences thought to be present at low 

copy number, Dextran sulphate (Sigma) was added to the hybridisation 

solution at 5% concentration. 

After hybridisation the filters were washed at 37°C with 

shaking in 0.1% SDS, SSC (2 x, 1 x, =.5 x), 4 x 4 hr. washes. This 

was followed by 4 x 4 hr washes in SSC (2 x, 1 x, 0.5 x) only, 
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before air drying and exposing. The stringency of washing was varied 

depending on whether a homologous or heterologous probe was used and 

according to the specific activity of that probe. Blots could be 

dehydribised by boiling in 0.1 x SSC for 30 ruin, and reprobed as 

required. 

2.25 DNA sequencing 

Sequencing was carried out by cloning LDH-P DNA into M13 mph 

and using chain terminator reactions (Messing and Vieira, 1982; 

Sanger et al., 1977, 1980; Duckworth et al. 1  1981; Biggin et al. 1  

1983). The individual steps in the procedure (M13 cloning, sequencing 

reactions and gel analysis) are outlined: 

(i) M13 cloning 

(a) Preparation of M13 mp 11 (Messing and Vieria,1982) 

replicative forms 

A single plaque of M13 mpll on NM522 is picked into 

1 ml of L-broth and grown, with shaking for 6 h at 37°C. Meanwhile, 

a 10 ml culture of NM522 is grown to O.D. 550 rim = 0.5 added to 1.1 

of L-broth and when this has reached O.D. 550 = 0.5, 1 ml of the 

phage suspension is added and the culture grown for a further 

4 1-i. 	Bacteria are spun down at 8000 x g for 10 ruin and taken up 

in 10 ml of phage buffer plus 1 ml chloroform and allowed to 

lyse at 37°C for 10 mm. Bacterial debris is spun down at 8000.g 

for 10 ruin and the double stranded replicative form of M13 mp 11 

is purified by caesium chloride (CsCl) density gradient centri-

fugation; CsCl is added to 0.94 gm ml 1  plus ethidiurn bromide 

at 0.5 mg/ml final concentration. Gradients are spun at 38000. 

rpm in a Beckman 50.Ti rotor for 48 h. The lower, M13 band is 
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removed by side puncture, the ethidiuxn bromide removed by 

isopropanol-extraction and the phage DNA dialysed against TE for 2 h 

at 20°C. Yields of 500 i.ig of replicative form were rcutinely 

obtained per litre of cells. 

Cloning of ALDH-P.1 insert into M13 mp 11 

2 i.g  of vector DNA is restricted with EcoRl and extracted 

once with phenol, then once with ether, EtOH precipitated and 

re-dissolved in TE at 10 ng/l final concentration. This linear 

vector DNA was then ligated to the .XLDH-P.1 insert (126 bp) isolated 

from an 8% polyacrylaxnide gel (see 2.20 above); 2 .tl of EcoRl 

cut rector DNA (10 ng 41 1 ), 1 il of )LDH-P.1 fragment, 1 Ll 

10 mM ATP, 1 .i.l ligation buffer (500 mM Tris-HC1, pH 7 .5, 100 mM 

NaCl, 100 mm DTr), 4 .Ll H20, 1 41 ligase (New England Biolabs). 

Ligation was carried out for 3 h at 14°C. 

Transformation into NM522 

A 20 ml culture of NM 522 in L-broth was grown to OD 550 

rim = 0.3 and the cells spun down at 4000 x 9 at 4°C. Cells were 

resuspended in 10 ml ice-cold 50 mM calcium chloride and left for 

20 min before spinning down. Cells were again resuspended in 2 ml 

of ice-cold 50 mM CaC1 2 , aliquoted into 0.2 ml portions. 

Ligation mix was added and cells were kept on ice for 40 mm, then 

heat shocked at 42°C for 2 mm. Finally, cells were plated on 

minimal (+ glucose) plates by adding 3 ml of BBL top agar containing 

30 41 of X-gal indicator (20 mg ml- 
1 
 in dimethyl-formaride), 20 jLl 

of IPTG (24 mg ml- 
1 
 in H20) and 0.2 ml of exponential NM522 cells. 

Plates were incubated overnight at 37°C. 



(d) Preparation of single strand templates 

It was convenient to prepare at least 24 single strand 

M13 mp 11 - LDH-P.1 templates at the same time. A drop of saturated 

overnight culture of NM522 was added to 25 ml of 2 x L and aliquoted 

into 24 x 1.5 ml culture tubes. A single white recombinant plaque 

was placed into each aliquot and grown for 5 h at 37°C with constant 

shaking. Bacteria were spun down in an Eppendorf microfuge for 

5 min and the supernatants, containing single strand templates, 

were decanted into fresh Eppendorf tubes. Phage were precipitated 

by addition of 200 Ll of 2.5 M NaCl, 20% polyethylene glycol 

(PEG 600) and incubated at 20°C for 15 mm. After centrifugation 

at 10,000 x g for 5 mm, all traces of supernatant were removed, 

the phage resuspended in 100 Ri of TEand then phenolextracted. 

Single strand template DNA was EtOH precipitated and re-dissolved 

in TE to a final concentration of 1 Rg  41- 1. 

DNA from the replicative and template forms was analysed on 

1% agarose minigels (2.20) to check the progress of virus growth 

and cloning reactions (restriction, ligation, transformation) 

throughout the protocol. 

(ii) Sequencing Reactions 

For each sequening reaction the phage M13 single strand template 

is annealed with synthetic primer (New England Biolabs) in a 1.5 ml 

Sarstadt tube containing: 2 Ri of primer (0.1 pmol 41- 1 ), 

1.5 Ri of 100 mM Tris-HC1, pH 8.0, 50 mM MgC1 2 , and 7 Ri  of template 

DNA in TE. The sample is placed in a water bath at 75°C and the 

bath allowed to cool for 0.5-1 h. 
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Synthesis reactions are carried out in four 1.5 ml capless 

Sarstedt tubes. Two microlitres of annealing mixture is dispensed 

to the sides of each tube. 4 l-j.i1 aliquots of d ATP [S 35 ]methionine 

(Ainersham) at 400-600 Ci.mmol 1 . (1 Ci = 3.7 x iolo  Bq) are 

dried down in silanised tubes and redissolved in 2 41 of dideoxy 

T, C, G or A nucleotide mixes (10 mM ddNTP, New England Biolabs) 

with only 3 mM of dd ATP in the A-reactions, which are then dispensed 

into the reaction tubes. E.coli DNA polymerase I, large fragment 

(Boehringer) is diluted to 1.5 units in 8 41 with ice-cold 10 mM 

Tris-HC1, pH 8.0, 2 .il aliquots of which are quickly dispensed 

into the four tubes. Reactions start when the racks of tubes are 

centrifuged briefly at 2000 rpm (Eppendorf minifuge 5413). After 

20 mm, a chase of 2 .il of 50 mM dNTPs is added to each tube in 

the same manner. A further 35 mm. later, reactions are stopped 

by addition of 4 il of formamide dye mix to each tube (100% deionised 

formamide, 0.1% Xylene Cyanol FF, 0.1% bromophenol blue). Reaction 

tubes are placed in a boiling water bath for 2.5 min just prior to 

loading 2 41 samples in to the gels. 

(iii) Gels 

Gels are set between 20 cm x 50 cm glass plates separated 

by 0.35 mm Plasticard strips (Slaters, Matlock Bath, UK). The 

loading wells are 3 mm wide and set 1.5 mm apart. The various 

acrylamide solutions all contain 6% acrylamide (19:1 acrylamide/ 

bisacrylamide) and 460 g of urea per litre. The 10 x TBE buffer 

is 108 g Tris-HC1, 55 g of boric acid, and 9.3 g of EDTA per litre. 

Acrylamide gel mixes are made with 0.5 x, 1.0 x, and 5 x TBE. The 

5 x TBE gel mix contains lO%sucrose and bromophenol blue at 50 mg/ml- 
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Polymerisation is initiated by addition of 1.5 41 of 25% ammonium per-

sulphate stock solution and 1.5 41 of TEMED (N,N,N',N'-tetramethyl-

ethylenediamine) per ml of gel mix. Directly after addition of 

polymerising agents, gradient gels are poured exactly as described 

in Biggin et al. (1983); 	5-0.5 x at the bottom, 0.5 x above. 

The buffer in the electrode tanks is 1 x TBE. Gels are run at 

28 mA until the bromophenol blue dye present in the formamide 

loading buffer has run off the gel for 10-15 ruin; this is usually 

about 3 h for a gradient gel. The gel is fixed in 1 1. of 10% 

acetic acid, 10% methanol (v/v) for 10 ruin and then transferred to 

Whatnian 3MM paper covered with Saran Wrap (Dow). Gels are dried 

for 15 ruin and autoradiographed overnight using preflashed 

x-ray .film (Cronex-DuPont) in cassettes with lightning plus 

intensifying screens. 

2.26 Gel photography 

Gels were photographed under short wave uv light using Ilford 

HP5 professional 5" x 4" sheet film, and a red filter. Exposures 

were for 30 secs. to 2 ruin, followed by 5 ruin in Ilford Microphen 

developer and 5 ruin in fix. The relative mobilities of the DNA 

fragments were measured directly from the negative. 

2.27 Autoradiography 

Autordaiography was performed using CRONEX 4-x-ray 

film, cassette and lightning plus intensifying screens. The 

cassettes were stored at -70°C, for the appropriate time. 



PART III Protein Methods 

2.28 [ 35S]Methionine labelling of parasites 

Asynchronous material 

Asynchronous cultures at parasitaemias of 5 to 10% 

were labelled for 4 h, using 7.44 MBq [ 35Slmethionine ml- 1 

(Amersham specific activity 40-55 TBq nmiol 1 ) in Eagles 

medium minus methionine (Gibco) containing 10% human serum. 

Synchronous material 

Cultures were synchronised by two treatments with 5% 

sorbitol spaced 30 h apart essentially as described (Lambros 

and Vanderberg,and 2.8 above). After synchronisation the 

culture (0.5% parasitaemia) in the stock flask comprised 

15 ml blood plus 75 ml medium. 

In order to follow protein synthesis, samples 

(equivalent to 1 ml of blood) from the stock flask were harvested 

(800 x g) and sub-cultured every 6 h over a period of 48 h 

in 5 ml of radioactive medium (Eagles medium lacking cold 

methionine, and supplemented with 4.65 MBq [ 35S]methionine 

and 10% human serum). These cultures were labelled for 6 h, 

harvested, washed once in phosphate buffered saline (PBS) 

and frozen at -70°C until needed for extraction and analysis. 

The cultures were monitored throughout by taking blood smears 

and staining with Giemsa. Total radioactive incorporation 

was monitored by trichioroacetic acid (TCA) precipitation. 
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2.29 Extraction of parasite proteins 

Radiolabelled proteins 

Radiolabelled parasite preparations were thawed from -70°C 

into 4 pellet volumes of extraction buffer (EB) (0.01M Tris-

HC1 pH 8.0, 1 MM EDTA, 1 MM EGTA, 0.2 mg ml- 
1 
 PMSF, 1% 

NP40) , and left mixing at 4°C for 1 h. They were then 

centrifuged at 10,000 rpm at 4°C in an Eppendorf microfuge 

for 30 min and the supernatant retained for analysis by 

polyacrylamide gel electrophoresis in the presence or absence 

of sodium dodecyl sulphate (SDS-PAGE) directly or after 

iminunoprec ipitation. 

Unlabelled proteins (large-scale for purification of 

LDH-P) 

Large scale NP40 extracts were made in essentially the 

same manner as described for radiolabelled extracts 

described above, except that they were centrifuged at 

50,000 x g in a Sorvall OTD.50 (rpe.19 rotor). All 

manipulations were performed at 0-4°C. Usually, the 

starting material was 100-200 ml of infected blood at a 

parasitaemia of 5-10%. The final, extracted volume was 

between 250-500 ml; small aliquots (0.5-1 ml) of this were 

stored at -70°C for Western blot analysis (see 2.33 below). 

Parasite extracts for LDH-P analysis 

Parasites were concentrated by saponin-treatment 

modified from Zuckerman et al. (1967). Infected 

erythrocytes were lysed with 0.1% fresh saponin (BDH) for 10 

min at 4°C in the presence of 200 i.tg ml- 
1 
 phenyl methyl 



suiphonyl flouride (Sigma) spun for 10 min at 12 000.g and 

the parasite pellet washed six times in PBS at 4°C to remove 

host cell material. 

Parasites were lysed by incubation in lysis buffer 

(10 mM Tris-HC1 pH 8.0, 0.15 M NaCl, 1 mM EDTA, 1 MM EGTA) 

I %J .- 

with 2% NP40 (BDH) and 200 4g ml- 1 PMSF 
	

for 60 mm, 4°C. 

Insoluble material was removed by centr Lfuging (15,000 rpm 

Sorvall SC34, 20 mm, 4 0C). Using this procedure, parasite 

extracts free of contaminating host LDH isozymes could be 

routinely obtained for enzyme analysis. 

2.30 Immuno precipitation 

(i) Immunoadsorption to monoclonal antibodies coupled to 

Sepharose CL-4B 

(a) Affinity purification of IgG 

Monoclonal antibody 7.2 was purified from ascitic 

fluid of BALB/c mice (2.10) on protein-A-sepharose (Pharmacia) 

(Ey et al., 1978). A 10 ml column of swollen protein-A-

sepharose was equilibrated in 0.1 M phosphate buffer pH 8.0 

and ascitic fluid (10 ml) applied. The column was washed 

in 50 vols. of 0.1M phosphate buffer pH 8.0 and the 

specifically bound IgG eluted with 5 ml of elution buffer 

(0.1 M citrate, 0.15 M NaCl pH 3.0) and collected in a tube 

containing 1 ml of 1 M Tris-HC1 pH 8.5. The eluate was 

immediately dialysed against coupling buffer (CB; 0.1M 

NaHCO3 , 0.5 M NaCl pH 8.0). Protein concentrations were 

determined by measuring absorbance at 280 nn (O.D. 280 of 

1.0 = 0.69 mg ml- 1, ZgG). 



(b) Preparation of McAb-Sepharose 

The pure 7.2 IgG was coupled to cnBr-activated 

Sepharose CL-4B (Pharmacia) as suggested by the manufacturer. 

Briefly, the beads were pre-swollen and washed in 	M HC1 

for 15 min and mixed with pure 7.2 IgG, at 1 gin Sepharose 

CL-4B for each 10 mg of IgG, for 2 h at room temperature. 

The matrix was spun at 1000.g at 4°C, the supernatant removed 

and then washed in 0.2M glycine pH 8.0. This was removed and 

a further 10 ml of 0.2M glycine pH 8.0 added to block unbound 

sites, for 2 h at room temperature. The matrix was then 

washed in 0.1 M sodium acetate, 0.5 M NaCl pH 4.0 then 0.1 M 

NaHCO3 , 0.5 M NaCl pH 8.0 three times each. The 7.2-Sepharose 

reagent was then stored in phosphate buffered saline (PBS) 

containing 0.01% sodium azide, at 4°C. The IgG concentration 

was approximately 2 mg ml- 
I 
 of beads. 

(C) Immunoadsorpt ion 

To bind parasite material to 7.2-Sepharose, 

aliquots of NP40 parasite extracts, either labelled or 

unlabelled were incubated with 5-100 Li of the coupled beads 

for 2 h at room temperature. The matrix was washed three 

times in EB, 3 times in the same buffer containing 0.5 M 

NaCl (WBT) and 3 times in the same buffer but containing only 

0.05% Nonidet P40 (NP40) (WBII). Bound material was eluted 

with 75 l Laemmli sample buffer and applied directly to SDS 

slab gels (Laemmli, 1971). 
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(ii) linmunoprecipitation by sera 

Radiolabelled antigen extracts (100,000 cpm) were mixed 

with 10 41 of the serum under test and incubated for 2 h at 

room temperature. 200 41 of 10% (v/v) heat killed formalin 

fixed Staphylococcus aureus (Cowan 1) was added for 30 mm 

at room temperature. The complexes were then washed and 

eluted as described above for the McAb-Sepharose-absorbed 

material. 

2.31 Purification of LDH-P 

Large scale NP40 extracts were made as described above 

(2.29b). The extract (250-500 ml) was run through a McAb 7.2-

Sepharose 4B column (see above) at 50 ml h- 
1 
 under the control of 

a peristaltic pump. Columns were approximately 10 ml in volume and 

contained about 20 tug pure 7.2 IgG, purified on Protein-A-

Sepharose (Pharmacia) (2.30 above). After binding, the beads were 

washed with 200 ml EB, 200 ml WBI and 200 ml WBII. The antigen 

was eluted using 50 mM diethylamine, 0.1% NP40, pH 11.5. 1 ml 

fractions were collected into 0.2 ml 1 M Tris-HC1 pH 8.0. The peak 

fractions were monitored either spectrophotometrically or by running 

50 41 aliquots of each fraction or SDS-PAGE, and silver staining 

(Morrisey 1981). The peak was pooled (usually approx. 10 ml) and 

dialysed against 2 litres WBII (1 change). Protein was determined 

by the method of Bradford (1976). Yields varied from 500-1000 ig 

per preparation. 

2.32 LDH Enzyme Studies 

(i) Electrophoresis of LDH 

Electrophoresis of parasite lysates was carried out on 10% 
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polyacrylainide gels pH 8.9, with a 3 cm, 3% stacking gel at 

pH 9.4. 	The electrode buffer was 20 raM Tris-HC1, 20 mM 

glycine pH 8.9 and gels were run at 300 V for 10 h at 4°C. 

(Hemplemann and Wilson 1980). Specific staining for LDH activity 

was by the formazan procedure (Nachias et al., 1960). 	Briefly, 

the gel was incubated in a 'cocktail' consisting of 40 rag ml 

L(+)lithium lactate, 0.1 mg/ml NAD (nicotinamide adenine 

dinucleotide; Sigma Grade III) 0.1 mg/ml MTT (3-(4,5-dimethyl-

thiaxolyl-2)-2,5-diphenyl tetrazolium bromide). 0.01 mg/ml PMS 

(phenosine methosulphate) (all from Sigma); in incubation buffer 

(0.05 M Tris-HC1 pH 8.0). 

(ii) Enzyme Assay by Spectrophotometry 

For quantitative analysis of LDH activity, LDH was incubated 

in a 1 ml reaction cuvette containing 50 mM lithium lactate, 

10 raM NAD and 0.1 M glycine pH 11.0, measuring the absorbance 

change at 340 nra (24°C) on an LKB continuous recording 

spectrophotometer and pen chart recorder (Nielands,1955). 

Protein assays were carried out by the Coomassie G250 dye-

binding procedure of Bradford (1976). 

2.33 Western Blotting 

Western blotting was carried out essentially as Towbin et al., 

(1978) using a Bio-Rad Trans blot apparatus. Transfers were carried 

out for 4 h at 60 V/0.3 Amp at room temperature. Filters were 

saturated with 5% ovalbumin (Sigma) in TS (10 mM Tris-HC1, pH 8.0, 

150 mM NaCl) at room temperature for 1 h and probed with McAb 

ascitic fluid or rabbit sera in the same buffer at 1:300 dilution 

overnight. They were then washed five times in TS for 30 rain. 
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Blots were developed by one of two methods: 

Autoradiography 

Blots were incubated with 	I-Protein A from 

Staphylococcus aureus (specific activity 40 Ci/.Lg; 

0.5 .LCi/ml; 1 Ci = 3.7 x 10 
10  Bq) in TS-5% ovalbumin for 1 h, 

washed as above, dried and autoradiographed with an intensifying 

screen for 16 h 

Enzyme-linked immunosorbant assay (ELISA) (Towbin et al., 

1978). 

Blots incubated with mouse McAbs were first probed with 

a polyvalent rabbit anti-mouse IgG seruxn,at a 1:500 dilution 

and then with horse radish peroxidase-conjugated goat anti-

rabbit IgG (Sigma). 	Blots incubated with rabbit sera were 

incubated with horse radish peroxidase-conjugated goat anti-

rabbit IgG,only (Sigma). All blots were then washed 5 times 

in TS. In both cases, the conjugated enzyme was reacted with 

o-diariisidine dihydrochioride (Sigma) and hydrogen peroxide, 

giving a brown colour as a positive reaction within 5-10 mm. 

Blots were then washed in water for 10 mm, air-dried and stored 

in the dark. 

2.34 Autoradiograph' 

All gels containing [ 35 S] -methionine labelled proteins were 

fluorographed according to Bonner and Laskey (1974) or using 

commercial fluors such as En  Hance (New England Nuclear Corp.) or 

Amplify (Amersham) before drying down and autoradiography. Gels 

were exposed to preflashed X-ray film (Cronex-DuPont) in cassettes 

with lightning plus intensifying screens and stored for the appropriate 



time at -70°C. 

2.35 Indirect Immunofluorescence Assay (IFA) 

The specificities of monoclonal antibodies were determined 

by indirect immunofluorescence assay (Voller et al., 1980) using 

acetone-fixed infected blood as antigen. Cultured parasites were 

harvested when between 0.1 and 1.0% of red cells were infected with 

mature schizonts, the blood was washed 3 times and diluted in 

RPM1 1640 to contain at least 1O 4  mature schizonts and 105_l06 

other stages per 20 it1 aliquots, which were dried on to the wells 

of multispot glass slides (Hendley-Essex Ltd. U.K.). These slides 

were stored at -20°C in sealed containers with dessicant until 

required. The indirect immunofluorescence assay test was carried 

out at room temperature in a moist chamber. After fixation in acetone 

(20s) each well was treated with 50 41 of tested antibody for 30 

mm, the slides were washed and stained for a further 30 min with the 

fluorescein isothiocyanate conjugate of immunoadsorbant-purified 

polyvalent rabbit anti-mouse innumoglobulin (FITC-anti IgG, 

Miles-Yeda Ltd., Israel). The slides were counterstained with 

Evans Blue (0.1% in phsophate-buffered saline for 5 mm), mounted in 

50% glycerol and examined at 500 times magnification by fluorescence 

microscopy. 

For photography, immunofluorescence was performed on thin 

smears of infected blood which had been resuspended in foetal 

calf-serum. Photographs were taken with an Olympus 0M2 camera on 

Kodak Tri-X Pan film. 

ILUIó 



109 

2.36 Production of polyclonal antisera 

A polyclonal anti-(LDH-P) antiserum was raised in rabbits 

against purified LDH-P (see 2.29 b). 200 .tg of LDH-P in PBS was 

emulsified in 0.5 ml of Freund's complete adjuvant (Bacto Labs.) 

and injected subcutaneously into a female New Zealand white 

rabbit (12 weeks old), followed, four weeks later by a further 

200 4g injection emulsified in Freund's incomplete adjuvant (FICA) 

intramuscularly. After a further 2 weeks the rabbit was boosted with 

200 4g in FICA intramuscularly and bled by cardiac puncture, 2 

wee3 later blood was clotted overnight at 4°C, spun at 5000 x g 

for 10 min at 4 °c and the serum stored in 0.5 ml aliquots at -70°c; 

designated Rct(LDH-P). 

Similarly, a rabbit anti-(E.coli -galactosidase) antiserum 

was prepared by injection of 0.5 mg of 8-galactosidase (Sigma) in 

complete Freund adjuvant (subcutaneously and intramuscularly) 

followed at 4 week intervals by injection of 0.5 mg in incomplete 

Freund adjuvant. Serum was collected 2 weeks after the third and 

final injection; designated Rc(-gal). 

2.37 Preparation of sera for screening expression libraries 

Antibodies to E.coli in the rabbit anti-sera were removed by 

incubating 1 ml of the antiserum with a 10 ml sonicate of induced 

lysogens of BTA282 (10 10 cells lysogenised with XTn5) for 1 h at 

4°C. The antibodies were then diluted in TS:5% ovalbumin at 1:250. 

These antibody probes could be used repeatedly (5-10 times) before 

becoming exhausted. Probes we re stored at 4°C containing 0.01% 

sodium azide. 
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2.38 Immunological screening of expression libraries (Fig. 2.3) 

(i) >%Tn5 library as lysogens 

The method for screening the >%Tn5 cDNA library as 

lysogenic colonies is a modification of the strategies 

developed by Young and Davis (1983a), Kemp et al. 1  (1983), 

Stanley (1983) and Stahl et al., (1984) and outlined in 

Fig. 2.3. 

The XTn5 library 	t11::Tn5 lysogenised in BTA282) 

was spread on L-agar plates containing 15 4g ml- 
1 
 tetra-

cycline and 40 4g ml- 
I 
 kanamycin at a density of 10 cells/ 

plate and grown overnight at 30°C. Colonies were replicated 

on to nitrocellulose and incubated for 2 h at 30°C. 

Phage were induced by incubation at 42°C for 90 mm. Colonies 

were lysed by a modification of the method of Stanley (1983). 

Nitrocellulose discs were placed on a pad soaked in 5% SDS and 

heated in a 100°C oven for 15 mm. They were immersed 

(1 h, 20°C) in 5% ovalbumin in 10 mM Tris-HC1 pH 8.0, 

150 mM NaCl (5% OA/TS) containing 0.01% sodium azide, 0.2 

mg ml- 
I 
 phenylmethyl suiphonyl fluoride (PMSF) and 10 4g ml- 1 

DNase I, washed twice in TS and electro-eluted (1 h, 50 V) 

to remove SDS. The filters were further blocked in 5% OA/TS 

(15 min/20°C) and incubated overnight in antibody probe 

(McAb or RO((LDH-P)) diLuted 1:250 in 5% OA/TS (5 ml/ 

petri dish). They were washed 5 times in TS and those discs 

incubated with mouse *,,,!(::Abs were then probed with rabbit 

anti-mouse (IgG) antirum (Miles-Yeda, Israel) for 1 hr. and 

washed 5 times in TS. Both McAb and rabbit-antisera 
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probed discs were finally incubated in a 1:1000 dilution of 

peroxidase-conjugated goat anti-rabbit IgG in 5% OA/TS 

(5 ml/disc, 4 h, 4 0C). After a further 5 washes in TS, the 

ELISA reaction was developed as described above (2.33 and 

Towbin et al., 1978). 

(ii) ATn5 and XAmp3 cDNA libraries as plaques (Fig. 2. 3) 

The method followed for screening the XTn5 and X.mp3 

cDNA libraries as plaques was essentially as described in 

Young and Davis (1983b). Briefly, Xqtll recombinant phage 

are plated on a lawn of E.coli Y1090 and incubated at 42°C 

for 4 h. A dry nitrocellulose filter, previously saturated 

with 10 mM isopropyl thio--D-ga1actopyranoside (IPTG; 

Sigma), is overlaid; the plates are then removed to 37°C for 

5 h. The position of the filter is marker with a needle, the 

filter is removed, washed in TS, and then incubated in 5% 

OA:TS for 1 h at room temperature. The filter is then 

incubated in 5% OA:TS containing antibody at 1:100 dilution 

(serum or IgG (10 mg.m1 1 )) overnight at room temperature. 

The filter is subjected to 5 x 5 min washed in TS, then 

incubated with the horse radish peroxidase conjugated goat 

anti-(rabbit TgG) antiserum for 4 h and treated for ELISA 

development as above. 

For the XTn5 cDNA library, approximately 10 plaques 

were plated on 90 mm diameter petri dishes whereas for the 

)Amp3 cDNA library, a much higher density screening was 

used (5 x 10/ 90 mm dish) 
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2.34 Analysis of lysogen proteins by SDS-PAGE 

Total proteins from lysogens for gel analysis were obtained 

as follows. Young L-broth cultures of lysogens (in BTA282), 

containing 15 i.g m1 1  tetracycline and 40 jig ml- 
1 
 kanamycin, 

were induced (90 mm, 42°C), centrifuged (1500 x g, 10 mm) and the 

bacteria (approximately 2 x 10) re-suspended in 60 jil of 10% SDS, 

0.1 mg ml- 1 PMSF (15 min 20°C) and boiled (2 mm). 180 jil of 

Laemmli sample buffer containig 7% 2-mercaptoethanol was added and 

after further boiling, the samples were electrophoresed on SDS-PAGE 

slab gels (Laemmli 1970) and Western blotted as described above. 

2.40 Immunisation of mice with bacterial lysates of cDNA clones 

The protocol followed here was based on that devised by 

McKay et al., (1981). Single P.falciparum cDNA clones were picked 

into 1 ml of L-broth containing 0.5 j.ig m1 1  kanamycin, grown 

overnight at 30°C, diluted 1:10 into fresh L-kanamycin broth and 

grown for a further 2 h at 30°C. Cultures were then induced at 

42°C for 15 min and grown for a further 2 h at 39°C. 

The bacteria were pelletted and prepared for injection by freeze-

thaw lysis 3 times in phosphate buffered saline. Mice (BALB/c) 

received an equivalent of 10 ml of bacteria from induced 

cultures. They were injected intraperitoneally with 200 41 of 

lysate emulsified with an equal volume of Freund complete adjuvant. 

Four weeks later, the mice were injected with 200 jil of the lysate 

in an equal volume of Freund incomplete adjuvant. A final boost 

of 200 jLl in FICA was given 2 weeks later and the mice bled 10 days 

post challenge. 
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2.41 Antibody Select 

The general scheme for antibody select is illustrated in 

Fig. 2.4. 

Ci) Purification of fusion polypeptide 

LDH-P fusion polypeptide for antibody select was purified 

as follows. Approximately 10 11 lysogens (in BTA282) 

harbouring XLDH-P.1, 2 or 3 were grown up and harvested 

as described in 2.39 above. The bacterial pellet was 

resuspended in 4 ml cold 10 mM Tris-HC1, pH B.O. 100 mM NaCl, 

1 mM EDTA (TNE) and left on ice for 5 mm. 4 ml of 50% 

sucrose in TNE were added, followed 	10 min later by 8 ml 

of 4 mg ml- 
1 
 lysozyme (Sigma). After a further 15 min on 

ice, 4 ml of 0.25 M EDTA, pH 8.0, and 2 ml of 10% 

Nonidet P-40 (BDH) were added. The suspension was freeze-

thawed and the DNA sheared by 5 times extrusion through a 

19-gauge needle. The extract was then spun at 13,000 g, 

4°C, 30 min and the supernatant used as the source of LDH-P 

fusion polypeptide. 

Anaffinity column was constructed by coupling E.coli 

P -galactosidase (Sigma) to CNBr-activated Sepharose CL-4B 

beads (Parhmacia) as described above (2.30) (2 mg/ml of 

swollen beads; 2 ml total column volume). The column was 

equilibrated in EB and the bacterial extract loaded on to it. 

After extensive washing in 50 vols. of EB, WBI and WEll, 

specifically bound material was eluted with 5 ml of 0.1 M 

giycine-Cl, pH 2.6, 0.15 M NaCl (15 mm, 20°C) . The eluted 

material was neutralised with 2 ml of 1 M Tris-HC1, pH 8.0 
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and dialysed against coupling buffer (CB). 

Preparation of fusion protein affinity matrix 

Two types of affinity matrix were constructed. Firstly, 

the pure LDH-P fusion protein was incubated with nitrocellulose 

(100 4g/15 cm 2 ) for 2 h at 20°C. After washing and blocking 

the filter as described for western blots in 2.33, it was used 

immediately for antibody select. 	Alternatively, a second, 

more stable matrix was made by covaleritly coupling the 

LDH-P fusion protein to CNBr-activated Sepharose CL-43 beads 

(Pharmacia) as usual. 

Antibody Select 

For antibody selection, 1 ml of undiluted rabbit anti-

(LDH-P) serum was incubated with either type of matrix 

(5 cm  of nitrocellulose, or 2 ml of beads) overnight at 4°C. 

After 5 washes in TS, specifically bound antibodies were 

eluted by incubation with 2 ml of 0.1 M glycine-Ci pH 2.6, 

0.15 M NaCl (15 mm, 20°C). The eluted material was 

neutralised with 2 ml 1 M Tris-HC1, pH 8.0. These selected 

antibodies were tested by immunoprecipitation from [ 35 S]-

methionine labelled parasite extracts and by western blotting. 

For the latter method, the antibodies were diluted into 

16 ml of 5% OA/TS and extensively adsorbed against a 2 ml 

sonicate of lysogens of BTA282 harbouring XTnS as described 

above (2.37). 
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2.42 SDS-polyacrylamide gel electrophoresis 

Proteins were fractionated according to their size using the 

sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

system first described by Laemmli (1970). However, in this case 

3.75% stacking gels and either 10% or 7.5% slab running gels were 

used (15 x 15 x 0.2 cm). A mixture of high and low molecular mass 

size markers (Pharmacia) gave a range of molecular mass from 

14,400 to 220,000 daltons: ferritin (220,000), phosphorylase b 

(94,000), albumin (67,000) catalase (60,000) ovalbumin (43,000) 

lactate dehydrogenase (36,000), carbonic anhydrase (30,000), 

trypsin inhibitor ( 20,100 ), ferritin (18 000), & -lactalbumin 

(14,000). Proteins were visualised either by Coomassie brilliant 

blue (Sigma) or by silver staining, using the revised protocol of 

Morrisey et al. 1  (1981). 

In some gels, radiolabelled protein markers (Arnersham) were 

used; these consisted of the following 
14
C-labelled proteins; 

myosin (200,000), phosphorylase b (92,500), bovine serum albumin 

(69,000), ovalbumin (46,000) , carbonic anhydrase (30,000) and 

lysozyme (14,300). 
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3.1 Introduction 

The objective of this work has been to isolate parasite genes 

by expressing their gene products in E.coli. 	To this end it was 

advisable to seek relatively abundant parasite proteins whose gene 

products could be defined and readily characterised. The parasite-

specific lactate dehydrogenase, denoted LDH-P, was chosen for this 

reason to serve as a model for parasite gene organisation and 

expression. In addition, knowledge gained in studying LDH-P 

could be useful to develop techniques for manipulating parasite 

RNA and DNA and their expression in E.coli. 

LDH-P is a major metabolic enzyme of P.falciparum (see 

Chapter 1 section 1.8) and may be a potential site of anti-malarial 

drug action. It is, therefore, an important protein to study in 

its own right. 

Experiments described below contribute to characterisation of 

LDH-P and provide direct evidence that a monoclonal antibody 

recognises the enzyme subunit. Despite the problem of obtaining 

sufficient quantities of parasite proteins, monoclonal antibody 

affinity chromatography has proven to be a very powerful tool for 

the purification of LDH-P for structure and function analysis. 

3.2 Results 

3.2.1 Detection of LDH-P in non-denaturing gels. 

It is possible to detect lactate dehydrogenase activity 

in crude protein extracts of P.falciparuxn. Extracts are run on non-

denaturing polyacrylaniide gels and the whole gel is assayed for LDH 

enzyme activity using a formazan-dye method (Methods). Best 

HE 
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resolution of LDH-P and host erythrocyte isozyme bands, with minimal 

loss of enzyme activity, was obtained using a modification of the gel 

system originally developed by Hempelnaann and Wilson (1980) (Methods). 

The parasite-associated enzyme activity appears as a single, 

distinct band, quite separate from the multiple host enzyme bands 

(isozymes) , which often contaminate crude preparations (Fig. 3.1a). 

Only four of the human erythrocyte LDH isozymes are resolved on this 

gel system, the fifth (A4 ) migrates off the gel towards the 

cathode. 

Parasites may be freed from infected erythrocytes by the use 

of saponin detergent which selectively lyses red cells, leaving the 

parasites in tact (Methods) . However, host cell material often 

contaminates the liberated parasites and must be extensively removed 

in order to produce a preparation containing exclusively LDH-P 

activity as judged by gel assay (Fig. 3.1b). 

The presence of a single, unique LDH-P band and its position 

relative to the erythrocyte isozymes seen here is consistent with other 

published P.falciparum LDH-P enzyme patterns on polyacrylamide gels 

(Vander Jagt, 1981). However, it differs from the pattern seen 

with starch and cellulose-acetate gel systems (Sanderson et al., 1981) 

as both the ionic conditions and pH of these gels differ from those 

used in the polyacrylamide gels; separation of proteins in all 

these non-denaturing systems is highly pH-dependent. 

Assaying LDH-P activity by non-denaturing gels is qualitative 

but was chosen as the initial assay method because the presence of 

any contaminating host LDH activity could be readily detected in 

each new experiment with fresh parasite material. Later a 



Fig. 3.1 

Track 1 P.falciparum NP40 extract of whole 

parasitised erythrocytes. 

Track 2 P.falciparum, X 10 dilution of track 1 

Track 3 Normal erythrocytes NP40 extract 

Track 1 P.falciparuin NP40 extract of saponin lysed and 

washed parasitised erythrocytes.. 

Track 2/3 NP40 extracts of normal erythrocytes. 

Track 2, - 541 of blood, Track 3 - 25 41 

of blood. 

Track 1 

	

	P.falciparum, 1(1, NP40 extract of sponin 

lysed parasitised erythrocytes 

Track 	P.falciparum Taq 9/96, NP40 extract 

of saponin lysed parasitised erythrocytes. 
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spectrophotometric assay (Methods) was used for quantitative work, 

after the initial link between LDH-P and P35, the molecule bound 

by the monoclonal antibody 7.2,had been firmly established (see 

below). 

Only a single band of LDH-P activity was observed with either 

Ki or Taq9/96 isolates of P.falciparum used in these studies 

(Fig. 3.1c). This agrees with the work of Thaithong et al. (1981) 

which demonstrated that all P.falciparuxn isolates from South East 

Asia, including Ki and Taq 9/96, have only the LDH-1 variant of 

LDH-P activity. The alternative variant denoted LDH-2, is never 

found in S.E. Asian forms. 

3.2.2 Monoclonal antibody recognising LDH-P monomer. 

As discussed in the Introduction (section 1.8), all 

eukaryotic and prokaryotic LDHs so far studied have subunits with a 

molecular mass of 35 kD. We were alerted to the fact that 

P.falciparum directs de novo synthesis of an abundant polypeptide 

of the same apparent molecular mass during intra-erythrocytic 

growth. It can be seen as a pronounced band in total [ 35S]-

methionine-labelled proteins extracted from mixed erythrocytic 

stages of the parasite (Fig. 3.2). Knowing that the erythrocytic 

stages of P.falciparum are anaerobic and produce large quantities 

of lactic acid, we thought that the 35 kD protein could be the 

parasite LDH-P subunit. This study has been greatly helped by the 

isolation of monoclonal antibodies (McAbs) against LDH-P. 

From the bank of monoclonals raised against the Ki isolate of 

P.falciparum (McBride et al. 1982) and initially characterised by Hall 

et_al., (1983) , three were shown to recognise an abundant 35 kD parasite 



Fig. 3.2 

Proteins recognised by McAbs 2.32, 7.2 and 7.8 

Autoradiograph of 10% SDS-PAGE. Iunoprecipitation from 

[ 35S]-methionine labelled P.falciparuin proteins in vivo. 

	

Track 1 	( 14C) methylated protein markers (Ainershain) 

	

2 	McAb 2.32 eluate 

	

3 	McAb 7.2 eluate 

4 McAb 7.8 eluate 

	

5 	Total [35s] met. labelled P.falciparum 

proteins. 
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protein in [ 35S]-methionine-labelled protein extracts. These McAbs 

were designated 7.2, 7.8 and 2.32 (Fig. 3.2). One of these 

(McAb 7.2) has been studied in detail in the following sections. 

LDH-P is likely to be a cytoplasmic enzyme, distributed 

throughout the parasite rather than being localised into organelles 

or surface membranes. Indirect immunofluorescence (IFA) has been 

used successfully to study the distribution of antigens in malaria 

parasites (Holder and Freeman 1981, 1982; McBride et al., 1982; 

Hall et al., 1983) and this technique was applied to study 	the 

pattern of the three McAbs recognising the 35 kD protein to 

establish its cellular distribution. All three McAbs were initially 

classified by Hall et al., (1983), into a single group (group I) on 

the basis of their IFA patterns. They all produced a uniformly 

bright, generalised staining of all blood stages, including 

gametocytes, on acetone-fixed parasite preparations (Methods) 

(Fig. 3.3a). However, none of the McAbs reacted with unfixed 

parasites from saponin-lysed cells (data not shown) , and thus 

do not recognise surface antigen(s). So the IFA-patterns of these 

three McAbs is consistent with their binding to a cytoplasmic, 

diffusely distributed antigen. 

In addition, out of 27 world-wide isolates of P.falciparum 

tested by IFA, these group 1 McAbs reacted positively with all 

27 isolates (Hall et al., 1983) . Thus the antigen must be a common 

component of P.falciparuni isolates throughout the world. 

Two other McAbs are included here to illustrate the 

distinctly different IFA patterns seen with antigens located in 

parasite organelles and membranes. McAb 2.13, representative of 

119 



Fig. 3.3 

Indirect ImmunofluorescenCe assay of McAbs 

Different patterns of indirect immunofluorescent assay (IFA) 

staining produced by monoclonal antibodies on acetone-fixed 

blood films of P.falciparum, Ki isolate (see Methods). 

(a) IFA staining with McAb 7.2 (Group I) 

trophozoite 

schizont 

merozoites 

(b) IFA staining with MCAb 2.13 (Group II) 

merozoites 

ring-forms 

(c) IFA staining with McAb 7.3 (Group IV) 

(i) schizont 

Bar 0-10 pm. 
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group II monoclonals, reacts with free merozoites and merozoites 

within schizonts, producing an intense staining localised to an area 

of the rnerozoite, smaller than and distinct from the parasite nucleus 

(Fig. 3.3b). McAb 7.3, representative of group IV, illustrated in 

Fig. 3.3c, produces an intense staining around the perimeter of 

individual merozoites within developing schizonts and also after 

their rupture. Both these McAbs are known to recognise surface 

antigens and their IFA patterns are consistent with this biochemical 

data (Hall et al., 1983). 

There is only one major [ 35S]-methionine -labelled polypeptide 

at 35 kD recognised by McAb 7.2. Sequential immunoprecipitation using 

McAb 7.2 IgG conjugated to Sepharose CL-4B beads (Methods), totally 

depleted the major [ 35S]-methionine-labelled parasite extracts, as 

judged by one-dimensional SDS-PAGE (Fig. 3.4). 	Thus, the 35 kD 

protein seen in total labelled parasite proteins must be the antigen 

recognised by McAb 7.2; this antigen is designated P35. 

McAB 7.2 precipitates P35 from each of the three major stages 

of the asexual erythrocytic cycle - rings, trophozoites and schizonts. 

Synchronised cultures of P.falciparum were labelled with 

methionine in vitro, proteins extracted and immunoprecipitated 

using 7.2 Sepharose. Fig. 3.5 illustrates the profile of total 

synthesis in vivo in rings, trophozoites and schizonts and the 

corresponding immunoprecipitates from each of these stages. 

Thus we have an abundant [ 35S]-methionine labelled polypeptide 

(approximately 5% of total synthesis measured by gel scanning), 

having a molecular mass of 35 kD and is recognised by at least 

three monoclonal antibodies. The epitope recognised by these McAbs 



Fig. 3.4 

Sequential ixnmunoprecipitation from [35S]-met. labelled parasite 

proteins using McAb 7.2-Sepharose. Autoradiograph of 10% SDS-PAGE 

Track 1. [ 35S] --met. labelled total parasite proteins 

2 	7.2-Sepharose eluate from 1 

3 Parasite proteins remaining after first 

immunoprecipitation 

4 	7.2-Sepharose eluate from 3. 

5 Parasite proteins remaining after second 

immunoprec ipitation 

6 	7.2-Sepharose eluate from 5 

7 Parasite proteins after third immunoprecipitation 

8 7.2-Sepharose eluate from 7 

9 Parasite proteins after fourth immunoprecipitation. 



kDa 1 	2 
2OO- 

92.5. 

69 
Now 

46-  

P35 

3o- 

4: 	P35 

3L+56 789 

1r - I 



Fig. 3.5 

Proteins synthesised in vivo and analysed on 10% SDS polyacrylamide 

gels 

Tracks 1-3 	135S1 methionine-labelled proteins 

precipitated by McAb 7.2-Sepharose 

from P.falciparum cultures enriched for: 

Track 1 Rings 

2 Trophozoites 

3 Schizonts 

Tracks 4-6 	Total [ 35S] methionine-labelled proteins 

from fractions enriched for: 

Track 4 Rings 

5 Trophozoites 

6 Schizonts. 



Fl G. 3.5 

123 	1+56 

omm- 
- 

Irwis 

V 
P35 - 

3C 



is present in 27 world-wide isolates of P.falciparum. P35 is present 

in all stages of the intra-erythrocytic cycle and is probably a 

cytoplasmic molecule. The experiments described below provide a 

direct demonstration that P35 is the monomeric subunit of LDH-P and 

that McAb 7.2 specifically recognises the parasite enzyme. 

3.2.3 Effect of McAb 7.2 on LDH-P activity 

When an extract of P.falciparum proteins is incubated with 

McAb 7.2 and the whole antigen-antibody complex loaded on non-

denaturing gels, the mobility of the LDH-P is dramatically altered. 

The LDH-P-McAb complex is selectively immobilised at or near the 

origin of the gel, with a concomitant loss of native LDH-P activity 

at its usual position. The migration of the blood isozymes is 

unaffected (Fig. 3.6). The fact that the McAb-LDH-P complex still 

retains LDH activity strongly indicates that the epitope recognised 

by McAb 7.2 is not directly in the active site of LDH-P as this 

would affect its catalytic activity. 	To confirm that 7.2 

recognises LDH-P, immunoadsorption using an affinity matrix of McAb 

7.2 IgG coupled to Sepharose CL-4B beads was carried out (Methods). 

A parasite extract containing LDH-P activity was incubated with 

7.2-Sepharose, then centrifuged to remove the affinity matrix 

plus bound antigen and the supernatant remaining was loaded on non-

denaturing gels. In this way it was possible to progressively 

remove LDH-P activity with increasing amounts of 7.2-Sepharose. 

The only protein specifically bound by 7.2-Sepharose from the extract 

was P35 (Fig. 3.7 panel (a) LDH activity; panel (b) 7.2-Sepharose 

eluates). Incubation of the same extract with Sepharose CL.-43 beads 

only, had no effect on LDH-P activity, nor were any proteins 
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Fig. 3.6 

Effect of McAb 7.2 on LDH-P activity 

10% non-denaturing polyacrylaxnide gel stained for LDH activity 

by formazan method. 

50 41 of parasite protein extract were incubated either in 

the presence (tracks 1 and 4) or absence (tracks 2, 3 and 5) 

of McAb 7.2 IgG for 2 h at 23°C, then loaded directly on to the 

gel. 
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Fig. 3.7 

Effect of McAb 7.2-Sepharose on LDE activity 

50 41 parasite protein extracts, free of contaminating host LDH 

isozymes, were incubated with increasing amounts (0, 5, 10, 15, 

20 .il beads) of McAb 7.2-Sepharose for 2 h at 20°C. Samples 

were centrifuged (10 000 x g, 5 min 20°C) and supernatants 

loaded on to: 

(a) 10% non-denaturing polyacrylamide gels — stained 

for LDH activity 

Track 1 Human erythrocyte extract 

2 	— 

3 	0 41 7.2-Sepharose 

4 	5 41 	" 	 II 	 II 

5 10 41 " 	
" 	SI 

6 	15 41 	" 	 1 	 SI 

7 20 41 " 	 " of 

8 25i1 	" it 

7.2-Sepharose pellets were washed, eluted in 

Laemmli sample buffer and loaded on to 10% SDS-PAGE 

(b) Track 1 	041 7.2-Sepharose eluate 

2 	541 	11 	 of U 	 U 

3 	10pL1 	of 	
it 	II 	 to 

4 	15l 	of 	
of 	is 	 to 

5 	2041 	If 	it 	 11 

6 	25.tl 	It II 	 It 

7 Markers (Pharmacia) 

Coomassie stained. 
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specifically bound to the beads, Fig. 3.8 panel (a) LDH activity; 

panel (b) Sepharose eluates. 	Thus the antigen removed by the 

7.2-Sepharose reagent must be LDH-P,having a subunit mass of 35 kD. 

3.2.4. Western blotting 

A parasite protein extract was run on non-denaturing PAGE 

and stained to localise the LDH-P activity (Fig. 3.9). It was then 

electrophoretically transferred to nitrocellulose in its active 

state. This western blot was exposed to McAb 7.2 antibody to 

allow binding to epitopes transferred from the gel. The antibody 

which remained specifically bound to the blot after extensive washing 

was visualised either by treatment with 
(1251]  -labelled Staphylococcus 

aureus Protein A and autoradiographed (Fig.3.9a) or by an enzyme-

linked immunosorbant assay (ELISA). The latter technique involved 

formation of an antibody sandwich coupled to horse radish peroxidase 

and subsequent colour development (3.9b 	). It can be seen from both 

techniques that McAb 7.2 binds to a unique position on the blot, 

which coincides exactly with the position of LDH-P activity previously 

recorded on the original non-denaturing gel. 

Control blots incubated with a monoclonal antibody recognising 

a schizont-specific membrane antigen of 190 kD, designated P190 

(Hall et al., 1983, 1984a) did not bind to this specific region on 

the blot (Fig. 3.9c). 

Interestingly, McAb 7.2 did not bind to any of the LDH isozyines 

in human erythrocytes; the epitope recognised by 7.2 must be 

unique to the parasite enzyme. 



Fig. 3.8 

Control 

Effect of Blank-Sepharose CL-4B beads on LDH-P activity 

50 41 parasite protein extracts, as in (a), were incubated with 

increasing amounts of blank Sepharose CL-4B beads (5, 10, 15, 20 

l beads) for 2 h, 20°C and centriguged (10 000 x g, 5 ruin). 

Supernatants were loaded on (a) 10% non-denaturing polyacrylamide 

gels and stained for LDH activity. 

Pellets were washed and eluted with Laemxnli sample buffer 

and loaded on (b) 10% SDS-PAGE and Coomassie stained. 

Track 1 5 il Sepharose 

2 10 41 Sepharose 

3 15 41 Sepharose 

4 20 41 Sepharose 
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Fig. 3.9a 

Western blot of LDH-P (Autoradiograph) 

Tracks 112 Bands of LDH-P activity (arrow) in a formazan 

and 3 

	

	stained polyacrylamide gel of NP40 extracted 

P. falciparuni 

Western blot of (i) 

Nitrocellulose filter was probed with antibody, then 

1 125 11 - Protein A 

Tracks 1/2  Probed with McAb 7.2 

Track 3 	Probed with NS-1, non-secreting 

myeloma line. 
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Fig. 3.9b 

Western blot of LDH-P (ELISA) 

10% non-denaturing polyacrylaniide gel stained for 

LDH activity. 

Tracks 1/2 P.falciparum protein extract 

Western blot of (i) Nitrocellulose filter probed with: 

Track 3, blot of track 1, McAb 7.3 

Track 4, blot of track 2, Mcb 7.2. 

then rabbit anti (mouse IgG) antibody and finally 

goat anti (rabbit) antibody and colour development 

(ELISA, see Methods). 

Note McAb 7.3 does not recognise the LDH-P band and 

binds to a completely different position on the 

blot. 
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Fig. 3.9c 

(c) 10% SDS-PAGE, autoradiograph. 

Analysis of McAb 7.3, used in control blots (b). 

Track 1 Immunoprecipitate from [ 35S]met. labelled 

proteins by McAb 7.3 

2 Control; immunoprecipitation by 

Protein A Sepharose only 

3 Total [ 35S]met. labelled parasite proteins. 
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3.2.5. Major protein in LDH-P band is 35 kD 

The single band of LDH-P activity was separated from an 

extract, previously labelled with [ 35S] -methionine, by electro-

phoresis on a non-denaturing gel. The LDH-P band visualised by 

activity staining was excised, extracted in SDS-sample buffer and 

re-run on SDS-PAGE in order to determine the apparent molecular 

mass(es) of its component(s) . It proved to have a single major 

component migrating as a protein of 35 kD. Furthermore, this 

protein co-migrated with p35, the antigen immunoadsorbed by 7.2-

Sepharose from the sane initial labelled extract (Fig. 3.10). 

3.2.6. Affinity purification of LDH-P using 7.2-Sepharose. 

The protein which McAb 7.2 specifically binds, P35, 

has LDH-P activity. This was shown by using monoclonal antibody 

affinity chromatography which also allowed one-step purification of 

the LDH-P subunit in milligram amounts. 

Purified IgG from McAb 7.2 ascites fluid was covalently bound 

to Sepharose CL-4B beads as usual. 	However, a much larger column 

(10 ml) of this stable affinity matrix containing 7.2 IgG (10 mg/ml) 

was used now to study its effect on LDH-P activity in parasite 

extracts. Such an extract previously shown to contain no detectable 

host LDH activity was applied to the McAb column (Fig. 3.11 scheme). 

LDH activity was monitored quantitatively by spectrophotometric 

assay (Table 3.1). 

The column has a dramatic effect on the parasite LDH activity. 

The flow-through from the column lost all LDH activity. By contrast, 

a sample of beads removed from the column was found to have acquired 

LDH activity. Only a single protein could be eluted from these beads. 



Fig. 3. 10 

Co-migration of LDH-P and P35 on a 10% SDS-polyacrylamide gel 

Track 1. [ 14C]-methylated protein markers (Amersham) 

2 	- 

3 	[ 35S]-methionire labelled proteins extracted 

from LDH-P activity band 

4 	Proteins precipitated from [ 35S]-methionine, 

in vivo labelled P.falciparum extract by McAb 

7. 2-Sepharose 

P35 is indicated by arrow 
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Enzyme Activity Data: 

Purification of LDH activity by monoclonal antibody affinity 

chromatography 

All LDH activities were assayed spectrophotometric1ly (see 

Methods) . Protein concentration was assayed by the method 

of Bradford (Methods). 

(Increase in LDH-P specific activity when bound to the 

McAb column is 45 fold.) 



Table 3.1 

ENZYME ACTIVITY DATA 
Puri fcation of L[JH activity y monoclonal antibody affinity cnrnato'jraphy. 

Total 	LIM-P Total Specific 	(LOH-P) 

activity protein activity 

raction (0mol 	NADH produced (mg) ( 0mol 	NADI-t/min/mg) 

mm 

:nitial 	P.fal 	Ki 	extract 6.6 5.3 1.14 

721 Flow-through <0.1 5.1 <0.01 

Sepharose Column and bound antigen 5.6 0.11 51.4 

Eluate from column <0.1 0.11 <0.01 

Iniatial 	P.fal 	Ki 	extract 	3.5 4.9 0.71 

Flow-through 3.2 4.8 0.67 

ioluomn Column and bound antigen <0.1 <0.1 <0.1 

Eluate from column <0.1 <0.1 <0.1 
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It had an apparent molecular mass of 35 kD. A control column of 

Sepharose CL-4B beads only, neither trapped LDH activity, nor 

significant amounts of proteins. The protein eluted from the 7.2-

Sepharose column did not have LDH activity either by spectrophotometric 

or gel assay. This could be explained by the fact that the elution 

conditions used here (50 mM diethylamine pH 11,5,or SM urea, 0.5% 

NP-40) irreversibly inhibited enzyme activity, despite many attempts 

to dialyse away the elution buffers and restore enzyme activity. 

Other elution buffers such as iN potassium isothiocyanate (KCSN) 

or 2M urea or 0.1 M glycine pH 4.0, which were considered to be less 

injurious to LDH-P activity, were dramatically less efficient at 

eluting P35 from the affinity column. 

However, the fact that the McAb-column specifically removes 

LDH-P activity and that the column plus bound antigen (P35) has 

LDH activity is powerful evidence that McAb 7.2 binds the monomeric 

subunit of lactate dehydrogenase of P.falciparuxn. 

3.3 Discussion 

It has been possible to identify and partially characterise 

LDH-P, the parasite-specific lactate dehydrogenase, of P.falciparum. 

It is an abundant, metabolically important protein of the parasite. 

The combined results from the different experimental approaches 

adopted above lead to the conclusion that at least one monoclonal 

antibody, designated McAb 7.2, specifically recognises the enzyme 

subunit. 

The LDH-p molecule reocgnised by McAb 7.2 has an apparent 

molecular mass of 35 kD which is consistent with the subunit masses 

of all LDHs studied so far (Everse and Kaplan 1973). It has not yet 
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been possible to obtain the pure 35kD protein whilst retaining its 

LDH activity. This is most probably due to the irreversible 

denaturation of the enzyme following elution from the monoclonal 

antibody. Another possible explanation is that the native LDH-P 

enzyme is a multimer consisting of two or more 35 kD subunits and 

that the 35 kD monomer of LDH-P is enzymatically inactive. There is 

little information available as yet on the enzymatically active unit 

of LDH in any organism and whether monomers have LDH activity 

(Everse and Kaplan 1973; Jaenicke et al., 1971). The native 

in vivo mass of LDH-P has not been investigated here so it remains 

to be shown whether, like other eukaryotes, F.falciparum has 

tetrameric LDH. The recent work of Vander Jagt et al. 1  (1981) 

seems to indicate that LDH-P is tetrameric. They partially 

purified LDU-P using HPLC and noted that the LDH-P activity co-migrates 

with the peak of LDH activity from the erythrocyte isozymes. 

As the gel permeation columns in HPLC separate molecules according 

to native mass, it is reasonable to assume that the LDH-P molecule 

in vivo is a tetramer having a mass of 140 kD. A recent study on 

the blood protozoan parasite Trypanosoma cruzi, demonstrated that 

the native, active forms of six major parasite metabolic enzymes 

were identical to the isofunctional host enzymes; both subunit 

and oligomeric masses were the same (Jeremiah et_al. 1  1982) 

Furthermore. Ruth and Wold (1976) proposed, on the basis of an 

extensive comparison of glycolytic enzymes, that mcxikomeric and 

multimeric enzyme structures have been highly conserved through 

evolution. 

If LDH-P is indeed a tetramer it would have to consist of 



identical subunits to explain the presence of a single band of 

LDH-P activity in non-denaturing gels. In higher eukaryotes, 

there are two major subunit types (A andB ) coded by different genes 

(Ldh-a and Ldh-b respectively); hybridisation between A and B 

subunits leads to the multiple banding patterns on non-denaturing 

gels. As single bands of activity are seen for a number of multi-

meric parasite enzymes (see Chapter 1, section 1.8) it seems likely 

that the multimers consist of identical subunits coded by one 

locus. This fits into the model for the evolution of the LDH genes 

discussed in Chapter 1. Lower eukaryotes have only one LDH gene, 

whereas higher eukaryotes have two or more as a result of gene 

duplication and subsequent divergence. 

Monoclonal antibodies have proved to be very powerful tools 

in the present study of LDH-P, not only for identifying the enzyme 

subunit but also for rapid, one-step purification of milligram 

amounts of the enzyme; LDH-P of >95% purity has been obtained 

routinely. Similar strategies using monoclonal antibody affinity 

chromatography have proved to be highly successful for the 

isolation of many other defined malaria proteins for structure and 

function studies (Holder and Freeman 1981, 1982; Hall et al., 

1984a; Hope et al., 1984). LDH-P is an abundant parasite protein; 

there are approximately 4 x 10  LDH-P molecules per parasite 

(2.5 x 	gm/parasite), accounting for 5% of total parasite 

protein. This surprisingly high value for a constitutively 

expressed glycolytic enzyme may be due to the very active metabolism 

of the blood stages. The glycolytic enzymes of yeast can comprise 

25-65% of total cellular protein when the organism is grown on 

F4 
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glucose (Maitra and Lobo, 1974). Dramatic induction (ranging from 

3 to 200-fold) of each of the glycolytic enzymes was observed. The 

authors proposed that the synthesis of glycolytic enzymes in yeast 

cells results from regulated, differential gene expression rather 

than constitutive production of these proteins. Similarly, LDH-P 

may be specifically expressed in blood-stage parasites at a very 

high level because of the metabolic demands of rapid growth and 

division 'S the ready availability of glucose from the bloodstream. 

Perhaps LDH-P is expressed to a much lower degree in other parasite 

stages? The next chapter analyses LDH-P at the level of messenger 

RNA and its expression in the blood stages. 

Interestingly, McAb 7.2 does not inactivate LDH-P when bound, 

showing that the antibody does not block the active site of the 

enzyme either directly or indirectly by steric hindrance. 

Monoclonals can thus be used to probe structure and function within 

an enzyme. Dao et al., (1982) made similar observations with McAbs 

raised against rat liver glucose 6-phosphate dehydrogenase (G6PD). 

One of these recognised an antigenic determinant unrelated to the 

active site in that the McAb-G6PD complex retained G6PD activity. 

They propose to use this McAb as a highly specific probe to differentiate 

between active and inactive variants of the enzyme in vivo. 

Clark et al., (1982) and Carroll et al., (1982) have adopted similar 

approaches, raising McAbs against purified enzymes in order to 

generate specific probes or inhibitors of enzyme function. Antibodies, 

such as McAb 7.2, that do not appear to bind to the enzyme active 

site may be used to study other sites on LDH-P such as those 

essential for regulation or subunit-subunit interactions. 
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McAb 7.2 does not cross-react with any of the erythrocyte 

isozymes suggesting that the host and parasites differ at least 

with respect to some surface structures. In a recent study, 

Goldman-Leikin and Goldberg (1983) generated four high-affinity McAbs 

to mouse LDH-C 4 . None of these cross-reacted with any LDH-A 4  or 

LDH-B4  isozymes, not even from mouse, indicating that the determinants 

are unique to the sperm-specific isozyme. Furthermore, by competition 

radioimmunoassay and measurement of binding affinities, they were 

able to conclude that two McAbs recognised the same determinant 

whilst the other two recognised distinctly different structures. 

It would be interesting to carry out similar studies with the 

three McAbs recognising P35 available to us (McAb 7.2, 7.8 and 

2.32). Only McAb 7.2 has been shown conclusively to bind LDH-P. 

However, as the three McAbs give similar IFA patterns and recognise 

the only major polypeptide at 35 kD in the parasite it is reasonable 

to conclude that both McAb 7.8 and McAb 2.32 recognise LDH-P. 

Perhaps these three McAbs recognise different surface epitopes on 

the enzyme? 

By synthesising peptides corresponding to the predicted 

antigenic determinants in LDH-C 4 , Goldman-Leikin and Goldberg 

(1983) were able to localise the epitope of one of their McAbs 

to a sequence of 15 amino acids in the coenzyme binding loop of 

the enzyme. This small region is remarkably variable amongst the 

C-type isozymes of different eukaryotes in stark contrast to the 

absolute invariance of the binding loop in the A and B-type 

subunits. As discussed in Chapter 1, the current hope is to be 

able to develop an anti-fertility vaccine based on immunisation 
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with C-specific peptides. Monoclonal antibodies have already 

pinpointed candidate sequences for such a vaccine. The anti-LDH-P 

McAbs 7.2, 7.8 and 2.32 could be used to highlight salient 

differences between LDH-P and the isofunctional host isozymes either 

for anti-LDH-P vaccines or rational drug design. 

Recent studies (Vander Jagt et al. 1  1981) show that LDH-P is 

markedly more sensitive to the ionic detergent, sodium deoxycholate 

than either the H4  or m host isozymes. Whilst this reagent in itself 

is of no use in anti-malarial chemotherapy, it opens the possibility 

of differential inhibition of the parasite enzyme leaving the 

host LDH still active. As discussed in Chapter 1 (section 1.7) 

the rational selection of anti-LDH-P drugs depends on a detailed 

knowledge of the enzyme structure and how it differs from the host. 

Does the primary sequence of LDH-P differ from the host A and B 

subunit sequences as does the sperm-specific C subunit? 

With the milligram amounts of pure enzyme subunit made 

available by McAb affinity chromatography, the possibility of 

direct protein sequencing arose. However, the N-terminus of the 

LDH-P subunit is blocked by N-acetylation (Tony Auffret, 

Biochemistry Dept., Leeds; personal communication, using LDH-P 

from this laboratory). This makes Edman degradation sequencing 

impossible unless the protein is cleaved into smaller peptides and 

these peptides purified and sequenced. This requires much more 

LDH-P than we could provide (Bhown and Claude Bennett, 1983). 

This impasse has been circumvented by the isolation of cDNA clones 

for LDH-P (Chapter 5) and direct DNA sequencing (Chapter 6). From 

this data it will be possible to develop a detailed description of 



the LDH-P structure and compare it with the existing extensive 

body of knowledge on the primary and tertiary structures of 

eukaryotic LDHs (see section 1.9); rational design or selection 

of new anti-malarial drugs may then be possible. 

"ju 
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4.1 Introduction 

I have shown in Chapter 3 that LDH-P is a parasite specific 

L(+)lactate dehydrogenase. This enzyme could either be a modified 

version of a host protein or a totally different enzyme encoded in 

the genome of the parasite. I have already presented evidence in 

Chapter 3 (section 3.2 ) that LDH-P is labelled with [ 35S]-methionine 

by parasitised erythrocytes in vitro. 	This strongly suggests 

that it is parasite-encoded. However, the enzyme could still be 

largely host-derived and merely modified later by the parasite. 

Results described below clearly resolve this problem and it is the 

first time that the origin of a Plasmodium enzyme has been so 

definitely established. 

4.2.1 de novo Synthesis of LDH-P 

If LDH-P is parasite-encoded it should be synthesised de novo 

in parasitised erythrocytes. A great advantage of studying 

P.falciparum in vitro, is that the parasites are grown in mature 

erythrocytes from out-dated human blood (Trager and Jensen, 1976). 

These erythrocytes contain neither DNA nor messenger RNA and do 

not carry out protein synthesis (Perrin et al. 1  1981). Thus it is 

possible to monitor parasite protein synthesis by following 

incorporation of [ 35S]-methionine into protein. [ 35S]-methionine 

incorporation can be used as a record of parasite biosynthesis 

(Fig. 4 .1) (Tait, 1981), 

As described in Chapter 3, parasitised erythrocytes direct the 

de novo synthesis of an abundant [ 35S]-methionine labelled protein 

at 35 kD and McAb 7.2 precipitatLDH-P from these labelled products 

(Fig. 4 . 2). This is already strong evidence that LDH-P is parasite- 
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Fig. 4.1 

Incorporation of [ 35SJmethionine into TCA-precipitable 

material by parasitised and un-parasitised human erythrocytes 

in culture. 

Asynchronous P.falciparum cultures were labelled with 

[ 35S]methionine (Methods). 10 41 aliquots were withdrawn every 

30 mm. TCA precipitated, collected on GF/C (Whatman) filter 

circles and counted in Triton/Toluene/POPPOP scintillant. 

P-RBC: parasitised erythrocytes (5% parasitaemia) 

RBC: 	Uninfected erythrocytes 

The incorporation is expressed as cpm per 
10  

parasites in the 

case of parasite preparations or cpm per 2 x 10 red blood cells. 
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Fig. 4.2 

de novo synthesis of LDH-P 

Autoradiograph of 10% SDS-PAGE slab gel using [ 35S]methionine-

labelled P.falciparum proteins (in vivo) 

	

Track 1 	[ 14C]-labelled protein markers 

	

2 	[ 35S1-rnethionine total P.falciparum proteins 

	

3 	7.2-Sepharose iminunoprecipitate from (2) 

4 Blank Sepharose immunoprecipitate from (2). 
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encoded. However, the unlikely possibility still remains that the 

host red cell contributes some part of the LDH-P structure. 

This could only be resolved by isolation of the LDH-P messenger RNA. 

4-2.2  Tsolation and translation of ldh mRNA 

A definitive confirmation of the parasite-origin of LDH-P is 

provided by the fact that poly(A)RNA extracted from parasitised 

erythrocytes (Methods) directs synthesis in vitro of LDH-P by the 

rabbit reticulocyte translation system. 	The 35 kD band is one 

of the most abundant translation products accounting for 5-8% of 

total 1 3551 -methionine incorporated, judged by gel-screening 

(Fig. 4.3 track 2) .  Furthermore, incubation of the translation 

mix with McAb 7.2-Sepharose leads to specific precipitation of 

a single band at 35 kD (Fig. 4.3 track 4). This translation product 

co-migrates with the 35 kD protein precipitated by 7.2-Sepharose 

from parasite extracts labelled in vivo (Fig. 4.3 track 3). 	Thus, 

the epitope recognised by McAb 7.z must be formed by the polypeptide 

chain itself and not further modified after translation in vivo. 

In addition the fact that the 35 kD protein made in vivo co-migrates 

on SDS-PAGE with the natural parasite subunit strongly suggests that 

LDH-P has no major post-translational modifications. This conclusion 

arises from the fact that the rabbit reticulocyte lysate system 

does not carry out any post-translational activities such as 

glycosylation (Campbell and Blobel 19'6, Dobberstein et al. 1  1979) 

Thus the LDH-P monomer is synthesised as a 35 kD polypeptide that 

is not further modified. 

Leaving aside the origin of LDH-P for a moment, it is 

interesting to note that P.falciparum mRNA could be efficiently 

13 



Fig. 4.3 

Autoradiograph of l(j% SDS-PAGE slab gel. 

1 35 S] -methionine labelled P.falciparum proteins from in vivo 

parasite cultures and in vitro translation of p(A)RNA 

extracted from those asynchronous cultures. 

Track. 1 Total P.falciparum proteins in vivo 

2 Total P.falciparum proteins from in vitro 

translation of p(A)RNA 

3 7.2-Sepharose immunoprecipitate from in vivo 

synthesised proteins 

4 7.2-Sepharose immunoprecipitate from in vitro 

translated proteins. 
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translated in vitro by the rabbit recitulocyte lysate system only 

if the reactions were supplemented with additional tRNA fo a final 

concentration between 50 and 1004g/ml. Incorporation of [ 35S]-

methionine into TCA-precipitable material was stimulated 30 to 40 

fold above background when P.falciparum p(A) 4 RNA was added to the 

translation assay together with tRNA. Bewteen 5 x 10 and 5 x 10 

cpm/4gm p(A) 4 RNA, of specifically labelled proteins were routinely 

obtained. Wallach and Kilejian (1982) found that only homologous 

tRNA could sustain efficient translation of Plasmodium mRNA in vitro; 

only P.falciparum tRNA could sustain efficient translation of 

P.falciparum messenger RNA (Wallach, 1982). However, other workers 

(Gritzmacher and Reese, 1982; Hyde et al., 1984 and Odink et al., 

1984), have found that homologous tRNA may be replaced by heterologous 

tRNA. Hyde et al., (1984) conclusively showed that calf liver tRNA 

could adequately replace P.falciparum tRNA as a supplement to the 

in vitro translation systems. The siginficance of this tRNA 

requirement is more fully discussed in Chapter 6, in the light of 

the codon utilisation frequency of Plasmodium genes, including the 

ldh-p gene 

4.2.3 Expression and biosynthesis of LDH-P throughout the intra-

erythrocytic cycle. 

Having established that LDH-P is encoded in the parasite 

genome, the expression and biosynthesis of the enzyme could now 

be followed. Profiles of messenger RNA, protein synthesis and 

enzyme activity could all be traced through the intra-erythrocytic 

cycle, at each of the three major parasite stages; rings, 

trophozoites and schizonts. 

13: 
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The level of ldh-p mRNA in vivo could be measured indirectly 

by translation of total p(A)RNA in vitro and immunoprecipitation 

using McAb 7.2-Sepharose. Similarly, the biosynthesis of 	LDH-P 

and its enzymatic activity could be monitored through the cycle by 

extracting [ 35S]-methionine labelled proteins from synchronised 

cultures of P.falciparum in vitro. 

Total p(A)RNA was extracted from rings, trophozoites and 

schi.zonts, translated in vitro and the ( 35S]-methionine labelled 

proteins incubated with McAb 7.2-Sepharose. The specifically bound 

antigen(s) were eluted and run on SDS-PAGE slab gels (Fig. 4.4). 

It can be seen that the LDH-P monomer is present at all stages 

of the intra-erythrocytic cycle. In addition, the intensity 

of the LDH-P band is the same in all stages. As equal amounts of 

p(A)RNA (0.5 i.g) were translated from each of the stages, this 

strongly suggests that the ldh-p mRNA is produced at a constant 

level relative to total mRNA synthesis. 

This pattern is also true for the biosynthesis of LDH-P 

in vivo and the level of LDH-P enzyme activity throughout the intra-

erythrocytic cycle. Cultures of P.falciparum in vitro were 

synchronised with sorbitol, which selectively destroys trophozoites 

and schizonts leaving only ring stage parasites (Lambros and 

Vanderberg 1979) . Samples of parasitised blood were withdrawn 

every 6 hours and labelled with [3 5S]-methionine for 6 hours throughout 

the 48 hour intra-erythrocytic cycle from invasion of red cells 

to rupture of mature schizonts and release of merozoites (Holder 

and Freeman, 1982). Equal volumes of parasite protein extracts were 

loaded either directly on SOS-PAGE or used for immunoprecipitation 



Fig. 4.4 

Expression of ldh-p mRNA 

Autoradiograph of 10% SDS-PAGE slab gel; immunoprecipitation 

using 7.2-Sepharose from [ 35S]-methionine labelled in vitro 

translation products from rings, trophozoites and schizonts: 

Track 1 [ 14C]-labelled protein markers 

2 Schizont mRNA 

3 Trophozoite mRNA 

4 Ring mRNA 
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with 7.2-Sepharose (Fig. 4.5 panels a and b). The profiles of total 

biosynthesis indicate both constitutive and stage-specific proteins 

as found by other workers both for P.falciparum (Holder and Freeman, 

1983; Deans et al., 1983) and P.chabaudi (Newbold et al., 1982; 

Franco da Silvera et al., 1983). 	LDH-P appears to be constitutively 

synthesised throughout the cycle, representing a constant proportion 

(approximately 5-8%) of total synthesis in all stages. In addition, 

the level of LDH-P enzyme activity, assayed semi-quantitatively 

by loading equal amounts of protein from each of the labelled stages 

on non-denaturing PAGE and staining for LDH activity, shows a 

similar pattern. The level of LDH-P activity, per unit mass of 

parasite, is relatively constant throughout the intra-erythrocytic 

cycle (Fig. 4.6). 

4.2.4 Estimate of the size of the ldh-p mRNA 

Having successfully identified the ldh-p mRNA in extracts of 

total p(A)RNA, an estimate of its size was made by fractionation 

on sucrose-formamide density gradients. Small amounts (5-10 .igm) 

of p(A)+RNA were loaded on continuous 15%-30% sucrose gradients 

containing 50% formamide and centrifuged for 20 hours at 40,000 rpm 

(Methods). The denaturing conditions in the gradients should 

prevent aggregation of RNA and formation of secondary structures 

that would make individual messenger RNAs run anomolously. Thus 

RNA molecules should adopt positions along the gradient proportional 

to the log10  of their relative molecular masses (Brown and Suzuki, 

1976). Size markers consisting of '28S' and 'lSS' P.falciparum 

rRNA (Hyde et al, 1982) 1 23S' and '16S' E.coli rRNA and calf liver 

tRNA were also run on parallel gradients. After centrifugation 



Fig. 4.5 

Biosynthesis of LDH-P throughout intra-erythrocytic cycle 

Autoradiograph of 7.5% SDS-PAGE slab gel. Analysis of [ 35S1-

iuethionine labelled NP40-extracted protein from sorbitol 

synchronised cultures. 

(a) (i) 	Analysis of total proteins synthesised throughout the 

cycle. 

Samples contained equal numbers of parasites and 

therefore reflect the relative synthetic capacity at 

each stage of the life-cycle. A sample was taken 

every 6 h and labelled for a further 6 h. The 

times are as follows: 

Track 1 (0-6 h); 	2 (6-12 h) ; 3 	(12-18 h); 

4 (18-24 h) ; 5 	(24-30 h) ; 	 6 	(30-36); 

7 (36-42 h) ; 8 	(42-48 h) 

(ii) Immunoprecipitatiofl of samples of the same 

synchronised material shown in (i) to MCAb 

7 .2-Sepharose. 

Samples contained material corresponding to 

equal numbers of parasites, loaded on a 10% 

SDS-PAGE slab gel and autoradigraphed. 
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FIG.L.5c (ii) 
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Fig. 4.5 

(b) Morphological changes occurring throughout the life cycle 

of P.falciparum, after synchrony with sorbitol (Methods). 

For parasitaemias 1000 red blood cells were counted, and 

for differential counts, 200 parasites were counted. 
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Fig. 4.6 

Level of LDH-P enzyme activity through the erythrocytic cycle 

Non-denaturing 10% polyacrylamide gel stained for LDH enzyme 

activity. 100 41 of total P.falciparum protein from each of 

the stages des cribed in Fig. 4.5. 
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gradients were scanned for absorbance at 260 nm and are shown (Fig. 

4.7a) for the marker-tube and the p(A)RNA tube (Fig. 4.7b). Fractions 

(0.5 ml) from the IDRNA gradient were collected and translated in 

vitro (Fig. 4.8, panel a). Aliquots of each of the translation 

products were incubated with 7.2-Sepharose and the specifically 

bound proteins eluted and loaded on SDS-PAGE slab gels (Fig. 4.8, 

panel b). 

Fractions 16 and 18 along the gradient are highly enriched 

for LDH-P and thus also for the ldh-pmRNA (Fig. 4.9). By comparison 

with the marker RNAs, the peak of ldh-pRNA corresponds to a relative 

molecular mass of 0.8x 10 Da or 1.2 kilobase (±0.3 kb). This is a 

very pleasing result for two reasons. Firstly, it agrees with the 

estimate of the ldh-p mRNA size obtained by Northern blotting 

and probing with ldh-p cDNA probes (see Chapter 6). Secondly, the 

value of 1.2 kb (± 0.3 kb) is adequate coding capacity for a 

polypeptide of 35 kD, the LDH-P enzyme monomer. 

4.3 Discussion 

The data presented here lead to the conclusion that 

P.falciparum has a gene, denoted ldh-p, which encodes the subunit for 

a parasite-specific lactate dehydrogenase, LDH-P. The gene appears 

to be expressed throughout the intra-erythrccytic cycle at a constant 

level, as does the level of LDH-P synthesised in proportion to total 

biosynthetic activity. The ldh-p mRNAiS1.2 kb (± 0.3 kb), which is 

adequate to code for a protein of mass 35 kD. 

As reviewed in Chapter 1, (1.8) it it often difficult to 

establish whether an enzyme activity associated with infected 

cells is host or parasite-encoded. Most information comes either 



Fig. 4.7 

Size fractionation of P.falciparum RNA 

Absorbance (260 nm) profiles of sucrose-formainide density 

gradients using an ISCO-gradient analyser 

(a) Marker gradient containing: 

P.falciparuxn rP.NA PfL = large rRNA (1.5 x 
10  

Da) 

Pf5  = small rRNA (0.8 x 
10  

Da) 

E.coli rRNA 	EcL = large rRNA (1.11 x 
10  

Da) 

Ec5  = small rRNA (0.53 x 106 Da) 

Calf liver tRNA 	= 0.4 x 106  Da 

(b) 10 in p(A)RNA P.falciparum, also containing 5 41 c1tRNA 
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Pig. 4.8 

Sze fractionation of P.falciparum RNA 

In vitro translation products of fractions from suc rose- formamide 

density gradient. 100 	of each fraction, EtOH precipitated 

and translated in vitro in rabbit reticulocyte lysate in 

presence of 135Slmethionine  (Methods) 

(a) Total products (5 l of each translation sample) 

t) 	7 .-Sepharose iminunoprectitates from 25 i1 of each 

translation sample. 
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Fig. 4.9 

Estimation of size of ldh-p mRNA 

Molecular mass of ldh-p mRNA. The relative mobility for 

each of the RNA species is plotted against log 10 molecular 

mass. Each point is the mean of 3 different determinations. 

The line is the least-squares best-fit to these mean values. 

Standard deviations for marker rRNAs averaged 5% of the 

mean. 

Densitometric scan of 7.2-Sepharose immunoprecipitates from 

fractions translated in vitro (b). 

Peak of P35, and hence ldh-p xnRNA occurs at fraction 16 

corresponding to a molecular mass of 0.8 x 10 Da. 

(± 0.2 x 10 Da) or 1.2 kb (± 0.3 kb). 
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from observing unique enzyme activity bands on non-denaturing gels 

or demonstrating that the enzyme has distinctly different kinetic, 

regulatory or pharrnacologi;al properties compared with the host 

enzyme. However, neither of these approaches resolves the question 

of 	host versus parasite origin. The unique enzyme could 

be wholly encoded in the parasite genonie or host-encoded and taken 

into the parasite where it is modified producing an enzyme with 

distinct properties from the original. 

There are at least two ways to approach this problem. 

Firstly, the parasite-associated enzyme could be isolated, its 

primary amino acid sequence determined and compared with the 

corresponding host enzyme; any differences in sequence would 

indicate a parasite-encoded origin. Alternatively, the parasite 

enzyme gene or messenger ?NA could be sought. For LDH-P the former 

strategy is complicated by the paucity of enzyme monomer and the 

fact that the N-terminus is blocked by N-acetylation (see Chapter 

3: Discussion), making sequence studies much more difficult. 

We therefore chose to search for ldh-p messenger RNA (this chapter) 

and ldh-p DNA sequences (Chapters 5 and 6). This would complement 

our general strategy of studying parasite genes and testing the 

manipulation of parasite RNA and DNA (Hyde et al., 1984; Hope et al., 

1984; Hall et al., 1984). Following this approach, it has been 

possible to identify a 1 lobase ldh-p messenger RNA which can be 

translated in vitro to yiELd a 35 kD protein, identical in size 

to the LDH-P enzyme monomer synthesised in viva. 	This is the first 

time that the origin of a Plasmodium enzyme has been so definitively 

established. LDH-P is wholly encoded in the parasite genome. 

IS/ 



The ldh-p rnRNA appears to be very abundant judged by in vitro 

translation studies and in vivo labelling of the LDH-P monomer, 

representing 5-8% of total labelled polypeptides. Disregarding the 

unlikely possibility of an arte-factually high labelling of LDH-P 

with [ 35S1-methionine, the abundance of the enzyme monomer could 

be due to at least two factors. 	Firstly, the ldh-p mRNA could 

actually constitute 5-8% of total mRNA in the parasite. 

Alternatively, the ldh-p message could be translated with a much 

greater efficiency than other messages, leading to an abundance of 

LDH-P. In this second case, the level of ldh-p mRNA could then be 

much less than 5-8 of total mRNA indicated by the translation 

profiles in vitro. 	However, the simplest assumption to make is that 

the ldh-p mRNA is abundant and represents at least 5% of total 

p(A) 4 RNA of the parasite. This is relevant to the search for 

ldh-p gene sequences in cDNA libraries constructed from P.falciparum 

rriRNA; may be 5% of the clones will contain ldh-p sequences? 

(Chapter 5) 

The abundance of ldh-p mRNA raises an interesting question. 

LDH-P is an enzyme and most metabolic enzymes are referred to as 

'house-keeping' proteins because they are constitutively expressed 

in all cells at very low levels. The frequency of the mRNAs coding 

for these proteins is usually very low; perhaps only approximately 

10 copies of each message per cell (Hastie and Bishop, 1976). 

However, ldh-p mRNA is 5% of total mRNA in the parasite, 

representing 200-500 copies per cell (HerfoLd and Rosbash, 1977). 

A possible explanation for this  disr'repancy is that LDH-P is not 

a'honse-kepiiig' protein but ispecifical1.y and highly expressed 
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in hiond-stage parasites bcai'se of the active metabolism and rapid 

multiplication of these stages. That an enzyme should be encoded 

by such an abundant mRNA is surprising but not exceptional; 

glycaldehyde 3-phosphate dehydrogenase (GAPDH) accounts for over 

10% of the soluble protein in liver, muscle and brain in chicks 

(Milner et al., 1983) and G?PDH mRNA is equally abundant. In all 

these tissues there was an excellent correlation between the 

concentration of GAPDH enzyme and its mRNA, suggestive that the 

molecular basis for regulating the amount of GAPDH in different 

tissues is by controlling the steady state levels of cytoplasmic 

GAPDH mRNA. Setting aside the effect of metabolic status, such 

as substrate/cofactor ratios, on enzymatic activity, the authors 

proposed that the chronic activity levels of GAPDH are set at the 

level of the gene.. The absolute dependence of liver, muscle and 

brain on glucose could explain the need for large amounts of 

GAPDH. 

Abundant mRNA5 coding for glycolytic enzymes are also found 

in yeast cells. Holland et al., (1977) found that 25% of the p(A)RNA 

in vegetative yeast cells consisted of the mRNA5 for pyruvate 

kinase, aldolase and glyceraldehyde 3-phosphate dehydrogenase; the 

individual mRNAS have also been isolated by preparative gel 

electrophoresis (Holland and Holland, 1978). Since these enzymes 

are the most abundant proteins in yeast (each accounting for 5-10% 

of total cell protein) , the authors concluded that their high 

cellular concentration is under transcriptional control. Further-

more, the intracellular concentrations of the mRNAs correlated well 

with the reported intracellular levels of the respective glycolytic 

U 



enzymes. 

Strain-specific variants of lactate dehydrogenase activity have 

been observed in isolates of P.falciparum from The Gambia, 

Tanzania, Thailand and Cambodia (see Chapter 1, 1.9 ). Two 

variants have been distinguished, denoted LDH-1 and LDH-2 (Carter 

and McGregor, 1973). These variants have a striking regional 

distribution; LDH-1 occurs in parasites from all countries so far 

examined, whereas LDH-2 appears to be totally absent from South 

East Asian isolates (Thaitong and Beale, 1981). Thus the Kl 

isolate from Thailand studied here, has only the LDH-1 variant 

(see Chapter 3, Results). Knowing that LDH-P is parasite-encoded 

these variants may be coded by different alleles of the ldh-p gene. 

Thus LDH-1 may be coded by allele ldh-pl and LDll-2 by allele ldh-p 2. 

The isolation of ldh-p gene clones (Chapters 5 and 6) will allow 

this idea to be tested. 

It has been possible to trace the profile of ldh-p mRNA 

and LDH-P biosynthesis through the intra-erythrocytic cycle. 

For. P.falciparum, there is an absolute increase in RNA and protein 

synthesis through the cycle with the peak occurring in trophozoites 

(Deans et al., 1983; Inselburg, 1984). This is also true of the 

ldh-p mRNA and the enzyme subunit. Assuming the turnover and 

translational properties of ldh-p mRNA remain unchanged, there is 

an absolute increase in the level of ldh-p mRNA of 10 fold through 

the cycles. However, this always represents between 5 and 8% of 

total mpj'jA. Similarly, the biosynthesis of LDH-P in vivo 

represents a constant 5% of total parasite protein synthesis. Finally 

LDH-P enzyme activity can be detected in all intra-erythrocytic 
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stages. Taking all this data together, LDH-P appears to be 

expressed at a high level in all the blood stages and this agrees with 

the earlier metabolic studies of both Pfaller et al., (1982) and 

Jensen et al., (1983) who assayed lactate production in tightly 

synchronised in vitro cultures of P.falciparum. There was an 

absolute increase in lactate production through the cycle with the 

peak occurring in trophozoites and schizonts. As no measure of 

parasite mass was made in either study, it was not possible to see 

whether lactate production per unit mass of parasites remained 

constant. 

Drawing the molecular data on LDH-P in this chapter with 

these metabolic studies, it isnow possible to place LDH-P in the 

context of parasite energy metabolism. Homewood and Neame (1975) 

by using non-metabolisable glucose analogues, established that 

glucose is both passively and actively transported into infected 

erythrocytes at very high rates. Once inside the parasite, it is 

catabolised via glycolysis to pyruvate and then to lactate by 

LDH-P (Sherman 1979). Van der Jagt et al., (1981) found that 

LDH-P was not regulated by substrate complexes (pyruvate/NAD+) and 

postulated that the role of LDH-P was to maintain the unidirectional 

flow from glucose to lactate. The ldh-p gene is expressed throughout 

the intra-erythrocytic cycle and LDH-P is an abundant and active 

enzyme in all stages. The end product of glucose catabolism, 

lactate,must be excreted from the parasite to allow continued growth, 

although the pathway of excretion is at present unknown (Zoig 

et al., 1984). 
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In conclusion, the parasite-specific L(+) lactate dehydrogenase 

(LDH-P) is encoded in the parasite genomes by a gene, ldh-p. The 

gene is abundantly expressed throughout the intra-erythrocytic 

cycle to give a 1 kb transcript, denoted ldh-p mRNA, which directs 

the synthesis of the 35 kD enzyme subunit. To understand the 

control of ldh-p expression and also the nature of the allelic 

variants of the enzyme, cDNA and gertomic sequences need to be 

isolated and characterised (Chapters 5 and 6). 
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CHAPTER 5 

Isolation of LDH-P cDNA clones: 

immunological screening of expression libraries 
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5.1 Introduction 

As discussed in Chapter 1, immunological screening of expression 

libraries in order to isolate specific clones, is an increasingly 

powerful technique in molecular biology. It is being widely used 

for the isolation of eukaryotic genes expressed at very low levels 

both from genomic (Young and Davis, 1983; Goto and Wang, 1984) and 

cDNA libraries (Brown et al., 1983; Helfman et al., 1983). 	Two 

groups have successfully isolated Plasmodium genes by this method. 

Kemp et al., 1983 isolated a family of antigen-positive clones from 

P.falciparum whilst Ellis et al. 1983, were able to obtain cDNA 

clones for the circumsporozoite protein of P.knowlesi. 

Having established that LDH-P is encoded in the parasite 

genome (Chapter 4), and defined antibody probes against the enzyme, 

it was decided to search for LDH-P clones by immunological screening 

of expression libraries. 

5.1.1 Choice of expression vector: Xgtll 

The expression vector chosen for this work was a modified form 

of the bacteriophage Xgtll (lac5 ninS c1857 SlOO) developed by 

Young and Davis (1983a) who kindly provided the vector before 

publication of their work. The essential features of this vector 

that make it appropriate for this work are as follows (Fig. 5.1). 

The P.falciparum cDNA with EcoRl linkers is cloned into a 

unique EcoRl site at the 31  end of the -galactosidase gene (lacZ), 

53 base pairs upstream of the -galactosidase termination codon 

(Zabin and Fowler 1978, Galas et al., 1980). Thus, if the inserted 

cDNA is in the correct orientation and frame at this site, expressing 

IL.._ 
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clones produce a hybrid fusion protein consisting of 116 kD of 

-galactosidase fused to a P.falciparum polypeptide. Insertion at 

the EcoRl site in lacZ, inactivates 8-galactosidase activity. Thus 

recombinant 'phage can be readily distinguished from non-recombinant 

phage by their inability to produce blue plaques on a lacZ host 

on X-Gal indicator plates (Methods). 

The phage produces the temperature sensitive repressor c1857 

which is inactive at 42°C, and also carries the S100 amber mutation 

rendering the phage lysis defective. These features are used to 

maximise the expression of foreign DNA. Thus, the recombinant 

phage can be stably maintained in the lysogenic state at 30°C. 

By switching the lysogens to 42°C, the phage lytic cycle is specifically 

induced and large quantities of phage-encoded proteins accumulate 

without cell lysis. 

A considerable advantage of using a phage-based vector is the 

ability to construct large recombinant libraries of up to 106 

independent clones starting from .ig amounts of poly-adenylated RNA. 

This can be reliably achieved thanks to the high efficiency of 

in vitro packaging of A DNA into phage particles (Hohn and Murray, 

1977; Murray, 1983) 

The bacterial strain used for screening the cDNA library as 

lysogenic colonies was BTA282, a kind gift from Professor N. S. 

Willetts of Biotechnology Australia. The essential features 

useful for this work are as follows. 

It contains the high-frequency lysogeny mutation hflA 150, so 

that essentially every hflA mutant cell is lysogenised when infected 

with A at 30°C, yet induction Of prophage at 42°C is unaffected 



(Belfort and Wulff 1973, Hoyt et al., 1982). The strain also has 

the chromosomal lacZ gene deleted so that recombination of the phage 

lacZ into the host is minimised and also that recombinant lysogenic 

colonies and phage plaques will appear white on Xg indicator 

plates allowing easy selection of recombinants. Usefully, BTA282 

is hsd r m, which allows unmodified foreign DNA to survive in 

the cell (Wood 1966). 

Significantly the strain carries the ion mutation (Bukhari 

and Zipser, 1973; Mount 1980) rendering it deficient in a major 

protease and thus allowing enhanced survival of the -ga1actosidase-

P..falciparum hybrid proteins. As there are no amber suppressor 

mutations in this host, induced lysogens cannot lyse the cell 

allowing phage proteins to accumulate inside the cell. Lysis 

can then be precisely controlled. 

However, the original Lqtll vector had a number of disadvantages. 

Firstly, as one method of immunological screening of the library 

is performed on bacterial colonies, lysogens containing phages 

cannot be distinguished from residual non-lysogenic colonies. 

Secondly, Agtll is an insertion vector, so religated parental phage 

DNA molecules will be just as efficiently packaged as recombinants. 

These two features will mean that in order to screen a given number 

of recombinant phages with antibody probes, a much larger actual 

number of colonies will have to be screened. As many as 99% of 

Lysogens will not contain recombinants. This is a severe practical 

problem when antibody probes, such as sera from individual patients, 

are available only in very limited amounts. 
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Two strategies were adopted to overcome these disadvantages. 

Firstly, a drug-selection marker was introduced into the phage 

so that lysogenic colonies could be selected and residual parental 

colonies killed in the presence of the drug. To achieve this end, 

a modified form of A1l was constructed, denoted Xgtll: :Tn5 (Methods). 

The transposon Tn5 (Jorgensen, et al., 1981) bearing the neomycin 

resistance gene (neo) was inserted into Xgtll. Thus,even as a 

lysogen sufficient quantities of the neo gene product (aminoglucoside 

3'0-phosphotransferase II) are produced to confer neomycin resistance 

on lysogens, whereas non-lysogenised parental colonies are selectively 

killed in the presence of the drug. Introduction of Tn5 reduces 

the capacity of the vector for inserted DNA. Xll is 44 kb in 

length, allowing for an optimum of 6.0 kb of foreign DNA to be 

inserted, assuming an optimum packagable length of 50 kb (Feiss, M. 

et a1 1  1977). However, Tn5 is itself 5.0 kb long, thus reducing 

the capacity of X1l::Tn5 to 1 kb. However, this could potentially 

code for 300 amino acids. As the minimum epitope size ecognised by 

antibody probes is estimated to be only 7 amino acids (Lerner 1980), 

the capacity of Xll::Th5 is still more than adequate for 

immunological screening. 

Other workers (Kemp et al. 7  1983) have introduced the -lactamase 

gene from pBR322 into a similar site in Agtll to form the derivative, 

AllAmp3 or 'XAmp3'. This allows selection of lysogens on ampicillin 

plates. The DNA fragment from pBR322, designated Amp3, was only 

1.7 kb allowing for an optimum of 4.5 kb of foreign DNA to be 

inserted. 



Both NTn5 and XAmp3 vectors have been used for cDNA library 

construction (Results). 

To overcome the problem of self-ligation of parental phage 

molecules, pre-selection of recombinant phages was carried out by 

colour reaction on X-gal indicator plates. Only white and pale 

blue phages were picked from the original plating of the packaged 

cDNA library and pooled. Approximately 10% of the phages fell into 

this category, yielding 10 independent recombinants. 

An alternative approach to this problem was adopted by Kemp 

et al. (1983) involving phosphatase treatment of the ADNA arms 

before ligation to the cDNA. Whilst this prevents self-ligation of 

the A arms, it also dramatically reduces the efficiency of cloning 

of the cDNA. To overcome this problem the cDNA was first inserted 

in AgtlO and amplified. A disadvantage of this strategy is that 

this amplification step may result in the library consisting of a 

small number of independent clones that are highly reiterated. 

Recently, Young and Davis (1983b) have described an alternative 

method for screening libraries of recombinant DNA in the )gtll 

expression vector. Two major changes have been introduced. 

Firstly, antigens produced in A phage plaques, rather than A 

lysogenic colonies, are immobilised on nitrocellulose filters and 

subsequently screened with antibody probes. Secondly, the host 

bacterial strain, RY1090, used for this procedure, carries 

multiple copies of the pBR322-derived plasmid MC9 (Cabs et a1 1  

1983) bearing the lac repressor gene, lad. This represses trans- 

cription from the lac operon and hence expression of -galactosidase-

P.falciparum fusion proteins until the gratuitous inducer, IPTG, is 



specifically introduced. The lacI-IPTG system allows precise 

regulation of expression of lacZ and inserted DNA. This is important 

because some fusion proteins may be toxic to host cells and would 

harm phage growth if allowed to accumulate too early. This overcomes 

a disadvantage of Xll. A disadvantage of the original Agtll vector 

was that even as a lysogen, the fusion proteins could still be 

expressed from the lac operon, and in some cases kill the cell 

(Young and Davis, 1983b). 

In the search for LDH-P cDNA clones, both XTn5 and XAmp3 

eDNA libraries were used and both screening strategies were 

applied. 

5.2.1. Construction of XTh5 and AAmp3 cDNA libraries 

The general strategy followed for the construction of XTn5 and 

AAmp3 P.falciparum eDNA libraries is outlined in Fig. 5.2, and 

described in Methods. 

For the Agtll::Th5 cDNA library (ATn5), pre-selection of 

recombinant phages was carried out by picking only white and pale 

blue plaques from the original packaged library plated on X-gal 

indicator plates. Approximately lO independent clones were isolated. 

However, for the Xgtll.Amp3 cDNA library (AAmp3), no such selection 

for recombinant phages was undertaken. A library of approximately 

1.4 x 10  phages was obtained, of which 10% were judged to be 

recombinants by testing aliquots on X-gal indicator plates. 

Thus for the XAmp3 library, about 10 times more phages have to 

be analysed to screen the same number of recombinants as for the 

XTn5 library. 	Both these libraries were screened for clones 

expressing LDH-P epitopes. The XTn5 library was probed both as 
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FIG. 5,2 
Construction of Rfotciporum cDNA libraries 
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lysogenic colonies and as phage plaques. The XAmp3 library was only 

screened as phage plaques. This arose from the fact that it was 

feasible to probe phage plaques at very high density (10/85 mm 

plate, see Methods), whereas high-density screening of lysogenic 

colonies was less efficient and the resolution poorer. 

5.2.2. Screening: McAb 7.2 probe 

Having demonstrated that McAb 7.2 recognised the subunit of 

LDH-P, both the XTn5 and AAmp3 libraries were screened with the 

monoclonal antibody in order to isolate LDH-P cDNA clones (Methods). 

However, these attempts proved consistently negative. As MCAb 

7.2 most likely only recognises a single epitope in LDH-P, the 

chance of this epitope being correctly expressed in the library is 

very small (see Discussion). To increase the chance of successfully 

isolating LDH-P clones, a polyvalent antiserum was raised against 

purified LDH-P. 

5.2.3: Production of polyvalent R.anti(LDH-P) probe 

Large scale isolation of LDH-P by affinity chromatography on 

McAb 7.2 Sepharose columns was necessary (Methods). Yields of 

400-500 i.g of LDH-P were obtained and the purity assayed by 

Coomassie and Silver-staining SDS-PAGE slab gels (Fig. 5.3 panels 

a and  b). Rabbits were immunised with this LDH-P (Methods) and 

the resulting antiserum tested both by immunoprecipitation from 

[ 35S]-methionine labelled parasite extracts and by Western blotting. 

The rabbit anti (LDH-P) antiserum (Rc (LDH-P)), recognised LDH-P 

from both labelled and unlabelled P.falciparuxn prctein extracts 

(Fig. 5.3 panels C and d). It is interesting to re that the 
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Fig. 5.3 (a and b) 

Test of purity of LDH-P used for immunisation of rabbits 

LDH-P, purified by affinity chromatography on 7.2-Sepharose 

was analysed on 10% SDS-PAGE and stained by (a) silver or 

(b) Coomassie binding (duplicate tracks of LDH-P). 



FIG.5.3(a)g (b) 

(a) 

220- 

94- 

67- 
60- 

1+3- 

36  

30- 

20.1_ 
18.5 

(b) 

-LDH-P mentm 4w 



Fig. 5.3 (c and d) 

Test of Rc&(LDH-P) sera by (c) immunoprecipitation and 

(d) Western blotting 

(C) Immunoprecipitation using [ 35S1-methionine labelled 

P.falciparum proteins. Autoradiographed on 10% SDS- 

PAGE: 

Track 1 Non-immure rabbit serum (10 j.il) 

2 Rc(LDH-P) 10 41 

3 7.2-Sepharose (50 41 beads) 

(d) Western blot of 10% SDS-PAGE, using unlabelled 

P. falciparum proteins: 

Track 1 Rc(LDH-P) 1/200  dilution 

2 Rc(LDH-P) 1/200 dilution 

3 Non-immune rabbit serum 1/200 

For (d) , tracks 2 and 3 are P.falciparum total proteins, 

track 1 is purified LDH-P. 



FIG.5.3 (c)&(d). 

(c)immunoprecipitation. (d)stern blotting. 
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R(LDH-P) antiserum proved positive by Western blotting whereas the 

McAb 7.2 was always negative (Fig. 5.3). This may be due to the 

lability of the 7.2-epitope under the denaturing conditions of 

SDS-PAGE. Screening the XTn5 library as lysogenic colonies involves 

SDS lysis and denaturation of the induced lysogens before incubation 

with the antibody probe. These conditions may destroy the 7.2-epitope 

and could explain the failure to detect LDH-P clones in the library 

using this monoclonal antibody as a probe. 

Before using the Rcz(LDH-P) antiserum as a probe, it had to be 

extensively depleted of contaminating anti-E.coli antibodies. The 

best method for this was found to be sequential adsorption of the 

antiserum against sonicated extracts of induced ATn5 or AAmp3 

lysogens of BTA282 (Methods). Fig. 5.4, illustrates the extent 

of cross-reaction to E.coli proteins in the original probe, and 

the effect of removing these anti-E.coli antibodies. 

Having cleared up the R(LDH-P) probe in this way, I could now 

screen the ATn5 and )LAmp3 libraries. 

5.2.4 XTn5 Screen as lysoqens 

Approximately lO recombinant lysogens were screened by a 

modification of the original method of Young and Davis (1983a) 

proposed by Kemp et al., (1983) and Stanley (1983). Briefly, small 

lysogenic colonies were transferred to nitrocellulose grown at 30°C 

then switched to 42°C for 2 hours and subsequently lysed in SDS and 

CHC13  vapour. After blocking the remaining binding sites with 

ovalbuinin the filters were probed with R(LDH-P) and antigen-positive 

colonies were identified by an ELISA using horse-radish peroxidase 

and colour-development (Methods). 

15C 



Fig. 5.4 

Preparation of Rct(LDH-P) serum for screening of expression libraries 

1 ml of Rc:x(LDH-P) serum was extensively adsorbed against a sonicate 

of BTA282/XTn5. (lO s  cells), to remove anti-E.coli antibodies 

present in the probe; the probe was analysed by blotting: 

(a) Before adsorption 

RcL(LDH-P) , pre-adsorption used as a probe against 

NB81 (3TA282/XTn5) 

P.falciparum protein extract 

Note, contamination of Rc(LDH-P) with anti (E.coli) 

antibodies. 

(b) After adsorption 

Ra(LDH-P) after-adsorption used as a probe against 

NB81 (BTA282/ATn5) 

P.falciparum protein extract 

Note, complete removal of anti (E.coli) antibodies from 

Rx(LDH-P) probe with no effect on its reactivity with 

LDH-P from a parasite protein extract. 
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From the primary library screen, 16 antigen-positive candidate 

colonies were isolated. Liquid cultures were prepared from these 

isolates and analysed for production of -galactosidase-LDH-P hybrid 

proteins by SDS-PAGE and Western blotting (Fig. 5.5). At this initial 

stage the antigen-positive isolates were still impure, but it can 

readily be seen that B of the 16 reacted specifically with the 

Rc(LDH-P) probe. Six of these produced unique polypeptides larger 

than -galactosidase and two of these also had smaller unique 

peptides. Thus the primary colony screen of the ATnS library had 

selected for clones positive for LDH-P epLtopes and producing large, 

stable -ga1actosidase fusion proteins. 

After two further rounds of colony screening of these candidates, 

pure lysogenic clones were obtained. Three of these were selected 

for more detailed analysis and designated ALDH-P.1, XLDH-P.2 and 

ALDH-P.3. (Fig. 5.6a) 

All three clones produce identical sized -galactosidase-LDu-p 

fusion proteins of 120 kD, consisting of 116 kD of 5-gal fused to 

4 kD of LDH-p as judged by Western blotting and silver-stained 

gels (Fig. 5.6 b),It is interesting to note that these fusion 

proteins were stable when the three recombinant phages were 

lysogenised in the strain C600 (Methods). As this host does not 

carry the ion mutation, it seems that the XLDH-P fusion proteins 

(LDH-P-FP) are not especially vulnerable to degradation by host 

proteases. 

XLDH-P 1, 2 and 3 gave pale-blue phage plaques on x-gal indicator 

plates suggesting that the fusion protein still retained partial 

-galactosidase activity. Even though insertion of foreign DA into 

lI 



Fig. 5.5 

Primary screen of ATn5 library, as lysoqens 

Sixteen positive signals were isolated from a primary screen 

of the kTn5 library as lysogens (approx. 1) , and analysed on 

SDS-PAGE and Western blotting. 

Tracks 1 to 16 Primary isolates L to 16 

Track 17 	E.coli 3-galactosidase (116 kDa) 

() 	Western blot probed with Ra(3ga1) 

(b) 	 ,, 	,, 	 0 	Rct(LDH - P) 

Note, all isolates are impure so all react with 

Ra(I3gal) probe at 116 kD. Isolates u 2, 6, 7, 8, 9, 

10, 11, 12, 15 and 16 have in addition, fusion proteins 

at 120 kD reacting with R(LDH-P) . Isolates 5 and 8 

have smaller polypeptides, containing LDH-P epitopes: 
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Fig. 5.6a 

Pure lysogens of )1LDH-P.1 

Approximately 1O3  pure lysogens of ALDH-P.1 were grown 

and induced for immunological screening with: 

R(,galactosidaSe) 

RO((LDH-P) 

Non immune rabbit serum. 



FIG. 5.6(a) 



Fig. 5.6b 

SDS-PAGE and Western blot analysis of XLDH-P.1, 2 and 3.. 

(i) 	1 ml cultures of XLDH-P.1, 2 and 3 lysogens were 

grown and induced for production of fusion polypeptides. 

Cells were pelleted, lysed and loaded on 10% SDS slab 

gels: 

Silver stained gel. 

Track 1 NB81 (BTA282, XTn5) 

2 XLDH-P.1 

3 XLDH-P.2 
x3 

4 XLDH-P.3 

5 NB81 

(ii) Western blot of (a) , each set of 5 tracks probed with: 

1 Rct(gal) 1/250 

2 Rc&(LDH-P) 1/250 

3 non-immune rabbit serum 

(116, 120 molecular masses in kD) 
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the ECOR1 site of lacZ inactivates..gaiactosidase activity, in some 

cases residual activity can be detected (Bukhari and Zipser, 1973). 

Lysogens of the LDH-P clones produce soluble fusion proteins (Methods 

and below). This is in contrast to the findings of other workers, 

where the -galactosidase fusion proteins tend to be insoluble 

(Young and Davis, 1983a, Coppel et al., 1983, Stanley 1983, Coppel, 

1984). 

5.2.5. ATn5 Screen as plaques 

Approximately 1O 4  recombinant XTn5 phages were plated on RY1090 

and grown at 42°C. IPTG-impregnated nitrocellulose filters overlaid 

and the plates switched to 37°C for a further 5 hours. Antibody 

probing with RoLDH-P) proceeded as above. 

In such a primary screen 9 antigen-positive signals were 

obtained. Following 2 further rounds of plaque purification, 4 pure 

LDH-P positive clones were isolated (Fig. 5.7). These were denoted 

ALDH-P.4, ALDH-P.5, ALDH-P.6 and XLDH-P.7. 

5.2.6 AAmp3 screen as plaques 

As only 10% of the phages in the XAmp3 library were recombinants, 

2 x lO total plaques were screened at a high-density (2 x 10/85 mm 

plate) (Methods). Five positive signals were obtained, only two 

of which proved to be specific and const ant after a further two rounds 

of plaque purification. The clones were denoted XLDH-P.8 and XLDH-P.9 

(Fig. 5.8) 

Thus immunological screening of these Xgtll-based expression 

libraries proved to be a very successful technique. At least nine 

ALDH-P cDNA clones have been isolated, XLDH-P.1 to 9. 



Fig. 5.7 

Immunological screening of XTn5 cDNA library as plaques 

Induced plaques of XLDH-P.4, 5, 6 and 7 and XTn5 transferred to 

nitrocellulose and probed with Ra(LDH-P) and developed by ELISA. 
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Fig. 5.8 

Immunological screening of XAmp3 cDNA library 

Induced plaques of XLDH-P.8 and 9 and Xmp3 transferred to 

nitrocellulose and probed with R(LDH-P) then developed by 

ELISA. 

Small sector is a positive control: plaques of ALDH-P.8 

probed with Rcz(gal). 
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As XLDH-P.1, 2 and 3 were the first to be isolated, they have 

been the most extensively analysed (see Chapter 6). 	The 

remaining clones, ALDH-P4 to 9 have only been partially characterised 

to date. 

Having identified the XLDH-P clones and obtained them in 

genetically pure form, it was necessary to confirm the identity 

of these clones before more detailed characterisation could 

begin. An important problem associated with the use of antibody 

probes is the possible mis-identification of expressing clones. 

This could be due to non-specific binding of the antibody to the 

expressed, hybrid protein or, more likely, to cross reaction due 

to epitopes shared between the protein of interest and those 

present in the clones actually isolated from the library. 

To solve this problem, a new technique called antibody 

select has been developed, that has considerable advantages over 

existing methods of confirming the identity of recombinant DNA 

clones, as discussed in Chapter 1. 
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5.2.7. Confirmation of i:ientity of LDH-P clones 

The general scheme for antibody select is illustrated in 

Fig. 5.9. In outline, the fusion protein expressed by the clone is 

used to isolate antibodies from the original probe used to screen 

the libraries. The small set of anti-fusion protein antibodies are 

then used as probes to identify the corresponding protein in the 

parasite. The technique involves three simple steps; 

Ci) 	Purification of fusion protein 

Preparation of fusion protein—matrix 

Antibody Selection. 

(i) 	Purification of XLDH-P.1 hybrid protein 

The hybrid protein produced by ALDH-P.1 has a molecular 

mass of 120 kD, consisting of 116 kD of -galactosidase fused to 

4 kD of LDH-P. If bacteria expressing the LDH-P-FP are lysed 

in non-ionic detergent, centrifuged (10,000 g, 10 1 ) the super-

natant and pellet run separately on SDS-PAGE, the 120 kD hybrid 

is found in the soluble fraction (Fig. 5.10). This might be 

expected from the very small size of cDNA encoded portion 

(about 40 amino acids, see Chapter 6). However, in most cases 

-ga1actosidase fusion proteins have been shown to be insoluble 

(Stanley 1983, Coppel et al. 1983 	). In these cases, the 

hybrid protein may be readily purified from the insoluble 

pellet fraction (Cop1 et al. 1983 , Hall et al. 1984 a ) 
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Fig. 5. 10 

Antibody Select I: Preparation of fusion polypeptides from 

ALDH-P.1, 2 and 3 

Coomassie-stained 10% SDS-PAGE slab gel of proteins extracted 

from induced lysogens of XLDH-P.1, 2 and 3 

Track 1 Markers (Pharmacia 

2 NB81 

3 XiH-P.1 
soluble fractidn 

4 ALDH-P.2 

5 ALDH-P.3 

6 N381 

7 XLDH-P.1 

8 XLDH-P.2 
	

insoluble fraction 

9 XLDH-p.3 

Note that the 120 kD fusion polypeptides in XLDH-P.1, 

2 and 3 are present in the soluble fraction. 
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However, for purification of the LDH-P-PF, affinity 

chromatography on a rabbit anti--galactosidase Sepharose 

column had to be used. 

The induced LDH-P.1 lysogen was lysed as above and the 

soluble proteins passed over the anti-eGAL Sepharose matrix. 

After extensive washing, the specifically bound antigens were 

eluted (0.1M glycine pH 2.6). 	Only the 120 kD LDH-P-PF 

was specifically eluted from the column (Fig. 5.11). 

Preparation of LDH-P-FP matrix 

The purified fusion protein is then bound to a solid 

matrix to allow subsequent antibody selection. Two types of 

solid support have been used (nitrocellulose strips and 

Sepharose-CL-4B.CNBr) and both give similar performance. 

The LDH-P-FP may be incubated with nitrocellulose strips, 

washed and remaining sites blocked with ovalbumin. Alternatively, 

the fusion protein may be coupled covalently to CNBr-Sepharose 

CL-4B beads by the usual method. The advantage of the latter 

matrix is its greater long-term stability. However, the 

nitrocellulose supports are easier and more rapid to prepare. 

Antibody Selection 

The Rc(LDH-P) antiserum was passed over the LDH-P-FP matrix, 



Fig. 5. 11 

Antibody Select II: Purification of fusion polypeptides from 

XLDH-P.1, 2 and 3 

Coomassie stained 10% SDS-PAGE slab gel of fusion polypeptides 

purified by affinity chromatography from protein extracts in 

Fig. 5.10. 

Track 1 XLDH-P.1 fusion protein (1 g) 

2 	XLDH-P.2 	'I to (1 .ig) 

3 	XLDH-P.3 	to II 	(1 ig) 

4 	XLDH-P. l 	II 
IV 	(5 ig) 

(Molecular masses in kD) 
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washed and the specifically bound antibodies eluted (0.1M 

glycthe pH 2.6). The hybrid-selected antibodies were then tested 

against extracts of P.falciparum proteins. Firstly, they were 

used directly in immunoprecipitation from [ 35S]-methionine 

labelled Kl extracts (Fig. 5.12a) and secondly, after adsorption 

against sonicated extracts of induced lysogens of NB81, used as 

antibody probes in Western blots of unlabelled P.falciparum 

(Fig 5.12 panel b) proteins. It can be readily seen that the 

hybrid-selected antibodies specifically precipitated a 35 kD 

protein co-migrating with LDH-P recognised by Rcx(LDH-P). 

Similarly, the antibody probe recognised a 35 kD protein in 

unlabelled P.falciparum protein extracts and purified LDH-P. 

Thus XLDH-P.1 definitely contains LDH-P epitopes. This 

has been repeated for both XLDH-P.2 and XLDH-P.3 (Fig. 5.12) 

showing that the three ALDH-P clones, independently isolated from 

amongst 10 
4

XTn5 lysogens, are LDH-P clones. 

A control column consisting of E.coli -galactosidase 

coupled to sepharose CL-4B beads (Methods) was used througout. 

The Rc(LDH-P) antiserum was passed over this column, washed and 

bound antibodies eluted as above. This was tested for reactivity 

with both labelled and unlabelled P.falciparum proteins (Fig. 5.12 

panel a, panel b). This affinity matrix did not select any anti-

P.falciparum antibodies from the original R(LDH-P) probe, thus 

confirming the high specificity of antibody selection. 

With this firm evidence, a detailed analysis of the LDH-P 

cDNA clones can now be confidently undertaken. 



Fig. 5.12 

Antibody Select III: test of selected antibodies 

Antibodies selected by fusion polypeptides from LDH-P.1, 2 

and 3 tested by (a) immunoprecipitation and, (b) Western 

blotting. 

(a) ImmunoprecipitatiOfl using [ 
35

S] -methionine labelled 

P.falciparum antigens: 10% SDS-PAGE autoradiograph: 

Track 1 Sepharose beads only 

2 anti(LDH-P.1) antibodies 

3 anti(LDH-P.2) 	11 

4 anti(LDH-P.3) 	II 

5 Rci(LDH-P) 10 Ll 

(b) Western blot, using unlabelled P.falciparum antigens. 

10% SDS-PAGE; each track probed with: 

Track 1 anti(LDH-P.1) antibodies 

2 anti(LDH-P) antibodies 

3 anti(LDH-P) antibodies 

4 Ra(LDH-P) 1/250 dilution 

5 anti(Sepharose CL-4B) antibodies 
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5.3 Discussion 

At least nine cDNA clones expressing LDH-P epitopes have been 

successfully isolated from the Agtll-based cDNA libraries. The 

identity of three of these, XLDH-P 1, 2 and 3, has been definitively 

confirmed by using a new technique called antibody select. 

The polyvalent Rc(LDH-P) antiserum has been an essential tool for 

isolating these clones. The McAb 7.2 proved consistently negative 

when used as a probe. In addition, the monoclonal antibody does not 

react with any of the nine ALDH-P cDNA clones so far isolated (data 

not shown). One possible explanation for this could be that the 

7.2-epitope is located at the N-terminus of the enzyme. As the 

cDNA is constructed by reverse transcription, using standard methods, 

premature termination may occur before reaching 5' regions of the ldh-p 

mRNA. Thus it is unlikely that N-terminal regions of LDH-P will be 

represented in cDNA clones in the library. This is supported by the 

fact that the largest LDH-P clone so far isolated has an insert of 

only 16J base pairs (see Chapter 6). The polyvalent antiserum should 

contain antibodies recognising epitopes throughout LDH-P and is thus 

a much more powerful tool for isolating expression clones. 

However, the probe is heavily contaminated with anti-E.coli 

antibodies which must be exhaustively removed. This is a common 

problem experienced with polyvalent probes and various groups have 

devised alternative methods for depleting these contaminating anti-

bodies (Coppel et al. 1  1983 , Coppel 1984, Stahl et_al., 1984). 

Monoclonal antibodies are, nevertheless, very powerful tools 

for screening expression libraries and have been used successfully 

to isolate specific cDNA clones. Ellis et al. (1983) identified two 



cDNA clones expressing the repeated epitope units of the circumsporozoite 

protein of P.knowlesi. McAb have also been used in this laboratory 

to isolate cDNA clones for a blood-stage antigen sharing epitope(s) 

with the circumsporozoite protein of P.falciparum (Hope et al., 1984 

and Hope, I. A., personal communication). As monoclonal antibodies 

recognise their epitope(s) with very high specificity (Smith-Gill 

et al., 1982), confirmation of the identity of clones is unnecessary. 

In addition, the epitope(s) recognised by the McAb may be precisely 

mapped within the cDNA-encoded region of the expressed hybrid protein. 

Ozaki et_al., (1983) used transposon insertion mutagenesis to locate 

the epitope in the P.knowlesi CS protein cDNA clones, whilst Godson 

et al. 1  (1983) synthesised peptides corresponding to this epitope 

to confirm its identity and location. 

As discussed in the Introduction (Chapter 1), the combination of 

the phage A promoter, 	and the lac promoter, lacP allows precise 

and highly efficient expression of the lacZ-cDNA gene products in 

Agtll. These hybrid proteins can survive more readily in the lori 

bacterial hosts used here, giving yields of 1 fgm/cell, or 1 mg of 

hybrid protein from 1 litre of induced lysogens (lO s  cells/ml). 

This is in agreement with other hybrid protein yields from Xgtli 

(Young and Davis 1983a, Coppel, 1984). The efficient expression and 

survival of these hybrids is an essential feature, allowing easy 

detection of specific cDNA clones from amongst 	recombinants. 

Other vectors, such as pBR322 relying on the -lactamase promoter 

for expression, have proved more variable. Ellis et_al., 1983, as 

mentioned above, isolated CS protein cDNA clones from a pER322 cDNA 

library using McAbs as probes. However, Coppel et al., (1984) were 

1b 



unsuccessful in immunological screening of a pBR322 cDNA library 

containing P.falciparum blood stage cDNA using several very sensitive 

antigen-detection methods. Only when lysates of individual bacterial 

clones were injected into mice and the antisera tested against 

P.falciparum , were they able to detect a small number of expressing 

clones. 

Having isolated and purified the cDNA clones of interest, a new 

technique called antibody select has been developed to confirm the 

identity of these clones. This technique has considerable 

advantages over other methods of clone identification as discussed 

in Chapter 1. Starting with the original probe used to isolate the 

clones, antibody select allows purification of a sub-set of antibodies 

recognising epitopes within the cDNA-encoded region of the fusion 

protein. Thus, these epitopes can be precisely mapped within the 

cDNA sequence. Antibody select not only allows clone identity to be 

firmly established, but is a simple and rapid precedure for purifying 

antibodies from complex antisera against defined regions of a 

molecule. These antibodies can be used as probes to relate 

structures to function with a particular molecule. 

An excellent example of the usefulness of antibody select is 

provided by the work of Hall et al., (1984b) on the major late-stage 

specific antigen of Mr 190 kD, designated P190. cDNA clones encoding 

the C-terminal 70 amino acids of P190 have been isolated from the 

XTn5 expression library used in this thesis. A polyvalent rabbit 

anti-P190 probe was used. Antibody select not only confirmed the 

identity of these P190 clones, but also provided insight into the 

biological processing of P190. 	From in vivo studies, Hall et al., 
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(1984a) demonstrated that P190 is actively processed to smaller 

peptides, first as the parasite matures and again when the merozoites 

are released into the bloodstream and invades a new erythrocyte. 

The antibodies selected by the AP190 expression clones, in addition 

to recognising P190, also identified a set of smaller peptides, 

parallelling those seen when P190 is processed in vivo. Sequencing 

studies revealed that the XP190 clones contained the C-terminus. 

Thus the antibody select results strongly suggest that epitopes in the 

C-terminus are not removed by processing. The simplest interpretation 

of these results is that processing removes the N-terminus of the 

P190 polypeptide. 

Thus antibody select can provide information on the intra-

molecular structure and function of a protein and help to understand 

its biological function. 

Immunological screening of Xgtll-based expression libraries has 

proved to be an extremely successful strategy for isolating LDH-P 

cDNA clones. Using another immunological technique, antibody select 

it has been possible to firmly establish the identity of three clones. 

The way is now open to study LDH-P gene structure and function in 

detail (Chapter 6). 



CHAPTER 

Sequence Analysis of XLDH-P.1 and 

Isolation of ldh-p genomic clones 



CONTENTS 

	

6.1 	Introduction 

	

6.2 	Results 

6.2.1 Estimation of insert sizes in XLDH-P.1 - 9 

6.2.2 Sequence analysis of XLDH-P.1 

6.2.3 Comparison of ALDH-P.1 sequence with known LDH sequences 

6.2.4 Use of XLDH-P.1 as a probe 

6.2.5 Estimate of size of ldh-p mRNA by Northern blotting. 

6.2.6 Organisation of the ldh-p gene(s) 

6.2.7 Isolation and partial characterisation of ldh-p genomic 

clones. 

	

6.3 	Discussion 



6.1 Introduction 

Having successfully isolated LDH-P cDNA clones by immunological 

screening of the )gtl1-based expression libraries, and confirmed 

their identity by antibody select, detailed characterisation of 

the LDH-P sequences could now begin. In addition, these clones 

could be used to isolate genomic sequences of the LDH-P gene(s) 

and as probes against genomic DNA and messenger RNA. As 

described in Chapter 5 a total of nine )LDH-P cDNA clones have 

been identified and partially characterised; )LDH-P.1, 2 and 3 

were isolated first and have been studied in most depth. In 

this chapter only )%LDH-P.1 has been characterised as far as the 

DNA and amino acid sequence; the remaining clones have not yet 

been analysed at this level. 

6.2 Results 

6.2.1 Estimation of insert sizes in)LDH-P.l — 9 

DNA from each of the ALDH-P cDNA clones was purified (see 

Methods) and the size of their cDNA inserts analysed by restriction 

enzyme digestion. XLDH-P.1, 2, and 3 all had identical inserts 

of approximately 130 base pairs when digested with EcoRl and 

analysed on 2% agarose gels or 8% polyacrylamide gels (Fig. 6.1). 

Resolution of these inserts was often difficult because of 

contaminating RNA in the 'phage preparation. Consequently an 

alternative strategy for estimating insert size was adopted for all 

the other cDNA clones based on the known restriction map of 

)gtll: :Tn5, and )gtll.Amp3 (Fig. 6.2). Digestion of both these 

vectors with KPnI and SstI cuts sites in the vector close to the 

ibi 



Fig. 6. la 

cDNA inserts in XLDH-P.1, 2 and 3 

Approximately 10 4g of DNA from clones ALDH-P.1, 2 and 3 were 

digested with EcoRI and fractionated on a 2% agarose gel. 

Track 1 Markers \c1857 £iindlll/EcoRI 

2 XTn5 

3 ALDH-P.1/EC0RI 

4 XLDH-P.2/EcORI 

5 XLDH-P.3/EcoRI 

Fig. 61b 

Preparative isolation of cDNA insert from LDH-P.1 

Approximately 100 jig of XLDH-?.l DNA was digested with EcoRI 

and fractionated on an 8% polyacrylamide gel for preparative 

isolation of the insert for subsequent DNA sequence analysis. 

Track 1 Markers Xc1857 Hindill/EcoRl 

3 	single track of XLDH-P.1/Ec0RI 

6 XLDH-P.1/EcORI 

7 XP19O.1/EcoRI 

8 XTn5 only 
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Fig. 6.2 

Restriction maps of XTnS and XAMP3 vectors 

Complete restriction map of XTn5 

Fragments produced from 	I/SstI double digestion of 

XTn5 

(25.0, 17.07, 4.46, 2.0, 1.51 kb) 

cDNA insert is carried on the 2.0 kb fragment. 

(C) KpnI/SstI sites in XTn5 

(d) 	I/SstI sites in XAmp3 
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insert and release the cDNA on a 2.1 kb KpnI/SstI fragment. 

Very small increments in the size of this fragment can be readily 

detected (as small as 40 base pairs). This is illustrated for 

)4LDH-P.1 in Fig. 6.3. )LDH-P 4, 5, 6 and 7, also isolated from 

the ATn5 library seemed to contain identically sized inserts of 

approximately 130 base pairs, Fig. 6.4. However, ALDH-P.8, isolated 

from the )Amp3 library appears to have a slightly larger insert of 

approximately 160 bp. .LDH-P.9, in contrast, has a similar insert 

size to all the other LDH-P cDNA clones (Fig. 6.5). Thus from this 

preliminary analysis it appears that only very small parts of the 

ldh-p mRNA have been cloned; between 10% and 15% of the ldh-p 

mRNA estimated in Chapter 4 (section 4.4). Furthermore, clones 1 

to 7 and 9 may be identical as judged from their identically-sized 

inserts. 

6.2.2 Sequence analysis of LDH-P.1 

DNA from XLDH-P.1 was purified and the P.falciparum cDNA 

segment of 130 base pairs was released by digestion with EcoRl 

isolated from polyacrylamide gels and sub-cloned into the EcoRl 

site of the bacteriophage M13 sequencing veetor mph (Methods). 

Recombinant 'phages were isolated as white plaques on Xg indicator 

plates and DNA purified from them. To prove that the 130 base 

pair insert cloned into these M13 vectors is contained in the 

original )LDH-P.1 clones, single-strand { 32 PJ - labelled 

probes were made and hybridised to the KpnI/SstI double digested 

)LDH-P.1 clone (Methods). It can be seen from Fig. 6.6 that the 

M13-derived insert probe specifically hybridises to the 2.2 kb 

fragment in the original )LDH-P.1 clone and not at all to the 

ii! 



FIG. 6.3 

KpnI/SstI iouble digest of 'Tn5 and ALDH_P.J. 

0.7 agarose minigel, ethidium bromide stained. 

Track L Tn5 Kpnh/SstI 

I .LDH-P.1 KpI/SstI 

kb. 	1 	2 
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Fig. 6.4 

Estimation of insert size in XLDH-P.4, 5, 6 and 7 

(a) 0.7% agarose gel of XLDH-P.4, 5, 6 and 7 

restricted with 	i/SstI 

Track 1 Markers Xc1857/EcoRI 

2 Markers Xc1857/HindIII 

3 ATn5 Kpnh/SstI 

4 XLDH-P.4 

5 	of 

 

6 	it 	6 

7 

B ATn5 	I/SstI 

9 Markers Xc1857/HindIII 

(b) Southern blot of (a) probed with ALDH-P.1 insert 

Only the 2.2 kb fragment in XLDH-P.4, 5, 6 and 7 

hybridises to the probe. 
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Fig. 6.5 

Estimation of insert sizes in clones XLDH-P.8 1  LDH-P.9 

0.7% agarose gel of 	I/SstI digested ALDH-P.8 and 9 DNA 

Track 1 Markers Xc1857HindIII/EcoRI 

2 XAznp3 KpnI/SstI 

3 XLDH-P.8 	
a' /' 

4 	SIp8 

S 	"P.9 	
I /I 

7 XAxnp3 Kpnh/SstI 

8 Markers Xci 857. Hindili/EcoRi 

9 XAmp3 Kpnh/SstI 
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Fig. 6.6 

a) Ethidium bromide stained 0.7% agarose gel 

Track 1. Markers cI857 Hindill 

2 	Tn5 KpnI/SstI 

3 	\LDH-P.1 KpnI/SstI 

4 	Markers .cI857 Hindill 

(b) Autoradiograph of Southern Blot of (a) probed with iLDH-P.1 

insert probe. 

Note, only the 2.2 kb fragment in LDH-P.1 hybridises to 

the probe. 
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corresponding 2.1 kb fragment of )gt11::Th5 only. 

Having confirmed the identity of the M13 	recombinants, 

dideoxy-chain termination sequencing was carried out in both 

directions and at least twice in each direction (Methods). The 

complete DNA sequence of the cDNA insert in),LDH-P.1 is shown in 

Fig. 6.7a and consists of 12 base pairs, close to the size estimated 

by restriction analysis, of 130 base pairs. The sequence is 

remarkably AT rich (78%) as in the case for all the P.falciparum 

gene sequences so far published. There is a single, continuous 

open reading frame in the sequence contiguous with the reading frame 

of (-galactosidase in the M13 vector itself. This sequence con-

sists of 42 amino acids and is shown in Fig. 6.7b. 

6.2.3 Comparison of ALDH-P.1 sequence with known LDH sequences 

As discussed in Chapter 1, no LDH gene sequence have yet been 

determined. In contrast, the complete primary amino acid sequence 

of seven LDHs are published and listed in the National Biological 

Research Foundation Library of Protein Sequences (1984) ; the 

LDH-P amino acid sequence was compared with the sequence in this 

library by two methods. 

Firstly, the LDH-P sequence was d Lvided into contiguous 

units of 5 residues throughout its length and each of the 

resulting 38 pentainers were compared with the NBRF library 

similarly organised into pentaxners (Lyall, Coulson and Collins, 

unpublished). This type of search should reveal whether the LDH-P 

sequence resembles any protein in the library in any pentanier. 

As can be seen from Fig. 6.8, despite the background 'noise' of 

single LDH-P pentaniers being found in single proteins, such as tgG 
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FIG. 6.7b 

LLVYDNLYLNDKGEMNKDSSYLKJ<TDALDNYKSADTWMEQK 

Sequence of \LDH—R1; single letter code. 



Pentamer analysis of XLDH-F.1 

1 	LLVYD Ig kappa chain V region—mouse 
2 	LVYDN 
3 VYDNL 
I. 	YDNLY 
5 DNLYL 
6 NLYLN 93 kil gene protein phage X. 
7 LYLND 
8 YLNDK 
9 LNDKG 

10 NDKGE 
11 DKGEM 
12 KGEMN 
13 GEMNK 
it. EMNKD 
15 MNKDS 
16 NKDSS 
17 KOSSY 
18 DSSYD 
19 SSYDK 
20 SYDKK 
21 YDKKT 
22 DKKTE immunity protein E.cofl plosmidClo DF1 
23 KKTEA 
24 KTEAL 
25 TEALD 
26 EALON 
27ALDNY 
28 LONYK 
29 ONYKS 
30 NYKSA 
31 YKSAD 

32 KSADT 	Lactate dehydrogenase A chain chicken. 
32 KSADT A chain pig. 
32 KSADT B chain chicken 
32 KSADT X chain mouse. 
33 SADTL Lactate dehydrogenaseA chain chicken. 
33 SADTL A chain pig. 
33 SADTL Bchain chicken. 
33 SADTL Bchan pig. 
33 SADTL .. 	 X chain mouse. 

34 ADTLD 
35 DTLDM 
36 TLDME 
37 LDMEQ 
38 OMEQK 



kappa chain variable region from mouse, the pentamers KSADT (32) 

and SADTL (33) are found in most of the known LDHs; KSADT is found 

in B chains from chicken and pig, A chain from chicken and C chain 

from mouse, whereas SADTL is found in all of these and also pig B 

chain. The minimal conclusion that can be drawn from this type of 

comparison is that at least the LDH-P sequence shares a common 

peptide with several LDHs, and does not closely resemble any 

other published protein sequence. 

The second type of sequence comparison attempted was a 

systematic alignment of each of the seven known LDH sequences with 

the 42 amino acid LDE-P sequence using a programme called "BESTFIT"; 

LDH-P is aligned with the known LDH sequence, and the best overlap 

or 'fit' is displayed (University of Wisconsin Genetics Computing 

Group; 1984, Fig. 6.8). The results of this search are shown in 

Fig. 6.9. LDH-P was not only compared with the 7 known LDH 

sequences, but also with malate dehydrogenase, to which the 

LDH's are closely related (Birktoft et al., 1982) and with two other 

completely unrelated sequences, human haemoglobin epsilon chain 

and cytochrome C from primates. 

The most significant and constant region of homology between 

LDH-P and all the known LDHs occurs between residues 32 and 37 

of LDH-P and residues 317-322 of other LDHs corresponding to the 

sequence KSADT(L). This fixes the position of the LDH-P sequence 

at the C-terminus of the enzyme. Further analysis of this homology, 

in the context of the overall LDH structure, is taken up in the 

discussion (6.3). 
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FIG. 6.9 

Sequences compared with LDH—P.1 
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FIG. 6g 

Sequence alignments 

L D H - BpJy 

28SVFLSLFCVLNRGLTS-VINQKLKDDEVAQKNSADTLW0IQK 327 

	

II 	I 	 II 	 11111 	II 
LLVYDNLYL NDKGEMNKDSSYDLKTEALDNYKSAOTLDMEQK 

1 	 42 

LDH - B chicken 

286 VFLSLPCVLSASGLTS-VINQKLKDDEVAKLKKSADTLWSIQK 328 
I 	 II 	 111111 	It 

L LVY ONLY LNDKGEMNKDSSYDLKTEALDNYYKSADTLDMEQK 
1 

	

	 42 

LDH-A pig 

	

285 	 327 
VFLSVPC I L0O.BGISD -V VKVTLTPEE EAHLKKSADTLWO< 

	

I 	I 	 I 	I 	111111 	II 
LLVYDNLYLNDKGEMNKDSSYLKKTEALDNY KSADTLMK 

	

1 	 1.2 

LDH-A chicken 

286 VFLSVFCVLGSSGITDVVKM ILKPDEEEKIKKSAOTLWOK 328  
I 	I 	 II 	 III,,, 	It 

LLVYDNLYLNDKOEMNKDSSYLKTEALDNYKSAOTLMQIK 

	

1 	 /.2 

LOH -A spiny dogfish 

284 VFLSLPCVLNDHGlSN_lVKMKLKPNEQDLQKSATTL\MJQK 326 

	

III 	I 	I 	I 	 III 	II 	II 
LLVYDKL Y LNDKGE1'ANKDSSYKLTEALDNY K KSADTLAOK 

	

1 	 42 

LDH-X mouse. 

28SVFLS1PCVL0ZAGITBFVSVBLTPBZLAKSALWBQK 327 
It 	I 	I 	I 	II liii 	II 

LLVYDKCVLNDK0EMNKDSSYLKK7E LKSADTLDMEQK 
1 	 /.2 

LDH- Lactobocillus case' 

28 LYIGTPAVLNRNGEQNILI PLTD EEEKSASQLVLT 372  
I 	II 	II 	I 	I 	I 	III 	I 
LLVYDNLYLNDKGEMNK0SS1LKKT_DST<42 



FIG.6.9 

Sequence alignments. 

MDH - mit ochondria I, pig 
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3 	 37 

CYTOCHROME C, human 
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•8 	 37 

HAEMOGLOBIN. epsilon, human. 
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6.2.4 Use of >1 LDH-P.1 as a probe 

The cDNA insert of 126 base pairs in )LDH-P.1 could now 

be used as a specific probe to identify homologous genomic DNA and 

messenger RNA species. In addition, it could be used to establish 

the relationship between the other )LDH-P cDNA clones. As an 

example of this Kpnh/Sstl digested )LDH-P 4,5 6 and 7 were 

transferred to nitrocellulose and hybridised to the )LDH-P.1 

insert labelled with [ 32P] (Methods). 	The 2.2 kb fragment 

carrying the cDNA insert lit up in all 4 clones (Fig. 6.4b). 

Thus )¼LDH-P.4, 5, 6 and 7 share extensive sequence homology with 

)LDH-P.l. Coupled with the fact that the inserts in all these 

clones appear to be identical (at approximately 130 bp) it is 

likely that clones 1, 4, 5, 6 and 7 are indeed the same. DNA 

sequence analysis should confirm this. 

6.2.5 Estimation of size of ldh-p mRNA by Northern blotting 

p(A)RNA from the Ki isolate of P.falciparum was fractionated 

on formaldehyde-agarose gels, transferred to nitrocellulose and 

probed with the [32P]-labelled  XLDH-P.1 insert. Size markers, 

consisting of "28S" and "18S" P.falciparum rRNA, "23S" and "16S" 

E.coli rRNA and "7S' tRNA were run on the same gel to estimate the 

size of the ldh-p mRNA (Fig. 6.10.) . A single band at 5 x 10 

Da (±1.5 x LO Da) or 1kb (0.3 kb) specifically hybridised 

to the probe. This is a very pleasing result as it agrees 

exactly with the size estimated from sucrose-formamide density 

gradients (Chapter 4, 4.4). 



Fig. 6. 10. 

Northern blot analysis of Ki p(A)RNA 

RNA was fractionated on a 1% agarose/formaldehyde gel and 

nothern blotted; the blot was probed with LDH-P.1 insert. 

(a) Gel 

Track 1 E.coli RNA 	 3 i.ig 

2 P. falciparum rRNA 	 3 p.g 

3 	- 

4 P.falciparuin p(A)RNA 	1 ig 

5 - 

6 P.falciparum RNA 	 3 4g 

7 E.coli RNA 	 3 ig 

(b) Northern blot 

Note single band at 1 kb hybridising to ALDH-P.1 probe. 



kb 
	

12 	4 	67 

4.34 
3.24 
2.27_ 
1.54 

0.1 

FIG.6.1 0 

(a) (b) 

4 

kb. 

-4 . 34 
—3.24 _32L 
_2.27 
- 1-54 

Edh-p 

LrJiFlJT 
_0.1 



166 

6.2.6 Organisation of the ldh-p gene(s) 

DNA from two P.falciparum isolates, Ki and Taq 9/96 was 

digested with restriction enzymes and size fractionated on 0.7% 

agarose gels. The DNA was transferred to nitrocellulose and probed 

with [ 32PI-labelled LDH-P.1 insert. Interestingly, when the DNA 

was cut with Hiridill, a single band at 3.7 kb was lit up in 1(1 but 

in Taq 9/96 the unique band was slightly smaller at 3.6 kb 

(Fig. 6.11). In contrast when Ki DNA was digested with EcoRl, 

no bands hybridised to the LDH-P.1 probe. There are two possible 

explanations for this lack of hybridisation. If the ldh-p gene 

occurs on an EcoRl fragment >20kb the efficiency of transfer of 

this DNA would be so low that no signal would be obtained. 

Alternatively, if the ldh-p gene has EcoRl sites within it and the 

fragment homologous to the LDH-P.1 probe is thus very small 

(<300 bp), the signal may also be very weak. 

To check that we had not cloned a human ldh gene, human 

DNA from HeLa cells (a kind gift from Dr. C. Weber) was 

restricted with Hindlll 1 fractionated on an 0.7% agarose gel and 

Southern blotted. No hybridisation of the XLDH-P.1 probe to the 

human DNA was seen, even after long exposure (1 week) (Fig. 6.12). 

To determine whether the ldh-p gene was located in the 

chromosomal DNA of the parasite or on a small episome, undigested 

P.falciparuni Ki DNA was fractionated on 0.7% agarose gels. 

Special care was taken to obtain this DNA in its native, 

undegraded form. Infected blood was lysed with saponin, the 

liberated parasites washed repeatedly and then lysed in sarkosine 

and Proteinase K. The extract was loaded immediately on to the gel. 



Fig. 6. 11 

Organisation of ldh-p gene(s) 

(a) 0.7% agarose gel of parasite DNA 

Track 1 Markers )cI857 Hindlil/EcoRl 

2 5 i.ig  1(1 DNAIEc0RI 

3 5 4g Ki DNA/HindIII 

4 5 4g Taq 9/96 DNA/HindIII 

5 	- 

6 Markers Xc1857 Hindill/EcoRl 

(b) Southern blot of (a) probed with ALDH-P.1 insert 

Note single bands in tracks 3 (Ki/HindIll) and 4 

(Taq 9/96/Hindill) 
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The gel was blotted and probed with the LDH-P.1 insert (Fig. 6.12). 

The hybridising band ran at a mobility greater than 50 kb, implying 

that the gene resides in the chromosomal DNA of the parasite. 

It is thus unlikely that the 1db-p gene is carried on a small, 

autonomous episome. 

6.2.7 Isolation and partial characterisation of ldh-p genomic clones 

Genomic libraries of the Kl isolate of P.falciparum have 

been established in this laboratory; genomic DNA was completely 

digested with either EcoRl (Langsley, 1983) or Hindlil (Goman, 

unpublished) and cloned into the phage vector >tNM1149 which contains 

unique EcoRl and Hindili sites, and can accommodate up to 11 kb 

of foreign DNA (Murray, N. 1983). The R1K1 library consists of 

10 recombinants and the HindIII.Kl library consists of 2 x lO 

recombinant phages. Both libraries were screened with the 

LDH-P.1 insert probe to identify 1db-p gene clones. 

In a primary screen of the HindIII.Kl library, approximately 

15 positive signals were obtained (Fig. 6.13). In contrast, no 

plaques in the RlKl library hybridised to the probe. The failure to 

obtain any ldh-p genomic clones from the latter library may be due 

to the fact that the ldh-p gene resides on an EcoRl fragment that 

is larger than the maximum insert size accommodated by >NM1149 

(>11 kb). This is consistent with the Southern blot analysis of 

Kl DNA digested with EcoRl described above (6.2.6). 

Of the positive signals obtained from the HiridIII.Kl library, 

five were picked and isolated as genetically pure clones (Fig. 6.13). 

DNA was prepared from each of these clones, digested with Hindlil 

I!' 



Fig. 6.12,  

Genom.ic organisation of ldh-p gene(s) 

Approximately 5, 1 and 0.5 4g of Ki DNA isolated directly 

from parasites without extraction or restriction were loaded 

on a 0.7% agarose gel. In addition 5 ig of Hindill digested 

HeLa cell DNA was also analysed on the same gel. 

Track 1 Markers >.c185 7  Hindlil/EcoRl 

2 K1 DNA 5 4 

3 	is 1 4 

4 Kl DNA 0.5ig 

5 5 .ig HeLa DNA/HindIII 

Southern blot; gel probed with (32p]_ labelledinsert from 

LDH-P. 1. 

Only the parasite DNA (>20 kb) hybridises to this probe. 
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Fig. 6.13 

Isolation of ldh-p genomic clones from)..NM1149 HindIII.K1 

genomic library 

Primary screen 

2 x lO plaques per 85 mm petri dish of..NMl149 HindIII.Kl 

genomic library on ED395 

Pure clones 

XLDH-P.10, 11, 12, 13, and 14 as pure clones; third and 

final screen plated on ED395 
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and size fractionated on 0.7% agarose gels (Fig. 6.14). These 

genomic clones were designated XLDH-P.10, XLDH-P.11, XLDH-P.12, 

XLDH-P.13 and XLDH-P.14. XLDH-P.10 has inserts at 3.7 kb and 

2.0 kb whereas, clones 11 to 14 have only the 3.7 kb insert. When 

this gel was Southern blotted and probed with the XLDH-P.1 insert, 

the 3.7 kb band hybridised in all of the clones. The 2.0 kb insert 

in XLDH-P.10 did not hybridise; this fragment could have been 

co-ligated with the 3.7 kb insert into XLDH-P.10. Whether the 

2,0 kb fragment is contiguous to the ldh-p gene or originates from 

a completely different part of the genome has not yet been 

established. 

Restriction analysis revealed that the 3.7 kb Hiridill 

fragment contains an EcoRl site, such that a Hindlil/EcoRl digest 

generated a 2.7 kb and a 1.0 kb fragment Fig. 6.15). This is 

true of all five clones. However, the 2 kb co-ligated insert in 

ALDH-P.10 remains uncut. The fact that all five clones carry a 

3.7 kb insert hybridising to ALDH-P.1 and that each has a single 

EcoRl site in the same position strongly suggests they are identical. 

An estimate of the number of copies of the 3.7 kb fragments in 

the genotne of P.falciparum was carried out based on Southern 

hybridisations according to the protocol of Lis et al., (1978). 

Here the degree of hybridisation is an indication of copy number, 

and can be estimated by comparison with known standards. Knowing 

the DNA content of the genome of P.falciparum is 2.2 x 10 bp (Goman, 

et al. 1982), HindIll restricted XLDH-P. 11 was diluted in salmon 

sperm DNA such that its concentration was equivalent to 1, 2, 4, 8, 

10, and 12 copies per genome of P.falciparum. Genomic DNA from the 
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Hind lil  

5 .ig of DNA from clones ..LDU-P 	i were 

with Hir: I 

(ethidiurn 

 Track 1 markersXcI857 HindlIl 

ALDH-P.lO/E-jindIII 

C. 	• 	11/ 

12/ " 

3 	" 	13/ 

2- 	
" 	14/ 

Note 3.7 kb insert present in all clones and additional 2 kb 

fragment in track 6 (ALDH-P.14) 

Southern blot analysis of ALDH-P.10 - 14 

Southern blot of gel in Fig. 6. 14a probed with 

( 32 P) -labelled insert from ALDH-P.1 

Only the 3.7 kb fragment hybridises to this probe. 
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Fig. 6. 15 

Restriction analysis of )LDH-P.10-14 

Approximately 5 .ig of DNA from clones ..LDH-P.10-14 were 

digested with Hindlil and EcoRI and fractionated on an 

0.7% agarose gel. 

Track 1 Markers Xc1857 Hindill/EcoRl 

2 Uncut ANM1149 only 

XLDH-P.10 Hiridlil/EcoRl 

to 
	

of 

11 12 It 	 II 

It 	
- 13 so II 

11 

14 of II 

Note presence of 2.7 kb and 1 kb fragments in all clones, 

and extra 2 kb insert in clone 10 
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Ki isolate of P.falciparum was restricted with Hindill, and 

together with the diluted standards fractionated on a 0.7% agarose 

gel. The DNA was transferred to nitrocellulose and hybridised with 

[ 32P]-labe11edLDH-P.11. The degree of hybridisation to the 

3.7 kb fragment in the genorne, and to the diluted standards was 

quantified by scanning densitometry. The results are represented 

graphically in Fig. 6.16. It can be seen that there are less than 

five, and most probably between one and two copies of the 3.7 kb 

fragment in the Kl genome. 

As discussed in Chapter 1 (1.6) there is a large discrepancy 

in the published values for the genome size of P.falciparum; 

2.2 x 10 kb by Goman et al.3  (1982) compared with 3.8 x 1O 5  bp by 

Hough-Evans and Howard (1982). The latter estimate is approximately 

17 times higher than that obtained for P.falciparum and other 

Plasmodia, and if used would result in an estimate of 17-34 copies 

of the 3.7 kb ldh-p genomic fragment in P.falciparum. However, the 

higher genome size reported by Hough-Evans and Howard (1982) is in 

conflict with most other estimates and until additional work is 

done on P.falciparum it seems reasonable to take the genome size 

of the parasite as 2.2 x 10 kb (Goman et al., 1982), and the 

number of ldh-p genes as being 1-2 copies per genome. This is 

supported by the following argument. 

The size of the genomic insert agrees exactly with the size of 

the Hindlil fragment identified in Southern blots of Ki DNA 

above (6.2). Furthermore, the five independent lambda phage clones 

were isolated from a screen of 20,000 clones and all contain the 

same sized Hindill fragment with the same restriction maps. 
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Fig. 6.16 

Copy number analysis of ldh-p gene(s) 

Quantitation of ldh-p number by Southern blot analysis. 

The XLDH-P.11 clone was diluted in 4 .Lg of salmon sperm DNA 

and digested with Hindill. Aliquots equivalent to a range of 

copy numbers from 0-12 were fractionated on an agarose gel, 

together with 4 ig of Hindill digest of Kl genomic DNA. 

After transfer to nitrocellulose the blot was hybridised with 

XLDH-P.1 insert probe. The degree of hybridisation was 

estimated by scanning densitometry; the absorbance is equivalent 

to the area under the peak of the densitometer scan. 

The copy number of ).LDH-P.11 was estimated by comparison with 

the amount of hybridisation observed to the Ki genomic DNA. 
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Assuming that the genome size of the parasite is five times that 

of E.coli (4 x 
10  bp), the expected frequency of a single copy 

gene in a DNA fragment of 3.7 kb would be approximately 1 clone 

per 5000 clones, close to the observed frequency. This data, 

combined with the copy number analysis above (6.2.6) suggests that 

there is only one copy of the ldh-p gene in the P.falciparum 

genome. The absence of restriction enzyme polymorphism also 

supports this contention. 

6.3 Discussion 

Immunological screening of the ).gtll-based expression 

libraries with a specific anti-LDH-P probe revealed nine LDH-P 

cDNA clones. One of these, )LDH-P.l, has been studied in depth. 

AT content 

The DNA sequence of the P.falciparuxn insert in this clone 

is remarkably AT rich (78%). This compares favourably with the AT 

content of the parasite's genome (80% AT: Goman et al., 1982, 

Pollack et al., 1982) and also the coding sequences of a number of 

other P.falciparuni proteins including the C-terminal 70 amino 

acids of P190, the major schizont-specific surface antigen (Hall 

et al., 1984a, 1984b). cDNA clones encoding a 22 kiD surface 

antigen, which contains epitopes that are also present in the Cs 

protein of sporozoites (Zaiala submitted) has been completely 

sequenced and consists of 70% AT (Hope et al., 1984 and Hope, 

submitted). However, the situation in the simian malaria 

P.knowlesi is strikingly different. The complete sequence of the 

gene coding for the circum-sporozoite protein (CS) of the parasite 

has been determined and its base ratio is not biased; the coding 



sequence is 53.3% AT whereas only the 5' and 3' flanking regions are 

AT rich, being 72.5% and 67.6% AT respectively (Ozaki et al., 1983). 

It should be noted, however, that the P.knowlesi and P.falciparum 

genomes may be quite different; recent evidence suggests that the 

base ratio of the simian parasite may conform to the eukaryotic 

pattern, having an AT content of 63% (F. Perler et al. 1  1983). 

Interestingly there is no poly(A) sequence in the XLDH-P.1 

cDNA clone. As the cDNA was constructed by reverse transcription 

from oligo-dT primed p(A)RNA it is usual to find a stretch of A 

residue in the resulting cDNA clones. However, the sequence is so 

uniformly AT rich it is possible that internal initiation of 

transcription occurred. Alternatively, either the single or 

double-stranded DNA copies of the ldh-p mRNA could have been 

broken at random in the construction of the cDNA, generating 

internal 'tail-less' fragments such as that in XLDH-P.1. The 

presence of a poly(A) tail in a cDNA sequence is often very useful 

as it fixes the position of the clone at the C-terminus of the 

protein. Unfortunately, from the DNA sequence alone it is 

impossible to say which part of the enzyme the XLDH-P.1 clone 

corresponds to. However, by analysing the only open-reading frame 

in the clone and comparing it with known LDH amino acid sequences 

it has been possible to localise the sequence within the overall 

LDH primary structure as discussed below. 

Codon Bias 

The XLDH-P.1 cDNA sequence has only one open reading frame, 

compatible with the earlier studies of the -galactosidase-LDHP 

fusion protein produced by the clone; the other five possible 
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reading frames all end abruptly in stop codons. The open reading 

frame consists of 42 amino acids. Interestingly the codon usage 

frequency of the sequence is biased so that codons with As or Ts 

in the third position are used more often than alternative codons 

having Gs or Cs in that site. This is also true of other P.falciparum 

sequences including P190 (Hall et al., 1984b) and P22 (Hope et al., 

submitted). One consequence of this codon bias may be a reduction in 

the efficiency of translation of P.falciparum sequences from parasite 

mRNA in vitro and also the expression of -galactosidase-P.falciParUfli 

mRNAs in E.coli. As discussed in Chapter 4, the translation of 

P.falciparum mRNA in vitro is greatly stimulated by the addition of 

heterologous tRNA. Perhaps the pool of tRNA species in rabbit 

reticulocyte lysates is not optimal for sustained translation of 

parasite codons. Wallach, in 1982, reported that parasite mRNA 

could only be efficiently translated in vitro if homologous 

P.falciparum tRNA was added to the translation system, implying 

that the pool of tENA species was unique to the parasite. 

However, this observation has not been supported by a number of 

other groups (Hyde et al., 1984, Odink et al., 1984a, Coppel 1984). 

Similarly, as codon selection preferences are different for 

prokaryotic and eukaryotic genes it is also possible that the levels 

of certain tRNAs will affect the translational efficiency of these 

foreign genes in a prokaryotic host such as E.coli (Harris, 1983). 

Enzyme Structure 

Lactate dehydrogeflaSes form a closely homologous family; the 

average sequence identity among vertebrate LDHs is 76% and the 

identity between these vertebrate enzymes and the prokaryotic LDH 
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from L.casei is still 37%. These comparisons are only strictly 

valid when complete sequences are available. Consequently, as the 

cDNA insert in XLDH-P.1 encodes only 42 amino acids, representing 

approximately 12% of the whole polypeptide, conclusions about the 

identify of LDH-P with these known LDH structures should be made 

with caution; for example, whether it is more like the prokaryotic 

or eukaryotic enzymes. However, by comparing the LDH-P sequence 

in detail with the seven published LDH sequences an interesting, 

and possibly significant block of homology has been defined. This 

occurs between LDH-P and the C-terminal region, between residues 

285 and 327 in most of the LDHs. A composite diagram of the homology 

in this region is shown in Fig 6.17. Significantly, the hexamer, 

KSADTL, is found in most of the known LDHs and is a characteristic 

feature of these related enzymes. 	This region falls within the 

substrate-binding domain of the enzyme (located between residues 

164 and 333). Thus we can define the location of the ALDH-P.1 

cDNA sequence within the overall enzyme structure. The C-terminal 

extreme of this domain is not as highly conserved as other regions 

of the molecule . Thus, the active centres of eukarvotic and 

prokaryotic LDH5 still show 70% identical residues, whereas the 

homology in the C-terminal 50 amino acids is only 30%, even 

amongst closely related higher vertebrates. Similarly LDH-P is 

also 30% identical to the known LDHs in this region. Furthermore, 

it is precisely in this region that LDH differs from other dehydro-

genases such as malate dehydrogenase (MDH) because of their different 

substrate specificities. Thus, the homology of LDH-P to MDH in 

this sequence is significantly lower than overall homology of these 
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COMPOSITE SEQUENCE COMPARISON BETWEEN LDH-P.1 & OTHER LDHs. 

LDH-P: IL N D1K1E MK DS YILJK T D A L D N Y I K S A 0 T LID  M E 0 K 

	

PIG-A 	I L I G 0 B I G I I S 0 V V K V TLIT P E E E A H L K I K S A 0 T L I W G I 

	

PIG-B 	IL NIA R I G I L T S V I N a K I L KD 0 E V A a L K N I S A D T LID M E 

CHICK -A I L I G S SIGh  I TO V V K M IlL KIP 0 E E E K I K I K S A D T L I W G I 

	

CHICK-B 	ILlS A SIGIL T SV IN 0 KIL KID 0 EVA 0 LKIK S AD T LIWS I Q K I 

MOUSE -X L I G Z AIGI  TB F V1V BILIT P B Z V A H L KIK  S AOT LWB  M 0 K 

DOGFISH-A L ND HG IS N IV KM K ?LKP DE EQ Q LQK SAT T LWD I

L.casei. 	L NR N G ION I L El P 	D HE E ES M 0  S A SQL K K V L T 

FIG.6.17 



related enzymes. 

The true significance of the homology pinpointed in this 

analysis will be assessed when further sequence data is available. 

It seems likely that the existing XLDH-P cDNA clones (2 to 9) 

isolated from the expression library will resemble XLDH-P.1 for 

the following reasons. Firstly, XLDH-P.1, 2 and 3 have identical 

insert sizes and the fusion polypeptides produced by these clones 

are also the same size at 120 kD. Secondly, the results of cross- 

probing ALDH-P.1 with clones 4, 5, 6 and 7 strongly suggest that the 

latter 4 clones have extensive sequence homology with the original 

XLDH-P.1 clone. Furthermore, clones 4, 5, 6, 7 and 9 have inserts 

identical in size to ALDH-P.l. Only XLDH-P.8 has a slightly larger 

insert at 160 bp. Although this contention will only be firmly 

proven by DNA sequence analysis, clones 2 to 9 are unlikely to extend 

our knowledge of the LDH-P sequence very significantly. 

To circumvent this impasse, a cDNA library constructed from 

Kl mRNA cloned into the phage lambda vector NN1149 was extensively 

screened with the labelled insert from XLDH-P.1 (Hyde et al., 1984). 

As this vector has a much larger capacity for foreign DNA than 

the XTn5 vector, from which most of the LDH-P cDNA clones were 

isolated, it was hoped that longer cDNA clones could be isolated. 

However, this proved unsuccessful even though in the same 

experiment a large number of Hindill genomic clones were positively 

identified from the HindIIIKl genomic library. An analysis of the 

latter clones should provide further sequence information on 

LDH-P. 
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A single genomic ldh-p fragment from the Thai Ki isolate has 

been cloned and partially analysed. Interestingly when DNA from 

two Thai isolates were compared, a small but significant difference 

in the size of this fragment was observed (Ki = 3.7 kb; Tak 9/96 = 

3.6 kb). As these isolates share the same enzyme variant, designated 

LDH-1 (see Chapter 3), the difference revealed by restriction 

analysis may be located in genomic sequences surrounding the coding 

region rather than within the ldh-p gene itself. Alternatively, the 

restriction site polymorphism may occur within the coding region 

and result in amino acid substitutions that do not affect enzyme 

mobility in non-denaturing gels (see 1.10). 

The combined results of copy analysis and restriction 

mapping strongly suggest that there is only one copy of the ldh-p 

gene in P.falciparum. Hence the gene must be expressed at a very 

high level as the enzyme constitutes 5-8% of total cell protein 

of blood-stage parasites. Furthermore, the ldh-p mRNA probably 

makes up at least 5% of total messenger RNA of these forms 

(Chapter 4). This is comparable to the circumsporozoite protein 

(CSP) and its gene in P.knowlesi. The CS protein constitutes 

10-20% of total protein synthesised by the sporozoite (Cochrane et 

al., 1982) yet there is only one copy of the CSP gene in the 

P.knowlesi genome (Ozaki et al. 1  1983). The identification and 

characterisation of the 5' control regions of both the ldh-p 

and CSP genes may reveal how the respective proteins are produced 

at such a high level from single genes. 

Further analysis of the 3.7 kb ldh-p genomic fragment and the 

isolation of other overlapping sequences may identify these control 



elements. In addition, as P.falciparum is a eukaryote it will be 

interesting to discover if ldh-p contains introns and, if so, 

whether they demarcate exons encoding the defined structural-

functional domains of the enzyme described in Chapter 1 (1.9). 



CHAPTER 

CONCLUSIONS 



The work presented in this thesis contributes to the molecular 

characterisation of lactate dehydrogenase (LDH-P), a major metabolic 

enzyme of P.falciparum. 	It describes the first-ever cloning of a 

gene encoding LDH from any organism and the first enzyme gene to 

be cloned from the parasite. 

The starting point for this work has been the isolation and 

characterisation of a monoclonal antibody recognising the parasite 

enzyme subunit. Several independent lines of evidence clearly 

demonstrate the link between the monoclonal antibody and LDH-P. 

The McAb was used to purify the enzyme monomer in milligram amounts, 

allowing the generation of a more powerful polyvalent antibody 

probe. The latter was used as a highly specific tool to isolate 

a number of recombinant DNA clones expressing LDH-P epitopes. These 

clones have been characterised at the level of DNA and amino acid 

sequence, allowing detailed comparison with known LDH structures, 

and then used as probes of parasite gene organisation. The 

ultimate success of the work has depended crucially on two 

factors. Firstly, the production of highly specific antibody 

probes (monoclonal and polyclonal). Secondly, the development of 

host-vector systems capable of expressing P.falciparum proteins 

and an assay system capable of identifying those clones producing 

parasite antigens. 

Immunological screening of expression libraries using specific 

antibody probes has been immensely successful in malaria research. 

It has been the nthod of choice of a number of research groups 

working on different species and stages of the parasite. The list 

of gene clones isolated by this method is increasing monthly and 
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now includes the circumsporozoite protein of P.knowlesi (Ellis 

et al. 1983) and P.falciparum (Dame et al., 1984b; Enea et al. 1984), 

P190, the major schizont-specific surface antigen of P.falciparum 

(Odink et al. 1984b; Hall et al. 1984b) and the S-antigen of the 

Papua New Guinean isolate of P.falciparum (Coppel et al. 1983). 

The focus so far has been on the identification of surface antigens; 

no parasite enzyme genes have so far been cloned. The aim of this 

thesis was to rectify this omission. 

Monoclonal antibodies are very powerful tools for probing the 

relation between structure and function within a single molecule 

and the evolutionary relationships of that molecule in different 

organisms. This is especially true of enzymes. Because of their 

exquisite specificity and reactivity with single epitopes, McAbs 

can be used to probe the surface of an enzyme to locate the catalytic 

centre, substrate or cofactor binding domains, regulatory sites 

and residues involved in subunit-subunit interaction. For example, 

the binding site of the anti-LDH-P McAb studied here, is most 

probably located on the exposed surface of the enzyme; it is not 

directly in the catalytic site. Furthermore, it is unlikely to be 

found in the subunit-subunit binding domains as the McAbs were 

originally raised against non-denatured parasite proteins, in 

which the LDH-P was most probably still tetrameric. Interestingly, 

the epitope is parasite-specific, McAb 7.2 does not cross-react with 

any of the host isozymes. Thus the antibody probe has defined a 

species-specific structure that can be used to differentiate host 

from parasite enzymes. 
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As discussed in Chapter 1, a similar strategy has been adopted 

by a number of groups currently studying the sperm-specific LDH, 

LDH-X4, in the hope of developing an anti-fertility vaccine based 

on immunisation of females with defined X-specific peptides. 

Several regions of LDH-X have been identified that are quite 

distinct from corresponding regions in somatic LDHs, A and B. 

Synthetic peptides in these defined regions will be constructed 

for immunisation trials. Perhaps the parasite-specific sequence 

identified by McAb 7.2 could be incorporated as a synthetic peptide 

into a composite, anti-malarial vaccine. Only those parts of the 

parasite enzyme differing from the isofunctional host enzyme can be 

employed as potential immunogens, in contrast to surface antigens 

where the whole molecule may be used as the immunogen. Thus, it is 

essential to have detailed knowledge of the parasite enzyme structure. 

Both the similarities and differences between LDH-P and 

mammalian LDHs revealed by sequence analysis are significant. The 

blocks of homology between these enzymes provide further con-

firmation that the expressing clones actually contain fragments 

of the ldh-p gene. The antibody select technique, developed in 

Chapter 5, provides independent support for the identity of these 

clones. In addition, the divergence of the parasite and 

mammalian sequences show, for the first time, LDH-P is structurally 

distinct from the host isozymes. This molecular analysis confirms 

and extends the earlier biochemical work of Vander Jagt et al. 

(1981); LDH-P could be distinguished from the host LDHs by its 

kinetic and regulatory properties as well as its exquisite sensitivity 

to an ionic detergent. Because of the pivotal role of LDH-P in 



parasite energy metabolism, any selective inhibitors of the enzyme 

may provide useful candidates for the development of new antimalarial 

drugs. It is, therefore, of considerable interest that LDH-P differs 

significantly from host cell LDH. 

Currently, all new drugs are screened for anti-malarial 

activity initially in mice against rodent malarias such as P.berghei 

then against P.falciparum in owl monkeys and in in vitro cultures 

(Peters 1981). A radical alternative to this time-consuming and 

expensive screening can be foreseen involving recombinant DNA technology. 

It may be possible to obtain full-length LDH-P cDNA clones expressing 

enzymatically active LDH-P in ldh strains of E.coli. Rapid 

screening of potential anti-malarial drugs, acting specifically on 

this enzyme, could be achieved by selecting ldh colonies on 

drug-containing plates. Biological activity of genes from lower 

eukaryotes such as Saccharomyces cervisiae (Struhl et al. 1976; 

Ratzkin and Carbon, 1977) and Neurospora crassa (Vapnek et al. 

1977) has already been demonstrated using phenotypic selection for 

functions that complement mutationally inactivated, homologous 

bacterial genes. Furthermore, mammalian dihydrofolate reductate 

(DHFR) is correctly expressed as the biologically active enzyme 

in E.coli, containing recombinant plasmids. Colonies harbouring 

plasmids with these mammalian DHFR sequences can be selected on 

plates containing the specific inhibitors methotrexate (MTX) or 

trimethoprim (Tp). DHFR can be extracted from these bacterial 

clones and used directly for pharmacological studies (Chang et al. 

1978). 
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The shrinking number of effective prophylactic and 

therapeutic anti-malarials makes the search for new drugs 

increasingly urgent. In addition, alternative strategies based on 

composite vaccines produced with the aid of recombinant DNA 

technology are desperately needed. The molecular study of 

parasite enzymes, such as lactate dehydrogenase, may contribute to 

both these areas of current malaria research. 
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