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CHAPTER I 

INTRODUCTION 

 

1.1. Background and Rationale 

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

subtropical zone caused by four species of Plasmodium, including Plasmodium 

falciparum, Plasmodium ovale, Plasmodium malariae and Plasmodium vivax. New 

retrospective studies have also shown hundreds of human cases infected with simian 

Plasmodium knowlesi (1). 

Malaria remains a major and growing threat to the public health of the 

population living in the endemic areas (2). One of the five species that infect 

humans, Plasmodium falciparum is the most lethal parasite (3). It is estimated that 

the disease afflicts 450 million and kills 1.5-2.7 million people each year (4). 

Chemotherapy of malaria is available but is complicated for the spread of the 

disease by both antimalarial drugs resistance, including the first-line drug artemisinin 

(5), and their toxicity (6). This highlights the priority development for more effective 



 2 

and less toxic new drugs with different mechanism of action, against malaria infection 

(7, 8).  

Pyrimidine nucleotides are essential metabolites. Unlike human and other 

mammalian cells (9), P. falciparum cannot salvage preformed pyrimidine bases or 

nucleosides from human host, but relies solely on nucleotides synthesized through 

the de novo pathway (10). The biosynthetic pathway involves six sequential enzymes 

catalyzing the conversion of following precursors: HCO3
-, ATP, Gln, Asp, and 5-

phosphoribosyl-1-pyrophosphate (PRPP), to form uridine 5'-monophosphate (UMP). 

There are some key differences of the enzymes in the pathway between malarial 

parasites and higher eukaryotes, including human host, for instance, the parasite 

enzyme inhibitors are found to have strong antimalarial activity for P. falciparum 

grown in vitro and Plasmodium berghei propagated in mice (11-20). The final two 

steps of UMP synthesis require the addition of ribose 5´-phosphate from PRPP to 

orotate by orotate phosphoribosyltransferase (EC 2.4.2.10, OPRT) to form orotidine 5'-

monophosphate (OMP) and the subsequent decarboxylation of OMP to form UMP by 

OMP decarboxylase (EC 4.1.1.23, OMPDC). In human, both enzymes exist as a 

bifunctional UMP synthase (UMPS), and in bacteria they express separately as 

monofunctional enzyme. Interestingly, the enzymes in human malaria parasite 
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express as monofunctional forms but catalytically function as a bienzyme complex in 

the form of heterotetrameric (PfOPRT)2(PfOMPDC)2 (21, 22). The enzymes in the 

parasite contain unique insertion sequences at N-terminus and internal regions and 

have specific characteristic Low Complexity Region (LCR), repeat of single amino acid 

or group of amino acid, which are not found in homologous proteins from other 

organisms. At present, we have not yet known that amino acid sequence plays a role 

interact in heterotetrameric (PfOPRT)2(PfOMPDC)2. 

1.2. Research question 

 What are the amino acid sequences play a role in interaction between 

PfOPRT and PfOMPDC in the parasite? 

1.3. Hypothesis  

The unique insertion of the PfOPRT and PfOMPDC is responsible for the 

PfOPRT-PfOMPDC interaction in the parasite. 

1.4. Objective 

To identify protein-protein interaction in the heterotetrameric (Pf OPRT)2(Pf 

OMPDC)2 complex of the parasite.  
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1.5. Conceptual framework 

Identification amino acid sequence, that play a role in interaction between molecule 

in dimeric PfOPRT, dimeric PfOMPDC and tetrameric (PfOPRT)2(PfOMPDC)2 

  

Amplification, expression and purification of recombinant proteins  

 

Cross-link between PfOPRT and PfOMPDC with 3, 3'-dimethylsuberimidate (DMS) to 

generate dimeric PfOPRT, dimeric PfOMPDC and tetrameric (PfOPRT)2(PfOMPDC)2 and 

separate cross-link product by SDS-polyacrylamind gel electrophoresis 

 

Identification of amino acid sequence used to interact between molecules by          

liquid chromatography-mass spectrometer 

 

Homology modeling of PfOPRT and PfOMPDC to generate dimeric and tetrameric 

enzyme 



 5 

1.6. Key words: Orotate phosphoribosyltransferase; Orotidine 5'-monophosphate 

decarboxylase; Multienzyme complex; Pyrimidine biosynthesis; Plasmodium 

falciparum; Malaria  

1.7. Expected Benefits 

1.7.1 Understanding of the role of N-terminal insertion, internal insertion, and 

LCRs in PfOPRT and PfOMPDC will gain new information the protein-protein 

interaction. 

1.7.2 Understanding of dimeric PfOPRT, dimeric PfOMPDC and tetrameric 

(PfOPRT)2(PfOMPDC)2 interaction will lead to design a new antimalarial 

drugs in the future. 

 

  



CHAPTER II 

LITERATURE REVIEWS 

 

The majority of malarial related mortality occurs in children below the age of 

5 years, mostly in sub-Saharan region of Africa, due to their lack of naturally acquired 

malarial immunity. The majority of human malaria infection is 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 (life-

threatening) disease. Severe disease encompasses a range of presentation including 

severe anemia, cerebral malaria, hypoglycemia and a systemic syndrome analogous 

to toxic shock (21). The malaria transmission area in the world distributes mostly in 

tropical zone and sub-tropical zone, such as Africa, South America and Asia (23) 

(Figure 1).  

2.1 Human malaria parasite life cycle 

The life cycle of the Plasmodium have sexual and asexual phases in the two 

hosts (Figure 2). The asexual phase, in human the parasites grow and multiply first in 
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the liver cell and then in the red blood cell. The sexual phase, in female Anopheles 

mosquito carrying the malaria parasites from human blood grow and then multiply in 

different stages in lumen of stomach and salivary glands. When 

the Anopheles mosquito takes a blood meal on another human, the sporozoites are 

injected with the mosquito's saliva and this will start another human infection. 

 

 

Figure 1 The world map showing the area of malaria. Malaria is presently endemic 

in a broad band around the equator, in areas of the Americas, many parts of Asia, 

and much of Africa; in Sub-Saharan Africa. This map is taken from World malaria 

report 2012 by World Health Organization (23).  
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Figure 2 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.dpd.cdc.gov/dpdx/HTML/Malaria.htm) 
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In mosquito’s saliva gland, if it has sporozoites, during feeding, it secretes 

sporozoites into human bloodstream. After approximately one hour the sporozoites 

disappears from the circulation, 24 to 48 hours later in the parenchymal cell of the 

liver, sporozoites mature into schizonts, where the exo-erythrocytic schizogonic 

phase begins. The schizonts rupture out of liver cell in term merozoites. The 

merozoites enter the blood circulation and invade red blood cell, the merozoites 

grown to the tropozoites, the tropozoites mature into schizonts, initiating the 

erythrocytic schizogonic phase, which rupture releasing merozoites. Immature 

tropozoites differentiate into sexual erythrocytic phase (gametocytes), male 

(microgametocyte) and female (macrogametocyte). 

 The sexual phase occurs in the female Anopheles mosquito and initiate when 

the mosquito takes a blood meal that contains microgametocyte and 

macrogametocyte. In the lumen of mosquito’s stomach, lysis of the erythrocytic 

material releases gametocytes. There, microgametocytes undergo a maturation 

process known as exflagellation, during including spindle formation and its nucleus 

undergoes three mitotic divisions, producing eight nuclei that migrate to the 

periphery of gametocytes. In cytoplasm, centriolar division generates eight filaments, 

following which one portion join each nucleus. This is completing the formation of 
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microgametes. During this period, the macrogametocytes undergo reducing nucleus 

division to become macrogamete. Microgametes swim to macrogametes, when the 

haploid microgamete fuses a haploid macrogamete, produces a diploid zygote. After 

12 to 48 hours fertilization the zygotes, known as ookinetes, penetrate to the gut 

wall, the area between epithelium and basal lamina, where develop into oocyst. The 

oocysts repeat nucleus division, in which rates depend on Plasmodium species, in 

the part of proliferation of haploid cell, in term of sporoblasts, producing thousands 

of sporozoites. As membrane rupture, sporozoites carrying to the salivary gland and 

are ready to be inject to next human person (24-26). 

 

2.2 Genomic of malaria parasite 

 Since 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 and 

completed in 2002 (27). In 2005, the genome of P. yoelii was published (28) and the 

genome sequence of P. vivax and P. knowlesi were then completed (29, 30). 

 The genome of P. falciparum has 14 chromosomes and the genes encoding 

proteins are approximately 5,300 genes (27). The P. falciparum genome contains 23 
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million bases, they are rich in low complexity region (LCR) since nucleic acid level 

correlates with LCR at protein level (31). LCR are characterized by single amino acid 

or group of amino acids repeat, almost 50% of Plasmodium protein are longer than 

their yeast homologues, contain the insert segments, these inserts correspond to LCR 

(32). The genome of P. falciparum is extremely AT-rich (82% A+T) (33), P. vivax 

genome shows the lower level of AT ( 67.7% A+T), however, the richness AT in both 

species has probably not too much to do the disease  (34).      

 

2.3 Pyrimidine biosynthesis in human 

 In human pyrimidine nucleotides are synthesized by two routes: de novo 

pathway and salvage pathway. It is the basis of three of the bases (thymine, uracil 

and cytosine) found in DNA and RNA. 

2.3.1 Synthesis of pyrimidine nucleotides by de novo pathway 

 De novo pyrimidine synthesis requires aspartate (Asp), glutamine (Gln) and 

HCO3
-
 as precursors. Pyrimidines are assembling the single pyrimidine ring before 

being attached to 5- phosphoribosyl-1-pyrophosphate (PRPP). The first step in de 

novo pyrimidine biosynthesis is the formation of carbamoyl phosphate by carbamoyl 
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phosphate synthetase II (CPS II). Carbamoyl phosphate is condensed with aspartate in 

a reaction catalyzed by the aspartate carbamoyl transferase (ATC), which is then 

cyclized to dihydroorotate by dihydroorotase (DHO). The activities of CPS II, ATC and 

DHO are found on a trifunctional protein (namely, CAD). Dihydroorotate enters the 

mitochondria, and then converts into orotate by dihydroorotate dehydrogenase 

(DHOD). DHOD is located on the outer surface of the inner mitochondrial membrane. 

This is the only mitochondrial step in the nucleotide ring biosynthesis. Orotate is 

then converted to orotidine 5´-monophosphate (OMP) by orotate 

phosphoribosyltransferase (OPRT). Then OMP is decarboxylated to uridine 5´- 

monophosphate (UMP) by orotidine 5´-monophosphate decarboxylase (OMPDC). The 

final two steps in the pathway, OPRT and OMPDC activities are found on a 

bifunctional protein, also known as UMP synthetase (UMPS). Five of six reactions 

occur in the cytosol of the cell, whereas the DHOD reaction occurs in mitochondria.  

Nucleotide kinases convert UMP to uridine diphosphate (UDP) and 

triphosphate (UTP). UTP is the direct substrate for CTP synthetase (CTPS), formation 

of cytidine triphosphate (CTP) requires Gln and ATP (35, 36). CDP is converted to its 

deoxyribonucleotide derivative by ribonucleotide reductase. UDP is s precursor for 

synthesis of thymidine nucleotide. UDP is also converted to dUDP by ribonucleotide 
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reductase. dUDP is dephosphorylated to dUMP. dUMP is then converted to 

deoxythymidine monophosphate (dTMP) by thymidylate synthase, requiring transfer 

of a single carbon from 5,10-methylenetetrahydrofolate (37)  (Figure 3). 

2.3.2 Synthesis of pyrimidine nucleotide by salvage pathway 

 Salvage pathway is used to recover bases and nucleotides that are formed 

during degradation of RNA and DNA, beginnig with deoxycytidine, deoxyuridine, 

or deoxythymidine nucleosides, which are each converted to nucleoside 

monophosphates in the first step by appropriate kinases. Uridine phosphorylase has 

an activity to inter-convert uracil, uridine and deoxyuridine, whereas uridine kinase 

phosphorylates the nucleoside into UMP. Deoxythymidine phosphorylase adds 

deoxyribose-1-phosphate to thymine to generate dTMP, and thymidine kinase then 

phosphorylates this nucleoside into dTDP and dTTP. 
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Figure 3 Pyrimidine de novo biosynthesis in human. The diagram shows the de 

novo pathway of pyrimidine biosynthesis in human. The de novo pyrimidine 

biosynthesis pathway requires six enzymes. The first three enzymes are catalyzed on 

trifunctional protein, a cytosolic enzyme known as CAD. The fourth enzyme is DHOD 

or DHOdehase, a mitochondrial enzyme. The last two enzymes are catalyzed by a 

bifunctional protein, known as UMPS, a cytosolic enzyme. CTP-S stands for CTP 

synthetase (37).  
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2.4 Pyrimidine biosynthesis in Plasmodium parasite 

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

human obtain their pyrimidines from 2 routes: salvage of the preexisting compounds 

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

lacks enzymes in the salvage pathway (9, 10, 38).  The de novo pathway contains the 

six enzymes, using HCO3
-, ATP, Gln, Asp, and PRPP as precursors. All enzymes in the 

de novo pathway of P. falciparum are encoded from the separate genes, in order 

from the first to the sixth sequential step; these are CPS II, ATC, DHO, DHOD, OPRT 

and OMPDC (39) (Figure 4). 

The final two steps, OPRT and OMPDC in the malaria parasites exist as 

multienzyme complex containing two subunits of OPRT and two subunits of OMPDC 

(21). So its organization is different from human, in that both enzymes express in 

bifunctional UMPS and in most higher or multicellular eukaryotes both enzymes also 

exist as found in human (40-42). In many prokaryotes and a single cell eukaryote 

yeast, OPRT and OMPDC are encoded by two independent genes (40, 42, 43). 
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Figure 4 The de novo pyrimidine biosynthesis of malaria parasites. HCO3
-, ATP, 

Gln, Asp, and 5-phosphoribosyl-1-pyrophosphate (PRPP) as precursors of de novo 

pyrimidine biosynthetic pathway.  The fifth and the sixth enzymes in pyrimidine 

biosynthetic pathway in Plasmodium are active in multimeric enzyme complex. The 

de novo pyrimidine pathway is linked to other metabolic pathways, such as 

glycolysis, pentose phosphate pathway, folate and glutamate metabolism.                              

(From http://sites.huji.ac.il/malaria/maps/pyrimidinemetpath.html).  
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2.5 Orotate phosphoribosyltransferase (OPRT) 

 Orotate phosphoribosyltransferase (OPRT) is the fifith enzyme in the de novo 

pyrimidine biosynthesis pathway. The novel form of the OPRT in P. falciparum 

(PfOPRT) is a monofunctional protein. The open reading frame of PfOPRT is located 

on chromosome 5 locus PFE0630C. The PfOPRT gene has 846 bp and only one exon, 

encoding for 281 amino acids, with the molecular mass of about 33 kDa (16). The 

active form is dimeric enzyme with the molecular mass of about 66 kDa (16). The 

malaria parasite enzyme contains an extension of 66 amino acids at the N-terminus 

and unique insertion of 19 amino acids at 178-196 with high hydrophobic index of 

+1.0- +3.0 (16). 

 The PfOPRT is classified in type I phosphoribosyltransferase, binding to PRPP, 

orotate and Mg2+.  The EC number of OPRT is EC 2.4.2.10. It catalyzes orotate + 

PRPP   OMP +PPi. The active site amino acids consist of Lys89, Phe97, Phe98, 

Thr212 and Arg241, which interact by extended hydrogen bonds among orotate, 

PRPP, surrounding amino acid residues and water molecules (44). 

 Similarity of sequence alignment of PfOPRT comparing among P. berghei, P. 

knowlesi, P. vivax, S. cerevisiae, E. coli and H. sapiens are 65%, 62%, 56%, 30%, 22% 

and 18%, respectively, according to ClustalW2 calculation (45) (Figure 5). 
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 The 3D structure of OPRT in protein data bank (PDB) is now deposited for 19 

structures, containing three of Salmonella enterica, three of S. cerevisiae (ScOPRT), 

two of H. sapiens, two of Bacillus anthracis, each of Leishmania donovani, L. 

infuntum, E. coli (EcOPRT), Vibrio cholerae, Streptococus mutans, S. pyogenes, 

Francisella tularensis, Aeropyrum pernix, and Corynebeacterium diphtheriae. All of  

them are searched by using the EC number of the enzyme. The PfOPRT shows the 

most similar to the ScOPRT by having 30% identity. So the 3D structure of ScOPRT, as 

template, is important to demonstrate a homology model of PfOPRT.  

The 3D structure of ScOPRT (PDB ID: 2PS1), which is also a typical type I 

phosphoribosyltransferase family and exists as a homodimeric form, contains 226 

residues and having secondary structures of seven α-helices and 10 β-sheets (Figure 

6) (46). In addition, the dimer interface found in both EcOPRT and ScOPRT contains 

flexible loop, as a part of the active site (47).  
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Figure 5 Sequence alignment of OPRTs. A sequence alignment of seven OPRTs was 

performed using ClustalW2 (45). Species name and accession number are as follows: 

P. falciparum OPRT (PFE0630C), P. knowlesi (XP_002259686.1), P. vivax 

(XP_001613829), P. berghei  (PBANKA_111240), S. cerevisiae (NP_013601), E. coli 

(X00781) and H. sapiens (NP_000364).The completed conserved residues are shown 

with a yellow background  while the similar residues are shown with a pink box. 
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Figure 6 The 3D structure of S. cerevisiae OPRT. Homodimeric OPRT of S. 

cerevisiae has subunit A (red) and subunit B (green), PDB ID: 2PS1 (46).  
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2.6 Orotidine 5´-monophosphate decarboxylase (OMPDC)  

 Orotidine 5´-monophosphate decarboxylase (OMPDC) is the sixth enzyme in 

the de novo pyrimidine biosynthesis pathway, which catalyzes decarboxylation of 

OMP to UMP. The EC number of the enzyme is EC 4.1.1.23. The novel form of the 

OMPDC in P. falciparum (PfOMPDC) is a monofunctional protein. The open reading 

frame of PfOMPDC is located on chromosome 10 locus PF10_0225. The PfOMPDC 

gene contains 969 bp and only one exon, encoding for 323 amino acids with the 

molecular mass of about 38 kDa. The active form is dimeric enzyme with the 

molecular mass of about 76 kD (22). In addition, the malaria parasite enzyme has 

also an extension of 32 amino acids at the N-terminus (Figure 7). 

 The alignment of PfOMPDC with 6 known crystal structures (Figure 7) shows a 

large insertion at the N-terminal region in all Plasmodium. It has been proposed that 

these regions are responsible for binding between PfOPRT and PfOMPDC (21, 22, 48). 

The 2.7 Aº resolution crystal structure of PfOMPDC has been recently 

identified (Figure 8) (48). The PfOMPDC 3D structure folds as an (α/β)8 barrel, with 

eight β-sheets and 13 α-helices. The dimer interface consists a network of 10 

hydrogen bonds. The active site is located at the open end of the (α/β)8 barrel (48). 
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Figure 7 Sequence alignment and secondary structure assignment of OMPDCs. 

Sequence alignment of seven OMPDCs was performed using ClustalW2. Species 

name, accession number and PDB ID are as follows: P. falciparum OMPDC (2ZA2), P. 

knowlesi (XP_002261749.1), P. vivax (2FFC), P. berghei (2FDS), S. cerevisiae (1DQW), E. 

coli (1L2U) and H. sapiens (2EAW). Conserved identical residues are highlighted in 

yellow, similar residues are shown in pink. 
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Figure 8 The 3D structure of P. falciparum OMPDC. Homodimeric PfOMPDC 

contains subunit A (blue) and subunit B (gray), PDB ID: 2ZA2 (48). 
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2.7 PfOPRT and PfOMPDC enzyme complex 

The single open reading frames of PfOPRT and PfOMPDC genes encode 

proteins with 281 and 323 amino acid residues, respectively (22). Both enzymes from 

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

molecular mass of 140 kDa, containing two molecules of each PfOPRT (33 kDa) and 

PfOMPDC (38 kDa) monofunctional form (22).  This enzyme complex forms α2β2 

conformation, where α and β are PfOPRT and PfOMPDC respectively (Figure 9) (22). 

The heterotetrameric form is then represented as (PfOPRT)2(PfOMPDC)2. 

Indeed, PfOPRT and PfOMPDC are encoded as stand-alone genes from 

chromosome 5 and 10, respectively. The OPRT-OMPDC gene fusion is present in the 

majority of eukaryotic groups, i.e. metazoa, amoebozoa, plantae, heterolobosea and 

euglenoids. On the other hand, they exit as separate genes in fungi, malaria parasite 

and most bateria (41). Interestingly, the inversely linked OMPDC-OPRT gene fusion is 

demonstrated in the kinetoplastids of the parasitic protists, e.g. Leishmania spp., 

Trypanosoma spp. (41), representing an independent fusion event of both genes 

during evolution. The OMPDC-OPRT gene fusion is also found in some stramenopiles 

(diatom) and cyanobacteria as well (41). 
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Figure 9 Model of multienzyme (OPRT)2(OMPDC)2 complex formation in P. 

falciparum. The OPRT and OMPDC are synthesized separately as inactive monomer, 

each individual enzyme forms a less active homodimer. Both enzymes are more 

active functioning in a tightly associated heterotetrameric (OPRT)2(OMPDC)2, as α2β2 

complex (22). 
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In the previous study, co-expression of PfOPRT-PfOMPDC as enzyme complex 

was carried out in E. coli, showing that the molecular mass of active PfOPRT and 

PfOMPDC enzyme complex was found to be 130.34 kDa in good agreement with the 

calculated mass of the (PfOPRT)2(PfOMPDC)2 tetramer.  Km, kcat, and catalytic 

efficiency (kcat/Km) for orotate and PRPP of PfOPRT in the enzyme complex were 

higher than the monofunctional form. In case of PfOMPDC, Km, kcat, and kcat/Km for 

OMP was not significantly different from its monofunctional form (49, 50). In the part 

of enzyme inhibition, 6-aza UMP inhibited both the monofunctional PfOMPDC form 

and the PfOMPDC component in the enzyme complex but it likewise inhibited 

PfOPRT in the enzyme complex, but did not inhibit the monofunctional PfOPRT 

form. PPi, a product of OPRT reaction, was found to be a good competitive inhibitor 

of PfOMPDC in the enzyme complex but had not inhibitory effect in the 

monofunctional PfOMPDC form and exhibited greater inhibitory effect to PfOPRT in 

the enzyme complex than the monofunctional form. In addition, thermal stability 

characteristic was determined by calculating temp1/2 (temperature at 50% activity 

remaining), the temp1/2 of both components in the enzyme complex were higher 

than monofunctional forms (49). In deep, this study of the properties of the enzyme 

complex indicates that (1) it has kinetic benefit in both catalysis and inhibiton, (2) it 
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increases thermostability, and (3) the formation of enzyme complex stabilizes both 

components. 

Nevertheless to the heterotetrameric formation of PfOPRT and PfOMPDC was 

reported for the first time in P. falciparum (22, 49). Most recently, in L. donovani it 

was shown that the LdOPRT and LdOMPDC were encoding from one gene, leading to 

a bifunctional protein LdUMPS (41). The LdOMPDC component was at the N-

terminus, as what found in Trypanosoma spp., whereas OMPDC in mammalian UMPS 

was at the C-terminus (41, 51, 52). After expression, the first step of oligomerization 

was a formation of tight dimer at the LdOMPDC component (Figure 10B). This dimer 

was stable but did not catalyze the LdOPRT reaction because the LdOPRT had not 

yet to be actively dimer form. In the present of a ligand (e.g. OMP, UMP) a 

conformational change was occurred, and promoted dimerization of LdOPRT 

component, leading to complete and active LdUMPS tetramer (41) (Figure 10C).                                                                             
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Figure 10 Model of UMPS oligomerization in L. donovani. A: the LdUMPS 

monomer with the two components, OPRT and OMPDC. B: the asymmetric unit 

contains two monomers, formation of a dimer at the OMPDC component. C: 

tetramer formation after ligand binding of  LdUMPS (41). 
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2.8 Mass spectrometry for protein complex interaction 

 Mass spectrometry (MS) is an analytical technique for the determining 

element composition of a sample or molecule, which works by ionization chemical 

compounds to generate charged molecules or molecule fragment, and measuring 

their mass-to-charge ratio. A mass spectrometer consists of three components: an ion 

source (e.g. electrospray ionization (ESI) and matrix-assisted laser desorption (MALDI)), 

a mass analyzer (e.g. ion trap, time-of-fight (TOF), quadrupole, fourier transform ion 

cyclotron (FT-MS) analyzer) and a detector (e.g. photomultiplier, microchannel plate, 

electro multiplier) (53). 

 In general, MS based methods are applicable to soluble protein or protein 

complex. It is a powerful tool to identify protein in various ways, such as amino acid 

residues, protein structure and interaction in protein complex (54). 

 The powerful methods for prove the location of protein-protein interaction 

are X-ray crystallography, nuclear magnetic resonance (NMR) spectroscope and MS 

(55). MS method is the high sensitivity and speed for the analysis. It applies to 

soluble protein or protein complex, especially when sample is limited (55, 56). 

Application of MS in combination with chemical cross-link has been used to identify 

the cross-link residues (55). 
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 Chemical cross-link is a process of covalent joining between molecules by a 

cross-link reagent (56). This method is established for structure information of protein 

complex and followed by MS analysis (54, 56) (Figure 11).  

More recent studies, the 3D structure of calmodulin-melittin complex was 

performed by chemical cross-link and high resolution fourier transform ion cyclotron 

resonance mass spectrometry (FTICRMS). The cross-link products on SDS-PAGE, and 

mass spectra of non-digestion were analyzed after incubation with 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride combination with N-

hydroxysulfosuccinimide (EDC/sulfo-NHS) (Figure 12). The SDS-PAGE gel is digested 

with trypsin, the cross-link peptides are resistant to the trypsin digestion. The cross-

link peptides is further determined by nano-ESI-FTICRMS and then identified by 

General Protein Mass Analysis for Windows (GPMAW). The expasy proteomic tools in 

the Swiss-Port database and  Automatic Spectrum Assignment Program (ASAP) 

elucidated 12 cross-link peptides observed for the calmodulin-melittin complex (57). 
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Figure 11 Schematic workflow of cross-link residue analysis for 3D structure 

information. Experimental steps are demonstrated to prove cross-link residue by MS 

method in combination with chemical cross-link, and the information for MS data are 

then used to generate 3D structure (56). 
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Figure 12 Cross-link product of calmodulin-melittin complex. A: calmodulin and 

melittin was cross-linked by EDC/sulfo-NHS and the cross-link was detected on the 

SDS-PAGE. B: mass spectra of non-digestion by MALDI-TOF of the complex at 5, 15, 

30, 60 and 120 min incubation with chemical cross-link EDC/sulfo-NHS (57).  
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2.9 Computational protein structure modeling 

If one wants to know the real 3D structure of a protein, great progress has 

been made using an experiment method of X-ray crystallography. This technique 

requires a high concentration, high purity and high stability of protein, moreover, 

condition for crystal growth is very important (58). So, the study of X-ray 

crystallography is relatively difficult and takes a lot of time. The 3D structure of 

protein can be predicted by the computation modeling. The prediction of 3D 

structure from known amino acid sequence of a protein have four different 

approaches: the first, comparative or homology modeling which is the most popular 

method for the protein in the same family as the template; the second, fold 

recognition and treading method aiming to assign folds of target amino acid 

sequence that have low or statistically insignificant sequence similarity to known 

protein structure; the third, de novo method aiming to predict the structure of 

protein from its amino acid sequence by principle of physic for protein folding; lastly, 

integrative or hybrid method that combines information from a varied set of 

computational and experimental sources, including all those described above (59).  

 Comparative or homology modeling is a template-based technique, exploiting 

the relationship between a target and a template protein with known 3D structure in 
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protein database. The identity between target and template shows the percentage of 

sequence correlating with model accuracy and quality. As a rule of thumb, homology 

model based on more than 50% sequence identity to template is considered as a 

high accurate model, 30%-50% sequence identity representing a medium accurate 

model, and less than 30% sequence identity considering as low accurate model 

which is the most substantial origin of errors in the building of homology model (59). 

 At the present, the computational protein structure modeling can be 

performed by having a lot of web server, each server uses a different method to 

predict 3D structure, and again the most favorite one is the homology modeling 

method. More recently, the Protein Homology/Analogy Recognition Engine or Phyre 

(pronounced as fire) is one of web server established for protein structure prediction, 

including protein complex structure, using the principle and technique of homology 

modeling (60). The Phyre server uses a library of known protein structure taken from 

the Structure Classification of Protein (SCOP) and Protein Data Bank (PDB), and has 

the Position-Specific Iterative Basic Local Alignment Search Tool (PSI-BLAST) to 

generate pairwise sequence alignment (60, 61). And also the server predicts 

secondary structure by using three independent secondary structure prediction 

programs of Psi-Pred, SSPro and JNet (60, 61). In addition, Jmol program, an open-
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source Java viewer for chemical structures in 3D with features for chemicals, crystals, 

materials and biomolecules, is used to analyze interactive 3D viewing of the protein 

model. 

 Moreover, many web servers on the internet for protein structure prediction 

are freely available, as show in Table 1. 

Table 1 The list of protein modeling web servers. 

Server name Web address 

Phyre 

I-TASSER 

SAM-T06 

HHpred 

Gen Threader 

PCONS 

Bioinfo 

http://www.imperial.ac.uk/phyre 

http://zhang.bioinformatics.ku.edu/I-TASSER 

http://www.soe.ucsc.edu/compbio/SAM_T06/T06-query.html 

http://toolkit.tuebingen.mpg.de/hhpred 

http://bioinf.cs.ucl.ac.uk/psipred/psiform.html 

http://pcons.net 

http://meta.bioinfo.pl 
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FFAS 

Robetta 

SP4 

SwissModel 

ModWeb 

Modeller 

SCWRL3 

WhatIf 

http://ffas.ljcrf.edu 

http://robetta.bakerlab.org 

http://sparks.informatics.iupui.edu/SP4 

http://swissmodel.expasy.org 

http://salilab.org/modweb 

http://salilab.org/modeller 

http://dunbrack.fccc.edu/SCWRL3.php 

http://swift.cmbi.ru.nl/whatif 

 

 



CHAPTER III 

MATERIALS AND METHODS 

 

3.1 Materials 

1) Alcohol lamp 

2) Autopipet (P2, P10, P20, P100 and P1000) 

3) Autopipet tip 

4) Beaker 

5) Cuvette (quartz, plastic) 

6) Cylinder 

7) Flask 

8) Magnetic bar 

9) Magnetic stirrer 

10) Microcentrifuge tube 

11) Microcentrifuge tube rack 

12) Parafilm 

13) Petridish 
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14) Pipette rack 

15) Plastic wrap 

16) Platinum loop 

17) Polaroid film 

18) Polypropylene conicol centrifuge tube 

19) Screw cap tube 

20) Spreader 

21) Stirring magnetic bar 

22) Test tube 

23) Thermometer  

 

3.2 Equipments 

1) Balance (Shimadzu) 

2) Deep freezer -20ºC,-80ºC (Sharp, Revco) 

3) DNA Thermal cycler (Thermo Hybaid) 

4) Electrophoresis apparatus (Bio-Rad) 

5) Fast Protein Liquid Chromatography (FPLC) system (Pharmacia) 
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6) High speed centrifuge (Sorvall) 

7) 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 

m, 180-μm x 20-mm Trap column and a BEH130 C18 1.7 m, 

100-m x 100-mm analytical reversed-phase column (Waters 

corporation) 

8) Incubator (Memmert) 

9) Microcentrifuge (Heraeus) 

10) pH meter (WPA) 

11) Polaroid camera (Polaroid) 

12) Power supply (Bio-Rad) 

13) Refrigerator (Sanyo) 

14) Shaking incubator (Kuhner) 

15) Thermostat shaking water bath (GFL) 

16) Ultrasonic homogenizer (Bandelin Sonoplus) 

17) UV transilluminator (Spectroline) 

18) UV-visible spectrophotometer model UV 1601 equipped with a 

temperature-controller  (Shimadzu) 
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19) Vertical electrophoresis apparatus (mini-gel) (Bio-Rad) 

20) Vortex (Scientific industry) 

21) Water bath (GFL) 

 

3.3 Reagents 

3.3.1 General reagents 

1) 3,3'-Dimethylsuberimidate (DMS) (Fluka) 

2) 5-Fluorouracil (Sigma) 

3) 5-Phospho-D-ribose-1-diphosphate pentasodium salt (PRPP) 

(Sigma) 

4) Acetic acid glacial (Merck) 

5) Acetonitrile (Sigma) 

6) Acrylamide (Sigma) 

7) Agar (Becton, Dickinson and company) 

8) Agarose (SeaKem) 

9) Ammonium bicarbonate (NH4HCO3) (Sigma) 

10) Ammonium persulfate (Sigma) 
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11) Ampicillin sodium salt (Sigma) 

12) Bromophenol blue (Fluka) 

13) Bovine serum albumin (BSA) (Sigma) 

14) Butanol (Merck) 

15) Calcium chloride (Merck) 

16) Comassie brilliant blue R250 (Sigma) 

17) Disodium hydrogen phosphate (Merck) 

18) Dithiothreitol (DTT) (Sigma) 

19) DNA marker (1Kb DNA ladder) (Vivantis)  

20) Ethanol, absolute (Merck) 

21) Ethidium bromide (Sigma) 

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

23) Formic acid (Fluka) 

24) Glucose (Fluka) 

25) Glycerol (Sigma) 

26) Glycine (Vivantis) 

27) Hydrochloric acid (Merck) 
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28) Imidazol (Sigma) 

29) Iodoacetamide (Sigma) 

30) Isopropanol (Merck) 

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

32) Magnesium chloride (Merck) 

33) Magnesium sulfate (Merck) 

34) Methanol, absolute (Merck) 

35) Mercaptoethanol (Sigma) 

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

37) N,N,N’,N’-Tetramethylethylenediamine (TEMED) (Sigma) 

38) Orotic acid monosodium (OA) (Sigma) 

39) Orotidine-5’-monophosphate trisodium salt (OMP) (Sigma) 

40) Phenol-chloroform (1:1, v/v) (Pierce) 

41) Potassium chloride (Merck) 

42) Potassium hydrogen phosphate (Merck) 

43) Protease inhibitor cocktail (Roche) 
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44) Protein molecular mass marker for SDS-PAGE (low range) (Bio-

Rad) 

45) Sodium acetate (Merck) 

46) Sodium dodecyl sulfate (SDS) (Sigma) 

47) Sodium hydroxide (Merck) 

48) Triton-X-100 (Sigma) 

49) Trizma base (Sigma) 

50) Trypsin ( Promega)  

51) Tryptone (Becton, Dickinson and company) 

52) Uracil (Sigma) 

53) Uridine (Sigma) 

54) Yeast extract (Becton, Dickinson and company) 

 

3.3.2 Reagent kits 

1) Hi Trap Q HP anion-exchange column (Pharmacia BioSciences) 

2) Protein assay (Biorad) 

3) QIAGEN nickel-nitrilotriacetic acid (Ni2+-NTA) agarose affinity 

resin 
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4) QIAGEN plasmid Midi kit 

5) pQE30Xa vector (Qiagen) 

6) pTrcHis TOPO vector (Invitrogen) 

 

3.4 Methods 

3.4.1 Construction of plasmid in E. coli for protein expression 

PfOPRT gene (846 bp) was cloned into pQE30Xa vector using competent E. 

coli M15 [pREP4] strain as host cell. The E. coli cell was grown in LB medium 

containing ampicillin (100 µg/ml) and kanamycin (10 µg/ml) (22).  PfOMPDC gene (969 

bp) was cloned into pTrcHisA vector using E. coli TOP10 strain as host cell.  The cell 

was propagated in the LB medium containing only ampicillin (100 µg/ml) (20).  

 

3.4.2 Protein expression and purification of recombinant PfOPRT and PfOMPDC. 

The E. coli cells harboring the constructed plasmids as described above was 

cultivated in their corresponding LB media at 37°C until the cell density at OD600nm 

was 0.5. They were then induced with 1 mM IPTG for 18 h at 18°C. The recombinant 

PfOPRT and PfOMPDC proteins was purified by  using three sequential steps of a Ni2+-
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NTA affinity chromatography, Hi-trap Q HP anion-exchange column and  a Superose 

12 gel filtration FPLC,  as previously described (17, 22). In brief, cell pellets were 

suspened in lysis buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 10 mM imidazol, 10% 

glycerol, 1% triton x-100, 0.1%(w/v) lysozyme, 0.1% RNase and protease inhibitor 

cocktail) and then the mixture was sonicated with an ultrasonic homogenizer. The E. 

coli lysate was centrifuged for 30 min at 10,000 rpm. The supernate was load onto 

Ni2+-NTA agarose affinity gel equilibrated with bufferA (50 mM Tris-HCl, pH 8.0, 300 

mM NaCl, and 10 mM imidazole). The column was washed twice with 5 ml of bufferA 

and twice with 5 ml of bufferB (50 mM Tris-HCl, pH 8.0, 300 mM NaCl and 20 mM 

imidazole). The enzyme was eluted with 3 ml of bufferC (50 mM Tris-HCl, pH 8.0, 300 

mM NaCl and 250 mM imidazole). The recombinant protein’s eluted from Ni2+-NTA 

affinity column was added into Hi Trap Q HP anion-exchange column equilibrated 

with 50 mM Tris-HCl, pH8.0 and then eluted with the 50 mM Tris-HCl, pH8.0, 250 mM 

NaCl. After that, the recombinate protein was purify by superpose 12 gel filtration 

FPLC, the column equilibrate with 50 mM Tris-HCl, pH 8.0, 250 mM NaCl. The flow 

rate was maintained at 0.5 ml/min and 0.5 ml fractions were collected.   
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3.4.3 Protein and enzymatic assay 

Protein concentrations were determined by the Bradford assay (62) using 

bovine serum albumin as standard. PfOPRT and PfOMPDC activities were measured in 

quartz cuvette with a UV-visible spectrophotometer model UV 1601 equipped with a 

temperature-controller, according to previously described (62). In brief, the reaction 

of OPRT activity assay (1ml) contained 50mM Tris-HCl, pH 8.0, 5mM MgCl2, 250 µM 

DTT, 250 µM OA and the enzyme (5-50 µl) were incubate for 1 min at 37°C. The 

reaction was started by add 250 µM PRPP, measuring decreasing OA concentration of 

absorbance change at 295 nm up to 3 min. The reaction of OMPDC activity assay (1 

ml) contained 50 mM Tris-HCl, pH 8.0, 250 µM DTT and the enzyme (5-50 µl) were 

incubate for 1 min at 37°C. The reaction was started by add 250 µM OMP, measuring 

decreasing OMP concentration of absorbance change at 285 nm up to 3 min. 

 

3.4.4 Chemical cross-linking of PfOPRT and PfOMPDC 

In vitro formation of heterotetrameric (PfOPRT)2(PfOMPDC)2 complex or 

dimeric forms of either (PfOPRT)2 or (PfOMPDC)2 was performed by using a 

bifunctional chemical cross-linking DMS which linked peptides having the nearest 
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neighbors of Lys residues at –NH2 groups to yield amidine derivative of the peptides 

with a maximum link distance of 1.0 nm. The proteins and DMS ratios and the 

conditions used to generate dimeric (PfOPRT)2 or (PfOMPDC)2 and heterotetrameric  

(PfOPRT)2(PfOMPDC)2 complex were described (22). In brief, PfOPRT and/or PfOMPDC 

were incubated with DMS at 25°C, various time and stop reaction with 1 M glycine. 

 

3.4.5 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was performed on a Bio-Rad minislab gel apparatus with 5% 

stacking and different % running gels by the Laemmli system (63). The molecular 

mass was determined compare the molecular mass standard. The gel was stained 

with Coomassie brilliant blue R 250 dye. 

 

3.4.6 In gel digestion 

 Visualized protein bands in the SDS-PAGE gel was cut into small pieces and 

destained extensively with 50 mM NH4HCO3 followed by methanol, and then washed 

with deionized water. The chopped gels was dehydrated in acetonitrile, and reduced 

with 10 mM dithiothreitol in10 mM NH4HCO3 for 1 h at 56°C. The reduced gel was 
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then alkylated by 100 mM iodoacetamide in 10 mM NH4HCO3 for 1 h at 25 °C in dark. 

The alkylated gel was further digested with 10 ng/µl sequencing grade trypsin in 10 

mM NH4HCO3 for 3 h at 37°C. The trypsin digested peptides was eluted from the gels 

with 0.1% formic acid/50% acetonitrile, evaporated at 40°C overnight, and then 

stored at -20°C until use (64).  

 

3.4.7 Liquid chromatography-mass spectrometry (LC-MS/MS) and proteomic 

data analysis.          

Nanoscale LC separation of tryptic peptides was performed with a 

NanoAcquity system.  The samples was initially transferred with 0.1% formic acid to 

the trap column with a flow rate of 15 l/min for 1 min. Mobile phase A was 0.1% 

formic acid in water, and mobile phase B was 0.1% formic acid in acetonitrile.  The 

peptides were separated with a gradient of 15–50% mobile phase B over 15 min at a 

flow rate of 500 nl/min followed by a 3-min rinse with 80% of mobile phase B.  The 

column temperature was maintained at 35 °C.  The lock mass was delivered from 

the auxiliary pump of the NanoAcquity pump with a constant flow rate of 500 nl/min 
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at a concentration of 200 fmol/μl of [Glu1] fibrinopeptide B to the reference sprayer 

of the NanoLockSpray source of the mass spectrometer.   

Analysis of tryptic peptides was performed using a SYNAPTTM HDMS mass 

spectrometer.  For all measurements, the mass spectrometer was operated in the V-

mode of analysis with a resolution of at least 10,000 full-width half-maximum.  All 

analyses were performed using positive nanoelectrospray ion mode. The time-of-

flight (TOF) analyzer of the mass spectrometer was externally calibrated with [Glu1] 

fibrinopeptide B from m/z 50 to 1600 with acquisition lock mass corrected using the 

monoisotopic mass of the doubly charged precursor of [Glu1]fibrinopeptide B.  The 

reference sprayer was sampled with a frequency of 20 sec.  Accurate mass LC-MS 

data was acquired with data direct acquisition mode.  The energy of trap was set at a 

collision energy of 6 V.  In transfer collision energy control, low energy was set at 4 V. 

The quadrupole mass analyzer was be adjusted such that ions from m/z 300 to 1800 

was efficiently transmitted.  The MS/MS survey is over range 50 to 1990 Da and scan 

time was 0.5 sec.  

The MassLynx version 2.3 software and Decyder MS were applied to analyze 

the LC-MS/MS data. The data was show peptide, which identify from monomeric, 
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dimeric and tetrameric enzyme. But some peptide can’t identify in dimeric or 

tetrameric enzyme because this peptide was cross-link to the nearest molecule.  

 

3.4.8 Homology modeling of PfOPRT and PfOMPDC in monomer, dimer and 

heterotetramer 

The three-dimensional (3D) structures of PfOPRT (residues 64-281) and 

PfOMPDC (residues 1-323) was, respectively, determined by using crystal structures of 

Saccharomyces cerevisiae OPRT (PDB code 2PS1, chain A) and P. falciparum 3D7 

OMPDC (PDB code 2Q8Z, chain A) as template. Homology models of the structures 

were generated by the Phyre program (Imperial College, London; a server at 

http://www.sbg.bio.ic.ac.uk/~phyre/index.cgi) (61). Homology search and multiple 

alignment of amino acid sequences was be performed using the BLAST (65) and the 

CLUSTALW2 (45) programs, respectively. After the binding sequences were identified 

by LC-MS/MS data, models for protein-protein interactions of dimeric (PfOPRT)2 and 

(PfOMPDC)2, and heterotetrameric (PfOPRT)2(PfOMPDC)2 was then generated. The 

constructed dimeric models was be stereo rotated with the amino acid sequences 

used for binding between chain A and chain B of PfOPRT and PfOMPDC. The dimeric 

models was then applied as the template to generate heterotetrameric model by 
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further stereo rotating with the amino acid sequences identified for PfOPRT-PfOMPDC 

interactions. 



CHAPTER IV 

RESULTS 

 

4.1 Construction of recombinant plasmid PfOPRT and PfOMPDC in E. coli for 

protein expression 

The PfOPRT (ORF, 846 bp) was inserted into pQE30 Xa plasmid (3.5 kb) and 

then transformed into E. coli M15. The clone containing PfOPRT-pQE30 Xa vector was 

checked by plasmid extraction and restriction analysis. The size of PfOPRT-pQE30 Xa 

vector was 4.3 kb, and the insert PfOPRT was then confirmed by BamHI and HindIII 

digestion. By agarose gel electrophoresis, it was shown that the size of the pQE30 Xa 

vector and PfOPRT insert were 3.5 kb and 846 bp, respectively (Figure 13). 

The PfOMPDC (ORF, 969 bp) was cloned into pTrc His A plasmid (4.4 kb) and 

then transformed into E. coli TOP10. The clone having PfOMPDC-pTrc His A vector, 

was checked by plasmid extraction and restriction analysis on agarose gel 

eletrophoresis. The size of PfOMPDC-pTrc His A vector was 5.4 kb, and the insert 

PfOMPDC was then confirmed by BamHI and SalI digestion. The result showed that 
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the size of pTrc His A vector and PfOMPDC insert were 4.4 kb and 969 bp, 

respectively (Figure 13). 

These results suggest the constructed plasmids have PfOPRT and PfOMPDC 

gene insert, corresponding to the design inserts with restriction sites for both PCR and 

cloning strategy. 

 

Figure 13 Agarose gel analysis of PfOPRT-pQE30 Xa plasmid and PfOMPDC-pTrc 

HisA plasmid. Lane1: PfOPRT-pQE30 Xa plasmid, lane2: PfOMPDC-pTrc HisA plasmid, 

lane3: 1kb DNA ladder marker, lane4: PfOPRT-pQE30 Xa plasmid digested with Bam 

HI and Hind III, lane5: PfOMPDC-pTrc HisA plasmid cut with Bam HI and Sal I. The 

agarose gel was 0.8%. 
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4.2 Recombinant enzyme PfOPRT and PfOMPDC preparation 

The PfOPRT and PfOMPDC enzyme were expressed in E. coli M15 and E. coli 

TOP10, respectively under IPTG induction at 18°C for 18 h. The enzymes were 

purified by two sequential steps of a Ni2+-NTA-affinity chromatography and Hi Trap Q 

chromatography. In some experiments, the enzymes were subjected into a superose 

12 gel filtration column on FPLC system to analyze molecular mass of their native 

forms. The purity of enzyme preparation was analyzed by SDS-PAGE. 

The recombinant PfOPRT and PfOMPDC were catalytically active in its dimeric 

form and had specific activities of 4.7 and 7.9 µmol/min/mg protein, respectively. 

Using this strategy, about 3-4 mg each of nearly 95% pure and active PfOPRT and 

PfOMPDC from 1 L of cell culture was obtained. By gel filtration FPLC and SDS-PAGE, 

the PfOPRT was a 67-kDa homodimer of two 33-kDa (PfOPRT)2 subunits (Figure 14), 

whereas the PfOMPDC showed a monomeric subunit of 38 kDa (Figure 15) and a 76-

kDa homodimeric (PfOMPDC)2. 

The above results suggest the recombinant protein of PfOPRT and PfOMPDC 

are enzymatically active with the native dimeric forms, whereas the monomers are 

also identified, in their denature forms. 
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4.3 Chemical cross-linking of PfOPRT and PfOMPDC 

To prepare cross-linked products of either PfOPRT  or PfOMPDC, the pure 

enzyme was incubated at 25 °C with DMS at a ratio of 1:2 protein to cross-linker, at 

various time intervals and  the chemical cross-link products were then collected for 

SDS-PAGE analysis at 15, 30, 45 and 60 min (22). By using SDS-PAGE, monomers of 

PfOPRT or PfOMPDC and dimers of (PfOPRT)2 or (PfOMPDC)2  were detected (Figure 

14, 15).  At 30 min-incubation, the proteins were found to be cross-linked as dimeric 

(PfOPRT)2 and dimeric (PfOMPDC)2. There were no more oligomeric forms, such as 

trimer and tetramer, in each enzyme cross-link by this technique.  

Chemical cross-linked heterotetrameric form of PfOPRT and PfOMPDC was 

achieved by DMS treatment at a ratio of 1:2 protein to cross-linker at 25 °C with 

various time intervals and the cross-linked products were then analyzed by SDS-PAGE 

at 10, 20, 30 and 60 min. At 30 min-incubation, more than 50% of the proteins were 

cross-linked as a tetrameric form (Figure 16). The molecular mass of each oligomer 

was determined as previously described (22). The time-dependent oligomerization of 

each enzyme corresponded to that expected for sequential cross-linking of 

monomer to form dimer, and each dimer to form heterotetramer. However, small 
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proteins of oligomeric forms such as octamer were observed after 30 min incubation 

of both enzymes with DMS treatment. 

In summary, the chemical cross-linked products of dimeric (PfOPRT)2 and 

(PfOMPDC)2 and heterotetrameric (PfOPRT)2(PfOMPDC)2 were prepared and found to 

be the same results as established in the previously experiments (22) and then used 

for LC -MS/MS analysis.  
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Figure 14 SDS-PAGE analysis of monomeric and dimeric forms of P. falciparum 

OPRT.  The oligomers of PfOPRT, cross-linked with 3,3'-dimethyl suberimidate (DMS),  

were identified on 12% polyacrylamide gels. Lane 1: molecular mass standard, lane 

2: non-cross-linking monomeric form (10 µg protein), lanes 3, 4: cross-linking products 

of dimeric form incubated at 15 and 30 min-reactions, respectively. Gel of monomer 

on lane 2 and dimeric product on lane 4 were excised for further LC-MS/MS analysis.  
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Figure 15 SDS-PAGE analysis of monomeric and dimeric forms of P. falciparum 

OMPDC.  The oligomers of PfOMPDC, cross-linked with 3,3'-dimethyl suberimidate 

(DMS),  were identified on 7% polyacrylamide gels. Lane 1: molecular mass standard, 

lane 2: non-cross-linking monomeric form (20 µg protein), lane 3: cross-linking 

products of the dimeric form at 30 min-reaction. Gel of monomer on lane 2 and 

dimeric product on lane 3 were excised for further LC-MS/MS analysis.  
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Figure 16   SDS-PAGE analysis of heterotetrameric (PfOPRT)2(PfOMPDC)2.  The 

oligomers of PfOPRT and PfOMPDC, cross-linked with 3,3'-dimethyl suberimidate 

(DMS),  were identified on 10% polyacrylamide gels. Lane 1: non-cross-linking 

monomeric form (10 µg protein each), lanes 2-5: cross-linking products of tetrameric 

form at 10, 20, 30 and 60 min-reactions, respectively. Gel of tetrameric product on 

lane 4 was excised for further LC-MS/MS analysis.  
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4.4 Liquid chromatography/mass spectrometry of chemical cross-linking 

products of dimeric forms and heterotetrameric (PfOPRT)2(PfOMPDC)2 

The non cross-linked monomeric forms, cross-linked dimeric and 

heterotetrameric forms of PfOPRT and PfOMPDC on the SDS-PAGE gel were subjected 

to in-gel trypsin digestion. The entire peptide samples were injected into the HPLC Q-

TOF, and the LC-MS/MS data were analyzed by the MassLynx and Decyder MS 

software and summarized in Table 2 for PfOPRT and Table 3 for PfOMPDC. The 

results on the software analyses showed the amino acid sequences of PfOPRT and 

PfOMPDC obtained as monomer, dimer, and heterotetramer forms. Peptide score is 

the score for each peptide identification and MH+(Da) is a peptide mass. 

Combining the chemical cross-linking and LC-MS/MS led us to identify amino 

acid sequences that play role in the binding between domains and/or polypeptide 

chain of individual and both enzymes. The blank spaces in the Tables 2 and 3 

represent the cross-linked peptides/sequences. Amino acid sequences that were 

present in the monomeric form but was not in the dimeric or heterotetarmeric form 

confirms that this sequence underlies domain-domain interface and contains amino 

acid residues used for binding between domains.  
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The results of LC-MS/MS analysis of the cross-link products of PfOPRT and 

PfOMPDC in their dimeric and tetrameric forms suggest that the identified amino acid 

sequences of both proteins play a role in protein-protein interaction of PfOPRT and 

PfOMPDC. 
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Table 2 LC-MS/MS data analysis of PfOPRT in monomeric, dimeric forms and in 

heterotetrameric complexed with PfOMPDC. The blank spaces represent the cross-

linked peptides/sequences.  The peptide matches OPRT of P. falciparum (3D7), 

protein ID is gi|124506173. 

Peptide 
Peptide 
score a MH+ (Da)b Monomeric 

OPRTa 
Dimeric 
OPRTa 

Tetrameric OPRT-
OMPDCa 

ENEFLCDEEIYK 34.34 1032.6891 5.811603 10.67179 7.537772 
EYGDKNVIVGNLDDDDKDILNLKK 15.6 2713.7146 8.755316  5.822202 
GIPMVSLTSHFLFESK 85.93 1504.6726 7.166355 6.090981 6.881962 
IYFKDIFEK 44.310001 1194.5951 7.241354 5.591504 6.965446 
KNIIIIDDVFTCGTALTEILAK 71.029999 2461.8183 7.857266 4.154335  
KYSNIFYLYDR 68.019997 1089.6016 10.80939 7.890219 7.214506 
LSFDYLLGASYK 60.650002 1375.9494 7.222945 3.474503 7.305166 
NVIVGNLDDDDK 50.02 1154.3034 5.289937 5.497626 6.61994 
NVIVGNLDDDDKDILNLK 103.83 2013.2179 14.65743 4.562683 5.403011 
NVIVGNLDDDDKDILNLKK 35.790001 2122.6577 9.319596  6.336068 
SFVHLK 8.3599997 499.33263 7.925779 6.753919 8.925819 
VGIPLYSILSYK 61.27 1183.7367 4.989854 6.546392 6.391722 
VVAFIVLLNR 47.689999 1144.1441 6.420709 9.93629 6.922265 

VVAFIVLLNRNEYEINENNQK 33 2520.3911 9.863172 4.33497 4.282399 

YSNIFYLYDR 73.480003 1353.232 13.4333 10.82894 9.282876 

YSNIFYLYDRK 26.860001 1481.5222 4.393924 9.054119 6.417926 
 

a 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 significant. 

b MH+(Da) is a peptide mass. 
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Table 3 LC-MS/MS data analysis of PfOMPDC in monomeric, dimeric forms and 

in heterotetrameric complexed with PfOPRT. The blank spaces in the represent 

the cross-linked peptides/sequences. The peptide matches OMPDC of P. falciparum 

(3D7); chain A, crystal structure of P. Falciparum OMPDC complexed with 6-amino-

UMP, protein ID are gi|124802556 and gi|166235377, respectively.. 

 

Peptide 
Peptibe 
Scorea MH+ (Da)b Monomeric 

OMPDCa 
Dimeric 
OMPDCa 

Tetrameric OPRT-
OMPDCa 

AAQMYYDQINAILK 58.610001 2210.5491 13.51126 13.3599 12.41457 
APDNIIR 45.57 1000.6514 8.347193 7.84313 7.181398 
APDNIIREEK 41.049999 1180.2404 9.541573 5.696492 4.269348 
DICYDEEK 18.82 1065.6935 10.5044 4.767869 9.609203 
DICYDEEKNK 21.639999 1313.5946 6.805417  3.950628 
DILLKAPDNIIR 40.07 1374.5959 5.955823 7.277666 6.832736 
DILLKAPDNIIREEK 9.0100002 1766.359 7.218944 8.964727 5.962379 
FIFEYLK 22.33 4811.5051 10.32849 7.360944  
ILINIGR 26.360001 800.08878 7.875441 5.720076 5.588307 
INDIGNTVK 36.799999 976.6666 8.848516 6.200231 3.874776 
KFIFEYLK 25.84 1089.9767 9.965045 5.086093 6.27191 
MNFAFYIPYGSVGIDVLK 46.419998 1422.1116 6.851215 5.939178 4.606118 
NAINTCLCIGLDPDEK 80.889999 1833.0554 6.117382 9.577628  
NAINTCLCIGLDPDEKDIENFMK 24.33 2139.5581 6.240061 5.302535 5.325563 
NVFDYLYELNIPTILDMK 62.799999 2217.121 14.35623 10.73046  
SDSCTVNIYMGTNMLK 41.169998 1388.5508 5.956773 4.115105 4.277855 
SEEFFYFFNHFCFYIINETNK 29.08 2047.2428 6.717936 5.76970  
TTNPDSAIFQK 59.43 1221.3894 14.2892 13.02087 6.978079 
TTNPDSAIFQKNLSLDNK 25.290001 1985.6077 8.036843 7.23289 6.672452 
TYFPNCYILSPGIGAQNGDLHK 41.490002 2463.589 8.36222 11.827 5.371594 
YALTFK 20.879999 3332.5879 12.87805 5.566563 8.408722 
YINNVSIK 23.23 4797.7002 8.02208 6.701042  
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a The results were tested by the Decyder MS program with significance at p<0.05, 

whereas peptide score is the score for each peptide in identification, high peptide 

score show high significant peptide. 

bMH+(Da) is a peptide mass. 

 

4.5 Homology models and proteomic data analysis of PfOPRT and PfOMPDC in 

monomeric, dimeric and heterotetrameric forms 

The Phyre program can predict the secondary structure and the homology 

model of three dimensional (3D) structure. As for the homology model, the Phyre 

program was utilized to construct models of monomeric PfOPRT and PfOMPDC. The 

model of PfOPRT had no N-terminal domain (residues 1-63), which contains the 

unique insertion LCR amino acid sequence (Figure 17). The secondary structure 

prediction was showed, the N-terminal sequence contained one α-helix (residues 13-

36). Sequence alignment between PfOPRT and S. cerevisiae OPRT showed 30% 

identity.  The most striking finding in all Plasmodium OPRTs were two large 

insertions; one, at the N-terminal region as described above and, the other, at the 

internal region (residues 178-196) with a high hydrophobic index of +1 to +3 (16).  



 65 

Based on the sequence alignments of OMPDCs from available Plasmodium 

species, the model for PfOMPDC using the full-length sequence contained a large 

unique insertion LCR in the α2, α3 and α4 helices at the N-terminal domain which 

were found in all Plasmodium OMPDCs (Figure 18) (22).  

The monomeric PfOPRT model consisted of 6 α-helices and 11 β-strands 

(Figure 19A), while the monomeric PfOMPDC structure model exhibited 13 α-helices 

and 8 β-strands (Figure 19B). Both PfOPRT and PfOMPDC models highlight the LCR 

sequences that conserve amongst Plasmodium species, and participate in 

homodimeric and heterotetrameric formation. 

The LC-MS/MS data of PfOPRT (Table 2) identified the sequence 168-

EYGDKNVIVGNLDDDDKDILNLKK-191 and 173-NVIVGNLDDDDKDILNLKK -191 containing 

amino acids responsible for β8 strand (residues 177- 199),  which presumably locate 

at domain-domain interface and bind between chain A and chain B of PfOPRT (Figure 

20). Interestingly, this binding sequence is a main part of the internal unique insertion 

LCR (residues 178-196) of PfOPRT (highlighted in Figure 17) (16). In contrast, the LC-

MS/MS data of PfOMPDC (Table 3) showed the sequence 175-DICYDEEKNK-184, which 

was not a LCR insertion sequence and  located in α8 helix (residues 173-176) 
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(highlighted in Figure 18) (22),  as the one for binding between chain A and chain B of 

PfOMPDC (Figure 21).                                                                                        

Furthermore, the LC-MS/MS data of heterotetrameric (PfOPRT)2 (PfOMPDC)2 

complex (Tables 2 and 3) indicated that the sequence 202-KNIIIIDDVFTCGTALTEILAK-

223, spanning in α4 helix (residues 214-225)  of PfOPRT (Figure 20 and 22),  was used 

to bind between the dimeric (PfOPRT)2 and the dimeric (PfOMPDC)2 at five positions 

as follows: 12-NAINTCLCIGLDPDEK-27  in α2 helix; 52-YINNVSIK-59 in β turn at α3-α4 

position; 76-SEEFFYFFNHFCFYIINETNK-96 in α5 helix;  121-NVFDYLYELNIPTILDMK-138 

in α6 helix;  and 152-FIFEYLK-158, partially covering in α7 helix (Figure 21 and 22) of 

PfOMPDC. All peptides involve in the tetrameric formation as described above are 

highlighted with yellow color on P. falciparum amino acid sequences (Figures 17 and 

18).   In addition, the peptide 12-NAINTCLCIGLDPDEK-27 of PfOMPDC (Table 2) was 

cross-linked using K27  to the peptide 202-KNIIIIDDVFTCGTALTEILAK-223  of PfOPRT 

(Table 2) to form heterotetrameric (PfOPRT)2(PfOMPDC)2, whereas the peptide 12-

NAINTCLCIGLDPDEKDIENFMK-34 of PfOMPDC (Table 3) was not cross-linked with DMS 

and it was then digested with trypsin when the enzyme existed in its dimeric form. 

The results suggest that the conformational change occurs during heterotetrameric 

association of dimeric (PfOPRT)2 and (PfOMPDC)2 (Figure 22). 
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It is noted here that, the sequence 202 -223 (α4 helix) of PfOPRT and the 

sequence 12-27 (α2 helix), 52-59 (β turn of α3-α4 helix), 76-96 (α5 helix), 121-138 

(α6 helix) and 152-158 (partial α7 helix) of PfOMPDC were found to be located in 

the domain-domain interface of the heterotetrameric (PfOPRT)2(PfOMPDC)2.  Indeed, 

the α2 and α5 helices, responsible for domain-domain interactions, are unique 

insertion LCR sequences located at the N-terminal extension of PfOMPDC (22).  

Based on the identified binding sequences by LC-MS/MS data, the structural 

models for protein-protein interactions of  dimeric (PfOPRT)2 and (PfOMPDC)2, and 

heterotetrameric (PfOPRT)2(PfOMPDC)2 are then proposed and shown in Figure 20, 21 

and 22.  
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Figure 17 Sequence alignment and secondary structure of OPRTs. Sequence 

alignment of seven different OPRTs was performed using CLUSTALW (45). Species 

name and accession numbers are as follows: P. falciparum OPRT (PFE0630C), P. 

knowlesi (XP_002259686.1), P. vivax (XP_001613829), P. berghei  (PBANKA_111240), S. 

cerevisiae (NP_013601), E. coli (X00781) and H. sapiens (NP_000364). Conserved 
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identical residues are highlighted in yellow, similar residues are shown in pink. In P. 

falciparum sequence, LCRs are bold and italic letters, cross-linking peptides are 

shown with yellow drag, sequences 168-191(β8) and 202-223 (α4 helix) are 

responsible for homodimeric and heterotetrameric formation, respectively.  The 

Phyre program was used to predict α-helix and β-strand in the N-terminal sequence 

(residues 1-63), having one α-helix (residues 13-36) and no β-strand (61).  
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Figure 18 Sequence alignment and secondary structure of OMPDCs. Sequence 

alignment of seven different OMPDCs was performed using CLUSTALW (45). Species 

name, accession numbers and PDB ID are as follows: P. falciparum OMPDC (2ZA2), P. 

knowlesi (XP_002261749.1), P. vivax (2FFC), P. berghei (2FDS), S. cerevisiae (1DQW), E. 
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coli (1L2U) and H. sapiens (2EAW). Conserved identical residues are highlighted in 

yellow, similar residues are shown in pink. In P. falciparum sequence, LCRs are bold 

and italic letters, cross-linking peptides are shown with yellow drag, sequence 175-

184 (α8)  is used for homodimeric formation, sequences 12-27 (α2), 52-59 (η1, β 

turn of α3-α4), 76-96 (α5), 121-138 (α6) and 152-158 (α7) are responsible for 

heterotetrameric formation. 
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Figure 19 Phyre homology model of monomeric P. falciparum OPRT and 

OMPDC. The Phyre program was used to predict α-helix and β-strand (61).  The α-

helix numberings are shown in the built models, while the β-strands are not shown 

here but details can be found in the sequence alignments for PfOPRT (Figure 17) and 

PfOMPDC (Figure 18). (A)  PfOPRT model (64-281 residues) is depicted with the 1-63 

residues omitted from the Phyre program due to its unique insertion sequence LCR 

with very low identity to other OPRTs. The model shows LCRs, α4 and β8 that used 

for dimeric and tetrameric formation.   The active site was identified using Swiss 

model as previously described (44). (B) PfOMPDC model (1-323 residues) is a 

completed full-length sequence in which its N-terminus harboring α2, α3, α4, and 

α5-helices as unique insertions (LCRs) to the enzyme and also α6,α7- helix. They 

play role in dimeric and tetrameric formation. The active site was identified based on 

our previously described crystal structure (48). 
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Figure 20 Proposed homology model of P. falciparum OPRT in dimeric form. 

The models were constructed by the Phyre program (61). Model of dimeric 

(PfOPRT)2,  yellow ribbons represent the cross-linking and interacting sites of β8-

strand for dimeric (PfOPRT)2. 
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Figure 21 Proposed homology model of P. falciparum OMPDC in dimeric forms. 

The models were constructed by the Phyre program (61). Model of dimeric 

(PfOMPDC)2, yellow ribbons represent the cross-linking and interacting sites of α8-

helix for dimeric (PfOMPDC)2. 
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Figure 22 Proposed homology model of heterotetrameric (PfOPRT)2(PfOMPDC)2. 

The models were constructed by the Phyre program (61).  Model of heterotetrameric 

(PfOPRT)2(PfOMPDC)2 complex, yellow ribbons indicate locations of protein-protein 

interface and cross-linking sequences for the heterotetrameric (PfOPRT)2(PfOMPDC)2 

formation. The (PfOPRT)2 dimer uses α4-helix, where the (PfOMPDC)2 dimer show α2, 

α3-α4, α5, α6, α7 helices as binding motifs. 

 



CHAPTER V 

DISCUSSION AND CONCLUSION 

 

The recent findings have highlighted the potential vulnerability of the human 

parasite toward agents which affect the pyrimidine biosynthetic pathway (12-20). 

However, at present only three enzymes have crystal structures and crystallographic 

analyses: the fourth (PfDHOD) (17), fifth (PfOPRT) (66), and sixth (PfOMPDC) (48, 67)  

enzymes of the P. falciparum pathway. Much importance has been given to these 

enzymes since compounds presumed to affect the enzyme activities have been 

shown to be selectively toxic toward the human parasite (17, 18, 20).  In humans and 

most eukaryotes, the genes encoding OPRT and OMPDC are fused into OPRT-OMPDC 

and expressed as bifunctional UMPS (40, 42), although an inversely linked OMPDC-

OPRT  gene, where the OMPDC is located at N-terminus and OPRT at C-terminus, 

have been reported in the trypanosomatid Leishmania donovani (41). With one 

exception, both genes in the human malarial parasites are acquired from eubacterial 

origins, are located on different chromosomes, and expressed as a heterotetrameric 

(PfOPRT)2(PfOMPDC)2 complex with in vivo concentration of 30-46 nM, relatively 

close to the UMPS concentration (17-32 nM) in human cells (16, 21, 22).  
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Moreover, there are key differences between malaria parasite and human, 

which are summaries as follows: 1) The malaria parasite genome has A+T rich of 82% 

(34), whereas the human genome contains A+T about 60% (68, 69). 2) Gene 

organization, PfOPRT and PfOMPDC are separated genes (22) but in human both 

genes are fused (42). 3) The amino acid sequences of PfOPRT and PfOMPDC show 

long amino acid sequences than human ones (16). 4) PfOPRT and PfOMPDC of the 

malaria parasite have unique insertions at the N-terminal and internal sequence (16). 

5) The LCR is the special characteristic of both PfOPRT and PfOMPDC (31-33). 6) The 

PfOPRT and PfOMPDC can function as monofunctional enzyme and more active in 

multifunctional enzyme as heterotetrameric (PfOPRT)2(PfOMPDC)2 (22), whereas the 

human enzymes are active as dimeric bifunctional UMPS. The difference between 

the malaria parasite and human is a determining factor to inhibit OPRT and OMPDC in 

the malaria parasite, without affecting the human host enzyme. 

Here, the PfOPRT and PfOMPDC expression systems using the constructed 

plasmids, PfOPRT-pQE30 Xa vector and PfOMPDC-pTrcHis A vector, are transformed 

into E. coli strain M15 and E. coli strain TOP10, respectively. The recombinant 

proteins are expressed under IPTG induction.  Both enzymes are purified by Ni2+-NTA 

agarose affinity and Hi Trap Q anion exchange chromatography. The activities of 
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monofunctional OPRT and OMPDC have high Vmax of 4.7 and 7.9 µmol/min/mg 

protein, respectively. But the catalytic activity of monofunctional enzyme is 2-3-fold 

less than multienzyme complex (OPRT: Vmax about 7.9-8.1 µmol/min/mg protein, kcat 

7.3-7.8 s-1; OMPDC: Vmax 25.1 µmol/min/mg protein, kcat 30.7 s-1) (49, 50). The purity of 

both PfOPRT and PfOMPDC checked on SDS-PAGE, about 3-4 mg each of nearly 95% 

from 1 L of E. coli cell culture was obtained. Using this strategy, the molecular 

masses of monomeric PfOPRT and PfOMPDC are 33 and 38 kDa respectively, as 

expected from the deduced amino acid sequences of the enzymes.   

Indeed, the PfOPRT and PfOMPDC enzymes have specific charcters, 

comparing to the same homologs in other organisms, such as N-terminal insertion, 

internal insertion and LCRs. Moreover, the PfOPRT and PfOMPDC contribute their 

functions in a multienzyme complex, which are indicated by the chromatographic 

experiments of PfOPRT and PfOMPDC on the superpose 12 gel filtration FPLC column 

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

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

molecular mass of 33 and 38 kDa, respectively. The monomers of both enzymes are 

inactive forms as shown by the previous study (21). The dimeric forms of PfOPRT and 

PfOMPDC are 67 and 76 kDa, respectively, as determined on the superpose 12 gel 
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filtration FPLC column (22). The structural pattern of the PfOPRT and PfOMPDC 

enzyme complex is the α2β2 heterotetrameric form, where α and β represent 

PfOPRT and PfOMPDC respectively (Figure 23), similar to tryptophan synthase (70) 

and dihydroorofolate reductase-thymidylate synthase (71). Interestingly, many 

enzymes are found to be active in the multienzyme complex including the 

pyrimidine enzymes. For example, aspartate transcarbamoylase (ATC) and 

dihydroorotase (DHO), the second and the third enzymes of the pathway, form the 

complex in a eubacterium Aquifex aeolicus. Both ATC and DHO are active in trimeric 

forms and associate into a hexamer of (ATC)3(DHO)3. The hexamer is then in rapid 

equilibrium with the dodecamer (72, 73). Nevertheless, the crystal structure of the A. 

aeolicus enzyme complex between ATC and DHO is determined for the first time in 

the pyrimidine pathway (73). 

The structural complex of the malaria parasite enzyme, thus, represents an 

efficient functional kinetic advantage, which is in line with co-localization principles 

for evolutional origin, that increases a random mutation in protein, possibly 

decreasing the free energy enough to create a tightly binding dimer resulted in 

increasing it concentration, which can amplify the effect of protein. And also with 
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allosteric property in the protein-protein interactions, in which protein networks or 

complex systems are regulated by allosteric control (74, 75). 

We have, for the first time, examined the protein-protein interactions of the 

heterotetrameric (PfOPRT)2(PfOMPDC)2 complex  using chemical cross-linking 

between the nearest Lys residues, and mapping the sites of the cross-link with the 

LC-MS/MS analysis, as previously described for protein structural model (56, 76, 77). 

Aside from establishing the domain-domain interactions between the PfOPRT (α4 

helix) and PfOMPDC (α2, α5, α6, α7 helices, and β turn at α3-α4 position) 

complex, we have also shown that each PfOPRT (β7 and β8 strands) and PfOMPDC 

(α8 helix) form a relatively tight dimeric structure. Our Phyre structural model of 

PfOPRT is comparable to the recent report of the Swiss model using the same 

template of S. cerevisiae OPRT (46), in which the unique insertion of 63 amino acids 

from N-terminus is omitted due to its low identity (44).  Chemical cross-linking and 

LC-MS/MS results indicate that: 1) the dimer (PfOPRT)2 uses LCR insertion sequences 

for interaction between chain A and B, 2) the dimer  (PfOMPDC)2 is homologous to all 

known monofunctional OMPDC structures (41, 48, 78) , and 3) the tetramer 

assembling each dimer of (PfOPRT)2 and (PfOMPDC)2 utilizes both the LCR sequences 

(α2 and α5 helices of PfOMPDC) and the over-represented hydrophobic amino acid 
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sequences with some acidic and basic residues (α6 and α7 helices, β turn at α3-α4 

position of PfOMPDC; α4 helix of PfOPRT) for the interactions (Figure 24A). The α2 

and α5 helices are located at a protruding domain in the crystal structure of 

PfOMPDC (48). In contrast, the OPRT and OMPDC genes and their enzymes in 

Plasmodium are different from L. donovani and human, but the PfOPRT and 

PfOMPDC are the most active in tetrameric form like L. donovani. Besides the 

bifunctional L. donovani UMPS structural models do not possess any significant 

domain-domain contacts between OPRT and OMPDC (41) (Figure 24B). The recent 

study of L. donovani enzyme have generated the superposition of human OPRT and 

OMPDC on L. donovani UMPS, showing that the OPRT C-terminus would conjugate 

with OMPDC N-terminus in view of missing approximately 20 residues of joining region 

(41) (Figure 24C). In addition, the previous study of bifunctional human UMPS has 

shown that it is active as a dimer (79), As far as the literature concerned, the 

homology model in space-filling representation of human enzyme UMPS enzyme 

follows the dimeric structure as (OPRT-OMPDC)2, not tetrameric (OPRT-OMPDC)4 as 

shown in Figure 24C. The homology model are constructed and then compared for 

the possible structure of tetrameric (OPRT)2(OMPDC)2 in the malaria parasite and 
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(OPRT-OMPDC)2 in human (Figure 25). They are quite similar for the orientation of the 

enzyme. However, this needs to be further studied. 

 

 

 

Figure 23 The sequential steps for dimer and tetramer formation of P. 

falciparum OPRT and OMPDC. The inactive monomer OPRT and OMPDC form 

homodimer (OPRT)2 and (OMPDC)2. Both homodimers are then assosiated into 

heterotetramer (OPRT)2(OMPDC)2. The OPRT and OMPDC homology models are 

shown in red and blue, respectively.  



 83 

 

Figure 24 Comparative structural models among P. falciparum, L. donovani and 

human OPRT and OMPDC. A: the homology model of tetramer (OPRT)2(OMPDC)2 of 

P. falciparum (top, dimer (OMPDC)2; bottom, dimer (OPRT)2; yellow ribbons indicate 

the α helices responsible for binding the two dimers.), B: the crystal structure of 

bifunctional UMP synthase tetramer (OPRT-OMPDC)4  of L. donovani (PDB ID: 3QW4) 

and C: the superposition of human OPRT and OMPDC on L. donovani UMP synthase 

(OPRT: blue, PDB ID: 2WNS and OMPDC: green, PDB ID: 2EAW). Arrows indicate the 

proposed path that joining region between the C-terminus of OPRT domain and N-

terminus of OMPDC domain, as OPRT – OMPDC bifunctional enzyme in human. 
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Figure 25 Homology models of tetramer (OPRT)2(OMPDC)2 of P. falciparum and 

dimer (OPRT-OMPDC)2 of human. A:  the homology model of tetramer 

(OPRT)2(OMPDC)2 of P. falciparum, where the OPRT (violet) and OMPDC (red) interact 

each other. B: the homology model of dimer (OPRT-OMPDC)2 of human (OPRT: blue; 

OMPDC: green). Arrows indicate the proposed path that joining region between the C-

terminus of OPRT domain and N-terminus of OMPDC domain, as described in Figure 

24. 
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Hence, the formation of tetrameric (PfOPRT)2(PfOMPDC)2 is unique in the case 

of the insert LCR sequence in the PfOMPDC that found in all Plasmodium species  

plays a functional role for domain-domain interactions. The present investigation 

clearly supports our recent hypothesis that the unique insertions are responsible for 

PfOPRT-PfOMPDC assembly formation in vivo (22, 48). 

The origin of LCR in the malarial parasite proteins remains unknown. The 

insertion LCR sequences and binding sequences identified in both PfOPRT and 

PfOMPDC contain acid, basic and hydrophobic amino acids, particular aromatic 

residues. Taken together, it is plausible that the interactions between PfOPRT and 

PfOMPDC domains apparently favored in the interfaces include mainly the 

hydrophobic pairs and some opposite charged pairs or salt bridges, which are 

supported by computational prediction of protein-protein interfaces (80-83). This 

conclusion appears to agree well with the recent results on hyperthermostability of 

the (PfOPRT)2(PfOMPDC)2 complex, comparing to the monofunctional form (49). 

In addition to OPRT and OMPDC, insertion region and LCR in Plasmodium can 

be found in many bifunctional enzymes, such as bifunctional S-adenosylmethionine 

decarboxylase/ornithine decarboxylase (AdoMetDC/ODC), bifunctional dihydrofolate 

reductase-thymidylate synthase and glucose-6-phosphate dehydrogenase/6-
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phosphogluconolactonase (84). For example, PfAdoMetDC/ODC can be separated in 

three domains: the N-terminal AdoMetDC domain, joining region and the C-terminal 

ODC domain, and in all domains has an insertion region that play a role in enzyme 

function and folding (85). The insertion regions have rich charge amino acid residues, 

predominantly Asn, Asp, Lys, Ser and Glu and in the joining region is Asn-rich (84). 

Furthermore, these insertions can be existed in other monofunctional  enzymes, e.g., 

protein kinase 7 has a long LCR insert in the amino acid sequence comparing to the 

same enzyme in the eukaryotic cells (86). 

Since the actual protein interfaces are inferred from X-ray crystallographic 

structures (87, 88), further studies on the crystal structural analyses of the enzyme 

complex with full length proteins will provide additional information on the binding 

mechanisms including solvent-inaccessible area, hydrogen bonds, salt bridges, 

interface residues, and solvation free-energy between the two domains. Use of the 

interface peptides or inhibitors to disrupt the complex formation can be exploited for 

a rational drug design approach for more potential antimalarials (89, 90). 

 In conclusion, the protein-protein interactions between OPRT and OMPDC in 

homodimeric and heterotetrameric forms of the human malaria parasite are 

performed using chemical cross-linking in combination with LC-MS/MS and 3D 
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structure modeling. It is surmised that the human malaria parasite LCR of OPRT and 

the N-terminal insertion of OMPDC is responsible for heterotetrameric 

(OPRT)2(OMPDC)2. The structural complex of the parasite enzymes, thus, represents 

an efficient functional kinetic advantage, which in line with co-localization principle 

of evolutional origin, and allosteric regulation in the protein-protein interaction.
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