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Abstract

Toxoplasma gondii is an intracellular protozoan parasite that has gained
considerable notoriety with the advent of the acquired immunodeficiency syndrome
(AIDS). Additionally, congenital toxoplasmosis is a major problem in the United States
and is the leading cause of neurological defects in infants, affecting about 1 in 1000 live
births. Therapy for toxoplasmosis is far from optimal, as the commonly used antifolate
combination of pyrimethamine-sulfadiazine can cause severe side effects, thereby
necessitating discontinuation of treatment and provoking the generation of drug-resistant
forms of the parasite. Thus, the need for new and more efficacious antitoxoplasmal agents
is acute.

The phosphoribosyltransferases have been touted as attractive targets for rational
inhibitor design. 7. gondii relies heavily on this class of enzymes for purine and
pyrimidine salvage suggesting that inhibitors of these enzymes may be potent anti-
toxoplasmotic drugs. A biochemically rational approach to inhibitor design requires an
intimate understanding of a protein. To this end, two phosphoribosyltransferases were
studied; the purine salvage enzyme hypoxanthine-guanine-xanthine
phosphoribosyltransferase (HGXPRT) and the pyrimidine salvage enzyme uracil
phosphoribosyltransferase (UPRT).

The HGXPRT in 7. gondii appears to be expressed as two separate isoforms which
arise from a single transcript and differ by an insertion of 49 amino acids in the N-terminus
of isoform II. The two isoforms were expressed in E. coli and purified by affinity
chromatography. It was found that both isoforms are expressed in Toxoplasma and that
these isoforms do not differ significantly in their kinetic properties or their intracellular
stability. Further studies in collaboration with Dr. David Roos and Dr. Robert Donald
indicate that the isoforms differ by their subcellular localization; isoform-I is cytosolic and

isoform II is targeted to the plasma membrane.



Biochemical studies led to the development of a high-yield purification scheme for
isoform-I which was used to generate large quantities of purified enzyme for further
mechanistic and structural analysis. K, ** values of 66 uM, 18 uM, 1.0 uM, and 1.7 uM
were determined for phosphorylribosepyrophosphate (PRPP), xanthine, guanine, and
hypoxanthine respectively. Mechanistic studies intimate that the enzyme follows a
compulsory ordered bi-bi mechanism in which PRPP binds first followed by the purine
base. The reaction traverses the transition state and pyrophosphate is released fdllowed by
the nucleoside monophosphate. These steps are accompanied by conformational changes:
An increase in hydrodynamic radius was observed upon binding of PRPP and a change in
the secondary structure accompanied the binding of the nucleoside monophosphate
product. The enzyme exists in a monomer-dimer equilibrium with a K, of 38 uM. Two
residues were studied by site-directed mutagenesis and found to be important in purine
binding: Phe-178 of the L. donovani HGPRT which participates in base stacking and Asp-
206 of the T. gondii HGXPRT which is involved in determining substrate specificity.
Three classes of inhibitors were also discovered. Substrate analogs such aé
8-azahypoxanthine, a mechanism-based inhibitor cycloPRPP, and two classes of structure-
based inhibitors. The inhibitors had K; values ranging from 700 nM to 400 M.

The UPRT enzyme exists as a monomer in solution and binds its substrates PRPP
and uracil with K A" values of 243 uM and 3.5 uM respectively. The enzyme is
responsible for the toxicity of 5-fluorouracil in Zoxoplasma and converts this analog
efficiently with a K; of 25 uM. Chemical modifications with phenylglyoxal and
tetranitromethane indicate that two residues types, tyrosyl and argininyl, are important for
UPRT catalysis. The enzyme is highly sensitive to oxygen due to numerous cysteine
residues. Chemical modification experiments determined that these residues are not vital
for catalysis. To stabilize the enzyme, the mutant C128V was generated by Erika Dahl.
This mutant behaves kinetically very similarly to the wild type protein but is more
resistant to oxidative inactivation. A high-yield expression and purification system was
developed and large quantities of C128V UPRT were generated for initial kinetic and

structural studies which are now underway.
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I. Introduction

1. Toxoplasma gondii, an overview

1.1. History

It is hypothesized that many billions of years ago the earth existed in a hot primordial
state in which volcanic eruptions, earthquakes, and acid rains stirred the “Haldane Soup”
which was to give rise to primitive life on this planet. The first progenitor cells which
developed were probably little more than microscopic sacs of catalysts surrounded by a film
or membrane to isolate them from their environment allowing for the creation of an internal
chemical environment semi-autonomous from its local surroundings. The primitive cells
slowly used up the supply of organic molecules which they had fermented in the early
oxygen depleted atmosphere of the earth, and photosynthesis was developed to create an
alternate method for energy production. The composition of free gases in the surroundings
changed to an oxidizing environment which favored the development of respiration and the
metabolism found in most eukaryotic cells [']. Early in this process life forms branched into
three major categories which compete with each other to this date: the Archeabacteria,
which are found in high temperature and high pressure environments and have distinct
metabolic pathways and ribosomal RNA sequences; the Eubacteria, which are characterized
by their lack of complex organellar structure and nuclei and contain many familiar bacteria
such as Escherichia coli, Mycobacterium tuberculosis, and Thermus aquaticus [*]; and the

Eukaryotes, organisms containing a true nucleus and complex organelles such as



mitochondria and a Golgi apparatus.

The evolution of Toxoplasma gondii has been complex and even today is not
completely understood. The presence of mitochondria together with the unique apicoplast
has led to theories implying that 7. gondii has undergone at least two lateral acquisitions of
genes by engulfing a prokaryote which degenerated into the mitochondrion, and the
incorporation of an algae-like cell which now presents itself as the apicoplast [*]. The
mitochondrion participates in cellular respiration to supply the cell with an energy source,
ATP, using an electron transport chain, while the function of the apicoplast remains elusive
in these cells. Current hypotheses about the function of the apicoplast include storage and
exchange of metabolites and a role in fatty acid metabolism similar to the role of the plastid
organelles in plants [*]. Phylogenetic analyses of genomic sequences of T. gondii place it in
the vicinity of the dinoflagellates while DNA sequences from the apicoplast have strong
similarities to those found in the plastid organelles from plant organisms such as Euglena.
Currently, Toxoplasma spp. have been placed in the order Apicomplexa with notorious

organisms such as Cryprosporidium, Plasmodium, Eimeria and the family Sarcocystidae.

(Figure 1).



Figure 1: Phylogenetic tree for Toxoplasma gondii

(5]
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1.2. Life cycle

T. gondii was discovered in 1908 by Nicolle and Manceaux in the plasma of
Ctenodactylus gondi, a gerbil-like animal which inhabits the North African desert. In 1923,
the first cases of congenital toxoplasmosis were reported by Janku, and the organism was
linked to this disease in 1939 by Wolf et al. Two years later, the “acquired form” of
toxoplasmosis was recognized by Pinkerton, Henderson, and independently by Sabin.
Fenkel ef al. discovered the sexual stage of 7. gondii and identified the organism as a
coccidian parasite in 1970 [*]. The research of these and many other people has led to the
model of the parasites life cycle as presented below. Protozoan parasites tend to have
complex life cycles with a variety of morphological forms characteristic of each stage.
Toxoplasma is no exception to this rule and has a variety of life-cycle stages as it passes
from one host to another (Figure 2). Unlike many protozoan parasites, 7. gondii does not
utilize an insect vector for transmission from one host to another. The sexual stage of T,
gondii initiates within the intestines of felines which are therefore considered the definitive
host of Toxoplasma. When a cat ingests pseudocysts residing in the flesh and brain of
infected animals, the pseudocyst walls are dissolved in the gut and the bradyzoite form of 7.
gondii emerges. These organisms infect gut epithelial cells and transform into merozoites
which divide numerous times before rupturing the host cells and entering the feline intestinal
lumen. Some of these merozoites perpetuate this cycle by infecting other intestinal epithelial
cells while others transform into gametocytes which fuse to form oocysts. The oocysts are
passed out with the stool and can remain viable outside the host for many months. These

oocysts infect their next host by a fecal-oral route.



Figure 2: Life cycle of Toxoplasma gondii !

t Figure from Katz M, Despommier DD, and Gwadz RW, Parasitic Diseases Second
Edition Springer-Verlag (1988).
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Within the gastrointestinal tract, the wall of the oocyst is digested by the prospective
host, and the parasite is released into the lumen of the gut where they penetrate the intestinal
wall and are rapidly distributed throughout the body by circulating macrophages. These
intracellular organisms are referred to as tachyzoites. Tachyzoites spread throughout the
body and infect virtually every cell type they encounter. Proliferation of the parasite is soon
checked by the immune system in immunocompetent hosts. Most of the tachyzoites are
cleared by activated macrophages and the parasite lies dormant in the form of pseudocysts
ready to reemerge should the host become immunocompromised or eaten by another host.

The life-cycle is completed when a cat ingests pseudocysts from an infected animal.

1.3. Cell culture and biology

T. gondii tachyzoites can easily be cultured axenically. The RH-strain of
Toxoplasma, the most commonly used laboratory strain, is usually grown at 37°C on human
foreskin fibroblasts (HFFs), as these cells form a single monolayer with strong contact
inhibition. The cultures are placed in a humidified CO, incubator in modified Eagle’s
medium with 1% heat-inactivated fetal bovine serum. Under these conditions, the
tachyzoites divide in a parasitophorous vacuole by synchronous binary fission, doubling
every 5-7 hours, and eventually lysing the cell monolayer. Released parasites remain viable
with a half-life of about 10 hours. Cells grown in this manner can be purified on a cellulose
column or by filtration through a polycarbonate filter with =3um pore size [¢]. RH
tachyzoites cultured in this manner are highly virulent and can be used for infectivity studies

in mice.



The ultrastructure of a tachyzoite is depicted in Figure 3. Toxoplasma exhibits a
polarized morphology with the apical complex on the anterior side and polar posterior rings.
The cell structure is maintained by a tubulin cytoskeleton consisting of 22 microtubules
extending from the apical complex to the posterior end. The organelles in the anterior end
are postulated to function in invasion into the host cell. Motility of the parasite is achieved
by actin and myosin motors [’].

The parasite contains at least three genomes: the apicoplast DNA, a mitochondrial
genome of about 36 kb [*], and the nuclear genome. Toxoplasma is a haploid organism
during most of its life cycle and organizes its nuclear genome on at least 8 chromosomes
which range from 2 to >10 million base pairs. The total genome size 1s estimated to be 8 x
107 bp with a GC content of 55% [*]. Not much is known about transcription and translation
in Toxoplasma. The RNA polymerase enzymes of 7. gondii have not been well characterized
and of translation little is known other than its susceptibility to cycloheximide ['*] and a 5'

translation initiation consensus site which has been defined as [gNCAAa ATG g] ['].

1.4. Pathogenesis of Toxoplasmosis

T. gondii infections can be acquired by numerous routes. Probably the most common
mechanism of transmission is by the ingestion of pseudocysts in raw, undercooked meat or
eggs. Household cats are also a risk factor although excreted oocysts are not infective for 2
to 3 weeks. Laboratory infections and transmission through municipal water supplies have
also been reported ['2!%]. The parasite is distributed throughout the world and is implicated

in congenital and clinical pathogenesis ['].



Figure 3. Tachyzoite ultrastructure?

2z Figure adapted from McLeod R., Mack, D., Brown, C. Toxoplasma gondii - New
Advances in Cellular and Molecular Biology Experimental Parasitology 72:109-121. (1991).
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There are two major clinical presentations of toxoplasmosis, a congenital form which
is transmitted from a sero-negative mother to the developing infant if the mother is infected
during pregnancy and an acquired form which results from recrudescence of dormant
parasites in immunocompromised patients and has recently gained much attention with the
advent of the acquired immunodeficiency syndrome (AIDS) ['*'*]. The congenital form of
toxoplasmosis accounts for about 3,000 incidents per year in the United States alone ['7].
Affected infants suffer from loss of vision and hearing and acute mental retardation arising
from neurological deformities induced by a persistent parasitemia, which interferes with
normal development. Treatment options include folate antagonist combinations such as
pyrimethamine (1 mg/kg) and sulfadiazine (100 mg/kg). Adverse effects from the folate
antagonists include headaches, anemia, and gastrointestinal distress. Alternatively,
macrolide antibiotics can be prescribed for the treatment of congenital toxoplasmosis.
Spiramycin (100 mg/kg) and clindamycin (300 mg/kg) are members of this class of drugs
and have been shown to be equally effective against Toxoplasma as the antifolates. Drug
toxicity here includes colitis, diarrhea and nausea ['%].

Acquired toxoplasmosis has long been a problem in immunocompromised
individuals, but only recently has this disease gained much attention as an AIDS
opportunistic pathogen. It is the most common opportunistic infection of the nervous system
in AIDS patients and is found in up to 40% of all AIDS cases ['°]. Clinical toxoplasmosis is
associated with headaches, confusion and fever and is invariably fatal if left untreated.

Diagnosis is confirmed by characteristic focal brain lesions caused by nests of parasites in
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the nervous system or by an immunofluorescence assay which screens for antitoxoplasma
IgG in patients sera. Neither of these methods is conclusive however as up to 22% of the
patients with clinical toxoplasmosis show no antitoxoplasma IgG [*] and brain lesions in
AIDS patients can also stem from microsporidium infections [*!']. Treatment options for
clinical toxoplasmosis are similar to those in the congenital form, although generally much
higher doses are prescribed with 4g sulfadiazine / 75 mg pyrimethamine per day or up to 4.3
g of clindamycin per day [**]. The efficacy of these treatment regimens is high and
improvement is seen in 90% of the treated patients within 14 days. However, drug toxicity is
very high and adverse reactions are seen in 65% of all patients treated [**]. Clearly better,
more specific medications need to be discovered as the high rates of drug toxicity often lead
to discontinuation of therapy and thus resistant parasites may be developing.

The significance of congenital toxoplasmosis worldwide can be estimated from the
fact that 17.5% to 52.3 % of all women with abnormal pregnancies and abortions are
seropositive for Toxoplasma compared to 7% to 51.3% for pregnant women without
morbidity during pregnancy [*]. The continuous spreading of the human immunodeficiency
virus (HIV) and the large number of congenital infections worldwide make it imperative that
T. gondii should be studied to develop new and more effective treatment regimens.

The targets for the antifolate drugs are well defined. Pyrimethamine (Figure 4) acts
on the dihyrofolate reductase moiety of the bifunctional dihydrofolate reductase -
thymidylate synthase enzyme (DHFR-TS). The 7. gondii DHFR-TS has been cloned [*] and
biochemically characterized [*]. It is a 610 amino acid polypeptide with a molecular mass of

69 kD which catalyzes both the formation of thymidylate and the NADPH-dependent
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reduction of dihydrofolate to tetrahydrofolate. Pyrimethamine competes with dihydrofolate
for binding to the active site of the DHFR moiety of this protein to which it binds with a K;
in the low nanomolar range and thus inhibits folate metabolism. Sulfadiazine (Figure 4) acts
by inhibiting the dihydropteroate synthetase (DHPS) function of 7. gondii which is also
found on a bifunctional protein in the parasite, the hydroxymethyldihydropterin
pyrophosphokinase-dihydropteroate synthase. This enzyme has recently been cloned and
characterized by T. V. Pashley et al. [*"] and is a 664 amino acid protein with a predicted
molecular weight of 72 kD.

The mode of action of the macrolide antibiotics such as clindamycin (Figure 4) and
spiromycin is not yet understood. This class of drugs has been postulated to inhibit protein
synthesis. However, ribosomal sequence alignments would predict that the nuclear derived
ribosomes should be resistant to macrolide antibiotics and protein labeling studies have
shown that protein synthesis ir vitro is virtually normal in parasites treated with these
antibiotics [**]. The unconventional kinetics of parasite killing [*] and sequence alignments
of apicoplast derived ribosomal subunits would indicate that the true target for this class of
drugs is protein synthesis inside the apicoplast, an organelle which is not well understood to

date.



Figure 4: Commonly used drugs for toxoplasmosis



Clindamycin:
Ci

/‘*/ N
HU/ oH

7-chloro-6,7,8-trideoxy-6-( 1-methyl-trans-4-propyl-L-2-pyrrolidinecarboxamido)- 1 -thio-L-threo-a-D-galacto-octopyranoside

[C,1sH;:CIN,O,S]; M.W. = 424.98 g/mol

Sulfadiazine:

0
HN—F!—D
B
/
4-amino-N-2-pyrimidinyl-sulfadiazine NHy
[C1oH oN,0,S); M.W. = 250.27 g/mol
Pyrimethamine:
HoN
N

5-(p-chlorophenyl)-6-¢thyl-2,4-diaminopyrimidine
[C\.H,;CIN,]; M.W. = 248.71 g/mol



13

1.5. Purine and Pyrimidine Metabolism in 7. gondii

1.5.1. Purine Metabolism

There are two major branches in purine biochemistry, the de novo synthesis of
purines and the salvage and recycling of purine bases. Synthesis of purines begins with 5-
phosphorylribose-1-pyrophosphate (PRPP) and ends with the formation of inosine
monophosphate (IMP). This is an expensive process for a cell in that it requires ten enzymes
and the use of numerous ATP and folate molecules [*°]. Thus, it is not surprising that
parasites which have been driven by evolutionary forces to streamline their genome have
often lost the genes required for the de novo biosynthesis of purines. This is particularly true
for the parasitic protozoans and all of the known organisms in this group cannot generate the
purine ring de novo and are completely reliant on a functioning purine salvage pathway to
generate adenylate and guanylate nucleotides [*']. Nucleotide formation by the salvage
pathways occurs by three major routes: Phosphoribosyltransfer of the 5-phosphorylribose
moiety of PRPP to preformed purine bases; Transfer of phosphate to nucleosides by
nucleoside kinases, and the sequential action of purine nucleoside phosphorylases or
hydrolases, yielding purine bases from purine nucleosides and phosphoribosyltransferases
which then take the purine bases to the nucleotide level. Toxoplasma gondii cannot perform
de novo synthesis of purines and relies on two major enzymes for purine salvage, the

adenosine kinase (AK) and the hypoxanthine-xanthine-guanine phosphoribosyltransferase
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(HGXPRT) [*?]. Purine salvage must occur with the HGXPRT and AK synthesizing
nucleotides followed by the actions of inosinate-monophosphate dehydrogenase (IMPDH)
and guanosine monophosphate synthase (GMP synthase) to yield guanylate nucleotides; and
the actions of either AK directly or adenylosuccinate synthase and adenylosuccinate lyase
acting on IMP (Figure 5) to yield adenylate nucleotides [**]. Purine metabolism in
Toxoplasma therefore relies heavily on these two enzymes which makes these pathways
ideal targets for rational inhibitor design as inhibiting one of these enzymes should reduce
the parasite’s viability and without either of these protein functioning the organism should
die. Indeed, no one to date has been able to create double knock outs in both of the genes for
AK and HGXPRT [**], although each one can be deleted quite easily to yield the single
knock-out.
1.5.2. Pyrimidine Metabolism

Unlike the purine metabolic pathways, the pyrimidine pathway has not been
extensively characterized in Toxoplasma. Early studies noted that the parasite will
incorporate radiolabeled precursors into pyrimidine nucleotides [**], and the existence of de
novo pyrimidine synthesis is well established for 7. gondii. In addition to the de novo
synthesis, the parasite can perform pyrimidine salvage and is able to phosphoribosylate
uracil using the enzyme uracil phosphoribosyltransferase (Figure 6) [***7]. This activity is
unique to the parasite and can be exploited by targeted subversive substrates such as 5-
fluorouracil which is part of the therapeutic regimen for clinical toxoplasmosis [*] and has
been shown to specifically target UPRT in the parasite, as uprt parasites are resistant to the

drug [*’].



Figure 5: Purine metabolism in 7. gondii
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Figure 6: Pyrimidine metabolism in T. gondii
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2. Phosphoribosyltransferases

Phosphoribosyltransferases (PRTs) are a group of proteins which catalyze the
transfer of the phosphoribosyl group of 5-phosphorylribose-1-pyrophosphate (PRPP) to
other organic molecules. This reaction is dependent on a divalent cation and results in the
release of pyrophosphate [*].
2.1. Phosphoribosyltransferases in metabolism

In metabolism, these enzymes are involved in numerous pathways [*'] including
amino acid, nucleotide, and cofactor biosynthesis (Table 1), however for the scope of this

thesis, I will focus on the purine/pyrimidine PRTs.

Table 1. PRTs and their functions
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Enzyme name E.C. number Metabolic pathway
adenine PRT 2427 purine salvage / recycling
hypoxanthine PRT 24238 purine salvage / recycling
uracil PRT 2429 pyrimidine salvage / recycling
orotate PRT 2.42.10 pyrimidine biosynthesis
nicotinate PRT 24211 biosynthesis of NAD
nicotinamide PRT 24.2.12 biosynthesis of NAD
amido PRT 24.2.14 biosynthesis of purines
ATP PRT 24217 biosynthesis of histidine
anthranilate PRT 24218 biosynthesis of tryptophan
quinolinic acid PRT 2.4.2.19 biosynthesis of NAD
dioxotetrahydropyrimidine PRT 2.4.2.20 biosynthesis / salvage of pyrimidines
nicotinate mononucleotide-5,6- 24221 biosynthesis of cobalamin
dimethylbenzimidazole PRT
guanine xanthine PRT 24222 purine salvage / recycling
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A number of purine aﬁd pyrimidine PRT enzymes have been identified to date. The
purine PRTs function within the cell to either scavenge or recycle intracellular purine bases
and form purine nucleoside-monophosphates (NMPs). IMP and XMP are further processed
to either GMP or AMP. GMP or AMP is then converted by phosphokinases to form the
nucleoside triphosphates (NTP). The NTPs can then be used in the cell as a source of
energy; as building blocks of ribonucleic acid (RNA) and deoxyribonucleic acid (DNA); and
in cellular signaling mechanisms. These functions of PRTs are key to the survival of
protozoan parasites as these are completely reliant on PRTs for the formation of these
important purine nucleotides, while mammals and most higher eukaryotes can form their
own adenylate and guanylate nucleotides de novo. The central role of PRTs in protozoan
survival may be reflected in the fact that these parasites have evolved an additional xanthine
PRT enzyme which mammals lack and can thus metabolize xanthine directly to the
nucleotide level. Similarly, the pyrimidine PRTs form vital precursors for RNA and DNA
synthesis. However, the purine ring is synthesized directly on the ribose sﬁgar and no purine
PRT functions in the de novo biosynthesis of purines * . In contrast, the pyrimidine ring is
synthesized alone and the OPRT enzyme attaches this ring to the ribose-monophosphate.
Thus, of the two pyrimidine PRTs, the uracil PRT, which is present in protozoa but not
found in humans, recycles and scavenges a pyrimidine, while the OPRT catalyzes a step in

the de novo biosynthesis of pyrimidines [*].

3 However there is a PRT in the first<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>