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Fusion of the last two enzymes in the pyrimidine biosynthetic pathway in the 
inversed order by having a COOH-terminal orotate phosphoribosyltransferase (OPRT) 
and an NH2-terminal orotidine 5'-monophosphate decarboxylase (OMPDC), as OMPDC-
OPRT, are described in some organisms. Here, we produced gene fusions of 
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Escherichia coli. The enzyme was purified to near homogeneity using affinity and anion-
exchange chromatography, exhibited enzymatic activities and functioned as a dimer. 
The enzymatic activities, although unstable, were stabilized by its substrate and 
product during purification and long-term storage. Furthermore, the enzyme expressed 
a perfect catalytic efficiency (kcat/Km). The turnover number (kcat) was selectively 
enhanced up to three orders of magnitude, while the Michaelis constant (Km) was not 
much affected and remained at low µM levels, when compared to the enzymes in the 
monofunctional and in the complex forms, as published earlier. The fusion of the two 
enzymes, creating a “super-enzyme” with perfect catalytic power and more flexibility, 
reflects cryptic relationship of enzymatic reactivities and metabolic functions on 
molecular evolution. 
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CHAPTER I  

INTRODUCTION 

1.1. Background and Rationale 

Malaria is a mosquito-borne infectious disease of humans in tropical and 

subtropical zones.  Four kinds of malaria parasites infect humans:  Plasmodium 

falciparum, P.  vivax, P.  ovale, and P.  malariae.  In addition, P.  knowlesi, a type of 

malaria that naturally infects macaques in southeast asia, also infects humans, 

causing malaria that is transmitted from animal to human (1, 2). Of these,  

P.  falciparum is the most dangerous, with the highest rate of complications and 

mortality. The disease control efforts are threatened by resistance of the parasite to 

current therapies (3)  and lack of a highly effective vaccine (4) .  Malaria remains a 

major and growing threat to the public health of population living in the endemic 

areas (5) .  In humans, infections are approximately 515 million cases a year and  

1.5-2.7 million deaths each year (6), P. falciparum is responsible for over hundreds 

of million clinical cases. It is the greatest toll on human health, primarily in children 

of age less the five years old.  People who got malaria is very sick with high fevers, 

shaking chills, and flu-like illness (7, 8). 

Malaria is caused by Plasmodium spp. that commonly transmitted a certain 

type of female Anopheles mosquito which feeds on human. Most infections can be 
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effectively treat with existing drugs, although resistance is a serious problem. 

Nevertheless, their continued used poses considerable risk to widespread of drug-

resistant parasites.  Therefore, antimalarial agent will be developed for new drug 

target (2). 

The malaria parasite depends on de novo synthesis (from small metabolites) 

of pyrimidine nucleotides, the important target for new antimalarial drug 

development (9), whereas the mammalian host cells obtain the pyrimidine 

nucleotides from both de novo and salvage pathways ( from preformed pyrimidine 

bases and nucleosides)  (10, 11) .  This has spawned a great deal of interest.  For 

instance, inhibition of the de novo pyrimidine synthesis by specific enzyme inhibitors, 

thus lead to identify new potential antimalarials and to develop thereafter a novel 

chemotherapy for malaria (12, 13). 

Six enzymatic reactions are involved in the de novo pathway.  The enzymes 

catalyze the sequential conversions of the following precursors (HCO3
- , ATP, 

glutamine (Gln), aspartate (Asp), and 5-phosphoribosyl-1-pyrophosphate (PRPP)), to 

form uridine 5′ - monophosphate (UMP) .  In the final two reactions: [1]  orotidine  

5'- monophosphate (OMP)  synthesis requires the addition of ribose 5- phosphate 

moiety from PRPP to orotate by orotate phosphoribosyltransferase (EC 2. 4. 2. 10, 

OPRT) , requiring Mg2+  as cofactor, and [2]  OMP is subsequently decarboxylated to 

yield UMP by orotidine 5'- monophosphate decarboxylase (EC 4. 1. 1. 23, OMPDC) 

respectively: 
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Orotate + PRPP  OMP + PPi [1] 

OMP    UMP + CO2  [2] 

 

For most prokaryotes and yeast (14, 15), the OPRT and OMPDC enzymes are 

encoded by two separate genes, while in majority of multicellular eukaryotes 

including human, the genes for both enzymes are fused into a single gene and 

expressed as a bifunctional form, generating bifunctional UMP synthase (UMPS) 

which bears an NH2-terminal OPRT covalently linked to a COOH-terminal OMPDC or 

OPRT-OMPDC fused enzyme (10, 11, 16, 17).  

Until recently, fusions of OPRT and OMPDC in the inversed order, where the 

OMPDC is at the N- terminus and OPRT is at the C- terminus (OMPDC-OPRT) , have 

been described in some single- cell eukaryotic organisms, i. e. , kinetoplastids 

(Leishmania donovani, Trypanosoma cruzi), diatoms (Thalassiosira psedonana), and 

in subset of cyanobacteria (e.g., Noctoc punctiforme, Oscillatoria sp.) (18-20). These 

gene fusion events appear to have occurred independently, nevertheless, near the 

base of kinetoplastid and apicomplexan protozoan lineages (18, 19, 21, 22). 

In P.  falciparum, the OPRT and OMPDC genes are located on two separate 

chromosomes (23), at chromosome 5, OPRT gene encoding a protein with 281 amino 

acids (32 ± 3 kDa) and at chromosome 10, OMPDC gene encoding a protein with 323 

amino acids (38 ± 3 kDa)  ( 2 4 - 2 6 ) .  The native and recombinant forms of the 

monofunctional PfOPRT and PfOMPDC have been carried out in our laboratory during 

Mg2+ 
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the past 10 years.  In in vivo and in vitro studies, both enzymes form a 

heterotetrameric multienzyme complex (140 ± 8 kDa)  bearing two molecules of 

each PfOPRT (~67 kDa) and PfOMPDC (~76 kDa) with the efficient functional kinetic 

advantages (26) (Figure 1). 

 

 

 

Figure 1 Proposed model for multienzyme ( OPRT) 2( OMPDC) 2 complex 

formation of P. falciparum OPRT and OMPDC. 

The genes encoding OPRT and OMPDC are distinctive.  When the recombinant 

proteins are produced separately, the individual monofunctional enzymes form 

homodimers. Both enzymes are functioned with optimal kinetic constants (e.g., Km, 

kcat and Km/kcat values) in a tightly associated heterotetrameric form (26). 
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Using molecular biological and biochemical approaches, it is therefore 

plausible to construct a plasmid containing fused genes of PfOPRT and PfOMPDC in 

the inversed order (e. g. , PfOMPDC-PfOPRT, or PfUMPS) , as found in many bacteria 

and eukaryotes, and then express and purify the bifunctional PfUMPS in the 

heterologous system of Escherichia coli (E. coli) . The kinetic parameters (e.g. , Vmax, 

Km)  and catalytic efficiency (e. g. , kcat/Km)  of the recombinant PfUMPS will be then 

determined, comparing to those of the monofunctional and multienzyme complex 

forms which had been previousely reported ( 26- 28) .  This study will elucidate 

evolution of the last two enzymes (monofunctional  multienzyme complex  

fused bifunctional protein)  in the de novo pyrimidine pathway of the malaria 

parasite. 

 

1.2. Research questions 

1) Does the fused PfOMPDC-PfOPRT (PfUMPS)  gene functionally express in  

E. coli? 

2) Does the fused bifunctional PfOMPDC-PfOPRT (PfUMPS)  enzyme exhibit 

the highest catalytic efficiency (kcat/Km)? 
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1.3. Hypothesis 

The fused bifunctional PfOMPDC-PfOPRT (PfUMPS)  enzyme might have 

greater catalytic efficiency than the multienzyme complex and the monofunctional 

enzymes. 

 

1.4. Objectives 

1) To construct and express PfOMPDC-PfOPRT (PfUMPS) gene in an inversed 

linked fusion. 

2) To determine physical properties and kinetic parameters of bifunctional  

PfOMPDC-PfOPRT (PfUMPS) enzyme. 
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1.5. Conceptual framework 

Transformation of PfOMPDC-PfOPRT-pTrcHisA recombinant plasmids into 

competent E. coli TOP10. 

Expression of PfOMPDC-PfOPRT in E. coli TOP10 under  

isopropyl-β-D-thiogalactopyranoside induction. 

Purification of fused recombinant PfOMPDC-PfOPRT enzyme by Ni-nitrilotriacetate-

agarose affinity and HiTrapQ HP anion-exchange chromatography. 

Determination of purity of PfOMPDC-PfOPRT enzyme by SDS-PAGE gel and  

fluorescence and phosphor imager. 

Confirmation and determination of the molecular mass of PfOMPDC-OPRT enzyme 

by Western blot analysis, LC-MS/MS proteomic technique, and  

Superose 12 gel-filtration FPLC column. 

Analysis of kinetic properties and stability of PfOMPDC-PfOPRT enzyme 

Construction of homology model for PfOMPDC-PfOPRT enzyme by bioinformatic 

approach. 
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1.6. Key words: Malaria; Plasmodium falciparum; Pyrimidine de novo 

biosynthesis; Orotate phosphoribosyltransferase; Orotidine 5'- monophosphate 

decarboxylase; Fused bifunctional enzyme; Catalytic efficiency 

 

1.7. Expected Benefits 

1) Understanding the basic knowledge of the physical and kinetic properties 

of fused bifunctional PfOMPDC-PfOPRT synthetic enzyme, especially its 

high catalytic efficiency to a perfect enzyme (29, 30). 

2) Elucidating the enzyme evolution, especially PfOPRT and PfOMPDC of the 

de novo pyrimidine pathway in P.  falciparum, this will accelerate the 

development of more potential antimalarial drugs (29, 30).



 

 

CHAPTER II  

LITERATURE REVIEWS 

2.1. Background of malaria infection 

Malaria is one of the world’s major public health problems. The majority of 

malarial related mortality occurs in children below the age of five years, mostly in 

sub-Saharan region of Africa, due to their lack of naturally acquired malarial immunity 

( 31, 32) .  The human malaria is caused by five species of Plasmodium such as  

P. falciparum (60-75%), P. vivax (25-40%), P. ovale, P. malariae and P. knowlesi, and 

mainly caused by either P.  falciparum or P.  vivax, and most malaria- associated 

deaths are due to P.  falciparum.  Of the two most common species of human 

malaria, P.  falciparum is the most pathogenic, with approximately 1% of human 

infections giving rise to severe disease.  The severe disease encompasses a range of 

presentation including severe anemia, cerebral malaria, hypoglycemia and a systemic 

syndrome analogous to toxic shock ( 33, 34) .  The transmission area of malaria 

infection are tropical and sub-tropical zones in the world (e.g., Africa, South America 

and Asia) (Figure 2) (35). 
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Figure 2  The world map showing the area of malaria infection. 

The transmission of malaria exists in five WHO regions. There were around 3.2 billion 

people in 95 countries at risk of malaria infection and developing disease (see details 

in map), and on high risk around 1.2 billion (more than 1 in 1,000 for feasibility of 

getting malaria per year). Regarding to the report of world malaria in 2015, 214 million 

cases of malaria were reported (range 149-303 millions) and deaths of malaria were 

438,000 (range 236,000-635,000), indicating a decline of malaria cases and deaths of 

37% and 60% since 2000, respectively. In African region, there were 90% of all 

malaria deaths existed which in children whose age under 5 years, who accounted 

for more than two thirds of all deaths (35). 
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2.2. Life cycle of malaria 

The life cycle of Plasmodium has sexual and asexual phases in two hosts 

(Figure 3) .  The first asexual phase, termed schizogony, occurs in human where the 

parasites grown and multiplied in liver cell and then in the red blood cells.  The 

sexual phase or gamegony occurs in female Anopheles mosquito, as does the 

second asexual phase, termed sporogony.  The sexual stage develops when the 

female Anopheles mosquito bites an infected human and takes blood contained 

male (microgametocyte) and female (macrogametocyte) gametocyte. Of course, the 

Anopheles mosquito have blood meal on another human, the sporozoites are 

injected with Anopheles mosquito’ s saliva and this to begin another human 

infection. 
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Figure 3  Life cycle of human malaria. 

Malaria parasites have sexual and asexual phases in two hosts, sexual phase in 

female Anopheles mosquito and asexual phase in human.  

(From http://www.cdc.gov/dpdx/malaria/index.html) 

 

 

 

 

 



 
 

 

13 

In the mosquito’s saliva gland, if it has sporozoites during feeding, it secretes 

sporozoites into blood circulation of human, around 24 to 48 h later in the liver, 

sporozoites infect liver cells and mature into schizonts, where the exo-erythrocytic 

schizogonic phase starts.  The schizonts rupture and release merozoites out of liver 

cells. After the initial replication in the liver, the parasites undergo asexual multiply 

in the erythrocytes.  Then the merozoites enter to blood circulation and infect red 

blood cell, the merozoites grown to the tropozoites, the tropozoites mature into 

schizonts, beginning the erythrocytic schizogonic phase, which rupture releasing 

merozoites.  In case, immature tropozoites differentiate into sexual erythrocytic 

phase (gametocyte), male (microgametocyte) and female (macrogametocyte). 

The sexual phase gametocytes are ingested by the female 

Anopheles mosquito during a blood meal containing microgametocyte and 

macrogametocyte.  The parasite multiplication in the mosquito is known as the 

sporogonic cycle.  In the mosquito's stomach, lysis of the infected red blood cell 

releases the microgametes penetrate the macrogametes generating zygotes.  The 

zygotes in turn become motile and elongated (ookinetes), invade the midgut wall of 

the mosquito where develop into new stage, oocysts.  The oocysts grow, rupture, 

and release sporozoites, make their way to the mosquito's salivary glands. 

Inoculation of the sporozoites into a next human host perpetuates the malaria life 

cycle (32, 36). 
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2.3. Genomic of malaria parasite 

 In 1996, the malaria genome project was initiated to determine the 

nucleotide sequence of P. falciparum genome by the Institute for Genomic Research, 

the Wellcome Trust Sanger Institute and Stanford Genome Technology Center. The 

complete genome sequence of P. falciparum was established in 2002 (37). In 2005, 

the genome sequence of other rodent malaria parasite (P. yoelii) was published (38), 

and the genome sequence of P.  vivax and P.  knowlesi were completed in 2008  

(39, 40). 

 The Plasmodium genomes were estimated to include 23-27 million bases, 

they are rich in low complexity region (LCR) since nucleic acid level correlates with 

LCR at protein level for function (41). The characterized LCR was either single amino 

acid or group of amino acids repeat, and nearly 50%of Plasmodium protein were 

longer than their yeast homologues, contain the insert segments, these inserts 

correspond to LCR (42). The genome of P. falciparum has 14 chromosomes and the 

genes encoding proteins are approximately 5,500 genes, in which 51%of these have 

only one intron (3). The nuclear genome of P. falciparum 3D7 strain was composed 

of 22. 8 million bases, distributed among 14 chromosomes ranging in size from 

approximately 0.6 to 3.3 million bases (37). Of course, about 5,268 protein-encoding 

genes were predicted.  The P.  falciparum genomes have high AT content (AT- rich) 

with approximately 82% (43, 44). However, the P. vivax genome showed lower level 
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of AT-rich with approximately 67.7%. The previous understanding indicated that the 

extreme AT content in itself have probably not too much to do with disease severity 

( 45) . The 54% of P. falciparum genes had introns, similar to that found in 

Schizosaccharomyces pombe and Dictyostelium discoideum, however, much higher 

than Saccharomyces cerevisiae where only 5% of genes had introns. Abstracting 

introns, the P. falciparum genes was about 2.3 kb in length, substantially larger than 

in other organisms which had the genes length, ranging 1.3-1.6 kb. A greater 

proportion of genes (15.5%) which longer than 4 kb was shown in the P. falciparum 

genes, when compared to S. pombe and S. cerevisiae containing 3.0% and 3.6%, 

respectively. A lot of the large genes encode many unknown proteins, which may 

be localized in cytosol by having no signal peptides. In addition, there were no 

transposable elements and retrotransposons. As detected by high-resolution liquid 

chromatography and tandem mass spectrometry (LC-MS/MS), 52% of the predicted 

gene products (2,731 proteins) were associated in cell lysates taken from many 

development stages of the parasite, which many identified proteins had no similarity 

to proteins in other organisms (37). 

In addition, 5,268 predicted proteins, about 60% were not sufficiently similar 

to proteins detected in other organisms to provide reasons for determining the 

function. Nearly two-thirds of the proteins seem to be unique to P. falciparum, a 

proportion higher than identified in other eukaryotic organisms, reflecting an 
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increased evolutionary distance between Plasmodium and other eukaryotes by 

notably reducing similarity of the sequence due to the AT-richness of the parasite 

genome. The other 257 proteins (5% of total protein) had significant similarity to the 

functional proteins in other organisms, so far examined. There were 31% proteins 

showing one or more transmembrane domains. The putative signal peptide 

containing proteins were 17.3% (37). 

The evolution of malaria genome are compared to the genome analysis of 

other eukaryotes for which the complete genomes are available. It is demonstrated 

that P. falciparum is similar to plant Arabidopsis thaliana than to other taxa, in terms 

of genomic content. Nevertheless, this is consistent with phylogenetic analysis.  

P. falciparum nuclear genome has genes derived from plastids or from the nuclear 

genome of the secondary endosymbiont. Therefore, the closed relations of 

Plasmodium and Arabidopsis do not reflect the true phylogenetic history of the  

P. falciparum evolutionary lineage.  As comparative genomic analysis in gene 

duplication, there were 237 proteins in P. falciparum expressing strong matches to 

proteins in all completed eukaryotic genomes, but having no matches to proteins at 

low stringency, in all complete prokaryotic proteome. These proteins are used to 

determine the definitively differences between eukaryotes and prokaryotes. The 

proteins include those play functional roles in cytoskeleton formation and 
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maintenance, packaging of chromosome and modification, cell cycle regulation, 

intracellular signalling, transcription, translation, replication (37). 

 

2.4. Pyrimidine biosynthesis  

Human and malaria parasites have a different mode of pyrimidine synthesis, 

the human obtains pyrimidines from 2 routes: salvage of the preexisting compounds 

and de novo synthesis, but the parasites have only de novo synthetic pathway. 

 

2.4.1. Systhesis of pyrimidine nucleotides by de novo pathway 

 The de novo pyrimidine synthesis requires Asp, Gln and HCO3
- as precursors. 

Pyrimidines are assembling the single pyrimidine ring before starting attached to 

PRPP.  First step in de novo pyrimidine biosynthesis is the formation of carbomoyl 

phosphate by carbamoylphosphate synthetase II (CPS II) .  Carbamoylphosphate is 

condensed with Asp in a reaction catalyzed by the aspartate carbamoyl transferase 

(ATC) , then cyclized to dihydroorotate by dihydroorotase (DHO) .  The activities of  

CPS II, ATC and DHO found on a trifunctional protein in one gene (CAD). 

Dihydroorotate diffuses into the motochondria, and then converts into orotate by 

dihydroorotate dehydrogenase (DHOD) .  The DHOD is located on outer surface of 

inner mitochondrial membrane. This is the only mitochondrial step in the nucleotide 
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ring biosynthesis.  Orotate is converted to OMP by OPRT.  And then OMP is 

decarboxylated to UMP by OMPDC.  In the pathway of final two steps, OPRT and 

OMPDC found on a bifunctional protein in one gene is called UMPS.  Five of six 

reactions appear in the cytosol of the cell, whereas the DHOD reaction operates in 

mitochondria. 

 The UMP conversion to uridine diphosphate (UDP)  and uridine triphosphate 

(UTP)  were catalyzed by nucleotide kinases (46, 47) .  The ribonucleotide reductase 

converts CDP to deoxyribonucleotide derivative.  The precursor for synthesis of 

thymidine nucleotide is UDP.  UDP is also converted to dUDP by ribonucleotide 

reductase. Dephosphorylation of dUDP to dUMP was then achieved. The thymidylate 

synthase converts dUMP to deoxythymidine monophosphate (dTMP) , requiring 

transfer of a single carbon from 5, 10-methylenetetrahydrofolate (48) (Figure 4). 
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Figure 4  Pyrimidine de novo pathway in human. 

The de novo pyrimidine biosynthetic pathway requires six enzymes.  The first three 

enzymes are catalyzed on trifunctional protein, a cytosolic enzyme known as CAD. 

The fourth enzyme is DHOD, a mitochondrial enzyme.  The fifth and sixth enzymes 

are catalyzed on a bifunctional protein UMPS, a cytosolic enzyme (48). 
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2.4.2. Synthesis of pyrimidine nucleotide by salvage pathway 

 The salvage pathway is a process in which pyrimidine nucleotides, 

synthesized from intermediates in the degradative pathway for nucleotides. Salvage 

pathways are used to recover bases and nucleosides that are formed during 

degradation of RNA and DNA. This is important in some organs because some tissues 

cannot undergo de novo synthesis.  The salvaged bases and nucleosides can then 

be converted back into nucleotides.  The pathway beginning with deoxycytidine, 

deoxyuridine, or deoxythymidine nucleosides, in the first step, appropriate kinases 

converted to nucleoside monophosphates. Uridine phosphorylase has an activity to 

inter convert uracil, uridine and deoxyuridine. In contrast uridine kinase 

phosphorylates the nucleoside into UMP. Then, dTMP generate from 

deoxythymidine phosphorylase adds to deoxyribose-1- phosphate, and thymidine 

kinase phosphorylates this nucleoside into dTDP and dTTP. 

 

2.5. Pyrimidine biosynthesis in Plasmodium parasite 

The de novo pathway has the six sequential enzymes, CPS II, ATC, DHO, 

DHOD, OPRT and OMPDC, using HCO3
-, ATP, Gln, Asp and PRPP as precursors. The  

P. falciparum enzymes in the de novo pathway were encoded from their separated 

genes. 
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Figure 5 shows that the final two steps of UMP synthesis in de novo 

pathway require the addition of ribose 5-phosphate from PRPP to orotate by 

OPRT to form OMP and the subsequent decarboxylation of OMP to produce 

UMP by OMPDC. These enzymes are encoded by two separate genes in most 

prokaryotes, whereas their genes in most multicellular organisms are joined into 

a single gene, resulting in the bifunctional UMPS (18, 22, 49). 
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Figure 5 De novo pyrimidine biosynthesis of malaria parasites. 

The conversion of HCO3
- , ATP, Gln, Asp and PRPP as precursors.  The last two 

enzymes in de novo pathway in Plasmodium are active in multimeric complex 

( containing each two subunits of OPRT and OMPDC) .  This pathway is functionally 

connected to other metabolic pathways, include glycolysis, pentose phosphate 

pathway, folate and glutamate metabolism, and also mitochondrial electron 

transport system. 

(From http://mpmp.huji.ac.il//maps/pyrimidinemetpath.html) 
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2.6. Orotidine 5'- monophosphate decarboxylase and orotate 

phosphoribosyltransferase 

2.6.1. Orotidine 5'-monophosphate decarboxylase 

The sixth enzyme in the de novo pyrimidine biosynthetic pathway is 

OMPDC, decarboxylation of OMP to form UMP, where the reaction is  

OMP  UMP + CO2. The monofunctional protein of P. falciparum OMPDC is a 

novel form. The single open reading frame of PfOMPDC genes contains 969 bp, 

one exon and encode a protein with 323 amino acid residues having a 

molecular mass of about 38 kDa, located on chromosome 10 locus PF10_0225. 

Dimeric enzyme is an active form and with molecular mass about 76 kDa (26). 

Furthermore, it demonstrates that malaria parasite enzyme has also an extension 

of 32 amino acids at the N-terminus (Figure 6). 

The alignment of PfOMPDC with those of the seven amino acid sequences 

known (Figure 6) indicate a large insertion at the N-terminal region in all 

Plasmodium. It has been proposed that these domains used to bind between 

PfOPRT and PfOMPDC for tetrameric formation (24-26, 50). The 3D structure of 

PfOMPDC has eight β-strands and 13 α-helices (Figure 7). The dimeric interface 

consists a network of 10 hydrogen bonds. The active site is located at the open 

end of the (α/β)8 barrel (50). 
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Figure 6  Multiple sequence alignment of OMPDCs. 

A sequence alignment of seven different OMPDCs was performed using Clustal 

Omega. Species name and accession number are as follows: E.coli (Escherichia 

coli) (P08244.1), B. subtilis (Bacillus subtilis) (P25971.1), H. sapiens (Homo sapiens) 

(NP_000364), S. Cerevisiae (Saccharomyces cerevisiae) (AAB64498.1), L. donovani 

(Leishmania donovani) (XP_003859743), T. cruzi (Trypanosoma cruzi) (EKG07751.1), 

and P. falciparum (Plasmodium falciparum) (BAB92089.1). The yellow and pink 

highlighted boxes indicate identical and similar amino acids, respectively.  

 

Additionally, percent identity of the sequence of PfOMPDC comparing 

among E. coli, B. subtilis, H. sapiens, S. cerevisiae, L. donovani and T. cruzi are 

13%, 17%, 15%, 14%, 33% and 37%, respectively, according to Clustal Omega 

calculation (Figure 6). From the percent identity determination, it is suggested 

that PfOMPDC sequence is the most similar to that of T. cruzi. 
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Figure 7 3D structure of dimeric P. falciparum OMPDC. 

Homodimeric PfOMPDC contains subunit A (red) and subunit B (blue), PDB ID: 2ZA2 

(50).  

 

2.6.2. Orotate phosphoribosyltransferase 

The fifith enzyme in the de novo pyrimidine biosynthesis pathway is OPRT, 

UMP synthesis requires the addition of ribose 5-phosphate moiety from PRPP to 

orotate by OPRT to produce OMP and pyrophosphate (PPi). The reaction is  

orotate + PRPP   OMP + PPi.  The amino acid residues of Lys89, Phe97, Phe98, 

Thr212 and Arg241 are located at the active site of PfOPRT enzyme, and interacting 

by extended hydrogen bonds among orotate, PRPP, environment amino acid 

residues and water molecules (51). The single open reading frame of PfOPRT gene 



 
 

 

27 

contains 843 bp, one exon and encodes a protein with 281 amino acid residues 

with a molecular mass of about 33 kDa, located on chromosome 5 locus PFE0630C. 

Dimeric enzyme is an active form having molecular mass of about 66 kDa (24, 25).  

The extension of malaria parasite enzyme was found with 66 anino acids at  

N- terminus and also the unique insertion of 19 amino acids at 178- 196, with hight 

hydrophobic index of +1.0 - +3.0 (24, 25). 

The alignment of PfOPRT with those of the nine sequences known  

(Figure 8) indicate a large insertion at the N-terminal region in all Plasmodium. It 

has been proposed that these regions used to bind between PfOPRT and PfOMPDC 

for tetrameric formation (24-26, 50).  

The 3D structure of PfOPRT (Figure 9) has ten β-strands and seven  

α-helices, in addition to one cis-peptide. The PfOPRT is the most closely related 

to that from S. cerevisiae (ScOPRT) in amino acid sequence as well as in structure 

(52). The catalytic dimer in PfOPRT structure was bound together exclusively by 

hydrogen bonds. In especially, α4 and the loop residues drag into it make dominant 

interactions that bind the catalytic homodimer together. Nearly all of the surface 

residues of α4, which is comprised of the residues 136-KGIPMVSLTSHFLFE-150, are 

buried at this dimeric interface (52). 
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Figure 8  Multiple sequence alignment of OPRTs. 

A sequence alignment of nine different OPRTs was performed using Clustal 

Omega.  Species name and accession number are as follows:  T.  Cruzi 

(Trypanosoma cruzi) (EKG07751.1), L. donovani (Leishmania donovani) 

(XP_003859743), H. sapiens (Homo sapiens) (NP_000364), E. coli (Escherichia coli) 

(X00781), S. cerevisiae (Saccharomyces cerevisiae) (NP_013601), P.  falciparum 

(Plasmodium falciparum) (BAB92089.1), B. Subtilis (Bacillus subtilis) (AIY97169.1), 

M. thermautotrop (Methanothermobacter thermautotrophicus) (AAB85374.1) and 

D. melanogaster (Drosophila melanogaster) (NP_966038.1). The yellow and pink 

highlighted boxes indicate identical and similar amino acids, respectively.  

 

It is noted that percent identity of the sequence of PfOPRT comparing 

among T.  cruzi, L.  donovani, H.  sapiens, E.  coli, S.  cerevisiae, B.  Subtilis,  

M. thermautotrophicus and D. melanogaster are 22%, 23%, 26%, 27%, 32%, 

16% , 17%  and 20% , respectively, according to Clustal Omega calculation  

(Figure 8). From the percent identity result, it is suggested that PfOPRT sequence 

is the most similar to that of S. cerevisiae. 
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Figure 9 3D structure of dimeric P. falciparum OPRT. 

Homodimeric PfOPRT contains subunit A (red) and subunit B (blue) , PDB ID:  4FYM 

(52). 

 

The alignment of PfOPRT sequence with those of other organisms show 

large insertion present at the N-terminal and internal regions (Figure 8). The 

alignment of PfOMPDC sequence with those of the ten known crystal structures 

(Figure 6) indicate a large insertion at the N-terminal region in all Plasmodium 

species. It has been proposed that these regions are responsible for binding 

between PfOPRT and PfOMPDC for tetrameric formation (26, 50). 
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2.7. Evolution of orotidine 5'- monophosphate decarboxylase and 

orotate phosphoribosyltransferase  

 The single open reading frame of PfOPRT and PfOMPDC genes encode the 

proteins with 281 and 323 amino acid residues, respectively (26) .  Both enzymes 

from P. falciparum have been purified and found to be multienzyme complex with 

a molecular mass of 140 kDa, containing two subunit of each PfOPRT and PfOMPDC 

are 33 kDa and 38 kDa, respectively (24, 25). The multienzyme complex forms α2β2 

conformation, representing the (PfOPRT) 2(PfOMPDC) 2 as a heterotetrameric form  

(24-26).  

The PfOPRT and PfOMPDC contribute their functions in a multienzyme 

complex, which are indicated by the chromatographic experiments of PfOPRT 

and PfOMPDC on the Superose 12 gel filtration FPLC column, demonstrating 

a single peak with molecular mass of 140 kDa, and also by the SDS-PAGE, 

showing the result of a monomeric form of both PfOPRT and PfOMPDC with 

molecular masses of 33 and 38 kDa, respectively (24, 25). The dimeric forms of 

PfOPRT and PfOMPDC are 67 and 76 kDa, respectively, as determined on the 

Superose 12 gel filtration FPLC column (26). 

Taken together, the multiple sequence alignments indicate that the OPRT 

gene of the fused OMPDC-OPRT is originated from the eukaryotic ancestor  

(e.g., fungi, yeast (S. cerevisiae). In case of the cyanobacteria, it was demonstrated 
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that the fused OMPDC-OPRT gene occurs via lateral gene transfer (LGT) (18, 53).  

The possible evolutionary scenario of OPRT and OMPDC genes in eukaryotes 

is shown in Figure 10. Many of the eukaryotic groups (e.g., Metazoa, Amoebozoa, 

Plantae, Heterolobosea, and euglenoids), share OPRT-OMPDC gene and form 

monophyletic clusters, the most likely description is that the OPRT-OMPDC gene 

fusion was established once in the common ancestor of eukaryotes. Nonetheless, 

there is a possibility that the OPRT-OMPDC gene fusion occurred independently or 

was subsequently transferred via LGT among distantly related eukaryotic groups. 

The OPRT-OMPDC gene is defined in eukaryotic groups: fungi and alveolata are 

stand-alone genes, kinetoplastids and stramenopiles are inversely OMPDC-OPRT 

fusion. The previous information indicated that the OPRT genes in fungi, alveolata, 

and stramenopiles and the OMPDC genes in alveolata, kinetoplastids, and 

stramenopiles are acquired from bacterial origin via LGT. The OPRT-OMPDC gene in 

fungi is split and acquired the replaced OPRT gene from bacterial origin as the split 

gene. The alveolata and stramenopiles thoroughly have loss the original OPRT-

OMPDC gene fusion and acquired the OPRT and OMPDC genes by LGT. In 

kinetoplastids, the OMPDC-OPRT gene is taken through LGT, acquiring the of OMPDC 

gene, splitting the original OPRT-OMPDC gene, and re-fusion between the acquired 

OMPDC gene and the OPRT genes in the inversed order. However, the evolutionary 

history for the origin of the transferred genes in both OPRT and OMPDC gene, it is 

still unclear, whether its common ancestor is originated (18, 53). 
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Figure 10  Evolution of OPRT and OMPDC genes. 

OPRT and OMPDC are the last two enzymes in de novo pathway encoding by genes 

5 and 6, respectively. The eukaryotic origin and bacterial origin are represented by 

open and gray boxes, respectively. It is unknown for the presence and organization 

of OPRT and OMPDC genes in parabasalia and diplomonadida. The possibility of 

evolutionary events, LGT, for example in the corresponding groups, secondary gene 

splitting and subsequent gene fusion are shown. In the evolutionary scenario, the 

cyanobacterial OMPDC-OPRT gene fusion is acquired subsequently via LGT, as 

shown below the dashed line (18). 
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As for the literature reviewed for the OMPDC-OPRT gene fusion, there are 

lines of existing evidence for the OMPDC gene originating from prokaryotic ancestor 

(e.g., cyanobacteria), and for the OPRT gene descending from eukaryotic origin of 

unicellular eukaryotic organisms, such as kinetoplastids and apicomplexans. 

Nevertheless, the cyanobacterial OMPDC-OPRT has a monophyletic origin and that 

this fused gene is not derived from their fusion of the cyanobacterial stand-alone 

genes, but is acquired via LGT (18). In contrast, there are no lines of evidence for 

the OMPDC gene derived only from the eukaryotic ancestor in the inversely linked 

OMPDC-OPRT gene, whereas the OPRT gene originated from both prokaryotic and 

eukaryotic organisms (Figure 11). 
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Figure 11  Evolution of OMPDC-OPRT gene and its organization. 

The OMPDC-OPRT gene organization in kinetoplastids (e.g., Trypanosoma cruzi and 

Leishmania donovani), diatom (e.g., Stramenopiles), and cyanobacteria (e.g., Nostoc 

punctiforme) (18, 19, 53). 
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The OPRT and OMPDC enzymes are encoded by two separate genes in most 

prokaryotes, on the contrary these nucleotides sequences in most eukaryotic 

organisms are joined into a single gene, know as the bifunctional UMPS (16, 54) , 

However, in the eukaryotes, the organization of OPRT and OMPDC genes are 

polytypic, and is therefore suitable for investigation of whether multiple gene 

fusion/fission events have occurred in this set of genes (18).  

So far as literature concerned, there are three types of OPRT and OMPDC 

gene organization. The order linked OPRT-OMPDC gene fusion is present in the 

majority of eukaryotic groups, i.e., multicellular organisms, plants and mammals, 

including humans. On the other hand, they exist as separate genes (stand-

alone) in yeast, fungi, apicomplexans (e.g., Toxoplasma, Plasmodium), and in most 

prokaryotes (18, 20).  Interestingly, the inversely linked OMPDC-OPRT gene fusion 

is present in the parasitic kinetoplastids (e.g., Trypanosoma cruzi, Leishmania 

donovani), and diatom (Stramenopiles), which are single-cell eukaryotes, 

representing an independent fusion event of both genes (18).  The inversed fusion 

genes are also found in some prokaryotes, e.g., cyanobacteria (e.g., Gloeobacter 

violaceus, Anabaena sp. and Nostoc punctiforme).  
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Evolutionary, the stand-alone OMPDC presence in diplonemids, which 

appears to have the same origin as euglenoid, may provide important insights into 

the evolutionary process of rearrangement of gene fusion. Our previous analyses 

suggested that the kinetoplastid OMPDC-OPRT appear through three events as 

follows: 

(1) Splitting of the original OMPDC-OPRT gene 

(2) LGT-based acquisition of the OMPDC gene 

(3) Re-fusion between the acquired OMPDC and the resident OPRT genes in 

the reverse order, although the temporal order of gene splitting and LGT is not 

conclusively. 

Significantly, diplonemids are found at an intermediate branch between 

euglenoids and kinetoplastids in euglenozoa. Wherefore, it is likely that the splitting 

of OPRT-OMPDC occurred first, in a common ancestor of diplonemids and 

kinetoplastids, and that, after separation of the diplonemid lineage, a common 

ancestor of kinetoplastids acquired OMPDC gene via LGT, and then re-fusion to 

OMPDC-OPRT gene. However, the possibility rearrangement of OPRT-OMPDC gene 

appears to be independently in the diplonemid and kinetoplastid lineages (21, 53). 

Based on the current knowledge, the rationality of originated fused gene can 

be used as a phylogenetic marker.  The contention of reasons are that it is difficult 

to exclude possibility of LGT.  There is ample evidence of eukaryote- to-eukaryote 
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LGT events and LGT between faraway related groups is an important evolutionary 

mechanism in eukaryotes and prokaryotes. Another reason of fused gene was the 

possibility of independent fused gene in different groups, readjustment of gene 

fusion including secondary splitting of fused genes and subsequent re- fusion, as 

found in green algae (e.g., Mougeotia scalaris). So the OPRT genes in fungi, alveolate 

(e.g., malaria parasite), and diatoms (e.g., Stramenopiles) and the OMPDC genes in 

alveolata, kinetoplastids, and diatoms are acquired from bacterial LGT (18) .  The 

feasible evolution scenario in these groups is as follows:  in fungi, OPRT-OMPDC is 

split and the bacterial type OPRT gene is acquired instead of the split gene (55) . 

Alveolata and diatoms have lost their original OPRT- OMPDC fused genes, and 

acquired OPRT and OMPDC genes separately by LGT, whereas the diatoms have 

then developed as OMPDC-OPRT gene fusion. 

In 2011, French JB et. al, provided an evidence showing the organization of 

the genes encoding the enzymes for last two steps of the pyrimidine biosynthetic 

pathway of L. donovani. The OPRT and OMPDC encoding regions are fused, leading 

to the bifunctional inversely linked OMPDC-OPRT gene.  They also elucidated the 

three-dimensional structure of this protein by X- ray crystallography.  The structure 

of L.  donovani UMPS (LdUMPS)  was determined by molecular replacement using 

LdOMPDC and Corynebacterium diphtheriae OPRT (PDB code 2P1Z) as a template. 

The dimeric form of LdUMPS with molecular mass of 90 kDa is demonstrated. The 
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kcat/Km catalytic value of LdOMPDC in LdUMPS is consistent with the highly efficient 

nature of this decarboxylase activity, whereas the catalytic efficiency of LdOPRT 

component is an order of magnitude slower than that of the LdOMPDC component 

(20).  

 

2.8. Organization of aspartate transcarbamoylase (ATC)  and 

dihydroorotase (DHO) in eubacterial Aquifiex aeolicus 

In eukaryotes, there are two types of gene and enzyme organization for CPS 

II, ATC, and DHO encoding the first three enzymes in this pathway, CPS II, ATC, and 

DHO, respectively. The first type is the fusion of there enzymes of CPS II-DHO-ATC 

(CAD), which is found in animals, amoebozoa, and also in the red alga 

Cyanidioschyzon merolae.  The second type is the stand- alone enzyme, which is 

common among the remaining eukaryotic groups. 

Additionally, many enzymes are found to be active in the multienzyme 

complex including the pyrimidine enzymes.  In an eubacterial Aquifiex aeolicus, 

ATC and DHO, the second and the third enzymes of the pathway are encoded by 

separate genes and form the enzyme complex after their expression. Both ATC 

and DHO are catalytically active in trimeric forms and associate into a hexamer 

of (ATC)3(DHO)3 (56, 57) . The multifunctional enzyme complex shows also that 

catalytic efficiency (kcat/Km) is higher than that of the separate enzyme, however,  
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the lower Km values for multifunctional complex is noted. In contrast, the first 

three enzymes of the pyrimidine pathway in human and other animals exist as a 

trifunctional CAD protein, in which the responding genes are fused (57). In most 

plants and prokaryotes (e.g., E. coli), their genes are stand-alone organization and 

expressed as monofunctional enzymes. 

 

2.9. Other bifunctional enzymes in the malaria parasite  

There are also lines of evidence demonstrating few the bifunctional 

enzymes existing in the malaria parasite.  The previous study of the bifunctional 

enzyme dihydrofolate reductase-thymidylate synthase (DHFR-TS), proved that DHFR 

is a key enzyme in folate metabolism, linked to the production of thymidylate by 

TS. In several protozoa, the catalytic activities of both DHFR and TS active sites are 

carried on a single polypeptide chain of the enzyme, constituting a bifunctional 

DHFR-TS enzyme with high catalytic efficiency (58-61). Nearly all known TS enzymes 

exist as a dimeric, including bifunctional DHFR-TS in the protozoan parasites.  The 

crystal structures of L. casei TS, and P.  falciparum DHFR-TS, reveal that the TS 

domains are hold together, and form active sites near the dimeric interface.  Each 

TS active site is composed of residues from both monomers (62). Additionally, there 

are independent inversely fusions of glucose-6-phosphate dehydrogenase (G6PD) 

and 6-phosphogluconolactonase (6PGL) in the pentose phosphate pathway existing 
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in malaria parasite (63). The evolutionary scenario of these fused genes in 

phylogenetic tree explain three phenomena as follows:  the first type, since the 

apicomplexan fusion genes branch with a non-fused gene from dinoflagellates, the 

closest relatives of apicomplexans, assume the fused between G6PD and 6PGL 

genes occurred after divergence of apicomplexans and dinoflagellates.  Secondly, 

the G6PD-6PGL fused gene was clearly an ancestral feature common to 

Trichomonas and Giardia, and expected to find this gene in any species that 

diverged recently from either lineage. And thirdly, the G6PD gene part of the fused 

gene in Trichomonas and Giardia come from horizontal gene transferred from a 

bacteria ancestor.  In Giardia genome, the gene may have been transferred with a 

6PGL gene, commonly found in the same operon in most bacteria, or they may 

have been fused prior to the horizontal transfer.  The origin of inversely fusion  

6PGL-G6PD gene was identified in all Plasmodium spp. , and the fusion must have 

occurred in an ancestor of the Plasmodium spp.. So, no data of genomic available 

for many of the species has been analyzed, and it is not possible to determine how 

long ago the fusion occurred. Interestingly, the insertion sequence, unique character 

present in only Plasmodium spp.  is functionally important for enzymatic activity 

(63) .  This unique property is similar to the well characterized OPRT and OMPDC in 

P. falciparum (24-26). 
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2.10. Evolutional origin of protein-protein co-localization  

The structural complex of the malarial parasite enzyme, as described in 

section 2.6, thus, represents an efficient functional kinetic benefit, which is in 

line with co-localization principles for evolutional origin, that increases random 

mutation in the proteins, possibly decreasing the free energy enough to create a 

tightly binding dimer resulted in increasing their concentrations, which can amplify 

the effect of protein function, i.e., increased catalytic efficiency of the 

corresponding enzymes. And also with allosteric property in the protein-protein 

interaction, in which the complex system is regulated by allosteric control  

(64, 65).  This advanced understanding would help for new antimalarial drugs 

designed by targeting the protein-protein fusion of PfOMPDC and PfOPRT in the 

bifunctional form (66, 67). 

As far as the literature concerned, the bifunctional enzymes might have the 

highest performance in terms of catalytic efficiency, which is the best advantage of 

the functioning enzyme, i.e., LdOMPDC-OPRT (20), PfDHFR-TS (62, 68). 



 

 

CHAPTER III  

MATERIALS AND METHODS 

3.1. Materials 

1) Alcohol lamp 

2) Autopipet (Gilson pipetman model P2, P10, P20, P100 and P1000) 

3) Autopipet tips 

4) Beaker 

5) Cuvette (quartz, disposable plastic) 

6) Cylinder 

7) Escherichia coli (E. coli TOP10, Invitrogen) 

8) Flask 

9) Magnetic bar 

10) Microcentrifuge tube (Eppendorf) 

11) Microcentrifuge tube rack 

12) Parafilm 

13) Petridish (90 x 15 mm) 

14) Pfu DNA polymerase (Promega) 

15) Pipet rack 

16) Plastic wrap 
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17) Platinum loop 

18) Polaroid film 

19) Polypropylene conical centrifuge tube 

20) Screw cap tube 

21) Spreader (glass) 

22) Test tube 

23) Thermometer 

 

3.2. Equipments 

1) Applied Biosystems model 377 sequencer 

2) Balance (Shimadzu) 

3) Deep freezer -20 °C, -80 °C (Sharp, Revco) 

4) DNA Thermal cycler (Thermo Hybaid) 

5) Electrophoresis apparatus for agarose gel (Bio-Rad) 

6) Fast Protein Liquid Chromatography (FPLC) system, equipped with a Superose 

12 HR 10/30 column (1.5 x 30 cm) and a sample loop of 0.5 ml (Pharmacia). 

7) Fluorescence and phosphor imager (Storm model 865) 

8) Gel-document (Bio-Rad) 

9) High speed centrifuge (Sorvall) 



 
 

 

45 

10) High Performance Liquid Chromatography Quadrupole-Time of Flight model 

SYNAPTTM High-Definition Mass Spectrometry (HPLC Q-TOF model SYNAPTTM 

HDMS)  equipped with a symmetry C18 5 µm, 180-µm x 20-mm trap column 

and a BEH130 C18 1. 7 µm, 100- µm x 100- mm analytical reversed- phase 

column (Waters corporation) 

11) Incubator (Memmert, 37 °C) 

12) Magnetic stirrer 

13) Microcentrifuge (Heraeus) 

14) pH meter (WPA) 

15) Polaroid camera (Polaroid) 

16) Power supply (Bio-Rad) 

17) Refrigerator (Sanyo) 

18) Shaking incubator (Kuhner, 18 °C and 37 °C) 

19) Thermostat shaking water bath (GFL, 37 °C) 

20) Ultrasonic homogenizer (Bandelin Sonoplus) 

21) UV transilluminator (Spectroline) 

22) UV-visible spectrophotometer model UV 1601 equipped with a temperature-

controller (Shimadzu) 

23) Vertical electrophoresis apparatus for polyacrylamide gel (mini-gel) (Bio-Rad) 

24) Vortex (Scientific industry) 
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3.3. Reagents 

3.3.1. General reagents 

1) 5- Phospho- D- ribose- 1- diphosphate sodium salt ( 5- phosphoribosyl- 1-

pyrophosphate, PRPP) (Sigma) 

2) Acetic acid, glacial (Merck) 

3) Acrylamide (Sigma) 

4) Agar (Becton, Dickinson and company) 

5) Agarose (SeaKem) 

6) Ammonium persulfate (APS) (Sigma) 

7) Ampicillin sodium salt (Sigma) 

8) Bromophenol blue (Fluka) 

9) Bovine serum albumin (BSA) (Sigma) 

10) Butanol (Merck) 

11) Calcium chloride (Merck) 

12) Comassie brilliant blue R250 (Sigma) 

13) Disodium hydrogen phosphate (Merck) 

14) Dithiothreitol (DTT) (Sigma) 

15) DNA size marker (1 kb DNA ladder) (Vivantis) 

16) Endonuclease: BamHI, PstI and XhoI (New England Bio Labs) 

17) Ethanol, absolute (Merck) 
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18) Ethidium bromide (Sigma) 

19) Ethylene diamine tetraacetic acid (disodium salt) (EDTA) (Fluka) 

20) Formic acid (Fluka) 

21) Glucose (Fluka) 

22) Glycerol (Sigma) 

23) Glycine (Vivantis) 

24) Hydrochloric acid (Merck) 

25) Imidazol (Sigma) 

26) Iodoacetamide (Sigma) 

27) Isopropanol (Merck) 

28) Isopropyl β-D-thiogalactopyranoside (IPTG) (Sigma) 

29) Lysozyme (Sigma) 

30) Magnesium chloride (Merck) 

31) Magnesium sulfate (Merck) 

32) Methanol, absolute (Merck) 

33) Mercaptoethanol (Sigma) 

34) N,N-Methylene-bis-acrylamide (BIS) (Sigma) 

35) N,N,N′,N′-Tetramethylethylenediamine (TEMED) (Sigma) 

36) Orotic acid monosodium (OA) (Sigma) 

37) Orotidine 5′-monophosphate trisodium salt (OMP) (Sigma) 

38) Phenol-chloroform (1:1, v/v) (Pierce) 
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39) Potassium chloride (Merck) 

40) Potassium hydrogen phosphate (Merck) 

41) Protease inhibitor cocktail (phosphoramidon (6 µg/ml) , leupeptin (1 µg/ml) , 

antipain  

(2 µg/ml) , bestatin (1 µg/ml) , pepstatin (1 µg/ml) , E-64 (6 µg/ml) , aprotinin  

(1 µg/ml), chymostatin (1 µg/ml) and N-p-tosyl-L-lysine chloromethyl ketone 

(TLCK, 20 µg/ml)) (Roche) 

42) Protein molecular mass marker for SDS-PAGE (low range) (Bio-Rad) 

43) RNase (Sigma) 

44) Sodium acetate (Merck) 

45) Sodium dodecyl sulfate (SDS) (Sigma) 

46) Sodium hydroxide (Merck) 

47) Triton-X-100 (Sigma) 

48) Trizma base (Sigma) 

49) Trypsin (Promega) 

50) Tryptone (Becton, Dickinson and company) 

51) Uracil (Sigma) 

52) Uridine (Sigma) 

53) Uridine 5'-monophosphate (UMP) (Sigma) 

54) Yeast extract (Becton, Dickinson and company) 
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3.3.2. Reagent kits 

1) HiTrapQ HP anion-exchange column (Pharmacia BioSciences) 

2) Protein assay dry reagent concentrate (Bio-Rad) 

3) QIAexpressTM kit (Qiagen) , containing monoclonal antibody directed against 

His6-tag with horseradish peroxidase conjugates 

4) Qiagen nickel-nitrilotriacetic acid (Ni-NTA) agarose affinity resin 

5) Qiagen plasmid midi kit 

6) pTrcHisA expression vector (Invitrogen) 

7) Zero Blunt TOPO cloning vector (Invitrogen) 

 

3.4. Methods 

3.4.1. Cloning and construction of recombinant fused bifunctional  

PfOMPDC-PfOPRT gene 

P.  falciparum OMPDC (969 bp)  and OPRT (846 bp)  genes were separately 

cloned by using PCR with designed primers as follows:  

 

for OMPDC gene,   

forward primer 5′CGGGATCCGCCATGGGTTTTAAGGTAAAATTAG3′  33 mers 

reverse primer  5′GCCTCGAGCGATTCCATATTTTGCTTTAAG3′   30 mers 

which introduced BamHI and XhoI restriction sites, respectively (shown in bold) 
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for OPRT gene,  

forward primer 5′GCCTCGAGATGACGACGATAAAAGAGAATG3′  30 mers 

reverse primer  5′GCCTGCAGCGCTCATATCATCGACTGTATATCGTC3′  30 mers 

which introduced XhoI and PstI restriction sites, respectively (shown in bold).   

 

High fidelity Pfu DNA polymerase was used for the PCR reaction.  The PCR 

cycling parameters include denaturation at 95 °C (1 min), annealing at 55 °C (1 min) 

and extension at 68 °C (3 min) for 40 cycles. The PCR reaction (50 µl total volume) 

was prepared as shown previously (24). After 40 cycles, a single band of the predicted 

size was visualized on an 0.8% agarose gel, after electrophoresis. 

The PCR cycling parameters and the PCR products processing and ligating 

into a Zero Blunt TOPO cloning vector, were essentially described (24, 26) .  The 

cloned OMPDC and OPRT were sequenced by the dideoxy chain termination 

method using an automated Applied Biosystems model 377 sequencer. The cloned 

OMPDC gene was firstly subcloned into a pTrcHisA expression vector, using BamHI 

and XhoI restriction sites. The OPRT gene was secondly subcloned into the pTrcHisA 

containing the OMPDC, using XhoI and PstI restriction sites.  Finally, the pTrcHisA 

containing the inversed order fusion as OMPDC- OPRT,  were constructed and 

expressed as fused bifunctional NH2-OMPDC-OPRT-COOH enzyme.  The freshly 

prepared competent E. coli TOP10 cells were transformed with the construct 
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plasmid (Figure 12)  and propagated in the Luria-Bertani (LB)  medium containing 

ampicillin (100 µg/ml). 

 

Figure 12  Cloning of recombinant plasmid containing designed PfOMPDC-

PfOPRT fused gene. 
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3.4.2. Preparation of competent E. coli  

An E. coli Top10 colony from a LB plate was inoculated in LB broth at  

37 °C for overnight and transferred into 50 ml LB broth and incubated at 37 °C 

until absorbance (A) 600 nm of the culture was about 0.4-0.6. The culture was  

centrifuged at 6,000 rpm for 10 min at 4 °C. The supernatant was discarded. The 

cell pellet was then suspended in 10 ml of iced-cold 50 mM CaCl2 and left 

on ice for 40 min. The treated cell was centrifuged at 6,000 rpm for 10 min at 

4 °C. The cell pellet was resuspended in 5 ml of cold 50 mM CaCl2 and cooled 

on ice for another 15 min. The cell was then centrifuged at 6,000 rpm for 10 

min at 4 °C. The cell pellet was resuspended in 500 µl of cold 50 mM CaCl2 

and 30-50% glycerol by gentle vortexing. The competent cells were freshly 

prepared for each transformation. 

 

3.4.3. Expression and purification of recombinant fused bifunctional 

PfOMPDC-OPRT enzyme 

The competent E.  coli TOP10 cells were transformed with the construct 

plasmid, cultivated in LB medium at 37 °C until the cell density of 0.4-0.6 at A 600 

nm, then induced with 1 mM IPTG at 18 °C for 18 h, harvested at 8,000 rpm for 10 

min, washed at least two times with 5 mM phosphate buffered saline (PBS) , and 

finally stored as cell paste at -80 °C until use. 
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 Frozen cell paste was resuspended in a lysis buffer (50 mM TrisHCl pH 8. 0, 

300 mM NaCl, 10 mM imidazole, glycerol, 10 mg/ml lysozyme, 10 mg/ml RNase, 

Triton X-100 and one tablet of protease inhibitor cocktail) (24). Lysozyme and Triton 

X-100 were added to final concentratons of 0.1%. The mixture was sonicated by an 

ultrasonic Sonoplus homogenizer.  The E.  coli lysate was centrifuged at 10,000 rpm 

at 4 °C for 30 min.  

 The obtained supernatant fluid was loaded onto an Ni-NTA agarose affinity 

column (0.5 ml bed volume) which had been equilibrated with a buffer A containing 

50 mM TrisHCl pH 8.0, 150 mM NaCl and 10 mM imidazol. The column was washed 

twice with 5 ml of a buffer B containing 50 mM TrisHCl pH 8.0, 150 mM NaCl and 20 

mM imidazol, and then eluted with 3 ml of a buffer C containing 50 mM TrisHCl pH 

8. 0, 150 mM NaCl and 250 mM imidazole.  The eluting fractions of 0. 5 ml were 

collected and assayed for enzymatic activities of OPRT and OMPDC.  The eluent 

containing the enzymatic activities from Ni-NTA agarose affinity column was pooled 

and added onto an HiTrapQ anion-exchange chromatography column which had 

been equilibrated with 50 mM TrisHCl pH 8. 0, and then eluted with 50 mM TrisHCl 

containing 500 mM NaCl. The 0.5-ml fractions were collected and assayed for 

enzymatic activities of OPRT and OMPDC (24). 
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3.4.4. Confirmation of recombinant fused PfOMPDC-OPRT enzyme by Western 

blotting  

The Western blot analysis was performed to confirm the authenticity of the  

His6- tagged recombinant protein according to the manufacture’ s instruction.  The 

detection system was QIAexpressTM kit, containing monoclonal antibody directed 

against His6- tag with horseradish peroxidase conjugates.  The recombinant protein 

was then analyzed. Firstly, a SDS-PAGE gel was washed with water several times, and 

then with blotting buffer (25 mM TrisHCl, 150 mM glycine and 10% methanol). The 

filter papers were also soaked with the blotting buffer. The nitrocellulose membrane 

was flashed with methanol and then soaked in blotting buffer.  Secondly, the SDS-

PAGE gel to be blotted was put onto the nitrocellulose membrane, and care was 

taken to remove all air bubbles. Thirdly, the assembly was put into an 

electrophoretic chamber of mini- gel apparatus with the nitrocellulose membrane 

facing the cathode.  A voltage gradient of 12 V or 80 mA was applied for 1 h (69) . 

Finally, the blotted nitrocellulose membrane was then processed for the 

QIAexpressTM detection system as described before. 
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3.4.5. Determination of molecular mass of recombinant fused PfOMPDC-OPRT 

enzyme  

The Superose 12 HR gel- filtration FPLC system was performed to determine 

molecular mass in a native form of recombinant fused PfOMPDC-PfOPRT enzyme. 

The eluent containg both OPRT and OMPDC activities from the HiTrapQ anion-

exchange chromatography column, as described previously (section 3.4.3) were 

pooled and then loaded onto the Superose 12 gel- filtration  FPLC column which 

had been equilibrated with 50 mM TrisHCl pH 8. 0 containing 250 mM NaCl.  The 

fused PfOMPDC- OPRT enzyme was then eluted with this buffer at flow rate of  

0. 5 ml/min for 45 min, the 0.5-ml fractions were collected and assayed for both 

enzymatic activities. The FPLC column was calibrated with molecular mass markers: 

blue dextran (2,000 kDa), thyroglobulin (670 kDa), immunoglobulin (158 kDa), bovine 

serum albumin (66 kDa) , ovalbumin (44 kDa) , myoglobin (17 kDa)  and vitamin B12 

(1.35 kDa). 

 

3.4.6. Enzymatic assays and kinetic studies 

The OPRT and OMPDC activities of the fused bifunctional enzyme were 

measured according to previously described, using spectrophotometric methods by 

monitoring decrease of absorbance for orotate and OMP, respectively (24-26). Each 

enzymatic assay was performed in a quartz cuvette with a UV- visible Shimadzu 
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spectrophotometer model UV1601 equipped with a temperature controlled cuvette 

holder at 37 °C. For all kinetic analyses, the purified enzyme (> 90% purity) was used 

at concentrations of 5-10 µM in 1.0 ml reaction assays, and their kinetics were 

measured in three to five different preparations.  The Km and Vmax values were 

calculated by measurement of initial velocities (V)  in triplicate with at least five 

substrate concentrations ([S] ) .  The turnover number ( kcat)  and catalytic efficiency 

(kcat/Km) values were then calculated as described (70, 71). 

 

In this study, two kinetic equations were used as follows: 

Michaelis-Menten equation [3]: 

 V = Vmax . [S]  [3] 

    Km + [S] 

Lineweaver-Burk equation [4]: 

 1 = Km    .  1  +  1  [4] 

 V  Vmax    [S]  Vmax 

 

Since the enzymatic reaction of OPRT has two substrates, orotate and PRPP. 

For orotate substrate, the reaction mixture (1 ml)  contained 50 mM TrisHCl pH 8.0, 

5 mM MgCl2, 250 µM DTT, and concentrations of orotate were varied from 6. 25 to 

250 µM, at fixed saturating concentration of PRPP (250 µM) .  The PfOMPDC-PfOPRT 

enzyme (100 µl) was incubated for 1 min at 37 °C with all components except PRPP. 
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The reaction was started by adding 250 µM PRPP and followed a linear graph of 

absorbance change at 295 nm for 3 min (24, 25) .  For PRPP substrate, the reaction 

mixture (1 ml)  contained 50 mM TrisHCl pH 8. 0, 5 mM MgCl2, 250 µM DTT, and 

concentrations of PRPP were varied from 6. 25 to 250 µM, at fixed saturating 

concentration of orotate (250 µM). The PfOMPDC-PfOPRT enzyme was incubated for 

1 min at 37 °C with all components except PRPP. The reaction was started by adding 

PRPP and followed a linear graph of absorbance change at 295 nm for 3 min  

(24, 25). 

The reaction of OMPDC activity assay (1 ml) contained 50 mM TrisHCl pH 8.0, 

250 µM DTT.  The concentrations of OMP were varied from 6. 25 to 125 µM.  

The PfOMPDC-PfOPRT enzyme (100 µl) was incubated for 1 min at 37 °C with all 

components except OMP.  The reaction was started by adding OMP and followed a 

linear graph of absorbance change at 285 nm for 3 min (24, 25). 

 The absorbance changes of both enzymes were then calculated for 

enzymatic activities, as µmol/min, using their extinction coefficients values of the 

conversion were 3. 67 x 103 M- 1 cm- 1 for OPRT, and 1. 65 x 103 M- 1 cm- 1 for OMPDC, 

respectively (24, 25). 
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3.4.7. Enzymatic stability test 

To stabilize the recombinant OMPDC-OPRT enzyme upon purification and 

storage, the substrate PRPP for OPRT and the product UMP for OMPDC were included 

during two purification steps and storage at a final concentration of 0. 5 mM in all 

buffers used. The purified enzyme (~60 µM) was stored at 4 °C in a buffer with 10% 

glycerol and 2. 5 mM DTT with/without PRPP and UMP, and tested for enzymatic 

activities of both OPRT and OMPDC at time intervals of ~2-3 days up to 45 days. 

 

3.4.8. Bioinformatics and proteomics 

Multiple alignments of amino acid sequences of OMPDC-OPRT enzymes were 

performed using the Clustal Omega program (72) .  Homology models of the three-

dimensional (3D)  structures were generated by the Phyre2 program (73) .  An 3D 

structure of the bifunctional PfOMPDC- PfOPRT (residues 1-323 and 324-604, 

respectively)  was constructed by using the crystal structure of L. donovani UMPS 

(PDB code 3QW4) as template, having OMPDC (residues 1-323) and OPRT (residues 

387-604) , in which residues 324-386 of OPRT component were not present in the 

homology model.  

The amino acid sequences of the bifunctional enzyme were determined 

using a liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) as 

essentially described previously (74, 75). The protein score in the result taken from 
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an MS/MS search is derived from an ion score. The ion score is the MS/MS match on 

the data based, with significance threshold at p < 0. 05, representing the total 

numbers of protein/peptide molecular mass matches for each query. 

 

3.4.9. Agarose gel electrophoresis and density analysis of DNA bands 

Agarose gel electrophoresis was performed with 0.8% agarose gel in 1x Tris-

acetate-EDTA (TAE) at a voltage of 100 V for 30 min. Ethidium bromide (EtBr) stained 

DNA bands were photographed using a Polaroid camera. Using VC 1 kb and 100 bp 

DNA ladder for the agarose gel electrophoresis, comparing to the bands density of 

DNA ladder of 2500 bp, 1000 bp and 500 bp (76). 

 

3.4.10. SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) and density analysis 

of protein bands 

SDS-PAGE was performed on a Bio- Rad mini- gel apparatus with 10% 

polyacrylamide gel in the Laemmli buffer system (77), using Bio-Rad molecular mass 

markers for the SDS-PAGE.  The gels were stained with Coomassie brilliant blue R, 

visualized by Gel document (Bio-Rad) , and then analyzed density of protein bands 

by a Storm fluorescence and phosphor imager (model 865). 
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3.4.11. Protein assay 

Protein concentrations were determined by the Bradford method (78) using 

bovine serum albumin as standard. 

 

3.4.12. Statistical analysis 

For statistical analysis, data are means ± SD of at least three independent 

experiments unless otherwise specified.



 

 

CHAPTER IV  

RESULTS 

4.1. Preparation of fused bifunctional PfOMPDC- PfOPRT gene and 

recombinant enzyme 

4.1.1. Construction of recombinant plasmid containing fused bifunctional  

PfOMPDC-PfOPRT gene and confirmation of the fused gene by restriction 

map 

 The PfOMPDC (ORF, 969 bp) and PfOPRT (ORF, 843 bp) of PCR products were 

separately ligated into a cloning vector, Zero Blunt TOPO plasmid, and then inserted 

into an expression vector, pTrcHisA plasmid (4.4 kb). The selected clone containing 

PfOMPDC-PfOPRT-pTrcHisA plasmid was checked by plasmid extraction and digestion 

at restriction sites with corresponding endonuclease enzymes.  Firstly, the size of 

PfOMPDC- PfOPRT- pTrcHisA plasmid was 6. 212 kb, confirmed by single cut with 

BamHI digestion of PfOMPDC-PfOPRT-pTrcHisA plasmid to linear-like DNA with a size 

of 6. 212 kb.  Secondly, the plasmid was double cut with BamHI and PstI digestions 

to generate inserting genes (1.813 kb) and the pTrcHisA plasmid (4.4 kb). Thirdly, The 

plasmid was triple cut with BamHI, PstI and XhoI digestions to give three DNA 

fragments, pTrcHisA plasmid (4.4 kb), PfOMPDC (969 bp), and PfOPRT (846 bp). The 

restriction maps were analyzed on an agarose gel electrophoresis (Figure 13).  
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 These results suggest the constructed pTrcHisA plasmid have PfOMPDC and 

PfOPRT inserting genes, corresponding to the design inserts with restriction sites for 

the cloning of fused bifunctional PfOMPDC-PfOPRT gene for heterologous expression 

in E. coli. 

 

 

 

 

 

 

 

 

 

Figure 13 Agarose gel electrophoresis analysis of PfOMPDC- PfOPRT-

pTrcHisA plasmid. 

Agarose gel was used at 1%.  Lane 1:  1 kb DNA ladder marker, Lane 2:  pTrcHisA 

plasmid, Lane 3:  Negative control, Lane 4:  PfOMPDC- PfOPRT- pTrcHisA plasmid 

digested with BamHI, Lane 5:  PfOMPDC- PfOPRT- pTrcHisA plasmid digested with 

BamHI and PstI, Lane 6:  PfOMPDC-PfOPRT-pTrcHisA plasmid digested with BamHI, 

PstI and XhoI, Lane 7:  Positive control, digested with BamHI, PstI and XhoI, Lane 8: 

Negative control, digested with BamHI, PstI and XhoI and Lane 9: 100 bp DNA ladder 
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marker.  The white arrow indicates band of PfOMPDC gene (upper band) , the red 

arrow indicates band of PfOPRT gene (lower band), the yellow arrow indicates band 

of uncut fused bifunctional PfOMPDC-PfOPRT gene, the pink arrows indicates band of 

pTrcHisA plasmid and the blue arrow indicates band of PfOMPDC-PfOPRT gene. The 

negative control is pTrcHisA plasmid only, and positive control is a PfOMPDC-PfOPRT-

pTrcHisA plasmid as control of the fused bifunctional gene in our laboratory. 

 

4.1.2. Expression and purification of fused bifunctional PfOMPDC-PfOPRT 

enzyme 

The PfOMPDC-PfOPRT fused gene was expressed in E. coli TOP10, under 1mM 

IPTG induction at 18 °C for 18 h, as soluble form.  The enzyme was purified by two 

sequential steps of Ni-NTA affinity and HiTrapQ anion- exchange chromatographic 

techniques.  The fused PfOMPDC-PfOPRT enzyme were eluted with 50 mM TrisHCl, 

pH 8. 0, 300 mM NaCl and 250 mM imidazole on the Ni-NTA affinity column and 

subsequently eluted with 50 mM TrisHCl, pH 8. 0, 500 mM NaCl on the HiTrapQ 

anion- exchange column, respectively (Figure 14) .  The enzymatic activities of 

PfOMPDC and PfOPRT were co-eluted in both columns, as overlapping peaks. 
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Figure 14  Ni- NTA affinity and HiTrapQ anion- exchange chromatographic 

profiles of the fused bifunctional PfOMPDC-PfOPRT enzyme. 

The 0.5-ml fractions were collected and assayed for both enzymatic activities ( for 

PfOMPDC, �� for PfOPRT and  protein concentration). (A). The Ni-NTA affinity 

column (0.5 ml bed volume) equilibrated with buffer A (50 mM TrisHCl, pH 8.0, 300 

mM NaCl and 10 mM imidazole), and the crude enzyme (from supernate fraction of 

E. coli lysate) was loaded onto the column was washed twice with 5 ml of buffer A 

and buffer B (50 mM TrisHCl, pH 8.0, 300 mM NaCl and 20 mM imidazole) and eluted 
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with 3 ml of buffer C (50 mM TrisHCl, pH 8.0, 300 mM NaCl and 250 mM imidazole). 

The bifunctional enzymatic activities were co-eluted as overlapping peaks on the Ni-

NTA affinity column.  (B) .  The recombinant protein, pooled from the Ni-NTA affinity 

step was then eluted from the HiTrapQ anion-exchange column, equilibrated with 

50 mM TrisHCl, pH 8. 0 and eluted with 50 mM TrisHCl, pH 8. 0, 500 mM NaCl. The 

enzymatic activities were co-eluted as overlapping peaks on the HiTrapQ anion-

exchange column.  

 

At the Ni-NTA affinity chromatographic step, the specific activities of PfOMPDC 

and PfOPRT component in the bifunctional enzyme were 48.90 and 26.58 

µmol/min/mg protein (n=3), respectively. At the HiTrapQ anion-exchange 

chromatographic step, the specific activities of PfOMPDC and PfOPRT component in 

the bifunctional enzyme were 27.22 and 23.02 µmol/min/mg protein (n=3), 

respectively (Table 1) .  Recovery yields of both enzymatic activities at the HiTrapQ 

anion-exchange step were relatively low (9. 8% for PfOMPDC, 15. 3% for PfOPRT) . 

These results indicate that both enzymatic activities of the bifunctional enzyme are 

markedly labile. 
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Table 1 Purification of bifunctional PfOMPDC-PfOPRT enzyme. 
 

PfOMPDC                 PfOPRT  

______________________________________________ 

Step    Total protein     Activity     Specific activity      Activity      Specific activity 

(mg)       (µmol/min)  (µmol/min/mg)    (µmol/min)   (µmol/min/mg) 

Ni-NTAa  1.4528       71.04       48.90               38.62          26.58 

HiTrapQb 0.2572         7.00             27.22                 5.92          23.02 

 

a Ni-NTA-agarose affinity chromatographic column, eluting at 250 mM imidazole 

b HiTrapQ-anion-exchange chromatographic column, eluting at 500 mM NaCl                                                      

 

Starting with 1 liter of the E. coli TOP10 culture, approximately 1-2 mg of the 

purified enzyme was obtained.  The SDS-PAGE analysis of the purified bifunctional 

PfOMPDC-PfOPRT enzyme is shown in Figure 15.  Molecular mass of monomeric 

bifunctional PfOMPDC-PfOPRT enzyme was calculated to be 68 ± 4 kDa (n= 18) , 

corresponding to the predicted molecular mass of 70,812 Da from the deduced 

amino acid sequence of the protein. 
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Figure 15  SDS-PAGE analysis on a 10%  polyacrylamide gel of the 

bifunctional PfOMPDC-PfOPRT enzyme after subjecting onto a Ni-NTA affinity 

and the HiTrapQ anion-exchange shows in panel A and B, respectively. 

Panel A shows a heterogeneous enzyme preparation (58. 11 µg) , purified using the 

Ni-NTA affinity step ( lane 2) .  Panel B shows a homogeneous enzyme preparation 

(10.29 µg) , purified from two sequential step of the Ni-NTA affinity and the HiTrapQ 

anion- exchange steps with molecular mass of 68 ± 4 kDa ( lane 2) .  Low range 

molecular mass markers are given in kDa (lane 1) of panel A and B. 

 

4.1.3. Confirmation of fused bifunctional PfOMPDC-PfOPRT enzyme by 

Western blot analysis 

Western blot analysis was performed to confirm the bifunctional PfOMPDC-

PfOPRT protein expressed as described in section 4.1.2, by using monoclonal 

antibody directed against His6-tag on the fused enzyme with horseradish peroxidase 

conjugates.  The Western blot shows a positive band at a position of ~70 kDa 

molecular mass (Figure 16). 
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Figure 16 SDS-PAGE and Western blot analysis of the purified bifunctional 

PfOMPDC-PfOPRT enzyme. 

Panel A indicates 10% SDS-PAGE gel of the purified enzyme, taken from the Ni-NTA 

affinity step (lane 2)  and from two sequential step of the Ni-NTA affinity and the 

HiTrapQ anion-exchange chromatography (lane 3) .  Lane 1 is low range molecular 

mass markers in kDa. Panel B shows the Western blot of the bifunctional enzyme at 

~70 kDa molecular mass (lane 2) .  Lane 1 is PageRuler prestained protein ladder in 

kDa. 

 

 

 



 
 

 

69 

4.2. Physical property of fused bifunctional PfOMPDC- PfOPRT 

enzyme 

4.2.1. Determination of molecular mass of native bifunctional enzyme  

The molecular mass of the native bifunctional enzyme was determined by 

using a Superose 12 gel- filtration FPLC column.  The purified bifunctional enzyme, 

taken from the second purification step on the HiTrapQ anion- exchange 

chromatography, was subjected onto the Superose 12 gel- filtration column which 

had been equilibrated with 50 mM TrisHCl (pH 8.0) , 300 mM NaCl, 1 mM DTT.  Both 

enzymatic activities were co- eluted as a single overlapping peak (Figure 17), 

corresponding to an apparent molecular mass of 158 ±  10 kDa (n= 4)  

(Figure 17 inset). This value is consistent with a dimeric state of quaternary structure 

of the enzyme, which would have a calculated molecular mass of ~142 kDa.  The 

eluting enzyme was further analyzed by SDS-PAGE with a molecular mass of 68 ± 4 

kDa (n=4) (Figure 18) , as what found in the monomeric form of the bifunctional 

enzyme.  

The results indicate that the native form of fused bifunctional  

PfOMPDC-PfOPRT enzyme is catalytically active in a dimeric structure. 
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Figure 17 Superose 12 gel-filtration FPLC of the purified bifunctional 

PfOMPDC-PfOPRT enzyme. 

The column was equilibrated with a buffer containing 50 mM TrisHCl (pH 8. 0) , 300 

mM NaCl, 1mM DTT.  The 0. 5-ml fractions were collected for enzymatic activities. 

Both activities were eluted at 13.0-ml, estimated to a molecular mass of 158.0 kDa 

( for PfOMPDC,  for PfOPRT). Molecular mass markes, void volume (V0) and total 

eluting volume (Vt)  are indicated with arrows.  Inset shows the plot between log 

molecular mass of the markers and elution volume (R2 = 0.8), the star indicates the 

bifunctional PfOMPDC-PfOPRT enzyme eluted at 13 ml with a molecular mass of 

158 kDa. 
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Figure 18 SDS-PAGE analysis on a 10%  polyacrylamide gel of the purified 

bifunctional enzyme after subjecting onto a Superose 12 gel- filtration FPLC 

column. 

Lanes 2 and 3 are fractions 26 and 25 from Figure 17, respectively.  Low range 

molecular mass markers are given in kDa (lane 1). The black arrow indicates band of 

the bifunctional enzyme after Comassie brilliant blue R250 staining, with a molecular 

mass of ~68 kDa. 

 

4.2.2. Stabilization of recombinant bifunctional enzyme 

Since the recombinant bifunctional PfOMPDC-PfOPRT enzyme is known to 

be markedly unstable as evident in section 4.1.2.  In order to stabilize the activities 

of both OPRT and OMPDC enzymes, purification of the recombinant enzyme was 

performed in all buffers used by having 0.5 mM PRPP and 0.5 mM UMP, a substrate 

and a product of OPRT and OMPDC, respectively (Figure 19) .  The chromatographic 

profiles of enzymatic activities were similar to that had been done previosly in  

97 
66 

45 

kDa              1        2      3 
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Figure 14.  However, the total protein and activity obtained from the purification in 

the presence of the stabilizers (PRPP and UMP)  were ~2-3- fold higher than those 

without stabilizers. At the Ni-NTA affinity chromatographic step, the specific activities 

of PfOMPDC and PfOPRT component in the bifunctional enzyme with stabilizer were 

30. 55 and 38. 72 µmol/min/mg protein (n=3) , respectively.  At the HiTrapQ anion-

exchange chromatographic step, the specific activities of PfOMPDC and PfOPRT 

component in the bifunctional enzyme with stabilizer were 29.42 and  

35.29 µmol/min/mg protein (n=3), respectively (Table 2) .  Recovery yields of both 

enzymatic activities at the second step of HiTrapQ anion-exchange chromatographic 

step were relatively high (29.5% for PfOMPDC, 27.9% for PfOPRT). Recovery yields of 

both enzymatic activities at the second step of HiTrapQ anion-exchange column 

were up to ~30-35% , comparing to the first step of Ni-NTA affinity column, and the 

specific activities of OMPDC and OPRT in a range of ~29-35 µmol/min/mg protein 

were also achieved (Table 2) , especially the OPRT enzyme had more pronounced 

effect than the OMPDC enzyme. These results indicate that both enzymatic activities 

of the bifunctional enzyme are stabilized by PRPP and UMP. 
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Figure 19 Ni- NTA affinity and HiTrapQ anion- exchange chromatographic 

profiles of the bifunctional PfOMPDC-PfOPRT enzyme with stabilizers. 

The 0.5-ml fractions were collected and assayed for both enzymatic activities ( for 

PfOMPDC,  for PfOPRT and  protein concentration), (A) .  The Ni-NTA affinity 

column (0.5 ml bed volume) equilibrated with buffer A (50 mM TrisHCl, pH 8.0, 300 

mM NaCl and 10 mM imidazole), and the crude enzyme (from supernate fraction of 

E. coli lysate) was loaded onto the column was washed twice with 5 ml of buffer A 

and buffer B (50 mM TrisHCl, pH 8.0, 300 mM NaCl and 20 mM imidazole) and eluted 



 
 

 

74 

with 3 ml of buffer C (50 mM TrisHCl, pH 8.0, 300 mM NaCl and 250 mM imidazole) 

containing 0.5 mM PRPP and 0.5 mM UMP. The bifunctional enzymatic activities were 

co-eluted as overlapping peaks on the Ni-NTA affinity column. (B). The recombinant 

protein, pooled from the Ni-NTA affinity step, was then eluted from the HiTrapQ 

anion-exchange column, equilibrated with 50 mM TrisHCl, pH 8.0 and eluted with 50 

mM TrisHCl, pH 8. 0, 500 mM NaCl, containing 0. 5 mM PRPP and 0. 5 mM UMP.  The 

enzymatic activities were co-eluted as overlapping peaks on the HiTrapQ anion-

exchange column.  
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Table 2 Purification of bifunctional PfOMPDC- PfOPRT enzyme in the 

presence of stabilizers. 

 

  PfOMPDC                  PfOPRT           

______________________________________________ 

Step Total protein  Activity   Specific activity      Activity   Specific activity 

(mg)          (µmol/min) (µmol/min/mg)    (µmol/min) (µmol/min/mg) 

Ni-NTAa  1.7670    53.98  30.55    68.42  38.72 

HiTrapQb 0.5403            15.90  29.42    19.07  35.29 

 

a Ni-NTA- agarose affinity chromatographic column, eluting at 250 mM imidazole,  

0.5 mM PRPP and 0.5 mM UMP. 

b HiTrapQ- anion- exchange chromatographic column, eluting at 500 mM NaCl,  

0.5 mM PRPP and 0.5 mM UMP. 
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Examination of stability property of both catalytic activities in the bifunctional 

enzyme was performed by keeping its in the absence and presence of 0.5 mM PRPP 

and 0.5 mM UMP at 4 °C.  After storage half- life of the OPRT activity was ~0.5 week 

and ~3 weeks, respectively.  But the OMPDC activity was much more stable with a 

half- life of about ~3-4 weeks (Figure 20) .  It was also found that more than 90% of 

the bifunctional protein, stored at 4 weeks, remained at 68- kDa band, as observed 

by SDS-PAGE and image analyses (Figure 21) .  In the SDS-PAGE gel, degradations of 

the protein on day 30 and day 45 were observed at lower bifunctional protein bands 

of approximately 50 kDa molecular mass, as a smear pattern, forming the 

heterologous degradation products during storage in the absence of stabilizers at  

4 °C. 
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Figure 20 Stabilization of the bifunctional enzyme by stabilizers, PRPP and 

UMP.  

The concentations of 0. 5 mM PRPP and 0. 5 mM UMP were used for PfOPRT and 

PfOMPDC component in bifunctional enzyme, respectively ( for PfOPRT, absence 

of stabilizer,  for PfOPRT presence of stabilizer, for PfOMPDC absence of 

stabilizer, and  for PfOMPDC presence of stabilizer) .  The half- life of OPRT in the 

bifunctional enzymes with stabilizer was 6- times higher than without stabilizer (A) . 

The half-life of OMPDC was not much different between the absence and presence 

of stabilizers over 7 weeks (B).  
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Figure 21 SDS-PAGE analysis of the purified bifunctional enzyme PfOMPDC-

PfOPRT during storage in the absence of stabilizers. 

At day 0, there was no degradation.  At day 30 and day 45, there were degradation 

products as observed at lower bifunctional protein bands of 50 kDa, as a smear 

pettern. 

 

The results suggest that the bifunctional enzyme has catalytic stability in the 

presence of substrate and product as stabilizers. Without the stabilizers, the intrinsic 

stability property was found in the OMPDC enzyme, but its labile property was 

associated to the OPRT enzyme only in the bifunctional PfOMPDC-PfOPRT. 
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4.3. Kinetic property of fused bifunctional PfOMPDC-PfOPRT enzyme 

 To determine whether the fused bifunctional enzymes express its kinetic 

property on either Michaelis-Menten or allosteric kinetics, the enzyme was then 

determined for various kinetic parameters, e. g.  Michaelis constant (Km) , maximal 

velocity (Vmax), turnover number (kcat), catalytic efficiency (kcat/Km) etc. 

 

4.3.1. Kinetic constants of fused bifunctional PfOMPDC-PfOPRT enzyme 

The Km and Vmax values of PfOPRT and PfOMPDC component in the fused 

bifunctional PfOMPDC-PfOPRT enzyme were determined by varying concentrations 

of each substrate and measuring initial velocity (V), and then calculating Km.  

The catalysis of each component in the bifunctional enzyme (used at 

concentration of ~6 µM)  followed the Michaelis-Menten kinetics as a hyperbolic 

curve, and showed a straight line on the Lineweaver-Burk plots.  For the PfOPRT 

enzyme, the varied substrates orotate and PRPP had the Michaelis-Menten kinetic 

behaviours (Figure 22, 23) .  For the PfOMPDC enzyme, the varied substrate OMP 

exhibited also the Michaelis-Menten kinetic (Figure 24). 
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Figure 22 Michaelis- Menten and Lineweaver- Burk plots of the forward 

reaction of PfOPRT component in the bifunctional PfOMPDC-PfOPRT enzyme. 

The initial velocity rates (V)  were measured at variable orotate concentrations and 

fixed PRPP concentration at 250 µM, the concentration of orotate was varied from 

6. 25 to 250 µM (A) .  The Lineweaver- Burk plots were illustrated for the OPRT 

component in the bifunctional enzyme, as a straight line with R2 of 0.9998 (B) .  The 

Km and Vmax values were then calculated from the Lineweaver-Burk plots. 
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Figure 23 Michaelis- Menten and Lineweaver- Burk plots of the forward 

reaction of PfOPRT component in the bifunctional PfOMPDC-PfOPRT enzyme. 

The initial velocity rates (V) were measured at variable PRPP concentrations and fixed 

orotate concentration at 250 µM, the concentration of PRPP was varied from 6.25 to 

250 µM (A). The Lineweaver-Burk plots were illustrated for the OPRT component in 

the bifunctional enzyme, as a straight line with R2 of 0. 9906 (B) .  The Km and Vmax 

values were then calculated from the Lineweaver-Burk plots. 
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Figure 24 Michaelis-Menten and Lineweaver-Burk plots of the reaction of 

PfOMPDC component in PfOMPDC-PfOPRT bifunctional enzyme. 

A, the Michaelis- Menten reaction of the PfOMPDC component in bifunctional 

enzyme.  The concentration of OMP was varied from 6.25 to 125 µM.  B, the 

Lineweaver-Burk plots of the OMPDC component in the bifunctional enzyme, as a 

straight line with R2 of 0.9967. The Km and Vmax values were then calculated from the 

Lineweaver-Burk plots. 
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Determinations of kinetic parameters of both enzymes in the bifunctional 

enzyme (used at concentration of ~5- 10 µM)  are summarized in Table 3.  The 

calculated data of the kinetic parameters were mean ± SD, taken from at least three 

separate experiments. 

 

Table 3 Kinetic constants of PfOPRT and PfOMPDC components in the 

bifunctional enzyme. 

 

                   Km  Vmax                 kcat                    kcat/Km 

(µM) (µmol/min/mg protein) (s-1)                   (M-1s-1) 

OPRT (n =3): 

Substrate: Orotate 8.3 ± 0.4 2,518.3   2,972.0  3.6 x 108 

Substrate: PRPP 9.3 ± 0.5 2,994.0   3,534.0  3.8 x 108 

OMPDC (n = 3):            

Substrate: OMP 2.0 ± 0.1    835.3     985.8 4.9 x 108 

 

The results indicate that the kinetics of PfOMPDC and PfOPRT components 

in the bifunctional enzyme follow the Michaelis-Menten kinetics, as a hyperbolic 

curve, and show a straight line on the Lineweaver-Burk plots. In addition, there were 

no kinetic indications on an allosteric property of the bifunctional enzyme, their Km 
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values were at relatively low µM levels (~2-9 µM) and the perfect catalytic efficiency 

(kcat/Km) were achieved at greater than 108 M-1s-1. 

 

4.4. Bioinformatics and proteomics of fused bifunctional PfOMPDC-

PfOPRT enzyme 

4.4.1. Multiple sequence alignments of all bifunctional OMPDC-OPRT enzymes 

The multiple alignments of amino acid sequences of all available 

bifunctional OMPDC-OPRT proteins were performed by the Clustal Omega program. 

Alignment of the PfOMPDC-OPRT amino acid sequence was also done, comparing to 

the sequences of four organisms.  Species names and accession numbers are as 

follows:  T.  Cruzi (Trypanosoma cruzi) (EKG07751. 1), L. donovani (Leishmania 

donovani) (XP_003859743.1), N. punctiforme (Nostoc punctiforme) (ACC81973.1) and 

Oscillatoria spp. (CBN54487.1). Kinetoplastid protozoa are T. cruzi and L. donovani. 

Cyanobacteria are N. punctiforme and Oscillatoria spp. 

The percent identity of P.  falciparum OMPDC- OPRT sequence comparing 

among T.  cruzi, L.  donovani, Oscillatoria spp.  and N.  punctiforme were 31. 89% , 

30.65%, 22.72% and 22.65%, respectively. As shown in Figure 25, percent similarity 

of P.  falciparum OMPDC-OPRT sequence comparing among T. cruzi, L. donovani,  

N. punctiforme and Oscillatoria spp. Were found to be 65.51%, 64.57%, 60.18% and 

58.97%, respectively, according to Clustal Omega calculation. 
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It should be noted that the P. falciparum OMPDC-OPRT is the longest amino 

acid sequence (604 residues) having two internal insertions of amino acids, one is on 

the OMPDC component (residues 28-64)  and the other is on the OPRT component 

(residues 331-379, a large insertion).  
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Figure 25 Multiple sequence alignments of all known bifunctional OMPDC-

OPRT enzymes. 

The sequence alignments of five different OMPDC- OPRT were performed using 

Clustal Omega program.  Species names and accession numbers are as follows: 

kinetoplastid protozoa [T. cruzi (EKG07751.1), L. donovani (XP_003859743.1)], 

cyanobacteria [N.  punctiforme (ACC81973.1) , Oscillatoria spp. (CBN54487.1) ] .  The 

yellow and pink highlighted boxes indicate identical and similar amino acids, 

respectively.  

 

4.4.2. Proteomic analysis of bifunctional PfOMPDC-PfOPRT enzyme 

 The LC-MS/MS data of the bifunctional PfOMPDC-PfOPRT (Table 4) identified 

the sequences of 476-KYSNIFYLYDRK-487, 554-KVVAFIVLLNRN-565 and  

585-RVGIPLYSILSYKD-598, containing amino acids responsible for the PfOPRT 

component in the bifunctional PfOMPDC-PfOPRT. 
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Table 4 LC- MS/MS data analysis of the bifunctional PfOMPDC- PfOPRT 

enzyme. 

 

Peptidea Peptide scoreb MH+ (Da)c 

KYSNIFYLYDRK 28 1352.6401 

KVVAFIVLLNRN 29 1142.7176 

RVGIPLYSILSYKD 39 1351.7751 

 

a The peptide matches the OPRT of P.  falciparum (3D7)  protein with an ID of 

gi|529281050. 

b The results were tested by the Decyder MS program with significance at p<0. 05, 

whereas peptide score is the score for each peptide identification, high peptide score 

indicates high significance. 

c MH+ (Da) is a peptide mass. 

 

The peptide score of an MS/MS search is derived from the ions scores.  The 

ion score is the MS/MS match on the data based, with significance threshold at  

p < 0.05, representing the total numbers of molecular mass matches for each query. 

The results suggest that the amino acid sequences of the peptides are bifunctional 

PfOMPDC-PfOPRT enzyme. 
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4.4.3. Homology models of the bifunctional PfOMPDC-PfOPRT enzyme 

The Phyre program predicts the secondary structure (e.g. α-helix, β-strand, 

etc.) and the homology model of three dimensional (3D) structure of the bifunctional 

PfOMPDC-PfOPRT enzyme (residues 1-323 for PfOMPDC and 324-604 for PfOPRT, 

respectively) (Figure 26).  

Here, the homology model of monomeric PfOMPDC-PfOPRT was constructed 

by using the crystal structure of L. donovani UMPS (PDB code 3QW4) as a template 

(Figure 27). As mentioned in section 4.4.1, the large sequence insertions of PfOMPDC-

PfOPRT were not shown in the homology model, when compared to the amino acid 

sequence of L. donovani UMPS. 
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Figure 26 Proposed homology model of the bifunctional PfOMPDC-PfOPRT 

enzyme in monomeric form. 

The model was constructed by the Phyre program.  The arrows indicate N-  and C-

terminus of PfOMPDC and PfOPRT. Pink ribbons represent the α-helices, and yellow 

ribbons represent the β-strands. 
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Figure 27 Crystal structure of the L. donovani UMPS ( LdUMPS)  enzyme in 

monomeric form. 

The crystal structure model was constructed by the Phyre program.  The arrows 

indicate N- and C- terminus of LdOMPDC and LdOPRT.  Pink ribbons represent the  

α-helices, and yellow ribbons represent the β-strands. 

 

 The monomeric PfOMPDC- PfOPRT model consisted of 23 α-helices and 17 

β- strands, whereas the monomeric LdUMPS model consisted of 19 α-helices and 

19 β- strands.  The LC-MS/MS data of monofunctional PfOPRT identified the  

168-EYGDKNVIVGNLDDDDKDILNLKK-191 and 173-NVIVGNLDDDDKDILNLKK-191 ( 75) , 

N-terminus of LdOMPDC 
C-terminus of LdOMPDC 

C-terminus of LdOPRT 

N-terminus of LdOPRT 
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containing the amino acids responsible for β14 strand and α20 helix of the 

bifunctional model, which presumably locate at the domain-domain interacting sites 

and bind between chain A and B of PfOPRT. On the other hand, the LC-MS/MS data 

of monofunctional PfOMPDC identified the sequence 175-DICYDEEKNK-184 locating 

at α8 helix (75) , as a homodimeric binding between chain A and B of PfOMPDC. 

Based on the previous results on the LC-MS/MS data, the dimeric PfOMPDC-PfOPRT 

model was then constructed (Figure 28). 
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Figure 28 Proposed homology model of the bifunctonal PfOMPDC-PfOPRT 

enzyme in dimeric form. 

The model was constructed by the Phyre program.  Red ribbons represent the 

monomeric PfOMPDC- PfOPRT enzyme (chain A), cyan ribbons represent the 

monomeric PfOMPDC-PfOPRT enzyme (chain B). The interacting sites are identified 

on α8, for PfOMPDC, and β14 and α20 for PfOPRT. 

 

The Phyre program also predict the homology model of 3D structure of  

L. donovani UMPS in dimeric form (Figure 29) (PDB code 3QW4) , based on 

homodimeric interactions of P.  falciparum enzyme (75) .  These homology models 

suggest that the bifunctional PfOMPDC-PfOPRT enzyme might have a folding 3D 

structure similar to the known crystal structure of L. donovani UMPS. 
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Figure 29 Homology model of the LdUMPS enzyme in dimeric form. 

The model was constructed by the Phyre program.  Red ribbons represent the 

LdUMPS monomer ( chain A) , cyan ribbons represent the LdUMPS monomer (chain 

B). The interacting sites are located on α7 and β16 for LdOMPDC and LdOPRT, 

respectively, based on homodimeric interactions of P. falciparum enzyme (75). 

β16 
α7 



 

 

CHAPTER V  

DISCUSSION AND CONCLUSION 

The fifth and sixth enzymes of the de novo pyrimidine biosynthetic pathway in 

P.  falciparum were prepared as a fused bifunctional protein in the inversed order, as 

NH2- OMPDC- OPRT- COOH.  The same fusion events are found in other protozoan 

parasites and in some cyanobacteria (18, 21, 79) , which are different from human 

enzyme showing in the forward order as NH2-OPRT-OMPDC-COOH (16, 17, 80) .  The 

bifunctional P. falciparum OMPDC-OPRT fused gene was constructed and functionally 

expressed under stringent conditions in E. coli, as soluble form.  

In this study, we had the PCR products processing and ligating into a Zero 

Blunt TOPO cloning vector. The OMPDC gene was firstly subcloned into a pTrcHisA 

expression vector and the OPRT gene was secondly subcloned into the pTrcHisA 

containing the OMPDC, encoding the PfOMPDC-PfOPRT and functionally expressed in 

E.coli TOP10 cells. The recombinant protein was expressed under a high concentration 

of IPTG induction.  The fused bifunctional PfOMPDC-PfOPRT enzyme was purified by 

chromatography on the Ni- NTA- agarose affinity column and subsequently on the 

HiTrapQ anion-exchange column, as a fused bifunctional protein with catalytic activities 

of both enzymatic components.  The purified enzyme had relatively high specific 

activities of both PfOPRT and PfOMPDC components in a range of 23-27 µmol/min/mg 

protein in the presence of stabilizers, comparing to their monofunctional and the 
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enzyme complex forms, which were also expressed in the single plasmid 

transformation to E.  coli ranges of 7-21 and 8-25 µmol/min/mg protein, respectively 

(24-27). The purity of the recombinant enzyme, assessed by 10%gel of SDS-PAGE and 

image analyses, was more than 90% The enzyme had a monomeric form of 604 amino 

acid residues with a molecular mass of 68 ± 4 kDa, corresponding to the predicted 

molecular mass of 70.812 kDa from the deduced amino acid sequence of the 

bifunctional protein. Confirmation of the fused bifunctional PfOMPDC-PfOPRT enzyme 

was performed by Western blot analysis, this experiment suggests that a positive band 

at a position of approximately 70 kDa molecular mass.  The amino acid sequence of 

the bifunctional PfOMPDC-PfOPRT enzyme was confirmed after tryptic in-gel digestion 

of the bifunctional protein band in the SDS-PAGE gel by using LC-MS/MS and proteomic 

analyses. In L. donovani OMPDC-OPRT crystal structure, it is a tetramer containing two 

dimers each of OMPDC and OPRT (20) .  Oligomerization of the P.  falciparum enzyme 

was determined by subjecting the purified enzyme onto the Superose 12 gel-filtration 

FPLC column.  Co-elution of both activities as a single peak, corresponded to an 

apparent molecular mass of 158 ± 10 kDa, this value is consistent with a dimeric state 

of quaternary structure of the enzyme, which would have a calculated molecular mass 

of approximately 142 kDa. It is then concluded that the prepared enzyme  

PfOMPDC- PfOPRT fusion is bifunctionally active and consists of two subunits of 

PfOMPDC-PfOPRT monomer, as dimeric formation in its native quarternary for.  And 

then, the construction of recombinant plasmid containing fused bifunctional  
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PfOMPDC-PfOPRT gene to be studied of the fused bifunctional enzyme for kinetic 

characterization. 

In this study, the catalysis of the OPRT and OMPDC component of the 

bifunctional enzyme followed the hyperbolic curve, as predicted by Michaelis-Menten 

kinetics, and showed a straight line on the Lineweaver-Burk plots. There were no kinetic 

indications as to indicate the allosteric property of the enzyme ( i. e. , exhibiting a 

sigmoidal plot due to multiple active sites), however, their Km values at relatively low 

μM levels were also noted.  It is shown that the upon purification both catalytic 

domains in fused bifunctional PfOMPDC-PfOPRT enzyme were markedly unstable. So, 

we figured out a novel approach to stabilize the activities of both OPRT and OMPDC 

enzymes in all buffers at the purification steps, by using substrate and product of OPRT 

and OMPDC, respectively (at concentrations of 0.5 mM PRPP and 0.5 mM UMP, 

respectively). However, the results also showed similar pattern of the chromatographic 

profiles on both the Ni-NTA affinity chromatrography and subsequently on the HiTrapQ 

anion- exchange chromatography.  Surprisingly, the total protein and enzymatic 

activities after the purification in the presence of the stabilizers (PRPP and UMP) were 

~2-3-fold higher than those without stabilizers. The recovery yields of both enzymatic 

activities at the second step of the HiTrapQ anion- exchange column were upto  

~30-35% , comparing to the first step of the Ni-NTA affinity column, and the specific 

activities of OMPDC and OPRT in a range of ~29-35 µmol/min/mg protein were also 

achieved, especially the OPRT enzyme had more pronounced effect on instability than 
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the OMPDC enzyme.  These results indicate that both enzymatic activities of the 

bifunctional enzyme can be stabilized by PRPP and UMP.  As a previous report, 

purification and characterization of UMP synthase from the human placenta showed 

the co-elution of both OPRT and OMPDC with the molecular mass of 51 kDa.  The 

OPRT of human placenta UMP synthase showed the marked lability during the 

purification.  This labile behavior of our fused enzymes was very similar to that 

observed in UMP synthase purification from human placenta and mouse Ehrlich ascites 

carcinoma (16, 17). The loss of OPRT activity upon purification of the human placental 

UMP synthase is due to enzymatic inactivity rather than from the loss of OPRT 

component from the enzyme (16) .  After that, we examined the stability property of 

both domains in the bifunctional enzyme by keeping its in the absence and presence 

of 0.5 mM PRPP and 0.5 mM UMP at 4 °C.  The half- life of the OPRT activity was ~0.5 

and ~3 weeks, respectively.  But the OMPDC activity was much more stable with the 

half-life of about ~3-4 weeks. Taken together, the P. falciparum enzyme has enhanced 

intrinsic instability, comparing the more stability of the monofunctional forms as 

described (26). The bacteria, such as E. coli, and yeast have increased concentrations 

of the monofunctional enzymes by about 10-50-fold, and the stability of both 

enzymes is apparently decreased (17) .  The large differences of the in vivo protein 

concentrations would reflect greater lability of the monofunctional enzymes than the 

bifunctional human enzyme (17) , or P.  falciparum multienzyme complex in previous 

studies in our labolatory (24-27) .  Moreover, the instable property has been noted in 
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the bifunctional Leishmanial OMPDC-OPRT or UMPS enzyme (20). It is noted that the 

part of the N-terminus of the LdOPRT domain is obstructing of catalysis or optimal 

folding of the enzyme, this region was not appeared in the LdUMPS crystal structure 

and quite far from the active site. It is possible that the LdOPRT enzyme is itself intrinsic 

instable and is then stabilized by fusion to the LdOMPDC. In 1996, Yablonski et al. had 

the same explantion for the fusion of the two domains in mammalian UMPS enzyme 

(17). This might be the increased stability of monofunctional LdOPRT, which may have 

been the evolutionary driving force for the gene fusion event that brought these 

domains together.  Because the limits of OPRT reaction, rate of UMP production by 

limiting the amount of OMP available to OMPDC, an increase in stability of LdOPRT 

lead to increased enzyme efficiency, this would yield a higher orotate and PRPP to 

UMP production (20). However, the similar pattern of P. falciparum and human is that 

the OPRT activity existing in fused bifunctional PfOMPDC-PfOPRT enzyme and HsUMPS 

showed a marked lability during the purification of fused bifunctional PfOMPDC-PfOPRT 

enzyme and HsUMPS from P. falciparum and human placenta, respectively (16, 17). It 

can be concluded that the loss of OPRT activity upon the purification due to 

inactivation rather than from the loss of OPRT subunit (16, 17). Since there is a paucity 

information on the stability of another bifunctional enzymes, nevertheless, a case 

study of the native bifunctional rearranged domains of NH2- terminal ATP- sylfurylase 

and COOH-terminal adenosine 5'-phosphosulfate kinase explan the ability of individual 

domains in bifunctional enzyme to function independently has recently received 
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increasing attention.  This enzyme has bifunctional role (both sulfurylase and kinase 

activities) .  For this reason, the selective advantages of the bifunctional enzyme over 

the expressed monofunctional enzyme, engineered sulfurylase and kinase to produce 

the two individual enzyme activities on separately expressed polypeptides ( 81 ) .  On 

the other hand, in 1997, Beaucamp et al.  studied the stability and function of 

phosphoglycerate kinase- triosephosphate isomerase (PGK- TIM)  fusion protein in a 

bacterium Thermotoga maritima. This study tells us that the fusion of PGK to TIM does 

not only enhances the intrinsic stability of TIM, but also its catalytic efficiency. Thus, it 

should be noted that the higher order of quaternary structure of the fusion protein 

contributes significantly to the intrinsic stability of TIM (82) .  The similar result was 

observed for the HsUMPS, showing that the activity of monofunctional domains are 

relatively lower stable when compared with the HsUMPS. To overcome the instability 

property, microorganisms often generate higher amounts of the monofunctional 

enzymes, compared with the bifunctional analogue in mammals (17). 

Indeed, the fused bifunctional PfOMPDC-PfOPRT enzyme has more details on 

kinetic properties, comparing the OPRT and OMPDC in any other forms 

(monofunctional and enzyme complex forms) .  The bifunctional PfOMPDC- PfOPRT 

enzyme prepared in our studies were used to investigate details of kinetic and physical 

properties.  Our studies found that the fused bifunctional PfOMPDC-PfOPRT enzyme 

shows the highest kinetic parameters. The parameters (e.g., Km, and catalytic efficiency 

(kcat/Km)) of the bifunctional PfOMPDC-PfOPRT enzyme are much more effective than 
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kinetic values of the enzyme complex and monofunctional forms, respectively.  The 

bifunctional enzyme expressed a perfect catalytic efficiency ( kcat/Km)  with 3. 6 x 108  

M-1s-1 for OPRT domain and 4.9 x 108 M-1s-1 for OMPDC domain, whereas the kcat/Km of 

the enzyme complex and monofunctional enzymes had the values of 1.0 x 106 and 

2.3 x 105 M-1s-1, respectively, for OPRT, and 2.9 x 106 and 5.6 x 105 M-1s-1, respectively, 

for OMPDC. Most of these kinetic effects were due to the selectively enhanced up to 

400- fold and 700- fold, respectively of the kcat values for OPRT and 30- fold and  

130- fold, respectively for OMPDC, on the other hand the Km values were ~2-7 times 

lower than those of the monofunctional enzymes, but Km values of enzyme complex 

were only slightly lower than bifunctional PfOMPDC- PfOPRT enzyme for OPRT 

components.  All kinetic values for all forms of OPRT and OMPDC are shown in  

Table 5. 
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Table 5 Comparison of kinetic constants of P. falciparum OPRT and OMPDC 

domains in bifunctional, enzyme complex and monofunctional 

enzymes. 

 

Km                kcat                     kcat/Km 

                                             (µM)     (s-1)                    (M-1s-1) 

OPRT: substrate orotate 

Bifunctional form      8.3 ± 0.4 2,972.0   3.6 x 108 

Enzyme complexa      7.0 ± 0.3       7.3   1.0 x 106 

Monofunctional formb    18.2  ± 0.9       4.2   2.3 x 105 

OPRT: substrate PRPP 

Bifunctional form       9.3 ± 0.5 3,534.0   3.8 x 108 

Enzyme complexa       7.9 ± 0.2       7.8   9.9 x 105 

Monofunctional formb     28.6  ± 1.3       3.2   1.1 x 105 

OMPDC: substrate OMP 

Bifunctional form              2.0 ± 0.1    985.8  4.9 x 108 

Enzyme complexa     10.5 ± 0.5     30.7   2.9 x106 

Monofunctional formb     13.4 ± 1.2      7.5   5.6 x105 

a Data were taken from (27). 

b Data were taken from (24, 26). 
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Comparison of the catalytic efficiency of the bifunctional PfOMPDC- PfOPRT 

enzyme (3.6-4.9 x 108 M-1s-1) and LdUMPS (~104-106 M-1s-1) indicate that the malarial 

enzyme would favor efficient catalysis by markedly enhancing enzyme turnovers  

(kcat values) , especially the OPRT catalytic domain.  Moreover, the two domains 

covalently linked by a longer amino acid sequence of the bifunctional enzyme were 

found to have a properly folded protein, shown by the Phyre homology model using 

the crystal structure of L. donovani OMPDC-OPRT as template and by having low µM 

Km values, as found in the monofunctional forms (Table 6). Our studies signify that the 

unstable OMPDC-OPRT enzyme is completely active under the conditions used. 
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Table 6 Comparison of kinetic constants of OPRT and OMPDC domains in 

bifunctional P. falciparum (Pf) OMPDC-OPRT and L. donovani (Ld) 

UMPS enzyme. 

 

Km                kcat                     kcat/Km 

                                             (µM)     (s-1)                    (M-1s-1) 

OPRT: substrate orotate 

PfOMPDC-PfOPRT      8.3 ± 0.4 2,972.0   3.6 x 108 

LdUMPSa    127        1.2   9.4 x 104 

OPRT: substrate PRPP 

PfOMPDC-PfOPRT      9.3 ± 0.5 3,534.0   3.8 x 108 

LdUMPSa    151        1.2   7.9 x 104 

OMPDC: substrate OMP 

PfOMPDC-PfOPRT              2.0 ± 0.1    985.8  4.9 x 108 

LdUMPSa        9.9       12.9  1.2 x 106 

 

a Data were taken from (20). 
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Although previous studies on the intrinsic activity and stability of bifunctional 

human UMPS showed that the unstability was due to the OPRT inactivity.  In our 

experiments, the enzyme was used at a low concentration to assure that the protein 

existing in monomeric form in the absence of ligands, was at near Km value so that a 

significant fraction of the enzyme population would remain ligand free at any time and 

therefore be in the monomeric form.  The previous studies showed that the isolated 

human OMPDC domain, as well as the yeast OMPDC monofunctional protein, were 

very unstable in the monomeric form (17). The unstability of the human OPRT domain 

was remarkable in demonstrating the complete stability of each catalytic center when 

it is fused in the bifunctional enzyme, even when UMPS was partly in the monomeric 

form.  Explanation of the evidence for stability of the OMPDC and OPRT of the 

bifunctional UMPS is that there might be an interaction between the two different 

domains within the same subunit.  Even if such interaction between the OPRT and 

OMPDC domains is transient, it could add sufficient stabilization to maintain the active 

structural conformation of each domain that the protein domain is monomeric form, 

so that there is no measurable loss of activity. By comparison, both the human OMPDC 

and OPRT domains were unstable at the monofunctional forms, as evident by dramatic 

loss of enzymatic activity (17). 

Taken together, all available kinetic constants are shown in Table7 and 8. 

Subsequently, comparison of catalytic efficiency of the bifunctional PfOMPDC-PfOPRT 

enzyme were 3.6-4.9 x 108 M- 1s- 1 and human UMPS (HsUMPS) (~106- 107  
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M-1s-1), and monofunctional PfOPRT and PfOMPDC were 2.3-5.6 x 105 M-1s-1 and HsOPRT 

and HsOMPDC (~105-107 M-1s-1), indicate that the malarial enzyme, as bifunctional form, 

is higher efficient catalysis than HsUMPS.  On the one hand, the human enzyme in 

monofunctional forms has catalytic efficiency higher than the malarial enzyme, with a 

difference of about 100-fold. 

 

Table 7 Comparison of kinetic constants of OPRT and OMPDC domains in 

bifunctional P.  falciparum OMPDC-OPRT and human UMPS 

enzyme. 

 

                               Km                 kcat  kcat/Km 

                                                (µM)      (s-1)  (M-1s-1) 

OPRT: substrate orotate 

PfOMPDC-PfOPRT   8.3   ± 0.4  2,972.0  3.6 x 108 

HsUMPSa    2.1   ± 0.12              4  1.9 x 106 

OMPDC: substrate OMP 

PfOMPDC-PfOPRT          2.0   ± 0.1     985.8 4.9 x 108 

HsUMPSa    0.23 ± 0.0087       16  7.0 x 107 

 

a Data were taken from (17). 
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All available kinetic constants are shown in Table 8. Subsequently, comparison 

of catalytic efficiency of the monofunctional PfOPRT and PfOMPDC were 2.3-5.6 x 105 

M-1s-1 and HsOPRT and HsOMPDC (~105-107 M-1s-1), indicate that the human enzyme in 

monofunctional forms has higher catalytic efficiency than the malarial enzyme, with 

difference of about 100-fold. 

 

Table 8  Comparison of kinetic constants of OPRT and OMPDC in  

P. falciparum and human monofunctional enzymes. 

 

                    Km                 kcat                     kcat/Km 

                                            (µM)      (s-1)                    (M-1s-1) 

OPRT: substrate orotate 

PfOPRTa   18.2   ± 0.9  4.2   2.3 x 105 

HsOPRTb     7.1   ± 0.27  2.9   4.1 x 105 

OMPDC: substrate OMP 

PfOMPDCa    13.4   ± 1.2   7.5   5.6 x 105 

HsOMPDCb      0.30 ± 0.018 13   4.3 x 107 

 

a Data were taken from (24, 26). 

b Data were taken from (17).  
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As Cleland noted that the catalytic efficiency, kcat/Km values of many enzymes 

(e. g. , carbonic anhydrase, triose phosphate isomerase, fumarase, etc.) approach the 

diffusion limit at which the rate of substrate diffuses to the enzyme, and are therefore 

“perfect” catalytic power (83, 84). The perfect enzyme has a kcat/Km of about 108-109 

M-1s-1. And also Benner proposed that enzyme flexibility is important for the catalytic 

power; hence, the more flexible or unstable enzymes are better catalysis (85). Based 

on our studies, creating the fusion enzyme having the perfect catalytic power and 

enhanced flexibility, would support the Rosetta Stone model on molecular evolution 

of protein-protein interactions (64, 65) .  In 1958, the deliberation of the function of 

flexibility in enzyme catalysis, the well known “ induced fit”  hypothesis proposed by 

Koshland et. al.  (86, 87) , the exemplify change the active site conformation while 

substrate binding.  In the enzyme catalysis, especially the active site position, is in a 

specific conformational change, which is different from one another.  The X- ray 

crystallographic study of different forms of E.  coli dihydrofolate reductase (DHFR) , 

consist of holoenzyme, Michaelis complex, ternary product complex, tetrahydrofolate 

binary complex and tetrahydrofolate-nicotinamide adenine dinucleotide phosphate 

complex.  The results indicate that the flexibility of enzyme is required for maximal 

catalytic activity ( 88) .  The activation of DHFR is accompanied by an increase in 

sensitivity of the enzyme molecule to heat and proteolysis and this is against with the 

perfection of Cleland and Benner proposal, however, this recommends substitution 

for conformational change from a compact and stable to somewhat an open and more 
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flexible structure (89) .  In addition, the necessity of enzyme catalysis is the flexibility 

instead of a well compact structure of the active site which is responsible for the 

catalysis (88) .  Comparing the catalytic efficiency with those of the enzyme complex 

and monofunctional enzymes indicate that the bifunctional PfOMPDC-PfOPRT enzyme 

is the best enzyme, a possible advantage of bifunctionality.  Thus OMPDC-OPRT is an 

almost perfect enzyme, having evolved to nearly maximum catalytic efficiency, serving 

as a super-enzyme, expressing characteristics of more flexibility and maximal catalytic 

efficiency.  Our studies provide proof-of-concept for the evidence to molecular 

evolution in the gene fusion on enzyme kinetic benefits. 

The multiple alignments of amino acid sequences of all available bifunctional 

OMPDC-OPRT proteins were performed by using the Clustal Omega program. Alignment 

of the PfOMPDC- OPRT amino acid sequence was also done, comparing to the 

sequences of other four organisms. Our results indicate that the percent identity of P. 

falciparum OMPDC- OPRT sequence comparing among T. cruzi, L. donovani, 

Oscillatoria spp.  and N.  punctiforme were 31. 89% , 30. 65% , 22. 72% and 22. 65% 

respectively.  Surprisingly, the P.  falciparum OMPDC-OPRT is found to be the longest 

amino acid sequence (604 residues) having two internal insertions of amino acids (on 

the OMPDC component and on the OPRT component) .  This indicates that the 

PfOMPDC-OPRT property is identical to that of kinetoplastids, which are supported by 

Makiuchi T., et al. (18, 53). Additionally, the rationality of originated fused gene can be 

used as a phylogenetic marker. 
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By performing SDS-PAGE analysis in the previous reports, it is demonstrated 

that the monomeric forms of each monofunctional PfOMPDC and PfOPRT have 

molecular masses of 38 and 33 kDa, respectively (24-26). These studies showed that 

the monomeric forms of both enzymes are inactive (24-26), but the heterotetrameric 

form (enzyme complex) of both enzymes are active (26-28). In our studies, the dimeric 

form of bifunctional (PfOMPDC-PfOPRT)2 enzyme is enzymatic active with 

approximately 142 kDa, determined by the Superose 12 gel- filtration FPLC column 

(Figure 17). The quarternary structure of the bifunctional PfOMPDC-PfOPRT enzyme is 

shown as a (PfOMPDC- PfOPRT) 2 homodimeric form, as shown in Figure 30.  The 

bifunctional PfOMPDC-PfOPRT or Plasmodium UMPS enzyme is structurally similar to 

Leishmania UMPS (20) and human UMPS (17). Surprisingly, many enzymes are found 

to be active in the bifunctional form, such as DHFR and TS, whereas DHFR is a key 

enzyme in folate metabolism of the malaria parasite.  The Plasmodial DHFR and TS 

enzymes are active in both the monofunctional and bifunctional enzymes (58, 62). 
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Figure 30 The sequential steps for monomer and dimer formation of the 

bifunctional PfOPRT-PfOMPDC enzyme. 

Each of the inactive monomer of PfOMPDC- PfOPRT is associated into homodimer 

(PfOMPDC-PfOPRT)2 without allosteric coupled active sites. 

 

The evolution of protein- protein interactions is proposed as the “ Rosetta 

Stone” model (Figure 31) .  Firstly, they are initiated with fusion of the genes that the 

non- interacting separate proteins, leading to expression of the fused two- domain 

protein.  In the fused protein, the domains as colocalized proteins have high level of 

effective concentrations, and somewhat few mutations have created a basal binding 

site between the domains, which are optimized by sequential mutations. The 
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interacting domains are then separated by recombination with another gene to create 

an interacting pair of proteins.  The interaction of pair proteins are produced by the 

gene fission, thus the Rosetta Stone hypothesis of the gene fusion in the first step is 

not essential.  The another probable mutation, a loop shortening that bears to a 

domain- swapped homodimer.  This path of evolution to homo-oligomers has been 

discussed earlier, and is analogous to homo-oligomers of the evolutionary path, as 

proposed for hetero-oligomers formation (64, 65). 
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Figure 31 Rosetta Stone hypothesis of evolution for protein- protein 

interactions in colocalization and allostery by mutations. 

Most cellular proteins have effective concentrations at about nM to µM levels, as 

separate proteins.  Interaction between these two proteins are likely to be occurred 

when they are colocalized. The colocalization is originated by gene fusion that results 

in both proteins being part of the same polypeptide chain, with effective by 

concentrations at mM levels.  Furthermore, single mutations that increase the affinity 

of the two domains for each other, or that introduce allostery, are then selected, 

resulting in tight interactions between these sites or allosteric coupling.  Additional 

single genetic events such as gene fission or loop shortening can result in a strongly 

interacting heterodimer and homodimer, respectively (Adapted from (65)). 
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The fused bifunctional enzyme of the malaria parasite has illustrated the 

efficiency of functional kinetic advantage, which in the colocalized proteins principles 

for evolutional origin, that the increase random mutation of protein, may be reduced 

the free energy to create a tightly binding monomer resulting increased its 

concentration, that can amplity the effect of protein function. And also with allosteric 

property in the protein-protein interaction, in which protein networks or complex 

system are regulated by allosteric control (64, 65) (Figure 32). 

 

 

 

Figure 32 Evolution of protein-protein interactions of the fused bifunctional 

PfOMPDC-PfOPRT enzyme. 

Interaction between these both proteins are likely to be occurred when they are 

colocalized as gene fusion to have a fused bifunctional enzyme.  Other details are 

shown in Figure 31.  
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The protein-protein interactions of the fused bifunctional (PfOMPDC-PfOPRT) 2 

(Figure 33A) are then compared to Leishmania (Figure 33B) and human UMPS (Figure 

33C)  enzymes.  In our studies, the OPRT and OMPDC genes and their corresponding 

enzymes in Plasmodium are constructed similarly to L.  donovani UMPS, as OMPDC-

OPRT orientation. They are different from the human UMPS, whereas the PfOPRT and 

PfOMPDC are the inversely linked fusion as what found in L.  donovani and other 

species (20) .  In addition, the bifunctional LdUMPS structural models do not possess 

any significant domain-domain interaction between OPRT and OMPDC, and exist as the 

active tetrameric structure ( 20)  (Figure 33B) .  Studies of the L.  donovani enzyme 

structure have superimposed the position of human OPRT and OMPDC monofunctional 

enzymes on L. donovani UMPS, illustrating the C-terminus of OPRT is linked together 

with the N-terminus of OMPDC by having 20 amino acid residues missing at the joining 

region (20)  (Figure 33C) .  Furthermore, the studies of the bifunctional human UMPS 

(OPRT-OMPDC) demonstrate that the active form is dimer (17). However, the previous 

studies show that the homology 3D model in space- filling representation of human 

UMPS enzyme is in the dimeric form, as (OPRT-OMPDC) 2 ( 8 0 , 90 ) .  The homology 

models are constructed and compared for the possible homology models by the Phyre 

program of dimeric (PfOMPDC- PfOPRT)2 in the malaria parasite and human UMPS 

(OPRT-OMPDC)2 (Figure 33). 
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Figure 33 Comparative structural models of P.  falciparum OMPDC- OPRT,  

L. donovani and human UMPS. 

Panel A, the homology model of dimeric (PfOPRT-PfOMPDC)2 of P.  falciparum; panel 

B, the crystal structure of tetramer (OMPDC-OPRT) 4 of L.  donovani UMPS (PDB ID 

3QW4) ; and panel C, superimposition of human OPRT and OMPDC monofunctional 

enzymes on LdUMPS.  The structures of the human OPRT (blue, PDB ID 2WNS)  and 

OMPDC (green, PDB ID 2EAW) domains of UMPS are shown by superimposition on the 

template structure of LdUMPS, where the N- terminus represent red color and  

C-terminus represent yellow color. Panels B and C were taken from French JB., et al. 

(20). 

 

The Phyre program predicts the secondary structure (e. g. , α-helix, β- strand, 

etc.) and the homology model of three dimensional (3D) structure of the bifunctional 

PfOMPDC- PfOPRT enzyme residues 1- 323 for PfOMPDC and 324- 604 for PfOPRT, 

respectively)  (Figure 26) , was constructed by using the crystal structure of LdUMPS 

(PDB code 3QW4)  as a template.  The large sequence insertions of PfOMPDC- PfOPRT 
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were not shown in the homology model, when compared to the amino acid sequence 

of LdUMPS. The LdUMPS 3D structure was predicted using search models of LdOMPDC 

and Corynebacterium diphtheriae OPRT (PDB code 2P1Z). The linker between the 

OMPDC and OPRT domains were shown in both LdUMPS monomers; though, these 

two monomers could not be superimposed due to their differences in the position of 

the domains relatively to the adjacent domains. In the LdUMPS structure, two OMPDC 

domains are formed as a tight dimer, similarly to the monofunctional LdOMPDC 

structure. In the LdUMPS structure, two domains of each chain are linked by covalent 

bond. The tetrameric form had dimeric LdOMPDC and LdOPRT functional domains, 

consistent with homologous structures of the monofunctional enzymes. The PISA 

server analyzed the most stable structure in solution of quaternary structure as the 

tetrameric form. Additionally, the surface contact between the OPRT and OMPDC 

domains was firmly packed on one face of the OMPDC and the OPRT dimer (20).  

The formation of dimeric ( (PfOPRT) (PfOMPDC) ) 2 is therefore stable in soluble. 

As indicated by the gel filtration chromatography (Figure 17), the presence of a ligand 

(e.g. substrate, product, high salt) causes a conformational change to occur (26). The 

3D structure of the bifunctional PfOMPDC-PfOPRT enzyme indicates that this change 

can take place.  The ligand- dependent conformational change is likely to cause 

dimerization of domains, leading to a complete dimeric form of the bifunctional 

PfOMPDC-PfOPRT enzyme. The dimeric enzyme would be catalytically competent for 

both OMPDC and OPRT reactions. 
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In addition, some bifunctional enzymes are demonstrated in Plasmodium,  

for examples, DHFS-TS ( 58, 62) , G6PD-6PGL ( 63)  and S-adenosylmethionine 

decarboxylase/ ornithine decarboxylase (AdoMetDC- ODC)  ( 91) .  In case, ODC and 

AdoMetDC are originated as two separate proteins in all organisms so far examined. In 

P. falciparum, both enzymes are exceptional linked to form the bifunctional enzyme. 

The AdoMetDC domain is located at the N- terminus, where the ODC domain is at  

C-terminus (92). 

In summary, the fused bifunctional OMPDC-OPRT enzyme is described in many 

organisms from bacteria to protozoan parasites.  We produced gene fusions of  

P. falciparum OMPDC-OPRT, and expressed as the recombinant bifunctional protein in 

E.  coli Top10 cells, as soluble form.  The enzyme was purified to near homogeneity 

using the Ni-NTA-agarose affinity and the anion-exchange chromatographies. The fused 

bifunctional PfOMPDC-PfOPRT enzyme was confirmed by Western blot analysis and 

proteomic approach.  The molecular mass of native fused bifunctional enzyme was 

determined by gel- filtration chromatographic column, having an apparent molecular 

mass of 158 kDa.  The enzyme was active and functioned in a dimeric form.  The 

enzymatic activities, although unstable, were stabilized by its substrate and product 

during purification and long- term storage.  Furthermore, the enzyme expressed a 

perfect catalytic efficiency (kcat/ Km) .  The turnover number (kcat)  was selectively 

enhanced up to three orders of magnitude, while the Km was not much affected and 

remained at low µM levels. Comparing the catalytic efficiency with the monofunctional 
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enzymes and the multienzyme complex indicate that the bifunctional  

PfOMPDC-PfOPRT enzyme would favor efficient catalysis by markedly increasing the 

turnover number, a possible advantage of bifunctionality. The bifunctional  

PfOMPDC-PfOPRT enzyme is also important in evolutionary pattern of the malaria 

parasite.  Taken from the benefits of kinetic characterizations, the bifunctional 

PfOMPDC- PfOPRT enzyme is much more catalytically active than monofunctional 

enzymes and multienzyme complex. The Km values of the bifunctional  

PfOMPDC-PfOPRT enzyme are lower than monofunctional enzymes and multienzyme 

complex.  

The gene fusion study, shown in Figure 32, is supported by Rosetta Stone 

model (Figure 31)  with lines of evidence as follows:  (1)  the cellular proteins have 

effective concentrations at about nM to µM, as separate proteins, ( 2)  and then 

interaction between two proteins occurred when they are colocalized, (3) fanally, the 

gene fission or loop shortening can result in a strongly interacting homodimer.  The 

kinetic parameters are favored for the fused bifunctional P.  falciparum enzyme, as 

compared to the bifunctional L. donovani UMPS enzyme. By analogy, loss of stability 

of both enzymes are noted, their activities can be stabilized by using substrate and 

product of OPRT and OMPDC in all buffers at the purification steps and long- term 

storage. 

Our study lends proof- of- concept that the two enzymes, creating a  

“ super-enzyme”  with perfect catalytic power and more flexibility (83, 85) , reflects 
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cryptic relationship of enzymatic reactivities and metabolic functions on molecular 

evolution.  This unique property, thus the possibility of a new drug target for the 

bifunctional PfOMPDC-PfOPRT enzyme, which can be further exploited for a rational 

drug design approach for more effective antimalarials (93). 
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Nucleotide sequence P. falciparum OMPDC-OPRT gene 

5'ATGGGTTTTAAGGTAAAATTAGAAAAACGAAGGAATGCAATAAACACGTGTTTATGTATTGGG

CTTGATCCTGATGAGAAGGATATTGAGAACTTTATGAAGAATGAGAAAGAAAATAATTATAATA

ATATAAAGAAAAATTTGAAAGAGAAGTATATAAATAATGTATCTATAAAGAAGGATATTTTATTG

AAAGCACCTGATAATATTATAAGAGAAGAAAAAAGTGAGGAATTCTTTTACTTTTTTAATCATTT

TTGTTTTTATATAATTAATGAAACGAATAAATATGCCTTAACGTTTAAGATGAATTTTGCTTTTT

ATATTCCTTATGGATCAGTAGGTATAGATGTATTAAAGAATGTGTTTGATTATTTATATGAATTA

AATATTCCAACAATATTAGATATGAAAATTAATGATATAGGAAATACGGTGAAAAATTATCGAAA

ATTTATATTTGAATATTTAAAGAGTGATTCATGTACTGTTAATATATATATGGGAACAAATATGT

TAAAAGATATATGTTATGATGAAGAAAAAAATAAATATTATAGTGCATTTGTTCTTGTTAAAACT

ACTAACCCTGATTCAGCTATATTTCAAAAAAATCTCTCTTTAGATAATAAACAAGCATATGTAAT

AATGGCACAAGAAGCTTTAAATATGTCCAGTTACTTAAATCTAGAACAAAATAATGAATTTATAG

GTTTTGTTGTTGGAGCAAATAGTTATGATGAAATGAATTATATACGAACTTATTTTCCAAATTGT

TATATTTTATCACCAGGAATAGGAGCTCAAAATGGAGACTTACATAAAACCTTAACAAATGGATA

TCATAAAAGTTATGAAAAAATTCTTATAAATATTGGAAGAGCTATAACAAAAAATCCATACCCTC

AAAAAGCAGCTCAAATGTATTACGATCAGATTAATGCAATCTTAAAGCAAAATATGGAATCG3'5'

ATGACGACGATAAAAGAGAATGAATTTTTGTGTGATGAGGAGATATATAAAAGTTTTGTACATCT

GAAGGATAAGATATGTGAGGAAAGAAAAAAGAAGGAACTTGTTAATAATAATATTGATAATGTT

AATTTTAATGATGATGATGATAATAATTATGATGATGATGGTAATTCTTATAGTTCCTACATTAA

AGAGATGAAGAAATTATTAAAAGTTGTTCTTTTAAAATATAAGGCATTAAAATTTGGAGAATTTA

TTTTAAAATCGAAAAGAAAATCAAACTATTTTTTTTCAAGTGGAGTATTAAATAATATTGTTTCT
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TCAAATATAATTTGTTTTTTATTATCCGAATTAATATTAAAAAACAAATTATCATTTGATTATTTA

TTAGGTGCTTCATATAAAGGTATTCCTATGGTATCCTTAACAAGTCACTTTTTATTTGAATCCAA

AAAATATTCTAACATTTTTTATTTATATGATAGAAAAGAAAAAAAAGAATATGGTGATAAAAATG

TTATTGTGGGAAATCTTGATGATGATGATAAAGATATACTAAACTTAAAAAAAAAAACAAAAAAT

AATCAAGATGAAGAAAAGAAAAATATCATAATTATTGATGATGTTTTTACTTGTGGAACAGCATT

AACGGAAATATTAGCCAAATTAAAAACATATGAACATTTAAAAGTAGTAGCGTTTATAGTATTGC

TTAATAGAAATGAATATGAGATAAACGAAAATAATCAAAAGATATATTTTAAGGATATCTTTGAG

AAAAGGGTAGGAATACCTCTCTACAGTATATTATCTTACAAAGACGATATACAGTCGATGATAT

GA3' 

 

Total base pairs; 1,815 bp. 
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Map of pTrcHis A vector 
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