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Summary 

Plasmodium falciparum, being an intra-erythrocytic parasite, has evolved a 

unique set of biochemical pathways to adapt to the specific milieu that it resides 

in. This makes the biochemistry of the parasite different from the human host. 

The lack of the de novo purine nucleotide biosynthetic pathway is one such 

difference. The parasite depends exclusively on the salvage of preformed purine 

bases from the host to meet its requirement for adenine and guanine nucleotides. 

Hypoxanthine, the major purine base available to the parasite, is converted to IMP by 

the enzyme hypoxanthine guanine phosphoribosyltransferase (HGPRT). IMP serves 

as a precursor for both AMP and GMP. Conversion to AMP, proceeding in two steps, 

involves the enzymes adenylosuccinate synthetase (AdSS) and adenylosuccinate 

lyase. Conversion to GMP is mediated by inosine monophosphate dehydrogenase 

and GMP synthetase. The enzymes, HGPRT and AdSS form the subject of this 

Ph.D. thesis. 

The first chapter provides an introduction to the malaria parasite and its 

biochemistry, with specific emphasis on nucleotide metabolism. The purine salvage 

pathway is discussed in detail and existing literature on the individual enzymes 

summarised. Hypoxanthine guanine phosphoribosyltransferases are described in 

detail and the substrate specificity problem defined. The chapter also presents an 

overview ofthe available literature on adenylosuccinate synthetase. 

HGPRT catalyses the phosphoribosylation of 6-oxopurine bases to their corre-
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Summary 

sponding nucleotides. Phosphoribosylpyrophosphate (PRPP) serves as the source 

of the phosphoribosyl group. The substrate specificity of HGPRT varies with the 

source of the enzyme. Human HGPRT can catalyse the phosphoribosylation of the 

purine bases, hypoxanthine and guanine. HGPRT from Plasmodium falciparum 

(PfHGPRT), and many other parasites can take up, in addition, xanthine as a 

substrate. Despite the availability of high-resolution structures of many HGPRTs, 

the basis for xanthine specificity has remained elusive. The second chapter describes 

the directed evolution approach adopted here to address this problem of substrate 

specificity. Random mutagenesis followed by selection for xanthine activity led 

to the identification of a mutation, F36L, that confers xanthine activity on the 

human enzyme. The activities of this mutant on hypoxanthine and guanine are not 

significantly affected. Residue F36 modulates substrate specificity even though it 

lies far from the active site of the enzyme. Site-directed mutants constructed to 

introduce a cavity or charge at this position indicated that mutation at this position 

in the hydrophobic core of the protein also alters protein stability. The gain of 

xanthine activity could be attributed to a reduction in the activation energies for 

xanthine phosphoribosylation by the mutant as compared to the wildtype enzyme. 

This reduction is probably due to minor reorganization in the protein around the 

mutation, leading in tum to alterations in the vicinity of the active site. Examination 

of the crystal structure of human HGPRT in complex with a transition state 

analog, immucillin-GP, indicated that such reorganization in the mutant can offset 

potentially destabilising interactions that the protein would make if the substrate 

were xanthine. 

Chapter three deals with the effect of a similar mutation on the P. falciparum 

enzyme. F36 of the human HGPRT corresponds to L44 in the P falciparum 

sequence. The effect of mutation of this residue to Phe in the P falciparum 

enzyme was also examined. The L44F mutant of PfHGPRT was found to be 

temperature sensitive as judged by loss of activity and secondary structure with 

increase in temperature. Temperature dependent activity measurements on the L44F 
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mutant and the wildtype enzyme also led to the identification of the active form 

of Pfl-IGPRT as a metastable state. Pfl-IGPRT on purification from recombinant 

expression systems is inactive. This is also the case with the L44F mutant. 

Stable activity can be obtained on incubation of the purified enzymes with the 

substrates, PRPP and hypoxanthine. The purine base xanthine is not as effective 

in activating the enzyme. Activity measurements at different temperatures indicated 

that the enzymes respond differently to the purine bases, hypoxanthine and xanthine. 

Activity on xanthine starts to drop at temperatures 1 0°C lower than on hypoxanthine. 

Differences between the response to the two purine bases were also apparent when 

the unfolding of the enzymes was monitored by far-UV CD. Both hypoxanthine and 

xanthine, in the presence of PRPP, destabilised the enzyme to denaturation at higher 

temperatures. Destabilisation was greater in the presence of xanthine as compared to 

hypoxanthine. This effect is more pronounced in the L44F mutant. Destabilisation 

of the P. falciparum enzyme under conditions used for activation indicates that the 

active form of the enzyme is metastable. Xanthine can also activate the enzyme but 

to a lesser extent and destabilises it further indicating that in a folding landscape, 

the protein-PRPP-xanthine complex can be placed higher than the protein-PRPP

hypoxanthine complex. The protein-PRPP-hypoxanthine complex itself is higher 

than the purified inactive protein on the folding landscape. 

The remaining sections of the thesis are centered on P. falciparum adenylosucci

nate synthetase (PfAdSS). AdSS catalyses the condensation ofiMP with aspartate in 

a magnesium requiring reaction accompanied by the hydrolysis ofGTP to GDP. The 

enzyme is important in both the de novo and salvage pathways for purine nucleotide 

biosynthesis. This enzyme gains additional importance in context of the A/T rich 

P falciparum genome, as it is involved in the regulation of ATP/GTP ratios in the 

cell. Chapter four describes the cloning, purification and kinetic characterization of 

this enzyme. P falciparum adenylosuccinate synthetase was cloned and shown to 

be functional by its ability to complement AdSS deficiency in an AdSS deficient 

strain of E. coli, H1238. The functional complementation studies were carried out 
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Summary 

with a N-tenninal truncated clone of AdSS in addition to the full-length clone. The 

full length clone was found to complement AdSS deficiency only in the presence of 

casein hydrolysate in the medium while the truncated clone complemented even in 

the absence of casein hydrolysate. Since H1238 is a strain that can produce but not 

degrade the AdSS inhibitor, guanosine tetraphosphate (ppGpp) under conditions of 

amino acid starvation, the functional complementation results indicate that ppGpp 

inhibits the full-length PfAdSS protein but not the truncated protein. It is interesting 

to note that ppGpp, an effector of the stringent response in prokaryotes, affects the 

activity of P. falciparum AdSS. 

PfAdSS was hyper-expressed and the conditions for obtaining stable activity of 

the enzyme after purification were standardized. Detailed kinetic characterization 

of PfAdSS allowed the identification of properties unique to the parasite enzyme. 

All AdSS in literature have a random sequential mechanism. Each of the substrates, 

IMP, GTP and aspartate, can bind to the enzyme independently. Catalysis, however, 

proceeds only after all substrates bind to the enzyme. Kinetic studies show that 

in contrast to all other AdSS, PfAdSS has an ordered mechanism. Competitive 

inhibitors of GTP inhibit IMP uncompetitively and competitive inhibitors of 

aspartate show uncompetitive inhibition with both IMP and GTP. This indicates 

that the order of substrate binding in PfAdSS is IMP, GTP and finally aspartate. 

Inhibition studies with end products of the reaction and the purine salvage pathway 

indicate that PfAdSS is similar to the acidic mammalian isozyme rather than the 

basic isozyme. 

During the course of efforts to stabilise the activity of purified PfAdSS, it was 

observed that EDTA is essential for maintaining stable activity of the recombinant 

protein. This indicated the role of metal ions in the inactivation ofthe enzyme in the 

absence ofEDTA. The effect of two metal ions, Cu2+ (redox active) and Mn2+(not 

redox active) on the enzyme were therefore, examined. Cu2+ and not Mn2+ was 

found to inactivate the enzyme. Inactivation was accompanied by the formation of 

disulphide bonded dimers. AdSS is active as a non-covalently linked homodimer 
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with the active site at the interface. Inactivation by the cysteine modifying agent, 

iodoacetate, was also accompanied by the destabilisation of the dimers as seen on 

gel filtration. The substrate IMP could protect the protein from inactivation by 

both Cu2+ and iodoacetate. These observations implicated interface cysteines in 

the inactivation process. Two Cys residues, C328 and C368 were identified, based 

on sequence comparison with other AdSS for which structural data was available, 

to lie at the dimer interface of the protein. Three Cys to Ser mutants, C328S, C368S 

and C328S C368S were constructed with a view to obtain mutants that are stable to 

oxidation. The mutants were partially protected against inactivation by iodoacetate 

indicating that both C328 and C368 were involved in the loss of activity on treatment 

with iodoacetate. Surprisingly, the dimer interface in C328S and the double mutant 

was destabilised as judged by gel filtration. In addition, the aspartate Km of the 

double mutant was considerably lower than that of the wildtype. Mass spectral 

(LC-ESI-MS) analysis of tryptic digests of the active, wildtype AdSS showed that 

C328 is modified to a sulphenic acid. These results implicate a cysteine thilolate or 

a sulphenic acid in the maintenance of PfAdSS dimer integrity. These studies are 

described in Chapter 5 of the thesis. 

The crystal structure of PfAdSS was solved in collaboration with Prof. M.R.N. 

Murthy, Molecular Biophysics Unit, Indian Institute of Science, to a resolution of 

2. The final chapter of the thesis presents the crystal structure of PfAdSS, with 

6-phosphoryl IMP, GDP, hadacidin and Mg2+ in the active site. The asymmetric 

unit is a monomer with a crystallographic axis of symmetry coinciding with the 

molecular 2-fold axis of symmetry. The dimer interface of PfAdSS is unusual in 

having a preponderance of positive charges. In addition, C328 at the interface, 

showed the presence of extra electron density attached to the sulphur indicating that 

it is modified in the crystal. The density was greater than the single oxygen observed 

on mass spectrometry, probably indicating further oxidation during crystallisation. 

This is in agreement with the mutagenesis studies, which highlight the importance 

of C328 at the interface. 
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Summary 

Comparison of PfAdSS with similarly ligated complexes of other AdSS also 

gives a plausible explanation for the ordered binding of substrates. AdSS undergoes 

considerable loop organization in response to IMP binding. In PfAdSS, one such 

loop, the switch loop, is positioned further towards the GTP pocket making H

bonds with the ribose hydroxyls. These H-bonds are not seen in other AdSS. 

Examination of the structure also identifies additional H-bonds within the protein 

that serve to produce additional movement of this loop. Since this loop is known 

to be organized in response to IMP binding, it could explain the ordered binding of 

GTP. Additional H-bonding between Thr307 and GTP may account for the ordered 

binding of aspartate. Thr307 is in a loop that in other AdSS responds to aspartate 

binding. Ordering of this loop after GTP binding probably facilitates aspartate 

binding. 
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I 1 Chapter 

Introduction 

This chapter gives a general introduction to malaria. This is followed by 

a detailed description of nucleotide metabolism in the parasite. The enzymes 

that form the subject of the studies reported in this thesis, hypoxanthine guanine 

phosphoribosyltransferase and adenylosuccinate synthetase, are considered in 

detail. 

1.1 Malaria: General Introduction 

Plasmodium falciparum, the causative agent of malaria, is one of the world's 

most pathogenic microbes. The annual morbidity of malaria is close to 500 

million, and the mortality, predominantly among young children, between 1-2 

million (WHO, 1999). The discovery of the insecticidal effects of DTT along with 

the antimalarial chloroquine led to efforts to eradicate the disease. Indeed, in the 

latter half of the 20th century the combination of potent insecticides and cheap drugs 

offered the possibility of global eradication. Malaria, however, remains one of the 

largest global health care problems of the 21 st century, eradication plans having been 

defeated by such diverse factors as insecticide resistance and environmental impact, 

drug resistance, and insufficient investment in the discovery of new drugs. 

Malaria is one of the oldest diseases known to man. Documentation 

dating back to 2500 BC describes tertian and quartan fevers accompanied by 

spleenomegaly (Sherman, 1998). The etiology of the disease however, was 



Introduction 

elucidated only in the early 20th century. The work of Laveran in 1880, identifying 

the causative agent of malaria as Plasmodium won him the Nobel Prize in 1907. Sir 

Ronold Ross working on the suggestions of Patrick Manson, established in 1897 

that the malaria parasite is transmitted by the Anopheles mosquito . This work 

won him the Nobel Prize in 1902, 5 years before Lavaran whose work formed the 

starting point of Ross' work. The tissue stages of the malaria parasite in primates 

and humans were discovered much later in 1948 establishing the complete life 

cycle of the malaria parasite(Sherman, 1998). 

1.1.1 The Life cycle of Plasmodium 

Malaria in humans is caused by four species of Plasmodium: P. falciparum, 

P. vivax, P. ovale and P. malariae. Of these, P. falciparum malaria is the most 

lethal due to the cerebral complications associated with the disease. The life 

cycle of all species of human malaria parasites is essentially the same (Sherman, 

1998) (Figure 1.1). It comprises an exogenous sexual phase (sporogony) with 

" 

Figure 1.1: Life cycle of Plasmodium falciparuma) Human stages b) Mosquito stages. 

Figure taken from Wirth , D.F. (2002) 

multiplication in certain Anopheles mosquitoes and an endogenous asexual phase 

(schizogony) with multiplication in the vertebrate host. Gametocytes of the parasite 

in the circulation of individuals infected with malaria are ingested by the mosquito 

vector during a blood meal. The temperature change in the mosquito gut induces 

2 
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gametogenesis, which is quickly followed by fertilization. The resultant zygote 

undergoes meotic division and transforms into the ookinete. The ookinete then 

moves from the midgut to a site between the midgut epithelium and the hemolymph 

and develops into an oocyst. The oocyst ruptures to release fully formed sporozoites 

into the hemolymph which migrate to the salivary glands of the mosquito. These 

sporozoites are injected into the vertebrate host initiating the asexual phases of the 

life cycle. 

Within 30 min of injection the sporozoites are carried to the liver where they 

pass through a layer of liver epithelium to invade the hepatocytes. The parasite 

then undergoes a series of asexual cycles called pre-erythrocytic shizogony. The 

resultant merozoites are released into circulation and invade erythrocytes in the 

blood. On entry into the erythrocyte, the merozoites transform into the ring form 

within a membrane-lined cavity called the parasitophorous vacuole. The appearance 

as a ring is due to the presence of a large food vacuole that is involved in the 

degradation of hemeoglobin, with the elongated nucleus occupying the perimeter. 

Modification of the RBC membrane by parasite proteins begins at this stage. The 

ring develops into a rounded trophozoite, the most active feeding and growth stage 

of the parasite. The trophozoite stage is characterized by the accumulation of the 

hemozoin pigment in the food vacuole. The parasite then undergoes a series of 

nuclear divisions along with an intense synthesis of molecules required for the next 

round of erythrocyte invasion. About 16 nuclei are generated and these move into 

merozoite buds formed at the periphery of the schizont. Merozoites then pinch 

off from the residual body of the cytoplasm and are released into the circulation 

by a protease mediated rupture of the membranes surrounding the parasite. These 

merozoites can now establish fresh infections. During the erythrocytic stages some 

merozoites enter the RBC to develop into gametocytes. Commitment of merozoites 

to development into gametocytes occurs before the invasion of the erythrocyte. The 

gametocytes are taken up by mosquitoes during a blood meal to initiate a fresh cycle 

of sexual development (Sherman, 1998, Bannister & Mitchell, 2003). 

3 
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The only human malaria parasite associated with cerebral complications is 

P. falciparum. A central feature of falciparum malaria is the sequestration of 

parasitised erythrocytes within the microvasculature of the major organs of the 

body, predominantly the brain, heart, lungs and submucosa of the small intestine. 

Rosetting which is the binding of uninfected RBCs to infected RBCs, has been 

found to be higher in parasites isolated from cases of cerebral malaria (Chen et al., 

2000). In the brain, vascular obstruction can lead to ischaemia and hemorrhages. 

These obstructions are thought to be the reason for the coma associated with malaria. 

Production of pro inflammatory cytokines (TNF a), upregulation of endothelial cell 

adhesion molecules have also been implicated in the development of cerebral 

malaria (Medana et al., 2001 ). Studies in African children has suggested that 

metabolic acidosis associated with respiratory failure may be the cause for death. 

Associations between the clinical features of malaria and fatal outcomes have been 

described, but causality has not been established (Newton et al., 1998). It is likely 

that multiple mechanisms are involved in the induction of cerebral complications 

and both the presence of parasitised erythrocytes in the central nervous system and 

sequestration and immunopathological processes contribute to the pathogenesis of 

cerebral malaria. 

The life cycle highlights an extraordinary feature of Plasmodium biology: 

The ability of this small, predominantly haploid, but genomically complicated 

eukaryote to change its gene expression patterns to efficiently exploit dramatically 

different environments; the hepatocyte and erythrocyte in the human host and, 

the midgut, the "vasculature" and the salivary glands of the mosquito (Fig. 1.1 ), 

(Bannister&Mitchell, 2003). In addition, being a predominantly intracellular 

parasite, it has also done away with many biochemical pathways, deriving many 

metabolites from the host . Understanding parasite biology and biochemistry 

therefore, becomes a challenge. The sequencing of the genomes of Plasmodium 

falciparum (Gardner et al., 2002, Gardner et al., 2001, Hall et al., 2002, Hyman 

et al., 2002), and its two hosts, human (Lander et al., 2001, Venter et al., 2001) 

4 
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and Anopheles gambiae (Holt et al., 2002) has made available an enormous body 

of information that will allow a detailed investigation of the biology of the parasite. 

These genomes along with the tools of proteomics that have developed over the 

last few years are already revolutionizing the study of the parasite (Hoffman et al., 

2002). The Plasmodium genome therefore, merits at least a brief discussion. 

1.1.2 The Plasmodium falciparum genome 

The nuclear genome of the Plasmodium falciparum is 22.8 Mb. The parasite 

also has a 35 kb apicoplast genome (Wilson et al., 1996) and a 6 kb mitochondrial 

genome (Suplick et al. , 1988). The nuclear genome is organized into 14 chro

mosome ranging in size from 0.643 Mb to 3.29 Mb (Triglia et al., 1992). About 

52 % of the genome comprises of coding regions, with the number of predicted 

genes being 5268. Of these, 60 % are annotated as hypothetical proteins with no 

obvious homology with any sequenced functional protein to date (Gardner et al. , 

2002). Proteomic analysis of expression during different stages of the P. falciparum 

life cycle has led to the identification of 2415 expressed protein ( 46 % of the total 

annotated genes), 51 % of which are annotated as hypothetical (Florens et al. , 

2002, Lasonder et al., 2002). Figure 1.2 shows the functional profiles of proteins 

expressed and detected by the proteome analysis. Also of interest in this analysis 

ME!fOZOII& 
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Figure 1.2: Functional profiles of proteins expressed in P. falciparum . Proteins identified 

in each stage are plotted as a function of their broad functional classification . Figure is 

taken from Florens et al., 2002 
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is the identification of metabolic pathways that vary with different stages of the 

parasite life cycle. For example, the intraerythrocytic stages of the parasite express 

the enzymes of the glycolytic pathway, the only pathway for energy metabolism 

in these stages. However, the gametocyte and sporozoite preparations were found 

to express enzymes of the mitochondrial TCA cycle also, indicating a variation in 

the energy metabolism. Interestingly, the stages of the parasite that express the 

TCA cycle enzymes are also the stages that are susceptible to drugs that disrupt 

mitochondrial function (Florens et al., 2002). 

An expression profiling of the entire malarial genome has also been carried out 

using 25 bp oligonucleotides covering both strands of the P. falciparum genome at a 

frequency of about one oligonucleotide every 150 bp of the sequence (Le Roch et al., 

2003, Bozdech et al., 2003). The expression analysis has been carried out on all the 

erythrocytic stages including the gametocytes and on the sporozoite. The expression 

patterns, along with the mass spectrometric analysis of the proteome, allow the 

identification of stage specific expression patterns. The agreement between the 

proteome and transcriptome analysis has been found to be good. Stage specific 

expression profiling will aid the identification of the functions of the numerous 

hypothetical proteins. Such profiling has also helped in reinterpretation of existing 

data. 

Even though P. falciparum is a unicellular organism that can easily be cultured 

in vitro, functional analysis of genes is a complicated process. In vitro cultures are 

restricted to the erythrocytic stages; the sporozoites, liver stages and the mosquito 

stages cannot be maintained in culture. One of the popular approaches to functional 

characterization is the creation of knockouts. Methods for stable transfection of 

malaria parasites have been established and many different vectors constructed for 

trans gene expression (Gardiner et al., 2003, Waters et al., 1997, Waterkeyn et al., 

1999). The validity of these methods has also been established with knock out 

studies on many genes (de Koning-Ward et al., 2000). However, all these studies are 

on non-essential proteins, for example the knob associated histidine rich protein 
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(KAHRP) which has a role to play in adherence (Crabb et al., 1997). As the 

intraerythrocytic stages of the parasite are haploid, knocking out essential genes 

is lethal and therefore, not possible limiting the use of this popular tool. 

RNA interference (RNAi) is an emerging technique that has proved to be useful 

for functional genomic screening (Hannon, 2002). RNAi acts post-transcriptionally 

and results in the specific degradation of target mRNA leading to decreased 

synthesis of specific proteins. This method that has been extensively used to 

study gene expression in a diverse range of organisms ( Caenorhabditus elegens, 

Drosophila melanogaster, fungi , plants and vertebrate cell lines) (Hannon, 2002, 

Plasterk & Ketting, 2000) has now been applied to the malaria parasite. Dihy

droorotate dehydrogenase, a target for currently used antimalarials has been used 

to demonstrate the validity of the RNAi approach in cultured malaria parasites 

(McRobert & McConkey, 2002). Other genes whose functions have been explored 

and their essentiality established using this approach are the cysteine proteases, 

falcipain 1 and 2 (Malahotra, P et al. , 2002), chorismate synthase and PP1 , a 

serine/theronine protein phosphatase (Kumar et al., 2002). All these data in 

combination with the new tools being developed for functional analysis will aid 

in understanding parasite biology and in validating new drug and vaccine targets. 

1.1.3 Currently used antimalarials 

The drug armoury against malaria is limited. The quinoline family of drugs, 

originating from quinine, the oldest of the antimalarials, remain the cheapest and 

most accessible drugs against malaria. Chloroquine continues to be the most 

widely used drug worldwide for the treatment of non-complicated malaria, despite 

extensive drug resistance. Amodiaquine, also belonging to the quinoline family, has 

greater efficacy than chloroquine in resistant strains and is used as the second line 

of attack against the disease. Other drugs of the same genre include halofantrine 

and mefioquine (Wellems & Plowe, 2001). Except in parts of South-East Asia, 

quinine remains the final line of attack, despite its severe side effects in complicated, 
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multidrug resistant malaria, as relatively little resistance against this drug has 

developed (Meshnick, 1997) . 

Artemisinins, semi-synthetic derivatives of the plant extract artemisinin, are 

used in both uncomplicated and severe malaria (Price, 2000). The most commonly 

used derivatives are artemether, artether and artesunate, which are metabolised into 

dihydroartemisinin which itself is now used as a drug (White & Olliaro, 1998). 

Despite their high potency and ability to reduce circulating parasitemia rapidly, 

these drugs have a very short half-life and are generally used in combination with 

mefloquine (Ridley, 2002). 

Most other drugs in use target pyrimidine biosynthesis, either directly or 

indirectly. Pyrimethamine, a competitive inhibitor of dihydrofolate reductase 

(DHFR), in combination with sulfadoxine, an inhibitor of dihydropteroate synthase, 

is a single dose treatment for the disease. However, resistance develops rapidly. 

Proguanil and chlorproguanil are metabolised by human CYP2C19 and CYP3A4 

to the active metabolites cycloguanil and chlorcycloguanil, which inhibit parasite 

DHFR (Giao & de Vries, 2001). 

Atavaquone, a hydroxynapthoquinone, inhibits mitochondrial electron transport 

(Srivatsava et al., 1997). Since, a major function of the electron transport pathway 

is to provide reducing equivalents to dihydroorotate dehydrogenase, it indirectly 

inhibits pyrimidine biosynthesis. It is usually administered in combination with 

proguanil (Malarone) (Wilairatana et al., 2002). However, resistance is making 

treatment redundant faster than the rate at which newer drugs can be developed. 

Older drugs that were displaced by the availability of cheaper drugs like chloroquine 

are therefore receiving renewed attention. One such drug is pyronaridine, an 

acridine based drug synthesised in China in the 1970s and in use in both the oral 

and parenteral forms for the treatment of chloroquine-resistant P. falciparum malaria 

(Chen & Zheng, 1992), is being pursued by the WHO. The mode of action of this 

drug is not known. 
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The rapid emergence of drug resistance against the limited armory of drugs 

available against the parasite necessitates the identification of new drug targets and 

drugs (Hyde, 2002). A rational approach to this goal would be the identification of 

players in metabolic pathways in the parasite and their characterization with the aim 

of knowledge based drug design. The availability of the genome sequence of both 

the parasite and the human host should aid this process. The next section identifies 

some potential metabolic pathways that can be targeted for therapeutic intervention. 

Nucleotide metabolism, due to its relevance to the studies described in this thesis is 

dealt with in some detail. 

1.2 Parasite metabolism as a target for antimalarials 

The erythrocyte, the host cell for the symptomatic stages of malaria infection, 

is a unique milieu. In addition to protecting the parasite from host defenses, it also 

offers a singular set of metabolic precursors for the parasite. The mature human 

erythrocyte is also transcriptionally silent and lacks many of the metabolic pathways 

operative in human tissues. During the course of adaptation, the malaria parasite 

has done away with many metabolic pathways and also acquired some which make 

it metabolically distinct from the host. The challenge therefore is to identify and 

target these differences. The availability of the parasite genome along with its 

transcriptome and proteome should greatly aid this process. Once these targets are 

identified, validated and characterized, rational drug design may be attempted. This 

section highlights the major metabolic differences between the human host and the 

parasite, with a focus on nucleotide metabolism. This list is not a comprehensive 

one and represents only some of the metabolic pathways that have generated interest 

in the recent years . 

1.2.1 Energy metabolism 

The intraerythrocytic stages of the parasite derive their entire ATP pools by 

glycolysis. A 30-100 fold increase in glycolytic flux has been documented in the 
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infected erythrocyte when compared to the uninfected erythrocyte (Roth, 1990). 

All the enzymes involved in glycolysis are present in the parasite genome (Bahl et 

al., 2002). The erythrocytic stages of the parasite have only a single rudimentary 

mitochondrion that does not play a role in the energy metabolism of the parasite. 

Proteome analysis also corroborates this observation, with the TCA cycle enzymes 

not being detected in the parasite erythrocytic stages (Florens et al., 2002). The 

enzymes for the TCA cycle are indeed present in the genome and are expressed in 

the gametocyte and sporozoite stages of the parasite (Bahl et al., 2002, Fluorens et 

al., 2002). These stages also have cristate mitochondria and are susceptible to drugs 

that target this organelle (Lanners, 1991 ). A recent study in the mouse malaria 

parasite P berghii, has demonstrated increased oxygen consumption on addition 

of TCA cycle intermediates in the intraerythrocytic stages raising the possibility 

of oxidative phosphorylation occurring in the parasite. Efforts to reproduce these 

observations in P falciparum, were however, unsuccessful (Sergio et al., 2000). 

Antiamoebin, zervamicin and efrapeptins, fungal metabolites which are uncouplers 

of oxidative phosphorylation, have also been shown to have antiparsitic activity in 

P falciparum cultures (Nagaraj et al., 200 1 ). In view of these studies, the enzymes 

involved in energy metabolism, especially those of the glycolytic pathway are good 

targets against the erythrocytic stages. 

Only three enzymes of the glycolytic pathway, aldolase (Kim et al., 1998), 

triosephosphate isomerase (TIM) (Velankar et al., 1997) and lactate dehydrogenase 

(LDH) (Dunn et al., 1996), have been characterized in detail with crystal structures 

solved. The crystal structures allow the identification of features unique to the 

parasite enzyme. Inhibition of these enzymes has been shown to be lethal to the 

parasite, though no candidate drugs have been identified. Parasite LDH differs 

from the human counterpart in its ability to accept the synthetic molecule, 3-

acetylpyridine adenine dinucleotide, as a cofactor. This property has been exploited 

in a diagnostic assay for malaria infection (Basco et al., 1995). LDH has also 

been crystallised with the antimalarial, chloroquine providing a starting template 
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for inhibitor design (Read et al., 1999). 

1.2.2 Hemoglobin degradation 

The intraerythrocytic malaria parasite does not carry out any ammo acid 

biosynthesis. The amino acid requirement is met through the degradation of 

hemoglobin taken up from the host erythrocyte. The parasite is auxotrophic for 

amino acids that are absent or infrequently represented in hemoglobin (Rosenthal 

& Meshnick, 1998). Hemoglobin is taken up from the erythrocyte cytoplasm via 

a cytostomic pathway and degradation takes place in the food vacuole, an acidic 

lysosome like organelle within the parasite. Many classes of proteases, aspartyl, 

thiol and metallo proteases- have been implicated in this apparently ordered process. 

Plasmepsins, 10 of which have been identified in the P falciparum genome, are 

aspartic proteases involved in the initial steps of hemoglobin degradation (Banerjee 

et al,2002). Of these Plasmepsin I and II are relatively well studied with the 

crystal structure of Plasmepsin II determined (Silva et al., 1996). Use of the crystal 

structure has also led to identification of a few small non-peptidyl compounds 

that inhibit plasmepsin II activity with sub-nanomolar Kis (Silva et al., 1996). 

Three thiol proteases, falcipain 1 (Salas et al., 1995), 2 (Shenai et al., 2000) and 

3 (Sijwali et al., 2001) constitute the second major class of pro teases involved 

in hemoglobinolysis. Falcipain 2 is characterized as the principal trophozoite 

cysteine protease that is responsible for more than 90% of total trophozoite soluble 

thiol protease activity (Shenai et al., 2000). Apart from hemoglobin degradation 

falcipain 2 can participate in degradation of erythrocyte cytoskeleton. Falcilysin, 

a metalloprotease and some aminopeptidase activities complete the hemoglobin 

degradation process. Hemoglobinolysis is one of the most promising targets against 

malaria. 
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1.2.3 Fatty acid biosynthesis 

Fatty acid biosynthesis in the parasite takes place in a specialized organelle 

called the apicoplast. This alga-derived organelle enclosed by four membranes has a 

35 kb genome encoding rRNA and tRNA genes in addition to many proteins (Wilson 

& Williamson, 1997). Many nuclear encoded proteins have also been found to have 

plastid targeting signals (Foth et al., 2003). The plastid is thought to play a role in 

fatty acid and heme biosynthesis (McFadden & Roos, 1999). The nuclear encoded 

plastid proteins are plant-like, indicative of a transfer of genes from the plastid to 

the nucleus during evolution. One of the established functions of this organelle 

is fatty acid biosynthesis, which differs from the pathway operative in the human 

host. In P falciparum, independent enzymes catalyse individual steps of fatty acid 

biosynthesis (Type I) in contrast to the human host where all these activities are 

resident on one single large polypeptide (Type II). Triclosan, an inhibitor of Type 

I fatty acid biosynthesis has antiparasitic Activity (McLeod et al., 2001, Surolia & 

Surolia, 2001 ). All enzymes of this pathway are therefore potential drug targets. 

1.2.4 Nucleotide metabolism 

Human erythrocytes have very limited nucleotide requirements and therefore, 

lack the complete nucleotide biosynthetic pathway. However, the rapidly dividing 

parasite has a dramatically increased nucleotide requirement that has to be met 

through parasite-encoded pathways. Purine nucleotides, in most protozoan para

sites, are derived through the salvage of preformed host bases, while pyrimidine 

nucleotides are synthesised through the de novo biosynthetic pathway (Sherman, 

1979). Flux through both of these pathways is essential with little or no means 

of bypass. The two pathways therefore, present a range of essential enzymes that 

can be targeted for therapeutic intervention. In addition, nucleotide metabolism in 

the parasite includes the transcriptional and replicative machinery. Another aspect 

of the above processes is the regulation of gene expression, at the level of both 
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transcription and translation. These mechanisms are also of paramount importance 

to the parasite, which undergoes a series of differentiation events through multiple 

stages during its intra-erythrocytic cycle. 

Pyrimidine biosynthesis 

The malaria parasite derives its entire pyrimidine nucleotide pool via the de 

novo biosynthetic pathway. The salvage enzymes are absent in the parasite (Gero 

et al., 1984). This pathway, which includes the enzyme thymidylate synthase 

(TS)-dihydrofolate reductase (DHFR), connecting up to folate biosynthesis, is 

by far the best exploited clinically. A number of drugs routinely used for 

antimalarial therapy directly or indirectly target enzymes of the pathway. The 

only enzymes of the pathway that have been extensively studied are dihyroorotate 

dehydrogenase (DHODH) and TS-DHFR. Many antimalarial drugs in use target 

folate metabolism. These include pyrimethamine and proguanil which target DHFR 

and sulphadoxine which inhibits folate biosynthesis (Hitchings, 1971 ). Resistance 

to these drugs is however rampant, with a number of mutations contributing to 

resistance characterized (Warhurst et al., 1998). 

Thymidylate synthase in the parasite is metabolically linked to DHFR, a proven 

target for animalarial chemotherapy, with the two activities residing in the same 

bifunctional polypeptide. The PfDHFR-TS polypeptide is 608 amino acids of 

which the first 221 constitute the DHFR domain. The C-terminal 288 amino acids 

comprising the TS domain are linked to the DHFR domain by an 88 amino acid 

junction region. The structures of PfDHFR-TS and two mutants that are resistant 

to both pyrimethamine and cycloguanil have been solved recently (Yuvaniyama et 

al, 2003). These structures have led to an understanding of the mechanisms of 

resistance and will aid the design of new inhibitors. TS is a highly conserved 

protein and selective inhibitors may be hard to come by. Since partial inhibition 

of TS is sufficient to produce fatal nucleotide imbalances in the parasite (Yoshioka 

et al., 1987), an alternative strategy suggested is the combination of an effective 
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TS inhibitor and a nucleoside that can be utilized by the host (Rathod et al., 1989). 

Anti-TS drugs include 5-fluoropyrimidines but these lead to host toxicity due to 

their incorporation into the host nucleotide pool (Parker et al., 1990). N5-N10-

methylene tetrahydrofolate analogs, which inhibit TS without being metabolized 

into the nucleotide pool, are attractive alternatives. Use in combination with 

thymidine selectively inhibits parasite growth through inhibition ofTS with reduced 

host toxicity (Jiang et al., 2000). Such analogs need to be explored further. The 

crystal structures of PFDHFR-TS have also identified a unique junction that links 

up the two activities in this bifunctional protein. Inhibitors targeting this region 

would interfere with inter-domain interactions leading to species specific inhibition 

of dTMP synthesis. 

The parasite is also capable of biosynthesising folate and this forms the basis 

of sulpha drugs used in combination with pyrimithamine. These act on the enzyme 

dihydropteroate synthase, but as in the case of DHFR, resistance readily develops 

in the field (Triglia et al., 1997). Other enzymes of the pathway remain relatively 

uncharacterized and should be pursued in view of the proven efficacy of inhibition 

of the pathway. 

The shikimate pathway provides the pABA precursor for folate biosynthesis. 

Glyphosate, a specific inhibitor of chorismate synthase, is antiparasitic, establishing 

the importance of this pathway for the parasite (Roberts et al., 1998). In the absence 

of evidence for aromatic amino acid biosynthesis, the primary role of this pathway 

seems to be the supply of pABA for folate metabolism. This pathway, which 

localizes to the cytosol (Fitzpatrick et al.,2001), is an important target in view of 

its absence in the host. Though the inhibition studies indicate that the shikimate 

pathway is operative in the parasite, only chorismate syntase has been found in the 

parasite genome. Genes with obvious homology to other enzymes of the pathway 

are absent in the genome. The presence of significantly divergent genes performing 

these functions cannot be ruled out. 
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1.2. Parasite metabolism as a target for antimalarials 

DHODH is a mitochondrial enzyme in the parasite and its activity is closely 

linked to the mitochondrial electron transport chain. The enzyme purified from 

P berghii (Krungkrai et al. , 1991) and P falciparum (Krungkrai et al, 1995) has 

an iron-sulphur redox active cluster, does not bind flavin nucleotides and uses 

ubiquinone as an electron sink. Inhibitors of the electron transport chain, like 

the clinically used drug atovaquone, exert their antiparasitic activity by indirectly 

inhibiting this enzyme (Ittarat et al. , 1994). The P falciparum gene has a long leader 

sequence that presumably plays a role in mitochondrial targeting. The enzyme, also 

has a 42 amino acid insertion not present in any other DHODH, the functional role 

of which is not clear. Structural information on the enzyme is lacking. 

The first three enzymes of the pyrimidine biosynthetic pathway are monofunc

tional enzymes in Plasmodium, but are a single trifunctional protein in higher 

eukaryotes (Krungkrai et al., 1990). The first step, the glutamate dependent 

synthesis of carbamoyl phosphate requires, a series of reactions which are catalysed 

by distinct domains of the enzyme, carbamoyl phosphate synthetase (Flores et al. , 

1994). The P falciparum enzyme has unusually large insertions between these 

domains. The function of these large domains has not been determined, and might 

even have an additional uncharacterized activity. The unusually long ORF that 

results, in fact among the largest known in P falciparum, has been utilized for the 

design of enzyme specific phosphorothioated ribozymes, which have antimalarial 

activity in vitro due to their ability to specifically cleave carbamoyl phosphate 

synthetase mRNA (Flores et al., 1997). The other enzymes of the pathway, aspartate 

transcarabamoylase, dihydroorotase, OPRT, UMP kinases and cytidylate synthase 

remain largely uncharacterized in spite of inhibition studies that illustrate their 

importance to parasite survival (Seymour et al. , 1994). 

Purine nucleotide metabolism 

Unlike pyrimidine nucleotide biosynthesis, the parasite relies exclusively on the 

salvage of preformed host purine bases to meet its requirement of purine nucleotides. 
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Figure 1.3: Purine salvage pathway in P. fa/ciparum.Possible bypass mechanisms to the 

primary pathway through hypoxanthine are indicated with dotted lines 

The de novo purine biosynthetic pathway has been shown to be absent in the erythro

cytic stages (Sherman, 1979). Genes encoding the enzymes for the de novo pathway 

are also absent in the genome and salvage is the only avenue for the acquisition 

of purine nucleotides in all stages of the parasites life cycle( Gardner et al., 2002). 

The purine salvage pathway operative in the parasite is illustrated in Figure 1.3. 

The primary pathway is through adenosine uptake, which is then converted into 

inosine monophosphate (IMP) through inosine and hypoxanthine. IMP serves as the 

precursor for both adenosine monophosphate (AMP) and guanosine monophosphate 

(GMP). Possible bypass mechanisms include the conversion of adenosine to AMP 

by a kinase and phosphoribosylation of adenine, generated from adenosine by a 

purine nucleoside phosphorylase (PNP), to AMP. Extensive evidence exists that 

the flux is through the primary pathway involving HGPRT. Various inhibitors 

of the primary pathway through hypoxanthine guanine phosphoribosyltransferase 

(HGPRT) kill the parasite ( Table 1.1 ). Adenosine kinase (AK) has been cloned 

from the closely related parasites, Leishmania donovoni (Sinha et al., 1999) and 
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1.2. Parasite metabolism as a target for antimalarials 

Table 1.1: Inhibitors of purine salvage pathway enzymes that kill the parasite 

Enzyme Inhibitor Reference 

Adenosine deaminase 6-thioguanosine Queen et al., 1990 

Purine nucleoside phosphorylase Immucillin H Kicska et al., 2002b 

Hypoxanthine guanine 6-thioguanine Queen et al., 1990 

phosphoribosyltransferase 

Adenylosuccinate synthetase Hadacidin Webster et al., 1984 

IMP dehydrogenase Bredinin Webster & Whaun, 1982 

GMP synthetase Psicofuranine McConkey, 2000 

Toxoplasma gondii (Schumacher et al., 2000), the structure of the latter having been 

solved by crystallography (Sinha et al., 2000). However, the enzyme activity has not 

been detected in P fa/ciparum (Reyes et al., 1982) and a sequence with significant 

homology to known AKs from other species is not present in the genome (Bahl 

et al., 2003). The other bypass mechanism involves the conversion of adenine to 

AMP by adenine phosphoribosyltransferase (APRT). Adenine levels in the parasite 

are low as adenosine is not a substrate for either host or parasite PNPs (Kicska, 

et al., 2002a, 2002b) and because the high levels of adenosine deaminase keep 

the levels of adenosine in the parasite negligible. Low levels of APRT have been 

detected in the parasite (Queen et al., 1989) and the cloning of the P falciparum 

APRT by functional complementation in APRT deficient mouse cells has been 

reported (Pollack et al., 1985). However, no sequence information is available in 

the nucleotide database and a putative enzyme sequence could not be found in the 

genome by homology searches. The evidence for the existence of this enzyme in 

the parasite remains ambiguous. The other two enzymes indicated, AMP deaminase 

and GMP reductase, are either present in insignificant levels or absent in the intra-

erythrocytic parasite (Reyes et al., 1982). 

Most of the enzymes involved in the primary pathway for salvage remain poorly 

characterized. The parasite purine nucleoside phosphorylase has been cloned and 
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the recombinant enzyme purified from E. coli (Kicska, 2002a). A transition state 

analog of this enzyme based on the mechanism of homologs from other species has 

been shown to kill the parasite in culture. However, complete elimination of the 

parasite requires the inhibition of the host enzyme also (Kicska et al., 2002b ). This 

is because the product of the enzyme, inosine, can freely diffuse across membranes. 

The parasite can therefore survive on host derived inosine even in the absence of 

a parasite encoded PNP. PNP however, remains of interest as mode of directing 

subversive substrates into the purine salvage pathway. Another enzyme, catalysing 

the formation of hypoxanthine from inosine, a purine nucleoside hydrolase has 

generated interest in other protozoan parasites, as this enzyme is absent in the human 

host (Versees et al., 2001 ). The enzyme has not been reported in P. falciparum and 

simple homology searches do not show the presence in the genome. 

In spite of the proven efficacy of nucleotide metabolism in therapy, not only 

in Plasmodium, but also in many other parasitic and bacterial diseases, studies 

on most enzymes of the pathway remain superficial, with little more than gene 

sequence information existing in most cases. The only enzyme of the purine 

salvage pathway that has been extensively characterized is HGPRT. With regard 

to adenylosuccinate synthetase, the activity of the enzyme has been measured in 

parasite lystes (Reyes et al., 1982) and inhibition of parasite growth by the AdSS 

inhibitor, hadacidin, documented (Webster et al., 1984). The remaining enzymes 

of the pathway, adenylosuccinate lyase, inosine monophosphate dehydrogenase 

and GMP synthetase have little more than sequence information available. The 

availability of large libraries of a variety of molecules that can potentially inhibit 

enzymes involved in nucleotide metabolism, generated for testing against various 

cancers, should provide additional impetus to studies on the enzymes of this 

pathway. Since HGPRT and AdSS form the basis of this study, the properties of 

these enzymes are discussed in some detail. 
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Figure 1.4: Stage specific expression profiles of PfHGPRT and PfAdSS. (a) and (b) 

show the levels of HGPRT and AdSS RNA in the parasite, respectively. (c) and (d) 

show the peptide fragments of HGPRT and AdSS detected in a proteome wide analysis 

of P. falciparum . Red bars indicate peptide fragments detected in the analysis. These 

expression profiles are taken from PlasmodB. (Bahl et al., 2003) . 

Expression and inhibition studies on the parasite 

As mentioned earlier in this section, the publication of the P. falciparum genome 

has been followed by the proteome and transcriptome of the parasite. The stage 

specific expression profiles of P. falciparum HGPRT (PfHGPRT) and P. falciparum 

AdSS (PfAdSS) genes as detected by 25 residue oligonucleotide arrays is shown 

in Fig.4.4. Both these genes, being house keeping genes are expressed in all the 

parasite stages. The expression levels of HGPRT seem to be higher than AdSS. 

The proteome analysis detects peptides corresponding to HGPRT in all stages of 

the life cycle. Peptides corresponding to AdSS are however, detected only in the 

merozoites. (Fig. 4.4). The absence of detection in the mass spectrometric analysis 

is not conclusive evidence for the lack of expression. Western blot analysis with 

PfAdSS antibodies in our laboratory show that this enzyme is expressed in the 

intraerythrocytic stages of the parasite. 

Many different inhibitors of HGPRT have been shown to kill the parasite 

m culture. These include 6-mercaptopurine (ICso=6.2 ,UM) and 6-thioguanine 
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(IC50=18 p.M) (Queen et al., 1990). 2-deoxycoformycin an inhibitor of adenosine 

deaminase leads to the depletion of hypoxanthine pools. This compound has been 

shown to dramatically reduce parasitemia in P. knowlesi infected rhesus monkeys 

indicating the importance of hypoxanthine in the parasites' purine metabolism 

(Luebke et al., 1991 ). Hypoxanthine depletion by the addition of xanthine oxidase 

also kills P. falciparum in culture (Berman et al., 1991 ). Hadacidin, a specific 

inhibitor of AdSS has also been shown to have antiparasitic activity (Webster et 

al., 1984). These studies demonstrate the importance of these two enzymes for the 

survival of the parasite. 

Recent immunological investigations using native antigen fractions from rodent 

parasite P. yoelii have shown that parasite HGPRT is capable of activating the 

immune system through Th1 CD4+ T-cells (Makobongo et al., 2003). When 

extended to P. falciparum , the recombinant HGXPRT could activate T-cells in vitro 

and immunization of normal mice with recombinant HGXPRT reduced parasite 

growth following challenge. This observation qualifies HGXPRT as a vaccine 

candidate and further emphasizes its importance in parasite survival. 

1.3 Phosphoribosyltransferses (PRTases) 

PRTases catalyse the displacement of pyrophosphate from PRPP by a nitrogen 

containing nucleophile such as ammonia or purine or pyrimidine bases. The reaction 

results in an inversion of configuration at the anomeric carbon of PRPP. These 

enzymes belong to the PRT family of proteins that also comprises some regulatory 

proteins in addition to the PRTases (Sinha & Smith,2001). All members of this 

family contain a 13 residue motif consisting of 4 hydrophobic residues, 2 acidic 

residues and 7 of variable character. This motif constitutes the PRPP binding loop 

in PRPP binding proteins and the level of sequence homology beyond this motif is 

low. 

In spite of the low sequence level similarity within this family, PRT proteins 
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Figure 1.5: Structures of different PRTs. a) PfHGPRT(1CJB)(Shi et al., 1999a) 

b) E. coli GPATase(1ECC) (Krahn et al , 1997) c) Bacillus subtilis PRPP 

synthetase(11BS)(Eriksen et al. , 2000) d) E. co/iXPRT(1NUL)(Vos et al. , 1997) . Only 

monomers are represented . 

have a common structure (Fig. 1.5). The structure comprises a core consisting 

of 4-5 /3-strands sandwiched between layers of a-helices, two on one side and 

at least one on the other. At the C-terminal edge of the core /3-sheet is a second 

domain or subdomain known as the hood, formed by the N and C terminus of the 

protein (Sinha & Smith,200 I). A pyrophosphate loop, conformationally conserved 

across the family is also involved in PRPP binding. A rare non-proline cis peptide 

bond between the I st and 2nd residues of this loop may have an important role in 

PRPP binding and product release (Heroux et al., 1999a). Another structural feature 

common to this class of proteins is a flexible loop that closes over the bound PRPP 

in the PRTases (Sinha & Smith, 2001, Craig & Eakin, 2000). This loop is found to 
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be ordered only in the presence of Mg2+ -PRPP. The conformational response of the 

flexible loop to PRPP binding is used by these proteins for a variety of processes 

including catalysis (Ozturk et al.,l995), signalling and co-operativity. The most 

remarkable of these is the case of glutamaine PRPP aminotransferase (GPAT) where 

the movement of the loop activates a second catalytic domain (the hood) leading to 
' 

the production of the nucleophile, ammonia (Bera et al., 2000). The hood domain 

varies considerably with the enzyme (Fig. 1.5). In GPATase (Smith et al., 1994) 

and PRPP synthetase (Eriksen, et al., 2000) it forms a separate domain and is a 

subdomain in most PRTases (Craig & Eakin, 2000). The hood domain is involved 

in recognition of the base. In GPATase, the hood is catalytic and generates the 

nucleophile, ammonia. 

Another class of PRTases, named the type II PRTases do not have the motif 

characteristic of the PRT family of proteins. Only one representative structure, 

that of quinoline acid phosphoribosyltransferase exists (Sharma et al., 1998). The 

fold consists of an N terminal open-faced /3-sandwich domain and a C teriminal 

incomplete a- J3 barrel domain. The PRTases involved in histidine and tryptophan 

biosynthesis do not show sequence homology to either of the above class of 

enzymes. The structure of anthranilate phosphoribosyltransferase involved in 

tryptophan biosynthesis shows it to be different in its fold from both the above 

PRTase families (Kim et al., 2002). Designated a Type III PRTase, this enzyme 

is similar to the pyrimidine nucleoside phosphorylase II family of proteins. It is a 

two-domain protein, one domain being entirely helical and the other comprising a 

/3-sheet surrounded by 8 helices. In all these three classes of PRTases, a metal ion 

mediates PRPP binding. The type I and III families also share the pyrophosphate 

binding motif. Catalyzing identical reactions these three classes of PRTases are an 

example of convergent evolution of similar catalytic roles. 
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Figure 1.6: a) The reaction catalysed by HGPRT shown for the purine base 

hypoxanthine. b) The purine base substrates for HGPRTs. 

1.3.1 6-oxopurine phosphoribosyltrasferases 

As the name suggests, these enzymes catalyse the phosphoribosylation of 6-

oxopurine bases to their respective mononucleotides in a Mg2+ dependent reaction 

(Fig. 1.6a). The purine base (Fig. 1.6b) specificity of these enzymes varies with 

the species they are derived from. The human enzyme is a HGPRT, i.e. it takes 

up the purine bases hypoxanthine and guanine as substrates. The enzyme from 

many parasitic protozoa including P. falciparum is a HGXPRT, taking up the base, 

xanthine as a substrate in addition (Queen et al., 1988). E. coli has two enzymes, 

HPRT with weak activity on guanine (Guddat et al., 2002) and a GXPRT (Vos et al., 

1997). The enzyme from the parasite Giardia is unique in being a GPRT (Sommer 

et al., 1996). In addition to these enzymes which take up 6-oxopurines as substrates, 

many organisms also have an adenine phosphoribosyltransferase for the salvage of 

adenine (Craig & Eakin, 2000). The length of the purine phopshoribosyltransferases 
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Figure 1.7: Sequence alignment of HGPRTs from different spec1es. Alignment was 

performed using ClustalW 

varies considerably with the smallest being the 150 amino acid long E. coli HPRT 

and the longest the 241 residue long Leishmania donovonni HPRT. Few residues 

are conserved across the puirne phosphoribosyltransferases, the only recognisable 

motif being the PRPP loop (Fig. 1.7). The enzyme is active as an oligomer, with 

both dimeric and tetrameric forms reported. The only exceptions may be the T cruzi 

(Focia et al., 1998a) and T foetus (Somoza et al., 1996) where monomeric enzyme 

has been reported in solution. 

1.3.2 Kinetic mechanism of HGPRTs 

Kinetic analysis carried out on HGPRTs shows that it has an ordered Bi-Bi 

mechanism (Fig. 1.8). The first substrate to bind is PRPP, probably in complex 

with Mg2+ . This is followed by the binding of the purine (Xu et al. , 1997). After 

product formation, pyrophosphate is released first followed by the release of the 

mononucleotide. Pre-steady state and steady state kinetic experiments carried out 

on human HGPRT show that the rate-determining step of the HGPRT reaction is not 
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Figure 1.8: The ordered kinetic mechanism of HGPRTs. 

product formation but the release of the mononucleotide. The Kd for the substrate 

PRPP is much lower than the Km for this substrate. The human enzyme binds the 

purine base with millimolar Kd in the absence of PRPP. The Kd in the presence of 

PRPP is reduced 1000 fold with the K m of the purine base being a few micromolar. 

In contrast, studies by Subbayya and Balaram, H. on the P. falciparum HGRRT 

have shown that this enzyme can bind the purine base in the absence of PRPP. This 

binding is non-productive and cannot be reversed by the addition of PRPP. 

1.3.3 Substrate binding 

Though the sequence identity even between HGPRTs from any two distantly 

related species is high, comparison of all available sequence data shows that only 

11 residues are invariant. These residues are concentrated around the active site or 

are located in loop II (Craig & Eakin, 2001). The structure of HGPRTs in context 

of substrate binding and catalysis is discussed in this section. 

Crystallographic studies have led to the identification of 5 flexible loops in 

HGPRTs that get ordered on substrate binding. These loop movements explain the 

ordered sequential mechanism of the enzyme (Heroux et al., 1999a). Loop I or the 

phosphate loop contains the cis peptide bond that is important for the binding of 

PRPP. Loop II undergoes dramatic movements, with one end of the loop moving 

as much as 20A. on substrate binding. This loop folds over the active site during 

catalysis. Loop III gets ordered on the recognition of the 5' phosphate group of 

PRPP and nucleotides. Loop III' is purported to play a role in the linking up of the 
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Figure 1.9: Flexible loops in HGPRTs. Ribbon representation of the human HGPRT 

structure in complex with lmmucill in GP (lBZY). The five flexible loops implicated in 

HGPRT catalysis are indicated in red and lmmucillin GP in space fill representation 

hood and core domains after substrate binding. Loop IV is predominantly involved 

in the recognition of the purine base (Fig. 1.9). The availability of structures of 

different complexes of HGPRTs representing different stages of the catalysis allows 

speculation on the mechanism of the reaction and the motion of the reaction co

ordinate. These include structures of the 1) T. gondii (Heroux et al., 2000) and 

T. foetus HGPRTs with the purine analog 9-deazaguanine and the substrate PRPP 

representing the substrate bound state, 2) human and P falciparum enzymes with 

immucillin HP and GP (transition state analogs of HGPRT)(Shi et al., 1999a, Shi 

et al., 1999b), respectively, representing the enzyme conformation during catalysis 

and 3) product bound forms of the enzyme from many species representing the 

conformation of the protein after product formation but before release (Eads et al., 

1994, Somoza et al., 1996, Heroux et all, 1999a, Heroux et al., 1999b, Vos et al., 

1998) and 4) the HGPRT apoenzyme from many species (Schumacher, 1996). 

The purine base contacts with the protein are predominantly at the C terminus of 
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the protein. Structurally these residues are part of the hood domain of the protein. 

A feature common to all HGPRTs is the presence of an aromatic residue that stacks 

over the purine base. This corresponds to F197 in PfHGPRT and F184 in human 

HGPRT. In addition, an invariant aspartate (D148 in PfHGPRT) contacts the N7 of 

the purine base, an interaction believed to be important to catalysis. The purine 

contacts are discussed in detail in Chapter 2. PRPP is cradled between active 

site loops I and III which form an extensive network of hydrogen bonds with the 

phosphate and pyrophosphate groups, primarily through main chain atoms. One 

metal ion binding site is located on either side of the PRPP pyrophosphate group. 

A conserved non-proline cis peptide in loop I exposes the amide nitrogen to the 

active site so that the peptide bond between Leu67 and Lys68 contributes two 

adjacent hydrogen bonds to the PRPP-metal complex. The PRPP binding motif, 

also conserved among type I PRTs, contributes active site loop III which encircles 

the ribose-phosphate group (Focia et al., 1998b ). 

1.3.4 The HGPRT reaction 

Based on the different complexes of HGPRT whose structures have been 

determined, Borhani and co-workers have proposed a sequence of events that occur 

during catalysis by HGPRTs (Heroux et al., 1999a). The binding of the apo-enzyme 

to PRPP, the first event in the catalytic process, is proposed to be aided by the 

isomerization of the peptide bond between a Lys and Gly in loop I (Lys89 and Gly90 

in PfHGPRT) to its cis configuration. PRPP binding results in the organization 

of the purine binding pocket as loop I and loop IV are drawn together. Loop III 

is also ordered bringing in the catalytic aspartate into position for catalysis. The 

movement of loop III allows loop III' to approach the active site. Purine binding 

follows allowing the complete organization of loop III', followed by the closure 

of loop II over the fully occupied active site. Loop II closure probably brings the 

substrates bound in the active site closer together, leading to product formation. 

Fig. 1.9 shows these loops in the fully ordered conformation. Product formation 
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weakens the interaction of loop II resulting in its opening allowing pyrophosphate 

release. Borhani and co-workers propose that pyrophosphate release is assisted by 

the isomerization of the cis peptide bond formed at the beginning of the catalytic 

cycle back to the trans configuration. This inference is based on the observation 

of the peptide bond in both these conformations in different complexes of HGPRT. 

The other loop movements that occur as a consequence of PRPP binding probably 

are reversed culminating in the release of the newly formed nucleotide. The 

large movements of the protein that need to occur before product release may be 

responsible in making this step the rate determining step of HGPRT catalysis. 

This proposed mechanism however, remains a matter of debate. In the absence 

of a structure with PRPP alone bound to the enzyme, the exact loop movements 

that occur due to PRPP binding remain conjectural. The cycling of the peptide 

bond in the PPi-loop between the cis and trans configurations within the timescales 

of the reaction remains a matter of speculation. Mutation of the Lys involved in 

the cis peptide bond to a proline in the T cruzi enzyme does not affect enzyme 

activity suggesting that this cycling may not be important to catalysis (Canyuk et 

al., 2004). Catalysis in HGPRTs is proposed to be aided by Asp 148 (this aspartate 

is conserved across HGPRTs) that acts as a catalytic base and abstracts a proton 

from the N7 position of the purine base. This residue corresponds to an alanine 

in APRT. The catalytic base in this case is thought to be brought into the active 

site by the closure of loop II (Shi et al., 2001). Abstraction of the proton from 

the N7 position of the purine base generates a nucleophilic center on N9 (Xu & 

Grubmeyer, 1998). The two metal ions that are present in the active site probably 

facilitate the reaction, with their electron withdrawing potential activating PPi as 

the leaving group. Mutation of the catalytic aspartate to alanine however does not 

abolish catalysis with significant activity on the purine base, hypoxanthine being 

retained (Xu & Grubmeyer, 1998). Many HGPRTs also take up the purine analog, 

allopurinol that lacks the N7 nitrogen, as a substrate (Shivshankar et al., 2001). 

These observations question the importance of this catalytic base in the HGPRT 
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Figure 1.10: Proposed reaction mechanisms for the HGPRT catalysed reaction 

reaction. pH activity profiles of the enzyme however, show a steady increase in 

activity of the enzyme with pH, showing that the ionization of the Asp148 does lead 

to an increase in activity of the enzyme (Xu & Grubmeyer, 1998). The possibility 

that the actual substrate for the reaction may be the anionic form of the substrate 

which would not require the base catalysis for generation of the nucleophile (Craig 

& Eakin, 2000) has also been raised. It has also been suggested that the enzyme may 

not contribute much to the fast rates for phosphoribosyl transfer beyond bringing the 

substrates in close proximity in the correct orientation for catalysis (Sinha & Smith, 

2001). 

1.3.5 The HGPRT reaction mechanism 

Two schools of thought exist on the reaction mechanism: one proposing a 

dissociative SN 1 mechanism and the second an associative SN2 mechanism (Craig 

& Eakin, 2000) (Fig. 1.1 0) Crystallographic evidence exits supporting both these 

schemes. The SN 1 mechanism has been proposed on the basis of the mechanism 

elucidated for the related enzymes, purine nucleoside phosphorylases where kinetic 

isotope effect measurements along with detailed kinetic analysis have unequivocally 

established a dissociative mechanism (Horenstein & Schramm, 1993). In the case of 

HGPRT, an SN 1 reaction would involve the formation of a labile ribooxocarbonium 

ion intermediate that would serve as a nucleophilic center for the next step of the 

29 



Introduction 

reaction (Li et al., 1999). Due to the susceptibility of this intermediate to hydrolysis 

by water, sequestration from the solvent would be necessary during catalysis. The 

closure of loop II over the active site observed in the substrate and transition state 

complexes, is to thought play a role in this sequestration (Shi et al., 1999a, Shi et 

al., 1999b ). The slow onset, tight binding of the immucillin phosphate, designed to 

mimic the SN 1 transition state also lends credence to the SN 1 mechanism (Li et al., 

1999). 

However, considerable evidence also exists that favours the SN2 mechanism. 

The closure of loop two does not completely exclude water from the active site. 

Water, sufficient to quench the reactive intermediate remains trapped in the active 

site after loop closure (Heroux et al., 1999b ). In the substrate complexes of 

HGPRTs, the pyrophosphate is not cleaved from PRPP as would be expected in a 

dissociative mechanism (Focia et al., 1998b ). The nature of the designed transition 

state inhibitor is such that it can bind to the protein even if the mechanism were 

to be SN2. The interaction of this analog with the protein in the malarial and 

human structures are also not indicative of the SN 1 mechanism. Stabilization in 

the case of an SN 1 mechanism would be expected to be through strong electrostatic 

interactions. Rather, the binding of the pyrophosphate in these complexes is 

stabilised by interaction with Mg2+ and by interactions resulting from the pucker 

of the ribose ring (Heroux et al., 1999a). Mutants ofT foetus HGPRT with loop II 

deleted retain significant though impaired activity (Lee et al., 2001). The literature 

thus remains inconclusive about the mechanism, though the evidence seems to 

favour an associative mechanism with bond breakage and bond formation occurring 

simultaneously. 

Another question, the answer to which has remained elusive is the basis for the 

substrate specificity of HGPRTs. Of special interest is the xanthine specificity of 

many HGPRTs. This aspect forms the subject of the studies discussed in chapter 2 of 

this thesis. Mutagenesis and structural studies in literature that address this question 

are therefore, discussed in Chapter 2. 
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1.4 Adenylosuccinate synthetase ( AdSS) 

Adeny1osuccinate synthetase follows HGPRT in the salvage pathway and 

P. falciparum AdSS (PfAdSS) forms the subject of the latter part of this thesis. 

AdSS catalyses the condensation ofiMP with aspartate in a Mg2+ requiring reaction 

resulting in the formation of adenylosuccinate (ADS) (Liberman, 1956). The 

reaction is accompanied by the hydrolysis of a molecule of GTP to GDP. ADS is 

then cleaved by a lyase to AMP. IMP also serves as a precursor for GMP. Conversion 

to GMP involves the enzymes IMP dehydrogenase (IMPDH) and GMP synthetase 

(GMPS). GMPS uses the hydrolysis of ATP to drive the transfer of the amino group 

from glutamine to XMP formed by the oxidation of IMP by IMPDH (Reyes et 

al., 1982). The AdSS reaction commits the fate of IMP to the synthesis of AMP 

and co-ordinate regulation of AdSS and GMPS is thought to play a role in the 

regulation of ATP/GTP ratios in a Cell (Borza et al., 2002). The pronounced A/T 

bias of the P. falciparum genome would require significantly skewed ATP/GTP 

ratios as compared to the human host. Study of P. falciparum AdSS therefore, gains 

importance. This section summarises the literature on AdSS. 

1.4.1 lsozymes 

Bacteria contain a single AdSS gene that is involved in both the de novo and 

salvage pathways for purine nucleotide synthesis (Stayton et al., 1983). This is also 

the case with yeast where a single ade2 gene has been implicated, in addition to its 

role in nucleotide metabolism, to have a regulatory function. The yeast AdSS has 

been shown to bind ssDNA corresponding to the consensus sequence for the yeast 

autonomously replicating sequence. (Zeidler et al., 1993). Modelling studies on 

the yeast enzyme indicate the presence of a large positively charged surface on the 

molecule distinct from the active site ofthe enzyme (Sticht et al., 1997). The binding 

of DNA has also been shown to inhibit the activity of the enzyme. The substrate, 

IMP, GTP and aspartate however, do not affect the DNA binding property. 
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In vertebrates, two isozymes exist with distinct tissue distribution (Guicherit 

et al., 1994). The basic isozyme, also called the muscle isozyme, is predominant 

in muscle tissue including cardiac tissue and plays a role in the purine nucleotide 

cycle. This isozyme is involved in the maintenance of AMP pools in the muscle 

during intense contraction. The acidic isozyme which has a more general tissue 

distribution and lower expression acts in the de novo purine nucleotide biosynthetic 

pathway. 

Comparison ofthe AdSS sequence from these different sources (Fig. 5.1) shows 

a high degree of similarity. The P-loop or the phosphate binding loop, common to 

all GTP binding proteins is present at the N-terminus of the protein. Other highly 

conserved sequence stretches correspond to regions that have been implicated in 

substrate binding and catalysis by biochemical and crystallographic studies. 

1.4.2 AdSS Kinetics and Mechanism 

The reaction catalysed by AdSS is illustrated in Fig. 1.11. Three mechanisms 

have been proposed for the reaction. The formation of labelled phosphate when 

the reaction was carried out with 6- 18 0-IMP as the substrate led Liberman (1956) 

to propose 6-phosphoryl-IMP as an obligatory intermediate in the reaction. Miller 

and Buchanan (19 ) suggested a concerted mechanism with three simultaneous bond 

formation and bond breaking steps. Markham and Reed proposed a mechanism in 

which aspartate adds on to C-6 of IMP forming a tetrahedral intermediate. The 

oxyanion of this intermediate was proposed to be eliminated after phosphorylation 

by GTP. Bass et al. (1984) demonstrated the exchange of 18 0 label from the 

f3 - y bridging position to a non-bridging position of GTP in the presence of AdSS 

and IMP but not in the absence of IMP or the enzyme. This would require the 

dissociation of the y-phosphate of GTP for sufficiently large time scales to permit 

positional isomerization at the /3-phosphate. This IMP dependent exchange lends 

credence to the phosphoryl-IMP intermediate proposed by Liberman. The presence 

of 6-phosphoryl-IMP in the crystals of both mouse and E. coli AdSS grown in 
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Figure 1.11: The reaction catalysed by adenylosuccinate synthetase. 

GDP 

the presence of IMP and GTP has conclusively established the formation of this 

intermediate (lnacu et al., 2002a, Choe et al., 1999). 

The kinetic mechanism of all reported AdSS is rapid-equilibrium random 

sequential (Rudolph & Fromm, 1969). All the substrates of the reaction can bind to 

the enzyme independently though catalysis of the reaction that proceeds through a 

defined intermediate requires the presence of all the substrates together at the active 

site. The enzyme in most cases is a monomer-dimer equilibrium in dilute solution 

in the absence of ligands (Wang et al., 1997a, Kang et al., 1996). The active site of 

the enzyme lies at the dimer interface with residues from one subunit contributing 

to the lMP binding pocket of the other subunit (Honzatko et al. , 1999, Honzatko 
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& Fromm, 1999). The dimer is therefore, stabilised by IMP binding. The maize 

AdSS has been reported to be monomer in solution as ascertained by gel filtration, 

but dynamic light scattering shows it to be a dimer which is most likely to be the 

active form (Prade et al., 2000). 

1.4.3 Structure of AdSS and catalysis 

E. coli and mouse AdSS have been studied extensively and various crystal 

structures of these enzymes including unligated (Silva et al., 1995, Inacu et al., 

2001), partially ligated (Poland et al., 1997, Hou et al., 2002, Inacu et al., 2002a) and 

fully ligated (Poland et al., 1996a, Inacu et al., 2002a) structures are available. These 

allow a detailed interpretation of the catalytic process (Choe et al., 1999). The 

enzymes from both these sources are largely identical and the residue numbering 

corresponding to E. coli AdSS is used in this discussion. 

The core of the protein is a /3-sheet of 9 parallel strands and a 101h anti-parallel 

strand. These segments are connected by segments of the polypeptide that range 

in size from small loops to large sub-domains. The functional elements of the 

structure, including the regions that undergo large conformational changes on ligand 

binding, are largely contributed by these connecting segments. Six loops that 

undergo conformational changes on ligand binding have been identified from the 

structural analysis. All but one of these loops are organized by the binding of IMP. 

Active site organization 

The active site of AdSS is at the dimer interface, with residues from both 

subunits contributing to the two active sites. The cross subunit interaction primarily 

contributes to the IMP pocket and this substrate is known to stabilise the AdSS 

dimer. GTP can bind to the protein in the absence of IMP, but complete organization 

of the GTP pocket requires the presence of IMP (Poland et al., 1996b, Hou et al., 

2002, lnacu et al., 2002a). The f3 and y phosphates of GTP are not recognized 

when it binds to the protein in the absence of IMP. No aspartate bound crystal 
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structures of the enzyme are available. However, an aspartate analog hadacidin 

(Fig. 1.12) has been co-crystallised with both the E. coli (Poland et al., 1996a) and 

mouse enzymes. This analog co-ordinates Mg2+ through its N-formyl group, and 

?:N~ 
0 0 

Hadacidin Aspartate 

Figure 1.12: Structures of hadacidin and aspartate 

H-bonds with Asp13 and Arg305 through its N-hydroxy group. The J3-carboxylate 

interacts with Arg303 and Thr301. Poland et. al (1996a) have suggested on the basis 

of model building that the a-carboxylate of aspartate probably co-ordinates Mg2+ 

and hydrogen bonds to the backbone carbonyl of 38 and to its own J3-carboxylate. 

Kinetic studies by Kang & Fromm (1995) implicate two Mg2+ ions in the AdSS 

reaction, one implicated in GTP binding and the other presumably in aspartate 

binding. However, only one has been found in all the crystal structures determined 

so far, coordinating both GTP and hadacidin (and presumably aspartate). The 

absence of the second Mg2+ has been attributed to the lower pH of the crystallisation 

and to the presence of the aspartate analog hadacidin and not aspartate itself in the 

crystals (Honzatko et al. , 1999). The enzyme itself does not play a great role in the 

co-ordination of Mg2+, with the predominant contacts of this metal ion being with 

the ligands. Only two of the 6 co-ordinations are through the protein. These are 

through the catalytic residues Asp 13 and His41, the alteration of whose pKa due 

to the co-ordination has a role in catalysis. Extensive mutagenesis and structural 

studies by Fromm and coworkers have led to an understanding of catalysis by AdSS. 

The first reaction of the proposed two-step mechanism (Liberman, 1956) 

requires only IMP, GTP,and Mg2+ . Asp 13 putatively abstracts the proton from the 

Nl atom ofiMP, forming the 6-oxyanion ofiMP. Mg2+ and His41 stabilise charge 

development on the J3-phosphoryl group of the guanine nucleotide, the former by 
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coordinating to the bridging oxygen atom between the f3 - y phosphoryl groups 

and the latter by hydrogen-bonding with a terminal oxygen of the y-phosphoryl 

group of GTP. The three terminal oxygen atoms of the y-phosphoryl group of GTP 

participate in numerous hydrogen-bonds which are essentially identical to those of 

the 6-phosphoryl group of 6-phosphoryl IMP. After formation of 6-phosphoryl IMP, 

Asp 13 (now protonated) moves into the coordination sphere of the catalytic Mg2+. 

As a consequence, Asp13 becomes a catalytic acid and re-protonates the N1 atom 

of 6-phosphoryl IMP, thereby generating the C6 cation of the intermediate. Binding 

of aspartate initiates the next step of catalysis. Nucleophilic attack by the a amino 

group of aspartate on the C6 of 6-phosphoryl IMP displaces the phosphate group 

leading to the formation of adenylosuccinate. 

1.5 Inhibitors and substrate analogs of HGPRT and AdSS 

Due to the central role of purine nucleotide metabolism in any actively 

metabolising cell, inhibition of HGPRT and AdSS is of importance and has 

attracted attention in therapeutics against cancers and infective diseases. Since 

the product of the HGPRT reaction serves as a substrate for the AdSS reaction, 

subversive substrates of the former may be used to target AdSS. Subversive 

substrates can also be channelled into the nucleotide pool of the cell and thereby 

used to retard cell growth. Inhibitors of both these enzymes are therefore discussed 

together here. The discussion here is restricted to non-physiological inhibitors of 

the enzyme. 

1.5.1 HGPRT 

Numerous molecules with inhibitory effects on HGPRTs have been identified 

(Queen et al., 1990, Eakin et al., 1997). Due to the similar structures of HGPRTs 

from various sources and the common mechanism, species specific inhibition is 

however, difficult to achieve. Inhibitors tried include transition state analogs, purine 

analogs and non-purine based compounds identified by structure based approaches. 
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The HGPRT reaction has been predicted to proceed through a ribooxocarbonium 

ion intermediate based on analogies with the transition state ofthe purine nucleoside 

phosphorylases (PNP) (Li et al. , 1999). Immucillns are transition state analogs 

of PNPs with a nitrogen replacing the oxygen atom of the sugar ring, a carbon 

replacing N9 and a protonated N7 atom (Miles et al. , 1998). Protonation of 

N1 ' leads to positive charge on the ring analogous to the sugar giving rise to 

a ribooxocarbonium ion like molecule. Immucillin phosphates, mimicking the 

transition state of HGPRTs have been shown to be inhibitors of the HGPRT reverse 

reaction (Li et al. , 1999). The inhibition is slow onset tight binding with nM 

Kis. These inhibitors have been crystallised with the human malarial and Giardia 

PRTs (Shi et al., 1999a, Shi et al. , 1999b, Shi et al. , 2000). The structures do not 

show electrostatic complementarity between the protein and the inhibitor, a feature 

characteristic of transition state analogs. The exact ionization state of the analog 

when it binds to the enzyme is also not clear (Craig & Eakin, 2000). It has been 

proposed that the form of Immucillin phosphates that bind to the enzyme is the 

neutral form based on pH dependent NMR studies. Slow conversion within the 

enzyme active site to the protonated ion increases binding affinity and is responsible 

for the slow on set tight binding inhibition (Li et al. , 1999). 

Selective competitive inhibitors of T f oetus HGPRT have been designed using 

the DOCK program based in the structure of this enzyme exploiting the differences 

seen in the product GMP binding pocket. 4-[N-(3 ,4-dichlorophenyl)carbamoyl 

pthalic acid,a compound identified in this structure based rational screen had 

micromolar Kis for the Tfoetus enzyme with inhibition of the human enzyme seen 

only with mM concentrations of the inhibitor. Further virtual optimization followed 

by two rounds of screening of libraries created by combinatorial chemistry have 

identified an inhibitor with a Ki of 0.49mM with 30 fold greater specificity for the 

T fo etus enzyme. Both these inhibitors have low ECso values on cultured T foetus 

cells with the addition of excess purine reversing the inhibition (SOmazo et al. , 

1998, Aronov et al. , 2000). Similar approaches have also been used to design potent 
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inhibitors of the T. cruzi (Freymann et al., 2000) and Giardia enzymes (Aronov et 

al., 2001) 

Though a number of purine analogs are known to inhibit HGPRT, these remain 

non-viable alternatives in vivo as the Kms for the purine base substrates that these 

would have to compete with are very low. 

1.5.2 AdSS 

Amino acids that serve as substrates for the AdSS reaction, with the exception of 

hydroxylamine, all have a functional group similar in charge to the ,B-carboxylate of 

aspartate. These include alanine-3-nitronate, cysteine sulphonate and L-alanosine. 

dGTP and GTPy-S replace GTP as substrates. IMP analogs that serve as AdSS 

substrates include 2-deoxy-IMP and ,8-D-arabinosyl IMP (Stayton et al., 1983). 

One of the most potent inhibitors of the enzyme is the fungal metabolite 

hadacidin (N-formyl-N-hydroxyglucine ). This aspartate analog with micro molar 

Ki , isolated from the fermentation broths of Penicillium frequentans, is a highly 

specific inhibitor of AdSS. Analogs of hadacidin, N-acetyl-N-hydroxyglycine, N

formylglycine, N-hydroxyglycine, and N-actylglycine inhibit AdSS with much 

lower effeciency (Jahngen & Rossomando, 1984). L-alanosine (L( -)2-amino-

3-(hydroxynitrosamino )propionic acid) acts as an inhibitor of AdSS after being 

converted to L-alanosyl-5-amino-4-imidazolecarxilic acid ribonucleotide by the de 

novo purine biosynthesis enzyme, AICAR synthetase (Tyagi & Cooney, 1980). 

Alanosine therefore, does not show any inhibition in most parasitic protozoa as they 

lack the enzymes for de novo purine nucleotide synthesis (Webster et al., 1984). 

Hydantocidin, a spirocyclic hydantoin riboside, and a potent herbicide with 

low toxicity to mammals exerts its effect through AdSS (Siehl et al., 1996). This 

proherbicide requires phosphorylation of its 5' -OH to become active. Hydantocidin-

5'-phosphate is an IMP analog with a Ki of 22 ,uM in the presence of GDP, 

Mg2+ and aspartate (Walters et al., 1997). In crystal structures with the E. coli 

38 



1.5. Inhibitors and substrate analogs ofHGPRT and AdSS 

AdSS, its interactions are identical to that of IMP except that it does not interact 

with Asp13 which is left free to co-ordinate with Mg2+ (Poland et al., 1996c). 

Hanessian and co-workers (Hanessian et al., 1999) synthesised hybrid molecules 

of hydantocidin phosphate and hadacidin and demonstrated the higher potency of 

this hybrid molecule in inhibiting AdSS. The crystal structure of E. coli AdSS in 

complex with this hybrid inhibitor showed that as expected, the inhibitor occupies 

both the IMP and aspartate binding sites of the enzyme. 

1.5.3 Subversive substrates 

The anti-leishmania! agent allopurinol owes its efficacy and specificity to its 

selective incorporation into the nucleotide pool of the organism after amination 

at the C6 position by the concerted action of both AdSS and ADS lyase of the 

parasite. The allopurinol riboside monophosphate that serves as the substrate for 

AdSS is generated by the action of adenosine kinase. Allopurinol riboside is in fact 

a better antileishmanial agent (Spector, 1984). 6-mercaptopurine, a drug used in the 

treatment of some cancers is converted into the nucleotide by the action of HGPRT. 

The product, 6-mercaptopurine ribonucleotide is an inhibitor of AdSS, binding to 

both the GTP and IMP sites ofthe mammalian enzyme (Bridger & Cohen, 1963). 

The inhibition of the E. coli enzyme is more potent and competitive with IMP alone 

(Stayton et al., 1983). 

This thesis describes studies on P falciparum hypoxanthine guanine phospho

ribosy1transferase and adenylosuccinate synthetase. Since AdSS is a regulatory 

enzyme in purine nucleotide synthesis, inhibition by the products of the reaction 

adeny1osuccinate and GDP and, by AMP and GMP is also significant (Honzatko et 

al., 1999). Studies on the inhibition by these nucleotides are discussed in chapter IV 

of this thesis. 
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Studies on a xanthine active mutant of human 

hypoxanthine guanine phosphoribosyltransferase 

(HGPRT) generated by random mutagenesis. 

A random mutagenesis approach used to obtain a xanthine active mutant of 

human HGPRT is described in this chapter. The randomly mutageneised library 

used in this study was available in the laboratory at the time of initiation of these 

experiments. 

2.1 Introduction 

Hypoxanthine guanine phosphoribosyltransferases catalyse the Mg2+ dependent 

conversion of 6-oxopurine bases to their respective mononucleotides. The purine 

base specificity of this enzyme varies with the species it is derived from. The 

mammalian, yeast (Sloan et al., 1984), Trypanosoma cruzi (Allen and Ullman, 

1994), Leishmania donovani (Allen et al., 1995) and Schistosoma mansoni (Dovey 

et al., 1996) PRTs recognize hypoxanthine and guanine while the enzyme from the 

parasites Tritrichomonas foetus (Beck & Wang, 1993), Toxoplasma gondii (Naguib 

et al., 1995) and P. falciparum (Queen et al., 1988) can recognize xanthine in 

addition. The enzyme from Giardia Iamblia can phosphoribosylate guanine alone 

(Sommer et al., 1996). E. coli has two enzymes, a HPRT and a GXPRT (Vos et 

al., 1997). Comparison of the sequences of these enzymes does not reveal the basis 
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02~ 
Figure 2.1: The contacts made by lmmucilinGP and lmmucillinHP in human (left) and 

P. falciparum (right) HGPRTs respectively, at a cutoff of 3.5A. The PDB coordinates 

lBZY (human) and lCJB ( P. falciparum ) were used . 

of these differences. The structures of a number of these enzymes have also been 

determined but the purine binding pockets have been found to be largely identical 

(Shi el al., 1999a, Shi et al., 1999b, Yos et al., 1997, Heroux et al., 1999a, Heroux 

et al., 1999b, Somoza et al. , 1996, Eakin et al., 1997, Eriksen et al., 2000). The 

reasons for the differences in base specificity remain ambiguous. 

2.1.1 Purine recognition in HGPRTs 

The residues involved in the recognition of the purine base in P. falciparum 

and human HGPRTs are shown in Figure 2.1. The contacts are derived from the 

structures of these enzymes complexed to transition state analogs, lmmucillins (lm

mucillin HP: ( 1S)-1 (9-deazahypoxanthin-9-yl) 1,4-dideoxy- 1,4-imino-D-ribitol-5-

phosphate). The G and H in the names of these analogs refers to the guanine and 

hypoxanthine equivalents of the analog, the P to the phosphorylated derivatives. 

Residue numbering for the human enzyme for the purpose of thi s discussion are 

with reference to the amino terminal Met taken as residue 1. As can be seen 

from the figure, the contacts made by the bases are identical in the two enzymes. 

Asp138 is thought to play the role as a catalytic base in abstracting a proton from 
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the N7 position leading to the generation of a negative charge at N9 aiding the 

attack of the ribose moiety. Phe187 stacks over the purine ring and is important for 

purine binding. Recognition of the amino group of guanine is through hydrogen 

bonding with the backbone carbonyl of Asp 194 and this residue is conserved across 

HGPRTs. 

Analysis of the crystal structures of T gondii HGPRT in complex with the 

nucleotides IMP, GMP and XMP have led Heroux et al., (1999a, 1999b) to suggest 

that the purine recognition specificity does not lie in just a few residues but is a 

consequence of many subtle differences between enzymes. Examination of the 

structures highlights several differences between the human and T gondii enzymes. 

Recognition of the N2 amino group in GMP in the human enzyme is through the 

peptide oxygens of Asp194 and Val188, residues that form part ofLoop IV. Such an 

interaction would be unfavorable if the C2 substituent were to be a carbonyl group as 

in xanthine. The recognition of GMP in T gondii is also similar with the backbone 

carbonyl of Asp206 hydrogen bonding to the amino group on guanine. However, in 

the XMP complex of the same enzyme, a shift of Loop IV allows the C2 carbonyl 

of xanthine to hydrogen bond to the Asp206 NH rather than to the peptide oxygen. 

A slight rotation of the purine ring also contributes to a reduction in the unfavorable 

interactions. 

Other differences between the GMP and the XMP complexes of the T gondii 

enzyme include a shift of Loop IV towards hypoxanthine and xanthine along with 

an alteration in the cp lJI angles of the residues C203 and C204 into favored regions of 

the Ramachandran plot. A similar shift in the GMP complex would be detrimental 

as the peptide NH and the N2 ofGMP would be too closely apposed. The C-terminal 

a-helix ofT gondii HGPRT is also shifted closer to the active site in the IMP and 

XMP complexes. All these changes are accommodated by global changes in the 

hood domain residues of the enzyme and these observations seem to suggest that the 

additional specificity of some parasite enzymes may be a consequence of increased 

flexibility of the hood domain of the protein. 
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2.1.2 Altered specificity mutants of HGPRTs 

Site-directed mutagenesis and chimeragenesis have been used to address the 

substrate specificity in HGPRTs. Though purine recognition residues lie at the C

terminus of the protein, substitution of the first 50 amino acids of human HGPRT 

with the corresponding residues of P falciparum HGPRT results in an enzyme 

with additional specificity for xanthine (Sujay Subbayya et al., 2000). Chimeric 

human and T. gondii HGPRTs with lack of activity on xanthine also find mention 

in literature (Heroux et al., 1999b ). This chimera has the Loop IV residues 204-

208 of the T. gondii enzyme substituted with the corresponding residues from the 

human enzyme. Both these observations support the interpretation from the crystal 

structures described above that Loop IV residues and hood domain reorganization 

play a role in xanthine recognition by HGPRTs. 

Munagala and Wang (1998) have carried out extensive mutagenesis on the 

residues involved in purine recognition in the T. foetus enzyme. Mutation of the 

conserved Lys 134 involved in the recognition of the 6-oxo group of the purine to 

Ser results in an enzyme with activity on adenine. The Kms for hypoxanthine and 

guanine of this mutant increased. 

In the T. foetus enzyme, Asp 163 makes contacts with the exocyclic amino group 

of guanine. This residue, equivalent to D 194 of human enzyme, is conserved among 

HGPRTs. Mutation of this residue to Asn resulted in an enzyme which no longer 

recognizes xanthine as a substrate. In the same study, mutation ofR155 toE resulted 

in an increase in the Km for xanthine alone. Mutation of the same residue to Lys 

resulted in elevated keatS on xanthine though the Km was not altered. 

Molecular dynamics simulations of different complexes of the human and 

T. foetus enzymes show differences in the Loop IV region of the enzymes (Pitera 

et al., 1999). The human GMP and T. foetus GMP complexes show low fluctuations 

in this region in the crystal structure. However, in the simulations, the parasite GMP 

and XMP complexes show much larger fluctuations while that of the human enzyme 
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remains low. The C2 pocket fluctuations ofboth the Rl55E and D163N mutations 

are also decreased compared to the wild-type T. foetus HGPRT. 

A mutant of the Salmonella typhimurium enzyme (Thr at position corresponding 

to 1193 of the human enzyme) with a 50 fold higher efficiency in the catalysis of 

guanine has been identified (Lee et al., 1998a). Site-directed mutation ofllel93 in 

the human enzyme to Thr however, did not alter substrate specificity while mutation 

of the same residue to Leu increased the K m for guanine by a factor of 15 (Munagala 

et al., 2000). In another study, mutation of Ile 193 to Phe in the human enzyme was 

shown to result in a 33 fold increase in the Km for guanine. An analogous mutation 

in G. Iamblia GPRT, L186F resulted in a 3.3 fold increase in the affinity for guanine. 

A triple mutant of the same enzyme, Yl27I,Kl52R,Ll86F was found to have a 

greater affinity for guanine compared to the wildtype enzyme. In addition, this 

mutant was found to have the ability to phosphoribosylate hypoxanthine (Munagala 

et al., 2000). In G. Iamblia GPRT Kl52 corresponds to K134 ofthe T.foetus enzyme 

described in context of the 6-oxo group recognition. This residue is further away 

from the C6 carbonyl and lengthening of its side chain by mutation to Arg improves 

purine binding. 

In summary, mutagenesis studies to address the substrate specificity ofHGPRTs 

remain largely inconclusive with analogous mutations in different enzymes leading 

to dramatically different effects on function. The purine base specificity seems to 

be a consequence of more than one factor with the global structure of the protein 

playing an important role. Understanding substrate specificity becomes important 

from the point of view of inhibitor design as it leads to the identification of parasite 

enzyme specific features. This chapter describes the attempts to explore this aspect 

by random mutagenesis of human HGPRT to expand its substrate specificity to 

include xanthine. 
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2.1.3 Random mutagenesis and directed evolution 

The natural process of evolution through mutation, selection and amplification 

is slow. In vitro directed evolution strategies allow the mimicking of this process 

in the laboratory within acceptable timescales. These approaches are especially 

useful in systems where rational design is difficult or has failed. Mutants with 

desired properties that are obtained often have amino acid substitutions far away 

from the active site that cannot be predicted by the rational design approach (Shao 

&Arnold, 1996). Directed evolution studies have been carried out on numerous 

proteins and many reviews on the subject have been published (Arnold & Volkov, 

1999, Tao & Cornish, 2002, Pluckthun, 1999, Powell et al., 2001). This section uses 

a few examples to highlight the potential of this method and is not an exhaustive 

summation of the existing volume ofliterature. 

In vitro evolution requires a method for the generation of variants and a screen 

that would allow a rapid and efficient selection for desired properties. Random 

mutagenesis to generate variants may be achieved by use of mutator strains (Zhang 

et al., 1997), chemical mutagenesis or PCR based random mutagenesis of both 

whole genes (Zhou et al., 1991) or smaller segments. PCR based mutagenesis 

exploits the lack of proof reading activity of Taq DNA polymerase which makes it 

error prone. The error rate can be increased by modulation of reaction conditions for 

example by introduction of a dNTP bias or the inclusion of Mn2+ ions (Fromant et 

al., 1995). The potential for rapid generation of large libraries makes this the method 

of choice for random mutagenesis. The red fluorescent protein of Discosoma 

(DsRed) matures very slowly making it unsuitable for protein localization studies. 

Bevis and Glick (2002) have generated variants ofDsRed that mature 15 times faster 

using a combination of directed and random mutagenesis with library sizes of the 

order of 103 to 105 . The variants were obtained after seven rounds of mutagenesis 

screened by high-throughput fluorescence. 

DNA shuffling is a method for in vitro homologous recombination of pools 
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of selected mutant genes by random fragmentation and polymerase chain reaction 

(PCR) reassembly and can be described as in vitro sexual evolution. The greater 

flexibility of the approach allows generation of mutants with better success rates 

than random mutagenesis alone. Three cycles of shuffling and two cycles of 

backcrossing with wild-type DNA, to eliminate non-essential mutations, allowed 

the generation of J3-lactamase mutants that have a 32,000 fold greater resistance 

to the antibiotic cefotaxime compared to the parent enzyme. Error prone PCR 

methodologies yielded only 16 fold increase in resistance (Stemmer, 1994). The 

E. coli aspartate aminotransferase was converted into an enzyme that accepts the 

branched amino acid valine and 2-oxo-valine with an efficiency five orders of 

magnitude greater than that of the parent while decreasing the activity on the natural 

substrate, aspartate 30 fold. This was achieved after five rounds of DNA shuffling 

and selection. The resultant mutants had six mutations, of which only one was found 

to be in the active site of the enzyme (Yano et. al., 1998). The approach has also 

been used to increase the stability of proteins, for example a 200 fold increase in 

the stability of subtilisin E at 65°C was achieved by a combination of error prone 

PCR and DNA recombination using the staggered extension process (StEP). (Zhao 

& Arnold, 1999, Zhao et al.,1998). Many variations of these procedures have been 

described that allow the generation of large libraries and are not described here. 

The limiting factor in directed evolution approaches is the availability of a 

screen that allows rapid screening and selection of the large number of variants 

that the mutagenesis process can generate. The design of the screen is dependent 

on the protein being "evolved" and the property being selected for. For proteins 

that are essential for survival of an organism, a screen based on auxotrophic 

strains of preferably unicellular organisms like yeast and E. coli may be used. 

The selection process is improved further if the rate of growth varies with an 

improvement in the function. Wang et al (2001) have evolved the Methanococcus 

jannaschii tyrosyl-tRNA synthetase into an efficient 0-methyl-L-tyrosine tRNA 

synthetase using positive selection for suppression of an amber stop codon in 
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the gene encoding chloramphenicol acyltransferase that allowed selection for 

chloramphenicol resistance. A negative screen to eliminate evolved variants with 

residual activity for tyrosine ensured that the evolved synthetase was selective for 

its intended substrate. 

Phage display, which allows selection based on affinity, is a useful method for 

screening for variants (Spada et al., 1998). Many catalytic antibodies have been 

obtained by this method which involves the display of a protein on the surface of 

the phage (Takahashi et al., 2001) . Affinity chromatography with the ligand of 

interest is used for selection. Selection is made easier since the phage displaying the 

protein itselfharbors the DNA encoding the functional protein. Ponsard et al (2001) 

described a method using phage display and catalytic elution that allowed them 

to select for metallo-J3-lactamase mutants active on benzylpenicillin. The phage 

displayed enzyme library was bound to magnetic beads coated with benzylpenicillin 

in the absence of zinc ions. Release of the phages displaying active enzyme from 

the magnetic beads by the addition of zn2+ ions was then used to select for catalytic 

activity. 

In vitro translation systems allow protein evolution in a cell free environment 

doing away with the interference of other cellular processes that may cloud the 

screen. Tawfik & Griffiths, (1998) described a water in oil emulsion system that 

compartmentalizes the genetic information with the expressed enzyme. Expression 

of a functional methyltransferase in such a compartment methylated the DNA 

protecting it from digestion by Haeiii endonuclease. This process allowed the 

selection of a Haeiii methyltransferase from a 107 fold excess of other DNA with 

two cycles of selection. Ribosome display methods which also couple the protein 

expressed to its own genetic material have also been used. Screening systems 

however, cannot be generalized and need to be tailored for each system. 

Human HGPRT presents itself as an ideal target for directed evolution. Absence 

and reduced activity of this enzyme in humans causes Lesch-Nyhan syndrome 
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(Lesch & Nyhan, 1965) and gouty arthritis, respectively and a number of mutations 

that manifest as disease have been characterized (Jinnah et al., 2000). Mapping these 

mutations onto the structure of the enzyme shows that they are spread over the entire 

protein and not restricted to any specific region of the structure. This indicates that 

mutations that affect activity may not be restricted to the active site of the enzyme. 

In addition, the E. coli strain S¢609 (ara, !l.pro-gpt-lac, thi, hpt, pup, purH,J, strA) 

(Jochimsen et al, 1975) is a convenient screen for xanthine active variants of the 

enzyme. This stain of E. coli lacks both the de novo and salvage pathways for purine 

nucleotides synthesis. As a consequence, growth of this mutant in minimal medium 

supplemented with a purine base is conditional to the expression of a functional 

PRT active on the purine in the medium. Selection for a xanthine active mutant of 

the enzyme would then involve selecting for growth in minimal medium containing 

xanthine after transformation with a mutagenized library. The characterization of 

a xanthine active mutant of human HGPRT generated by random mutagenesis is 

described in this chapter. 

2.2 Materials and Methods 

Restriction enzymes, Taq DNA polymerase, T 4 DNA ligase and other molecular 

biology reagents were purchased from Amersham Pharmacia, U.K., Bangalore 

Genei Pvt. Ltd., Bangalore, India or from MBI Fermentas. Lithuania and used 

according to the manufacturers' instructions. The E. coli strain S¢609 (ara, !l.pro

gpt-lac, thi, hpt, pup, purH,J, strA) was gift from Dr. Per Nygaard, University 

of Copenhagen, Denmark. All chemicals used in the assays were from Sigma 

Chemical Company, USA and media components were from HiMedia Laboratories 

Ltd, Mumbai, India. Purine base stocks were made in 0.4 N NaOH and all other 

solutions in double distilled water. 
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2.2.1 Random mutagenesis and screening 

Three sets of PCR conditions were used to generate the randomly mutagenized 

library of human HGPRT. In all the conditions, 10 ng of the template (human 

HGPRT gene PCR amplified from pTrc99A clone) and 150 ng of the primers 

5'HPRT: 5' CCA CCA TGG CGA CCC GCA GCC CTG GC 3' 

3'HPRT: 5' ACA GGA TCC TTA GGC TTT GTA TTT TGC TTT T 3' 

were used for a 50 J.Ll reaction. The following three conditions were used for the 

generating the mutagenized library The amplified products from each PCR were 

1 2 3 

dGTP 2.0mM 0.2mM 0.2mM 

dCTP 0.2mM 2.0mM 0.2mM 

dATP 0.2mM 0.2mM 0.2mM 

dTTP 0.2mM 0.2mM 0.2mM 

MnCb 0.5mM 0.3mM 0.5mM 

MgCb 3.0mM 3.0mM 3.0mM 

pooled, gel purified, restriction digested with Nco1 and BamH1 and ligated into 

the expression vector pTrc99A digested with the same enzymes. The ligation mix 

was disc dialysed and transformed into E. coli S(/J609 by electroporation. Xanthine 

positive human mutants were obtained by selecting for transformants with the ability 

to grow on minimal medium plates supplemented with xanthine. 

2.2.2 Construction of single mutants 

The mutant obtained by random mutagenesis was found to have lost the Nco1 

cloning site in addition to the two mutation introduced at the protein level. The 

mutant HGPRT was therefore, amplified by PCR using human HGPRT primers 

(listed above), the amplified fragment digested with the enzymes Nco1 and BamH1 
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Figure 2.2: Schematic representation of the single mutant construction. 

and ligated into the expression vector pTrc99A. The two mutations introduced 

by the random mutagenesis had a convenient restriction site, Xho 1, separating 

them. This was exploited to create single mutants of the enzyme, F36L and 

D98G. To create the F36L mutant, the Ncol-Xhol fragment containing the F36L 

mutation was released from the parent plasmid and purified. This fragment was 

ligated into a pTrc99A vector fragment containing the remaining part of the human 

gene (Fig. 2.2). This vector fragment was generated by releasing the Ncol-Xhol 

fragment from a chimera ofthe human andPfalciparum HGPRTs already available 

in the laboratory. The D98G mutant was similarly constructed by ligating the Xhol

BamH 1 fragment into an appropriate vector fragment. The authenticity of all the 

mutants were verified by sequencing. 

2.2.3 Site-directed mutagenesis 

Site-directed mutagenesis was carried out by the megaprimer method (Sarkar & 

Sommer, 1990). The mutagenic primers used were: 

F36G: 5'CC ATG AGG AAT tee CAC CCT TTC C 3' 

F36K: 5'CC ATG AGG AAT ett CAC CCT TTC C 3' 

F36E: 5'CC ATG AGG AAT etc CAC CCT TTC C 3' 
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F36W: 5'CC ATG AGG AAT cca CAC CCT TTC C 3' 

F36A: 5'CC ATG AGG AAT ggc cAC CCT TTC C 3' 

along with the 5 'HPRT and 3 'HPRT end primers. In addition to the desired mutation 

(lower case), these primers also contained restriction sites indicated in bold, 

incorporated by silent mutagenesis, in order to aid the selection of recombinants. 

The sites incorporated were EcoRl in F36G, Hinfl in F36K, F36E and F36W, 

and, Haeiii in F36A. The mutants were constructed in two steps. In the first 

step the mutagenic primer and the 5' end primer (5'HPRT) were used to amplify 

a 130 bp megaprimer. The PCR mix contained 200 ng of each primer, 20 ng of 

the template, 200 J.LM of each dNTP and 5 units of Taq DNA polymerase for a 

50 .ul reaction. The PCR cycle used was denaturation at 93°C for 30 s, annealing 

at 44°C for 30 sec and extension at 73°C for 1 min. The product obtained after 

30 cycles of PCR was purified by elution from agarose gels and used as a 5 '

megaprimer in a second round of PCR. The 3' primer used in the second PCR 

was 3 'HPRT and the PCR conditions used were as described above. The full

length amplified product containing the desired mutation was purified, restricted 

with the enzymes Ncol and Baml and ligated into the vector pTrc99A digested 

with the same enzymes. Recombinants were selected after transformation into the 

E. coli strain Slj>609 on basis of supercoiled plasmid mobility. The presence of the 

right insert was confirmed by restriction digestion with the enzymes, the sites for 

which were incorporated in the design of the mutagenic primers. All mutants were 

confirmed by sequencing (Fig. 2.3). 

2.2.4 Functional complementation 

Complementation studies were carried out using the E. coli strain Sl/>609 (ara, 

!1pro-gpt-lac, thi, hpt, pup, purH,J, strA) (Jochimsen et al, 1975) transformed with 

the expression plasmids carrying wildtype and mutant human HGPRT constructs 

in the expression vector pTrc99A. The cells grown overnight in LB medium with 
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Figure 2.3: Sequencing chromatogram confirming incorporation of F36K (left) and F36G 

(right) mutations. The mutated codons are highlighted . The parent codon (F) is shown 

on top of the figures . 

ampicillin and streptomycin, were washed with and resuspended in 1 X M9 salt 

solution. A 1% inoculum of these cells was added to minimal medium containing 

IX M9 salts, 1 mM MgS04, 0.1 mM CaC]z, 1 mM thiamine hydrochloride, 1 mM 

proline, 0.2 % glucose, 0.3 mM IPTG, 25 ,uglml streptomycin, 100 ,uglml ampicillin 

and 0.5 mM hypoxanthine, guanine or xanthine. The cells were allowed to grow for 

15 hat 37°C and A6oo was recorded. All experiments were repeated 3-5 times. 

2.2.5 Protein expression and purification 

The human HGPRT constructs do not hyper-express in the pTrc99A vector. 

All mutants were therefore subcloned into the expression vector pET23d under the 

control of the T7 promoter. Protein expression was carried out in the E. coli strain 

BL2l(DE3). BL2l(DE3) cells freshly transformed with the expression constructs 

were inoculated into terrific broth and grown to an A600 of 0.6 at 37°C. The culture 

was cooled to a temperature of 20°C and protein expression induced by addition of 

IPTG to a concentration of 100 ,uM. Protein induction was allowed to proceed at 

20°C for 18 h, cells harvested by centrifugation and stored at -700C until further 

use. 

Induced cells were thawed, resuspended in lysis buffer (50 mMTris, pH7.5 , 

10 % glycerol , 0.1 ,uM PMSF and 1 mM DIT) and lysed by sonication. Cellular 

debris were removed by centrifugation and nucleotides precipitated by addition 
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of polyethyleneimine (PEl) to a concentration of 0.3 %. The protein was pre

cipitated from the clarified supernatant obtained after centrifugation by addition 

of ammonium sulphate. The wildtype and mutant human HGPRTs precipitate 

between 40 to 65 % saturation of ammonium sulphate. The 40-65 % precipitate was 

dissolved in 1.2 M ammonium sulfate, 10 % glycerol, 20 mM Tris-HCJ, pH 8.0, 

1 mM DTI, 12 mM MgCl2 and 0.1 mM EDTA. This solution was loaded onto a 

Phenyl sepharose column and eluted with a decreasing gradient of 1.2 M-0.0 M 

ammonium sulfate. Fractions containing HGPRT as monitored by SDS-PAGE were 

precipitated by adding ammonium sulfate to a concentration of 65 %. The resultant 

pellet was dissolved in 20 mM Tris-HCI, pH 8.0, 10 % glycerol and desalted on 

a G-25 column. The desalted material was loaded onto a Q-Sepherose column 
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Figure 2.4: Purification profile of F36L human HGPRT. a) Phenyl sepharose elution 

profile, b) Elution profile from Q-Sepharose colum n, c)Eiution profi le from Sephacryl-

5200 column, d)SDS-PAGE profile of purification . 1) Crude lysate, 2) 40-60 % 
ammonium su lphate fraction, 3,4) Fractions from phenyl sepharose column , 5) Protein 

after Q-Sepharose column, 6) Purified protein after gel filtration . Arrows indicate F36L. 

(strong anion exchange resin) and eluted with a linear gradient of 0.0-1 M NaCI. 
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The fractions containing the protein were pooled and precipitated by addition of 

ammonium sulphate to a concentration of 65 %. The precipitated protein was 

dissolved in 10 mM potassium phosphate buffer, pH 7.0, 10 % glycerol, 1 mM 

DTT and subjected to gel filtration on a sephacryl-200 column equilibrated with the 

same buffer. The protein eluting from the gel filtration column was stored at 4°C 

for further use. All the mutants purified behaved identically during purification and 

representative traces and gels are shown in Fig. 2.4. Protein purity was checked by 

SDS-PAGE stained with Coomassie brilliant blue-R250 (Lammelli, 1970) and all 

preparations used were at least 90 % pure. Protein concentrations were determined 

by the Bradford's method (Bradford, 1976) using bovine serum albumin as a 

standard. 

2.2.6 Enzyme assays and kinetics 

Reactions carried out at room temperature (22-28°C) were monitored spec

trophotometrically ( Giacomello & Salerno, 1977) using either a Shimadzu UV 1601 

or a Hitachi U20 1 0 spectrophotometer. Assays at elevated temperatures were carried 

out on a Hithachi U2010 or a Perkin-Elmer-A.900 spectrophotometer equipped with 

a water jacketed cell holder. The standard assay condition was 100 mM Tris HCl, 

pH 7.4, 12 mM MgCI2, 100 J..LM hypoxanthine or guanine or 200 J..LM xanthine and 

1 mM PRPP and appropriate quantity of the enzyme(::::::: 0.1-0.2 J..Lg in 250 J..Ll assays). 

Formation of IMP, GMP and XMP were monitored at 245, 257.5 and 255 nm, 

respectively. The ~£ values used were 1900 M- 1 em - 1 (hypoxanthine to IMP), 

5900 M- 1cm- 1 (guanine to GMP) and 3794 M- 1cm- 1 (xanthine to XMP) (Xu et 

al., 1997 and Keough et al.,1999). The final assay volumes were 250 J..Ll. Reactions 

were initiated by the addition of enzyme. For the determination of kinetic constants, 

the purine base concentrations were varied between 2 J..LM and 100 J..LM in the case of 

hypoxanthine and guanine and between 25 J..LM and 300 J..LM in the case of xanthine 

with PRPP maintained constant at 1 mM. For the determination of PRPP Kms , 

base concentrations were kept constant at 1 00 J..LM (hypoxanthine and guanine) 
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or 200 )1M (xanthine) and PRPP concentration varied from 25 )1M to 1 mM. At 

least 7 concentrations of the variable substrate were used. Kms were determined by 

fitting to linear Michaelis-Menten kinetics after linear transformation. Data were 

also analysed by non-linear regression. The Graphpad Prism package was used in 

all analysis. 

2.2. 7 Temperature stability 

For determination of temperature stability, proteins at a concentration of 

0.1 mg/ml was incubated at various temperatures. Aliquots were withdrawn at 

different times and activity on the base hypoxanthine measured at room temperature 

using the standard assay. 

2.2.8 Structure analysis 

The PDB co-ordinate files used in the structural analysis presented are 

1HMP (Human HGPRT GMP complex), 1BZY (Human HGPRT, Immucillin

GP, pyrophosphate complex) and 1 CJB (P falciparum HGPRT, Immucillin-HP, 

pyrophosphate complex). Contact analysis was performed using an in house 

program. Superpositions were done using Swiss-pdb viewer (Guex & Peitsch, 

1997). Molecular representations shown in this chapter were generated using 

Molscript (Kraulis, 1991) and rendered using Raster3D (Merritt & Bacon, 1997). 

2.3 Results 

2.3.1 Screening for xanthine active mutants of human HGPRT 

The randomly mutagenised library of human HGPRT in the expression vector 

pTrc99A was transformed into the E. coli strain S¢609 by electroporation. The 

transformation mix was plated onto minimal medium plates supplemented with 

the purine base xanthine. Plasmids isolated from colonies that appeared were 

retransformed into the strain S¢609 and two clones selected on the basis of the 
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faster growth of the retransfonnants on minimal medium plates containing xanthine 

(Fig. 2.5). Sequencing of these two clones showed the presence of three mutations, 

Figure 2.5: Growth of Scj)609 transformed with wildtype and mutant human HGPRTs 

in pTrc99A on minimal medium plates supplemented with a) hypoxanthine and guanine , 

b) xanthine. 

two of which resulted in amino acid substitutions, F36L and D98G. The third was a 

silent mutation at amino acid position 9 on the sequence. Surprisingly, the restriction 

site for Ncol, the enzyme used for the cloning was also mutated (Fig. 2.6). The 

mutated gene was therefore, amplified by PCR with end primers containing the 

restriction sites and cloned into pTrc99A. The two single mutants, F36L and D98G 

were generated using convenient restriction sites within the human HGPRT gene 

as described in Materials and Methods (2.2.2). The substrate specificity of the 

parent and the two single mutants was accessed semi-quantitatively by functional 

complementation in liquid medium (Fig. 2.7). As can be seen in the figure, wildtype 

human HGPRT complements the HGPRT deficiency in Scf>609 only in the presence 

of hypoxanthine and guanine while the parent double mutant and the single mutant 

F36L can complement in the presence of xanthine also. This indicates that xanthine 

specificity is a consequence of the mutation of F36 to L and not due to the D98G 

mutation. 

2.3.2 Functional complementation of site-directed mutants 

Examination of the structure of human HGPRT complexed to a transition 

state analog shows that residue F36 does not lie close to the active site of 
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CCATGG 

Ncol 

A£>.T GGCG ACCC 
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TTT TCT 

L36 G98 
A AAG GGT G CTT ATTCCT C ATG AA AC CT ACA G T 
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Figure 2.6: Sequencing chromatogram showing mutations generated in the xanthine 

active clone by random mutagenesis. T he mutated codons are highlighted and the 

resultant amino acid and its position shown above the sequence. The origina l codons 

are also shown. The D98G mutation is shown on the complementary strand . 
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Figure 2.7: Functional complementation of single mutants, F36L and D98G. Experiment 

was performed as described in Materials and Methods (2 .2.4) . 

the enzyme. This residue in fact lies in the hydrophobic core of the protein 

(Fig 2.14). Site-directed mutagenesis was therefore carried out to introduce 1) a 

cavity (F36G and F36A), 2) a positive charge (F36K), 3) a negative charge (F36E) 

and 4) a bulky residue (F36W) at this position. These mutants were created as 

described in Materials and Methods (2.2.3) and the substrate specificity analysed 

by functional complementation. Table 2.1 summarises the results of the functional 

complementation studies on these mutants in Scp609 . The substrate specificity 

remained unaltered in the all the mutants except F36K and F36G. Further studies 

with purified enzymes were therefore carried out on F36L, F36K and F36G only. 
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Table 2.1: Substrate specificity of human HGPRT mutants as determined by functional 

complementat ion in the E. coli strain Scp609 . 

Protein H G X 

HumanWT J J X 

F36L J J J 
F36K Weak J X 

F36G X X X 

F36A J J X 

F36E J J X 

F36W J J X 

J Complements, X Does not complement 

Figure 2.8: SDS-PAGE of purified human wildtype and mutant HGPRTs. 1) F36G , 

2) F36K, 3) Marker, 4) F36L, 5) wildtype. 

2.3.3 Enzyme purification 

The wildtype and mutant HGPRTs do not hyper-express in E. coli Slf>609 . These 

were therefore cloned into the expression vector pET23d and expressed in the E. coli 

strain BL21(DE3). All the proteins could be purified to homogeneity using identical 

protocols as described in Materials and Methods(2.2.5). All proteins were judged at 

least 90 %pure by SDS-PAGE (Fig. 2.8). 
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Table 2.2: Kinetic parameters of human wildtype and mutant HGPRTs 

Km (.uM) kcat !Km (,uM- 1s- 1) 

HPRT reaction 

Enzyme kcat (s- 1) Hypoxanthine PRPP Hypoxanthine PRPP 

Wildtype 7.1 1.0 32.9 7.1 0.21 

F36L 5.4 2.0 43.5 2.7 0.12 

F36K 3.4 1.7 07.2 2.0 0.47 

F36G 3.1 2.9 12.0 1.0 0.26 

GPRT reaction 

Enzyme kcat (s- 1) Guanine PRPP Guanine PRPP 

Wildtype 25.5 4.5 73.1 5.6 0.34 

F36L 18.0 2.1 47.0 9.0 0.38 

F36K 06.3 3.5 35.4 1.8 0,18 

F36G 03.4 7.3 43.0 0.5 0.08 

XPRT reaction 

Enzyme kcat (s- 1) Xanthine PRPP Xanthine PRPP 

Wildtype 0.007 - - - -

F36L 0.037 393 ~1-2 O.Olx1o-2 0.037 

F36K 0.027 - - - -

F36G 0.023 - - - -

- : Value could not be determined 

2.3.4 Kinetics 

The kinetic parameters of the three mutants, F36L, F36G and F36K are 

compared to that of the wildtype human HGPRT in Table 2.2. The substrates 

specificities of the purified wildtpye and F36L mutant agree with that observed 

on functional complementation (Table 2.1 ). The wildtype enzyme catalyses the 

phosphoribosylation of hypoxanthine and guanine, while F36L shows activity on 

xanthine also (Fig. 2.9). The kcat and Kms for the purines, hypoxanthine and 
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2.3. Results 

Figure 2.9: Xanthine phosphoribosylation by F36L and wildtype human HGPRTs 

monitored as described in Materials and Methods (2.2.6). Equal amounts of both 

proteins (3 J.Lg) were added to initiate the reactions. 

guanine, remain relatively unaltered. There is a disparity between the functional 

complementation and activity measurements on the purified proteins in the case 

of F36K and F36G. While, F36K shows only weak activity on hypoxanthine in 

the functional complementation, the activity measurements show that the kcat for 

hypoxanthine is high. The F36G mutant shows large though reduced activity 

compared to the wildtype on all three substrates while it is inactive in the 

complementation assay. These discrepancies may be due to a variation in the 

expression of these mutants in Scp609 or due to a reduction in their stabilities. 

The Km for PRPP of these two mutants for the hypoxanthine reaction is also lower 

compared to that of the wildtype. The PRPP Km for xanthine phosphoribosylation 

by F36L is also very low and approaches the Kct determined for the wildtype 

enzyme. 

2.3.5 Temperature stability 

Human HGPRT has been documented to be highly resistant to high temper

atures. The temperature stability of human wildtype and mutant HGPRTs was 

therefore investigated in order to study the effect of the mutation of core residues 

on stability. Both the wildtype and F36L were found to be remarkably stable to 
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Figure 2.10: Residual activity of human (a) wildtype and (b) F36L HGPRTs after 

preincubation at 60°( - 0, 70°( - 0 and 80°( - 6. 
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Figure 2.11: Residual activity after preincubation at (a) 60°( and (b) 65°C. 

Wildtype(D), F36L(Q), F36K (6.) and F36G(+). 

temperature (Fig. 2.1 0) retaining more than 80% of their activity even after 3 h at 

60°C. Activity was retained for about 0.5 h at 70°C. Fig. 2.11 shows the effect of 

preincubation at different temperatures on the activity of F36K and F36G. Though 

both these mutants are quite stable retaining a substantial amount of activity at 60°C, 

their stability is reduced compared to the wildtype and F36L mutant. This is more 

pronounced in the case of the F36G mutant. This reduced stability may result in the 

lack of expression/activity of the F36G mutant in vivo preventing complementation. 
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2.3.6 Activation energy for the reactions 

All catalysts including enzymes work by lowering the activation energy of 

reactions. The activation energy of the reaction may be determined by measuring 

the rate of a reaction at different temperatures. This is feasible in the case ofhuman 

HGPRT as the enzyme is exceptionally thermostable and reduction in reaction rates 

as a consequence of enzyme denaturation can be ruled out. Fig. 2.12A shows the 

increase in rate of phosphoribosylation catalysed by human wildtype and F36L 

HGPRTs as a function of temperature. As expected the activities increase linearly 

with temperatures as high as 65°C again highlighting the temperature stability of 

this enzyme. The Arrhenius plot for the determination of activation energies is 

shown in Fig. 2.12. The activation energies for the reaction by the two proteins 

are listed in Table 2.3. The table shows differences in the activation energies of the 

reaction catalysed by the two proteins. These differences may partly account for the 

differences in the keatS of the two enzymes and is discussed in section 3 .12. 

2.4 Discussion 

2.4.1 Kinetics 

The kinetic parameters of the three mutants are largely comparable to that of 

the wildtype enzyme. The keatS of hypoxanthine and guanine phosphoribosylation 

are marginally reduced, more so in the F36G mutant. The base (hypoxanthine 

& guanine) Kms are also similar in the low micromolar range. Significantly, the 

xanthine phosphoribosylation activity is greater than that of the wildtype enzyme 

in all three mutants, the maximum activity being exhibited by F36L. The Km for 

xanthine for this mutant is however, high. Interestingly, the PRPP Km for the 

xanthine phosphoribosylation by F36L is much lower than the PRPP Km of both 

F36L and the wildtype for the hypoxanthine and guanine reactions. The PRPP Km of 

the F36K mutant for hypoxanthine phosphoribosylation is also low. It is interesting 
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Figure 2.12: A) Activity of wildtype(Q ) and F36L(D) human HGPRTs at higher 

temperatures .B) Arrhenius plot for wildtype(Q ) and F36L(D) human HGPRTs. 

a) Hypoxanthine, b) Guanine, c) Xanthine . 

Table 2.3: Activation energy for the HGPRT catalysed reactions 

Wild type F36L 

kJ mol- 1 kJ mol- 1 

Hypoxanthine 23.7±2.5 29.6±2.7 

Guanine 47.8±5.3 44.3±3.0 

Xanthine 47.3±8.6 32.9±3.6 
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to note that both these reactions have low keatS , a factor that may explain the lower 

PRPP Kms. 

The kinetics of human HGPRT has been studied in detail with both stopped

flow and steady state techniques (Xu et al., 1997). The reaction mechanism is 

ordered with PRPP binding preceding the binding of the purine base. The rate 

and dissociation constants for all the steps in the catalysis have been determined 

using pre-steady state kinetics, isothermal titration calorimetry and equilibrium gel 

filtration. The rate determining step of the reaction has been shown to be product 

release and not phosphoribosyl transfer. The greater keatS observed for the guanine 

reaction is a consequence of faster GMP release compared to IMP rather than the 

faster conversion of guanine to GMP. The Kd of the enzyme for PRPP is 1.3 J.LM 

while the Km is 35 J.LM. The relationship between the Kd and Km for PRPP has been 

found to be 
kcat 

Km [PRPP] = -k Kd[PRPP] 
-1 

where keat , the rate of the forward reaction in the steady state and k-1, the rate 

of dissociation of PRPP, which have been determined to be 13 s- 1 and 0.24 s- 1, 

respectively. The Km will therefore approach Kd as the rate of the reaction 

decreases. The low PRPP Km with xanthine as the second substrate in the case 

of F36L could therefore be a reflection of the low keat of this mutant for xanthine 

phosphoribosylation. This may also be the case with the PRPP Km of F36K with 

hypoxanthine as the second substrate. 

2.4.2 Activation energies and xanthine activity 

The activation energy for the reaction catalysed by human wildtype and F36L 

HGPRTs is plotted along with the keat for the reaction (Fig. 2.13). The increase in the 

keat for the xanthine reaction in F36L is associated with a decrease in the activation 

energy compared to the wildtype. The activation energies of the hypoxanthine and 

guanine reactions do not change significantly nor do the keatS . The ability of the 

F36L mutant to lower the activation energy for the xanthine reaction is probably a 
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Figure 2.13: Comparison of kcat with activation energy for phosphoribosylation by 

HGPRT 

reflection of its ability to stabilise the transition state of the xanthine reaction better 

than the wildtype. Possible structural basis for this is presented in the following 

section. 

2.4.3 Structural basis for xanthine activity 

A number of crystal structures of HGPRTs from various sources in complex 

with various nucleotides are available. Heroux et al ( 1999a, 1999b) have determined 

the structure of T gondii HGPRT in complex with the nucleotides IMP, GMP and 

XMP. Comparison of these structures with that of the human enzyme complexed 

with GMP allow rationalization of the purine binding specificities of these enzymes. 

The purine base contacts of the human enzyme are shown in Fig. 2.1 . A hydrogen 

bonding interaction is present between the C2 amino group of GMP and the 

backbone oxygen of Asp 194 (Asp200 in T gondii ) in both these enzymes. This 

interaction would be unfavorable if the C2 substituent were to be a carbonyl group 

as in xanthine. In the XMP complex of the T gondii enzyme, a readjustment of 

Loop IV together with a rotation of the purine ring allows hydrogen bonding of the 

C2 carbonyl with the backbone amide of Asp206. Molecular dynamics simulations 

of the human and T foetus HGPRTs in complex with various nucleotides by Pitera 

et al. ( 1999) show that the C2 pocket of this enzyme is far less rigid compared to 

the human enzyme which permits it to recognize both the amino group of GMP and 
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Figure 2.14: Superposition of structures of human HGPRT in complex with GMP (dark 

grey, lHMP) and lmmucillinGP (light grey, lBZY) . Loops I, II and IV are coloured in 

different shades of blue. Lighter shades represent the lmmucillin complex. The left panel 

shows the position of F36 relative to these loops. The right panel is included to illustrate 

the loop movements with greater clarity. 

the car bony 1 group of XMP. 

The xanthine specificity seen in the F36L mutant of human HGPRT is consistent 

with these structural and theoretical explanations. Examination of the structure 

of human HGPRT shows that F36 does not lie in the active site of the enzyme 

(Fig. 2.14). However, it lies at the base of Loop IV making contact with residues on 

either end of this loop (Fig. 2.14, 2.15). Fig. 2.14 also shows the superposition of the 

structures of the human enzyme in complex with the product,GMP and in complex 

with the transition state analog, ImmucilinGP and pyrophosphate. Large regions of 

the protein are seen to be different between the two complexes. Prominent among 

these are loops I, II and IV. Loop IV dynamics have been proposed, as described 

above, to be important for purine recognition. Examination of the contacts made by 

F36 in the two structures shows a difference in the contacts, especially with residues 

at the base of Loop IV (Table 2.4). 

Mutation of F36 most likely results m an enzyme m which this loop can 
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Figure 2.15: Contacts of F36L with Loop IV residues. Loop IV is shown in blue and the 

residues that make contact with F36 at a cutoff of 4.0A are shown in cyan . The figure 

was generated using the PDB co-ordinate file lHMP of the human enzyme in complex 

with GMP. 

Table 2.4: Comparison of F36. contacts in lBZY and lHMP. 

No. of contacts 

Residue lHMP 1BZY 

1 IlelO 0 1 

2 Glu14 0 2 

3 Gly16 3 0 

4 Prol84 0 3 

5 Lysl86 1 0 

6 Yal205 7 6 

7 Cys206 2 1 

8 Yal207 2 1 
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rearrange to accommodate the C2 carbonyl of xanthine offsetting the repulsive 

interactions that would otherwise exist in the enzyme. This may also be the case with 

the F36G and F36K mutants which have a much greater xanthine activity than the 

parent wildtype enzyme. Excessive perturbation of interactions within the protein 

due to mutation of the bulky phenylalanine residue to a glycine may result in the 

destabilisation and reduced activity of the F36G mutant. 

F36 in the human enzyme corresponds to L44 of P. falciparum HGPRT. 

Chapter 3 describes studies on an L44F mutant of PfHGPRT. The same mutation 

has also been made in three chimers of human and P. falciparum HGPRT. In all 

these cases, activity on xanthine of the mutant is compromised (Table 3.7). The 

L44F mutant of the P. falciparum enzyme is also considerably destabilised. These 

observations are in agreement with the proposed role of F36 in human HGPRT in 

modulating substrate specificity probably by reorganization of Loop IV residues. A 

high resolution crystal structure of the F36L mutant in complex with XMP should 

provide insight on the determinants of substrate specificity in HGPRTs. 

To summarise, a mutant of human HGPRT with the ability to phosphoribosylate 

xanthine in addition to its natural substrates, hypoxanthine and guanine, has been 

generated by random mutagenesis. The mutation, F36L, is in the hood domain 

of the protein. This is the first instance of a mutation in the hood domain of 

HGPRTs modulating substrate specificity. This mutant provides direct evidence for 

the proposed role of hood domain reorganization in accommodating purine bases in 

the active site of HGPRTs. 
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Studies on the L44F mutant of PfHGPRT: Insights into 

the nature of the active form of the enzyme. 

This chapter describes studies on P. falciparum HGPRT and a mutant of the 

enzyme, IA4F Data presented here suggest that the activated form of PfHGPRT is 

less stable that the unactivatedform of the enzyme. 

3.1 Introduction 

HGPRT is a key enzyme in the purine salvage pathway of P. falciparum and 

flux through this enzyme serves as the sole source for purine nucleotides for the 

parasite. Human and P. falciparum HGPRTs share a sequence identity of 44 % 

and a similarity of 76 % (Fig.3.1). The structures of the two enzymes superpose 

with an RMSD of about 1.7 A (Fig. 3.2, Shi et al., 1999a, Shi et al., 1999b ). In 

spite of the similarity in sequence and structure, these enzymes differ significantly 

in their properties, the most prominent among these being the additional specificity 

of the parasite enzyme for the purine base, xanthine. In addition, while human 

HGPRT on purification from recombinant systems has very high activity, purified 

recombinant PfHGPRT has negligible activity. In fact, the low activity has raised 

questions on the importance of flux through HGPRT for the parasite despite its 

proven essentiality from inhibition studies. Previous studies in the laboratory 

have shown that PfHGPRT can be activated on incubation with the substrates, 

hypoxanthine and PRPP in low molarity potassium phosphate buffers, conditions 

under which the enzyme is a tetramer (Sujay Subbayya & Balaram, 2000a, Keough 
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Figure 3.1: Sequence alignment of human and P. falciparum HGPRTs. Alignment was 

generated using ClustaiW. The arrow indicates F36/ L44 of human and P. falciparum 

HGPRT respectively. 

Figure 3.2: Superposition of human (lBZY, red) and P. falciparum (lCJB, blue) 

HGPRT structures. 

et al. , 1999). About 10-20 fold increase in specific activity could be obtained. 

The studies also suggested that tetramerization is necessary but not sufficient for 

activation. The presence of the substrates is essential and probably brings about 

conformational changes necessary for the optimal activity of the enzyme. Reactions 

initiated with the unactivated enzyme show a Jag phase followed by a linear phase 

though the reaction rates during the linear phase remain much lower than that of the 

activated enzyme. The duration of this reaction transient gradually decreases during 

the course of activation and disappears upon complete activation of the enzyme 
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(Sujay Subbayya, 2002). The presence of the reaction transient lends support to 

the suggestion that the enzyme undergoes a conformational change going from an 

inactive to an active form. 

Examination of the sequence alignment of the P. falciparum and human enzyme 

shows that F36, that has a role in modulating the substrate specificity of the human 

enzyme (Chapter 2), corresponds to L44 in the P. falciparum sequence. A study of 

the effect of mutating L44 in the P. falciparum enzyme to F was therefore initiated. 

Investigations on this mutant have provided insights into the nature of the active 

form of the P. falciparum enzyme. However, experiments on the L44F mutant of 

the P. falciparum enzyme were limited by difficulties in obtaining reasonably pure 

enzyme. Some of the later studies presented in this chapter are therefore limited to 

the wildtype enzyme. 

3.2 Materials and Methods 

Enzyme assays were carried out on a Shimadzu OV 1601 or a Hitachi 02010 

spectrophotometer. Reaction at specific temperatures were carried out using 

a Hitachi 02010 spectrophotometer or a Perkin-ElmerA-900 spectrophotometer 

equipped with a water jacketed cell holder. Column chromatography was performed 

using a Akta Basic HPLC system from Amersham Pharmacia. 

3.2.1 Site-directed mutagenesis 

Site directed mutagenesis was carrried out using the megaprimer PCR method 

(Sarkar & Sommer, 1990) in an identical manner to that described for creation of 

the site-directed mutants of human H GPRT (2.2.1 ). The primers used were: 

Pftf: 5' ACC AAG GTC TTT GTT CCA AAT GGA GTC ATA AAA AAC 3' 

pETpf3: 5' CCA GGA TCC TTA TAA TGA AGT TGC TTT AT 3' 

5'FPRT: 5' CCA CCA TGG CAA TAC CAA ATA ATC C 3' 
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The restriction sites are indicated in italics (Hinfl in Pftf, Nco 1 in 5'FPRT and 

BamH 1 in pETPf3) and the mutated codon in bold font. The Hinfl site in Pftf 

was incorporated by a silent mutation (bold italics). The first PCR used Pftf and 

pETpf3 ' to generate the megaprimer. The megaprimer and 5'FPRT were used as 

primers to generate the full-length sequence. The amplified full length gene was 

restriction digested with the enzymes Nco 1 and BanH 1 and ligated into the vector 

pTrc99A. Scf>609 cells transformed with the ligation mix were screened to obtain 

recombinants. The presence of the mutation was confirmed by digestion with Hinfl 

and by sequencing. (Fig. 3.3). 

TTA 
L_.F 

TTAC CAAGG TC TTT GTT CCAAA T GGAG T CA l 
1 40 1 S0 1 60 

Figure 3.3: Section of the sequencing chromatogram confirming the incorporation of 

the L44F mutation . The mutated codon is highlighted and the same codon in the parent 

wildtype in shown above the sequence. 

3.2.2 Functional complementation 

Complementation studies were carried out using the E. coli strain S¢609 (ara, 

fipro-gpt-lac, thi, hpt, pup, purH,J, strA)(Jochimsen et al., 1975) as described in 

2.2.4. Expression constructs of WTPFHGPRT (wildtype P falciparum HGPRT), 

P2A (P2A mutant of WTPfHGPRT) and L44F (L44F,P2A mutant of WTPfHGPRT) 

in pTrc99A were used for these studies. 
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3.2.3 Determination of in vivo stability. 

For determination of the in vivo stability of P2A and L44F, S</>609 cells 

containing the expression constructs of these mutations in pTrc99A were grown 

to OD600 of 0.6 at 37°C, transferred to different temperatures and induced by 

addition of IPTG to a concentration of 1 mM. Protein translation was arrested by 

addition of chloramphenicol to a concentration of 300 ,ug/ml after 4 h of induction. 

Aliquots were withdrawn periodically, cells precipitated by centrifugation and lysed 

by boiling in SDS-PAGE sample buffer for 10 min. Samples equivalent to 75 ,ul of 

initial culture were resolved by SDS-PAGE, and transferred to PVDF membranes. 

Blots were probed with polyclonal anti-PfHGPRT raised in rabbit. Horse-radish 

peroxidase conjugated anti-rabbit-IgG was used as the secondary antibody and 

bands visualised using 3-amino-9-ethyl carbazole and hydrogen peroxide. 

3.2.4 Enzyme purification 

Wildtype PfHGPRT 

Wildtype PfHGPRT (WTPfHGPRT) and the P2A mutant of PfHGPRT(P2A) 

from the E. coli strain S</>609 were purified as described previously (Sujay 

Subbayya & Balaram, 2000). S</>609 cells transformed with the respective pTrc99A 

constructs were grown in terrific broth to (OD)6oo of 0.6, protein expression was 

induced by the addition of 1 mM IPTG and cells allowed to grow for a further 

18 h. Cells harvested by centrifugation were lysed by sonication in 50 mM 

Tris.HCl, pH 7.5, 10% glycerol, 0.1 mM EDTA. The lysates were clarified by 

centrifugation and nucleotides precipitated by addition ofpolyethylenimine (PEl) to 

a concentration of 0.03%. The 40-65% ammonium sulphate fraction containing the 

recombinant protein was dissolved and desalted into 10 mM Tris.HCl, pH 8.9 and 

purified by anion exchange chromatography. Protein eluted at about 100-150 mM 

NaCl was precipitated with ammonium sulphate, dissolved in 10 mM Tris.HCl, pH 

6.9 and further purified by cation exchange chromatography. The cation exchange 

column was equilibrated with 10 mM Tris.HCl, pH 6.9 and protein eluted with a 

linear gradient of NaCl in the same buffer. Fractions containing the protein were 
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pooled, protein precipitated with ammonium sulphate and desalted by gel- filtration 

on a Superdex S-200 column equilibrated with 10 mM potassium phosphate buffer 

containing 2 mM DTT and 20% glycerol. Protein was stored under these conditions 

at a concentration of2 mg/ml at 4°C. 

l44F 

Purification of the L44F mutant of PfHGPRT (hereafter referred to as L44F) 

however, proved to be difficult. This protein does not over-express in the E. coli 

strain SljJ609 . It was therefore subcloned in the expression vector pET23d and 

protein expressed in the E. coli strain BL21(DE3). BL21(DE3) cells freshly 

transformed with the construct were grown to an (OD)600 of 0.6 at 20°C and 

protein expression induced at the same temperature by the addition of 50 ,u.M IPTG 

for 12 h. Cells were harvested by centrifugation and lysed in 50 mM Tris.HCl, 

pH 6.9, 100 mM KCl, 20% glycerol and 10 mM DTT using a French press. Lysis 

supernatants were subjected to PEl precipitation and protein precipitated by addition 

of ammonium sulphate. The protein fraction (25-60 % saturation) was dissolved in 

the 20 mM Tris.HCl, pH 6.9, 100 mM KCl, 20% glycerol, 2 mM DTT (Buffer A) 

and bound to a Cibacron Blue column equilibrated with the same buffer. A batch 

purification was carried out in the cold and protein eluted with a step gradient of 

increasing KCl in Buffer A. Protein containing fractions were pooled, concentrated 

by ultrafiltration and subjected to gel filtration on a Sephacryl-200 column (1.6 em X 

50 em) equilibrated in Buffer A. The peak containing L44F was again concentrated, 

desalted in 20 mM Tris.HCl, pH8.9, 20 % glycerol and 1 mM DTT and purified by 

anion exchange chromatography (Q-sepharose column, batch purification) using a 

step gradient in the cold. Finally protein was buffer exchanged in 10 mM potassium 

phosphate buffer, pH 7.0, 20 % glycerol, 2 mM DTT on a Sephacryl-200 column 

and stored at 2 mg/ml in the same buffer until further use (Fig. 3.4). 

3.2.5 Gel filtration 

A Superdex-200 (300 x 10 mm) gel filtration column calibrated with J3-Amylase 

(200 kDa), Alcohol dehydrogenase (150 kDa), Bovine serum albumin (66 kDa), 
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Figure 3.4: SDS-PAGE profile of L44F purification . Lane 1 : Crude lysate, 2: Cibacron 

Blue eluate, 3: S-200 fraction, 4: Q-sepharose eluate, 5: Purified protein. 

Carbonic anhydrase (29 k.Da) and Cytochrome C (12.4 k.Da) was used for the 

analytical gel filtration studies. Gel-filtrations were done either in assay buffer 

(100 mM, Tris.HCl, pH 7.4, 12 mM MgCl2, 1 mM DTT) or 10 mM phosphate 

buffer, pH 7.0, 20% glycerol, 1 mM DTT. PRPP concentration when used was 

50 ,uM. Protein was at a precolumn concentration of 1 mg/ml. Enzymes were 

preincubated in 1 mM PRPP in the presence of 12 mM MgCl2 for 30 min when 

the runs were carried in the presence of 50 ,uM PRPP. 

3.2.6 Enzyme activation 

All three of the above proteins have negligible activity on purification and 

need to be activated. Activations were carried out at a protein concentration of 

30 ,uM with DTT concentration increased to 5 mM. Activation of the protein for all 

initial experiments was carried out with 200 ,uM PRPP and 60 ,uM hypoxanthine. 

Xanthine when used for the activation was at a concentration of 120 ,uM. IMP, 

XMP and GMP when used were at a concentration of 60 ,uM and magnesium at a 

concentration of 12 mM. Incubations were carried out at 4°C for at least 24 h unless 

otherwise specified. 
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3.2. 7 Enzyme assays and kinetics 

Enzyme assays were carried out as described in Chapter 2 (2.2.6). Kinetic 

parameters were determined by varying the concentration of one substrate keeping 

the other constant at a saturating value. Reactions were initiated by the addition 

of enzyme (1.6 Jlg in a 250J1l reaction). For the determination of purine Km, the 

purine base concentrations were varied between 2 J1M and I 00 J1M in the case of 

hypoxanthine and guanine or between 25 J1M and 300 J1M in the case of xanthine 

with PRPP maintained constant at 1 mM. For the determination of PRPP Kms , 

base concentrations were kept constant at 100 J1M (hypoxanthine and guanine) or 

200 J1M (xanthine) and PRPP concentration varied from 25 J1M to 1 mM. At least 7 

concentrations of the variable substrate were used. Kms were determined by fitting 

to Michaelis-Menten kinetics after linear transformation. Data were also analysed 

by non- near regression. The Graphpad Prism package was used in all analysis. 

3.2.8 Circular dichroism 

Circular dichroism measurements were carried out in 10 mM phosphate buffer, 

pH 7.0 at a protein concentration of 2.4 J1M with unactivated proteins. Hypox

anthine, PRPP and xanthine concentrations were 33 J1M, 100 J1M and 66 J1M, 

respectively when used. Measurements were carried out on a JASCO-715 spec

tropolarimeter equipped with a peltier heating system. Secondary structure was 

monitored as the ellipticity at 220 nm between a temperature of 25 and 90 °C with 

a heating rate of 1 °C/min. 

3.2.9 Paper chromatography 

For determining slow product formation during activation, activation of 

WTPfHGPRT were set up with 3H-hypoxanthine as described above. 10 Jll aliquots 

were withdrawn after 6 and 48 h of activation, boiled for 5 min to denature protein, 

cold IMP and hypoxanthine added to a concentration of 2.5 mM each to allow 

visualization under UV. Samples were subjected to paper chromatography with 5 % 

potassium dihydrogen phosphate as the mobile phase. Spots were detected under 
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uv, cut out and radioactivity corresponding to IMP and hypoxanthine determined 

by liquid scintillation counting. 

3.2.10 Temperature stability and activity 

For determination of temperature stability, proteins were activated as described 

above for 24 h followed by incubation at various temperatures. Aliquots were 

withdrawn at different times and activity on the base xanthine measured at room 

temperature using the standard assay. 

For the determination of the effect of temperature on activity, reactions were 

initiated by addition of enzyme activated for 24 hat 4°Cm, to assay buffer containing 

the appropriate substrates maintained at the requisite temperature. The assays were 

carried out at the same temperature in a thermostatted cell holder. 

Temperature effects on the activation process were determined by carrymg 

out the activation itself at different temperatures. The process was monitored 

by measuring the specific activity (for xanthine phosphoribosylation at room 

temperature) at different time points during the course of activation. The rate of 

activation determined from these measurements is the rate of increase in specific 

activity at each temperature calculated as the slope of the incubation time vs specific 

activity plots. Product formation during these activations was also determined 

by setting up activation with 3H-hypoxanthine and detecting the amounts of 

radiolabelled IMP and hypoxanthine at different time points during the activation 

process in the activation mix. 

3.3 Results 

3.3.1 Site-directed mutagenesis and functional complementation: Tem

perature sensitivity 

The L44F mutant of Pfl-IGPRT was generated by the megaprimer PCR method 

as described in Materials and Methods (3 .2.1) and cloned into the expression vector 

pTrc99A. A P2A mutation was introduced in addition in order to facilitate cloning of 
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Figure 3.5: Substrate specificity of P. falciparum wildtype and mutant HGPRTs as 

determined by functional complementation . Growth of Scp609 cells transformed with 

the respective expression constructs in pTrc99A in minimal medium containing IPTG 

supplemented with the purine bases 16 h after inoculation was monitored as the 

absorbance at 600 nm . 

the mutant. All control experiments described here were therefore carried out with 

the P2A mutant of PfHGPRT. The P2A mutant of the wildtpye enzyme has been 

previously characterized in the lab and shown to be identical in its properties to the 

parent enzyme (Sujay Subbayya & Balaram, 2002). E. coli Scp609 cells transformed 

with this expression construct were used to determine the substrate specificity of 

this mutant by functional complementation (Fig. 3.5). While WTPfHGPRT and 

P2A support the growth of Scf>609 in minimal medium supplemented with either 

hypoxanthine, guanine or xanthine, the L44F mutant complemented only with the 

purine base, hypoxanthine. Since, mutation at the same position in the human 

enzyme affects the stability of the enzyme (Fig. 2.11 ), functional complementation 

was also carried out at different temperatures. Fig. 3.6 shows the growth of Scp609 

cells, transformed with either P2A or L44F, in the three purine bases at 20, 3 7 and 

42 °C. Complementation by P2A is not temperature dependent with growth seen 

at all three temperatures in all three purine bases. L44F however, is temperature 

sensitive. This mutant does not support growth at 42°C on any of the three bases. At 

37°C, growth is seen only in the presence of hypoxanthine. When the temperature is 

lowered to 20°C, feeble growth is observed in the presence of guanine and xanthine 

also, while growth on hypoxanthine is good. 
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Figure 3.6: Growth of E. coli S(/1609 transformed with A) P2A and B) L44F at different 

temperatures monitored as absorbance at 600 nm. The measurements were made after 

16 h of growth at 37 and 42° and 24 h of growth at 20°C. 

Sl/>609 (Jochimsen et al. , 1975) lacks both the the salvage and de novo pathways 

for purine nucleotide synthesis. In the presence of a a functional HGPRT, AMP and 

GMP are synthesised as shown in Fig. 1.3. Hypoxanthine can be converted directly 

to IMP which can serve as a precursor for both AMP and GMP. Complementation 

in the presence of hypoxanthine is therefore most efficient. When the purine bases 

available are restricted to guanine or xanthine, GMP formation is direct. However, 

the formation of AMP would require first the conversion of GMP to IMP by the 

action of GMP reductase which can then be converted to AMP. GMP reductase in 

E. coli is induced only in the presence of large excess of GMP. Therefore, growth 

in the presence of guanine alone would require that GMP accumulate to levels high 

enough to induce the expression of GMP reductase (Zalkin & Nygaard, 1996). In 

addition the Km of this enzyme for GMP is high, making the process of conversion 

to IMP rather inefficient until high leels of GMP accumulate (Zalkin & Nygaard, 

1996). Good growth of Sl/>609 on guanine and xanthine is therefore, observed 

only when large amounts of highly active HGPRTs are expressed. In the case of 

L44F, the temperature sensitivity of the enzyme results in much too low activity 

on guanine and xanthine at 37°C to allow complementation. At 20°C, sufficient 

enzymatic activity accumulates to allow weak growth on guanine and xanthine. 
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Construct 

P2A(WT) 

PfHGPRT 

HwnanHGPRT 

P2AL44F L-....te*L.---------..J 
DSl 

DS1L44F 

DS5 

DS5L44F 

DS7 

DS7L44F ....... -

Substrate specificity 

H G X 

~ ~ ~ 

~ Jc Jc 

~ ./ ./ 

./ Jc Jc 

./ Jc Jc 

Jc Jc Jc 

~ ./ ./ 

~ ./ Jc 

* L44F mutation ,/Supports growth of Scjl609 Jc Does not support growth 

Figure 3.7: Substrate specificity of L44F mutants of chimeric HGPRTs as determined by 

functional complementation . The chimeric constructs are represented as bar diagrams. 

3.3.2 Mutation of l44 to F in chimeric HGPRTs 

Chimeric HGPRTs comprising of sequences from both P falciparum and human 

HGPRTs had been previously constructed in the laboratory (Sujay Subbayya, 

2002). Three of these chimeras comprising ofN'terminal segments from PfHGPRT 

(Fig. 3. 7) had been shown to be active. Chimera DS 1 has the first 58 amino acids 

of the P falciparum enzyme replacing the first 50 of the human enzyme, while in 

chimera DS7 the C terminal 58 amino acids are also from the P falciparum enzyme. 

Chimera DS5 was constructed by replacing the C terminal 58 amino acids of the 

P falciparum enzyme with that of the human enzyme (Sujay Subbayya, 2002). 

Leu at position 44 in these three chimeras was mutated to Phe and the substrate 

specificity evaluated by functional complementation. The L44F mutation was found 

to alter the ability to complement HGPRT deficiency in S¢609 in all three chimeras 

(Fig. 3.7). In addition, it was also found that the mutants of the chimeras do not 
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Figure 3.8: In vivo stability of P2A and L44F . a) SDS-PAGE analysis of E. coli Sl/'609 

cells transformed with 1. P2A and 2. L44F constructs 12 h after induction with I PTG. 

b) Western blot showing the residual levels of P2A and L44F in E. coli Sif'609 cells 

expressing the proteins, at different time points after translational arrest detected using 

anti-PfHGPRT antibodies. Arrows indicate the protein of interest. 

express in Slf>609 while the parent constructs do. Though behavior on functional 

complementation is altered in all the three cases, it is not clear if the alteration is due 

to reduced stability or due to variation in expression levels. Only the L44F mutant 

of WTPfHGPRT was studied in detail. 

3.3.3 Protein expression and in vivo stability 

Both the wildtype and P2A Pfl-IGPRT over-express in the E. coli strain Sl/>609. 

However, expression of L44F cannot be detected by SDS-PAGE (Fig. 3.8a). This 

suggests that the temperature sensitivity of L44F (in Sl/>609) could be a consequence 

of either the lack of expression of the enzyme or its lack of activity or stability with 

increase in temperature. The in vivo expression and stability of L44F at different 

temperatures was therefore examined. Protein expression was induced by addition 

of IPTG to cells transformed with constructs in pTrc99A, expression allowed to 

proceed at different temperatures for 4 h and protein translation arrested by the 

addition of chloramphenicol. The amount of P2A and L44F in aliquots withdrawn 

at various time points was determined by western blotting using PfHGPRT specific 

antibodies. The blots are shown in Fig. 3.8b. As can be seen, P2A is stable at all 

three temperatures with the level of protein remaining constant. L44F is remarkably 
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destabilised at both 37 and 42°C, with the protein getting completely degraded in 

vivo within 30 min. The stability at 20°C is considerably improved with almost 

no proteolysis at this temperature. This indicates the the temperature sensitivity of 

IA4F is a consequence of reduced stability and resultant proteolysis in vitro. These 

observations are in agreement with the functional complementation studies. 

3.3.4 Protein purification 

P2A could be readily purified using protocols reported for the wildtype enzyme. 

L44F however, does not express in the E. coli strain S¢609. Expression was 

therefore carried out in the E. coli strain BL2l(DE3) after subcloning in the vector 

pET23d. Protein was found to go into inclusion bodies when cells were grown 

at 37°C before induction. The cultures when grown and induced at 20°C yielded 

soluble protein though the protein quality varied between batch. Purification of the 

enzyme also proved to be difficult. At least 100 mM KCl had to be maintained 

during the entire course of the purification to prevent non-specific aggregation with 

other E. coli proteins. All the purification steps were also carried out in the cold. 

Only a part of the protein was found to bind to the Cibacron Blue column. The 

unbound fraction could not be further purified. Purified protein recovery was also 

poor with the final yield of the protein varying between 300-500 Jlg from 1 I of 

culture. The purity of the protein also varied between batches. After purification, 

the enzyme could be buffer exchanged into 10 mM potassium phosphate, pH 7 .0, 

2 mM DTT in the presence of 20 % glycerol and stored under these conditions 

without further precipitation. The spectroscopic measurements were carried out 

with protein that was at least 95% pure as judged by SDS-PAGE (Fig. 3.9). 

3.3.5 Oligomerization 

Studies on WT PfHGPRT and P2A had shown that tetramerization is important 

for the activity of the enzyme (Sujay Subbayya & Balaram, 2002, Sujay Subbayya, 

2002). This enzyme is a tetramer in low ionic strength phosphate buffer and 

a dimer under assay conditions in the absence of the substrate, PRPP. A shift 

towards a tetrameric species is seen in assay buffer in the presence of PRPP. Gel 
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Figure 3.9: SDS-PAGE profile of L44F and P2A. 1) L44F, 2) Marker, 3) P2A. 
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Figure 3.10: Gel filtration profile of a) P2A and b) L44F in a) Assay buffer with (dashed 

line) and without (solid line) PRPP. Gel filtration carried out as in Material and Methods 

(3.2.5) . 

filtration profiles of P2A and L44F in assay buffer in the presence and absence of 

PRPP are shown in Fig. 3.10. The precolumn concentrations of both the proteins 

were 1 mg/ml (;:::::: 50 ).l.M protein). Both these enzymes are tetrameric in 10 mM 

phosphate buffer. The elution profiles of L44F are similar to that of P2A under 

these conditions indicating that at high protein concentrations, the oligomerization 

of L44F is unaltered. 

P2A and L44F however, behave differently at lower protein concentrations. The 

specific activity of unactivated L44F and P2A are plotted as a function of protein 
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Figure 3.11: Concentration dependance of the activity of P2A(Q) and L44F (D). 

Assays were carried out with the unactivated enzyme. Plot is representative of two 

independent experiments. 

concentration in the assay in Fig. 3 .11. Over the concentration range studied, the 

specific activity of P2A is independent of protein concentration while that of L44F 

shows a distinct increase before plateauing at protein concentrations above 2.0 ,uM. 

This indicates that the tetramer of L44F with a Kd of 1.12 ,uM in assay buffer in the 

presence of 1 mM PRPP, is weaker than that of P2A. However, both these proteins 

would be tetramers under activation conditions where the protein concentration is 

maintained at 30 ,uM. 

3.3.6 Activation and kinetic characterization 

As mentioned earlier, PfHGPRT has negligible activity on purification and can 

be activated by incubation in the presence of substrates hypoxanthine and PRPP. 

This is also the case with L44F. Activation was also carried out in the presence of 

xanthine instead ofhypoxanthine. The specific activities of the unactivated proteins 

are compared with the specific activities after activation in the presence of xanthine 

and hypoxanthine in Fig.3.12. As can be seen considerable increase in activity is 

observed only in the presence of hypoxanthine and not in the presence of xanthine. 

Maximal activity achieved after about 24 h at 4°C was stable for many days on 

storage under activation conditions. Kinetic properties were determined with these 
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Figure 3.12: Activation of A) L44F and B) wildtype PfHGPRTs in the presence of 

hypoxanthine and xanthine. Note: This experiment compares L44F with WTPfHGPRT 

and not P2A. Numbers are representative of two replicates . 

Table 3.1: Kinetic parameters of wildtype and mutant PfHGPRTs. 

Km (J.LM) kcat !Km (J.LM- 1 s- 1) 

HPRT reaction 

Enzyme kcat (s-l) Hypoxanthine PRPP Hypoxanthine PRPP 

P2A 1.13 ~0.65 22.0 1.7 0.05 

L44F 0.94 < 1.0 44.0 >0.94 0.02 

GPRT reaction 

P2A 1.19 ~0.91 119 1.31 0.01 

L44F 1.07 1.5 88.0 0.71 0.01 

XPRT reaction 

P2A 2.9 410 84 0.04x1o- 1 0.03 

L44F 1.2 868 142 0.01x1o- 1 0.01 

activated preparations and are listed in Table 3 .1 . 

Examination of the specific activities shows that the keatS and Kms of both the 

enzymes on hypoxanthine are comparable while the activity on xanthine of the L44F 

mutant is 2 fold lower. The Km of the mutant for xanthine is also increased. This is 

not surprising as a similar mutation in the human enzyme affects the ability of the 
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Figure 3.13: Temperature stability of wildtype and mutant PfHGPRTs. Enzymes after 

activation for 24 h at 4°( were incubated at the specified temperatures and residual 

activity on xanthine measured at different time points. 

enzyme to catalyse xanthine phosphoribosylation. 

3.3. 7 Temperature stability 

Since the complementation experiments indicated that the L44F mutant is tem

perature sensitive, the activity and stability of the enzymes at higher temperatures 

was examined. For the stability experiments protein under activation conditions was 

incubated for different times at higher temperatures and residual activity measured. 

Compared to the human enzyme that shows remarkable temperature stability, P2A 

and L44F lose considerable activity on incubation at higher temperatures. Fig. 3.13 

shows the residual activity after incubation at different temperatures. The L44F 

mutant is considerably destabilised as compared to P2A. Another feature that 

emerges from the activity profiles is that the specific activity of the activated enzyme 

rapidly drops to a lower value on incubation at higher temperatures and is then stable 

at this lower value for at least 3 h. The value at which the activity stabilises decreases 

with increase in the temperature of incubation. This is indicative of an equilibrium 

between an active and inactive from of the enzyme, the populations of which vary 

with the temperature. 

Fig. 3.14 shows the activity of P2A and L44F on the bases hypoxanthine and 

xanthine at different temperatures. These measurements involved initiation of 

reaction by addition of activated enzyme maintained on ice to preheated assay buffer 

containing PRPP and the respective purine base. Though the temperature instability 
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Figure 3.14: Activity of P2A (left panel) and L44F (right panel) at different 

temperatures. Activity is plotted as a percentage of activity at room temperature (RT) . 

Reactions were carried out with activated enzyme. Note that the axis for hypoxanthine 

and xanthine are on different scales. Plots are representative of two independent 

measurements. 

of P2A and L44F precludes the use of these values for the determination of 

activation energies for the phosphoribosylation, an interesting fact emerges from the 

temperature activity curves. As can be seen, the rate of phoshoribosylation by L44F 

starts to drop at temperatures lower than that of P2A in agreement to the observed 

thermal labili ty of this mutant. Surprisingly, the rates of phosphoribosylation of 

xanthine start to drop about woe before the rates on hypoxanthine in the case 

of both the enzymes. Since the enzymes preparations used are identical for both 

hypoxanthine and xanthine reactions, these observations raise the possibility of 

destabilisation of the enzymes by the substrates. The possible role of variation 

in substrate ionization with temperature in the rates of phosphoribosylation could 

be ruled out as the spectral properties of the bases do not change with increase 

in temperature (data not shown). The absorption spectra of these bases have been 

previously shown to be sensitive to the ionization state. 

3.3.8 Effect of substrates on thermal stability: circular dichroism studies 

To test the possibility that P2A and L44F are destabilised in the presence of 

the substrates, the denaturation of these enzymes with increase in temperature was 

monitored in the presence of the substrates by circular dichroism as described in 

materials and methods. Unactivated enzyme was used for these experiments as 

hypoxanthine from the activation mix would prevent determination of the effects of 
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hypoxa nthine, with increase in temperature monitored as ellipticity at 220 nm. 
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Figure 3.16: Effect of substrates on temperature denaturation of P2A and L44F 

monitored as ellipticity at 220 nm . 

xanthine on stability. The measurements were carried out at a protein concentration 

of 2.4 ,uM, in the presence of 100 ,uM PRPP and 33 ,uM hypoxanthine or 66 ,uM 

xanthine, conditions that are close to the activation conditions. The melting curves 

of P2A and L44F in the absence of substrates are shown in Fig. 3.15a. The loss 

in stability of L44F is again obvious with the mutant melting 6°C below P2A. 

The melting curves are not altered in the presence of either PRPP or hypoxanthine 

(Fig. 3.15b). Remarkably, the substrates when present together show a dramatic 

effect on the melting curves of the enzymes (Fig. 3.16). This effect is more 

obvious in the case of the L44F mutant as compared to P2A. In the case of P2A, 

presence of hypoxanthine and PRPP reduces the melting temperature by 2°C. The 

melting curves however, remain indicative of a cooperative two state transition as 

in the absence of substrates. Xanthine and PRPP alter the nature of the transition 

curve which is now indicative of an initial gradual denaturation to a state that then 
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Table 3.2: Melting temperatures and nature of transition for P2A and L44F under 

different conditions 

Nature of 

Enzyme & condition TmCC) transition 

P2A 73.4 2 state 

P2A+PRPP+Hyp 70.8 2 state 

P2A+PRPP+ Xan - Multi-state 

L44F 64.3 2 state 

L44F+PRPP+Hyp 56.1 Multi-state 

L44F+PRPP+xan 57.0 2 state 

undergoes cooperative melting. These effects are magnified in the melting of the 

L44F mutant. The two state transition of the protein transforms into a multistate 

transition in the presence of hypoxanthine and PRPP. In the presence of xanthine and 

PRPP, the transition remains two state but the melting temperature decreases by 7°C 

(Fig. 3.16, Table 3.2). It is indeed surprising that substrate induced conformational 

changes manifest as such drastic alterations at the level of the secondary structural 

stability of the protein. The melting curves also fit in with the observed temperature 

vs activity curves of the enzymes. The implications of these observation for the 

nature of the active form of the enzyme are dealt with in the discussion section of 

this chapter. 

3.3.9 Activation of PfHGPRT: Product formation 

The experiments described in this and the following sections were carried out 

with WT PfHGPRT. The activation ofPfHGPRT is carried out in 10 mM phosphate 

buffer in the presence of the substrates, PRPP and hypoxanthine. Magnesium 

ions which are essential for catalysis were not added during the activation. The 

possibility that trace divalent metal ions may be present in the activation, either 

carried over with the protein during the purification or as a contaminant from one 

of the buffer components however, exists. Product formation would occur in such a 

scenario. Spectrometric measurement of product formation in the activation mix is 
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not feasible due to the lack of sensitivity and the large contribution of the protein to 

the absorption of the sample. Product formation was therefore detected by using 3H

hypoxanthine in the activation. Hypoxanthine and IMP were then separated by paper 

chromatography (3.2.9) and the distribution of label between the two molecules 

determined. Table 3.3 compares the specific activity of the enzyme during the course 

of activation with the conversion to IMP. As can be seen from the table, the degree 

of activation correlates well with the amount of IMP formed during the activation. 

Indeed, activation was abolished in the presence of 1 mM EDTA. The possibility 

Table 3.3: Product formation during activation of WTPfHGPRT at 4°C. 

Duration Specific activitya 3H-Hypb 

Condition of activation (hours) (nmol min- 1mg- 1) 3H-IMP 

PRPP+Hyp, 4°C 6 1446.0 8.90 

PRPP+Hyp, 4°C 48 5224.6 0.58 

PRPP+Mg2++Hyp, 4°C 3 11916.0 0.28 

a Specific activity for xanthine phosphoribosylation. This is distinct 

from the product formation in the activation mix. 

b Ratio of counts in hypoxanthine and IMP. 

that the product formation seen during the assays is a consequence of carry over of 

product formed during the activation was also investigated. Assays carried out with 

the unactivated enzyme with IMP equivalent to that contributed from the activation 

mix failed to show the enhancement in activity that is seen during the activation 

process. It must be noted here that the all enzyme activity measurements involved 

continuous monitoring of product formation by spectrometry and therefore are a 

true measure of product formation during the assay. Any product added into the 

assay would not alter the specific activities determined. 

The results described in the previous sections suggest that the activation process 

involves a conformational switch in the enzyme which destabilises the enzyme. 

The temperature dependance of the activation process was therefore investigated. 

These activations were carried out with 3H-hypoxanthine in order to facilitate the 

measurement of product formation during the course of the activation. Fig. 3.17 
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Figure 3.17: Effect of activation temperature on the activity of WTPfHGPRT. The time 

course of the activation at different temperatures monitored as the activity on xanthine 

is shown (a) . The right panel{b) shows the linear region of the same graph. Activation 

was carried out with 3 H-hypoxanthine and PRPP. 

shows the specific activity for xanthine phosphoribosylation of aliquots withdrawn 

at different time points from each activation. The rate of activation (initial slopes 

of the time course) is much larger at higher temperatures. However, the maximal 

levels of activity achieved decrease with increase in temperature, in agreement with 

the preincubation studies described in 3.3.7. 

Aliquots were withdrawn after 6 h of activation at each temperature and the 

amount of hypoxanthine and IMP in the mixtures determined by paper chromatog

raphy. The rates of formation of IMP (amount of IMP formed/time) during the 

activation are plotted along with the rates of activation in Fig. 3.18. The rates 

of activation are the slopes of the curves in Fig. 3.17b. The rates of activation 

of Pfl-IGPRT correlate very well with the rate of IMP formation. However, as 

mentioned earlier, the maximal activity achieved on activation decreases with 

increase in temperature. These experiments suggested that the conformational 

changes accompanying the activation process are brought about by the product of 

the reaction IMP and not the substrates themselves. 

3.3.10 Activation by products 

Fig. 3.19 compares the time course of the activation by IMP in the presence of 

Mg2+ and pyrophosphate (PPi) with that in the presence of hypoxanthine and PRPP 
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Figure 3.18: Rate of activation compared with the rate of IMP formation at different 

temperatures. The rates of activation of WTPfHGPRT were determined from the 

slopes in Fig. 3.17. The rates of product formation were determined using radio labelled 

substrate as described in 3.2 .9 
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Figure 3.19: Activation of WTPfHGPRT by different combinations of products of 

the HGPRT reaction as indicated . Activation was followed by measuring xanthine 

phosphoribosylation . 

(Fig. 3 .19). As can be seen, IMP rapidly activates the enzyme to very high levels. 

Activation is maximum and most stable in the presence of IMP and Mg2+. Though 

IMP alone or IMP and PPi activate the enzyme rapidly, the activity is not stable and 

starts to drop after 24 h. This also raises the possibility that lack of activation in the 

presence of xanthine may be due to the lack of formation of XMP as the xanthine 

Km of Pfl-IGPRT is high. Incubation in the presence of XMP or GMP however, 

failed to activate the enzyme. Activations carried out at higher temperatures showed 
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Figure 3.20: Time course of activation of WTPfHGPRT by IMP and Mg2+ at different 

temperatures( A). The left panel (B) shows the activity achieved after 5.5 h of activation 

at each temperature. The 0 time point is the activity measured immediately after the 

addition of the ligands to the enzyme pre-equilibrated to the requisite temperature. 

Specific activity on xanthine are indicated. 

a similar trend as in the case of the activations with PRPP and hypoxanthine with the 

activity being lower when the preincubations are at higher temperatures (Fig. 3.20). 

Though these values reflect a combination of the degree of activation and enzyme 

stability, it is clear that the equilibrium between the active and inactive forms of the 

enzymes varies with the temperature. 

3.4 Discussion 

3.4.1 Core mutations and protein stability 

Stability studies on the mutants of human HGPRT, F36L and F36G, suggested 

that mutation at this position in the core of the HGPRT structure can destabilise the 

protein (2.3.5). This is more obvious in the case of the L44F mutant of Pfl-IGPRT. 

Pfl-IGPRT is inherently less stable than the human counterpart. Preincubation 

studies with the human enzyme show that it retains a substantial amount of activity 

even at 80°C (Fig. 2.10). Pfl-IGPRT on the other hand rapidly loses activity with 

increase in temperature. Mutation of the core residue L44 to F in context of the 

P. falciparum protein therefore, has a more dramatic effect on the stability resulting 

a temperature sensitive mutant. This is indeed fortunate as the substrate induced 
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changes manifest better in this mutant providing information on the nature of the 

active form of this enzyme. 

The effect of core mutations on protein structure and stability are thought to 

be an interplay between packing and hydrophobicity. Generally, large to small 

substitutions that create or enlarge cavities are destabilising. Small to large 

subst~tutions that increase side chain size can result in overpacked variants which are 

destabilised due to unvafavourable stearic contacts, disruption of interactions with 

surrounding residues or the introduction of torsional strain. The effect of mutations 

are context and protein specific. For example, Eriksson et al., 1993, have shown that 

the mutation ofF153 to Lin the T4lysozyme increases stability and mutation ofL99 

to F decreases protein stability marginally. The structure of the L99F mutant in this 

case shows substantial rearrangement of both side chains and backbones of residues 

around the mutation. The effect of these mutations do not correlate directly with the 

expectations from hydrophobicity considerations alone (Gromiha et al., 1999) . It 

is therefore, not surprising that a mutation of a Leu to Phe in the core of PfHGPRT 

destabilises the structure. 

3.4.2 Activation of PfHGPRT 

Previous studies (Subbayya & Balaram, 2000, Keough et al., 1999) have 

demonstrated that PfHGPRT can be activated on preincubation with the substrates, 

PRPP and hypoxanthine. The results presented in this chapter show that activation 

is effected by the product of the reaction, IMP and not by the substrates themselves. 

It is surprising that the product of only one of the three alternate substrates enzyme, 

IMP, can activate the enzyme. This phenomenon is likely to be related to the mode 

of recognition of the three substrates by the enzyme. The inability ofXMP and GMP 

to effectively activate the enzyme suggests that the contacts made by these purine 

moieties are not conducive for promoting the necessary conformational changes. 

As described in Chapter 2, studies on the T foetus and T gondii enzymes suggest 

the role of protein flexibility in the recognition of substrates. Potential unfavorable 

interactions of the enzyme with xanthine are offset by rearrangement of the protein 

structure, especially of residues in loop IV of the protein (Fig. 1. 9). It is interesting 
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to note that L44 in Pfl-IGPRT, like F36 in human HGPRT, lies at the base of loop IV 

making contacts with residues at either end of the loop in addition to a contacts with 

Val198 within the loop. This mutant of Pfl-IGPRT shows a dramatic difference in 

stability between its activated and unactivated forms. Taken together, these factors 

suggest a role for loop IV mediated reorganization in the process of activation. This 

possibility however, needs further investigation. The presence of a Trp in loop IV of 

T. gondii HGPRT offers the possibility of constructing a similar mutant ofPfl-IGPRT 

by replacement of the Phe at this position. This mutant may serve as a fluorescent 

reporter allowing monitoring of the activation process. 

3.4.3 The active form of PfHGPRT is metastable 

All the observations described above suggest that the conformation of the 

enzyme on purification is one of high stability albeit of low activity. Incubation 

with the substrates/ products alters the conformation to a less stable state. This state 

of lower stability, a metastable state, is the active form of the enzyme. The basis of 

this interpretation is presented below. 

1. The temperature dependent denaturation of the proteins also shows that both 

hypoxanthine and xanthine destabilise the enzyme in the presence of PRPP 

(Fig. 3.16). The CD experiments have been carried out in the presence 

of substrates and not products as the process of activation was thought to 

be a consequence of substrate binding. The role of IMP formation in the 

process of activation was recognized only later (3.3.9). The circular dichroism 

measurements are however a reflection of the nature of the activated enzyme. 

The CD experiments were carried out after incubation of the proteins in 

the presence of base and PRPP on ice for 30 min, then at 25°C to raise 

the temperature to the start point of the measurement. Heating carried 

out a rate of 1 oc per min allowed another 12 min for product formation 

during the experiment. Though these factors make the exact composition 

of the experimental solution an indeterminate quantity, sufficient product 

formation would have occurred to allow activation. In fact the activation 

with hypoxanthine and PRPP when carried out at elevated temperatures is 
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very rapid with significant activation achieved within 15 min (Fig. 3.17). The 

melting curves observed in the presence of hypoxanthine and PRPP therefore 

report on the activated form of the enzyme. The pronounced decrease 

in the stability under these conditions, especially in the case of the L44F 

mutant (Fig. 3.16, Table 3.2), shows that the activated form of PjHGPRT is 

metastable. 

2. The effects of elevated temperatures on the activation (Fig. 3.17, 3.20) and 

stability (Fig. 3.13) also support this surmise. When activated enzyme prepa

rations are incubated at elevated temperatures, the activity drops drastically 

to stabilise at a lower value (Fig. 3.13). The enzyme activity is restored 

to the value seen at 4°C when the samples are returned to this temperature 

after incubation at 25 or 3 7°C. The maximal levels of activity achieved also 

decreases with increase in temperature (Fig. 3.17, 3.20). This is suggestive of 

an equilibrium between two form of the enzyme, one of higher activity and the 

other of lower activity. 

[PfHGPRT]active ~ [PfHGPRT]inactive 

The population of each species at a particular temperature would then be 

determined by the energy barrier for conversion between the two states. 

3. The activity vs temperature profiles of both P2A and L44F show differences 

with the substrate used in the assay (Fig. 3.14). The enzymes are destabilised 

in the presence of xanthine as compared to hypoxanthine. It must be noted 

here that similar measurements on wildtype and F36L mutants of human 

HGPRT show a continuous increase in activity upto temperatures as high as 

65°C even though the Km of these enzymes for xanthine are high (Fig. 2.12). 

The decrease in activity on xanthine observed with the P falciparum enzymes 

is therefore a reflection of substrate induced destabilisation of the enzymes 

and not a consequence of differences in the Km affecting activity with increase 

in temperature. 

Taken together, these data allow a description of the energy landscape for the 

activation (Fig. 3.21). All evidence support the surmise that the activated state is less 
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Figure 3.21: Proposed energy landscape for PfHGPRT 

stable than the unactivated state. The enzyme in solution exists as an equilibrium 

between the two states. Binding of IMP provides sufficient energy to tide over the 

energy barrier between the two states, leading to activation. Since the inactive form 

is populated more at elevated temperatures, this is the form with the lower energy. 

The energy barrier for the conversion from the active form to the inactive form is 

smaller than the barrier for conversion from the inactive form to the active form. 

The active form of PtHGPRT can therefore be called a metastable state, attained by 

IMP binding. 

The nature of the activated state is however, not clear. This state of reduced 

stability may well be the product bound form of the enzyme and points 2 and 3 

above a reflection of equilibria between the ligand bound and free forms of the 

enzyme. The energy landscape proposed above should hold even if this were to be 

the case. 

The process of ligand induced conformational change leading to activation also 

explains certain unusual observations in literature. Immucllin phosphates, transition 

state analogs of HGPRT, are potent inhibitors of the enzyme. Inhibition of the 

reverse reaction has been demonstrated with Immucillin-HP and Immucillin-GP 

(analogs of the hypoxanthine and guanine reaction transition states, respectively). 

Reversibility studies on human and P falciparum HGPRT by Li et al., 1999 have 

demonstrated that activity returns on dilution of the inhibitor. Surprisingly, in the 

case ofPtHGPRT the activity recovered after dilution of the inhibitor is higher than 
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that in the absence of the inhibitor. The authors however, work with an unactivated 

enzyme. Studies described above suggest that the incubation with the transition state 

analog would lead to a conformational switch in the enzyme to its active metastable 

state. This state would be at least partially retained even on removal of the activating 

agent leading to an apparent increase in activity after dilution of the inhibitor. 

Metastable active states occur very infrequently in literature. Examples include 

the class of protease inhibitors, serpins which lose their inhibitory activity when 

stabilising mutations are introduced (Lee et al., 2000). In the case of the a-lytic 

protease the metastable active state is achieved with the aid of a pro-segment. 

Protein folding occurs in the presence of this segment, subsequent cleavage of which 

leads to trapping of the protease in this state due to a kinetic barrier. Denaturation 

and refolding in the absence of the pro-segment leads to the formation of a more 

stable but inactive state (Jaswal et al.,2002, Cunningham et al., 1999). 

Perhaps of greater relevance to this study is the case of the glucose-3-phosphate 

dehydrogenase phosphoribulokinase multi-enzyme complex. The phosphoribuloki

nase component is in a metastable state and when released from the complex retains 

high activity. Relaxation into the stable form results in reduced activity (Graciet 

et al., 2002, Lebreton & Gontero, 1999). In most of the examples given above, 

the property of metastability is common to many proteins of common origin and 

function. PfHGPRT presents an unique example as this feature is not seen with 

homologs of identical function from other organisms. In addition, this state is 

achieved by product induced conformational changes. The in vivo implications of 

this phenomenon are not obvious. The absence of the de novo pathway in the malaria 

parasite entails a central role for this enzyme in the parasites' purine metabolism. 

The requirements of regulation and activity that this unique position would impose, 

especially in context of the AT bias of the P. falciparum genome, may necessitate 

novel modes for control of enzyme activity. It is possible that HGPRT exists as a 

complex with other enzymes allowing it to be maintained in this active state. 
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Cloning, purification and kinetic characterization of 

Plasmodium falciparum adenylosuccinate synthetase. 

This chapter discusses the cloning of full-length PfAdSS gene, recombinant 

expression of the protein and detailed kinetic characterization. Some results 

presented in this chapter are with a truncated clone of AdSS that was already 

available in the laboratory at the time of initiation of these experiments. A structural 

interpretation of the kinetic data in this chapter is presented in Chapter 6. 

4.1 Introduction 

Adenylosuccinate synthetase follows HGPRT in the purine salvage pathway and 

the reaction catalysed by this enzyme commits IMP to the AMP branch of the 

nucleotide biosynthetic pathway. The erythrocyte is the only tissue that lacks this 

essential enzyme (Webster and Whaun, 1981 ). This enzyme is important not just 

in dividing cells but also in the maintenance of cellular homeostasis. The E. coli 

and mouse AdSS have been expressed in recombinant systems and extensively 

characterized (Bass et al., 1987, Inacu et al., 2001). The enzyme from many 

other species has also been purified and kinetically characterized. These data are 

summarised here. 
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PfAdSS: Purification and kinetics 

4.1.1 Sequence comparison 

PfAdSS has previously been sequenced in this laboratory. The sequence is now 

also available from the P falciparum genome database. Fig. 4.1 shows the alignment 

of AdSS representative ofbacterial., yeast, protozoal, archeal, plant and mammalian 

sequences. The longest sequences are of the plant enzymes and the shortest of the 

arc he a (Pyrococcus) (Bouyoub et al., 1996). The parasite AdSS exhibits highest 

similarity with the AdSS from Dictyostelium discoideum (70 %)(Wiesmuller et al., 

1991) followed by the yeast (Lipps and Krauss, 1999) and human (Powell et al., 

1992) enzymes showing a similarity of 67%. With the E. coli (Wolfe & Smith, 1988) 

enzyme, P falciparum AdSS shows 62% similarity. Invariant residues primarily 

contribute to the substrate binding and include the GTP binding motif at the N 

terminal of the protein, residues involved in recognising the guanine base of GTP 

(TKLD), Argl55(E. coli) that is makes cross subunit interactions and the catalytic 

residues Asp 13 and His41 (£. coli ). 

4.1.2 Kinetics 

The most extensive kinetic studies are those of Fromm and co-workers on the E. 

coli enzyme. Rudolph and Fromm (1969) established a methodology for the kinetic 

analysis of three substrate reactions involving the evaluation of the initial rate data 

with one variable substrate and the other two fixed at a constant ratio. This analysis, 

along with product and competitive inhibition studies allows the determination of 

the kinetic mechanism of a reaction. Kinetic studies on the E. coli enzyme show that 

the mechanism is rapid equilibrium random sequential. Studies by Markham and 

Reed (1977) on the enzyme purified from Azotobacter vinelandii have shown that 

the AdSS reaction has a random order of substrate binding in the reverse direction 

also. The enzyme has also been purified from human placenta (Van der Weyden 

& Kelly, 1974), Trypanosoma cruzi (Spector et al., 1982), Schizosaccharomyces 

pombe (Nagy et al., 1971) , Dictyostelium discoideum (Wiesmuller et al.,1991) , 
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PfAdSS: Purification and kinetics 

Leishmania donovani (Spector et al., 1979), Yoshida sarcoma ascites cells (Matsuda 

et al., 1980), rat liver (Matsuda et al., 1977), rat muscle (Bass et al., 1984), rabbit 

muscle (Clark et al., 1977) and Novokoff ascites cells (Clark & Rudolph, 1976). 

Recombinant systems have also been used for the expression and purification of the 

E. coli, Saccharomyces cerevisiae and the mouse basic and acidic enzymes (Bass 

et al., 1987, Lipps & Krauss, 1999, Inacu et al. 2001, Borza et al., 2003). In 

many of these cases (human placenta, S. pombe, A. vinelandii), detailed kinetic 

characterization has been carried out and the results are in agreement with those 

observed with the E. coli enzyme. In all the enzymes studied, the competitive 

inhibitors of one substrate are non-competitive inhibitors of the other substrates. 

The only exception may be the case of the maize enzyme. Inhibition studies 

with 5 '-phosphohydantocidin show that it is a competitive inhibitor of IMP binding 

with slow onset inhibition (Walters et al., 1997). The slow onset can be abolished 

when the enzyme is preincubated with the inhibitor in the presence of GTP and 

aspartate. The reported plots of the inhibition with GTP as the variable substrate 

are almost parallel. GTP abolishes the slow onset nature of the inhibition at 

concentrations well below its Km . The crystal structure of the E. coli enzyme with 

5'-phosphohydantocidin in the absence ofGTP have also been determined (Fonne

Pfister, 1996) . The authors therefore, interpret the data to indicate synergism in 

the binding of the inhibitor and GTP with a random order of substrate binding. 

These data may also be taken to be indicative of the preferential binding of the 

inhibitor to the IMP binding site after GTP binding. Since 5 '-phosphohydantocidin 

is competitive with respect to IMP, this may be an indication of the ordered binding 

of substrates to the maize enzyme, with GTP binding preceding IMP binding. 

Indeed, linear reactions can be obtained with the enzymes from A. thaliana and 

Triticum aestivum only on preincubation with GTP (Prade et al., 2000). The crystal 

structures may be misleading as they are of the E. coli enzyme and not the maize 

enzyme. Binding of this inhibitor to the E. coli enzyme in the absence of GTP could 

be due to the random substrate binding in this case. 

104 



4.1. Introduction 

The Kms for the substrates, IMP and GTP, are in the low micro molar range 

and are presented in Table 4.3. The Km for aspartate however, varies with many 

of the enzymes studied having a value of around 150-300 ,uM. This is true of 

the bacterial enzymes and the mouse basic enzyme. The aspartate Km for the 

mouse acidic enzyme and the yeast enzyme is much higher at 1.00 mM. Most of 

these enzymes show linear Michaelis-Menten kinetics with the exception of the 

S. cerevisiae enzyme that has been found to show weak negative co-operativity with 

the substrates GTP and aspartate. No co-operatively is seen with IMP. 

4.1.3 Oligomerization 

Both biochemical and crystallographic studies on the enzyme indicate that the 

enzyme is active as a dimer. The dissociation constant for the E. coli AdSS dimer 

has been determined to be close to 10 ,uM in the absence of substrates, reducing 

to a negligible value in the presence of IMP (Honzatko & Fromm, 1999). Crystal 

structures show the requirement for dimerization to complete the active site of the 

enzyme. However, the existence of a monomer-dimer equilibrium as determined by 

ultracentrifugation shows that this association is dynamic and fast. Kang et al ( 1997) 

have exploited this fast equilibrium process to demonstrate with a set of structure 

based mutations that the E. coli enzyme is active as a dimer. They have created 

mutants of AdSS that are by themselves inactive but, when combined these mutants 

form hybrid dimers that have activity. Quantitation of the activity of these hybrids 

also established that the active wild type dimer has two functional active sites. Some 

reports of monomeric AdSS do exist but in view of the extensive crystallographic 

evidence from enzymes of varied origin, these probably represent the enzyme in its 

inactive monomeric form that dimerises in response to substrate. 

4.1.4 Regulation of AdSS activity 

AdSS plays two roles in metabolism - one in the purine nucleotide biosynthetic 

pathway and the other in the purine nucleotide cycle. The latter cycle involving in 
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PfAdSS: Purification and kinetics 

addition, the enzymes ADS lyase and AMP deaminase leads to the net conversion 

of L-aspartate to ammonia and fumarate along with the hydrolysis of GTP to GDP. 

This cycle is thought to be present in tissues such as muscle, brain and kidney. This 

process may have a role to play in activating glycolysis as IMP, AMP and ammonia 

activate glycolytic enzymes and, in providing TCA cycle intermediates in tissues 

that lack pyruvate carboxylase (Goodman & Lowenstein, 1977). These two roles in 

mammalian systems are carried out by two different isozymes which differ in their 

response to regulatory molecules (Borza et al., 2003). This division of roles has 

however, been questioned as AMP deaminase deficiency does not affect the TCA 

cycle or the adenine nucleotide pools in muscle (Tamopolsky et al., 2001). 

AdSS is at the branch point between AMP and GMP in both the de novo and 

salvage pathways and is a point of regulation. Both product and feedback inhibition 

may play a role in the regulation of the enzyme. Inhibitors of physiological rele

vance include adenylosuccinate, GDP, AMP, GMP and the glycolytic intermediate, 

fructose- I ,6-bisphosphate. Of the mammalian enzymes, the basic muscle isozyme 

has a higher IMP Km and a lower Km for aspartate compared to the acidic isozyme 

and is supposed to be involved in the purine nucleotide cycle. The acidic isozyme 

that has a very high Km for aspartate, is less susceptible to inhibition by fructose

! ,6-bisphosphate and is more strongly inhibited by nucleotides. This isozyme is 

implicated in the de novo biosynthetic pathway (Borza et al., 2003, Stayton et al., 

1983). 

The Kis for the nucleotides GDP, GMP and adenylosuccinate are low (5-30 ,uM) 

for all enzymes studied. The Kis for AMP are much higher ranging from 10 

to 3000 mM. AMP is a competitive inhibitor of the enzyme from most sources. 

Non-competitive inhibition patterns with both IMP and GTP has been found in 

some cases (Stayton et al., 1983) with AMP binding to both nucleotide sites. In 

crystalline complexes of the mouse basic isozyme, AMP binds only in the IMP 

binding pocket (lnacu et al., 2002b) though the inhibition is noncompetitive with 

IMP . The inhibition with the acidic isozyme is competitive (Borza et al., 2003). 
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4.2. Materials and Methods 

This suggests that AMP probably inhibits IMP binding in the symmetry related 

monomer in the basic isozyme. In the case of the E. coli enzyme, studies by Kang 

and Fromm with hybrids of inactive mutants have shown the absence of cross-talk 

between the two subunits of the synthetase dimer. The Kis of these molecules for 

AdSS from different sources are listed in Table 4.4 along with the values determined 

for PfAdSS as part of this study. 

Substrate inhibition is also observed with the mouse basic isozyme at IMP 

concentrations above 1 mM, at saturating GTP concentrations. The acidic isozyme 

shows IMP inhibition only at sub-saturating GTP. The inhibition constant is high 

at 1 mM but is of physiological significance as the IMP concentration in working 

muscle can be very high. These observations with the mouse enzymes have led 

Borza et. al. (2003) to suggest that fluctuations in the relative concentrations 

of IMP and AMP would influence the activity of the acidic isozyme whereas the 

basic isozyme would be affected by AMP concentrations alone. These authors also 

conclude that it may not be possible to assign the isozymes to specific, defined roles. 

Weyden and Kelly (1974) also conclude on the basis of their studies on the human 

placental enzyme that AdSS may not be subject to specific molecular control in 

vivo. Nevertheless, since all the molecules listed above do affect the activity of the 

synthetase at physiologically significant concentrations, the concerted action of all 

these molecules in vivo would influence the regulation of this important metabolic 

pathway. 

4.2 Materials and Methods 

Restriction enzymes, Taq DNA polymerase, T 4 DNA ligase and other molecular 

biology reagents were procured from Amersham Pharmacia, U.K., Bangalore Genei 

Pvt. Ltd., Bangalore, India or from MBI Fermentas, Lithuania and used according to 

the manufacturers' instructions. E. coli strain H1238 was obtained from the E. coli 

Genetic Stock Center, Yale University .. Oligonucleotides were custom synthesised 

at Genemed Synthesis, Inc., CA, USA or at Microsynth, Switzerland. 
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4.2.1 Plasmodium falciparum culture and RNA isolation 

In vitro culture of P falciparum (clone T9/1 06) was maintained using the 

methodology described by Trager and Jenson, (1976). The parasites were propa

gated at 5 % hematocrit in human o+ erythrocytes in RPMI 1640 with 10 % human 

serum isolated from o+ human blood. Parasitemia of 10 % was routinely obtained. 

For total RNA isolation, intact free parasites were obtained by lysis of parasitised 

RBCs with saponin. Parasite cultures were harvested by centrifugation, and the 

resuspended in a 0.15 % solution of saponin in RPMI to lyse the erythrocytes. Lysis 

was allowed to proceed for 8 min on ice and excess RPMI added to arrest the lysis. 

Intact free parasites were harvested by centrifugation. The efficiency of the lysis 

was determined by examination of Giemsa stained thin smears of the parasites. 

RNA from the free parasites was isolated as reported (Triglia et al., 1988). eDNA 

synthesised by reverse transcription with oligo dT 18 was used as the template to 

amplify the AdSS gene. 

4.2.2 Cloning of full-length AdSS 

AnN terminal truncated clone of P falciparum AdSS (pTrcAd7) was cloned 

earlier in this laboratory. The full-length sequence of the P falciparum AdSS gene 

was obtained from the P falciparum genome sequence data generated at the Sanger 

Center, UK using this sequence for the search. Primers used for gene specific 

amplification of the P falciparum gene from the eDNA were: 

Adssfi: 5' ACACCATGGCCATATTTGATCATCAAATAAAAAAT 3' 

Adssc: 5'CCAGGTACCCTCGAGTTAGTTTAGGTTAAAATTCTT 3' 

Constraints of primer design required the mutation of Asn at position 2 to Ala. A 

touch down PCR cycle involving reduction of annealing temperatures from 57°C to 

45°C at the rate of 1 oc per cycle was used for the initial amplification followed by 

30 cycles with annealing at 45°C. The gel purified 1.4 kb amplicon was restriction 

digested with the enzymes Nco1 and Kpn1 and ligated into the vector pTrc99A 
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(Amman et al., I988) digested with the same enzymes. The ligation mix was 

transformed into competent DH5a cells and recombinants selected. One clone 

(pTrcAsft) was selected and sequenced at an automated DNA sequencing facility. 

4.2.3 Functional complementation 

Complementation studies were carried out with the E. coli Strain H1238 (arg/61, 

argF58, thr25, purA54, tonA49, relAI, spoTI) (Bouyoub et al., I996) transformed 

with the AdSS expression constructs in pTrc99A. The cells, grown overnight in 

LB medium with IOO ,ug/ml ampicillin, were washed with and resuspended in IX 

M9 salt solution. A I% inoculum of these cells was added to minimal medium 

containing IX M9 salts, I mM MgS04, 0.1 mM CaClz, ImM threonine, lmM 

arginine, 0.2% glucose, 0.2 mM isopropyl- /3-D-thiogalactopyranoside (IPTG), 

IOO ,ug/ml ampicillin. The amino acids arginine and threonine were not included in 

the medium when casein hydrolysate was included at a concentration of 0.2%. The 

cells were allowed to grow for 24 hat 37°C and growth measured as the absorbance 

at 600 nm. 

4.2.4 Protein expression 

The full-length and truncated P falciparum AdSS gene fragments were excised 

from pTrcASfl and pTrcAd7, respectively by Nco I and BamH 1 digestion and ligated 

into the vector pET23d to generate the plasmids pETAsfl and pETAd7. The pET 

expression plasmids were freshly transformed into BL2I(DE3) competent cells 

before each induction. Transformed BL2I(DE3) cells were grown in Terrific Broth 

(TB) containing IOO ,ug/mL ampicillin at 37°C with shaking to OD (600 nm) of0.8. 

Cultures were either induced for 5 hat 37°C with 0.3 mM IPTG or were cooled to 

20°C and induced by the addition ofiPTG to a final concentration of 0.2 mM in the 

presence of I% ethyl alcohol (Stone et al., I993). Low temperature inductions were 

carried out at 20°C for I2 h. 
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4.2.5 Protein purification 

Cultures were induced at 20°C as described in the protein expression section 

for purification. Induced cultures were pelleted by centrifugation, resuspended 

in 50 mM Tris.HCl buffer, pH 7.5 containing 1 mM DTT, 10% glycerol and 

0.1 ,uM PMSF. Cells were lysed using a french press and cellular debris removed 

by centrifugation at 20,000 g for 15 min at 4°C. The supernatant was treated with 

0.3% polyethylenimine to precipitate nucleotides. Ammonium sulphate was added 

to 40% saturation, the resultant pellet discarded and the supernatant raised to 65% 

saturation of ammonium sulphate. The pellet was dissolved in 20 mM Tris, 10% 

glycerol, 1 mM DTT and desalted on a Sephedex-G25 column equilibrated with the 

same buffer. The desalted protein was loaded on a Q-Sepherose anion exchange 

column connected to an AKTA Basic HPLC. Protein was eluted with a linear salt 

gradient of 0 to 1 M NaCl in the same buffer. Fractions were analysed by SDS

PAGE and fractions containing the enzyme pooled. Protein was precipitated by 

addition of ammonium sulphate to 70% saturation. The protein pellet obtained 

after centrifugation was dissolved in storage buffer (20 mM Tris.HCl pH 6.9, 10% 

glycerol, 1 mM DTT and 1 mM EDTA) and loaded onto a Superdex-200 column 

(1 em X 30 em) equilibrated with the same buffer. The fractions containing the 

protein were pooled and stored as such at 4°C. SDS-PAGE analysis was performed 

using standard protocols (Laemmli, 1970). 

4.2.6 Western blotting 

The truncated AdSS clone m pET23d (pETAD7) was transformed into 

BL21(DE3), grown to OD (600nm) of0.8 and induced at 37°C with 0.3 mM IPTG, 

to force the protein into inclusion bodies. The inclusion body preparation obtained 

after sonication was washed with 0.1% Triton X-1 00 solution and then subjected to 

preparative SDS-PAGE. The protein band was cut and electroeluted. This purified 

protein was used to raise polyclonal antisera in rabbit. 
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H1238 cells transformed with the pTrcAd7 or pTrcAsfi were grown in LB 

medium supplemented with 100 ,ug/ml ampicillin at 37°C to a OD (600nm) of 

0.6 and induced with 0.5 mM IPTG for 8 h at 37°C. Cells were pelleted by 

centrifugation, resuspended in SDS-PAGE sample loading buffer and subjected 

to SDS-PAGE separation. 250 ,ul culture equivalents were loaded in each well. 

Purified recombinant PfAdSS was also loaded as a positive control. The western 

blots, after transfer, were probed with polyclonal anti-AdSS antisera raised in rabbit. 

HRP conjugated goat anti-rabbit antibody was used as the secondary antibody and 

blots were developed with aminoethylcarbazole/HzOz substrate. 

4.2. 7 Analytical gel filtration 

Analytical gel filtration was performed on a Superdex-200 column (lcm X 

30cm) (Column 1, Apeendix A) attached to an AKTA HPLC system. Runs were 

performed at a flow rate of0.5 mVmin and protein elution monitored at a wavelength 

of 220 nm. The column was calibrated with /3-Amylase (200 kDa), Alcohol 

dehydrogenase (150 kDa), Bovine serum albumin (66 kDa), Carbonic anhydrase 

(29 kDa) and Cytochrome C (12.4 kDa). 

4.2.8 Enzyme assays and kinetics 

All enzymes assays were performed in 30 mM sodium phosphate buffer, pH 7.5 

and 5 mM Magnesium acetate at room temperature on a Simadzu (UV-160 1) 

spectrophotometer or a Hitachi U20 10 spectrophotometer. Reaction rates were 

monitored as an increase in absorbance at 280 nm or 290 nm due to the conversion 

of IMP to succinyl-AMP. A .1.£ value of 11300 M- 1cm- 1 and 3390 M- 1cm- 1 at 

280 and 290 nm respectively, were used to calculate reaction velocities (Bass et 

al., 1987). Substrate concentrations when saturating were 250 ,uM IMP, 150 ,uM 

GTP and 5 mM aspartate. IMP concentrations were varied between 250 ,uM and 

20 ,uM, GTP between 150 ,uM and 5 ,uM and, aspartate between 1 0 mM and 

750 ,uM for determination of kinetic constants. Inhibitor concentrations used for 
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specific experiments are indicated in the figure legends. For the inhibition studies, 

two substrates were held constant at saturating concentrations and initial rates 

determined at 5-7 concentrations of the third substrate, at various concentration 

of each inhibitor. Reactions were initiated by the addition of 2-3 pg of enzyme. 

Reaction volumes were 300 pl. 

4.2.9 Kinetic data analysis 

Kinetic constants were determined from Lineweaver-Burk plots of the initial 

velocity data by weighted linear regression after linear transformation. The 

equations used were, 

for competitive inhibition 

VmaxS v = for noncompetitive inhibition 
[Km(l + k) +S(l + k)J 

VmaxS v = --~:..:.___----:-_ 

[Km+S(l + k)] 
for uncompetitive inhibition 

All initial velocity data were also analysed by non-linear regression fit to the 

Michaelis-Menten equation and found to agree with the interpretation from the 

linear regression analysis. The Graphpad Prism software was used in all analysis. 

4.3 Results 

4.3.1 Cloning of PfAdSS 

A truncated eDNA sequence of the PfAdSS gene was previously obtained in the 

laboratory. A BLAST search of the genome database with this sequence yielded an 

unannotated sequence identical to the search sequence. Comparison of this genomic 

segment with the eDNA sequence indicated the presence of a 73 bp intron at position 

1092 of the gene. The truncated clone was found to be missing only 5 amino acids 

in the N-terminal on comparison with a translation of the genomic sequence. The 

fragments coding for the truncated and full-length proteins were amplified, restricted 
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and cloned into the expression vector pTrc99A to obtain the plasmids pTrcAd7 

and pTrcAS:fl having the truncated and full length clones, respectively. The full

length clone differed from the deduced protein sequence obtained by translation of 

the genomic sequence entry in having an Ile at position 203 instead of Leu. The 

truncated clone in addition to the missing 5 N-terminal amino acids differed at two 

positions from the genomic entry: these are !156M and Kl75E. 

4.3.2 Functional complementation 

The truncated and full-length constructs in the expression vector pTrc99A were 

analysed for production of functional protein by complementation in the E. coli 

strain H1238 (argl61, argF58, thr25, purA54, tonA49, relAJ, spoTJ). This strain 

is a pur A mutant and grows in minimal medium, only when complemented by 

a functional AdSS gene (Bouyoub et al., 1996). Fig. 4.2a shows the growth of 

pTADS7/H1238 in minimal medium supplemented with the amino acids Arg and 

Thr at different concentrations of isopropyl j3-D-thiogalactopyranoside (IPTG). 

Induction of the PfAdSS gene, which is under the control of the Trc promoter 

in pTADS7, produces functionally active AdSS as seen by increase in growth of 

cells with increase in IPTG concentration (Fig. 4.2a). Effect of hadacidin, an 

analogue of aspartate and a competitive inhibitor of AdSS, was monitored using 

the complementation assay. IPTG induced cultures of pTADS7/H1238, upon 

treatment with 50 ,uM hadacidin, showed greater than 85% suppression of cell 

growth (Fig. 4.2b). Recovery of cell growth was seen when adenine was added to 

cells treated with hadacidin (Fig. 4.2b ), as AMP formation is now brought about by 

bacterial adenine phosphoribosyltransferase. Though the truncated clone was found 

to complement AdSS deficiency in E. coli H1238 in minimal medium supplemented 

with the amino acids Arg and Thr alone, for which H1238 is auxotrophic, the 

full-length clone showed growth only in the presence of casein hydrolysate in the 

medium (Fig 4.3). 
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Figure 4.2: Effect of IPTG concentration (left) and hadacidin (right) on functional 

complementation of AdSS deficiency by truncated PfAdSS in H1238. 
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Figure 4.3: Functional complementation in E. coliH1238 by full-length and truncated 

AdSS in the presence (•) and absence (D ) of 0.2% casein hydrolysate . The data 

represent a mean of three experiments. Inset : expression of the truncated and 

full-length clones in H1238detected by western blotting with anti-PfAdSS antibodies . 

Lanel, pTrcAd7 / H1238 , lane 2, purified recombinant P. falciparum AdSS , lane 3, 

pTrcAsfi / H1238 . 
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Figure 4.4: SDS-PAGE analysis of PfAdSS induction in BL21(DE3) carried out at (A) 

37°( (lane 1, soluble fraction, lane2, insoluble fraction, lane 3, marker, lane 4, whole 

cell), (B) 20°( (lane 1, insoluble fraction, lane 2, whole cell, lane 3, soluble fraction, 

lane 4, marker) . Arrows indicate expressed protein . 

4.3.3 Hyper-expression of PfAdSS in E.coli 

Expression levels with the pTrc constructs were low and could be detected only 

in western blots probed with polyclonal antisera (Fig. 4.3,Inset). The full-length 

clone was therefore, excised from the pTrc vector and cloned into the expression 

vector pET23d and protein expressed in the E. coli strain BL21(DE3). Hyper

expression of a protein corresponding to 50 kDa on SDS-PAGE gels could be 

obtained when induction was carried out both at 20°C and 37°C. The protein, 

however, was predominantly in inclusion bodies when induction was done at 

37°C (Fig. 4.4A). Soluble protein could be obtained on induction at 20°C with 

the recombinant protein constituting about 10 -15% of the total soluble protein 

(Fig. 4.4B). 

4.3.4 Purification of recombinant PfAdSS and stabilisation of activity 

Recombinant AdSS was induced and purified as described in the Methods 

section (4.2.5) . The protein after ammonium sulphate fractionation was loaded on a 

quaternary ammonium based anion exchange column. In the absence of DTT in the 

buffers, the protein elution was spread over a wide range of salt concentration. All 
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Figure 4.5: SDS-PAGE analysis of recombinant PfAdSS . Lane 1, marker, lane 2, crude 

lysate, lane 3, PEl supernatant, lane 4, ammonium sulphate fraction, lane 5, Q-Sepherose 

purification, lane 6, Superdex 75. Arrow indicates recombinant P. falciparum AdSS . 

Table 4 1· Purification table of recombinant PfAdSS 
Total protein Total activity Specific activity Purification Yield 

Purification step (mg) (mUnits) (mUnits/mg) (fold) (%) 

Crude lysate 323 27179 83.9 1.0 100 

PEl supernatant 140.4 27178 193.5 2.3 99 

Ammonium sulphate 

40-60% fraction 129.4 19865 158.6 1.9 73 

Q-sepherose 9.6 10291 1072.0 12.8 38 

Superdex-75 8.9 9648 1143.0 13.8 36 

Note: Data were obtained from 1.5 I culture. 

Experimental conditions as described in Materials and Methods. 

protein fractions were found to be inactive. Activity could not be recovered even 

after addition ofDTT to the purified protein. The enzyme eluted as a sharp peak at a 

salt concentration of about 100 mM, on the anion exchange (Q-sepharose, Fig. 4.5) 

column, when all the purification steps were carried out in the presence of 1 mM 

OTT. The protein after this step was 90% pure as analysed by SDS-PAGE (Fig 4.5, 

Table 4.1 ). Enzyme stored under conditions of elution from the anion exchange 
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Figure 4.6: Stabilization of PfAdSS activity by EOTA. Residual activity of enzyme stored 

in 20 mM Tris .HCI , pH 8.0, 10% glycerol , 1 mM OTT (D ) 20 mM Tris.HCI , pH 6.90, 

10% glycerol, 1 mM OTT and 1 mM EOTA (•) . 

column (20 mM Tris .HCl, pH 8.0, 1 mM DTT, 10% glycerol, ~ 100 mM NaCl) 

was found to lose activity with time. Reduction of the pH to 7.0 slowed down the 

rate of loss in activity. Complete stabilisation of activity could be achieved in the 

presence of 1 mM EDTA in the storage buffer (Fig. 4.6). The protein containing 

fractions from the anion exchange column were therefore pooled, EDTA added to a 

concentration of 1 mM and protein precipitated by addition of ammonium sulphate 

to 70% saturation. The protein was dissolved in 20 mM Tris.HCl, pH 6.9, 1 mM 

DTT, 1 mM EDTA, 10% glycerol and loaded on a Superdex 75 gel filtration column 

equilibrated with the same buffer. The enzyme eluted as a single peak after the void 

volume of the column. The enzyme activity was found to be stable for at least 3 

weeks under these buffer conditions at 4°C (Fig.4.6) . EDTA could not be included 

in the anion exchange step as this resulted in elution of all protein loaded as a single 

peak without any purification. 

4.3.5 Oligomerization 

Recombinant PfAdSS shows a molecular weight of 50 kDa on SDS-PAGE . The 

oligomerization of the protein, as studied by gel filtration on a Superdex-200 column 
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Figure 4.7: Analytical gel filtration of recombinant PfAdSS on a prepacked Superdex 

200 column under different buffer conditions. Buffers were of the indicated phosphate 

concentration, pH 7.5 with 5mM MgCI2 and lmM DTT. Inset (top right): Calibration of 

the column with standard molecular weight markers. 1. ,8-Amylase (200kDa), 2. Alcohol 

dehydrogenase (150kDa), 3. Bovine serum albumin (66kDa), 4. Carbonic anhydrase 

(29kDa), 5. Cytochrome C (12.4kDa). 

(Column 1, Appendix A), was found to be extremely sensitive to the ionic s strength 

of the buffer used (Fig.4.7). The protein eluted as a dimer (105 kDa) in 10 mM 

phosphate buffer pH 7.5, 5 mM MgClz. The peak shifted to a region corresponding 

to a molecular weight of 82 kDa in a buffer containing 50 mM phosphate, pH 7.5, 

5 mM MgClz. A small peak corresponding to a monomer (46.3 kDa) appeared when 

the phosphate concentration was increased to 200 mM. A similar elution profile, 

with a small monomer peak, was obtained when gel filtration was carried out in 

lOmM phosphate buffer containing 500 mM NaCl, 5 mM MgClz, and 1 mM DTT. 

No shift in elution volume was observed over a range of precolumn concentrations 

of 1.5 to 30 .uM of the monomer. Elution volumes did not alter in the presence 

of either 150 .uM IMP or 150 .uM GTP in the buffer. The elution at a molecular 

weight corresponding to 82 kDa is indicative of rapid monomer-dimer equilibration 

in buffers of high ionic strength. This equilibrium shifts towards the monomer with 

increasing ionic strength of the buffer. 
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4.3.6 Kinetic characterization 

The enzyme activity was found to be maximum in 50 mM sodium phosphate 

buffer, pH 7.5 as compared to 50 mM HE PES buffer (82% of activity in phosphate) 

and 50 mM Tris buffer ( 45% of activity in phosphate) at the same pH. The enzyme 

activity was maximal in a pH range of 6.8 to 7.5 More than half-maximal activity 

was retained even at a low pH of 5.8 and higher pH of 8.8. All subsequent reactions 

were therefore, carried out in 30 mM sodium phosphate buffer, pH 7.5. 

The Kms for the three substrates GTP, IMP, aspartate were found to be 4.8 ,uM, 

22.8 ,uM and 1.4 mM respectively. The Lineweaver-Burk plots for all three 

substrates, at saturating concentrations of the other two substrates, were linear 

indicating the absence of any co-operativity in the enzyme. Negative co-operativity 

has been reported in the case of the Saccharomyces cerevisiae enzyme for aspartate 

and GTP (Lipps & Krauss, 1999). 

4.3. 7 Inhibition studies 

Inhibition by adenylosuccinate 

The double reciprocal plots at various concentrations of adenylosuccinate, a 

product of the reaction, with IMP as the variable substrate have equal intercepts 

on the 1/v axis indicating competitive inhibition (Fig. 5.l,I a). Adenylosuccinate 

showed non-competitive inhibition with respect to the other two substrates, GTP 

and aspartate, at saturating concentrations ofiMP (Fig. 5.1,I b,c). 

Competitive inhibitors of GTP 

Fig. 5.1 II b shows that GMP is a competitive inhibitor of GTP binding to the 

enzyme. Inhibition with respect to aspartate, as in the case of all other AdSS in 

literature, was non-competitive (Fig. 5.1 ,II c). Surprisingly, GMP was found to be 

an uncompetitive inhibitor ofiMP, with both the apparent V max and Krn going down 
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Figure 4.9: Lineweaver-Burk plots of inhibition of PfAdSS by GDP. The numbers beside 

each line indicate the concentration of GDP in J.LM. a) Variable IMP, GTP at 150 J.LM, 

b) Variable GTP, IMP at 250 J.LM and c)Variable IMP with GTP at 50 J.LM. 

without change in slope of the double reciprocal plots, with increase in concentration 

of the GMP (Fig. 5.l,II a). A similar pattern of inhibition was also seen with GDP. 

Inhibition studies were also done at sub-saturating GTP and the plots obtained were 

similar to the ones at high GTP concentrations (Fig.4.9). 

Hadacidin as a competitive inhibitor of aspartate 

Hadacidin (N-forrnyl-N-hydroxyglycine), is a potent inhibitor of all known 

AdSS. It binds to the aspartate binding site of AdSS and is competitive with respect 

to aspartate (Fig. 5.1 ,III c). PfAdSS is also potently inhibited by hadacidin with a Ki 

of 5.6 pM, giving a Km to Ki ratio of ~300. The double reciprocal plots at various 

concentrations of hadacidin yielded parallel lines when the variable substrates were 

IMP or GTP (Fig. 5.l,III a,c). The inhibition with respect to both IMP and GTP was 

uncompetitive, indicating that hadacidin binds only to the enzyme-IMP-GTP-Mg2+ 

complex. 

Inhibition by AMP 

AMP is an end product of the nucleotide biosynthetic pathway and probably 

plays a role in regulation of the enzyme. AMP inhibited IMP binding competitively, 
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Figure 4.10: Inhibition of PfAdSS by IMP. 150 ,uM GTP (Q ), 50 ,uM GTP (D) 

the Ki being 80 ,uM (Fig. 5.1 ,IV a). Inhibition with aspartate and GTP as the variable 

substrates was non-competitive (Fig. 5.1 ,IV b,c ). 

Substrate inhibition 

Figure 6 shows the rates of the AdSS reaction at saturating and subsaturating 

concentrations of GTP with increasing concentrations of IMP. While no inhibition 

is seen in the presence of high concentrations of GTP, the reaction is inhibited by 

IMP when GTP is limiting (Fig. 4.1 0). 

4.4 Discussion 

Initial functional complementation studies were carried out with an N -terminal 

truncated construct, pTrcAd7. P falciparum genes are highly AT rich and tend to 

excise themselves from cloning vectors in E. coli (McFadden & Roos, 1999). The 

truncated clone was obtained as a consequence of such an event during attempts 

to clone 5' end of the AdSS gene. The growth of H1238 transformed with this 

expression construct indicated that the truncated AdSS codes for a functional AdSS 

protein the activity of which could be inhibited by hadacidin, an aspartate analog 

and specific inhibitor of AdSS. However, the full-length clone did not complement 

AdSS deficiency in minimal medium unless the medium was supplemented with 

122 



4.4. Discussion 

casein hydrolysate . 

The strain Hl238, in addition to lacking a functional pur A gene, is also a re!Al , 

spoTl mutant. relA is induced during amino acid starvation leading to the stringent 

response and codes for a guanosine-3 ' ,5' bis(pyrophosphate) (ppGpp) synthetase 

while spoT codes for a ppGpp phosphorylase (Hernandez & Bremer, 1991 , Cashel 

et al., 1987). RelA 1 is a transposon-induced mutation that leads to the synthesis 

of two truncated relA fragments that associate into an active protein with residual 

ppGpp synthetic activity (Metzger et al., 1989). ppGpp formed cannot be degraded 

in H1238 due to the absence of SpoT activity. This would lead to the accumulation 

of ppGpp in H1238 under conditions of amino acid starvation. An elevated basal 

level of ppGpp in relA1 , spoT203 (SpoT null) double mutants is implicated in the 

slow growth of these double mutants (Metzger et al., 1989). 

ppGpp is a GTP analog and a potent inhibitor of AdSS (Stayton & Fromm, 

1979). The truncated clone but not the full-length clone complements AdSS 

deficiency in the absence of casein hydrolysate in the medium (amino acid 

starvation), while both complement in the presence of casein hydrolysate (relieves 

amino acid starvation) (Fig. 1 ). These results indicate that ppGpp inhibits the full

length protein but not the truncated protein. The GTP binding loop of AdSS lies 

at the amino terminus of the protein (Silva et al., 1995). The truncation of the 

protein by 5 amino acids probably gives an enzyme that can no longer be inhibited 

by ppGpp, while retaining its capacity to bind GTP, permitting complementation 

even under conditions of amino acid starvation. The full-length clone is inhibited 

by ppGpp and cannot complement the AdSS deficiency in H1238 in the absence of 

casein hydrolysate. 

Sequencing of the full-length and truncated AdSS genes showed that in addition 

to the 5 amino acid missing at the N terminus, the truncated clone differed at three 

positions from the full-length clone, a significant change being the presence of a 

Met at position 156 instead of the Ile found in the full-length protein. At the N 
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terminus ofthe AdSS protein is the P-loop that is involved in the recognition of the 

phosphate groups of GTP. Since the truncation in pTrcAd7 is at the N-terminal, it 

is possible that the recognition of GTP analogs is affected in the truncated clone 

without compromising GTP binding. This might result in different responses of the 

two proteins to ppGpp. The other factor that may contribute to differential inhibition 

by ppGpp may be the L 156M mutation in the truncated clone. This residue lies at 

the dimer interface of the protein and is adjacent to Arg155, which makes contacts 

with IMP bound in the active site of the other subunit of the dimer (Chapter 6). Since 

the active site of the enzyme is at the junction of the two monomers, alteration of 

this residue may affect the dimer interface of the protein leading to altered binding 

of ligands. 

ppGpp is an effector of the stringent response in prokaryotes and is produced 

during nutrient starvation. It is an inhibitor of many cellular processes including 

transcription, translation, and nucleotide biosynthesis and an activator of amino acid 

biosynthesis (Chatterji & Oha, 2001 ). Till recently, this molecule was thought to be 

important exclusively in prokaryotic systems. However, relA/spoT homologs have 

recently been found in Arabidopsis (van der Biezen, 2000) and Chlamydomonas 

(Kasai, et al., 2002). In Arabidopsis, two homologs have been identified and a role in 

response to pathogens and other stresses proposed. In Chlamydomonas reinhardtii, 

the ppGpp synthase has been found to localize to the chloroplast and probably 

reflects the conservation of the stringent response in evolution (Kasai, et al., 2002). 

These observations raise the possibility that such a process may be present in other 

eukaryotes including P falciparum . A cursory search of the P falciparum genome 

does not reveal any sequence with obvious homology to RelA, though sequence 

divergence cannot be ruled out. Indeed, 60% of the ORFs identified in the genome 

are annotated as hypothetical proteins. It is also possible that the proposed inhibition 

of PfAdSS by ppGpp may be an incidental consequence of it being a substrate 

analog and not a reflection on parasite physiology. 
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4.4. Discussion 

4.4.1 Protein Stability 

The reducing agent, DTT is required during purification for the recovery of 

active enzyme. The enzyme is inactive if purified in the absence ofDTT. Spreading 

of the protein on the anion exchange column during elution in the absence ofDTT is 

probably due to the formation of variously oxidised species with different affinities 

for the anion exchange resin. Activity once lost cannot be recovered on addition 

of reducing agent indicating that the loss of activity due to oxidation is irreversible. 

The requirement for EDTA in the storage buffer suggests the role trace metal ions 

contaminating the buffer, in the inactivation of the enzyme. The bacterial (Bass et 

al., 1987) and plant enzymes are stable in solution in the absence of EDTA (Prade 

et al., 2000, Walters et al., 1997), while the human enzyme is reported to require the 

presence of EDTA for stability (Van der Weyden & Kelly, 197 4 ). The stabilisation 

of activity with reduction in pH and by the addition of EDTA is indicative of the 

involvement of cysteines in the inactivation of the enzyme. Investigations on this 

aspect of the protein form the basis of the studies reported in chapter 5. 

4.4.2 Kinetic characterization 

The kinetic parameters of PfAdSS are presented along with those of enzymes 

from other species in Table 4.3. The Kms for IMP and GTP are comparable to 

that of the other homologs. The aspartate Km is however, much higher than that of 

the E. coli and mouse muscle enzymes. It is comparable to that of the acidic mouse 

enzyme, the isozyme that is thought to be involved in purine nucleotide biosynthesis. 

Chapter 6 of this thesis presents the crystal structure ofPfAdSS in complex with 

the intermediate, 6-phosphoryl-IMP, GDP, hadacidin and Mg2+. This structure, rep

resenting the fully occupied AdSS active site, rules out the ping-pong mechanism. If 

the mechanism were to be ping-pong, a complex with the product of the first step of 

the reaction, GDP, and the substrate analog of the next step of catalysis, hadacidin, 

would not be bound at the active site simultaneously. Similar complexes have 
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also been reported for the E. coli and mouse muscle AdSS. Among the sequential 

mechanisms, a distinction needs to be made between random, partially ordered and 

fully ordered substrate binding. 

Inhibition data can be used to determine the kinetic mechanism of a reaction. 

In a fully random mechanism, a competitive inhibitor of one substrate would show 

non-competitive inhibition with the other two substrates. This has been shown to 

be the case with all AdSS reported thus far including the human (Van der Weyden 

& Kelly, 1974), mouse muscle (lnacu et al. , 2001), yeast (Lipps & Krauss et al. , 

1999), Azotobacter (Markham & Reed, 1977) and E. coli (Rudolph & Fromm, 1969) 

enzymes. In case of partially random and fully ordered mechanisms, competitive 

inhibitors of one substrate would act as uncompetitive inhibitors of one or both of 

the other substrates the binding of which is obligatory for the binding of inhibitor 

(and presumably the substrate that it competes with). The pattern of inhibition 

may be used to distinguish between the two mechanisms and would also reveal the 

order of substrate binding (Fromm, 1979a). These interpretations are valid under 

the assumption that the binding of the inhibitor to the enzyme or enzyme substrate 

complex leads to the formation of a dead end complex without catalytic activity 

albeit in a reversible way. The inhibition experiments need to be carried out at sub

saturating concentrations of the substrate that a particular inhibitor is competitive 

with. 

In this study, adenylosuccinate has been used as a competitive inhibitor with 

respect to IMP, GDP and GMP as competitive inhibitors of GTP binding and 

hadacidin as the competitive inhibitor of aspartate. Sub-saturating concentrations 

of the substrate have been achieved by increasing the concentration of the inhibitor 

rather than by reduction of the concentration of the substrate. Some of the inhibition 

studies have also been carried out at sub-saturating substrate. 

The results of the inhibition experiments are summarised m Table 4.2. 

Examination of the pattern of inhibition with respect to each substrate shows 
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Table 4.2: Summary of AdSS inhibition kinetics 

Substrate Type of inhibition 

Inhibitor IMP GTP Aspartate 

Adenylosuccinate COMPETITIVE Non-competitive Non-competitive 

GDP/GMP Uncompetitive COMPETITIVE Non-competitive 

Hadacidin Uncompetitive Uncompetitive COMPETITIVE 

AMP COMPETITIVE Non-competitive Non-competitive 

that the substrate binding in PfAdSS is ordered. The uncompetitive inhibition of 

IMP by GDP and GMP indicates that these inhibitors bind to the GTP binding 

site only subsequent to IMP binding. Uncompetitive inhibition of both IMP 

and GTP by hadacidin shows that hadacidin and hence, aspartate bind only the 

enzyme-IMP-GTP complex. It is however, not clear if aspartate binds subsequent 

or prior to the first step of catalysis, the formation of 6-phosporyliMP. Even in 

the case of the E. coli and mouse enzymes where substrate binding is random, the 

transfer of the phosphoryl group from GTP to IMP can occur in the absence of 

aspartate (Inacu et al., 2002a, Choe et al., 1999). Isotope equilibrium studies on the 

rat basic isozyme show that aspartate preferentially binds to the enzyme-IMP-GTP 

complex though the mechanism is random (Cooper et al., 1986). 

Initial rate experiments of enzymes with preferred modes of binding can some

times be misleading indicating apparent ordering even though substrate binding 

is random. Initial rate experiments on inosine monophosphate dehydrogenase 

(IMPDH) suggest that reaction is ordered in the forward reaction (Xiang et al., 1996) 

while kinetic isotope effect studies show that substrate binding is random (Xiang 

& Markham, 1997). The discrepancy in these studies arises due to the greater 

"stickiness" of IMP as compared to the other substrate, NAD+ . The dissociation 

constant and the Km for the substrate NAD+, however are 340 ,uM and 150 ,uM 

respectively, indicating that the binding of IMP does facilitate NAD+ binding 

(Digits & Hedstrom). In addition, product inhibition studies can be misleading 
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Table 4.3: Kinetic constants for AdSS from different species 

Km (JIM) 

Enzyme kcat (s-l) IMP GTP Asp 

P falciparum 1 1.1 22.8 18.4 1800 

E. coli 2 1.37 20 10 350 

Mouse(basic )3 5.4 12.0 12.0 140 

Mouse (acidic)3 4.2 45.0 15.0 950 

S. cerevisiae4 0.21 200 80 1650 

Human p1acental5 - 37-70 31-72 950-1160 

A. vinelandii6 2.2 13 15 500 

1This study, 2 Rudolph & Fromm, 1969, 3Borza et al., 2003, 

4Bass et al., 1987, 5Weyden & Kelly, 1974. 6Nagy et al., 1973 

- data not available 

in IMPDH as product release is indeed ordered. This also raises the question as 

to whether a reaction should be called random or ordered when preferred binding 

modes can be identified. In spite of these considerations, the inhibition kinetics 

of PfAdSS is different from that of the enzyme from other species under similar 

conditions of assay indicating differences in substrate binding. 

4.4.3 Regulation of PfAdSS 

The kinetic and inhibition constants for PfAdSS are summarised in Table 4.3, 4.4 

along with the values for the mouse acidic and basic isozymes from the literature (3). 

Comparison of the kinetic constants of these enzymes shows that PfAdSS is similar 

to the acidic mouse enzyme. In addition to the high aspartate Kms of both PfAdSS 

and mouse acidic AdSS, the two enzymes have similar Kis for the nucleotide AMP. 

AMP seems to bind only to the IMP pocket in PfAdSS. This nucleotide has been 

found to bind to both the IMP and GTP binding sites in some cases (Stayton et 

al., 1983). Both these enzymes show inhibition by the substrate IMP only when 
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Table 4.4: Inhibition constants for AdSS from different species 

Enzyme 

P falciparum 1 

Mouse(basic )3 

Mouse (acidic )3 

Human placental5 

1- 3,5 as in Table 4.3 

- data not available 

AMP GDP 

66 5.3 

700 19 

59 30 

170 45 

Ki (.uM) 

GMP ADS Hadacidin 

18.9 28.7 5.6 

12 21 -

14 16 -

10 57 -

GTP is limiting (Fig. 4.10), unlike the basic mouse isozyme which is inhibited by 

high concentrations of IMP even when GTP is saturating. Borza et al., 2003 have 

suggested that the acidic isozyme would therefore, be regulated by the relative levels 

of IMP and AMP while the basic isozyme would be regulated by IMP alone. These 

observations are in accordance to the proposed role of the acidic mouse isozyme in 

de novo purine biosynthesis. Though P falciparum lacks the de novo biosynthetic 

pathway, flux through AdSS is the only mode ofbiosynthesising AMP. AdSS would 

therefore, play a role similar to that of the acidic isozyme within the parasite, rather 

than a role in the purine nucleotide cycle as has been proposed for the basic isozyme. 

The AT content of the P falciparum genome is much greater than that of E. coli 

and mouse (Weber et al., 1987). The AMP requirement of the parasite will therefore 

be much higher than its GMP requirement. Since, AdSS is one of the regulatory 

points of purine nucleotide synthesis, it would be expected that inhibition of this 

enzyme in the parasite would be different compared to the enzyme from other 

species with a more balanced AT to GC ratios in their genomes. The low Kis 

for GDP and GMP do therefore, seem counterintuitive, but may be important to 

prevent further depletion of the already low GTP levels in the parasite. Regulation 

of metabolite pools in a cell is a complex process involving a network of many 

different mechanisms. Though a one to one correlation between the inhibition by 
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these inhibitors is not apparent, it does allow the maintenance of requisite nucleotide 

ratios. 

It is not unusual to see variation in the kinetic mechanism of the same enzyme 

from different species. The purine salvage enzyme, adenine phosphoribosyltrans

ferase is one such example with the L. donovoni enzyme showing an ordered 

mechanism (Bashor et al., 2002) while substrate binding in the G. Iamblia enzyme 

is random (Sarver & Wang, 2002). Exactly why two similar enzymes catalysing 

identical reactions with identical central enzyme substrate complexes should exhibit 

different pathways for enzyme substrate interactions is not clear. Catalytically, 

neither the random nor the ordered mechanisms have an advantage (Fromm, 1979). 

The order of substrate binding may however, play a role in the regulation of enzyme 

activity in vivo. Ordered binding of GTP ensures that it binds only to a productive 

complex, an important factor in a parasite maintaining relatively low levels of 

guanine nucleotides. Aspartate binding to a productive complex may offer an 

additional advantage to an organism that has no amino acid biosynthetic capability 

and depends on hemoglobin degradation for them (Francis et al., 1997). 

To summarise the results, PfAdSS is different from all known AdSS in having an 

ordered mechanism of substrate binding. The Ki s for the inhibitors of physiological 

significance are not different from those of the other enzymes in literature. The 

ordered binding of substrates means that aspartate can bind only to the enzyme-IMP

GTP complex unlike the mammalian enzymes where it binds to the enzyme alone. 

Aspartate analogs designed to bind to such a complex would then preferentially 

bind the parasite enzyme, and would be all the more potent due to the high Km for 

aspartate. Since aspartate can bind the host apo-enzyme, inhibition would be much 

less in this case. PfAdSS thus presents aspects that can be exploited for species 

specific inhibitor design. 
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Studies on interface cysteine mutants of 

Plasmodium falciparum adenylosuccinate synthetase. 

This chapter presents work done as a continuation of the observation that EDTA 

protects PfAdSS from inactivation during storage. The results presented highlight the 

unique properties of interface cysteines in PfAdSS. Relevant literature on cysteine 

modifications is presented. 

5.1 Introduction 

As described in Chapter 4, P falciparum adenylosuccinate synthetase (PfAdSS) 

required storage with EDTA for activity to be maintained during storage. This 

implicates metal ions in the inactivation of AdSS in solution. Absence of the 

reducing agent DTT also led to irreversible loss of activity within a short span 

of time. Enzyme purified in the absence of any reducing agent was completely 

inactive, implicating cysteines in the inactivation process. Literature is replete with 

examples of metal-catalysed inactivation of enzymes. Cysteine due to its property of 

undergoing ready oxidation, not just to disulphides but also to other oxidised species 

like sulphenic acids, is implicated in many such processes. 

5.1.1 Metal catalysed oxidation systems 

Transition metals when provided with suitable reducing agents are capable of 

catalysing the activation of02 to various reactive oxygen species (ROS) (Stadtman, 

1993). These ROS can readily attack biomolecules resulting in their oxidation. 
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Metal catalysed oxidation (MCO) of proteins has a role to play during oxidative 

stress, aging and is also of importance in biotechnological manufacturing of 

proteins. The levels of free transition metal ions is very low as they remain 

sequestered by molecules like transferrin, ferritin, ceruloplasmin, transcuperin and 

albumin. MCO however, becomes important in pathological conditions that lead 

to the presence of large concentrations of transition metal ions. Diseases associated 

with MCO systems include Alzheimer's disease (Multhaup et al., 1997), Parkinson's 

and other neurodegenarative disorders (Stadtman & Oliver, 1991). 

These reactions are typically catalysed by redox active metal ions that can 

readily interconvert between different oxidation states like Cu2+ and Fe2+ in the 

presence of molecular oxygen (Stadtman, 1993). In addition, MCO systems require 

electron donors such as thiols, ascorbate, NADH etc or an enzymatic source of 

electrons. The electron donor plays a role in the reduction of the metal ion and 

in the production ofH202 by the reduction of02. The H202 then disproportionates 

via Fenton chemistry to a hydroxyl radical (OH) and an hydroxyl ion with the 

regeneration of the ofthe oxidised metal ion (Stadtman, 1993). The hydroxyl radical 

is responsible for the oxidative damage of proteins. These reactions are usually site 

specific in proteins with cysteine residues being most frequently affected (Stadtman 

& Oliver, 1991 ). Progressive oxidation of cysteine by single electron transfers has 

been proposed to take the following course (Park & Bauerle, 1999) : Other residues 

RS-SR 

? ' 0 0 0 
-e- -e- -e- -e- I -e- I -e- I 

RSH ___. RS" ___. RSOH ___. RSO" ___. RSOH ___. RS" ___. RSOH 
I I 
0 0 

thiyl sulphenic sulphinyl sulphinic sulphonyl sulphonic 
radical acid radical acid radical acid 

that are susceptible to oxidative damage are histidines, methionines and tyrosines. 

Oxidation frequently leads to the loss of protein function often accompanied by 

aggregation. 

132 
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5.1.2 Improving protein stability 

Improving the stability of proteins is desirable as it allows greater ease in their 

purification and study. Increased half life holds special relevance to commercially 

important proteins. Mutagenesis, both random and site-directed, is one of the 

approaches adopted towards this goal (Lee & Vasmatzis, 1997). It is not always 

possible to predict the outcome of a mutation and many efforts at increasing 

stability have adopted the random mutagenesis approach (Chirumamilla et al., 

2001 ). Rational approaches to alter protein stability have also met with some 

success. With respect to cysteines, both removal and addition of cysteine residues 

can improve stability. Introduction of well placed cysteines at the sub-unit interfaces 

of oligomeric proteins followed by oxidation to disulphide bonded dimers has been 

shown to improve the stability of many proteins (Velanker et al., 1999). However, 

the high reactivity of cysteine residues also makes them undesirable in many cases. 

Cysteines are highly susceptible to oxidation not only to oxygenated cysteine 

derivatives like sulphenic, sulphinic and sulphonic acids but also to disulphides, 

both intramolecular and intermolecular. This leads to disruption of protein structure 

and activity in many cases. Mutation of cysteines to other residues therefore does 

result in stabilisation of proteins . Cysteines most often are mutated to Serines due 

to the similarity in the side chains of these amino acids or to Ala or Val. Many 

examples of such mutations exist in literature and quite often improve stability 

without significant alterations in function (Amaki et al.,l994, Takagi et al., 2000). 

The most prominent exceptions are the cases where the cysteine environment alters 

its pKa allowing ionization at physiological pH. Replacement with serine which 

cannot ionize therefore proves to be detrimental to protein function (Vatsis et al., 

2002). 

5.1.3 Oxidized cysteines in proteins 

Oxidation-reduction or redox modulation of protein function is recognized as an 

important mechanism for controlling cellular activities. Such processes have been 

documented to be mediated by cofactors such as FAD, iron-sulphur centers, heme 
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prosthetic groups and redox-active disulphides. These redox processes with fast 

on/off mechanisms allow the rapid sensing of oxidative stress in the environment 

(Yeh & Claiborne, 2002). Examples include the OxyR transcription factor in E. coli, 

peroxide oxidation of which leads to the formation of disulphide bonds and results 

in transcriptional activation of antioxidant defence genes (Aslund et al., 1999). 

The SoxR protein in E. coli performs a similar function and has a iron-sulphur 

cluster that oxidises leading to the activation of transcription of several downstream 

genes (Pomposiello & Demple, 2001). Cysteine sulphenic acids (R-SOH) have are 

now emerged as important modifications in both enzyme catalysis and regulation 

(Claiborne et al., 2001, Claiborne et al., 1999). Other oxidised forms of cysteines 

include the sulphinic acids (R-S02H) and sulphonic acids (R-S03H). Of these the 

sulphonic acids are most stable followed by the sulphinic acids. The sulphenic acids 

are highly labile and hard to detect (Yeh & Claiborne, 2002). Sulphenic acids are 

stable only under specialized conditions of isolation from other reactive groups. 

Though not simple to achieve in small molecules, cysteines in proteins can be placed 

in such ideal environments that stabilise sulphenic acids. The absence of other Cys

SH groups in the vicinity and association with microenvironments with restricted 

solvent access are two major criteria for the stabilisation of Cys-SOH in proteins. 

The greater stability of ionized sulphenate compared to the sulphenic acid has also 

been documented (Claiborne et al., 2001, Claiborne et al., 1999). 

The use of cryogenic conditions for crystallographic data collection have 

allowed this detection of these labile moieties in proteins (Yeh & Claiborne, 2002). 

Cysteine sulphenates have also been detected after derivatization with reagents such 

as diamedione or 7 -chloro-4-nitrobenz-2-oxa-1 ,3-diazole (Ellis & Poole, 1997). The 

oxygen on the thio1 group is retained during these reactions and can be detected by 

mass spectrometry. Higher oxidation states ofthe thiol group can be readily detected 

without need for derivatization. 

Functional roles of cysteine sulphenic acids include that of a catalytic modifi

cation in redox enzymes such as NADH-oxidase and also in some mutant enzymes 

where catalytic aspartates or glutamates have been replaced by cysteine (Claiborne 

et al., 2001, Claiborne et al., 1999). Reversible cysteine oxidation has been found to 
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have role in the regulation of signaling proteins such as tyrosine phosphatases (Lee 

et al., 1998b). 

5.1.4 Protein-protein interactions 

Protein-protein interactions play an important role in the functioning of many 

proteins. These interactions may be between different proteins leading to the 

formation of hetero-multimers or between identical polypeptides forming homo

multimers. Examples of hetero-multimers include large complexes like the ri

bosome, the photosystems and the ATP-synthase complex where many different 

proteins associate to form the functional complex. Such association is not 

restricted to large complexes. Consecutive enzyme in biochemical pathways 

associate allowing efficient substrate channelling to successive enzymes. Transient 

associations between receptors and their ligands are important regulators of cellular 

function. 

An enormous number of enzymes, carrier proteins, scaffolding proteins, tran

scription regulatory factors etc function as homo-oligomers. Formation of homo

oligomers has many advantages. Oligomers often lead to greater stability like in the 

case of the Pyrococcus furiosus ornithine carbamoyltransferase. This thermostable 

enzyme exists as a tetramer of trimers while its mesophilic counterparts function 

as trimers. Disruption of the association of the tetramers leads to loss of stability 

(Clantin et al., 2001 ). Oligomerization also allows co-operativity and allostery 

in ligand binding, hemoglobin, though not a true homo-oligomer being a classic 

example. This tetrameric molecule shows co-operativity in oxygen binding and is 

allosterically modulated by protons and organic phosphates that bind at the interface 

and disrupt sub-unit interactions (Hobish & Powers, 1986). Regulatory properties 

can also be linked to sub-unit interactions as protein function can be related to 

protein concentration. Such control can be positive or negative with the oligomer or 

monomer having higher activity. 

In many cases the active site is itself constituted on assembly of the oligomer. 

The active site of the HIV-protease is at the interface of this homodimeric protein. 
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Most other proteases of the same class are single polypeptides with two highly 

similar domains that suggest a gene duplication event (Diianni et al., 1990). The 

homodimeric HIV-protease allows the virus economy in the genetic information that 

is required to code for the activity. Scaffolding proteins like the viral coat protein 

and the cytoskeletal proteins like tubulin and actin are functional in a polymeric 

state. 

5.1.5 The AdSS dimer interface 

Most characterized adenylosuccinate synthetases (AdSSs) are homodimers in 

solution at high concentration. The Kct for dissociation of the E. coli AdSS dimer 

has been determined to be 10 ,uM reducing to a negligible quantity in the presence 

of substrates (Honzatko & Fromm, 1999). In the case of plant AdSS, gel filtration 

studies indicate a monomeric species while dynamic light scattering shows dimers . 

Since the crystal structure of the plant enzymes show interaction between the active 

sites of the dimer, this enzyme is also likely to be active as a dimer (Prade et al., 

2000). 

Extensive studies carried out on the E. coli enzyme have established the 

importance of dimerization in catalysis. The dimeric form of the enzyme has been 

demonstrated by MALDI-TOF MS (Wang et al.,1997a). The wildtype enzyme 

in the presence of active site ligands exists exclusively as a dimer. Mutation of 

residues important for interfacial interactions, R 143 and D231, leads to change in 

the dissociation constant of the dimer. The Kms for the substrates, IMP and GTP 

are also elevated but kcat is not affected. E. coli AdSS most probably exists as a 

monomer at low concentrations (Kang et al., 1996). The enzyme is activated by 

dimerization induced by substrates and this may represent a control mechanism of 

adenylosuccinate biosynthesis. 

Kang et. al. (1996) showed by means of subunit complementation using 

site directed mutants that the active site of AdSS lies at the dimer interface. 

Crystallographic studies show that R143 in the E. coli enzyme projects into the 

active site of the juxtaposed subunit. Asp 13 and His41 are catalytically important 
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residues in the synthetase and mutation to Ala leads to complete loss of activity. 

Dimerization is however, not affected in these active site mutants. Mutation ofR143 

to Leu results in increased Kms for IMP and GTP but does not affect catalysis though 

the activity under standard assay conditions (substrate concentrations lower than Km 

of mutants) is low. Mixing of the R143L and the Dl3A or H41A mutants leads to 

an increase in activity under standard assay conditions. This improvement is due 

to the formation of hetero-dimers as illustrated in Fig. 5.1. The Rl43L mutant is 

Figure 5.1: Subunit complementation in E. coli AdSS. Hetero-dimer formation results 

in active enzyme. Figure adapted from Kang et al. (1996). 

a dimer in solution and heterodimer formation in the presence of D 13A could be 

demonstrated by gel filtration studies. These observations show that only the dimer 

of the E. coli AdSS is active. 

The crystal structure of E. coli AdSS validates the studies with the mutants 

(Poland et al., 1996b ). The only residue that makes direct contact with the substrates 

from across the subunit is Rl43. This residue however, does not play a role in 

catalysis and its interactions with the 5' -phosphoryl group of IMP are important for 

substrate binding only. The interface in E. coli AdSS is extensive with dimerization 

burying an area of 5270 A 2 . Interface contacts involve two different regions 

that are almost entirely separated except for one hydrogen bond between the two 

segments. The interacting residues are highlighted in Fig. 5.2. As can be seen 

from the figure, both hydrophobic and hydrophilic interactions contribute to dimer 
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Figure 5.2: Alignment of P. falciparum , E. coli and mouse AdSS . Conserved residues 

are shaded. Stars indicate residues that lie at the dimer interface in E. coli AdSS. The 

arrows show (328 and (368 of P. falciparum AdSS. 

stability. The interactions holding the subunits together differ between the mouse 

and E. coli enzymes. The mouse interface has fewer salt links, a comparable number 

of hydrogen bonds and more hydrophobic contacts when compared to the E. coli 

interface (lnacu et al., 2001). The residues that have been shown to be important 

for the maintenance of the dimer interface in E. coli AdSS are conserved in the 

PfAdSS. Examination of the alignment shows that E. coli and mouse AdSS have 4 

and 7 cysteines respectively, of which two occur at the dimer interface in the mouse 

enzyme. None of the 4 cysteines in E. coli AdSS occurs at the interface. PfAdSS has 

a larger number with a total of 10 cysteines . Of these, 2 cysteines, C328 and C368, 

lie at the interface and are not conserved across the species for which structures are 

available. 

Cysteine modification studies in E. coli AdSS have shown that free cysteines 

are not necessary for activity of the enzyme. The study identifies three classes of 

cysteines. Modification of Cys 291 does not lead to loss of activity. Cys344 is 
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modified only in the presence of 3.5 M urea. Though not directly important for 

activity, refolding of the partially denatured protein is affected on modification of 

Cys344. The remaining two cysteines are modified only after complete denaturation 

in the presence of 8 M urea (Dong et al., 1990). None of these cysteines lie at 

the dimer interface in the structure of the enzyme. AdSS from Yoshida sarcoma 

ascites tumor cells has been shown to be inactivated by Hg2+ ions. This inhibition 

could be reversed by DTT (Matsuda et al., 1980). The rabbit skeletal enzyme 

was completely inactivated on incubation with the thiol modifying agent, DTNB 

(Muirhead & Bishop,1974) 

This chapter describes the results on three interface cysteine to serine mutants of 

PfAdSS which suggest the involvement of charge on these cysteines in maintaining 

dimer integrity in this parasite enzyme. 

5.2 Materials and Methods 

5.2.1 Enzyme assays 

Enzyme assays were performed as described in Chapter 4 ( 4.2.8). Protein 

concentrations were estimated by the Bradford's method with bovine serum albumin 

as a standard. 

5.2.2 Fluorescence 

Fluorescence emission spectra were recorded on a Perkin-Elmer LS-55B or a 

Hitachi F2500 spectrofluorimeter. The protein sample was excited at 280 nm and 

emission spectra recorded from 300 nm to 400 nm. Protein concentration was 

1.0 ,uM. Excitation and emission band pass were 7.5 nm and 5.2 nm, respectively for 

measurements on the Perkin Elmer machine. For the urea denaturation experiments, 

protein at a concentration of 4.0,uM was incubated for 30 min at the desired 

urea concentration in 50 mM Tris, pH 7.4 and fluorescence spectra recorded after 

excitation at 280 nm on a Hitachi F2500 spectrofluorimeter. Excitation and emission 

band pass were 10 and 20 nm, respectively. 
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5.2.3 Cysteine modification 

The pH of protein at 2 mg/ml in 20 mM Tris.HCl. pH 6.9, 10% glycerol, 1 mM 

DTT and 1 mM EDTA was increased to 8.0 by addition of Tris pH 8.0 to 40 mM 

and then treated with 20 mM iodoacetate and the modification allowed to proceed 

for 15 min on ice. Reaction was stopped by the addition of sodium acetate, pH 5.2 to 

a concentration of 60 mM. Unreacted iodoacetate was removed by passing through 

a Sephedex G-25 column equilibrated with the protein storage buffer without DTT. 

The residual activity of the samples was measured using the standard assay( 4.2.8). 

The controls were also taken through the same procedure except that iodoacetate 

was excluded from the reaction. Iodoacetamide and IAEDANS modifications were 

also performed identically. 

5.2.4 Size-exclusion chromatography 

Two Superdex-200 (300 x 10 mm) gel filtration columns (referred to as column 1 

and 2) independently calibrated with /3-Amylase (200 kDa), Alcohol dehydrogenase 

(150 kDa), Bovine serum albumin (66 kDa), Carbonic anhydrase (29 kDa) and 

Cytochrome C (12.4 kDa) were used for the analytical gel filtration studies 

(Calibration shown in Appendix A). Size exclusion chromatography of the metal 

ion inactivated protein samples were carried out on a prepacked column (Column 1) 

equilibrated with 50 mM sodium phosphate buffer, pH 7.5, 5 mM MgzCh. Gel 

filtrations of the iodoacetate modified proteins were carried out on a Superdex-200 

(300 x 10 mm) column packed in the lab (column 2) equilibrated with 20 mM 

Tris.HCl, pH 6.9, 10 % glycerol and 1 mM EDTA. Iodoacetate treatments were 

performed as above and the modified protein injected into the column immediately 

after acidification to arrest the reactions. Controls were treated identically except 

that iodoacetate was excluded from the reaction, before analysis by gel filtration. 

Sample volumes were 100 J.Ll in all runs and elution was carried out at a flow rate of 

0.5 mVmin. 
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5.2.5 Site-directed mutagenesis. 

Site-directed mutagenesis was carried by the megaprimer PCR method. The 

primers used were 

Asft 5' -ACA CCATGG CCATATITGATCATCAAATAAAAAATG-3' 

AdSSc 5' -CCAGGTACC CTCGAG TTAGTITAGGTTAAAATTCTT-3' 

C328S 5' -ATTATATGTTAA ATCGAT TAATAGTATTG-3' 

C368S 5' -GAAAAG GGATTC TACCCTGTTGAAG-3' 

In addition to the desired mutation, these primers also contained restriction sites 

indicated in bold, incorporated by silent mutagenesis, in order to aid the selection 

of recombinants. The sites incorporated were Cia 1 in C328S and BamH 1 in C368S. 

The mutated codon is shown in italics. The pETAsft plasmid containing the wildtype 

PfAdSS gene was used as a template for the construction of the two single mutants, 

C328S and C368S. Briefly, the mutagenic primer (C328S or C368S) was used along 

with the C terminal primer (AdSSc) to generate the megaprimer containing the 

mutation. The PCR mix contained 200 ng of each primer, 20 ng of the template, 

200 J1M of each dNTP and 5 units of Taq DNA polymerase for a 50 Jll reaction. 

The PCR cycle used was denaturation at 93°C for 30 s, annealing at 44°C for 30 s 

and extension at 73°C for 1 min. The product obtained after 30 cycles of PCR was 

purified by elution from agarose gels and used as a megaprimer in a second round 

of PCR. The other primer used in the second PCR was Asft and the PCR conditions 

used were as described above. The full-length amplified product containing the 

desired mutation was purified, restricted with the enzymes Nco 1 and Xho 1 and 

ligated into the vector pET23d digested with the same enzymes. Recombinants were 

selected after transformation into the E. coli strain DH5a on basis of supercoiled 

plasmid mobility. The presence of the right insert was confirmed by restriction 

digestion with the enzymes the sites for which were incorporated in the design of 

the mutagenic primers. 
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The double mutant was constructed using the same procedure with the C368S 

mutant in pET23d as the template. The primers C328S and AdSSc were used for the 

first round of mutagenesis in this case. The presence of the mutations was confirmed 

by sequencing (Fig. 5.3). The C328S and C328S, C368S mutants were found to 

be free of PCR introduced errors . However, the C368S mutant was found harbor a 

point mutation within the sequence of the N terminal primer used in the mutagenesis 

leading to the conversion ofF4 to L. This mutation was not carried over to the double 

mutant, even though C368S was used as the template to generate thi s mutant. 

400 41 0 ..!.. 420 00 
CoA T AC TATT AA . CG A TT AA CATATAA T AA C 

B .!.. 
GGCI OG T C C C G G 1 I 

'"" 

600 - 610 620 
G AAAA G GG • CC T A CCC T G TT G AA G A 

Figure 5.3: Sequencing chromatograms confi rming incorporation of mutations. 

a) (3285, b) (3685, c) (3285 ,(3685. The restriction sites introduced are highlighted 

and the mutated codons are denoted by arrows and the amino acid is indicated . 

5.2.6 Protein expression, purification and enzyme assays 

BL21 (DE3) cells were freshly transformed with the pET23d constructs of 

wildtype and mutant PfAdSS for protein expression. These freshly transformed cells 

were inoculated into terrific broth and grown to 00(600 nm) of 0 .6 at 37°C, cooled 

to 25°C and protein expression induced by the addition of IPTG to a concentration of 

100 ,UM. Induction was carried out at 25°C for 12 h. Protein purification protocols 

were identical to those described for wild type PfAdSS in Chapter 4 ( 4.2.5). Purified 

proteins were stored at a concentration of 2 mg/ml in 20 mM Tris .HCl, pH 6.9, 

10 % glycerol, 2 mM OTT and 1 mM EDTA at 4°C. All proteins behaved identically 

during purification and representative chromatograms and SDS-PAGE profiles are 

shown in Fig. 5.4. 
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Figure 5.4: Purification of (3605 : Elution profile of (3685 on a) anion exchange (Q-

5epherose-HP) HPLC. Arrow indicates the (3685 peak . b) 5uperdex-200 gel filtration 

column . c) Purification profile of (3685 . 1) Marker (wildtype) PfAd55 , 2) Crude lysate, 

3) PEl supernatant 4) 40% ammonium sulphate pellet, 5) 40-65% ammonium sulphate 

pellet, 6) Q-5epharose eluate,?) purified (3685 . 

5.3 Results 

5.3.1 Effect of metal ions on PfAdSS 

Activity 

The requirement of EDTA for enzyme stability indicated the role of metal ions 

in the inactivation of PfAdSS. The effect of two metal ions, Mn2+ and Cu2+ , on 

PfAdSS were therefore investigated. As removal of DTT or EDTA led to loss of 

activity, the incubations were carried out in the presence of 1 mM of each compound. 

Shown in Fig. 5.5a is the residual activity of the protein on addition of 5 mM MnCl2 

which shows that the activity does not drop in the presence of manganese ions. 
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Addition of CuClz to a concentration of 5 mM resulted in immediate precipitation 

of the protein. Addition of only 0.5 mM CuC12 resulted in complete loss of activity 

within 48 h (Fig. 5.5b). This was surprising, as the concentration ofEDTA during 

the incubation was 1 mM, 2 fold in excess of the Cu2+ added. Presence of the 

substrate, IMP, protected the enzyme from inactivation by the metal ion (Fig. 5.5c) 

• b c 

-- --

Figure 5.5: Effect of metal ions on activity on PfAdSS. Protein incubated in presence 

of a) 5 mM Mn2+ b) 0.5 mM Cu2+ c) 0.5 mM Cu2+ and substrates as indicated (IMP 

250 pM,GTP 150 pM.) 

Oligomerization 

Gel filtration analysis of the protein inactivated by copper showed that the 

oligomeric status of the enzyme shifts towards the dimer. A small peak correspond

ing to an aggregated species also appears (Fig.5.6a). The enzyme in the absence 

of any treatment is a monomer dimer equilibrium. Reducing and non-reducing 

SDS-PAGE showed that the inactivation was accompanied by the appearance of 

disulphide bonded species (Fig.5.6c). Inactivation was also accompanied by a drop 

in the intrinsic tryptophan fluorescence of the protein (Fig.5.6b). The intensity 

of fluorescence of the inactivated protein improved when the measurements were 

made in the presence of 5 mM OTT. Treatment with Mn2+ does not lead to any of 

these changes in the properties of the enzyme and it retains as much activity as the 

untreated enzyme. Presence of IMP during the incubation with Cu2+ prevented the 

above changes in the properties of the enzyme. 
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Figure 5.6: a) Gel filtration profiles (column 1 used) of native PfAdSS (dotted grey line, 

12.93 ml), PfAdSS incubated with Mn2+ (solid grey, 12 .87 ml), PfAdSS incubated with 

Cu2+ (solid black, 12.75 ml) and PfAdSS incubated with Cu2+ and 150 J.LM IMP (solid 

grey, 12.87 ml). Elution volumes are indicated . b) Fluorescence spectra of PfAdSS, 

PfAdSS immediately (0 time) and 24 h after addition of Cu2+, and, PfAdSS incubated 

with Cu2+ in the presence of 150 J.LM IMP. c)SDS-PAGE profile of PfAdSS 1) incubated 

with Cu2+ and 150 J.LM IMP, 2) incubated with Mn2+, 3) incubated with Cu2+ and 4) 

untreated under reducing and non-reducing conditions. 

5.3.2 Effect of cysteine modifying agents on activity 

The results shown above implicate cysteines in the inactivation of the enzyme. 

The effect of cysteine modifying agents on the activity and oligomerization of the 

wildtype enzyme was therefore monitored. ln the absence of substrates, treatment 

with iodoacetate led to almost complete loss of activity within 15 min at 4°C. 

This inactivation could be prevented by the presence of IMP (Fig. 5.7). Size

exclusion chromatography of the modified protein showed that the inactivation was 

accompanied by a shift (Fig. 5.8a). The effect of modification with iodoacetamide 

was also evaluated. This modifying agent led to complete loss of activity. Gel 

filtration analysis of the iodoacetamide modified protein failed to give defined peaks 

indicating the distribution of the protein over different oligomeric states in this 

case(Fig. 5 .8b ). These observations together indicated that the cysteine that is 

modified is at the interface of the protein. 

5.3.3 Rationale for generation of cysteine mutants 

All initial attempts at crystallisation of wild type PfAdSS resulted in precip

itation. The observations detailed above suggested that the reason might be the 
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Figure 5.7: Effect of cysteine modifying agents on activity of PfAdSS . a) lodoacetate 

(IAA) treatment b) lodoacetamide (!Am ide) treatment c) IAEDANS treatment. Activity 

is shown as a % of the control. Modifications were carried out as detai led in materials 

and methods. 
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Figure 5.8: Gel filtration (column 2) profiles of wi ldtype PfAdSS a) modified with 

iodoacetate (dotted line) and without modificat ion (solid line). b) modified with 

iodoacetamide. Note: Elution is monitored at 220 nm in (a) and at 280 nm in (b) . 

oxidation of the protein during crystallisation. It was therefore reasoned that the 

mutation of interface cysteines to serine would give a protein of greater stability 

and make it more amenable to crystallisation. Shown in Fig. 5.2 is the sequence 

alignment of PfAdSS with the E. coli and mouse muscle enzymes, for which 
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structures were available at the time of these experiments. The residues that 

contribute to the dimer interface in the two structures are highlighted. On the 

basis of this alignment, two cysteines, C328 and C368 were found to correspond to 

residues that lie at the interface of the protein and are not conserved. These cysteines 

were therefore mutated to serine as described in materials and methods and purified. 

The mutants constructed were 1. C328S 2. C368S and 3. C328S,C368S hereafter 

referred to as the double mutant. 

5.3.4 Expression and purification of interface cysteine mutants of AdSS 

The three Cys mutants generated by the megaprimer PCR method (Sarkar & 

Sommer, 1990) were cloned into the pET23d vector and the recombinant proteins 

expressed in the E. coli strain BL21(DE3). The purification protocol used for 

all the three mutants was identical to that used for the wildtype enzyme ( 4.2 .5). 

Representative chromatograms are shown in the section on Materials and Methods. 

The SDS-PAGE profiles of the expressed and the purified proteins are shown in 

Fig. 5.9. All proteins used for this study were at least 95 % pure as judged by 

SDS-PAGE. 

a b 

Figure 5.9: 5D5-PAGE profile of PfAd55 mutants. a) Induction of recombinant protein 

in E. coli BL21(DE3) . 1: C3285 , 2: (3285(3685, 3: purified WTPfAd55, 4: (3685, 5: 

wildtype PfAd55. b) Purified proteins 1: (3285, 2: (3285(3685, 3: Marker,4: (3685, 

5: Wildtype PfAd55. 
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5.3.5 Kinetic characterization cysteine mutants 

The kinetic properties of the mutants are compared to that of the wildtype 

enzyme in Table 5.1. The Kms for the nucleotides, IMP and GTP are very similar 

to that of the wildtype protein. Variation appears in the Michaelis constant for 

aspartate, which is comparable to the wild type in the case of the C328S mutant, 

is 4 fold lower in the case of the double mutant and is higher in the case of the 

C368S mutant. 

Table 5.1: Kinetic parameters of wildtype and mutant PfAdSS. 

Km 

Protein kcat IMP (,uM) GTP (.uM) Asp (mM) 

Wild type 0.52a 22.8 18.4 1.80 

C328S 0.52 23.7 27.5 1.83 

C368S 0.51 24.8 20.6 3.20 

C328S,C368S 0.53 19.7 17.2 0.40 

aThis value varied between 0.52 and 1.16 between preparations. 

5.3.6 Oligomeric status 

Since the residues mutated were at the subunit interface of the enzyme, the 

oligomerization of the protein was evaluated by gel filtration. Fig. 5.10 shows the 

elution profiles of the proteins from a S-200 column. The wildtype protein elutes at 

a volume of 13.85 ml (89 kDa) indicative of a monomer-dimer equilibrium with 

the dimer predominating. The elution of the C368S mutant is also identical to 

the wildtype. Surprisingly, the C328S mutant eluted as a broad peak at 14.17 ml 

indicating a shift of the equilibrium towards the monomer. The olimerization of the 

double mutant was more drastically affected with the appearance of a small peak 

close to a monomeric species. 
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5.3. Results 

Figure 5.10: Gel filtration profile (Column 2) of wildtype and mutant PfAd55. Wildtype 

(green),C3685 (black) , (3285 (red), (3285(3685 (blue)(Column 2) . Elution volumes 

in ml are indicated. 

5.3. 7 Stability 

The relative stabilities of wild type AdSS and the three mutants were evaluated 

under unfolding conditions. Unfolding was monitored in terms of shift in fluo

rescence emission maxima on excitation at 280 nm after denaturation at different 

concentrations of urea. Fig. 5.11 shows the emission maxima of these four proteins 

at different concentrations of urea. The curves for the wild type and C368S are 

superimposable indicating that the two have identical stabilities. The emission 

maxima of C328S and the double mutant are red shifted by 3 nm in the absence 

of urea. The curves however, superimpose at higher urea concentrations.After an 

initial increase in the emission maximum upto a concentration of 2 M urea, the 

curve plateaus till a concentration of 6.5 M urea. However,in the case of all the 

proteins, the emission maximum is at only 244 nm even at urea concentrations 

of 8 M indicating that the proteins are not fully unfolded. The difference in the 

emission maximum of the proteins in the absence of urea may be a reflection of the 

differences in the oligomerization of the proteins seen on gel filtration. However, 

effect of mutation on tertiary structure cannot be ruled out. 

149 



Interface cysteines in PfAdSS 

345 

A 0. 

340· 
a o IS 1!1 

- A IS E 
c:::: 335· 

X ~ II( IS 
'E' 

0 l! i i8 8 0 
"ii) X. i 
.!! 330· IS B 

0 WT 
E A X C328S Q) II( 0 

325· 
A A C368S 

A 
0 0 C328SC368S 

320 ' ' ' ' ' • • • • 
0 1 2 3 4 5 6 7 8 

[urea) 

Figure 5.11: Equilibrium unfolding of PfAdSS wi ldtype and mutants monitored as the 

change in emission maximum after excitation at 280 nm . 

5.3.8 Effect of iodoacetate treatment on the mutants 

Effect on activity 

The interface cysteine mutants were constructed as a consequence of the 

observation that the iodoacetate treatment of the wildtype enzyme led to loss of 

activity. The specific activities of the wildtype and mutants with and without 

modification with iodoacetate is shown in Table 5.2. Examination of the effect of 

this cysteine modifying agent on the activity of the mutants showed that replacement 

of interface cysteines affords partial protection to inactivation by iodoacetate. 

Maximum protection is seen with the double mutant. The loss of activity in the 

double mutant indicates that one or more cysteines other than those mutated are 

involved in the inactivation process. 

Effect on oligomerization 

The gel filtration profiles of all three mutants before and after iodoacetate 

modification are shown in Fig. 5.12. Unlike the wildtype which gives a single 

peak shifted towards a monomer on modification (Fig. 5.8, C368S is partially 

protected giving two peaks, one corresponding to the parent unmodified peak and 
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Table 5.2: Effect of iodoacetate (IAA) treatment on activity of wildtype and mutant 

PfAdSS 

Specific activity 

(nmol min- I mg- 1) 

Protein Unmodified IAA modified % residual activity 

Wildtype 622 89 9.3 

C328S 623 266 42.7 

C368S 613 291 47.5 

C328S,C368S 630 434 69.0 

the other shifted towards the monomer (Fig. 5.12b). Surprisingly, the C328S mutant 

which forms an inherently less stable dimer does not alter in its oligomerization 

after modification (Fig. 5.12a). Though both these cysteines are absent in the 

double mutant, the gel filtration profiles alter after modification (Fig. 5 .12c ). These 

observations indicate that modification of C328 (in C368S) results in the disruption 

of the dimer in the wildtype protein. The loss of activity and change in subunit 

association seen in the case of the double mutant is most probably a consequence 

of modification of a third cysteine in this case. This cysteine probably becomes 

exposed and therefore available for modification as a consequence of the disruption 

of the dimer interface in the double mutant. 
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Figure 5.12: Gel filtration (column 2) profiles of a) (3285 , b) (3685, c) C328SC368S , 

before and after modification with iodoacetate . Solid lines represent unmodified protein 

and broken lines the proteins after modification with iodoacetate 
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5.3.9 Oxidation of C328 

The crystal structure of PfAdSS shows additional electron density around C328 

that is suggestive of oxidation this residue (Fig. 6.8). This further shows that the 

reactivity of Cys328 is high. The enzyme is also able to tolerate oxidation at this 

position without loss of activity as the protein used for the crystallisation has high 

specific activity and so do the crystals of the protein (Fig. 6.9). Mass spectral 

analysis of tryptic digests (Appendix A, A2)) show the presence of a peptide with 

a mass 16amu greater than that of the unmodified fragment containing the C328 

though the these experiments remain preliminary. 

5.4 Discussion 

5.4.1 Metal catalysed inactivation of PfAdSS 

The inactivation of PfAdSS by Cu2+ ions but not Mn2+ ions indicates the 

involvement of a redox system in the process. Mn2+ is a relatively stable ion 

while Cu2+ can readily interconvert between the + 1 and + 2 oxidation states. Cu2+ 

is has been implicated in a number of redox processes leading to the inactivation 

of proteins by oxidation (Cecconi et al., 1998, Khossravi et al., 2000). Cysteines 

represent one of the residues most susceptible to such oxidative processes. It is 

therefore, not surprising that PfAdSS, with 10 cysteines is rapidly inactivated by 

oxidation in the presence of Cu2+ ions, and forms disulphide linked oligomeric 

species. Cu2+ catalysed disulphide bond formation is well documented in literature. 

For example, Cu2+ has been shown to lead to the formation of disulphide-linked 

dimers of the S 1 OOB protein resulting in the formation of the biologically active 

form that can simulate the proliferation of primary astrocytes (Lee et al., 2000). 

What is surprising is that the inactivation takes place even in the presence of 

a two fold molar excess of EDTA. This may be due to one of two reasons. 1. 

Cu2+ catalysed oxidation processes can take place at very low concentration of the 

metal ion with concentrations in the nanomolar range being reported for this process 

(Stadtman, 1993). Even though a two fold molar excess ofEDTA is present in these 
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studies, low concentrations of unchelated Cu2+ ions may be present in the system in 

equilibrium with the chelated metal ion. These concentrations may be sufficient to 

drive the process which is catalytic. However, metal catalysed oxidations in many 

systems is prevented by the presence of a chelator at concentrations equal to or 

greater that the amount of metal ion present. 2. Examples also exist in literature 

of proteins where the oxidation is either simulated or completely dependent on 

EDTA (Stadtman, 1993, Maier et al., 1996). The possibility that PfAdSS is one 

such example exists. This aspect could not be investigated as this enzyme is rapidly 

inactivated unless stored in the presence of EDTA, even in the absence of externally 

added metal ion. The protection afforded by EDTA however, does suggest that it 

is the metal ion itself and not the EDTA-metal complex that is responsible for the 

inactivation. If the metal-EDTA complex were to be essential, inactivation would 

take place even without the addition of additional Cu2+. 

Non-reducing gels of the Cu2+ inactivated protein show the formation of 

disulphide bonded dimers. Examination of the crystal structure of PfAdSS 

(Chapter 6) does not reveal any two cysteines at disulphide bonding distance of each 

other at the interface. This indicates that the formation of the disulphide bonded 

species in the presence of Cu2+ may be accompanied by a distortion of the structure 

of the protein. 

5.4.2 Kinetic properties of interface mutants 

The Kms of the mutants for the substrates IMP and GTP remain unaltered 

compared to the wildtype enzyme. However, a significant variation is seen in the 

aspartate Kms of two of the mutants. While the aspartate Km of C368S goes up to 

3.2 mM, there is a sharp drop in the value for the double mutant to 400 ,uM. Both the 

residues modified do not lie near the aspartate binding site of the protein. The only 

major difference between these mutants and the wildtype is in the association into 

dimers. The gel filtration profiles indicate that in the double mutant, the monomer

dimer equilibrium is shifted towards the monomer. This raises the possibility that 

binding of aspartate is influenced by the oligomerization of the protein. The active 

form of AdSS is a dimer, with residues from both subunits contributing to each 
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of the two active sites in the dimer. Since substrate binding in PfAdSS is ordered 

(Chapter 4) and, the IMP binding site comprises of residues from both subunits 

(Chapter 6), it is possible that interference with the dimerization alters the binding 

of the other substrates of the enzyme. The Lineweaver-Burk plots for the mutants 

are however, linear, and do not indicate co-operativity in either wildtype or mutant 

PfAdSS. The only report of co-operativity in AdSS is in the case of the S. cerevisiae 

enzyme where negative co-operativity has been documented with the substrates GTP 

and aspartate (Lipps & Krauss, 1999). Inacu et al.(2002a) have suggested, on the 

basis of inhibition of the mouse basic isozyme by the substrate IMP even in the 

presence of saturating concentrations of GTP, that there might be cross talk between 

the AdSS sub-units. 

5.4.3 Importance of C328 and C368 in PfAdSS 

The activity and gel filtration profiles of the mutants indicates that modification 

of both C328 and C368 contributes to loss of activity. Mutation of these cysteines 

to serines affords only partial protection to inactivation by iodoacetate indicating 

the role of one or more cysteines in the inactivation process. Modification of 

C328 (in C368S) leads to disruption of the dimer, so does the mutation of C328 

to Ser. Modification of the C328S mutant by iodoacetate does not lead to further 

change in the oligomerization, implying that C368 modification does not affect the 

oligomerization. These observations indicate that C328 is of greater importance 

for the maintenance of dimer integrity than C368. Though both the cysteines are 

mutated to serine in the double mutant, modification with iodoacetate does lead 

to alteration in the association of the dimer. Since the single mutant C328S is 

not affected by iodoacetate treatment, this is contrary to expectation. This may 

be because of the modification of a third cysteine, which might be exposed to the 

modifying agent due to the weakening of the dimer in the double mutant. 

5.4.4 Is a charged cysteine necessary for maintaining dimer integrity? 

The results presented in this chapter raise the possibility that the presence of a 

charged cysteine at the interface of PfAdSS may be necessary for the dimerization 
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of the protein. Firstly, iodoacetate treatment of the protein leads to complete loss 

of activity and is accompanied by the destabilisation of the dimer. However, the 

protein continues to be present as an equilibrium between a monomer and a dimer. 

Treatment with iodoacetamide, which is not charged, leads to distribution of the 

enzyme over a wide range on gel filtration, suggesting that presence of a charge on 

the modifying agent helps preserve subunit association. 

Second, the mutation of C328 to Ser leads to disruption of the dimer. Cys to 

Ser mutations are routinely introduced into proteins in order to stabilise them to 

oxidation (Cecconi et al., 2002). Since these two amino acids are largely similar, 

this substitution does not normally alter the properties of the mutant. The side chains 

of these amino acids however, differ in their ionization abilities. The thiol group of 

Cys can readily ionize to a thiolate resulting in a charged species. It can also oxidise 

to sulphinic, sulphenic and sulphonic acids resulting in upto three negative charges 

on the residue. Ser side chains on the other hand ionize only at very high pH; 

neither can they get oxidised to charged species. The interactions of this residue 

are restricted to hydrogen bonding both as a donor and an acceptor through the OH 

group. 

Thirdly, complete inactivation of the enzyme by both iodoacetate and iodoac

etamide within 15 min at 4°C even in the presence of 1 mM DTT indicates the 

presence of very highly reactive cysteines in the enzyme. This factor also suggests 

that the cysteine, the modification of which affects subunit association, may be in 

its ionized form. 

Finally, C328 in the active wildtype protein may be modified probably by 

oxidation to a sulphenic acid. This is in spite of the presence of 10 mM DTT in the 

storage buffer of the enzyme. The crystal structure ofPfAdSS solved to a resolution 

of 2A revels extra electron density on C328 that corresponds to more than one 

oxygen indicating that this residue is indeed modified, at least in the crystal. 

Taken together, these factors indicate that a charge on the cysteines at the 

interface is necessary to maintain the dimer of PfAdSS. The presence of oxidised 

cysteines at the interface however, is a matter of debate as the modifications 
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seen could be artifacts of the enzyme preparation and crystallographic structure 

determination. Examination of the cysteine thiolates in literature indicates that a 

positively charged residue, frequently a histidine, near the cysteine plays a role in 

decreasing the pKa and leads to ionization (Plou et al., 1996). Examination of the 

structure ofPfAdSS (Chapter 6) shows that the interface of this protein is positively 

charged. The environment around Cys328 includes two Lys and one His residues. 

These observations indicate that the environment around C328 favours ionization 

to a thiolate. Increased reactivity of the cysteine resulting from the ionization may 

result in its oxidation, at least in vitro. 

Unusual pKas for cysteines residues have been observed in many proteins. The 

thiol-imidazole ion pair is frequently encountered in the active site of enzymes 

which have cysteines in their active site. The resultant alteration of the pKa of 

cysteine results in a highly reactive thiolate in the active site of these enzymes. 

Examples include cysteine proteases like papain (Shipton & Brocklehurst, 1977) 

and polyketide synthases (pKa = 5.5) (Jez & Noel, 2000). Altered pKa of non-active 

site cysteines has also been reported. In the human placental glutathione transferase 

Pi, Cys 47 has been shown to exist as a thiolate anion with a pKa of about 4.0. 

This cysteine is not in the active site of the enzyme and mutation to serine results 

in a decrease in affinity for glutathione but does not affect catalysis (Lo Bello et al., 

1995) . Cysteines involved in metal coordination are frequently found as thiolates 

and ionization is necessary for metal binding (Simonson & Calimet, 2002). 

Though cysteine sulphenic acids are extremely labile, many examples of such 

species in proteins exist. They have now been demonstrated by both chemical and 

crystallographic studies. In enzymes such as NADH-peroxidase, NADH-oxidase, 

nitrile hydratsae and some proxiredoxins, Cys-SOH have been shown to have a 

functional role in the native protein (Claiborne et al., 1999) . In the enzymes 

involved in redox processes, the oxidised cysteine is catalytically important, while 

in nitrile hydratase, it serves to bind iron and NO (Claiborne et al., 200 l ). In the 

case of tyrosine phosphatases and glutatione reductases, the Cys-SOH form has 

been suggested to play a role in the reversible inhibition of these enzymes during 

signal transduction (Denu & Tanner, 2002) and nitrosative stress (Claiborne et al., 
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1999), respectively. Reversible cysteine oxidation is now emerging as mechanism 

for cellular response to oxidative stress. A regulatory role of sulphenic acids in 

glycolysis has also been proposed on the basis of the observation that mild oxidation 

of glyceraldehyde-3-phosphate dehydrogenase converts it to an acylphosphatase 

(Dan'shina et al., 2003). Oxidized cysteines can also replace carboxyl functional 

groups in proteins. In glucoamylase, Glu-400 serves as a catalytic base. A 

E400C mutant of this enzyme was found to regain catalytic activity when the 

cysteine was oxidised to a sulphinic acid (Mirgorodskaya et al., 1999). Similar 

restoration of activity has also been observed after periodate oxidation of cysteine 

in phosphoribulokinase, an enzyme with aspartate in the active site (Runquist 

& Miziorko, 2002). The existence of such an oxidised cysteine PfAdSS and its 

role in maintaining the active dimer needs to be examined. 

To summarise, the attempts to create mutants ofPfAdSS with improved stability 

have led to the identification of unusual properties of the PfAdSS subunit interface. 

Mutation studies highlight the importance of charged cysteines at the interface in the 

maintenance of dimer integrity. Replacement of C328 at the interface with serine, a 

residue that cannot ionize, leads to disruption of inter-subunit interactions. Mass 

spectral analysis of tryptic digests of wildtype PfAdSS raise the possibility that 

C328 at the dimer interface may be present in the oxidised form in the active protein. 

Crystallographic evidence for the oxidation ofC328 is presented in Chapter 6 of this 

thesis. 
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Structure of P falciparum AdSS: Insights into function. 

This chapter presents the crystal structure of P falciparum AdSS solved to a 

resolution of 2 A. The structure explains the unique features of PfAdSS presented 

in the previous two chapters. The structure was solved as a collaboration with 

Prof MR.N.Murthy 's lab at Molecular Biophysics Unit, liSe., Bangalore. The 

details of the data collection and structure solution are included in this chapter for 

completeness. 

6.1 Introduction 

6.1.1 Structure of E. coli and mouse AdSS 

Extensive studies have been carried out by the groups of Fromm and Honzatko 

on both the E. coli and mouse AdSS. The structures of both these enzymes 

in the unliganded form and in complex with various combinations of substrate 

and substrate analogs have been determined and allow an understanding of the 

functioning of this enzyme. The first structure of AdSS defined a previously 

unobserved protein fold (Poland et al., 1993). The key features of the enzyme 

that these structures highlight include the oligomeric state of the active enzyme, 

the catalytic residues and their role in the reaction, the identity of the reaction 

intermediate and the numerous loop movements that occur on substrate binding. 

All crystal structures show the presence of a dimer with both subunits contributing 

residues to the binding of the substrate, IMP. The asymmetric unit in the structures is 

either a dimer or a monomer with the dimer axis coincident with a crystallographic 
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axis of symmetry. Cross subunit interaction with the substrate primarily involves 

Arg 143 (E. coli AdSS) which contributes to the recognition of the 5 '-phosphoryl 

group of IMP bound in the other subunit (Poland et.al, 1996a). Attempts at 

crystallising the synthetase in the presence of the substrates IMP and GTP have 

resulted in structures which show that the first step of the catalysis has occurred 

(Choe et al., 1999, Inacu et al., 2002). These structures which have 6-phosphoryl 

IMP and GDP bound in the active site of the enzyme establish that the reaction 

intermediate indeed involves the transfer of the y-phosphate of GTP to 06 of IMP 

as proposed by the kinetic and isotope exchange studies on the enzyme (Liberman, 

1956, Cooper et al., 1986, Basset al., 1984). This enzyme has infact been called a 

thermodynamic sink for this intermediate as all attempts to crystallise the synthetase 

in the presence of either the substrates or the products resulted in the formation of 

this molecule (Inacu et al.,2002a). 

Asp 13 and His41 have been proposed to be the catalytic residues based on the 

structures of this enzyme and mutagenesis studies. Choe et al., 1999 have proposed 

that His41 plays a dual role in catalysis. In the first step, it binds to the ,8-phosphoryl 

group of GDP and donates a proton to the leaving group acting as an acid catalyst. 

After protonation of the leaving group, it dissociates from the leaving group, gets 

reprotonated, undergoes a 90° rotation about its C,B-Cy bond and hydrogen bonds 

to the 6-phosphoryl group of the intermediate. The crystal structure of a mutant 

of the E. coli enzyme, R303L in complex with 6-phosphoryl IMP shows that the 

aspartate binding pocket is occupied by 3 water molecules. In this complex, His41 

continues to bind the ,8-phosphoryl group of GDP and not the 6-phosphoryl group 

on IMP. This suggests that the rotation of His41 is conditional to aspartate binding 

ensuring the existence of a mechanism for full activation of the 6-phosphoryl group 

only after the binding of aspartate. The loss of activity on mutation of Asp 13 to Ala 

indicates the importance of this residue in catalysis. Asp 13 hydrogen bonds with 

N1 of IMP in the IMP, GDP, NO], Mg2+ complex of the enzyme (Poland et. al., 

1996a) but does not co-ordinate Mg2+ . This is consistent with its role as a catalytic 

base in abstracting a proton from the Nl of IMP. Subsequent coordination to Mg2+ 

after intermediate formation transforms this side chain into a potent acid allowing 

160 



6.1 . Introduction 

the transfer of the proton back to N 1 of IMP, generating a electrophilic center on C6 

preparing it for the next step of the reaction. Nucleophilic attack by the aspartate 

on C6 then leads to the displacement of the phosphoryl group. The identity of the 

residue abstracting the proton from aspartate has been a matter of debate with a role 

suggested for the f3 carboxyl group of aspartate. A comparison of the unligated 

and the variously complexed structures of the synthetase show 6 dynamic elements 

that respond to substrate binding (Fig. 6.16, Table 6.2)(1nacu et al. , 2001 , Inacu 

et al., 2002a, Poland et al., 1996b). The unligated structures define the loop open 

conformations (Silva et al. , 1995, Inacu et al., 2001) and the 6-phosphoryl IMP, 

GDP, hadacidin, Mg2+ complex the ligated conformation of these loops (Choe et 

al. , 1999, Inacu et al., 2002). Of these, the GTP loop alone responds to the binding 

ofGTP. The structure of the mouse enzyme in complex with IMP has all the loops in 

the ligated conformation in one subunit and the Val and Asp loops in the unligated 

conformation in the other. In the 6-phosphoryl IMP, GDP complex, all the loops 

except the Asp loop in one subunit are in the ligated conformation. Both the subunits 

are completely ordered in the 6-phosphoryl IMP, GDP, hadacidin complex (Choe et 

al. , 1999, Inacu et al. , 2002a). 

Structures of the mouse and E. coli enzyme in complex with AMP (Fonne

Pfister et al. , 1996, Inacu et al., 2002b) and of the mouse enzyme in complex with 

the product adenylosuccinate (ADS) (lnacu et al. , 2002b) provide insight into the 

mechanism of product release and feedback inhibition. The AMP binding mode in 

the complex along with GDP, Mg2+ and sulphate is similar to that seen for ADS 

in the product complex (ADS, GDP, Mg2+, sulphate complex). However, in the 

complex of the enzyme with AMP alone, the binding mode is similar to that seen 

for IMP though the pre-Switch loop is oriented in a non-productive mode. This 

conformation of the pre-switch loop allows the binding of Mg2+ IMP to the GTP 

binding pocket. The product ADS (ADS, GDP, Mg2+ , sulphate complex) binds 

to the enzyme with the base moiety tilted by an angle of 30° compared to the 

base in 6-phosphoryl IMP. In addition, the base also deviates from planarity with 

an obvious displacement of C6 from the plane defined by Nl, N6 and C5. The 

distorted conformation of ADS that is seen in the structure also suggests that the 
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Figure 6.1: Structures showing atom labelling as used in the text for a) AMP j ADS, 

b) 6-phosphoryi-IMP, c) GOP and d) hadacidin. 

tautomer stabilised by the synthetase may be different from that in solution. The 

C6-N6 torsion angle in the structure reduces the bond order between these two 

atoms as the tautomer with a double bond between C6-N6 cannot form. This may 

enhance the basicity of the N6 atom and lead to its protonation. This has led these 

authors to suggest that the synthetase probably stabilises a protonated from of ADS 

in the active site and that the second step of the catalysis, the displacement of the 

6-phosphoryl group on IMP by aspartate does not require proton abstraction. 

The similarity between the structures and mechanism of the E. coli and mouse 

synthetases and the high level of similarity between the sequences of all known 

synthetases suggests that the structure and mechanism would be largely conserved 

among these enzymes. However, differences may exist that tailor this enzyme to 

the specific needs of an organism as it lies at a regulatory point in purine nucleotide 

synthesis. This chapter describes the structure of P falciparum adenylosuccinate 

synthetase (PfAdSS) solved by Prof. M.R.N. Murthy and K. Eaazhisai as part of 

this study to a resolution of 2 A in a collaborative effort. The structure is of the 

enzyme in complex with the reaction intermediate 6-phosphoryl IMP, GDP and 

the aspartate analog, hadacidin. A comparison of the PfAdSS structure with the 

E. coli and mouse enzymes is presented and features that explain the properties of 

the enzyme described in the previous two chapters are discussed. 
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6.2 Materials and Methods 

All reagents were of high quality and were purchased from Sigma, USA. 

Hadacidin was a generous gift from Dr. Bruce F. Cooper, Rice University, USA. 

The plates used for the hanging drop crystallisation were from Tarsons, India and 

the microbatch plates were from Grainer.Bio one, Germany. 

6.2.1 Structure analysis 

All the structural alignments of PfAdSS, E. coli AdSS and mouse AdSS were 

carried out using the program ALIGN (Cohen, 1997) or with Swiss-PdbViewer 

(Guex & Peitsch, 1997). RMSD calculations for the loop regions and analysis of 

the conformational changes due to ligand binding were carried out by comparative 

analyses of structures of mouse, E. coli and P falciparum AdSSs using ALIGN. All 

the interactions were evaluated using an in house program. NACCESS (Hubbard & 

Thornton, 1993) was used for the surface area calculations. The interface residues 

were identified by recognizing the residues of one monomer which were in direct 

contact with the residues from the other monomer within a cut-off distance of 

4 A. All molecular representations presented in this chapter were generated using 

Molscript (Kraulis, 1991) and rendered using Raster3D (Merritt & Bacon, 1997). 

6.3 Results and Discussion 

6.3.1 Protein crystallisation 

Initial attempts at crystallising PfAdSS were carried out by the hanging drop 

method. About 30 mg of protein was used in these crystallisation trials carried 

out both in the presence and absence of substrates and resulted almost entirely 

in precipitation. The conditions tried included many from the hampton screens 

constituted in the lab in addition to variations of those already reported for E. coli 

and mouse AdSS. Biochemical studies carried out along side these crystallisation 

attempts indicated that the PfAdSS was unusually susceptible to oxidation even 

in the presence of high concentrations of the reducing agent DTT. Since the 
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Figure 6.2: Crystal of PfAdSS grown in the presence of IMP and GTP 

experiments described in Chapter 5 also suggested that these reactive cysteines 

were at the interface of the protein, three cysteine to serine mutants of the enzyme 

were also created. These mutants were however not used for crystallisation as 

single crystals of the wildtype protein were obtained while these mutants were 

being purified. Crystallization of the enzyme was also attempted by the microbatch 

method as the oil overlay as it was brought to our notice that this setup can reduce 

protein oxidation. The DTT concentration in protein solutions was also raised to 

10 mM. The first crystals of the wild type protein were obtained with equal volume 

mixture of the protein (7 .5 mg/ml in 20 mM Tris.HCl, pH 6.9, 20 % glycerol, 

10 mM DTT and 1 mM EDTA) incubated with 5 mM each of IMP and GTP and, 

the precipitant solution comprising of 50 mM sodium acetate, l M ammonium 

sulphate, 50 mM magnesium acetate and 100 mM HEPES, pH 7.5 after 15 days 

of evaporation through the oil layer (Fig. 6.2). This crystal of PfAdSS, though not a 

clean single crystal was mounted and found to diffract to a resolution of 4 A. Only 

4 frames of data could be collected on this crystal. Repeated attempts at obtaining 

good quality crystals under similar conditions by the hanging drop method were 

completely unsuccessful. 

Subsequent crystallisation attempts were restricted to the microbatch method 

and were carried out at Prof. M.R.N. Murthy's lab at I.I.Sc. Crystals were obtained 

by mixing 10 pl of the protein (9 mg/ml in 20 mM Tris, pH 6.9, 1 mM EDTA, 
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Table 6.1: Data collection and refinement statistics of PfAdSS complex 

Space group C2221 

Cell parameters a=91.58 A 

b=117.12 A 
c=80.42 A 

Rrree & R cryst (initial) % 

Rfree & R cryst (final) % 

Rmsd in bond length (A) 

Rmsd in bond angle (0
) 

Average B values (A2)h 

59.2 & 57.0 

24.2 & 19.9 

0.005 

1.331 

Protein atoms (3352) 24.52 

Ligands Mg(l);IM0(28);HAD(9); 20.09;18.26; 19.49; 

GDP(29);Water(283) 30.61; 32.16 

b The number in parenthesis is the number of atoms 

I 0 mM DTT, 5 mM each of IMP, GTP and hadacidin and, 50 mM magnesium 

acetate) with 2-5 J.Ll of a solution containing 100 mM sodium cacodylate (pH 6.5) 

and 20-25 % PEG4000. Plate like crystals appeared in 3 days and grew to a 

maximum size of 0.3 mm x 0.2 mm x 0.1 mm in a week. Data was collected on 

a crystal mounted in a cryo loop at 110K on a on a MAR300 image plate detector 

system mounted on a Rigaku RU-200 rotating anode X-ray generator. The crystal 

diffracted to resolution better than 2.0 A and final data were collected to 2.0 A. 
The structure was solved by molecular replacement using the structures of E. coli 

and mouse AdSS. Model building and refinement of the protein residues followed 

by addition of the ligand and water molecules resulted in a final R-value of 20 % 

(R-free=24 % ). The space group was identified as C2221 with unit cell parameters 

a=91.6 A, b= 117.1 A, c=80.4 A. Final data-stati stics are listed in Table 6.1. 

6.3.2 Structure of P falciparum AdSS 

The asymmetric unit of the crystal is a monomer (Fig. 6.3). The biologically 

relevant form of the enzyme is a dimer the molecular axis of symmetry coinciding 
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Figure 6.3: Ribbon representation of the PfAdSS monomer showing sub-domain 

organization . The central f3 sheet is represented in red . Sub-doma ins I to IV are 

represented in yellow, cyan , brown and green , respectively and secondary structural 

elements that do not belong to ariy sub-domain are coloured purple . 

with a crystallographic axis along the a axis (Fig. 6.4). In the final map, the 

electron density is of good quality for most of the protein residues and for the 

ligands. The first 13 residues at the N terminus and 6 residues at the C terminus 

are disordered. Around ten residues appeared to possess alternate conformations. 

A total of 262 water molecules were found in the crystallographic asymmetric unit. 

The structure has acceptable stereo chemical parameters (Table 1 ). The program 

PROCHECK (Laskowski et al., 1993) indicates that more than 91 % of the residues 

are in the most favoured region of the Ramachandran map. Only Ser331 is in the 

disallowed region. Ser331 of PfAdSS corresponds to Gly355 and Ser323 in mouse 

and E. coli synthetases, respectively, where these residues lie well within the fully 

allowed regions of the Ramachandran plot. The unusual conformation of Ser331 

in the present structure is stabilised by hydrogen bonding interactions with Lys327, 

Asn330 and Ile332. The residues, Gln23 and Asn232, which possess generously 

allowed conformations in E. coli (Choe et al., 1999) and mouse synthetases (lnacu 
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Figure 6.4: Ribbon representation of the PfAdSS dimer. The two sub-units are coloured 

differently. 

et a!., 2002a), are in similar conformations in the PfAdSS complex also. The 

conformation of Gln23 is stabilised by hydrogen bonding interactions with Met235 

and Glu27. The positioning of Glu27, which also occurs in the generously allowed 

region of the Ramachandran map ( cp = -80°, llf = -16°), is crucial for the interactions 

of the polypeptide with the ligands. The active site residue, Asn232, interacts 

with 6-phosphoryl-IMP. This residue has been reported to be in the fully allowed 

region in the unligated E. coli (PDB code lADE)(Poland et a!., 1996b) and mouse 

AdSS (PDB code 114B) (lnacu et a!. , 2001) and undergoes a transition to the 

generously allowed region upon ligand binding. Mutations at this position in the 

E. coli enzyme reduce catalytic rates by 10-1000 fold without affecting Km of IMP 

(Wang eta!., 1997b). Asn232 presumably plays a catalytic role by facilitating the 

nucleophilic attack of 06 of IMP on the y-phosphate of GTP. The distorted main 

chain conformation of this residue may be essential to orient its side chain for ideal 

catalysis. 

The secondary structure and the polypeptide fold of PfAdSS are similar to 

those of AdSS from other organisms (Fig. 6.5). The insertions and deletions in 

P. falciparum synthetase occur mainly in the loop regions and lead only to local 

conformational changes. Superposition of theCa atoms of PfAdSS complex against 
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Figure 6.5: Superposition of PfAdSS (purple) with mouse (left) and E.coli (right) AdSS. 

the structurally equivalent 407 and 398 Ca atoms of E. coli and mouse AdSS 

complexes (Fig. 6.5), respectively, yields RMSD values of 1.10 A and 1.01 A. The 

RMSD for the superposition of the liganded PfAdSS complex with the unliganded 

E. coli AdSS is slightly larger ( 1.84 A). Each subunit consists of 19 strands (/31-

/319), 12 a-helices and seven 310 helices . Starting from the N-terminus, helices 

are numbered from a1 through al9. Nine parallel [3-strands (/39, [37, [35, [32, 

[310, /31, /311, /315 and /318) along with a tenth anti-parallel strand (/319) form a 

central sheet. The sheet is bordered by four sub-domains (Figure 4). The small 

sub-domain I (Residues 54-65) comprises of only two [3-strands (/33 and /34) and 

has the appearance of a finger-like extension of the segment between /32 and /35 

of the central /3-sheet. Sub-domain IT (Residues 114-206) forms bulk of the inter

subunit interface. The majority of the residues for the ligand binding pocket are 

contributed by sub-domains lli (Residues 278-302) and IV (Residues 339-418). 

There are four helices (a 1-a4) which do not belong to any domain and line the 

central f3 sheet. Besides sub-domain II, helices a 11-a 13 also form part of the inter

subunit interface. 

6.3.3 Dimer interface 

The RMSD values for the superposition of the structurally equivalent Ca atoms 

of PfAdSS complex against the unligated and fully ligated mouse and E. coli 

synthetases are 2A and 1A, respectively. Only sub-domain I and III have a 
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Figure 6.6: Topology diagram of PfAdSS. Squares represent f3 strands, circles a helices 

and ellipses 310 helices. The sub-domains are numbered and colour coding is as in 

Fig. 6.3. 

rigid structure while sub-domain II and IV are variable. Sub-domain II, which 

comprises secondary structures f3 8 and a5-a9 and contributes to the interface, 

differs significantly in its orientation from the other two AdSS complexes. The 

average B-factor of this domain is not significantly different from that of the entire 

protein and hence, the observed changes in this domain are unlikely to be due to 

disorder. Part of sub-domain IV consisting of residues 355-379 contributing to 

the dimer interface also shows marked differences in orientation. Thus most of 

the segments with significant structural differences from the other two complexes 

belong to the dimer interface. Therefore, the dimer formation and stability m 

PfAdSS is likely to be substantially different from the other two synthetases. 

As in the other homo logs, the dimer interface is extensive with contribution from 

many segments of the polypeptide chain. There is extensive complementarity in the 

surface features of the two monomers at the interface. The surface accessible area 

buried on dimerization is 4823 A 2 . Stretches of residues that largely contribute to 

the interface are 149-159, 243-270 and 325-333. Both hydrophobic and hydrophilic 
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interactions are involved in the association of monomers (Fig 6.7). The interface 

does not have a single hydrophobic surface, but instead consists of several small 

hydrophobic patches. 21 water molecules that occur in the interface also contribute 

to the stability of the PfAdSS dimer. Large number of water molecules are seen in 

E. coli and mouse AdSS complexes also (Choe et a!. , 1999, Inacu et a!., 2002a). 

There are four salt-bridges across the interface (cut-off value of 4 A) including 

the one between Lys152 and Asp239 which is conserved in all the known AdSS 

structures. In contrast, the E. coli AdSS complex has 16 salt bridges while mouse 

AdSS complex has 4 connecting the two subunits of the dimer (lnacu et al. , 2001 ). 

The PfAdSS interface is stabilised by 18 direct hydrogen bonds (cut-off value of 

3.5 A), which includes some short strong hydrogen bonds (between NZ of Lys 112 

and OH of Tyr325 (2.52 A) and between 0 of Gly 157 and OH of Tyr243 (2.55 A)). 

The contribution of hydrogen bonding to the stabilisation of the dimer is less 

in PfAdSS when compared to the other two synthetases. Substrate binding also 

contributes to dimer stability, with Arg155 making direct as well as water-mediated 

hydrogen bonding interactions with the 5' -phosphate of IMP from the symmetry 

related monomer. 

The most striking feature of the interface in the PfAdSS structure is the 

preponderance of positively charged residues (Fig. 6.7), 22 positive residues (Lys, 

Arg and His) against 6 negatively charged residues (Asp and Glu)). Two regions that 

are prominent involve Lys 130 and Lys 131 and a cluster involving His263, His264 

and Lys265. In contrast, a more balanced set of charged residues occur at the 

interface of E. coli and mouse AdSS. In spite of the clustering of positive charges at 

the interface, the PfAdSS dimer is stable. Gel filtration studies on the P. falciparum 

enzyme in increasing concentrations of phosphate show the appearance of a minor 

monomer peak only at high concentrations of of phosphate (200 mM) (Fig. 4.7). 

Although three cysteine residues (Cys250, Cys328 and Cys368) occur at the 

interface of PfAdSS, the subunits are not covalently linked by disulfide bonds. 

Cys250 gets partially buried upon dimerization. In contrast, Cys328 and Cys368 

appear to be more completely buried on dimerization. The solvent accessibility of 

C328 and C368 reduce from 72.3% and 42.8% to 15.4% and 13.3% on dimerization. 
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Figure 6.7: Residues at the subunit interface of P.falciparum (A) and mouse (B) AdSS . 

Residues are coloured according to charge. Blue, red and grey represent positive, negative 

and uncharged residues respectively. Water molecules at the interface are not shown. 

These two residues appear to be chemically modified in PfAdSS, although the 

precise nature of modification cannot be deduced from the electron density map 

(Fig. 6.8). As discussed in Chapter 5, mutation of these cysteines to Ser disrupts 

the dimer. Crystals of AdSS, when dissolved, show measurable activity despite the 

cysteines being modified (Fig. 6.9). These observations suggest that these cysteine 

residues, either in their oxidised form or ionized to a cysteine thiolate, contribute 

to dimer stability. Fig. 6.10 shows the environment around C328 at the interface. 

As can be seen, the residues surrounding this cysteine are predominantly positively 

charged. Though the contacts of these basic residues are at large distances, these 

may be relevant as the extra electron density around the cysteine thiol has not been 

modelled. These basic residues could lower the pKa of the cysteine considerably 

and lead to its ionization at physiological pH. This interaction is reminiscent of the 

enzymes where a cysteine thiolate has a role in catalysis and is maintained in the 

ionized form due to the presence of a His residue in close proximity (Plou et al., 

1996). 
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Figure 6.8: Electron density around (328 (a-c) and (368 (c) in PfAdSS. The continuous 

density represents the 2F 0 -F c map contoured a l.O<J and the broken density F 0 - F c map 

contoured at 2.5<J 
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Figure 6.9: Activity of dissolved crystals of PfAdSS. The increase in absorption at 

290 nm due to formation of adenylosuccinate was monitored . The reaction was performed 

in the presence of the substrates and inhibitors carried over with the crystal. 
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Figure 6.10: (328 environment in the PfAdSS crystal structure. The numbers indicate 

distances in A. The subunits contributing the residues are indicated within parenthesis. 

Contacts as high as 7 A are marked as the extra electron density on the cysteine thiol 

have not been modelled . 

Though the cellular environment is reducing, oxidised cysteines have been 

implicated both in catalysis and in regulation of protein function (Claiborne et 

al. , 1999)). Whether such a process is indeed operative in P. falciparum or our 

observation of oxidised cysteines in PfAdSS is an artefact of the enzyme preparation 

needs investigation. The positively charged environment of the interface may also 

alter the pKa of the cysteines favouring ionization to a thiolate. Our mutagenesis 

studies do suggest that a charge at C328 is necessary for maintenance of dimer 

integrity (5.4.3). 

6.3.4 Active site pocket 

6-phosphoryi- IMP binding 

The orientation and geometry of the 6-phosphoryllMP in the PfAdSS complex 

comply with the allowed conformations for nucleotides. The ribose is in C2' 

endo envelope eE) form with a pseudo rotation angle of 162°. The orientation 

of 05 ' about the exocyclic C4' -C5' bond is (gauche, gauche) with a y value of 
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Figure 6.11: 2F0 -Fc map corresponding to the bound ligands in PfAdSS, contoured at 

l.Ocr 

43°. The base is oriented with a torsion angle of X = -141 o with respect to the 

sugar, representing anti conformation. Contacts through 5' -phosphoryl group of 

IMP contribute principally to the binding of IMP to the protein. These include 

contacts with Thr141 , Asn51 and Thr247 from the same subunit and, Arg155 of 

the symmetry related subunit (Fig. 6.12). The cross subunit interaction through 

Arg 143 in E. coli AdSS (Arg 155 in PfAdSS) is important for the formation of dimers 

(Kang et al., 1998). Interestingly, three water molecules that are hydrogen bonded 

to the oxygen atoms of the 5' -phosphoryl group are conserved in E. coli and mouse 

synthetases and hence, are presumably important for IMP binding. 

The electron density map clearly shows that the first step of the catalytic reaction , 

which results in the formation of 6-phosphoryl rMP with the concomitant conversion 

of GTP to GDP, has occurred (Fig. 6.11). This intermediate is stabilised by 

various direct and water mediated interactions with the protein (Fig. 6.12). The 

6-phosphoryl group interacts with the residues Asp26, Lys29, Gly53, His54 and 

Asn232. Asp26 is believed to participate in the abstraction of a proton from the N- 1 

atom of rMP, facilitating the formation of the 6-oxyanion of the nucleotide. This aids 

the transfer of the y-phosphate of GTP to IMP. Once protonated and coordinated 

to Mg2+, this aspartate is believed to act as a catalytic acid creating a cationic 

center on C-6 of IMP, facilitating the next step of the reaction (Choe et al., 1999). 
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R15S(B) 

Figure 6.12: Contacts made by phosphoryl-IMP in PfAdSS. Residues within 3.5 A of 

this ligand are shown. R155 from the other subunit is shown in red, ligands other than 

phosphoryi-IMP(cpk) are shown in violet and the residues from the same subunit in 

green. Water molecules (W) =labelled in smaller font are shown as red balls. 

In the present structure, OD 1 of Asp26 is hydrogen bonded to N 1 atom of IMP 

(2.96 A). An interesting feature at the active site is the occurrence of a short, strong 

hydrogen bond between NE2 of His54 and 02 of 6-phosphoryl IMP (2.54 A). This 

hydrogen bond is present in the mouse synthetase complex also (2.46 A). Cleland 

and Kreevoy (1994) have suggested that such short hydrogen bonds, termed 'Low 

Barrier Hydrogen Bonds (LBHB)' , are key interactions that stabilise the transition 

state of enzymatic reactions and reduce the energy barrier for proton transfer. This 

is in agreement with the proposed role of His54 as a catalytic acid in the second 

step of the reaction, the nucleophilic displacement of the 6-phosphoryl group by 

aspartate. His54 is purported to play a role in the protonation of the leaving group, 

phosphate, in the second step (Choe et al., 1999). Interactions of His54 with the 

GDP-,6-phosphoryl group are similar to those observed in the other AdSS structures. 

The interactions between Asn232 and IMP are also similar to those in the E. coli and 

mouse AdSS complexes. 
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T431 

Figure 6.13: GDP contacts in PfAdSS. GDP is represented in cpk, the other ligands 

in violet and the protein residues in green.Water molecules (W) shown as red balls are 

labelled in smaller font. 

GDP binding 

As anticipated from the presence of 6-phosphoryl IMP, the final 2F0 -Fc map 

reveals densities only for GDP (Fig. 6.11). Density corresponding to the y

phosphate of GTP is absent. This is consistent with the observation that the first 

step of catalysis is phosphoryl transfer from GTP to IMP. The sugar ring in GDP 

is in C2' -endo form with its 05' in the (trans, gauche) conformation. The pseudo 

rotation angle of the ribose moiety is 156°. The x-value of -94° reflects the high-anti 

orientation of the base with respect to the sugar. 

Fig. 6.13 shows the interactions of GDP with the protein residues. Though 

the active site of PfAdSS is largely identical to the E. coli and mouse synthetases, 

significant variation is seen in the interactions of GDP with the polypeptide. One of 

the differences is at residue 425 which is Gly in PfAdSS and Ser (residue 414) 

in E. coli AdSS. Ser414 in E. coli AdSS is believed to be responsible for the 

recognition of the 6-oxo group of the guanine base through the interaction of the 

side-chain hydroxyl with the nucleotide (Poland et al., 1996a). The cavity created by 
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G53 

Figure 6.14: Mg2+ co-ordination in PfAdSS. 

the Ser to Gly substitution in PfAdSS is occupied by a water molecule (551 0). This 

molecule, hydrogen bonding to both N7 and 06 of GDP, mimics OG of Ser414 of 

E. coli AdSS. In mouse AdSS also, this residue is a Gly, although a water molecule 

has not been reported. The PfAdSS complex has additional hydrogen bonds not 

observed in the other two AdSS complexes. The amino group of Lys31, a conserved 

residue, is shifted towards the guanine base and is hydrogen bonded to 06. OG of 

Thr307 (Val in mouse AdSS and Ala in E. coli AdSS) forms a hydrogen bond with 

02A of GDP. However, this substitution does not lead to significant conformational 

changes in the vicinity of residue 307. Similarly, Lys62 forms hydrogen bonds in 

PfAdSS complex with the ribose hydroxyls of GDP, an interaction that is absent 

in the other AdSS. Additionally, Lys29 is involved in many contacts with GDP, 

including a LBHB between the backbone N and 03B of GDP. The sidechain amino 

group of this residue is hydrogen bonded to both 02B and 03B of GDP. These 

interactions probably stabilise the negative charge developed on the J3-phosphoryl 

group on removal of the y-phosphory I group. 

Mg2+ and hadacidin binding pockets: 

Mg2+ is octahedrally coordinated to OD 1 of Asp26, 0 of HDA, 02A of 

GDP, 02B of GDP, 0 of Gly53 and 01 of IMO (Fig. 6.14). The identities and 

conformations of the residues coordinated to the metal ion in the PfAdSS complex 

are identical to those in the E. coli and mouse synthetase complexes. 

The nitrogen atom of hadacidin has a planar geometry. The conformation of 

the molecule is stabilised by various hydrogen bonding interactions with the protein 
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Figure 6.15: Hadacidin binding in PfAdSS. Hadacidin is represented in cpk , the other 

ligands in blue and the protein residues in green. Contacts illustrated are with residues 

within 3.5 A of hadacidin . 

residues (Fig. 6.15). The major contributions are from Asp26, Thr307, Thr308, 

Thr309, Arg311 and Arg313 . Residues 307-308 form part of the Asp loop, which in 

the mouse and E. coli enzymes, gets ordered in response to aspartate binding Hou et 

al., 2002, Inacu et al , 2002a). OG of Thr307 is hydrogen bonded to 0 of hadacidin. 

This interaction is absent in both the mouse and E. coli complexes, where Thr307 

is replaced by Val and Ala, respectively. Presumably this hydrogen bond will also 

hold L-aspartate in PfAdSS. In spite ofthis additional hydrogen bonding, the Km for 

L-aspartate is higher in PfAdSS than in AdSS from other sources. Examination of 

the structure of PfAdSS complex does not suggest structural reasons for the higher 

K m of the enzyme for aspartate. This may result from the slow formation of 6-

phosphoryl £MP suggested by the lower k cat value of PfAdSS when compared to 

other synthetases. 

6.3.5 Conformation of dynamic loops: Implication for an ordered 

mechanism 

Large regions in the E. coli and mouse synthetases get ordered on substrate 

binding (Fig. 6.16). Since, efforts to crystallise unligated PfAdSS have so far been 
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Figure 6.16: Superposition of the fully ligated and unligated mouse AdSS. The shades 

of red / pink represent the unligated structure and the shades of blue the ligated 

structure(lLON) . The loops that undergo conformational changes on ligand binding 

are highlighted in darker shades. 

Table 6.2: Dynamic loops in AdSS 

Loops P falciparum Mouse E. coli 

Pre-switch loop 48-52 65-69 33-37 

Switch loop 53-66 70-83 40-53 

IMP loop 138-146 160-168 126-134 

Val loop 280-286 304-410 270-278 

Asp loop 306-312 330-336 298-304 

GTP loop 428-433 448-452 417-412 
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unsuccessful suggesting conformational heterogeneity in the absence of active site 

ligands, it is likely that similar structural changes occur in the P. falciparum enzyme 

also. In the following discussion on the dynamic loops in the synthetases, we 

follow the nomenclature proposed by Iancu et al.(2002a) for these loops (Table 6.2, 

Fig. 6.16). Extensive studies by the groups of Fromm and Honzatko have shown 

that almost all conformational changes are brought about by IMP binding, perhaps 

aided by anions in the GTP phosphate binding pocket (Hou etal, 2002, lnacu et al., 

2002a). In the plant enzymes, the complex with guanine nucleotides alone has a 

conformation similar to the IMP ligated structures (Prade et al., 2000). In contrast, 

guanine nucleotides alone cannot organise the active site in the case of the mouse 

and E. coli complexes, though GTP binding occurs in the absence of IMP (Poland 

et al., 1996b, Inacu et al., 2002a). 

In the present structure, all the loops are in their fully ligated conformations. 

The most pronounced conformational change between the unligated and ligated 

mouse and E. coli enzymes is in the Switch loop (Residues 53-66). This loop 

undergoes a displacement of around 9 A on ligand binding in the E. coli and 

mouse enzymes (Poland et al., 1996a, Inacu et al., 2002a). However, an overlap 

of this loop of PfAdSS complex against that of E. coli and mouse synthetases in 

their fully ligated conformations (lCGO and lLON; Fig. 6.5) results in an RMSD of 

0.99Aand 1.53A, respectively, implying an overall similarity of the switch loop in 

all the three AdSS. The orientations of the two catalytic residues, Asn51 and His54 

that form part of this loop are not different between the three structures. However, 

differences exist between the structures at the closed-end of this loop (Ser57 -Lys62). 

Superimposition of the fully ligated PfAdSS complex with similar complexes of 

mouse and E. coli shows that this loop is positioned further towards GDP in PfAdSS 

(Fig. 6.17). This inward movement is restricted to the closed end of the loop. As a 

consequence, residues at the closed end make hydrogen bonding interactions that are 

not seen in the other AdSS structures. The most prominent of these is the H-bonding 

between NZ of Lys62 and the ribose hydroxyls of GDP. The corresponding residues 

in mouse and E. coli, Glu79 and Lys49, respectively, do not come within H-bonding 

distance of GDP. This conformation of the Switch loop seems to be enforced by H-
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Figure 6.17: Superposition of PfAdSS (grey, 1P9B) and mouse AdSS {black, !LON) . 

The switch loop (residues 49-66), aspartate loop (residues 305-309) and GTP loop 

(residues 427-431) are shown. Numbering corresponds to PfAdSS. GTP and phosphoryl

IMP are shown in light grey, hadacidin in black and Mg2+ as a grey sphere. Dashed lines 

indicate H-bonds and the numbers indicate distance in A. 

bonds between residues (Ser57, Asp60) in this segment and residues in the GTP 

loop (Asn429), another dynamic element that responds to IMP binding in the other 

AdSS (Fig. 6.17). Taken together with the kinetic data (Chapter 4), this indicates 

that the binding of IMP triggers off a conformational change in the Switch loop as 

in all AdSS. However, in PfAdSS, the hydrogen bonding between the GTP loop 

and the Switch loop forces the latter further into the GTP binding site. This altered 

positioning ofthe Switch loop allows interaction ofLys62 with the ribose hydroxyls 

of GTP, permitting binding. Ordered binding is probably a consequence of the 

importance of this interaction for GTP binding. In the unligated mouse structures, 

the Switch loop adopts a conformation different from that seen in the unligated 

E. coli structure (Inacu et al. , 2001). This conformation is enforced by H- bonding 

with residues that in PfAdSS corresponds to a deletion of 4 residues compared to 

E. coli and mouse AdSS (Fig. 6.18). This region (97-106) in PfAdSS adopts a 

conformation that is different compared to the other two structures. This difference 

may alter the switching mechanism in response to IMP in PfAdSS. Absence of an 

unligated PfADSS structure prevents any conclusive inference on the role of these 

differences in organising the switch loop into the conformation observed here. 
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P. fal l00GGKL LD----RLYL110 

Mouse EKKG LKDWEKRLII 
E.coli EDRG IP-VRERLLL 

Figure 6.18: Sequence alignment showing 4 residue deletion in PfAdSS 

Interestingly, in structures of Arabidopsis thaliana and Triticum aestivum AdSS 

in complex with GDP, Thr in the Switch loop (corresponding to Lys62 of PfAdSS) 

interacts with the ribose hydroxyls. In the plant enzymes, incubation with GTP is 

required for obtaining stable activity and GDP alone is sufficient for organising the 

active site (Prade et al., 2000). 

GDP in the PfAdSS structure also H-bonds with Thr307, the corresponding 

residues in mouse and E. coli being Val331 and Ala299. This Thr is in the aspartate 

loop (Inacu et al., 2001) that gets ordered in response to aspartate in the other 

AdSS (Hou et al., 2002). Perhaps in PfAdSS, GTP binding brings about this loop 

movement. Hadacidin in the structure interacts with Thr307 and also co-ordinates 

Mg2+ . Since Mg2+ binding to the enzyme is thought to follow GTP binding, these 

two factors, together, could lead to the ordering of aspartate binding. 

6.4 Conclusion 

The structure of the fully ligated PfAdSS reported here is largely identical to the 

fully ligated structures reported for the mouse and E. coli enzymes. The differences 

observed in the kinetic behaviour of PfAdSS can be attributed to small structural 

variations seen in the GTP binding pocket. Residues in the Switch loop, which 

respond to IMP binding, have additional hydrogen bonding interactions with the 

ribose hydroxyls of GDP and also, with residues in the GTP loop. GDP also makes 

additional hydrogen bonds with Thr307 in the aspartate loop. These interactions 

may account for the ordered binding of substrates that is observed in PfAdSS. 

However, in the absence of unligated and partially ligated structures of PfAdSS, 

these inferences drawn from the available E. coli and mouse structures remain 

conjectural. The kinetic and structural data highlight the difficulty in extrapolating 

from structure to mechanism with subtle structural differences having significant 
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mechanistic implications. 

As only the salvage pathway is operative in P. falciparum , AdSS represents 

an important drug target. It is interesting to note that allopurinol ribonucleoside 

phosphate (ARP) is a substrate for L. donovonii AdSS (LdAdSS) and only a weak 

inhibitor of the mammalian basic isozyme (Spector et al., 1984 ). Succinylation of 

ARP by LdAdSS and subsequent incorporation into the parasite's nucleotide pool 

is responsiblse for the selective toxicity of this IMP analogue to the parasite. The 

structure of P. falciparum AdSS reported here opens up the possibility of exploiting 

differences in protein-ligand interactions between the parasite and host enzyme for 

species-specific inhibitor design. 
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Column calibration and mass spectrometry 

Calibration curves for gel filtration columns used in study 
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Figure A.l: Calibration curves for a)column 1 and Column 2 used in studies gel filtration 

analysis in chapters 3.4 and 5. Column runs were performed in 20 mM Tris HCI, pH 7.0, 

100 mM KCI. 

-Mass spectral analysis of wildtype PfAdss 

Wildtype PfAdSS was subjected to partial digestion by trypsin, the peptides 

obtained separated by reverse phase HPLC and their masses determined by elec

trospray ionization mass spectrometry. Fig. 3 shows the HPLC trace of the tryptic 

digest of AdSS. The mass profile of the section indicated by the arrow shows the 
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Figure A.2: LC-MS analysis of tryptic digests of wildtype PfAdSS. a) HPLC profile of 

the tryptic digest. b) m/z profile of the region marked by the arrow in the HPLC trace. 

Solid arrow shows the peak corresponding to an m/z value of 691. Top right inset shows 

the expected masses of the tryptic fragment containing (328 

presence of a peptide with an m/z ratio of 691, which could correspond to a peptide 

containing C328 if it were to be modified to a cysteine sulphenic acid. The expected 

masses of this peptide with and without an additional oxygen are shown as an inset 

to Fig. 2. It is indeed surprising that such a species representing a cysteine sulphenic 

acid is detected on mass spectrometry as sulphenic acids are highly unstable. They 

are readily oxidized to higher states or readily reduced in the presence of reducing 

agents like DTT to the free thiol. In fact, detection of these species which are quite 

often transient requires trapping as derivatives of molecules such as diamedione 

followed by mass spectrometry. 
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