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Introduction

Cryptosporidium parvum is a unicellular parasite that can cause severe diarrhea in humans
and animals. Based on host specificity, C. parvum used to be separated into two types: Type I
isolates were primarily transmitted among humans, while Type II isolates were zoonotic. In 2002,
Type I C. parvum was renamed to C. hominis. In addition to C. parvum and C. hominis, at least 12
other Cryptosporidium species have been generally accepted as valid species that infect a wide range
of animals, including mammals, birds, fishes, reptiles and amphibians. In domestic animals,
cryptosporidiosis may cause death or severely affect the growth and development in calves and foals.
In humans, this parasite can cause prolonged, life threatening infection in immunocompromized
individuals. Therefore, C. parvum and C. hominis are also a significant opportunistic pathogen in
AIDS patients. Also because the environmental oocysts are highly resistant to almost all
disinfectants used in community and recreational waters, Cryptosporidium is a significant water- and
food-borne pathogen.

Cryptosporidium parvum belongs to the Phylum Apicomplexa, in which all the members are

parasites and many of them are of medical or veterinary importance (e.g., Plasmodium [malaria],



Toxoplasma [toxoplasmosis], Babesia [Babesiosis] and Eimeria [coccidiosis]). Like other coccidia,
the life cycle of C. parvum consists of at least three distinct developmental stages: sporogony to
produce infectious sporozoites within oocysts; two generations of intracellular merogony to form
eight and four merozoites; and sexual gametogony to form micro- and macro-gametes that fuse to
become zygotes. Zygotes will develop into immature oocysts, which in turn undergo a next
generation of sporogony that produces infectious oocysts before releasing into the host digestive guts.
All apicomplexan life stages except for the short-lasting zygotes are haploid. Both sporogony and
merogony are types of cell multiplication differing from host somatic cell duplication.

Although globally important, effective treatments are limited in both human and animal
cryptosporidiosis. Currently, only a single drug (i.e., nitazoxanide [NTZ]) has been approved for
treating cryptosporidiosis in the United States, Central and South America. The slow drug
development in treating cryptosporidiosis is mainly caused by the author’s limited understanding of
basic metabolism in C. parvum, which in turn is largely due to the technical difficulties in obtaining
a large quantity of pure parasite material for molecular and biochemical studies, and to the lack of
genetic transfection systems. Current knowledge on the metabolism of Cryptosporidium is largely
acquired by gene discovery and more recently, the analysis of gene compositions based on complete
genome sequences. This parasite has a compact genome (~ 10.5 megabases) that constitutes a highly
streamlined metabolism. Many important pathways present in other apicomplexans are missing in
Cryptosporidium. For example, C. parvum lacks an apicoplast and associated metabolic pathways,
including type II fatty acid synthase (FAS) and iospropynoid synthesis. This parasite may contain a
highly degenerated mitochondrion based on the presence of a number of mitochondrial-specific
genes (e.g., heat shock protein 70 [hsp70], ferredoxin [fdx], alternative oxidase [AOX], and the
headpiece of the F-ATPase alpha-subunit. However, it lacks Krebs cycle and cytochrome-based
respiration. It has lost almost all de novo biosynthetic capacity, including these for amino acid,
nucleosides, and fatty acids. Instead, it apparently scavenges nutrients from the host using a highly
expanded set of transporters, such as those for sugars and amino acids.

All these molecular and biological features make Cryptosporidium unique among
apicomplexans. Indeed, recent molecular phylogenetic reconstructions have consistently placed the
Cryptosporidium genus at the base of the Apicomplexa, or even as a sister to the gregarines (a Class
of parasites of invertebrates), which is in contrast to the conventional taxonomy that considers
Cryptosporidium as a sister to the Coccidia. As mentioned above, C. parvum is also divergent from
other apicomplexans at both molecular and biochemical levels. Therefore, one cannot simply learn
or deduce the fundamental biology of Cryptosporidium species from the knowledge generated on
other model apicomplexans (e.g., Toxoplasma and Plasmodium). It is necessary to thoroughly
investigate its own molecular biology and biochemistry of Cryptosporidium in order to gain insight

into the fundamental biology of this parasite.



Recently, several important metabolic pathways in C. parvum have been more extensively
investigated in the authors’ laboratory, such as the fatty acid biosynthesis, glycolysis, DNA replication
and transcription. The ultimate goal for studying the metabolism in C. parvum is to truly understand
the fundamental biology of this parasite and build a solid ground for the development of drugs and/or
means to control or treat cryptosporidiosis in humans and animals. Therefore, this dissertation will
cover the studies ranging from the molecular and biochemical analysis of distinct parasite genes and
proteins to the development of improved molecular assays for the drug testing against C. parvum in

vitro.

Chapter 1: Functional Characterization of an Evolutionarily Distinct Phosphopantetheinyl
Transferase in the Apicomplexan, Cryptosporidium parvum

Recently, two types of fatty acid synthases (FASs) have been discovered from
apicomplexan parasites. Although significant progress has been made in characterizing
these apicomplexan FASs, virtually nothing was previously known about the activation
and regulation of these enzymes. In this study, we report the discovery and
characterization of two distinct types of phosphopantetheinyl transferase (PPTase) that
are responsible for synthesizing holo-acyl carrier protein (ACP) from three
apicomplexan parasites: surfactin production element (SFP)-type in Cryptosporidium
parvum (CpSFP-PPT), holo-ACP synthase (ACPS)-type in Plasmodium falciparum
(PfACPS-PPT), and both SFP and ACPS types in Tbxoplasma gondii (TgSFP-PPT and
TgACPS-PPT). CpSFP-PPT and TgSFP-PPT are monofunctional, cytosolic, and
phylogenetically related to animal PPTases. However, PFACPS-PPT and TgACPS-PPT
are bifunctional (fused with a metal-dependent hydrolase), likely targeted to the
apicoplast, and more closely related to proteobacterial PPTases.

The function of apicomplexan PPTases has been confirmed by detailed
functional analysis using recombinant CpSFP-PPT expressed from an artificially
synthesized gene with codon usage optimized for Escherichia coll. The recombinant
CpSFP-PPT was able to activate the ACP domains from the C. parvum Type 1 FAS in
vitro using either CoA or acetyl-CoA as a substrate, or in vivo when co-expressed in
bacteria, with kinetic characteristics typical of PPTases. These observations suggest
that the two types of fatty acid synthases in the Apicomplexa are activated and

regulated by two evolutionarily distinct PPTases.

Chapter 2: Intron-containing P-Tubulin Transcripts in Cryptosporidium parvum Cultured in
vitro

The genome of Cryptosporidium parvum contains a relatively small number of introns,



which includes the B-tubulin gene with only a single intron. Recently, we observed that the intron
was not removed from some of the f—tubulin transcripts in the late life cycle stages cultured in vitro.
Although normally spliced B-tubulin mRNA were detected in all parasite intracellular stages by
RT-PCR (e.g., HCT-8 or Caco-2 cells infected with C. parvum for 12 to 72 hr), at 48 — 72 hr post
infection unprocessed B-tubulin transcripts containing intact introns started to appear in parasite
mRNA within infected host cells. The intron-containing transcripts could be detected by
fluorescence in situ hybridization using an intron-specific probe.

The intron-containing B-tubulin transcripts appeared unique to the in vitro cultured C.
parvum, since they were not detected in parasite-infected calves at 72 hr. It is yet unclear whether the
late life cycle stages of C. parvum are partially deficient in intron-splicing, or the intron-splicing
processes have merely slowed, both of which would allow the detection of intron-containing
transcripts. Another possible explanation is that the decay in transcript processing might be simply
due to the onset of parasite death. Nonetheless, the appearance of intron-containing transcripts
coincides with the arrest of C. parvum development in vitro. This unusual observation prompts us to
speculate that the abnormal intron-splicing of P-tubulin transcripts may be one of the factors
preventing complete development of this parasite in vitro. Furthermore, the presence of both
processed and unprocessed introns in B—tubulin transcripts in vitro may provide a venue for studying

overall mechanisms for intron-splicing in this parasite.

Chapter 3: Application of Quantitative Real-Time Reverse Transcriptase-Polymerase Chain
Reaction (qQRT-PCR) in Assessing Drug Efficacy Against the Intracellular Pathogen
Cryptosporidium parvum in vitro

We report here a quantitative real-time RT-PCR (qRT-PCR) assay for assessing drug
efficacy against the intracellular pathogen, Cryptosporidium parvum. The qRT-PCR assay detects
18S rRNA transcripts from both parasites (Crppigs)) and host cells (Crmigsy), and evaluates the
relative expression between parasite and host rRNA levels (i.e., ACt= Crppigsy - Crpmigsy) to minimize
experimental and operational errors. The choice of QqRT-PCR over qPCR in this study is based on the
observations that: 1) the relationship between the logarithm of infected parasites (log[P]) and the
normalized relative level of RNA (AACr) is linear with a 4-fold dynamic range using qRT-PCR, but
sigmoidal (non-linear) using qPCR; and 2) the level of RNA represents that of live parasites better
than that of DNA, because the decay of RNA (99% in ~3 hr) in dead parasites is faster than that of

DNA (99% in ~24 - 48 hr) under in vitro conditions.

The reliability of the qRT-PCR method was validated by testing the efficacy of nitazoxanide
and paromomycin on the development of two strains of C. parvum (IOWA and KSU-1) in HCT-8
cells in vitro. Both compounds displayed dose-dependent inhibitions. The observed MICsq values for

nitazoxanide and paromomycin were 0.30 - 0.45 pg/ml and 89.7 - 119.0 pg/ml, respectively,



comparable to the previously reported values. Using the qRT-PCR assay, we have also observed that
pyrazole could inhibit C. parvum development in vitro (MICs, = 15.8 mM), suggesting that the

recently discovered Cryptosporidium alcohol dehydrogenases may be explored as new drug targets.

Conclusions

Although Cryptosporidium genus has been traditionally considered as a sister to the Class
Coccidia, the present molecular and metabolic data indicate that this genus is highly divergent from
other apicomplexans. This notion is also supported by a number of recent molecular phylogenetic
reconstructions that have consistently placed Cryptosporidium at the base of the Apicomplexa.

Cryptosporidium possesses an SFP-type PPTase (CpSFP-PPT) that is responsible for
activating the ACP domains in the multifunctional Type I CpFAS1 and CpPKS1. However, this
parasite lacks an ACPS-type PPTase and Type II FAS that are present in Toxoplasma and Plasmodium.
Recombinant CpSFP-PPT is able to activate recombinant ACP domains from CpFAS1 in vitro or in
vivo when co-expressed in bacteria, with enzymatic kinetics characteristic to other characterized
PPTases.

In vitro cultivated C. parvum may have a deficiency in intron-splicing (at least for the
B-tubulin gene), which may be partially associated with the difficulties to complete the entire parasite
life cycle under in vitro conditions. It may also provide a potential tool for dissecting the mechanism of
intron-splicing in this parasite.

The present qRT-PCR is an improved method for evaluating the efficacies of drugs against C.
parvum in vitro. It is a good alternative to the conventional methods and may be developed into

high-throughput screening of compounds against C. parvum in vitro.
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