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Abstract
Project Code: BRG4580020
Project Title: Biochemistry and Molecular Biology of Pyrimidine Biosynthesis in Human
Malaria Parasite Plasmodium falciparum
Investigator: Professor Dr. Jerapan Krungkrai
Department of Biochemistry, Faculty of Medicine, Chulalongkorn University
E-mail Address: fmedjkk@md2.md.ac.th
Project Period: 15 August 2002 — 14 August 2005
Project Description:

Malaria remains one of the world’s major public health problems with 500 million
infected patients annually. Plasmodium falciparum, the etiologic agent of the most lethal and
severe form, is responsible for 1.5-2.7 million deaths per year. Chemotherapy of malaria is
available but it is complicated both drug toxicity and widespread drug resistance. The need
for more efficacious and less toxic agents, particularly rational drugs that exploit pathways
and targets unique to the parasite, is therefore acute. The project is performed to better
understanding in biochemistry and molecular biology of the de novo pyrimidine biosynthetic
pathway in human malaria parasite with the goal of illuminating new chemotherapeutic
targets for drug development. Since the parasite depends on the de novo biosynthetic
pathway for pyrimidines, precursors for DNA and RNA. Thus, inhibitors of the malarial
pathway could be effective antimalarial agents.

We have exploited the unique metabolic features of P. falciparum by identification
and characterization of two enzymes and their genes of the pyrimidine pathway, orotate
phosphoribosyltransferase (OPRT) and orotidylate decarboxylase (OMPDC), in asexual stage
of the human parasite taken from in vitro culture. They are then purified and found to be an
multienzyme complex. This is the first evidence to illustrate the malarial enzymes OPRT and
OMPDC behaving the enzyme complex formation, which is not found in the analogous
enzymes of other organisms so far studied. The physical and kinetic properties are well
characterized. Molecular masses of both enzymes are determined and similar to their
expected sizes in the malarial genome database. Some types of compounds are found to be
inhibitors of the enzymes.

We have cloned the full-length open reading frame of both genes in P. falciparum,
including gene isolation, sequencing and characterization. The cloned genes are functionally
expressed as soluble proteins in a bacterial Escherichia coli. The recombinant proteins are

then purified and found to have high catalytic efficiency. Detailed analyses on kinetic,



catalytic and inhibitory properties, and the in vitro re-association of both recombinant
enzymes are then performed. The enzyme complex formation can occur and both enzymes
in the complex show more both catalytic efficiency and sensitive to the inhibitors than the
individual enzyme. They also have similar kinetic properties to those of the multienzyme
complex purified directly from the parasite. The kinetic behaviors of the complex formation
are as follows: 1) the monofunctional enzyme forms dimer; 2) the individual dimeric enzyme
associates into a heteroterameric complex. Furthermore, their inhibitors have antimalarial
activity on the in vitro growth of the human parasite.

Our results of the project suggest that: 1) the enzymes have unique properties as
they may be a borderline between prokaryotes and eukaryotes, 2) they may play role in
regulation of the pyrimidine pathway, 3) they are vital for the parasite survival, and 4) they

may represent a putative chemotherapeutic target for drug development.

The outputs of the 3-year funding project are as follows:

1.There are 4 publications in international journals, these include: 1. Biochemistry
2005, impact factor = 4.008; 2. Biochem Biophys Res Commun 2004, impact factor = 2.904;
3. Mol Biochem Parasitol 2004, impact factor = 2.803; 4. SE Asian J Trop Med Public Health
2003.

2. There are 3 invited presentation and lecture, these include: 1. International
Tropical Medicine Meeting 2002; 2. Florence University 2003; 3. International Conference on

the Carbonic Anhydrases 2003.

Keywords: Malaria, Plasmodium falciparum, Pyrimidine, Orotate phosphoribosyltransferase,

Orotidylate decarboxylase



Project Description

1.Introduction and Rationale

Malaria remains one of the world’s major public health problems. Nearly half the
world’s population lives in tropical and subtropical areas where malarial parasites are
endemic, and 500 million people worldwide are afflicted with the disease annually.
Plasmodium falciparum, the etiologic agent of the most lethal and severe form of the four
malarial species that infect humans, is responsible for 1.5-2.7 million deaths per year. P.
falciparum is an obligate intracellular protozoan parasite that undergoes a number of
developmental stages in the human host and multiplies asexually in the red blood cell to
effect its clinical symptoms and lethal outcome. Chemotherapy of malaria is available but
it is complicated both drug toxicity and widespread drug resistance. The need for more
efficacious and less toxic agents, particularly rational drugs that exploit pathways and
targets unique to the parasite, is therefore acute. The project supported from TRF
(August 2002- August 2005) is intended to add to our basic and better understanding of a
molecular and biochemical pathway of P. falciparum with the goal of illuminating new
chemotherapeutic targets.

A dramatic metabolic discrepancy between P. falciparum and the human host
involves pyrimidine metabolism. The pyrimidine biosynthetic pathway of Plasmodium sp. is
clearly important for chemotherapeutic drug development given that, the malaria parasites,
unlike their hosts, are unable to salvage pyrimidine bases and nucleosides (Scheibel
1988; Sherman 1979). The malarial parasite is dependent on the de novo biosynthetic
pathway for its pyrimidine precursors (Figure1)(Gero et al. 1981, 1984; Gero and
O’Sullivan 1990; Gutteridge et al. 1979; Krungkrai 1993, 1995; Krungkrai et al. 1990,
1991,1992; Rathod and Reyes 1983; Reyes et al. 1982). Thus, inhibitors of the malarial
pathway could be effective antimalarial agents, as the infected patient could still
synthesize their pyrimidine nucleotides from salvage pathways via uridine, thymidine, and
cytidine nucleosides.

In the project supported from the TRF, we have exploited the unique metabolic
features of P. falciparum by molecular and biochemical identification and characterization
of the genes and enzymes of the pyrimidine pathway, especially the last two enzymes:
orotate phosphoribosyltransferase (OPRT) and orotidylate decarboxylase (OMPDC) (see

Figure 1 in a block diagram).
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Figure 1. A proposed pyrimidine biosynthetic pathway in human malaria parasite(Krungkrai 2000).
The first 6 enzymes of the de novo pyrimidine pathway are shown in the grey box (solid line). Genes
encoding these enzymes are identified and characterized, as shown in this funding project (Krungkrai
et al. 2003). The very low activity of the salvage pathway, shown by broken line, is also present in the
parasite, as demonstrated in this funding project (Krungkrai ef al. 2003). The human host contains both
de novo and salvage pathways for pyrimidine requirement in the nucleotide metabolism and DNA &
RNA synthesis. Detailed characterization, e.g., purification, cloning, expression, of the last two
enzymes OPRT (OPRTase) and OMPDC (ODCase) are performed in this funding project (Krungkrai et
al. 2004a, 2004b, 2005).

The pyrimidine biosynthetic pathway represents one of the oldest metabolic
pathways, and the first six sequential steps from ATP, HCO,, and GIn, leading to the
production of UMP, have remained intact throughout evolution, although the primary
structures of the enzymes deviate significantly among prokaryotes, parasitic protozoa,

fungi, and animals, including human (Gao et al. 1999). In prokaryotes, the pyr genes
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have been reported that they are both scattered (in many bacterial species and E.coli)
(O’Donovan and Neuhard, 1970), and cluster as an operon on a 12.5 kb of the Bacillus
subtilis chromosomal DNA, resulting in polycistronic transcription from a defined promoter
(Quinn et al. 1991). As for the localization of human pyr genes (pyr1, pyr2, pyr3, pyr4,
pyr5, pyr6 encoding CPSII, ATC, DHO, DHOD, OPRT and OMPDC, respectively), the
pyr1-3-2, pyr4 and pyr5-6 are reported to localize on different chromosomes, 2p22-21,
16922, and 3q13, respectively (Database accession number: MIM:114010, MIM:274270,
and MIM:258900). Conceptually, operons, the genes are co-transcribed from an upstream
promoter with the results of polycistronic mRNA, are most commonly found in eubacteria
and archaebacteria, the most well known probably being the Jlac operon of E. coli.
Eukaryotes, on the other hand, produce monocistronic mMRNA under the control of an
individual 5’ promoter. There are some exceptions to this rule, in trypanosomatids and
malarial parasites (Carlton et al. 1999), which produce polycistronic mMRNA of multiple
genes from a single promoter. For pyr genes of the first six enzymes of the pyrimidine
pathway, Trypanosoma cruzi has recently reported that the pyr genes are organized as
operon-like cluster or synteny (Gao et al. 1999), as similar to that of the B. subtilis genes
(Quinn et al. 1991). This prompts us to investigate molecular organization of the first six
pyr genes in P. falciparum by using bioinformatics and the malarial genome database.
The information obtained from the pyr genes works will provide an understanding of the

gene regulation in human malarial parasite.

2. Objectives

In the funding project, we have performed three main objectives to achieve
ultimate goals as follows:
2.1.Characterization of molecular organization of the genes encoding the first six enzymes
of the de novo pyrimidine biosynthetic pathway
2.2.Identification of a salvage pathway for the pyrimidine nucleotide biosynthesis
2.3.Functional and biochemical analysis of the last two enzymes of the pathway: orotate
phosphoribosyltransferase (OPRT) and orotidylate decarboxylase (OMPDC), including
purification, cloning and expression.

It is consistent to our long-term goal of the study to illuminate new target enzymes
for human malaria parasite. This will be the first time to validate the enzymes OPRT and

OMPDC as malarial drug targets.
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3.Methodology and Results

3.1 Characterization of molecular organization of the pyrimidine genes encoding the first

six enzymes of the de novo pyrimidine biosynthetic pathway

More recently, P. falciparum genome sequencing has been completed (Gardner et
al. 2002). The sequencing of P. falciparum chromosome is accomplished as part of the
International Malaria Genome Project and is supported by the Burroughs Wellcome, the
National Institute of Allergy and Infectious Diseases, National Institute of Health, and the
U.S. Department of Defense. It is now possible to identify the sequences which encode
the pyrimidine enzymes in this parasite. Using bioinformatics approach, the TBLASTN
searching of the TIGR malarial genome database is performed with the protein sequences
from bacteria (e.g., E. coli), yeast (e.g., Saccharomyces cerivisae), other parasites (e.g.,
Trypanosoma, Leishmania, Caenorhabditis elegans, Ascaris suum) and mammalian (e.g.,
mouse, human) enzymes as query sequences. Pair-wise amino acid sequence and
multiple sequence alignments of pyrimidine enzymes from P. falciparum with other
organisms are performed using CLUSTALW. All other sequence data used in this study

are collected from the EMBL, GenBank, DDBJ and SWISSPROT databases.

Determinations of hydrophobicity and secondary structure (Ol-helix, B-pleated sheet) of
the malarial enzymes are done using a Hitachi DNASIS version 2.6 software.
Phylogenetic analyses to produce the gene tree are performed by the neighbor-joining
method using a distance matrix estimated by the maximum likelihood method. The
reliability is assessed by the bootstrap method with 1000 pseudo-replications.

The six pyrimidine genes (pyr1 = pfCPSII, pyr2 = pfATC, pyr3 = pfDHO, pyrd =
pfDHOD, pyr5 = pfOPRT, pyr6 = pfOMPDC) are then identified. The pyr1-pyr6 ORFs are
organized on different locations of various chromosomes: pfCPSII (chromosome 13),
pfATC (chromosome 13), pfDHO (chromosome 14), pfDHOD (chromosomes 6), pfOPRT
(chromosomes 5), pfOMPDC (chromosome 10). The locations and organizations of all 6
pyrimidine genes are summarized in Table 1. The characteristics of the pyrimidine genes
are as follows: 1) single ORF, genes having no intron, 2) only one copy, and 3) loci
closed to hypothetical proteins on the same chromosome. It is then concluded that the
molecular organization of the malarial pyrimidine genes is separated from each other and
is not operon-like cluster. This differs from its analogous parasitic protozoan Trypanosoma
and Leishmania, which the pyr1-pyr6 genes (as operon-like cluster) constitute a
polycistronic transcript unit on a 25 kb segment of the 800 kb chromosomal DNA (Gao et

al., 1999). The malarial pyrimidine genes are also different from human in that the single
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gene pyr1-pyr2-pyr3 (chromosome 2p22-21) encodes the multifunctional CAD protein
catalyzing the first three enzymes activities and the other gene pyr5-pyr6 (chromosome

3g13) produces the bifunctional UMP synthase activity (Jones, 1980; Gao et al., 1999).

Table 1. A proposed molecular organization of the pyrimidine genes in human parasite P. falciparum

Gene Chromosome Locus Size (kb)
Pyr1 (pfCPSII) 13 PF13_0044 7.329
Pyr2 (pfATC) 13 PF13_0240 1.435
Pyr3 (pfDHO) 14 PF14_0697 1.076
Pyr4 (pfDHOD) 6 MAL6P1.36 1.709
Pyr5 (pfOPRT) 5 PFE0630c 0.846
Pyr6 (pfOMPDC) 10 PF10_0225 0.972

The identified ORFs of the pyr1- pyr6 genes of P. falciparum are deduced to
amino acid sequences of the pyrimidine enzymes. Using multiple sequence alignments
and phylogenetic analyses of these sequences, the malarial pfCPSIl, pDHO and pfOPRT
are conserved to bacterial counterparts. The malarial pfATC, pfDHOD and pfOMPDC are
mosaic variations, which are homologous to both bacterial and eukaryotic counterparts,
including human. An analysis with the ATC sequence of Toxoplasma gondii, a parasitic
protozoan, reveals only 30% identity to the pfATC gene. The pDHO sequence is closed
to most bacterial sequences, yeast S. cerevisae and plant Arabidopsis thalina, indicating
that P. falciparum may carry the monofunctional DHO whose gene may have acquired by
the horizontal transfer from the proteobacteria, i.e., E. coli, N. gonorrhoeae.

The pMHOD is ~ 48-51% similar to the human and E. coli DHODs. The pfOPRT
is 60% and 28% sequence similarity to E. coli and human OPRTSs, respectively) The
sequences between P. falciparum and T. cruzi OPMDCs is 50% similarity, whereas the
malarial and human enzymes is 37%. In addition, the OMPDC are identified in other
Plasmodium species, e.g., P. knowlesi (a monkey parasite), P. berghei and P. yoelii
(rodent parasites). These four malarial OMPDCs are high similarity. Phylogenetic analysis
of the pyrimidine enzymes, for example the P. falciparum OMPDC is placed in the
monophyletic subtree containing the Mycobacterium smegmatis, Thermus thermophilus

and T. cruzi, and is also closed to other bacterial OMPDCs, i.e., E. coli and B. subtilis.
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The OMPDC sequences of many eukaryotes examined, except the trypanosome and
malaria parasites, are relatively monophyletic. The results on the malarial OMPDC
sequence are consistent with the observation of Gao et al. (1999) and Nara et al. (2000)
on the trypanosomatid parasites. This suggests that the malarial parasite or its ancestor
may have acquired an eubacterial OMPDC (i.e., Mycobacterium) and elaborated a new
gene product, OMPDC, that is the longest sequence (323 amino acids) to date. The origin
of this pfOMPDC gene remains to be determined.

Our results in a human malarial parasite also support the evolutionary implications
of the mosaic pyrimidine biosynthetic pathway in many eukaryotes. The horizontal gene
transfer(s) and endosymbiosis may be responsible for establishing this mosaic pathway
(Nara et al., 2000).

In conclusion for this objective of the project, the results were published in
Krungkrai et al. (2003) Southeast Asian Journal of Tropical Medicine and Public
Health 34 (Suppl 2), 32-43. These results were orally presented as invited lecture at the
Joint International Tropical Medicine Meeting, Bangkok, Thailand, 20-22 November 2002,
and also at Department of Chemistry, Florence University, Italy, 15 June 2003.

3.2.ldentification of a salvage pathway for the pyrimidine nucleotide biosynthesis

The use of sensitive assays of radiometric (Reyes et al., 1982) and HPLC
methods (Krungkrai et al., 1989), provides the evidence that P. falciparum and P. berghei
lack the enzyme activity of thymidine kinase in that salvage preformed thymidine from
host to form thymidine 5’-monophosphate (TMP), suggesting that there is no thymidine
pyrimidine salvage pathway operating in the parasites. However, UMP may not be only
produced by synthesis de novo but also from preformed uracil via a salvage pathway
(Figure 1). This is achieved either in one step enzymatic reaction by the activity of uracil
phosphoribosyltransferase (UPRT), or by the sequential action of the enzymes uridine
phosphorylase (UP) and uridine kinase (UK). In this study, the three enzyme activities are
assayed in the cell-free extracts of P. falciparum and P. berghei using the recently
developed HPLC methods (Krungkrai et al. 2001).

As shown in Table 2, the malarial parasites have the three enzymes, in the order
from high to low specific activities: UPRT, UK and UP. The human red cell enzymes are
not detected, the mouse red cell have detectable activities of UK and UP in a much lower

level than those of the rodent parasite.
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Table 2. Enzymatic activities inter-converting uracil, uridine and UMP of a pyrimidine salvage pathway

(uracil phosphoribosyltransferase, UPRT; uridine kinase, UK; uridine phosphorylase, UP) in the malarial

parasites, human and mouse red cells.

Sources Enzyme specific activity (nmol/min/mg protein)a
UPRT UK UP

P. falciparum 0.325+0.044 0.221+0.010 0.076+0.005

P. berghei 0.266+0.072 0.179+0.016 0.092+0.010

Human red cell N.D.” N.D. N.D.

Mouse red cell N.D. <0.015 <0.015

®Values are mean + SD of 4-7 separate experiments of the enzyme preparations from cell-free extract..

bN.D., the enzyme activity is not detected.

Moreover, the pfUP homologue (size = 0.737 kb) encoding uridine phosphorylase
is also identified on chromosome 5 locus PFE06660c. The ORF of the pfUP is 68% and
37% sequence similarity to E. coli and human enzymes respectively. The pfUP sequence
is also closed to other bacterial UPs. The pfUP gene has been cloned, sequenced and
expressed in E. coli. However, low level expression of the pfUP in E. coli is obtained,
limiting detailed characteriztion of the recombinant pfUP protein. Our results indicate that
a uracil pyrimidine salvage pathway is present in the malarial parasites. This is consistent
to the similar findings of the salvage pathway existing in other protozoan, i.e., T. brucei
and T. gondii.

In conclusion for this objective of the project, exploring both the genes and
enzymatic activities demonstrates that the uracil pyrimidine salvage pathway do exist in
the parasite. The findings were published in Krungkrai et al. (2003) Southeast Asian
Journal of Tropical Medicine and Public Health 34 (Suppl 2), 32-43, and were orally
presented as invited lecture at the Joint International Tropical Medicine Meeting, Bangkok,
Thailand, 20-22 November 2002, and also at Department of Chemistry, Florence
University, Italy, 15 June 2003. One M.Sc. student was graduated (C. Wichitkul, 2003)
with thesis entitled "Cloning and expression of uridine phosphorylase gene in Plasmodium

falciparum” (ISBN 974-17-5153-2).
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3.3.Functional and biochemical analysis of the last two enzymes of the pathway: orotate

phosphoribosyltransferase (OPRT) and orotidylate decarboxylase (OMPDC), including

purification, cloning and expression

The OPRT catalyzes the formation of orotidylate (OMP) from orotate and
phosphoribosylpyrophosphate (PRPP) in the presence of Mg2+ as cofactor (reaction 1),
whereas the OMPDC catalyzes decarboxylation of OMP to uridylate (UMP) (reaction 2).

Orotate + PRPP — >  OMP + PP, (1)
OMP —> UMP + CO, (2)

3.3.1. Cultivation and preparation of human malarial parasite P. falciparum

The asexual stages of human malarial parasite P. falciparum are used for the
enzymes OPRT and OMPDC. The parasites are obtained from in vitro culture using the
method of Trager and Jensen (1976). Mass cultivation of human parasite is performed to
obtain enough materials for purification and biochemical characterization. Synchronization
of the parasite is achieved to get mainly trophozoite stage that active in both nucleic acid
and protein synthesis. Once the parasites are obtained as the infected host red cells, the
free parasites are then prepared and disrupted by using combined methods of freeze-

thaw and ultra-sonication. The supernatant fluid as crude extract is collected from the cell

lysate after centrifugation. The crude extract of the parasites, stored as aliquots at -80°

C, are used as enzyme sources.

3.3.2. Purification and biochemical characterization of P. falciparum OPRT and OMPDC

After having enough crude extracts as starting materials and developing a
sensitive and reliable HPLC micro-assays for measuring the OPRT and OMPDC enzymes
(Krungkrai et al. 2001), we have purified the enzymes by using fast-protein liquid
chromatographic (FPLC) system which is available in our laboratory. The purification
scheme is performed, this includes cation-exchange (Mono S column) and anion-
exchange (Mono Q column), UMP-affinity, and gel-filtration (Superose 12 column)
chromatographic techniques. The techniques are assembled to a fast FPLC system that
allow rapid purification in each step. Both enzyme are found to be labile, stabilizers (i.e.,1
mM dithiothreitol, 0.5 mM EDTA, 1 mM PMSF, etc) are also added to all enzyme

preparation including all buffers used in the study.
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The activities of both enzymes are co-eluted in every chromatographic steps
during 6-8 purifications. The physical properties are then characterized with the enzyme
obtained after the affinity step as described earlier. The SDS-PAGE analyses indicate the
enzymes are near homogenous preparation. Molecular masses of the enzyme OPRT and
OMPDC are determined by analytical gel-filtration FPLC column. The results in the
physical properties and purification characteristics indicate that the molecular mass of
native enzymes P. falciparum OPRT and OMPDC exist as 140+ 8 kDa (n=8) and the
molecular masses of each enzyme subunit are 32+ 3 and 38+ 3 kDa.

The kinetic properties for both substrates and inhibitors are further characterized,
i.e., Ky, keat and K, values. Unlike the OPRT, the OMPDC does not require metal ion
during catalysis (Lee and Houk 1997). We have found that Zn2+ and Mg2+ show no affect
on the enzyme activity when assays with OMP substrate at low (5-25 LLM) or high (50-
250 M) concentrations. The activities of the enzymes are sensitive to inhibition by their
known and specific inhibitors (Scott et al. 1986; Seymour et al. 1994).

An inhibitor of malarial OPRT pyrazofurin with K; of 14.2 UM, has antimalarial
effect on the in vitro growth of P. falciparum with 1C5, of ~10 UM. A potent antimalarial 5-
fluoroorotate with ICs, of ~10 nM (substrate analog of orotate), is metabolized to 5-fluoro-
UMP by the malarial OPRT and OMPDC. The 5-fluoroorotate and 5-fluoro-UMP are
found to be inhibitors of the malarial OPRT and OMPDC respectively. The Ki values of 5-
fluoroorotate and 5-fluoro-UMP for the malarial OPRT and OMPDC are 1.4 and 0.7 UM
respectively. In addition, both uracil and uridine are not substrates of the malarial OPRT
enzyme, they do inhibit the enzyme at high concentrations, e.g., >100 {M. Moreover,
kinetic parameters and inhibitory constants of both OPRT and OMPDC activities are found
to be different to the bifunctional human red cell UMP synthase. Our results suggest the
malarial OPRT and OMPDC enzymes have unique properties as a multienzyme complex
and are vital for the parasite. They may represent a possible chemotherapeutic target for
new drug development.

In conclusion for this objective of the project, the discovery on the existence of the
multienzyme complex of the malarial OPRT and OMPDC enzymes was published in
Krungkrai et al. (2004a) Biochemical and Biophysical Research Communications
318, 1012-1018 (Impact factor = 2.904). This provides the first example of OPRT and

OMPDC existing as a multienzyme complex.
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3.3.3. Cloning and expression of gene encoding P. falciparum OPRT

Methodology for cloning and expression of the pyr5 or pfOPRT gene encoding P.
falciparum OPRT in a bacterial E. coli has been described in our publication (Krungkrai et
al. 2004b). The results are then summarized.

The pfOPRT is identified in the P. falciparum genome database. The deduced
amino acid sequence for pfOPRT is compared with OPRTs from other organisms and
found to be most similar to that of E. coli. The catalytic residues and consensus
sequences for substrate binding in the enzyme are conserved among other organisms.
The pfOPRT is exceptional in that it contained a unique insertion of 20 amino acids and
an amino-terminal extension of 66 amino acids, making the longest amino acid sequence
(281 amino acids with a predicted molecular mass of 33 kDa).

The cDNA of the pfOPRT gene is cloned, sequenced and functionally expressed
in soluble form. The recombinant pfOPRT is purified from the E. coli lysate by two steps,
nickel metal-affinity and gel filtration chromatography. From 1 liter of E. coli culture, 1.2-
1.5 mg of pure pfOPRT is obtained. SDS-PAGE reveals that the pfOPRT has a molecular
mass of 33 kDa and analytical gel filtration chromatography shows that the enzyme
activity elutes at approximately 67 kDa. Using 3,3’-dimethyl suberimidate to cross-link
neighboring subunits of the pfOPRT, it is confirmed that the native enzyme exists in a
dimeric form. The steady state kinetics of initial velocity and product inhibition studies
indicates that the enzyme pfOPRT follows a random sequential kinetic mechanism.
Compounds aimed at the pfOPRT nexus may act against the parasite through at least two
mechanisms: by directly inhibiting the enzyme activity, or be processed to an inhibitor of
thymidylate synthase (Rathod et al. 1992).

In conclusion for this objective of the project, the results on production and
characterization of the recombinant P. falciparum OPRT enzyme were published in
Krungkrai et al. (2004b) Molecular Biochemical and Parasitology 134, 245-255 (Impact
factor = 2.803). This provides a working system to investigate new antimalarial agents

targeted against P. falciparum OPRT.

3.3.4. Cloning and expression of gene encoding P. falciparum OMPDC

Methodology for cloning and expression of the pyr6 or pfOMPDC gene encoding
P. falciparum OMPDC in a bacterial E. coli has been described in our publication

(Krungkrai et al. 2005). The results are then summarized.
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The open reading frame of pfOMPDC gene is identified in the P. falciparum
genome database, and pfOMPDC is cloned from cDNA of P. falciparum, functionally
expressed in E. coli, purified, and characterized. The protein sequence consists of 323
amino acids and it has <20% identity with human OMPDC and four microbial OMPDC for
which crystal structures are known (B. subtilis, E. coli, M. thermoautotrophicum and S.
cerevisae). The pfOMPDC protein sequence is more similar to the protozoan (T. cruzi, L.
mexicana) and to some bacterial counterparts, e.g., Thermus thermophilus, with a range
of 32-27 % identity. Similar to the pfOPRT, the pfOMPDC contains an extension of 32
amino acids from its N-terminus (Met1 to Phe32) and a unique insertion of 12 amino acids
from Arg72 to Phe83, displaying a hydrophobic index of +1.0. The pfOMPDC is one of the
longest OMPDC sequences known to date.

The recombinant pfOMPDC protein is purified to apparent homogeneity using the
nickel metal-affinity column. The N-terminal Hisg-tag of the pfOMPDC is removed, and
the protein was further purified by the Superose 12 gel filtration FPLC column.
Recombinant pfOMPDC is catalytically active in a dimeric form. The purified recombinant
enzyme has a specific activity of ~8-10 Limol min'1 mg-1 protein, 220-fold purification and
30% yield, and up to 3 mg of pure protein is obtained from 1 liter of cell culture.

In conclusion for this objective of the project, the results on production and
characterization of the recombinant P. falciparum OMPDC enzyme were published in

Krungkrai et al. (2005) Biochemistry 44, 1643-1652 (Impact factor = 4.008).

3.3.5. Characterization of the multienzyme complex formation between the recombinant P.

falciparum OPRT and OMPDC

By using re-association studies of a mixture of the recombinant pfOPRT and
pfOMPDC in a stoichiometric ratio of 1:1, the association complex is analyzed by the
Superose 12 gel filtration FPLC column after incubating the enzymes with the substrates
orotate and PRPP. Both enzyme activities are co-eluted as a single, symmetrical peak at
a retention time correspondiing to a molecular mass of 140 + 6 kDa (n = 6). There are no
enzyme activities remaining at their dimeric positions, and also no activities in fractions
corresponding to molecular masses higher than 140 kDa, indicating the essentially
complete heterotetrameric complex formation between OPRT), and (OMPDC),. The re-
association studies of both enzymes are also performed by incubating the enzymes in the
presence or absence of the product UMP, similar results to the enzymes incubated with

the substrates are obtained. The results suggest that the complex would be stabilized by
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substrate, product, and salt. The fractions containing both pfOPRT and pfOMPDC are
pooled and then analyzed by SDS-PAGE, whereupon two bands are observed at their
monomeric forms of 33 and 38 kDa for pfOPRT and pfOMPDC respectively.

To confirm the complex formation, a second approach using chemical crosslinking
of either pfOPRT or pfOMPDC is performed by incubating the enzymes with 3,3’-dimethyl
suberimidate (DMS) in a ratio of 1:2 for protein (each 10 Lig) to 40 nug DMS at 25 °C for
various times interval, and then analyzed by SDS-PAGE. When the reaction mixture of
pfOPRT and pfOMPDC (1:1) incubating with DMS, there is significant formation of

tetramer at 10-min incubation, as shown in Figure 2.

H —
T &»

D — bk
M > e

Figure 2. SDS-PAGE analysis of oligomeric formation between pfOPRT and pfOMPDC crosslinked
with dimethyl suberimidate (DMS). SDS-PAGE on a 7 % polyacrylamide gel shows time-course of

crosslinking between pfOPRT and pfOMPDC (each 10 |lg) and DMS (40 Llg) at 0 min (lane 1), 5 min
(lane 2), 10 min (lane 3), 15 min (lane 4) 30 min (lane 5). The letters M, D, T and H indicate positions
of monomeric, dimeric, tetrameric and hexameric forms. The apparent monomer, dimer, tetramer and

hexamer have log molecular mass of 4.58, 4.85, 5.15, 5.33 respectively.

At 30 min, more than 70% of the proteins are crosslinked as tetrameric form.
There is little hexameric form and no octameric form after 45-120-min incubation. The
molecular masses of the crosslinked oligomers are also determined by the Superose12
gel filtration FPLC column. The tetrameric form has a molecular mass of 140 + 12 kDa (n
= 6), corresponding to the size of the native multienzyme complex from P. falciparum.

Kinetics of crosslinking of both associated enzymes are shown in Figure 3,
indicating that the time-dependent oligomerization of each enzyme corresponded to that
expected for sequential crosslinking of monomer —> dimer = tetramer. Taken together,
these results demonstrate that the two pyrimidine enzymes, (pfOPRT), and (pfOMPDC),,

form major oligomeric complex in a heterotetrameric structure.
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Figure 3. Kinetics of crosslinking formation between the pfOPRT and pfOMPDC by dimethyl
suberimidate. The experimental details are described in Figure 2. The time dependence of the
percentage of each size of oligomers as indicated by the ratio of its band density to the total density of
all detected bands is illustrated. The symbols used are as follows: monomer (@), dimer (O), tetramer

(M) and hexamer (A).

In conclusion for this objective of the project, the results on kinetic characterization
of the multienzyme complex formation between the recombinant P. falciparum OPRT and
OMPDC enzyme were published in Krungkrai et al. (2005) Biochemistry 44, 1643-1652
(Impact factor = 4.008).

4. Discussion

It is well understood that the human malaria parasite P. falciparum depends on the
de novo biosynthetic pathway for pyrimidines, precursors for DNA and RNA. Much thanks to
the malarial genome project (Gardner et al. 2002), the pyr genes encoding the first six
enzymes of pyrimidine pathway (pyr1 = pfCPSII, pyr2 = pfATC, pyr3 = pfDHO, pyr4 =
pfDHOD, pyr5 = pfOPRT, pyr6 = pfOMPDC) are identified on different locations of various
chromosomes. It is then concluded that the molecular organization of the malarial pyrimidine
genes is separated from each other and is not operon-like cluster, which are different from
the operon of B. subtilis (Quinn et al. 1991) and T. cruzi (Gao et al. 1999). Our results on
multiple alignments of the sequences of the six enzymes to other organisms support the
evolutionary implications of the mosaic pyrimidine biosynthetic pathway found in many
eukaryotes (Nara et al. 2000). The horizontal gene transfer(s) and endosymbiosis may be

responsible for establishing this mosaic pathway.
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Moreover, the pfUP homologue encoding uridine phosphorylase is identified and the
pfUP gene is cloned, sequenced and expressed in E. coli. The malaria parasites show
detectable activities of uracil salvage enzymes, uracil phosphoribosyltransferase, uridine
kinase and uridine phosphorylase. The specific activities of the uracil salvage enzymes are
only 1% of those for the OPRT-OPMDC of the de novo pathway (Krungkrai et al. 2003,
2004a). Our results indicate that a pyrimidine salvage pathway is present in the malarial
parasites. This is consistent to the similar observation of the existence of the salvage
pathway in other protozoan, i.e., T. brucei (Hammond and Gutteridge, 1982) and T. gondii
(Schumacher et al., 1998).

Since there is very little information on the pyrimidine pathway operating in the
human malarial parasite P. falciparum. Therefore, we have exploited the unique metabolic
features of P. falciparum by identification and characterization of OPRT and OMPDC
enzymes. They are purified and found to be the multienzyme complex. This is the first
evidence that the malarial enzymes OPRT and OMPDC can form the enzyme complex,
which is not found in the analogous enzymes of other organisms so far studied. Both genes
and enzymes of the parasite are different from the human. The human OPRT and OMPDC
are encoded from the fused genes and expressed as a bifunctional enzyme on the same
polypeptide (Jones, 1980; Suchi et al. 1997).

We have then cloned the pfOPRT and pfOMPDC, and functionally expressed as
the soluble proteins in E. coli. The recombinant proteins are purified and found to have
high catalytic efficiency. Detailed analyses on kinetic, catalytic and inhibitory properties,
and the in vitro re-association of both recombinant enzymes are then performed. The
enzyme complex formation can occur and both enzymes in the complex show more both
catalytic efficiency and sensitive to the inhibitors than the monofunctional enzyme. They
also have similar kinetic properties to those of the multienzyme complex purified directly
from the parasite. The kinetic behaviors of the complex formation are as follows: 1) the
monofunctional enzyme forms dimer; 2) the individual dimeric enzyme associates into a
heteroterameric complex (Figure 4). Their properties on the multienzyme complex may be
a borderline between prokaryotes (monofunctional enzymes) and eukaryotes (bifunctional
enzymes).

Furthermore, their inhibitors have antimalarial activity on the in vitro growth of the
human parasite. Thus, the pfOPRT and pfOMPDC may represent a new target for

chemotherapeutic drug development.
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Figure 4. A proposed model for multienzyme (OPRT),(OMPDC), complex formation of P. falciparum
OPRT and OMPDC. The OPRT and OMPDC are synthesized separately, the individual enzymes form

homodimers. Both enzymes are functioning in a tightly associated heterotetrameric (OPRT),(OMPDC),.

All four crystal structures of OMPDCs are composed of two identical subunits, each
containing one active site located at the top of the TIM barrel, near the subunit-subunit
interface, and showing both the N- and C-termini extending side-by side on one surface of
the protein (see Appleby et al. 2000; Wu et al. 2000, 2002). It is postulated that the N-
terminal of pfOMPDC could bind to the N-terminal of the pfOPRT, leading to a
heterotetrameric (pfOPRT), (pfOMPDC), complex formation. However, this proposal remains
to be studied.

Finally, it should be mentioned here that the cloning and expression of both pfOPRT
and pfOMPDC genes from the malarial parasite are performed by an Australian group (Menz
et al. 2002; Christopherson et al. 2004) during the ongoing of our funding project. However,
our works from the project supported by the Thailand Research Funds have much more
basic and advanced knowledge of both pfOPRT and pfOMPDC in the pyrimidine biosynthesis
of human malarial parasite P. falciparum (Krungkrai et al. 2004b, 2005).
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5. Conclusion and Future Propect

The first six genes of the de novo pyrimidine biosynthetic pathway and one gene
of the uracil salvage pathway are identified in the human malarial parasite. The very low
activities of the three uracil salvage enzymes are present in the parasite. The last two
enzymes of the de novo pathway, OPRT and OMPDC, behave unique properties as the
heterotetrameric complex formation, a borderline between prokaryotes and eukaryotes.
The pyrimidine enzymes are vital for the parasite survival. Finally, they may represent a
new chemotherapeutic target for drug development.

We plan to continue better understanding in both biochemistry, molecular and
structural biology of the pyrimidine pathway, for instance, functional expression of the
other pyrimidine genes in heterologous systems and comparison to native enzymes
purified directly from the parasite, mechanism of the multienzyme complex formation and
their kinetic and stability benefits, 3-D structure of the recombinant OPRT, OMPDC and
their complex by crystallization and X-ray diffraction. The accumulating knowledge will
lead to antimalarial drug design based on the pyrimidine enzymes as new

chemotherapeutic targets.
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2003, Department of Chemistry, Florence university, Italy,

3.3. The Sixth International Conference on the carbonic Anhydrases, 20-25 June

2003, Smolenice Castle, Slovakia.

4. Graduate students involving in the project (4 peoples)

4.1. Sudaratana R. Krungkrai
4.2. Chayaporn Wichitkul
4.3. Sayaka Aoki

4.4. Brian J. DelFraino

5. Oversea collaborators and investigators (3 groups)

5.1. Professor Toshihiro Horii, Osaka University, Japan
5.2. Professor Jeffrey A. Smiley, Youngtown State University, USA

5.3. Professor Claudiu Supuran, Florence University, Italy
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2. Reprints of four publications

1. Krungkrai, S.R., DelFraino, B. J., Smiley, J.A., Prapunwattana, P., Mitamura, M., Horii,

T., and Krungkrai, J. (2005) A novel enzyme complex of orotate phosphoribosyltransferase and

orotidine 5’-monophosphate decarboxylase in human malaria parasite Plasmodium falciparum:

physical association, kinetics and inhibition characterization. Biochemistry 44, 1643-1652. (Impact
factor = 4.008)

2. Krungkrai, S.R., Aoki, S., Palacpac, N.M.Q., Sato, D., Mitamura, T., Krungkrai, J., and
Horii, T. (2004) Human malaria parasite orotate phosphoribosyltransferase: functional expression,

characterization of kinetic reaction mechanism and inhibition profile. Molecular Biochemical and

Parasitology 134, 245-255. (Impact factor = 2.803)
3. Krungkrai, S.R., Prapunwattana, P., Horii, T., and Krungkrai, J. (2004) Orotate
phosphoribosyltransferase and orotidine 5’-monophosphate decarboxylase exist as multienzyme

complex in human malaria parasite Plasmodium falciparum. Biochemical and Biophysical

Research Communications 318, 1012-1018. (Impact factor = 2.904)

4. Krungkrai, J., Prapunwattana, P., Wichitkul, C., Reungprapavut, S., Krungkrai, S.R.,
and Horii, T. (2003) Molecular biology and biochemistry of malarial parasite pyrimidine
biosynthetic pathway. Southeast Asian Journal of Tropical Medicine and Public Health 34 (Suppl
2), 32-43.
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