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Plasmodium falciparum is the parasite responsible for an estimated 500 million 

malaria cases per year, which result in 1-2 million annual deaths. Current 

antimalarial chemotherapies are met with the tremendous ability of the parasite to 

develop resistance, underscoring the need for newer, more potent antimalarial 

drugs. Survival of the malaria parasite is dependent upon de novo biosynthesis of 

pyrimidines, as the organism is deficient in pyrimidine salvage. Dihydroorotate 

dehydrogenase (DHODH) is the flavoenzyme which catalyzes the fourth step in 
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this pathway. The studies presented here describe the oxidative half-reaction of Pf 

DHODH where the enzyme, containing reduced falvin mononucleotide (FMN), is 

re-oxidized by terminal electron acceptors. The lipophilic co-substrate ubiquinone 

(CoQ) is shown to partition into detergent micelles in a hydrophobic chain length-

dependent manner. Additionally, the enzyme is shown to associate with 

liposomes, which is likely mediated by its hydrophobic N-terminal domain. This 

arrangement reflects the physiological location of CoQ co-substrates within, and 

the attachment of the enzyme to, the inner mitochondrial membrane. Catalysis of 

CoQ analogues which partition into detergent micelles fit well to a surface 

dilution kinetic model, while catalysis of a CoQ analogue which remains in 

solution is well described by a solution steady-state kinetic model. These results 

suggest that the enzyme can perform catalysis of hydrophobic CoQ co-substrates 

at the surface-solution interface. Steady-state kinetic analysis of the complete Pf 

DHODH reaction cycle revealed only a modest alteration in the KM
app for CoQ 

analogues upon mutation of several CoQ binding site residues to alanine, but 

displayed a more substantial effect on the catalytic rate upon mutation of a subset 

of residues. Pre-steady-state kinetic analysis showed both the dihydroorotate 

(DHO)-dependent half-reaction and the CoQ-dependent half-reaction to be faster 

than the observed steady-state rate. The A77 1726 binding-site mutations had no 

effect on the rate of the reductive half-reaction, but several reduced the rate of the 

CoQ-dependent flavin oxidation step without significantly altering the Kd for 
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CoQ. Inhibitors which bind in the proposed CoQ site block the CoQ-dependent 

oxidative half-reaction but do not inhibit the DHO-dependent reductive half-

reaction. These results clearly distinguish the two co-substrate binding sites for 

DHO and CoQ and identify residues involved in electron transfer to 

physiologically relevant terminal electron acceptor substrates at a distant site.
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CHAPTER ONE 
Background 

 
MALARIA 

Disease Aspects 

 The World Heath Organization estimates that 40% of the world’s 

population is at risk of malaria. Of those 2.5 billion people, 500 million contract 

the disease every year, ultimately resulting in one to two million annual deaths. 

The at-risk population is primarily in the world’s poorest countries located in the 

tropics, mostly sub-Saharan Africa but also in Latin America, Asia, and the 

Middle East. The majority of the malaria burden is felt in the vulnerable 

populations of children under five years of age and pregnant women.  An 

estimated one in five of all childhood deaths in Africa are due to malaria and an 

African child has, on average, one to five episodes of malaria fever per year. 

Pregnant women are not only at risk for the complications of malaria felt in the 

general adult population but may also experience spontaneous abortion or 

premature delivery. These events account for one third of preventable low birth 

weight babies and are a factor in the deaths of an estimated 10,000 pregnant 

women and 200,000 infants annually in Africa. 

 Early symptoms of the disease include fever, chills, headache, and 

vomiting, which makes malaria particularly hard to distinguish from other typical 

diseases and hampers early diagnosis. As the disease progresses, metabolic 
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acidosis, severe anemia, and/or cerebral malaria may occur and ultimately prove 

fatal. Numerous host factors affect the clinical outcome of any particular malaria 

infection [1]. These include the possession of sickle cell or thalassemia blood 

disorders, age of the individual, pregnancy state, or partial immunity due to 

previous infection, the last of which remains poorly understood. 

Parasites 

 Malaria is caused by parasitic protozoa of the Plasmodium genus, which 

are transmitted from host to host by Anopheles mosquitoes. The four Plasmodium 

species which cause disease in human are P. falciparum, P. vivax, P. malariae, 

and P. ovale, although P. falciparum is responsible for 80% of infections and 90% 

of malaria deaths [2]. Other Plasmodium species are known to specifically infect 

a variety of vertebrates including other mammals, birds, and reptiles. Plasmodium 

belong to the phylum apicomplexa, which includes other parasites including 

Toxoplasma and Eimeria. The name arises from the apical organization of these 

unicellular organisms, all of which possess various secretory organelles at their 

apical end which are implicated in host cell invasion. In addition, obligate parasite 

apicomplexan organisms contain a relic plastid, termed the “apicoplast,” which 

originated from the engulfment of a red alga [3]. This plastid is of prokaryotic 

origin, and as such, contains genes involved in several metabolic pathways, 

including fatty acid and aromatic acid  biosynthesis, which are distinct from or 

absent in the host [4]. 
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 Plasmodium parasites complete a complex life-cycle between the host and 

vector. Beginning at host infection, invasive sporozoites are injected into the host 

from the mosquito salivary glands. These sporozoites eventually reach the 

bloodstream and travel to the liver, where they invade hepatocytes and undergo a 

round of asexual replication that produces thousands of merozoites. Merozoites 

are shed from infected liver cells into the bloodstream, where they almost 

immediately invade erythrocytes (within one to two minutes). Each merozoite 

undergoes another round of asexual replication within the erythrocyte to produce 

roughly twenty new merozoites. The erythrocyte eventually bursts and the 

erythrocytic cycle of malaria continues. It is this erythrocytic cycle that 

corresponds to the cycle of fever and chills associated with malaria infection. 

Intraerythrocytic stage parasites also produce gametocytes, which may be picked 

up by a mosquito during a blood meal. These gametocytes are then induced to 

develop into gametes in the mosquito gut, and the resulting gametes sexually 

reproduce to form an ookinete. Ookinetes migrate through the mosquito gut 

epithelial cells to develop into oocysts, which undergo asexual replication to 

produce multiple sporozoites. Sporozoites traverse to the mosquito salivary 

glands, where they are ready to infect another host. 

 Intraerythrocytic development of Plasmodium parasites requires the full 

activity of several biochemical pathways to support the considerable amplification 

of the parasite genome and provide materials for the production of approximately 
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20 merozoites from the single merozoite which initially invaded the cell. During 

invasion of an erythrocyte, the parasite forms a parasitophorous vacuole which 

surrounds the parasite within the host cell and is permeable to many metabolites. 

The primary source of material for both energy production and cellular growth 

and division exists as host-cell hemoglobin. An arsenal of parasite-specific 

proteases exists to facilitate the degradation of hemoglobin, which occurs in a 

specialized parasite organelle called the food vacuole. A consequence of utilizing 

hemoglobin as a source of amino acids for growth and energy is the release of 

free heme, which is ultimately toxic. Plasmodium parasites have developed the 

means to polymerize free heme into crystalline hemozoin, the characteristic 

malaria pigment seen in the microscope, though the mechanism of the heme 

polymerization by the parasite is not fully understood. To provide the nucleotides 

necessary for the massive amplification of the parasite genome, Plasmodium 

parasites rely upon salvage pathways to obtain purines, for which they are 

deficient in de novo biosynthesis, and rely upon the de novo biosynthesis of 

pyrimidines, for which they are deficient in salvage. 

 Each host stage of the parasite life-cycle is potentially a target of 

antimalarial drugs and/or vaccines. The initially invasive sporozoite stage is both 

short lived and unpredictable, and therefore most promising as a vaccine target. 

However, the development of an effective vaccine against this or any other stage 

of the parasite life-cycle has proven unsuccessful thus far. Liver stage parasites 
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are only resident temporarily and are virtually undetectable and protected from 

the host immune system, suggesting this stage would be most difficult to target 

with any therapy. The most prevalent stage, and the one responsible for the 

devastating effects of the disease, is the intraerythrocytic stage. This stage 

presents the most viable option for chemotherapeutic intervention. The final host 

stage of the parasite life-cycle, development of the sexual stage gametocytes, is a 

potential target of “altruistic” vaccines, which would not cure disease in the 

patient, but would prevent transmission to additional hosts with the goal of 

breaking the host life-cycle. 

Chemotherapy 

History 

 The discovery of natural substances and subsequent development of 

synthetic compounds to target malaria parasites has a long and rich history and 

has been reviewed extensively [5-7]. Long before Plasmodium parasites were 

identified and linked to the disease in the 1880’s by Alphonse Laveran, Ronald 

Ross, Battista Grasi, and others, a number of treatments for the periodic fever now 

known to be caused by malaria were described. Two of note are the Western 

treatment quinine and the Eastern treatment qinghao. Quinine, extracted from the 

bark of the South American chinchona tree and used in herbal remedies there, was 

introduced into Europe in the early 17th century. Quinine was eventually isolated 

from the bark in the 1820’s and, as such, malaria is one the first diseases to be 
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treated by a pure chemical compound. Qinghao, or sweet wormwood, was used in 

China to treat fevers as early as the late 16th century. A government-sponsored 

systematic examination of herbal remedies in China in the late 1960’s proved 

qinghao to be effective against malaria and less than a decade later the active 

component was isolated. The active component of qinghao and its derivatives are 

now used in Southeast Asia as antimalarial treatments and form the basis of an 

entire class of newly developed anti-malarial compounds. 

 Synthetic organic chemistry and the search for new antimalarial 

compounds augmented each other in the mid- to late-19th century. The first 

attempt to synthesize quinine in 1856 by the English chemist William Henry 

Perkins was unsuccessful. However, in the process the first synthetic textile dye, 

“mauve,” was discovered. This spurred an entire commercial dye industry, the 

products of which were also useful in medical applications as stains for cells, 

microorganisms, and pathogens. The German scientist Paul Ehrlich observed 

Plasmodium parasites were particularly well stained by the dye methylene blue, 

and, in 1891, used the dye to cure malaria in two patients. This was the first time a 

synthetic drug was used to cure a disease in humans. Since then, European 

colonialism and two world wars have motivated the development of increasingly 

efficacious antimalarials. 

Current Antimalarials & Modes of Action 
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 Chloroquine (Figure 1-1) is the first successful quinoline antimalarial, 

based upon quinine, which enjoyed widespread usage. Cholorquine was 

developed during World War II and was a key component, along with the 

insecticide DDT, of the WHO Global Eradication Program of the 1950’s and 

1960’s. This antimalarial was so effective that it was added to table salt in South 

America in a prophylaxis effort. Unfortunately, the extensive use of chloroquine 

quickly resulted in the development of chloroquine resistance, which presently 

exists throughout the world where malaria is endemic. In the few areas where 

chloroquine resistance does not exist, the compound remains highly effective 

when used judiciously. Several derivative quinoline antimalarial compounds have 

been developed and are currently in use. These include amodiaquine, mefloquine, 

halofantrane, and lumefantrine (Figure 1-1). Quinoline antimalarials concentrate 

in the food vacuole of the intraerythrocytic parasite. There, they appear to obstruct 

the polymerization of heme into crystalline hemozoin. This allows toxic free 

heme to accumulate, which may promote the disruption of cell membranes and 

produce destructive free radicals within the parasite. This non-host target has 

resulted in the relatively slow development of resistance to quinoline 

antimalarials. Indeed, the genetic markers associated with parasite resistance to 

quinoline compounds are found in food vacuole membrane transporters and not 

metabolic or catabolic enzymes [8, 9]. 
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 Derivatives of artemisinin (Figure 1-2), the active ingredient of qinghao, 

have also been successfully developed as antimalarial compounds. These 

compounds, including artemether, arteether, and artesunate, are metabolized to 

dihydroartemesinin, which is the active form in the body. These compounds 

contain an endo-peroxide bridge which was thought to undergo cleavage in the 

food vacuole, possibly through an interaction with heme-iron, to produce 

destructive free radicals. More recent evidence suggests the target of aretimisinin 

is a calcium-dependent ATPase located on the parasite endoplasmic reticulum 

[10], though that may not be the only cellular target of this free-radical producing 

compound. Artemisinin remains a potent antimalarial and is in current use in 

combination with other drugs in an effort to avoid the development of resistance. 

 The site of action of the antimalarial hydroxynaphthoquinone atovaquone 

(Figure 1-2) is the mitochondrial electron transport chain. This was discovered 

due to the unfortunately rapid onset of resistance to this compound brought about 

by a single point mutation in cytochrome c reductase [11]. Atovaquone is very 

successful when used in combination with proguanil, though cost and the 

potential for resistance limit the use of this drug combination to prophylaxis to 

first-world travelers who can afford it. 

 The antifolate compounds pyrimethamine and sulfadoxine (Figure 1-2) 

were the first antimalarial drugs to be developed with knowledge of cell biology 

in combination with synthetic medicinal chemistry. These compounds act to 
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inhibit the production of reduced folate cofactors, which are required for 

nucleotide biosynthesis. Pyrimethamine inhibits dihydrofolate reductase and 

sulfadoxine is an inhibitor of dihydropteroate synthase. As such, the combination 

therapy acts synergistically, thereby reducing the potential for resistance. 

However, the extensive use of this combination therapy has resulted in the 

development of resistance over time. 

 Plasmodium parasites are also sensitive to several common antibiotics, 

including tetracycline, doxycycline, and clindamycin [6]. The mode of action of 

antibiotics is thought to be the inhibition of metabolism in the apicoplast, as those 

metabolic pathways are essentially prokaryotic. The use of these drugs is limited 

to combination therapy in adults, as some antibiotics are contraindicated for use in 

children. 

 All of the aforementioned antimalarials have produced some degree of 

resistance in Plasmodium parasites, either in the field or in the laboratory. Many 

of the parent compounds have formed the basis for the production of derivatives 

with increasing efficacy, but the gains from these synthetic efforts are diminishing 

as the drug targets accumulate mutations which abrogate the effectiveness of any 

particular antimalarial and its derivatives. More prudent use of these compounds 

through combination therapy, where two or more drugs are used together, has 

helped to allay the development of resistance to some degree. However, drug 
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resistance to the available antimalarials is increasing, and this prompts the 

discovery of new drug targets to combat the malaria parasite. 

Potential Small Molecule Drug Targets 

 Potential antimalarial drug targets arise due to a difference in drug affinity 

for the same target in the parasite versus the host cell, differences in the 

physiology between the parasite and the host, or unique targets in the parasite. 

Some drug targets possess two or all three of these characteristics, and numerous 

candidates exist and are being explored for the future exploitation by chemical 

therapeutics. 

 Candidate targets based on host-parasite differences at the molecular level 

include enzymes involved in glycolysis and membrane transporters responsible 

for the uptake of nutrients. The malaria parasite does not appear to possess a 

functional electron transport chain, and, as such, relies exclusively on glycolysis 

for the production of energy. Additionally, the rapid growth and replication of the 

parasite requires the efficient uptake of nutrients from the external milieu. Some 

of the potential target proteins in these parasite processes exist in both the host 

and parasite, and it is specific molecular variations in the target proteins that are 

being exploited to generate specificity. One example of this class is Plasmodium 

glycolytic enzyme lactate dehydrogenase, which exhibits differential inhibitor 

specificity between the parasite and human enzyme [12]. 
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 Differences in parasite and host-cell physiology highlight inhibitors of 

purine salvage as potential antimalarial drug targets, as the parasite is deficient in 

de novo biosynthesis and relies upon salvage of these molecules [13]. Conversely, 

the de novo pyrimidine biosynthesis pathway is a potential antimalarial drug 

target, as the parasite is deficient in salvage of pre-formed pyrimidine bases [13]. 

Plasmodium dihydroorotate dehydrogenase is a potential target due to its key role 

in de novo pyrimidine biosynthesis. 

 Novel processes in Plasmodium, such as hemoglobin degradation, heme 

polymerization, and pathways present in the apicoplast (plastid DNA replication 

and transcription, type II fatty acid biosynthesis, and non-mevalonate isoprenyl 

biosynthesis) offer high potential as specific parasite drug targets due to their 

exclusive utilization in the parasite. The identification protease inhibitors aimed 

toward hemoglobin degradation has yielded few potential antimalarials to date, 

and compounds directed toward the inhibiting heme polymerization are primarily 

based on derivatives of chloroquine. However, compounds which target the 

apicoplast type II fatty acid biosynthesis [14] and isoprenoid biosynthesis 

pathways [15] have proven promising. 

DIHYDROOROTATE DEHYDROGENASE 

Pyrimidine Biosynthesis 

 The pyrimidines bases uracil, cytosine, and thymine are the building 

blocks of DNA and RNA; they form the thymidine and cytidine deoxynucleotides 
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in DNA and the uridine and cytidine nucleotides in RNA. Pyrimidine derivatives 

are also used to form activated intermediates in a number of biosynthetic 

pathways: UDP-glucose is a precursor of glycogen and CDP-diacylglycerol is a 

precursor of phosphoglycerides. As such, a readily available pool of pyrimidines 

is necessary for the proper growth and division of all unicellular organisms and all 

dividing cells of multicellular organisms. 

 In contrast to purine biosynthesis, the pyrimidine base is synthesized first 

before being linked to the ribose sugar to form pyrimidine nucleosides (Figure 1-

3). Pyrimidine biosynthesis begins with the formation of carbamoyl phosphate 

from glutamine and bicarbonate by carbamoyl phosphate synthetase. The 

committed step of pyrimidine biosynthesis occurs as carbamoyl phosphate is 

joined to aspartate by aspartate transcarbamoylase to form N-carbamoylaspartate. 

The pyrimidine ring is formed as N-carbamoylaspartate is cyclized with the loss 

of water by dihydroorotase to form dihydroorotate. Dihydroorotate is oxidized to 

orotate by dihydroorotate dehydrogenase. The ribose ring is then added to orotate 

as activated phosphoribose pyrophosphate by orotate phosphoribosyl transferase 

to form orotidylate. Orotidylate decarboxylase converts orotidylate to uridylate 

(also known as uridine monophosphate, UMP), the first major pyrimidine 

nucleotide. 

 Five pyrimidine biosynthesis enzymes are grouped into two complexes in 

higher eukaryotes: carbamoyl phosphate synthetase, aspartate transcarbamoylase, 
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and dihydroorotase form the so-called CAD complex while orotate 

phosphoribosyl transferase and orotidylate dexarboxylase associate to form a 

bifunctional complex. Dihydroorotate dehydrogenase is the only isolated enzyme 

in these organisms. It has been observed in Plasmodium falciparum that the last 

two enzymes of pyrimidine biosynthesis do not associate as they do in higher 

eukaryotes [16]. In prokaryotes, the six pyrimidine biosynthesis enzymes are not 

associated. 

Enzyme Structure 

 The dihydroorotate dehydrogenase (DHODH) enzymes are flavin-

containing α/β barrel proteins which catalyze the conversion of dihydroorotate 

(DHO) to orotic acid (OA) in the only redox reaction in de novo pyrimidine 

biosynthesis. DHODH enzymes are divided into two families based upon amino 

acid sequence and cellular localization [17] (Figure 1-4). Family 1A and 1B 

enzymes are located in the cytosol, whereas Family 2 enzymes possess an 

extended N-terminal helical domain which promotes enzyme association with 

membranes in prokaryotes [18], or attaches the enzyme to the inner mitochondrial 

membrane in eukaryotes [19]. Family 1 is further classified according to 

oligomeric state, co-factor composition, and the terminal electron acceptor 

involved in the complete reaction cycle. Family 1A enzymes are flavin 

mononucleotide (FMN)-containing homodimers of the PyrDA gene product 

which transfer electrons to fumarate. Family 1B enzymes are heterotetrameric, 
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contain FMN in the PyrDB gene product subunit, flavin adenine dinucleotide 

(FAD) and an iron-sulfur cluster in the PyrK gene product subunit, and utilize 

oxidized nicotinamide adenine dinucleotide (NAD+) as the terminal electron 

acceptor [20]. Family 2 enzymes are monomeric and utilize FMN to transfer 

electrons to ubiquinone (CoQ), chemically coupling pyrimidine biosynthesis to 

the respiratory chain [21]. The CoQ binding site is thought to be formed by the 

extended N-terminal helical domain, which is unique to the Family 2 enzymes. 

 The phylogenetic distribution of DHODH enzymes does not follow any 

unifying rules [17]. Mammals, plants, and many gram-negative bacteria possess 

Family 2 enzymes. Some yeast, eubacteria, and protozoa have Family 1 enzymes, 

while others contain Family 2 enzymes. Lactococcus lactis is the only organism 

to date found to possess both a Family 1A and Family 1B enzyme [22]. 

 The P. falciparum enzyme belongs to Family 2 and has been shown to be 

localized to the parasite mitochondrion [23, 24], where it utilizes ubiquinones 

with hydrophobic tails composed of eight or nine prenyl units (CoQ8-CoQ9) as 

terminal electron acceptors [25]. The malarial enzyme is predicted to contain a 

mitochondrial localization signal at the N-terminus and a 22 amino acid 

transmembrane domain (amino acids 143 – 165). Homologs such as human 

DHODH also encode a mitochondrial localization signal immediately prior to the 

transmembrane domain, and kinetic and structural studies of both enzymes have 
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focused on recombinant enzymes truncated after the predicted N-terminal 

transmembrane domain [26-30]. 

      The X-ray structures of DHODH from several species have been 

reported [18, 27, 31-33], including the structure of truncated P. falciparum 

DHODH (PfDHODH) which was solved in complex with orotic acid, FMN, and 

the inhibitor A77 1726 [34] (Figure 1-5). The orotate binding site of Family 2 

DHODH enzymes is well conserved across species (Figure 1-6). Based on the 

competition of CoQ with A77 1726, the A77 1726 binding site is speculated to be 

the CoQ binding site as well [30]. This site is not as conserved between enzymes 

from different species, and a number of potent and species-selective inhibitors of 

the malarial enzyme that compete at this site have been identified [35]. The 

inhibitor/CoQ binding site is formed by two α-helices, which, in the primary 

amino acid sequence, lie between the predicted N-terminal transmembrane 

domain and the canonical β/α barrel domain. These α-helices are contiguous with 

the predicted transmembrane domain and are therefore likely to be adjacent to the 

surface of the inner mitochondrial membrane. 

Catalytic Reaction 

 The reductive DHODH reaction, where enzyme-bound FMN is reduced as 

DHO is converted to OA, varies to some degree across the classes of DHODH 

enzymes, though the DHO site is generally well conserved. Structurally, the 

Family 1A enzymes use the same site for both DHO and fumarate catalysis. 
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Family 1B DHODH shuttles electrons from the distinct DHO site to FMN on the 

PyrDB subunit, then to the iron-sulfur cluster, the FAD, and ultimately the co-

substrate NAD+ on the PyrK subunit. Family 2 enzymes appear to possess two 

distinct co-substrate binding sites for DHO and ubiquinones, though no crystal 

structure exists co-crystallized with any electron acceptors. 

 While the DHO catalytic site is well conserved across species, a notable 

difference is the active site base used for proton abstraction from DHO. Family 1 

enzymes use a cysteine residue whereas in Family 2 enzymes the active site base 

is a serine [36, 37]. The reaction mechanism for DHO catalysis has been explored 

in considerable detail for all classes of DHODH enzymes. Of particular interest to 

some groups is whether scission of the two DHO C-H bonds occurs in a stepwise 

or concerted fashion, and this has been explored using deuterium-labeled DHO as 

a substrate. The Family 1A enzyme from Lactococcus lactis [38] and the Family 

1B enzyme from Clostridium oroticum [39] were found to reduce enzyme-bound 

FMN in a concerted mechanism, while the Family 1A enzyme from Crithidia 

fasciculata utilizes a stepwise reaction [40]. The two Family 2 enzymes studied to 

date, the E. coli and human enzymes, display a stepwise mechanism for flavin 

reduction [41]. These results suggest no unifying theme may be made regarding 

the mechanism of flavin reduction in regards to the active site base. 

 Mutational analysis of the DHO catalytic site has been performed on 

DHODH enzymes from all classes, both on the active site base and on residues 
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within the binding site thought to be involved in substrate binding and catalysis. 

The results of these studies show the active site base, whether it is cysteine 

(Family 1 enzymes) or serine (Family 2 enzymes), to be the lone residue 

responsible for proton abstraction from DHO [36-38, 42]. These studies have also 

shown that replacing the native active site base with the other type (serine to 

cysteine or cysteine to serine) greatly reduces enzyme activity. Mutational studies 

on the Family 1A enzyme from L. lactis have revealed that mutation to alanine of 

conserved residues can alter both co-substrate binding and catalysis of DHO [37]. 

 The oxidative half-reaction, where enzyme-bound FMN is oxidized and 

electrons are transmitted to the terminal electron acceptor, is necessarily different 

for each class of DHODH enzyme due to the different electron acceptors used. As 

mentioned above, the Family 1A enzymes share a binding site for both DHO and 

fumarate co-substrates. The electron acceptor site for the Family 1B enzymes is 

contained on the PyrK subunit. For Family 2 enzymes, the electron acceptor site 

is thought to be on the opposite side of FMN as the DHO site, and reports have 

described the Family 2 enzymes to possess two physically and kinetically isolated 

catalytic sites [43]. These substantial differences between electron acceptor sites 

have precluded comparison of the oxidative half-reaction across different classes 

of DHODH enzymes. Perhaps as a result, the DHODH oxidative half-reaction has 

received little study. In one study, the DHOD oxidative half-reaction was found to 

be rate-limiting for the Family 1A L. lactis and Family 2 E. coli enzymes but not 
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rate-limiting for the Family 1B L. lactis enzyme [44]. Two other studies on the 

Family 2 bovine and E. coli enzymes show differing results. Using menadione as 

an electron acceptor, the oxidative half-reaction was found to be rate-limiting at 

low pH for the bovine enzyme but rate-limiting at high pH for the E. coli enzyme 

[42, 45]. The effect of mutagenesis on the oxidative half-reaction is limited to 

work performed in the Phillips lab on PfDHODH [35] and one study on the 

human enzyme that used scanning alanine mutagenesis of all enzyme histidines 

[46]. There are therefore no proposed mechanisms for electron transfer to the 

terminal electron acceptor of any class of DHODH enzyme. 

Inhibitors 

 Inhibitors of DHODH enzymes include DHO co-substrate analogues such 

as 5-fluoroorotate and benzoic acid derivatives [26, 47]. Although the DHO co-

substrate site is well conserved, these compounds display both species and 

enzyme-class variability in inhibition. Species-selective inhibitors of the Family 2 

enzymes have been discovered [48-50], and they form the basis of antimalarial 

drug design efforts [35]. These inhibitors bind in the extended N-terminal helical 

domain of Family 2 DHODH enzymes where the ubiquinone binding site is 

believed to be [27, 33, 34], and steady-state kinetic analysis shows them to be 

competitive toward ubiquinone substrates [26, 30, 51]. However, the relative 

positions of inhibitors and ubiquinone co-substrates remains to be adequately 

resolved [51]. 
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PROJECT AIMS 

Current Knowledge 

 The de novo pyrimidine biosynthesis pathway is a potential drug target in 

Plasmodium falciparum. DHODH is the drug target of leflunomide (Arava®) in 

the treatment of rheumatoid arthritis. Species-selectivity between the human and 

Plasmodium falciparum enzymes has been found for a series of drug-like 

compounds [35].  

 While the reductive half-reaction of DHODH enzymes has been studied 

extensively, the oxidative half-reaction has received little attention. There are few 

reports on electron transfer from FMN to terminal electron acceptors in Family 2 

enzymes, which are limited to pH effects and the presence or absence of product 

orotate [42, 45]. More importantly, the ubiquinone binding site has not been 

revealed by structural studies. Inhibitors which show competitive inhibition 

toward ubiquinone co-substrates have been identified [30, 35], though some 

kinetic studies actually call into question the relative positions of these inhibitors 

and ubiquinone co-substrates [51]. As such, the location of the ubiquinone 

binding site is only inferred from a few kinetic studies which show competitive 

inhibition by inhibitors that have been co-crystallized with the enzyme, namely 

A77 1726 [30, 34]. 

Project Aims 
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 The goals of this project are to define Pf DHODH residues responsible for 

ubiquinone co-substrate binding and catalysis. On the assumption that the 

ubiquinone binding site is shared with inhibitors, identification of the above 

residues will also help to define the determinants for inhibitor binding and 

species-specificity between the human and Plasmodium enzymes. The mechanism 

of inhibition by ubiquinone site inhibitors will also be revealed by these studies. 
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FIGURES 

 

 
 
Figure 1-1 Quinoline antimalarials. 
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Figure 1-2 Additional antimalarials. 
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Figure 1-3 Pyrimidine biosynthesis pathway. Atoms colored blue are derived 
from glutamate and atoms colored red are derived from aspartate. 
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Figure 1-4 DHODH family of enzymes. 
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Figure 1-5 Active site of Pf DHODH with bound orotate and A77 1726. 
Cartoon of the enzyme backbone is in gray, nitrogen atoms are colored blue, 
oxygen atoms red, fluorine atoms light cyan. FMN is colored orange, orotate and 
A77 1726 are colored magenta. Residues in green are within 4 Å of orotate. 
Residues in yellow are within 4 Å of A77 1726 and chosen for mutation in these 
studies. Structure is from 1TV5. 
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Figure 1-6 Structure-based sequence alignment of solved Family 2 DHOD 
enzymes. Sequences were hand-aligned according to residue location in the 
crystal structure. A star indicates complete conservation and a period indicates 
conservative substitution across the four sequences. Residues highlighted green 
are within 4 Å of orotate. Residues highlighted yellow are within 4 Å of A77 
1726 in the human structure and chosen for mutation in these studies. Structures 
used were 1F76 (E. coli), 1TV5 (P. falciparum), 1UUM (rat), and 1D3H (human). 
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CHAPTER TWO 
Detergent-Dependent Kinetics 

 
INTRODUCTION 

 The Pf DHODH inhibitor/CoQ binding site is formed by two α-helices, 

which, in the primary amino acid sequence, lie between the predicted N-terminal 

transmembrane domain and the canonical β/α barrel domain. These α-helices are 

contiguous with the predicted transmembrane domain and are therefore likely to 

be adjacent to the surface of the inner mitochondrial membrane. Indeed, the α-

helical residues with side-chains facing away from the enzyme and toward the 

lipid bilayer are hydrophobic and interact with bound detergent molecules in the 

X-ray structure (Figure 2-1). In contrast, polar and charged residues are oriented 

towards the β/α barrel domain and engage in hydrogen bonding or ionic 

interactions with other residue side-chains or backbone atoms. 

 The localization of malarial DHODH to the inner mitochondrial 

membrane and its requirement for a lipophilic substrate (CoQ) both suggest a 

kinetic model which takes into account catalysis at a surface-solution interface 

might be appropriate to describe the system. A number of groups have 

independently formulated schemes to describe catalysis in just such an 

environment [52-54]. One such reaction model describing interfacial kinetics was 

originally developed to characterize the activity of cobra venom phospholipase A2 

on mixed micelles composed of Triton X-100 and phosphatidylcholine [55]. This 
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model accounts for both the three-dimensional bulk interactions and two-

dimensional surface interactions that occur between enzyme and substrate-

detergent mixed micelles. Using this form of analysis, initial enzyme association 

with the substrate-detergent mixed micelle surface was kinetically separated from 

subsequent substrate binding and catalysis, and kinetic parameters that describe 

each process were individually derived. This kinetic approach has been utilized to 

describe a number of systems involving enzymes with hydrophobic or 

amphipathic substrates, products, activators, or inhibitors [52]. While the 

literature contains numerous examples of enzymes exhibiting surface dilution 

kinetics, these studies have been almost exclusively limited to lipid kinases, 

synthases, decarboxylases, phosphatases, and lipases acting upon lipid substrates 

[56]. Surface dilution kinetic analysis of ubiquinone-utilizing enzymes has so far 

been limited to the study of ubiquinol-cytochrome c reductase [57]. The dearth of 

investigation into ubiquinone analogue catalysis by these methods may be due to 

the finite solubility of these compounds compared to that of lipid substrates. The 

solubility of these compounds can limit the interpretation of individual 

experiments without careful consideration of the amounts of ubiquinone analogue 

present both in solution and micelle-bound. 

 In the studies presented here, I show N-terminal truncated Pf DHODH 

forms high molecular weight aggregates in the absence of detergent and 

demonstrate association of the enzyme with liposomes. I adopted an isothermal 
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titration calorimetry-based thermodynamic method to determine partitioning of 

ubiquinone analogues (Figure 2-2) into detergent micelles and found synthetic 

ubiquinone analogues with extended prenyl or alkyl tails (CoQ2 and CoQD) 

partition into micelles while that with a short prenyl tail (CoQ1) remains in 

solution. The truncated enzyme displays detergent-dependent activation up to the 

CMC of both Triton X-100 and Tween-80 and a subsequent decrease in activity at 

higher detergent concentrations, but only for substrates which partition into 

detergent micelles. Kinetic data of CoQD and CoQ2 catalysis in substrate-

detergent mixed micelles fit well to a surface dilution kinetic model and generated 

kinetic constants describing catalysis at the surface-solution interface. A kinetic 

characterization of this type has not been performed for any DHODH enzyme, 

and I discuss the advantages and limitations of such an analysis in regards to the 

use ubiquinone analogues in detergent micelles. 

EXPERIMENTAL PROCEDURES 

Materials 

     Buffer components, purified glucose oxidase (Type VII from Aspergillus 

niger) and catalase (from bovine liver), Brij 35, Triton X-100, and Tween-80 

detergents and DHODH substrates L-DHO, DCIP, CoQ1, CoQ2 and CoQD were 

purchased from Sigma (St. Louis, MO) and were of the highest quality available. 

CHAPS detergent was purchased from Anatrace (Maumee, OH). 

Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) were purchased 
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from Avanti Polar Lipids (Alabaster, AL). Size exclusion chromatography 

molecular weight standards were from Amersham Biosciences (Piscataway, NJ) 

or BioRad (Hercules, CA). All references to P. falciparum DHODH refer to the 

N-terminal truncated version unless specifically mentioned otherwise. 

Methods 

Protein Purification 

 Cloning, expression and purification of N-terminal truncated Pf DHODH 

were performed as described previously [26] with the modification that CHAPS 

detergent at 1% replaces Triton X-100 at 0.1% throughout protein purification. 

Critical Micelle Concentration Determination 

 The CMC of each detergent in 50 mM HEPES, pH 8.0, 150 mM NaCl, 

and 10% glycerol was determined by the fluorometric 1,6-diphenyl-1,3,5-

hexatriene method [58]. 

Analytical Gel Giltration 

 Gel filtration was performed on purified recombinant N-terminal truncated 

Pf DHODH using a Superdex 200 HR 10/30 analytical gel filtration column 

(Amersham Biosciences, Piscataway, NJ) calibrated with molecular weight 

standards. Gel filtration buffer was composed of 50 mM HEPES, pH 8.0, 150 mM 

NaCl, and 10% glycerol. High salt buffer contained 300 mM NaCl and no salt 

buffer omitted NaCl. Gel filtration buffer also contained various detergents when 

indicated. Enzyme was diluted to 2 mg/ml in the appropriate buffer before loading 
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on the column. Reported apparent molecular masses are the average ± SEM of at 

least duplicate experimental determinations. 

Liposome Binding Experiments 

 Liposomes were produced by sonicating chloroform-removed PC and PE 

lipids with gel filtration buffer (50 mM HEPES, pH 8.0, 150 mM NaCl, and 10% 

glycerol) until an opalescent solution was produced. Purified recombinant N-

terminal truncated Pf DHODH was mixed with either 10 mM (each) PC and PE 

mixed liposomes or gel filtration buffer and dialyzed against gel filtration buffer 

using dialysis tubing with a 12-14 kDa molecular weight cut-off. Dialyzed 

samples were applied to a Superose 6 HR 10/30 size exclusion column 

(Amersham Biosciences, Piscataway, NJ) calibrated with molecular weight 

standards, eluted at 0.5 ml/min, absorbance (light scattering for liposomes) at 280 

nm was monitored, and 1 ml fractions were collected. Pf DHODH activity of each 

fraction was assayed at 25°C using the traditional colorimetric 2,6-

dicholorindophenol (DCIP) assay at 600 nm (ε = 18.8 mM-1 cm-1) [59] by the 

addition of 25 µl of each fraction to a 0.5 ml reaction containing 0.5 mM L-DHO 

and 0.12 mM DCIP in gel filtration buffer containing 0.1% reduced Triton X-100. 

Data from one representative liposome binding experiment are presented. 

Isothermal Titration Calorimetry (ITC) 

 Partitioning of synthetic CoQ analogues into Tween-80 micelles was 

examined at 37°C using a VP-ITC microcalorimeter (Microcal Corp, 
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Northampton, MA). The buffer was composed of 50 mM HEPES, pH 8.0, 150 

mM NaCl, 10% glycerol, and 1% DMSO. Heats of injection were measured for 

28 successive 10 µl injections of 5 mM Tween-80 into 100 µM synthetic CoQ 

analogue. All data were baseline corrected by subtracting the heat of dilution of a 

5 mM Tween-80 titration into buffer only. Calorimetry data were fitted by 

nonlinear least squares to a partitioning model (described below) to obtain the 

change in enthalpy of partitioning (ΔH) and the partitioning coefficient (K) using 

the ORIGIN 7.0 software package. Partitioning experiments were performed at 

least three times and combined data ± SEM are reported. 

Partitioning Model 

 Observing partitioning by high sensitivity ITC was originally developed 

for studying amphipathic molecules partitioning into lipid membranes [60]. 

Models have since been developed that describe both partitioning into membranes 

as well as membrane solubilization [61]. I have adapted the partitioning model to 

describe partitioning of lipid-like CoQ analogues into detergent micelles. As the 

models have been derived previously [62, 63], I present only a brief explanation 

relevant to our adaptation of the models. Partitioning equilibrium can be described 

using a partition coefficient (K) to relate the concentration of CoQ free in solution 

(CQ,f) to the CoQ-to-detergent mixed micelle ratio (Xb) by Xb = K·CQ,f. The ratio 

Xb is equivalent to nQ,b/nD
0, that is, the molar amount of micelle-bound CoQ (nQ,b) 

divided by the total molar amount of micellar detergent (nD
0). As these molar 
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amounts are contained within the same volume (Vcell), the corresponding 

concentrations (CQ,b and CD
0) can be used to describe Xb as Xb = CQ,b/CD

0. 

Conservation of mass (CQ
0 = CQ,b + CQ,f) allows one to describe partitioning 

equilibrium as in Equation 2-1. During a partitioning experiment the CoQ 

concentration in the cell (CQ
0) is fixed while the detergent concentration changes 

as detergent micelles are injected into the calorimeter cell. The first derivative of 

Equation 2-1 with respect to detergent concentration yields Equation 2, which is 

the expression for the change in micelle-bound CoQ (δCQ,b) upon injection of 

detergent. In the calorimeter cell, δnQ,b = δCQ,b·Vcell, and if the entire partitioning 

reaction is characterized by a ΔH of partitioning, a single injection of detergent 

results in the heat described by Equation 2-3, the partitioning model. 

Enzyme Kinetic Assays 

 DHODH kinetic assays were performed at 25°C in 50 mM HEPES, pH 

8.0, 150 mM NaCl, and 10% glycerol. L-DHO concentration was held constant at 

0.5 mM throughout detergent-dependent, surface concentration-dependent, and 

surface dilution kinetic experiments. Steady-state measurements of orotic acid 

production were measured at 296 nm (ε = 4.3 mM-1 cm-1). Reactions were 

performed under anaerobic conditions by depleting oxygen through the addition 

of 10 mg/ml glucose oxidase, 2 mg/ml catalase, and 50 mM glucose and 

incubation for 5 minutes prior to assay. Detergent-dependent kinetic studies were 

performed maintaining the individual CoQ concentration at 10 µM and varying 
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the concentration of Triton X-100 or Tween-80 detergent. Detergent-dependent 

oxidase activity was measured similarly by omitting glucose oxidase, catalase, 

and CoQ from the reaction mixture. Surface concentration-dependent kinetic 

assays were performed similar to detergent-dependent kinetic assays. Detergent 

concentrations were higher in these experiments such that detergent micelles were 

always present and the amount of free substrate was limited as much as 

experimentally possible. The various surface concentrations were produced by 

varying Tween-80 detergent concentration while holding CoQ concentration 

constant at several fixed values. Surface dilution kinetic assays were performed 

by simultaneously varying CoQ and micellar Tween-80 concentrations to produce 

various mole fraction isotherms along which the ratio of CoQ to micellar Tween-

80 was maintained at several fixed values (1:50, 1:100, 1:200, and 1:400). 

Micellar Tween-80 was estimated as: [Tween-80]micellar = [Tween-80]total – CMC 

of Tween-80 (12 µM). The mole fraction is obtained by: mole fraction of CoQ = 

[CoQ] / ([CoQ] + [Tween-80]micellar). Specifically, the 1:51 mole fraction isotherm 

was produced with 100, 50, 10, and 5 μM CoQ in 5, 2.5, 0.5, and 0.25 mM 

micellar Tween-80, respectively. Other mole fraction isotherms were produced 

similarly: 50, 25, 5, and 2.5 µM CoQ (for 1:101); 25, 12.5, 2.5, and 1.25 µM CoQ 

(for 1:201); 12.5, 6.25, 1.25, and 0.625 μM CoQ (for 1:401) were mixed in 5, 2.5, 

0.5, and 0.25 mM micellar Tween-80, from highest to lowest CoQ concentration 

within each mole fraction isotherm, respectively. Surface dilution kinetic data 
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were fitted individually to the Henri-Michaelis-Menten equation by nonlinear 

regression using the GraphPad Prism software package and globally to the surface 

dilution kinetic model [55] by nonlinear least squares analysis using the 

SigmaPlot software package. All experiments were performed in triplicate and 

combined data ± SEM are reported. Surface dilution kinetic data are presented 

with overlaid Henri-Michaelis-Menten curves. 

Surface Dilution Kinetic Model 

 The surface dilution kinetic model is derived from descriptions of the two 

relevant kinetic steps [55]. In the bulk step (Scheme 2-1) enzyme (E) associates 

non-catalytically with the CoQ/Tween-80 mixed micelle (A) to form the enzyme-

mixed micelle complex (EA). Formation of the complex is a function of the bulk 

concentration of both E and A. In surface dilution kinetics, A is defined as either 

the combined bulk concentration of detergent and CoQ substrate (in the “surface 

binding model”) or as the bulk concentration of CoQ substrate alone (in the 

“substrate binding model”) [55]. These two equation forms distinguish between a 

model (“surface binding”) where enzyme initially associates non-productively 

with the general micelle surface versus a model (“substrate binding”) where the 

enzyme directly associates with substrate on the micelle surface, albeit to form a 

non-productive complex. Scheme 2-2 illustrates the catalytic surface step, 

wherein the enzyme-mixed micelle complex EA binds an individual CoQ 

substrate (B) in the catalytic site. As this occurs at the micelle surface, the 
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association is a function of the surface concentrations of both EA and B, and B is 

therefore expressed in terms of mole fraction of CoQ in the mixed micelle. 

Catalysis then occurs, producing product (P) and regenerating EA. From these 

expressions, the surface dilution kinetics equation (Equation 2-4) is derived [55]. 

The apparent dissociation constant for the mixed micelle binding site is defined as 

Ks
A = k-1/k1 and is expressed in bulk concentration (molarity) units. The apparent 

interfacial Michaelis constant is defined as Km
B = (k-2+k3)/k2 and is expressed in 

surface concentration (mole fraction) units where the mole fraction of CoQ = 

[CoQ] / ([CoQ] + [Tween-80]micellar). Vmax is equal to the extrapolated Vmax at 

infinite bulk concentration and unity mole fraction of CoQ substrate. 

RESULTS 

Analytical Gel Filtration of N-terminal Truncated Pf DHODH 

 Similar to other studies on Family 2 DHODH enzymes [27-30, 33], the Pf 

DHODH N-terminal predicted transmembrane domain was excluded from the Pf 

DHODH expression construct in an effort to produce a soluble enzyme for 

expression in E. coli [26]. However, the lipophilic nature of the CoQ substrate and 

the localization of the enzyme adjacent to the inner mitochondrial membrane 

suggest that the truncated enzyme may still have a significant hydrophobic 

surface that could associate with detergent molecules or promote protein 

aggregation. N-terminal truncated Pf DHODH (amino acids 169 - 569) was 

subjected to analytical gel filtration under a variety of conditions including 
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adjusting salt concentration and adding various detergents (Figure 2-3). These 

data show the 48 kDa truncated enzyme forms high apparent molecular weight 

aggregates regardless of NaCl concentration in the absence of detergent. In the 

presence of 0.1% Tween-80, 0.3% Brij 35, or 0.1% Triton X-100 detergents (68-, 

25-, or 6-fold above their critical micelle concentrations (CMC), respectively), the 

apparent molecular weight is decreased relative to that found in the absence of 

detergent. The zwitterionic detergent CHAPS was tested at 0.1%, 0.5%, and 1% 

(0.27-, 1.4-, and 2.7-fold the detergent’s CMC, respectively).  While large protein 

aggregates appear in the absence of detergent micelles (i.e., in 0.1% CHAPS), 

increasing detergent concentration beyond the CMC (0.5 or 1% CHAPS) 

decreases the apparent molecular weight of Pf DHODH, eventually approaching 

that representative of monomeric Pf DHODH. The apparent molecular masses are 

a function of the Stokes’ radius of the enzyme-detergent micelle complex and not 

strictly indicative of an absolute mass. 

Association of N-terminal Truncated Pf DHODH with Liposomes 

 To determine if the hydrophobic regions exposed on truncated Pf DHODH 

are sufficient for membrane association, gel filtration experiments were 

performed in the presence of liposomes. Plasmodium parasite membranes are 

composed of primarily phosphatidylcholine (PC, 40-50%) and 

phosphatidylethanolamine (PE, 35-45%) [64]. Accordingly, to mimic the parasite 

membranes I utilized 1:1 mixed PC/PE liposomes for these interaction studies. Pf 
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DHODH was incubated with either PC/PE liposomes or buffer and subjected to 

dialysis. Dialyzed samples were then separated on a size exclusion column and 

fractions were assayed for Pf DHODH activity (Figure 2-4). Free liposomes elute 

in the column void volume due to their extended size. Enzyme incubated with 

buffer elutes in two fractions: a minor active component, likely composed of large 

protein aggregates, elutes near the void volume, while the major active 

component elutes with a smaller apparent molecular mass (Figure 2-4). In contrast 

to enzyme incubated with buffer, enzyme incubated with PC/PE liposomes elutes 

in a single active peak corresponding to the elution profile of free PC/PE 

liposomes (Figure 2-4). 

Partitioning of Synthetic CoQ Analogues into Tween-80 Micelles 

 To determine if synthetic ubiquinone analogues partition into detergent 

micelles, partitioning was examined by isothermal titration calorimetery. Triton 

X-100 has traditionally been used in the kinetic analysis of mitochondrial 

DHODH [26-30, 33]. However, for these studies a different non-ionic detergent, 

Tween-80, was employed because it has a lower CMC (relative to Triton X-100), 

which allowed lower concentrations of detergent to be used in the partitioning 

experiments and lower concentrations of CoQ to be studied in the kinetic studies 

described below. Tween-80 micelles were injected into the calorimeter cell 

containing synthetic CoQ analogue (100 µM), and the heat of each injection was 

recorded. After subtracting the heat from a blank titration of detergent into buffer, 
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the heat from each individual injection was plotted and fitted to the partitioning 

model described above (Equation 2-3). The data reveal a positive but decreasing 

heat of injection as Tween-80 micelles are titrated into CoQ2 and CoQD consistent 

with an endothermic partitioning model (Figure 2-5). The partitioning model fit 

the data with the parameters: for CoQ2, K = 31.8 mM-1, ΔH = 1.29 kcal/mol; for 

CoQD K = 16.1 mM-1, ΔH = 1.30 kcal/mol, where K represents a forward 

partitioning coefficient relating the free CoQ concentration to the mole fraction of 

CoQ bound in micelles. In contrast to the significant endothermic process 

observed for CoQ2 and CoQD, injection of CoQ1 into Tween-80 micelles yielded a 

much smaller change in enthalpy and the overall process was exothermic (K = 

1.69 mM-1, ΔH = -0.469 kcal/mol). These data suggest that the chemical process 

associated with the change in enthalpy for CoQ1 may be of a different nature than 

for the longer-chain substrates. Together, these results support the conclusion that 

CoQ2 and CoQD partition into Tween-80 micelles while the short-chain CoQ1 

either does not partition or may only weakly associate with Tween-80 micelles. 

Detergent-dependent Activity of N-terminal Truncated Pf DHODH 

 The detergent-dependence of Pf DHODH catalysis was examined for each 

of the synthetic ubiquinone analogues in both Triton X-100 and Tween-80. 

DHODH is also able to use molecular oxygen as the terminal electron acceptor 

for the reaction, thus the oxidase activity served as a control to monitor the 

catalytic behavior of the enzyme with a substrate that is not specifically present at 
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the surface-solution interface. Oxidase activity shows only a minor general 

dependence on detergent concentration, with activity increasing by approximately 

15% when Triton X-100 or Tween-80 are included in the reaction, however, the 

concentration of detergent required to fully stimulate the oxidase activity is below 

the CMC of either detergent (Figure 2-6a). The activity of Pf DHODH toward 

CoQ1 displays similar trends with a gradual 2-fold increase in rate observed as the 

concentration of either detergent is increased (Figure 2-6b). Again, no significant 

dependence on the detergent CMC can be detected in the CoQ1 activity. The 

finding that both oxidase activity and activity with CoQ1 are modestly lower in 

the absence of detergent may result from the formation of less active protein 

aggregates, which were shown to form in the absence of detergent in analytical 

gel filtration experiments (Figure 2-3), or may be due to some form of substrate-

specific activation by monomeric detergent molecules. In contrast to the results 

for oxidase and CoQ1 activity, Pf DHODH CoQ2 activity displays both activation 

at low detergent concentrations and a subsequent decrease in activity at higher 

detergent concentrations (Figure 2-6c). The activation phase peaks at the CMC of 

each detergent (Triton X-100 CMC ≈ 250 µM, Tween-80 CMC ≈ 12 µM, by our 

determination) and activity decreases thereafter. Pf DHODH detergent-dependent 

CoQD activity is even more pronounced than CoQ2 activity, displaying a very 

sharp distinction between the activation phase below the CMC of each detergent 

and the decrease in activity above each detergent CMC (Figure 2-6d). 
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Surface Concentration-dependent Kinetics of N-terminal Truncated Pf DHODH 

 The surface concentration dependence of Pf DHODH activity toward 

CoQ2 and CoQD was examined at several fixed molar CoQ concentrations under 

conditions where detergent micelles are always present and no more than 3% of 

CoQ substrate exists in the aqueous phase. Pf DHODH activity under these 

conditions displays the same saturable surface concentration dependence 

regardless of bulk substrate concentration (Figure 2-7). 

Surface Dilution Kinetic Analysis of N-terminal Truncated Pf DHODH 

 A more thorough analysis of the kinetics of Pf DHODH was performed 

using CoQ1, CoQ2, and CoQD in Tween-80 micelles. Tween-80 was chosen over 

Triton X-100 because its lower CMC allowed lower CoQ concentrations to be 

used when maintaining constant fixed ratios of detergent to CoQ. Pf DHODH 

activity was determined as a function of CoQ1 concentration at four fixed mole 

fractions of CoQ1 in Tween-80 micelles (Figure 2-8a). For CoQ1, Pf DHODH 

activity does not change considerably as the mole fraction of CoQ1 in Tween-80 

micelles is varied over an 8-fold range. These data fit well to a simple Henri-

Michaelis-Menten solution steady-state kinetic model. In contrast, Pf DHODH 

activity toward CoQ2 in Tween-80 micelles demonstrates increasing activity as 

the mole fraction of CoQ2 is increased relative to Tween-80 over the 8-fold range 

tested (Figure 2-8b). The same behavior is exhibited toward CoQD in Tween-80 

micelles, though Pf DHODH CoQD activity is generally lower than corresponding 
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CoQ2 activity (Figure 2-8c). In both CoQ2 and CoQD mixed Tween-80 micelles, 

activity is saturable and the effect of varying the mole fraction of CoQ substrate is 

primarily seen in an altered Vmax with little change in Km
app, as evidenced by the 

Henri-Michaelis-Menten curves presented in Figure 2-8.  

     Analysis of the detergent-dependent kinetic data for Pf DHODH on CoQ2 and 

CoQD according to the surface dilution kinetic model described in Equations 4-6 

provides a very good fit to the data. The bulk step of the surface dilution kinetic 

model can be expressed in terms of “surface binding”, which describes an initial 

(non-productive) enzyme association with the general micelle surface, or in terms 

of “substrate binding”, where enzyme associates (again, non-productively) 

directly with the substrate presented on the micelle surface. Pf DHODH CoQ2 and 

CoQD activity data were fitted by global analysis to both models, and the resulting 

parameters are displayed in Table 1. The CoQ2 and CoQD data fit both the 

“surface binding” and “substrate binding” models with similar r-squared values, 

thus the data do not distinguish between them. The surface dilution kinetic 

parameters for CoQ2 and CoQD mixed Tween-80 micelles utilizing the “surface 

binding” model versus the “substrate binding” model yielded similar Vmax values 

and Km
B values. The apparent dissociation constant Ks

A compares the 

concentration of mixed detergent plus CoQ required to achieve one-half Vmax in 

the “surface binding” model and to the concentration of CoQ alone required to 

achieve one-half Vmax in the “substrate binding” model. Thus the difference in 
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magnitude of the Ks
A term in the two models is simply a reflection of how the 

term is defined. The data for CoQ1 in mixed Tween-80 micelles did not fit either 

surface dilution kinetic model. 

DISCUSSION 

 Eukaryotic Family 2 DHODH enzymes associate with the inner 

mitochondrial membrane where they utilize ubiquinone, a lipophilic molecule 

possessing a multi-prenyl unit tail, as the terminal electron acceptor in the 

reaction. Accordingly, both enzyme and substrate are constricted to the lipid 

bilayer, poised to carry out catalysis at the surface-solution interface. As with 

other Family 2 enzymes, Pf DHODH contains both a putative transmembrane 

domain and an extended helical domain N-terminal to the catalytic domain. Pf 

DHODH truncated after the predicted transmembrane domain was expressed to 

produce a soluble enzyme amenable to kinetic characterization. Analytical gel 

filtration of the truncated enzyme in either the absence of detergent or the 

presence of sub-CMC (monomer) detergent revealed protein oligomer formation 

(Figure 2-3) suggesting the presence of exposed hydrophobic residues which 

could promote association of the enzyme with lipid bilayers. In support of this 

hypothesis, physical association of Pf DHODH with PC/PE mixed liposomes was 

demonstrated by size exclusion chromatography (Figure 2-4). 

 I examined the partitioning of three synthetic ubiquinone analogues by 

isothermal titration calorimetry and found two analogues which partition 
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appreciably into detergent micelles and one which does not (Figure 2-5). This is, 

to our knowledge, the first thermodynamic examination of ubiquinone analogues 

partitioning into detergent micelles. Given the partitioning coefficients one is able 

to calculate the amount of free and micelle-bound substrate under any 

experimental condition. This is an important consideration when using substrates 

which have finite solubility in solution. Using these three ubiquinone analogues 

one is able to produce environments in which substrates are differentially present 

either free in solution or in a substrate-detergent mixed micelle (Tables 2a and 

2b). 

 Various surface dilution kinetic models have been developed to describe 

both obligate and facultative interfacial catalysis [52-54]. An obligate interfacial 

kinetic model was developed to describe phospholipase A2 catalysis in a 

processive “scooting” mode [53]. This system requires the production of well 

defined lipid substrate vesicles and the demonstration of irreversible enzyme 

association with those vesicles. This approach has worked well for studies of 

phospholipase A2, where that enzyme has been shown to associate irreversibly 

with model liposomes and utilize essentially insoluble phospholipids as 

substrates. I have been unable to demonstrate strictly irreversible Pf DHODH 

association with liposomes, and the ubiquinone analogues I investigated possess 

varying degrees of solubility in aqueous solution (by design), making this obligate 

interfacial kinetic regime both unapproachable and undesirable for our system. 
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Furthermore, because Pf DHODH is able to use molecular oxygen and the soluble 

CoQ1 substrate as terminal electron acceptors, a purely obligate interfacial kinetic 

model would not be appropriate for this enzyme. 

 An alternate model, initially developed to describe the activity of cobra 

venom phospholipase A2 towards phospholipids in substrate-detergent mixed 

micelles, does not discriminate between obligate and facultative interfacial 

kinetics [55]. Kinetic analysis of Pf DHODH is approachable using substrate-

detergent mixed micelles (as opposed to substrate vesicles, which have not been 

described for synthetic ubiquinone analogues), and I have therefore chosen to 

analyze the kinetics of Pf DHODH in substrate-detergent mixed micelles. By 

utilizing the nonionic detergent Tween-80 instead of the traditional Triton X-100 

for these studies, I was able to sample a suitable range of substrate concentrations 

and substrate-to-detergent mole fraction ratios to produce a comprehensive 

surface dilution kinetic description of the Pf DHODH enzyme. Additionally, the 

use of substrate-detergent mixed micelles and ubiquinone analogues which 

partition into detergent micelles to varying degrees has allowed me to produce 

environments in which substrate is differentially present at the surface-solution 

interface (CoQ2 and CoQD) or in the aqueous phase (CoQ1). 

 Substrate-detergent mixed micelles have traditionally been produced using 

essentially insoluble lipid substrates. Certain limitations arise when employing 

ubiquinone analogues that partition into detergent micelles to varying degrees and 
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have finite solubility in solution. As noted above, the partitioning behavior 

produces a finite amount of these ubiquinone analogues in the aqueous phase and 

the free substrate concentration is inversely proportional to the concentration of 

detergent. Therefore, simple detergent-dependence experiments do not distinguish 

between utilization of free, micelle-bound, or both pools of substrate and do not 

alone demonstrate surface dilution kinetic behavior. Nonetheless, experimental 

conditions can be designed to minimize the amount of free substrate. 

Additionally, the amount of substrate in either pool can be determined by 

calculation in an effort to ascertain the catalytically relevant substrate pool. The 

combined observations of a potential surface dilution phase, a similar dependence 

on surface concentration across a range of bulk substrate concentrations, and a fit 

to the full surface dilution kinetic model together provide evidence that interfacial 

kinetic behavior is being observed. 

 To examine whether Pf DHODH catalyzes the reaction at the surface-

solution interface, kinetic characterization of Pf DHODH detergent-dependent 

activity towards synthetic ubiquinone analogues was undertaken. The study 

revealed a biphasic kinetic dependence on detergent concentration, but only for 

analogues that were demonstrated to partition into detergent micelles (CoQ2 and 

CoQD) (Figure 2-6). Accordingly, enzyme activity was equally dependent upon 

the surface concentration of CoQ2 and CoQD over a range of bulk substrate 

concentrations (Figure 2-7). Further examination of Pf DHODH kinetic behavior 
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over a broad range of CoQ concentrations and CoQ/Tween-80 mixed micelle 

compositions demonstrated that a kinetic model that accounts for surface dilution 

was appropriate to explain the enzyme activity toward CoQ2 and CoQD (Figure 2-

8). This kinetic behavior is consistent with catalysis of the longer-chain 

ubiquinone analogues at the micelle surface [65, 66]. Although the CoQ 

analogues do have finite solubility in aqueous solution, the free longer-chain CoQ 

analogue concentrations are low (at most 0.63 or 1.2 µM at 100 µM CoQ2 or 

CoQD, respectively; Table 2-2b). Furthermore, along any particular mole fraction 

isotherm the free CoQ2 or CoQD concentrations are nearly constant. Thus, 

changes in free CoQ concentration are unlikely to account for the increase in rate 

that is observed as total CoQ concentration is increased. While some variation in 

free CoQ concentration is observed if the concentrations are compared across 

mole fraction isotherms, plotting of the catalytic rate versus free CoQ 

concentration demonstrates that the data do not fit a simple Henri-Michaelis-

Menten model. Thus, a model in which enzyme catalyzes the reaction in solution 

solely on the limited free CoQ available in this phase is not supported by the data. 

 The kinetic data for CoQ2 and CoQD fit well to the surface dilution kinetic 

model developed to characterize the activity of cobra venom phospholipase A2 

towards phospholipid substrate in Triton X-100 mixed micelles [52, 55]. This 

model accounts for both the three-dimensional bulk interactions and two-

dimensional surface interactions that occur between enzyme and substrate, 
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allowing kinetic constants to be determined that reflect the true nature of the 

enzyme-substrate interactions. This model has also been used to study several 

other lipid-dependent enzymes: phosphatidylserine synthetase from E. coli [67], 

phosphatidylinositol 4-kinase from S cerevisiae [65, 68],  Arabidopsis 

phospholipase Dδ [66], and beef heart ubiquinol-cytochrome c reductase [57]. 

The detergent-dependent kinetics (Figure 2-6) [66-69], surface concentration-

dependent kinetics (Figure 2-7) [70], and the surface dilution kinetics (Figure 2-8) 

[65, 66] of Pf DHODH are similar to that found for these other systems, 

supporting the conclusion that Pf DHODH catalyzes the reduction of longer-chain 

ubiquinones at the two dimensional surface-solution interface, where the 

catalytically relevant substrate pool for these analogues exists. Thus, for 

substrates (and potentially inhibitors) which partition into the micelle a kinetic 

model that accounts for catalysis at a surface-solution interface may be most 

appropriate to fully describe the system. 

 The surface dilution kinetic model has been useful in describing the 

regulation (both inhibition and activation) of yeast phosphatidate phosphatase by 

both soluble and hydrophobic molecules by defining substrate concentration in 

terms of surface concentration [71-73]. The studies presented here have 

established meaningful kinetic constants and suggest suitable bulk and surface 

concentration ranges to employ in the future analysis of potential regulatory 

molecules of this class of enzymes. The results also suggest more soluble 
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substrates may be utilized in an effort to minimize the detergent-dependence of 

catalysis and simplify the analysis of regulatory molecules. Moreover, these 

studies establish the importance of understanding the differential catalytic 

behavior that can be observed based upon the use of different substrates and 

detergent concentrations. 

 The full surface dilution kinetic analysis of a ubiquinone-dependent 

enzyme has been very limited [57], and the detergent dependence of the reaction 

kinetics has not been previously reported for any dihydroorotate dehydrogenase. 

Our results suggest that this phenomenon may be wide-spread in this class of 

enzymes, and thus should be an important consideration in the kinetic analysis of 

any ubiquinone-dependent enzyme. Furthermore, this type of analysis might also 

be appropriate for additional classes of enzymes that utilize hydrophobic or 

amphipathic substrates beyond the lipid-utilizing enzymes to which surface 

dilution and interfacial kinetic analysis has primarily been limited. However, 

these studies emphasize the importance of understanding the behavior of 

substrates with variable solubility in the presence of detergent micelles. 

 Altogether, these results lead to the conclusion that truncated Pf DHODH 

contains a membrane interaction site that allows the enzyme to associate both 

with substrate-detergent mixed micelles and with liposomes in the absence of the 

predicted hydrophobic transmembrane domain. This property is reminiscent of the 

E. coli DHODH enzyme, which lacks a transmembrane domain and associates 
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with membranes solely via interactions with the extended N-terminal α-helical 

domain [19]. The catalytic domain of DHODH is composed of a β/α barrel and an 

extended N-terminal domain composed of two additional α-helices between 

which the inhibitor A77 1726 binds [34]. Although no DHODH structures to date 

include co-crystallized ubiquinone, kinetic data suggests the inhibitor utilizes an 

overlapping binding site with ubiquinone [30]. The α-helical residues that 

surround this site and face the inner mitochondrial membrane in vivo are 

exclusively hydrophobic and aromatic residues (Figure 2-1). Charged and polar 

residues are generally oriented toward the β/α barrel domain and engage in ionic 

interactions or hydrogen bonding with other side-chain or backbone atoms. 

Indeed, the Pf DHODH structure contains two C8E5 detergent molecules; one 

detergent molecule packs against hydrophobic residues F171 and F174 and the 

other engages in hydrogen bonding with K173. These structural insights 

combined with our kinetic data suggest that the Pf DHODH ubiquinone binding 

site is likely to be partially buried in the lipid bilayer, and that while the 

transmembrane domain may serve as a membrane anchor, the functionally 

important interaction relative to the catalytic cycle occurs at the extended N-

terminal α-helical domain. 

 Malaria DHODH is the focus of significant effort to identify new 

chemotherapeutic approaches against the parasite [26, 34, 35, 74-76], including 

the recent identification of potent and selective inhibitors that bind the putative 
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CoQ site by high-throughput screening [35]. The finding that the enzyme interacts 

with ligands at the surface-solution interface has implications in directing future 

drug discovery efforts. Compounds should have the necessary chemical 

characteristics that permit effective interaction with this hydrophobic binding site. 



52 

 

EQUATIONS 
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Equation 2-1 Partitioning equilibrium. 
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Equation 2-2 Partitioning equilibrium upon detergent addition. 
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Equation 2-3 Partitioning model. 
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Equation 2-4 Surface dilution kinetic equation. 
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SCHEMES 
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Scheme 2-2 Surface step. 
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TABLES 

 
 substrate binding model 
 Vmax (s-1) Ks

A (µM) Km
B (mole %) 

CoQ2 14.4 ± 0.3 7.0 ± 1.9 0.094 ± 0.021 
CoQD 7.4 ± 0.4 7.0 ± 2.0 0.32 ± 0.08 
    
 surface binding model 
 Vmax (s-1) Ks

A (µM) Km
B (mole %) 

CoQ2 16.4 ± 0.2 890 ± 80 0.18 ± 0.01 
CoQD 9.1 ± 0.5 520 ± 90 0.63 ± 0.10 

 
Table 2-1 Surface dilution kinetic values for Pf DHODH. The substrate 
binding model defines the mixed micelle binding site as the CoQ concentration 
and the surface binding model defines it as the combined concentrations of CoQ 
and Tween-80. Vmax is the extrapolated Vmax at infinite substrate concentration and 
unity mole fraction of CoQ substrate, Ks

A is the apparent dissociation constant for 
the mixed micelle binding site, and Km

B is the apparent interfacial Michaelis 
constant. 
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Tween-80 

(mM) 
 fraction of micelle-bound CoQ 
 CoQ1 CoQ2 CoQD 

5.00  0.90 0.99 0.99 
2.50  0.81 0.99 0.98 
0.50  0.46 0.94 0.89 
0.25  0.30 0.89 0.80 

 
Table 2-2a Fraction of micelle-bound CoQ at various detergent 
concentrations. The concentration of micelle-bound CoQ (CQ,b) at any given 
concentration of added CoQ (CQ

0) is expressed as the fraction of micelle-bound 
CoQ (CQ,b/CQ

0). Values were calculated from the partition coefficients and the 
detergent concentrations using Equation 2-1. 
 
 

  free CoQ2 (µM) 
at mole fraction 

free CoQD (µM) 
at mole fraction 

total CoQ  1:51 1:101 1:201 1:401 1:51 1:101 1:201 1:401
highest  0.63 0.31 0.16 0.078 1.2 0.61 0.31 0.15 

-  0.62 0.31 0.16 0.078 1.2 0.61 0.30 0.15 
-  0.59 0.30 0.15 0.074 1.1 0.55 0.28 0.14 

lowest  0.56 0.28 0.14 0.070 1.0 0.50 0.25 0.12 
 
Table 2-2b Concentration of free CoQ under surface dilution kinetics 
conditions. The concentrations of CoQ free in solution under the experimental 
conditions given in Figure 2-8 were calculated from Table 2-2a. Total CoQ 
concentrations used for each mole fraction isotherm were: 100, 50, 10, 5 µM 
(1:51); 50, 25, 5, 2.5 µM (1:101); 25, 12.5, 2.5, 1.25 µM (1:201); 12.5, 6.25, 1.25, 
0.625 µM (1:401). 
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FIGURES 

 

 
 
Figure 2-1 Hydrophobic helices in Pf DHODH. The structure is displayed as a 
ribbon diagram in transparent gray. Oxygen is red, nitrogen is blue, and fluorine is 
cyan. Orotic acid and A77 1726 are colored magenta, FMN is colored orange, 
detergent molecules C8E5 are colored black. Hydrophobic residues extending 
from the two N-terminal α-helices are colored yellow (the left helix contains 
residues L167, I170, F171, and F174; the loop contains I179; the right helix 
contains I183, L187, L190, and L191). The image was produced using PyMOL 
(DeLano Scientific, San Francisco, CA) from structure coordinates 1TV5 [34]. 
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Figure 2-2 Synthetic ubiquinone analogues. CoQ1 (top), CoQ2 (middle), and 
CoQD (bottom). CoQ1 contains a single isoprene unit tail, CoQ2 a geranyl tail, and 
CoQD an unsaturated decyl tail. 
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Figure 2-3 Apparent molecular mass from analytical gel filtration of Pf 
DHODH under various conditions. Buffer contained 50 mM HEPES, pH 8.0, 
150 mM NaCl, 10% glycerol. High salt and no salt refer to the same buffer 
containing 300 mM or 0 mM NaCl. Detergent additions to the above buffer are 
indicated. The expected molecular mass of Pf DHODH is 48 kDa. Error bars 
represent the standard error of the mean for at least duplicate determinations. 
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Figure 2-4 Size exclusion chromatography of Pf DHODH and PC/PE 
liposomes. Light scattering of free PC/PE liposomes was monitored by 
absorbance at 280 nm (dashed line). Enzyme was mixed with PC/PE liposomes 
(solid squares) or buffer (open squares), dialyzed, and subjected to size exclusion 
chromatography. The activity of each fraction was determined by colorimetric 
DCIP assay. The elution volume of molecular mass standards thyroglobulin (670 
kDa), bovine gamma globulin (158 kDa), and chicken ovalbumen (44 kDa) are 
indicated with arrows. Data from one representative experiment are shown. 
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Figure 2-5 Titration of synthetic CoQ analogues with Tween-80 micelles. The 
heat of injection of Tween-80 into CoQ1 (squares), CoQ2 (circles), or CoQD 
(triangles) was measured by isothermal titration calorimetry. Error bars represent 
the standard error of the mean for triplicate determinations. Data were fitted to the 
partitioning model. The parameters were K = 1.69 mM-1, ΔH = -0.469 kcal/mol 
(CoQ1); K = 31.8 mM-1, ΔH = 1.29 kcal/mol (CoQ2); K = 16.1 mM-1, ΔH = 1.30 
kcal/mol (CoQD). 
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Figure 2-6 Detergent-dependent activity of Pf DHODH towards oxygen and 
synthetic CoQ analogues. (a) Oxygen-, (b) CoQ1-, (c) CoQ2-, and (d) CoQD-
dependent activity. CoQ concentrations were held constant at 10 µM while the 
concentration of either Triton X-100 (solid squares, solid line) or Tween-80 (open 
squares, dashed line) was varied. Error bars represent the standard error of the 
mean for triplicate determinations. 
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Figure 2-7 Surface concentration-dependent activity of Pf DHODH towards 
CoQ2 and CoQD. The surface concentration of CoQ was varied by adjusting 
Tween-80 detergent concentration while holding bulk CoQ2 (open symbols) or 
CoQD (closed symbols) concentration constant at 20 µM (squares), 30 µM 
(triangles), and 40 µM (inverted triangles). Error bars represent the standard error 
of the mean for at least duplicate determinations. 
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Figure 2-8 Activity of Pf DHODH toward CoQ in the presence of Tween-80 
micelles. The mole fraction ratio of CoQ to micellar Tween-80 was held constant 
at 1/51 (squares), 1/101 (triangles), 1/201 (inverted triangles), or 1/401 
(diamonds) by varying Tween-80 concentration along with (a) CoQ1, (b) CoQ2, or 
(c) CoQD concentration. Detergent and substrate concentrations used are noted in 
the text. Error bars represent the standard error of the mean for triplicate 
determinations. Curves represent nonlinear fit of the data to the Henri-Michaelis-
Menten equation. Data are plotted according to the “substrate binding model,” 
where A is defined as the bulk concentration of CoQ and is plotted on the 
abscissa. 
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CHAPTER THREE 
Mutational Kinetic Analysis 

 
 

INTRODUCTION 

 We previously identified a number of potent, species selective inhibitors 

of P. falciparum DHODH by high-throughput screening, including N-(3,5-

dichloro-phenyl)-2-methyl-3-nitro-benzamide (DCPMNB; Figure 3-1), and 

demonstrated that these inhibitors bind to the same site as A77 1726 by 

mutagenesis of the binding pocket [35]. The structural basis for the observed 

species selectivity is evident through comparison of the x-ray structures of the 

human and malarial enzymes, which show that the A77 1726 binding-site is 

highly variable in amino acid sequence between the enzymes from the two species 

(Figure 3-2) [26, 27, 34]. 

 Kinetic analysis of the patterns of inhibition of both mammalian and Pf 

DHODH have suggested that some, but not all, of the inhibitors that bind to the 

A77 1726 binding-site are competitive with CoQ [30, 33, 35, 48, 50, 51, 75]. 

Brequinar and A77 1726 have been observed to bind to almost fully overlapping 

sites in the crystal structure of the human enzyme, yet non-competitive inhibition 

towards CoQ is observed for A77 1726 and competitive inhibition has been 

observed for Brequinar [27, 51]. These results have led to the hypothesis that CoQ 

binds to the A77 1726/brequinar binding-site. However, because no structural 
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data are available for CoQ bound to DHODH of any species, the location of the 

CoQ binding-site remains speculative and controversial. 

 The reductive half-reaction, where DHO is converted to OA, has been 

examined in considerable detail for both Family 1 and 2 enzymes by steady-state 

and pre-steady-state approaches. Further, the literature contains extensive data on 

the amino acid residues involved in the reaction at the DHO binding-site [38, 41, 

42, 77]. In contrast, the oxidative half-reaction where FMN is re-oxidzed by CoQ 

remains poorly studied. In order to provide insight into the position of the CoQ 

binding-site relative to inhibitors of Pf DHODH I utilized site-directed 

mutagenesis of the A77 1726 binding-site and analyzed the effects of these 

mutations on both the steady-state reaction and the oxidative and reductive half-

reactions by pre-steady-state kinetic methods using single wavelength stopped-

flow spectroscopy. The data provide insight into the residues involved in electron 

transfer between CoQ and FMN, and they suggest inhibitors bind in a channel that 

blocks the path of electron flow, but does not significantly overlap with the CoQ 

binding-site. 

EXPERIMENTAL PROCEDURES 

Methods 

P falciparum DHODH Cloning 

 The previously described Pf DHODH-pProEXHTa expression plasmid 

encoding amino acids 157–565 [26] was used as the cloning template. The NdeI 
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restriction site at nucleotide 595 (full-length DHODH numbering) was eliminated 

using the QuickChange site-directed mutagenesis kit (Strategene) as 

recommended by the manufacturer, where the forward primer was 5’-

GAAAATATAATATATTACCCTATGATACTAGTAATGATAGTATATATG

C-3’ (altered base in bold). Next, NdeI and XhoI restriction sites were introduced 

by mutagenesis at the N and C-terminus of the Pf DHODH ORF where the 

forward primer was, 5’-

AACCTGTATTTTCATATGTTTTTTGAATCTTATAATCC-3’ and the reverse 

primer was 5’-CGTCGACCGTGTCTCGAGACTTTTGCTATGCT-3’. The 

NdeI-XhoI DHODH fragment from the resulting plasmid was then subcloned into 

pET22b vector (Novagen) to generate the final expression construct (Pf DHODH-

pET22b-1). The Pf DHODH ORF was sequenced in its entirety. Mutations of the 

A77 1726 binding site residues to Ala were created using the QuickChange kit 

with the following primers (forward only are shown). 

H185A  5’-GTGAAATATGTGCTGACCTTTTTTTATTACTAGG-3’ 

F188A  5’-GAAATATGTCATGACCTTGCTTTATTACTAGG-3’ 

F227A  5’-GGTGTTGCTGCAGGAGCTGATAAAAACGG-3’ 

R265A  5’-CCACGTATTTTTGCAGACGTTGAATCTAG-3’ 

I272A  5’-CGTTGAATCTAGAAGTGCTATAAATTCATGTGG-3’ 

Y528A  5’-GGTGCTTCAGTTTGTCAATTAGCTTCTTGTTTGG-3’ 

Y528F  5’-CAGTTTGTCAATTATTTTCTTGTTTGG-3’ 
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Y528W 5’-CAGTTTGTCAATTATGGTCTTGTTTGG-3’ 

L531A  5’-CAGTTTGTCAATTATATTCTTGTGCGGTTTTTAATGG-3’ 

P falciparum DHODH Expression and Purification 

 BL21-DE3 E coli cells containing the appropriate wild-type or mutant Pf 

DHODH pET22b expression construct were grown in LB containing 100 mg/ml 

ampicillin overnight at 37°C. Large scale cultures (typically 6 liters) were 

inoculated with the overnight culture into LB broth with 10% glycerol and 100 

mg/ml ampicillin and grown at 37°C to an OD600 of ~ 0.7. Protein expression was 

induced by the addition of isopropyl-beta-D-thiogalactopyranoside (IPTG; 200 

µM), cultures were supplemented with FMN (100 µM) and grown at 16°C 

overnight. Cells were pelleted by centrifugation at 3000 x g at 4°C and the pellet 

re-suspended in 0.2 L lysis buffer (50 mM HEPES pH 8.0, 150 mM NaCl, 10 mM 

imidazole, 5 mM 2-mercaptoethanol, 100 µM FMN, 10% glycerol, and a protease 

inhibitor mixture consisting of phenylmethylsulfonyl fluoride (200 µM), leupeptin 

(1 µg/ ml), antipain (2 µg/ml), benzamidine (10 µg/ml), pepstatin (1 µg/ml), and 

chymostatin (1 µg/ml)). Triton X-100 (2% v/v) and lysozyme (1 mg/ml) were 

added, and the mixture was stirred on ice for one hour before freezing in liquid 

nitrogen. DNase (0.05 mg/ml) was added to the thawed lysate, the mixture was 

sonicated on ice until cleared and centrifuged at 20000 x g at 4°C. 

 The resulting supernatant was loaded onto a Ni-NTA column equilibrated 

in buffer A (50 mM HEPES pH 8.0, 150 mM NaCl, 20 mM imidazole, 5 mM 2-



69 

 

mercaptoethanol, 100 µM FMN, 10% glycerol, 0.1% Triton X-100). The column 

was washed in buffer A until a stable baseline at A280 was reached, then bound 

enzyme was eluted with buffer B (50 mM HEPES pH 8.0, 150 mM NaCl, 300 

mM imidazole, 5 mM 2-mercaptoethanol, 100 µM FMN, 10% glycerol, 0.1% 

Triton X-100). Fractions containing protein were pooled and concentrated with an 

Amicon Ultra centrifugal concentrating device (Amicon), desalted on a HiPrep 

26/10 Desalting Column (Amersham Biosciences) equilibrated with enzyme assay 

buffer (50 mM HEPES pH 8.0, 150 mM NaCl, 10% glycerol, 0.1% Triton X-100) 

and re-concentrated as above. 

 Protein concentration was determined by Bradford analysis using bovine 

serum albumen as a standard. FMN concentration was determined by first heat 

denaturing the protein to release the bound cofactor (purified enzyme typically 

diluted to 1 – 20 µM), followed by measuring absorbance at 445 nm (ε445 = 12.5 

mM-1 cm-1) to calculate FMN concentration. 

Circular Dichorism Spectroscopy 

 CD spectra were recorded for wild-type and mutant enzyme samples (8 

µM protein) in 50 mM sodium phosphate pH 8.0. Spectra were collected from 

190 to 260 nm using an Aviv CD Spectrometer Model 62DS at 25°C in quartz 

cuvettes (1 mm path length) with a five second integration time and three 

repetitions. Molar ellipticity data are presented as the average of the three 

readings versus buffer alone. 
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Steady-State Kinetics 

 Steady-state kinetic measurements were performed in enzyme assay buffer 

at 25°C. Production of orotic acid was observed directly at 296 nm (ε296 = 4.30 

mM-1cm-1) when using both oxygen and ubiquinone analogs (CoQ1 or CoQD) as 

terminal electron acceptors. When ferricyanide was used as the electron acceptor, 

the reduction of ferricyanide was observed at 420 nm (ε420 = 1 mM-1 cm-1), taking 

into consideration two moles of ferricyanide are reduced per every one mole of 

DHO. For oxidase activity, DHO concentration (5–500 µM) was varied at a fixed 

enzyme concentration (100 nM). For CoQ and ferricyanide, assays were 

performed at a fixed concentration of DHO (0.5 mM), over a range of CoQ (1–

100 µM) or ferricyanide (1–500 µM) concentrations in the presence of wild-type 

or mutant Pf DHODH (5–50 nM). Oxygen was depleted from these reactions 

through the addition of 0.1 mg/ml glucose oxidase, 0.02 mg/ml catalase, and 50 

mM glucose, followed by incubation for 5 min prior to assay. Data were fitted to 

the Michaelis-Menten equation (Equation 3-3) to determine the steady-state 

parameters (kcat and Km). 

 Substrate-dependent DCPMNB inhibition experiments were performed 

with DHO (500 µM) and CoQ1, CoQD, or ferricyanide (100 µM) or dissolved 

oxygen (~300 µM), 5–50 nM enzyme, and a range of inhibitor concentrations (10 

nM–100 µM). Wild-type and mutant Pf DHODH IC50 values for DCPMNB were 

obtained from similar experiments using 500 µM DHO, 20 µM CoQD, 5 nM 
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enzyme and a range of inhibitor concentrations (10 nM–100 µM). Data were 

fitted to Equation 3-1 to determine the IC50. 

Pre-Steady-State Kinetic Analysis by Stopped Flow Spectroscopy 

 Rapid kinetic analysis was performed in enzyme assay buffer at 4°C on a 

Bio-Logic SFM-3 stopped flow instrument equipped with a 1 cm pathlength 

quartz cell, and controlled by BioKine 16 V 3.03 software. The calculated dead 

time was 4 ms at a flow rate of 15 ml/s. A wavelength of 485 nm was used to 

observe the transition of FMN between the oxidized and reduced state. For DHO-

dependent reactions, enzyme (final concentration 20 µM) was mixed with a range 

of DHO concentration (final concentrations 63 to 1000 µM). CoQ1-dependent 

experiments were performed under anaerobic conditions using the glucose 

oxidase and catalase system described above, as well as constant bubbling with 

nitrogen during sample preparation. For CoQ1-dependent reactions, oxidized 

enzyme (45 µM) was reduced with a limiting amount of DHO (30 µM) under an 

atmosphere of nitrogen before loading on to the stopped flow instrument. 

Reduced enzyme (final concentration 10 µM) was then mixed with CoQ1 (final 

concentrations 31 to 500 µM). A minimum of four reaction traces at each 

substrate concentration were recorded. The observed DHO- and CoQ1-dependent 

reactions were fitted to an exponential equation to obtain kobs (Equation 3-2) 

(BioKine 16 software). Two exponentials were required to obtain good fits (as 

measured by the residual plots) to the DHO-dependent half-reactions. One 
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exponential was sufficient to obtain good fits to the CoQ1-dependent half-

reaction. The resulting substrate-dependent fast phases (kobs,1) displayed a 

hyperbolic dependence on substrate concentration and were fitted to Equation 3-3 

to determine the kred/ox and Kd values for each half-reaction. Inhibition 

experiments were performed by pre-mixing enzyme (10 or 20 µM final 

concentration, as above) and inhibitor at a concentration sufficient to ensure 

complete occupancy of the DHODH inhibitor binding site (1 mM OA, 1 mM A77 

1726, or 50 µM DCPMNB, final concentrations). 

RESULTS 

Analysis of the A77 1726 Binding Site 

 Residues within van der Waals distance of the inhibitor A77 1726 

binding-site were identified in the x-ray structure of Pf DHODH. In total, fifteen 

residues are found within the 4 Å of A77 1726, and of these only five are 

conserved in sequence between human and Pf DHODH. To identify residues that 

participate in the energetics of CoQ and inhibitor binding, five highly conserved 

residues (H185, F227, R265, Y528 and L531) and two variable residues (I272 and 

F188) were selected for analysis by Ala mutagenesis (Figure 3-2). F227, Y528 

and L531 were selected because they make up an aromatic/hydrophobic patch that 

bridges between A77 1726 and the FMN cofactor. H185 and R265 were chosen 

because they are the only charged residues that contact the ligand, and I272 and 

F188 were selected to assess the role of residues that are variable between 
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enzymes from different species. H185 also forms a bridging interaction between 

Y528 and F227. Site-directed mutagenesis was performed as described in 

Experimental Procedures, and the wild-type and mutant Pf DHODH enzymes 

were expressed in E. coli and purified by Ni+2-agarose column chromatography. 

FMN Content of Wild-type and Mutant Pf DHODH 

 The stochiometry of FMN to protein in the purified protein preparations 

was determined for each enzyme preparation. FMN content ranged from 90–40% 

for wild-type enzyme and 5–70% for mutants. Mutation of F227, I272, Y528, and 

L531 to Ala affected the FMN content most, resulting in mutant enzymes with 5–

25% FMN. Attempts to reconstitute FMN into enzyme preparations containing 

low FMN levels by unfolding and re-folding with various urea and/or guanidine 

concentrations in the presence of excess FMN were unsuccessful. The addition of 

free FMN to a reaction mixture containing FMN-poor enzyme did not result in an 

increase in catalytic rate. For kinetic analysis, enzyme concentration was 

determined by FMN concentration, thus normalizing for only catalytically 

competent enzyme. 

Evaluation of Wild-type and Mutant Pf DHODH by CD Spectroscopy 

 CD spectroscopy was used to examine the secondary structure fold 

characteristics of mutant enzymes in comparison to wild-type Pf DHODH (Figure 

3-3). The CD spectra of wild-type and mutant enzyme are very similar, suggesting 

the mutant enzymes have similar secondary structure content to the wild-type 
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enzyme, and are thus not grossly misfolded. Additionally, these data demonstrate 

that even for preparations that contain sub-stochiometric FMN to protein content, 

the overall folding for both apo- and holo-enzyme is essentially indistinguishable 

at this resolution. 

Steady-state Kinetic Analysis of Wild-type and Mutant Pf DHODH 

 Steady state kinetic analysis was performed on the wild-type and mutant 

enzymes in the presence of two ubiquinone analogues containing different length 

hydrophobic tails (CoQ1 and CoQD (Table 3-1). CoQ1 contains a single isoprenoid 

unit, while CoQD contains a longer alpiphatic tail (Scheme 3-1). These two 

substrates were previously demonstrated to have different detergent micelle 

partitioning behavior, with CoQ1 remaining soluble and CoQD partitioning into 

detergent micelles [78]. Assays were performed in the presence of a glucose 

oxidase and catalase system to eliminate molecular oxygen from the reaction. For 

wild-type Pf DHODH the measured kinetic constants (Km
app CoQ 11–13 µM; kcat 

8–12 s-1) were similar for the two substrates. None of the Ala mutations had a 

significant effect on Km
app for the CoQ substrate, with the largest affect (2–4-fold 

increase) being observed for the R265A mutation. Similarly, a modest reduction 

in kcat was observed for most of the mutations (2–4-fold). However, mutation of 

Y528A caused a significant reduction in kcat (40–100-fold respectively). The loss 

of activity upon mutation of Y528 could be partially restored by replacing the 
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Y528 with Phe or Trp, suggesting that an aromatic residue at this position plays a 

role in the reaction chemistry. 

 In the absence of CoQ substrates, molecular oxygen can function as the 

terminal electron acceptor to re-oxidize the FMN cofactor. The steady-state rates 

of this reaction were determined for dissolved O2 present in buffers in the absence 

of the glucose oxidase and catalase system. Rates were determined for a range of 

DHO concentrations to determine the kcat for the oxidase reaction (0.42 s-1 for the 

wild-type enzyme). This rate is 25–30-fold lower than the CoQ catalyzed steady-

state rate (Table 3-1). Only the I272A and Y528A mutant enzymes had rates that 

were significantly lower than the wild-type enzyme (5- and 4-fold lower 

respectively). 

 Thus, the steady-state kinetic data demonstrate that mutation of the A77 

1726 binding-site residues has little to no effect on the Km
app for CoQ, suggesting 

that the CoQ binding-site may not overlap the A77 1726 site. However, because 

Km is a reflection of multiple kinetic steps, and does not represent a true 

dissociation constant, effects on CoQ binding may be masked in the steady-state 

kinetic analysis. The finding that mutation of Y528 decreases the kcat for the 

reaction suggest that this residues may play a catalytic role in the electron transfer 

between FMN and the oxidant. In order to determine more specifically which 

steps in the reaction pathway were being affected by the A77 1726 binding-site 
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mutations, the reductive and oxidative half-reactions were characterized by pre-

steady state kinetic analysis. 

Pre-steady-state Kinetic Analysis of the FMN Reductive Half-reaction 

  Enzyme-bound oxidized FMN displays two characteristic absorbance 

bands that diminish upon reduction and re-appear at red-shifted positions in the 

presence of the reaction product orotic acid after re-oxidization (Figure 3-4). The 

DHO-dependent reduction of FMN was monitored by single wavelength stopped-

flow spectroscopy at 485 nm, an isosbestic point of oxidized and re-oxidized 

FMN in the presence of product orotate. Data were collected in the absence of 

CoQ, thus only a single turnover was observed during the course of the 

experiment. The rate of the reaction was too fast to be measured at 25oC, the 

temperature of the steady-state analysis. Preliminary analysis demonstrated that 

most of the reaction occurred during the mixing dead time (4 ms) at this 

temperature. Data were collected at 4oC to slow the reaction and at this 

temperature approximately 50% of the reaction occurred in the dead time for the 

highest substrate concentration. Absorbance data were collected over a 4–1000 

ms time period for a range of DHO concentrations (63–1000 µM) and were fitted 

to Equation 3-2 to determine the observed rate constants for the reaction (kobs). 

The data require two exponentials to obtain a good fit as demonstrated by the 

residual plots. The first observable kinetic phase (k1,red) is dependent on DHO 

concentration and the data were fitted to Equation 3-3 to determine the kinetic 
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constants for this phase of the reaction (for the wild-type enzyme Kd,red = 230 µM; 

k1,red = 350 s-1) (Table 3-2, Figure 3-5, Scheme 3-2). Estimating an extinction 

coefficient difference of Δε485 = 5 cm-1 mM-1 between oxidized and reduced 

enzyme, the amplitude change for this phase accounts for the reduction of 

approximately 80% of input enzyme, including the reaction that occurred during 

the mixing dead time. From these data it is clear that the DHO binding step occurs 

during the mixing dead time. The second kinetic phase displayed no clear 

dependence upon DHO concentration and k2,red ranged from 8 to 15 s-1 for the 

wild-type enzyme (Table 3-2 and Figure 3-5). These experiments were repeated 

for the mutant enzymes and similar results to the wild-type enzyme were obtained 

(Table 3-2). Thus, mutation of residues in the A77 1726 binding-site has no 

significant effect on the reductive half-reaction catalyzed by Pf DHODH. 

 I have assigned the first observed kinetic step (k1,red) as the rate of the 

chemical step in which FMN is reduced and DHO is oxidized (Scheme 3-2). The 

second step could reflect several processes such as orotate release or a 

conformational change associated with its release, however, without additional 

data it is not possible to fully assign this step. Given the fact that these data were 

collected at a lower temperature than the steady-state data (4oC vs 25 oC), at 

equivalent temperatures both k1,red and k2,red would be faster than the steady-state 

rate (Tables 1 and 2). 

Pre-steady-state Kinetic Analysis of the FMN Oxidative Half-reaction 
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 The oxidative half-reaction was also examined by single wavelength 

stopped-flow spectroscopy. Oxidized wild-type enzyme (45 µM) was reduced in 

anaerobic buffer by the addition of a limiting amount of DHO (30 µM) under an 

atmosphere of nitrogen before loading onto the stopped-flow instrument. Reduced 

enzyme (10 µM) was then mixed with CoQ1 (31–500 µM), final concentrations. 

FMN oxidation was observed at 485 nm at 4oC over a time range of 4–500 ms 

(approximately ten half-lives of the slowest rate) and the resulting data were fitted 

to Equation 3-2. The data were well fit by a single exponential (Figure 3-6). This 

kinetic phase was dependent on CoQ1 concentration and the kobs data for the wild-

type enzyme were fitted to Equation 3-3 (Kd,ox = 67 ± 5 µM; kox = 67 ± 2 s-1). The 

CoQ binding step occurred during the mixing dead time. The absorbance change 

of this phase suggests it reflects the chemical step for the conversion of FMN 

from the reduced to the oxidized state (Scheme 3-3). This rate at 4°C is 6-fold 

faster than the steady-state rate at 25°C, suggesting this chemical step is not rate-

limiting for the entire reaction cycle. 

 Analysis of the oxidative half-reaction by stopped-flow spectroscopy was 

undertaken for six of the A77 1726 binding-site mutant enzymes (H185A, F188A, 

F227A, R265A, I272A, and Y528A). The mixing protocol and data collection 

were performed identically to the wild-type enzyme (as above). The data were 

best fitted to Equation 3-2 using a single exponential, and the resulting kobs values 

were fitted to Equation 3-3 to determine the kinetic constants for the reaction 
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(Table 3-2). The mutant enzymes tested exhibit a range of kox values, with H185A 

and Y528A displaying an approximate 20-fold decrease in catalytic rate compared 

to wild-type enzyme. Mutation to alanine of F188, F227, and R265 result in a 2–

9-fold decrease in catalytic rate. In contrast, the mutant enzymes display little 

variation in Kd,ox for CoQ1 compared to wild-type enzyme. Mutation of the two 

charged residues within the A77 1726 binding-site, H185 and R265, actually 

result in a two- to four-fold decrease, respectively, in Kd for CoQ1, implying 

slightly tighter substrate binding to these mutant enzymes. These data show 

mutation of residues in the A77 1726 binding-site affect the rate of the CoQ 

dependent flavin oxidative half-reaction, but have little affect on the binding 

affinity of CoQ to the enzyme. 

Effect of A77 1726 Binding Site Inhibitors on the Pf DHODH Oxidative and 

Reductive Half-reactions 

 Previously, we identified DCPMNB as a potent and species selective 

inhibitor of the malarial enzyme. DCPMNB showed competitive inhibition 

toward ubiquinone analogue substrates [35]. Further, the effect of the H185A and 

R265A mutants on the binding of this inhibitor was characterized, leading to the 

conclusion that it bound to the A77 1726 binding-site. To extend these data, I 

characterized the effect of the additional A77 1726 binding-site mutations on 

DCPMNB inhibition. DCPMNB inhibits the steady-state reaction in the presence 

of CoQ1 or CoQD (100 µM) with an IC50 of 50 and 70 nM, respectively (Figure 3-
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7), while A77 1726 is a relatively weak inhibitor of Pf DHODH (IC50 = 180 ± 3 

µM). The IC50 for DCPMNB was substantially increased (40–240-fold) by three 

of the five tested mutations, confirming our prior conclusion that it binds to the 

A77 1726 site (Table 3-3). I also examined the ability of DCPMNB to inhibit 

wild-type Pf DHODH steady-state kinetics when the terminal electron acceptor is 

molecular oxygen or ferricyanide. Interestingly, in the presence of these inorganic 

oxidants, little inhibition was observed even at the highest concentration of 

DCPMNB tested (100 µM). These results demonstrate lack of inhibition by 

DCPMNB when the steady-state reaction progresses in the presence of inorganic 

electron acceptors ferricyanide or oxygen, and shows that this inhibitor 

specifically blocks electron transfer to ubiquinone analogues. 

 The effect of A77 1726 and DCPMNB on the oxidative and reductive Pf 

DHODH half-reactions was examined under saturating concentrations of each 

inhibitor using the rapid mixing protocols described above. For the DHO-

dependent reductive half-reaction, neither inhibitor had a significant effect on the 

reaction, while orotic acid, the product of the reductive half-reaction, fully 

inhibited the reaction (Figure 3-8). In contrast, when the CoQ1-dependent 

oxidative half-reaction was examined, the reaction was fully inhibited in by both 

A77 1726 and DCPMNB (Figure 3-9), indicating that these inhibitors specifically 

block the CoQ1-dependent oxidative half-reaction. 

CONCLUSIONS 
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 DHODH is an important drug target for the treatment of human 

rheumatoid arthritis, and a growing body of literature suggests that targeting the 

enzyme from the human malarial parasite may provide new chemotherapeutic 

approaches for this devastating human infection. Identified inhibitors (e.g. A77 

1726) of both the human and parasite enzyme bind to a pocket adjacent to the 

FMN cofactor but on the opposite face from the DHO binding site [27, 34]. While 

the prevailing hypothesis has been that the physiological oxidant CoQ also binds 

this site, the available experimental evidence has not fully supported this 

hypothesis [51]. In order to provide insight into the CoQ binding-site and the 

mechanism of both catalysis and inhibition, I characterized a series of A77 1726 

binding-site mutations. The data revealed that none of the mutations caused a 

substantial change in the reductive half-reaction, but instead affect the rate of the 

oxidative half-reaction without substantially affecting the dissociation constant for 

CoQ1. Overall, the mutations affected the rates of the steady-state reaction, the 

oxidative half-reaction, or both, but none had measurable affects on the binding 

steps of these processes. In contrast, the mutations did cause substantial increases 

in the IC50 values for A77 1726 binding-site inhibitors. Further, A77 1726 and a 

Pf DHODH specific inhibitor (DCPMNB) block the oxidative half-reaction, but 

not the reductive half-reaction. The data suggest the binding sites for CoQ and 

A77 1726 site inhibitors are not directly overlapping, and they support an 

alternative model whereby instead of directly competing with CoQ, inhibitors 
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disrupt the electron flow between FMN and CoQ bound to a more distal, but as of 

yet unidentified site. 

 Comparison of the steady-state and pre-steady state data provides insight 

into the rate-limiting step for the reaction catalyzed by Pf DHODH. For the wild-

type enzyme, the reductive half-reaction was characterized by two observable 

kinetic steps. The first of these (k1,red) was substantially faster than the steady-

state rate even though the steady-state data were collected at a higher temperature 

(25oc vs 4oC). This step reflects the chemical reduction of FMN, and suggests that 

the rate of FMN reduction/DHO oxidation is substantially faster than the rate-

determining step. This reductive half-reaction rate is comparable to that found for 

the Family 2 human and E. coli DHODH enzymes [41, 42]. The second observed 

phase (k2,red) was significantly slower in rate, but given the temperature difference 

in the experimental conditions this rate is also estimated to be 3–4-fold higher 

than the steady-state rate. It is possible that this step reflects orotic acid release, 

but it may also reflect a conformational change or other undefined step along the 

reaction coordinate. Similarly, the single observable kinetic step for the oxidative 

half reaction was substantially faster than the steady-state rate, and thus 

demonstrates that oxidation of FMN by CoQ is not rate-determining for the 

reaction cycle. The CoQ-dependent rate for the P. falciparum enzyme is 3–5-fold 

slower than the menadione-dependent oxidative half-reaction rate determined for 
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the E. coli enzyme [42]. I have no data that reflects on the rate of CoQ product 

release, and this step could in turn limit the overall reaction rate. 

 The finding that A77 1726 binding-site mutations affected the rate of the 

oxidative but not the reductive half-reaction catalyzed by Pf DHODH suggests 

that these residues are involved in electron transfer between FMN and CoQ. For 

H185A and Y528A, kox was decreased approximately 25-fold, while mutation of 

F188, F227, or R265 to Ala produces a 2–9-fold decrease in catalytic rate. As 

mutation of Y528 also causes a 4-fold decrease in the steady-state reaction when 

oxygen is used as a co-substrate, these data suggest a general effect on the rate of 

electron transfer to acceptor substrates for this residue. Aromatic substitution of 

Y528 by phenylalanine or tryptophan partially restores the steady-state reaction 

for all electron acceptors, suggesting either the aromaticity or planarity of the 

side-chain, which stacks against the FMN cofactor, is important for electron 

transfer. Y528 is completely conserved in Family 2 DHODH enzymes. 

Involvement of Y528 in either electron transfer or proton donation after electron 

transfer to ubiquinone substrates has been suggested [18, 27], and my data support 

those hypotheses. The steady-state and rapid kinetics data presented here further 

suggest that a number of residues in the A77 1726 binding-site play roles in the 

electron transfer step between FMN and CoQ, though they do not identify a 

specific electron transfer pathway. 



84 

 

 Finally, my analysis of the A77 1726 binding site mutants suggests that 

CoQ does not share this binding site. Previous studies found that inhibitors which 

bind the A77 1726 binding site (e.g. brequinar, DCPMNB) were competitive 

inhibitors of CoQ substrates [35, 50, 51]. However, the mutations in the A77 1726 

binding site do not have significant effects on the Km for the steady-state reaction 

nor on the DHO- or CoQ-dependent Kd’s observed for the reductive or oxidative 

half-reactions, respectively. In contrast, mutation of H185, F188, or F227 causes a 

large increase (60-, 40-, and 245-fold, respectively) in the IC50 for DCPMNB, 

consistent with the hypothesis that this inhibitor binds the A77 1726 binding-site. 

While these data do not support a model where CoQ shares an overlapping 

binding site with A77 1726, my data do show that both A77 1726 and DCPMNB 

are able to specifically block electron transfer between FMN and CoQ, as these 

inhibitors block only the oxidative half-reaction. Further, these inhibitors are 

unable to block FMN oxidation by non-specific inorganic oxidants (O2 or 

ferricyanide), which presumably are able to utilize alternative electron paths for 

FMN oxidation. These results suggest that electron transfer from FMN occurs 

through one or more of the A77 1726 binding site residues to a more distant 

ubiquinone binding site, possibly closer to the surface of the protein at the 

enzyme-membrane interface. Inhibitors of the CoQ-dependent reaction could act 

by either obstructing the binding of those co-substrates at a distant but non-

overlapping binding site, or by preventing the electron transfer to those co-
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substrates. Under such a model, CoQ would block inhibitor binding into the 

channel (e.g. by blocking the channel entrance) while inhibitors would disrupt the 

electron transfer path between CoQ and FMN. This model would also yield 

competitive inhibition kinetics despite the possibility that CoQ and inhibitor do 

not bind to overlapping sites. 

 The N-terminus of both human and Pf DHODH is composed of outward-

facing hydrophobic residues, which have been implicated in the partial burial 

ubiquinone binding site into the mitochondrial membrane [27, 34, 78, 79]. This 

arrangement may allow natural and synthetic ubiquinone substrates to be 

positioned near the surface of the N-terminal domain, rather than deep within the 

A77 1726 inhibitor binding channel formed by the two N-terminal helices. 

Electrons could readily be channeled or tunneled from FMN to a distantly bound 

ubiquinone at the membrane surface through one or more of the residues within 

the A77 1726 binding site. Electron transfer by tunneling through the protein 

backbone or the protein medium has been described for respiratory and 

photosynthetic enzymes, as has long distance hydrogen transfer [80-82]. 

Additionally, long range electron transfer from FMN to a distant electron acceptor 

has been discussed previously for the E coli enzyme [42]. Defining the exact 

route(s) of electron transfer would be greatly supported by a co-crystallized 

enzyme/CoQ substrate structure model. 
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EQUATIONS 
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Equation 3-3 Henri-Michaelis-Menten equation. 
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SCHEMES 

 

 
Scheme 3-1 DHODH reaction. 
 

 
Scheme 3-2 Reductive half-reaction. 
 

 
Scheme 3-3 Oxidative half-reaction. 
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TABLES 

 
  O2  Q1  QD 

Pf DHODH  kcat (s-1)  Km
app (µM) kcat (s-1)  Km

app (µM)  kcat (s-1)
wt  0.42 ± 0.01  11 ± 2 7.8 ± 0.3  13 ± 1  12 ± 1 

H185A  0.57 ± 0.04  22 ± 3 7.3 ± 2.2  34 ± 9  7.9 ± 3.3 
F188A  0.53 ± 0.03  15 ± 3 2.6 ± 0.4  20 ± 3  4.3 ± 0.2 
F227A  0.43 ± 0.05  16 ± 2 2.6 ± 0.1  20 ± 3  3.5 ± 0.2 
R265A  0.44 ± 0.02  38 ± 3 3.1 ± 0.1  26 ± 1  5.0 ± 0.1 
I272A  0.083 ± 0.004  7.8 ± 0.4 1.5 ± 0.1  12 ± 1  1.8 ± 0.1 
Y528A  0.10 ± 0.01  16 ± 3 0.19 ± 0.03  8.8 ± 2.3  0.12 ± 0.01 
Y528F  0.63 ± 0.03  20 ± 3 1.9 ± 0.1  53 ± 4  1.2 ± 0.1 
Y528W  0.18 ± 0.01  48 ± 14 5.1 ± 0.6  45 ± 11  6.8 ± 0.7 
L531A  0.25 ± 0.02  17 ± 2 5.1 ± 0.9  16 ± 1  8.6 ± 1.4 

 
Table 3-1 Steady-state kinetic parameters of wild-type and mutant Pf 
DHODH. Steady-state experiments were performed at 25°C. Values for kcat and 
KM

app for a variety of electron acceptors were derived as described in the text. 
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  reductive half-reaction  oxidative half-reaction 
Pf DHODH  Kd,red (µM)  k1,red (s-1)  k2,red (s-1)  Kd,ox (µM)  kox (s-1) 

wt  230 ± 70  350 ± 30  8.2 ± 0.4  67 ± 5  67 ± 2 
H185A  98 ± 42  180 ± 10  9.9 ± 1.6  32 ± 3  2.8 ± 0.1 
F188A  100 ± 20  180 ± 10  5.7 ± 0.5  74 ± 3  16 ± 1 
F227A  120 ± 10  180 ± 10  6.2 ± 0.6  90 ± 9  26 ± 1 
R265A  78 ± 8  200 ± 10  8.0 ± 0.7  14 ± 1  7.4 ± 0.1 
I272A  94 ± 28  210 ± 20  6.4 ± 0.7  87 ± 6  77 ± 2 
Y528A  70 ± 29  200 ± 10  8.7 ± 0.7  51 ± 5  2.9 ± 0.1 
L531A  150 ± 10  300 ± 10  7.4 ± 1.2  nd  nd 

 
Table 3-2 Pre-steady-state burst phase rates of wild-type and mutant Pf 
DHODH. Pre-steady-state experiments were performed at 4°C. Values for Kd and 
kred/ox were derived as described in the text. 
 
 

Pf DHODH  DCPMNB 
IC50 (nM) 

wt  49 ± 1 
H185A  2900 ± 100 
F188A  1900 ± 100 
F227A  12000 ± 1000 
R265A  100 ± 10 
L531A  87 ± 1 

 
Table 3-3 IC50 values for Pf DHODH inhibition by DCPMNB. Inhibition was 
examined in the presence of 500 µM DHO and 20 µM CoQD using 5 nM enzyme. 
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FIGURES 

 

 
 

 
 

Figure 3-1 DHODH inhibitors. 
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Figure 3-2 Inhibitor binding site of Pf DHODH. A cartoon drawing of the 
enzyme backbone is colored gray. Oxygen is colored red, nitrogen blue, fluorine 
cyan, carbon atoms of inhibitor A77 1726, FMN, and product orotate are colored 
gray, carbon atoms of residues within 4 Å of the inhibitor chosen for mutation are 
displayed and colored green. Residue F188 is an alanine and residue I272 is a 
valine in the human enzyme. All other residues displayed are conserved between 
the two species. 
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Figure 3-3 Circular dichroism spectroscopic analysis of wild-type and 
mutant Pf DHODH. Spectra were obtained from 8 µM protein samples in a 1 
mm path length cuvette. 
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Figure 3-4 Absorbance spectra of wild-type Pf DHODH. The 10 µM enzyme 
sample is oxidized (solid line) in buffer containing dissolved oxygen. The enzyme 
sample was reduced (dotted line) by the addition of 500 µM DHO and the 
absorbance spectrum was recorded immediately. The reaction with DHO and 
dissolved oxygen was allowed to proceed for several minutes to completion and 
the absorbance spectrum of re-oxidized enzyme, now in the presence of product 
orotate, was recorded (dashed line). 
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a) 

 
 
b) 

 
 
Figure 3-5 Pre-steady-state burst kinetics of wild-type Pf DHODH reductive 
half-reaction. (a) Absorbance traces (closed circles) for Pf DHODH (final 
concentration 20 µM) after rapid mixing with DHO (final concentrations 62, 125, 
250, 500, 1000 µM) at 4°C. Data were fitted to Equation 3-2 using double 
exponentials (solid curves) to obtain kobs values. The residual plot for the fit are 
displayed above the graph. (b) The DHO concentration dependence of kobs,1 and 
kobs,2 (open circles and open squares, respectively). The kobs,1 for the first observed 
kinetic step was fitted to Equation 3-3 (Kd,red = 230 ± 70 µM;  k1,red = 350 ± 30 s-

1). 
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a) 

 
 
b) 

 
 
Figure 3-6 Pre-steady-state burst kinetics of wild-type Pf DHODH oxidative 
half-reaction. (a) Absorbance traces (closed circles) are displayed for enzyme (15 
µM enzyme pre-reduced with 10 µM DHO, final concentrations) after rapid 
mixing with CoQ1 (final concentrations 31, 62, 125, 250, 500 µM) at 4°C. Data 
were fitted to Equation 3-2 using a single exponential (solid curve). The residual 
plot for the fit are displayed above the graph.  (b) CoQ1 concentration dependence 
of the kobs (open circles). The kobs for the observed kinetic step was fitted to the 
Equation 3-3 to determine the kinetic parameters (Kd,ox = 67 ± 5 µM; kox = 67 ± 2 
s-1). 
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Figure 3-7 Inhibition of wild-type Pf DHODH steady-state reaction by 
DCPMNB using different electron acceptors. The steady-state reaction was 
allowed to proceed in the presence of dissolved oxygen (~300 µM) (open circles) 
or 100 µM K3Fe(CN)6 (open squares), CoQ1 (closed circles), or CoQD (closed 
squares). Data for CoQ1 and CoQD produce an IC50 of 48 and 66 nM, 
respectively. Inhibition at 100 µM DCPMNB is 12% and 30% for oxygen- and 
K3Fe(CN)6-dependent activity and could not be fit to an IC50 equation. 
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Figure 3-8 Pre-steady-state burst kinetics of wild-type Pf DHODH in the 
presence of inhibitors (reductive half-reaction). Absorbance traces of 20 µM 
enzyme alone (trace 1) or pre-mixed with 50 µM DCPMNB (trace 2), 1 mM A77 
1726 (trace 3), or 1 mM OA (trace 4) and then mixed with 125 µM DHO. All 
concentrations are after mixing. 
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Figure 3-9 Pre-steady-state burst kinetics of wild-type Pf DHODH in the 
presence of inhibitors (oxidative half-reaction). Absorbance traces of enzyme 
(15 µM pre-reduced with 10 µM DHO) alone (trace 1) or pre-mixed with 
DCPMNB (50 µM) (trace 2) or A77 1726 (1 mM) (trace 3) and then mixed with 
CoQ1 (100 µM). All concentrations are after mixing. 
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CHAPTER FOUR 
Further Analysis 

 
INTRODUCTION 

 There are some additional experiments which were not compiled into 

manuscripts, as the data from the previous two chapters were, but nonetheless 

bear mentioning. These studies are necessarily “miscellaneous,” and represent 

both preliminary and follow-up work. I will also discuss some experiments which 

did not produce any publishable data; however, the overall findings of this 

dissertation provide an explanation as to why those experiments were 

unsuccessful.  

EXPERIMENTAL PROCEDURES 

Methods 

Enzyme kinetic assays 

 All Pf DHODH enzyme assays described in this chapter were performed 

similarly to those described elsewhere in this work. Any deviations are described 

below. 

 Product inhibition was examined using a range of co-substrate and orotate 

concentrations. The concentration of CoQD was held at 100 µM when observing 

DHO-dependent inhibition; the concentration of DHO was held at 500 µM when 

CoQD-dependent inhibition was examined. These assays were performed in the 

presence of 0.1% Triton X-100 in the enzyme assay buffer described previously. 
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  Observation of the effect of pH on enzyme activity utilized a buffer 

system originally developed for crystallography screens [83]. The buffer system is 

composed of succinic acid, monobasic sodium phosphate, and glycine in a 2:7:7 

ratio. The total molarity of the system is 100 mM such that it contains 12 mM 

succinate, 44 mM phosphate, and 44 mM glycine. Two individual 1 molar buffer 

stocks are made at pH 4.0 and 10.0. Subsequent buffers at different intermediate 

pH values are made from mixtures of these two stock buffers. This buffer also 

contains 150 mM NaCl, 10% glycerol, and 0.1% Triton X-100. Oxidase activity 

was observed in the presence of 500 µM DHO and no additional CoQ co-

substrate. CoQD activity was observed in the presence of 500 µM DHO and 100 

µM CoQD. 

 Surface dilution kinetic analyses of Pf DHODH mutants were performed 

exactly as for wild-type enzyme. 

RESULTS 

Ping-pong Kinetics 

 A steady-state analysis of the bi-reactant Pf DHODH kinetic mechanism 

was attempted to confirm that the enzyme performs catalysis similar to other 

DHODH enzymes [39, 43, 84]. The initial velocity pattern of Pf DHODH 

catalysis across a range of DHO and CoQD co-substrate concentrations displayed 

parallel lines consistent with a ping-pong kinetic model (Figure 4-1). 

Product Inhibition by Orotate 
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 The Pf DHODH reaction was investigated for product inhibition by 

orotate (Figure 4-2). Orotate was examined as an inhibitor of both the DHO-

dependent reaction and the CoQD-dependent reaction. The data show very clearly 

that orotate is a competitive inhibitor toward DHO and an uncompetitive inhibitor 

toward CoQD. The resulting inhibition constants are Ki = 27 ± 3 µM for DHO and 

αKi = 44 ± 2 µM for CoQD. 

Effect of pH on Wild-type and Mutant Pf DHODH Catalysis 

 The pH-dependent activity of wild-type and mutant Pf DHODH was 

examined to potentially identify ionizable residues involved in substrate binding 

or catalysis of oxygen and ubiquinone substrates. Mutants of ionizable residues 

included H185A, R265A, C276A, and the aromatic replacement mutants Y528F 

and Y528W. Oxidase activity for wild-type and mutant Pf DHODH is essentially 

the same, displaying an increase in activity with increasing pH (Figure 4-3). Wild-

type CoQD-dependent activity indicates the presence of two ionizable residues 

with pK values of 6.1 and 8.6 (Figure 4-4). One of these pKa values represents the 

DHO active-site serine while the other may reflect an ionizable residue 

responsible for ubiquinone substrate binding or catalysis. Mutation of ionizable 

residues in the A77 1726 site results in alterations of the wild-type pH activity 

profile (Figure 4-4). The C278A mutant shifts the peak of activity one pH-unit 

higher, while the H185A and Y528F mutants broaden the pH-dependent activity 

profile relative to wild-type enzyme. However, the complete loss of one ionizable 
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group is not apparent for any mutant, suggesting none of these residues is solely 

responsible for one arm of the wild-type pH profile. 

Surface Dilution Kinetic Analysis of Pf DHODH Mutants 

 Surface dilution kinetic analysis of the wild-type enzyme produced values 

for the apparent dissociation constant for the mixed micelle binding site (Ks
A ) and 

the apparent interfacial Michaelis constant (Km
B ). Though no substantial 

differences in the KM
app for ubiquinone analogues were revealed by steady-state 

kinetic analysis of the A77 1726 binding site mutants, it remained possible that 

alterations in substrate affinity could be uncovered by surface dilution kinetic 

analysis. The mutants H185A, F188A, F227A, R265A, and Y528W were 

therefore subjected to surface dilution kinetic analysis using CoQD in Tween-80 

micelles (Table 4-1). The results mirror those of the standard steady-state kinetic 

analysis, i.e., variations in catalytic rate but no significant alteration in the two 

apparent affinity terms. These findings show that even a more thorough 

examination of CoQ utilization by these mutants using surface dilution kinetic 

analysis does not reveal any differences in catalysis other than catalytic rate term. 

DISCUSSION 

 These several experiments offer some insight into the Pf DHODH 

catalytic mechanism. The observation of ping-pong kinetics confirms this enzyme 

operates similarly to other DHODH enzymes studies thus far [39, 43, 84]. The 

examination of product inhibition by orotate served two purposes. First, the 



103 

 

experiment establishes that product inhibition does indeed occur for this enzyme. 

Second, the data indicate orotate is competitive toward the DHO-dependent 

reaction and uncompetitive toward the CoQD-dependent reaction. CoQD-

dependent orotate inhibition by either a non-competitive or an uncompetitive 

mode signifies either a random or a sequential two site ping-pong model, 

respectively. These results, combined with the observation of ping-pong kinetics, 

support a sequential two-site kinetic model for Pf DHODH. The bovine liver 

DHODH enzyme was found to display a “rapid equilibrium random (two-site) 

hybrid ping-pong reaction” where an inhibitor of the DHO-dependent reaction is 

competitive with DHO and either non-competitive or uncompetitive with CoQ 

[43]. 

 The pH dependence of oxygen and CoQD catalysis was undertaken in an 

attempt to identify ionizable residues responsible for that half-reaction. The data 

indicate these mutations affect oxidase activity to a minimal extent. Though 

differences in pH profile are observed across wild-type and mutant Pf DHODH, 

the resulting profiles do not clearly indicate any of these ionizable residues are 

solely responsible for one of the pKa values. Had mutation of one of the residues 

abolished one arm of the pH profile, the follow-up experiment would be to 

examine the pH-dependent KM
app or kcat of that mutant compared to wild-type 

enzyme, which would indicate the residue is involved in CoQ binding or catalysis, 

respecitvely.  
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 Surface dilution kinetic analysis of Pf DHODH mutants was performed to 

determine if mutation results in a substantial change in the Ks
A or Km

B parameters. 

As these terms separate initial association of the enzyme with the substrate from 

subsequent catalytic steps, it remained possible that mutation would cause a 

significant change in one or the other surface dilution kinetic terms that would not 

be revealed in simple steady-state kinetic analysis. However, only alterations in 

the Vmax term were uncovered, similar to the simple steady-state analysis. These 

results suggest that the effect of mutation is only on catalytic rate. 

 The initial goal of this project was to identify residues responsible for 

ubiquinone co-substrate binding and catalysis. Steady-state kinetic experiments in 

combination with alanine mutagenesis were performed to identify residues which 

alter the kinetic parameters of ubiquinone co-substrate-dependent catalysis. 

Specifically, an increase in KM
app upon mutation would have revealed residues 

involved in co-substrate binding. The results of these experiments, however, 

showed alterations in kcat upon mutation of several residues, but no significant 

changes in KM
app. This prompted the search for a ubiquinone binding assay. 

 The first binding assay was based upon the FMN spectral shift produced 

when a planar ligand stacks against tightly-bound FMN. This type of experiment 

has been successful in determining a dissociation constant for orotate for some 

DHODH enzymes [36, 84, 85]. Numerous attempts at a similar binding assay 

using a variety of ubiquinone co-substrate analogues (CoQ0, CoQ1, CoQD) were 
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unsuccessful, as were analogous experiments based upon tryptophan fluorescence 

of the Y528W mutant. In retrospect, ubiquinone co-substrate analogues bind at 

least on the other side of the Y528 residue, and likely much farther out of the 

proposed ubiquinone binding site. These experiments, therefore, would not have 

produced the effect on FMN absorbance or fluorescence that is seen with orotate 

binding. 

 The second assay utilized isothermal titration calorimetry to examine both 

orotate and CoQ0 binding from a thermodynamic point of view. The results from 

these experiments were difficult to interpret clearly. Control experiments designed 

to observe orotate binding would often produce binding curves indicative of a 

dissociation constant similar to the KM for DHO, but would suggest an enzyme-

to-orotate stochiometry of 2:1. Other experiments would produce data that fit best 

to a two-site model with different dissociation constants, or would reveal very 

little heat of interaction and therefore not fit any binding model. Experiments 

using CoQ0 were similarly inconsistent, and when data would fit a binding model 

the enzyme-to-CoQ0 stochiometry would often be near 1:3. 

 The difficulty with these experiments can be explained by a variety of 

detergent effects. Isothermal titration calorimetry reports on any process that 

involves a change in heat. Several results within this dissertation show that 

substrate partitioning into detergent micelles can be observed by isothermal 

titration calorimetry. Also, Pf DHODH does aggregate under certain conditions as 
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a function of detergent type and concentration, a process which is likely to elicit 

or absorb some heat measurable in the calorimeter. These general effects could 

explain some of the inconsistencies associated with this method. Ultimately, 

however, the rapid kinetic analysis of the oxidative half-reaction, which revealed 

little change in Kd for CoQ1 suggest that none of the residues tested would have 

shown a difference in substrate binding given a robust binding assay. 
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TABLES 

 Vmax (s-1) Ks
A (μM) Km

B (mol%) 
wt 7.4 ± 0.3 7.0 ± 1.8 0.32 ± 0.07 
H185A 2.8 ± 0.2 9.0 ± 1.4 0.76 ± 0.12 
F188A 1.3 ± 0.1 6.3 ± 2.5 0.27 ± 0.08 
F227A 1.3 ± 0.1 6.1 ± 1.7 0.32 ± 0.08 
R265A 4.7 ± 0.4 9.2 ± 3.0 0.49 ± 0.14 
Y528W 2.9 ± 0.2 6.6 ± 2.1 0.59 ± 0.16 

 
Table 4-1 Surface dilution kinetic values for wild-type and mutant Pf 
DHODH. Vmax is the extrapolated Vmax at infinite substrate concentration and 
unity mole fraction of CoQ substrate, Ks

A is the apparent dissociation constant for 
the mixed micelle binding site under the “substrate binding model”, and Km

B is the 
apparent interfacial Michaelis constant. 
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FIGURES 

 
 
Figure 4-1 Ping-pong kinetics of Pf DHODH. Double reciprocal plot of CoQD-
dependent activity at several concentrations of DHO. The slopes of the lines 
through the data are not statistically different. 
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Figure 4-2 Orotate acid inhibition of DHO- and CoQD-dependent Pf DHODH 
activity. Double reciprocal plots of DHO- (top) and CoQD-dependent (bottom) 
activity in the presence of several orotate concentrations. The fitted lines for the 
DHO-dependent reaction cross the 1/v axis at essentially the same point; those for 
the CoQD-dependent reaction have essentially the same slope. 
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Figure 4-3 pH-dependent oxidase activity of wild-type and mutant Pf 
DHODH.  
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Figure 4-4 pH-dependent CoQD activity of wild-type and mutant Pf DHODH. 
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CHAPTER FIVE 
Significance and Future Prospects 

 
SIGNIFICANCE 

 The research presented here sheds new light onto the oxidative half-

reaction of Pf DHODH. The means by which the enzyme interacts with 

ubiquinone substrates is identified and a model of how electrons are transmitted to 

those substrates is proposed. The results answer several unresolved questions 

regarding the Family 2 DHODH catalytic mechanism and mode of inhibition. 

 Prior these studies, no ubiquinone-utilizing enzyme had been analyzed 

using the surface dilution kinetics regime. Adopting that system first required the 

demonstration that these substrates were indeed present in detergent micelles. 

This was accomplished by adapting methods which were originally developed to 

examine detergent molecules partitioning into membranes. Indeed, this is also the 

first thermodynamic examination by isothermal titration calorimetry of 

ubiquinone analogues partitioning into detergent micelles. The results define the 

integral role of detergents in catalysis, a role that had previously been rationalized 

as important for either enzyme or substrate solubility, but not necessarily 

important for the interaction between the enzyme and substrate. 

 The reductive half-reactions of several DHODH enzymes have been 

studied using steady-state and pre-steady-state kinetics in conjunction with 

mutagenesis and heavy-atom-labeled substrates. However, this body of work is 
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the first extensive mutagenesis study of the oxidative half-reaction of any 

DHODH enzyme, and it is the first to use mutagenesis in combination with pre-

steady-state kinetics to analyze this reaction. Though no DHODH enzyme has 

been co-crystallized with a ubiquinone substrate, steady-state kinetic data has 

indicated that the ubiquinone binding site is at least partially shared with 

inhibitors that have been co-crystallized with Family 2 enzymes. The work 

presented here reveals that inhibitors specifically block electron transfer to 

ubiquinone substrates, finally offering direct proof that the ubiquinone co-

substrate binding site is in fact in the vicinity of these inhibitors. However, the 

rapid kinetic analysis of the CoQ1-dependent oxidative half-reaction show 

mutations which significantly alter inhibitor binding to this site do not display a 

significant effect on the Kd for CoQ1. The electron transfer model I have 

developed explains how inhibitors can block the oxidative half-reaction without 

necessitating an overlapping binding site with ubiquinone substrates. 

 The combined results explain the lack of any KM
app effect on ubiquinone 

analogue catalysis upon mutation to alanine of numerous residues within van der 

Waals contact with A77 1726. The original hypothesis was that the A77 1726 

binding site is (at least partially) the ubiquinone binding site. No steady-state data 

ever unambiguously confirmed this assumption. This situation of not being able to 

define the ubiquinone site by kinetic approaches prompted the ultimately 

unsuccessful search for a ubiquinone binding assay. However, if ubiquinone 
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substrates are presented on the surface of detergent micelles, and electrons are 

transmitted from FMN through residues in the A77 1726 site to a distant co-

substrate binding site, then mutation of those residues would only produce a kcat 

effect, and only for residues involved in the electron transfer pathway. The data 

from this body of work support such a parsimonious model. 

FUTURE PROSPECTS 

Interfacial Kinetics 

 The interfacial kinetics experiments were performed near the limits of that 

system due to the finite solubility of ubiquinone analogues. Long-chained 

ubiquinone analogues were found to partition into detergent micelles to a 

significant extent, but, as one reviewer noted, this leads to a finite quantity of co-

substrate free in solution directly proportional to the amount of total co-substrate. 

The applicability of the system was proven by calculating the amount of co-

substrate free in solution. Under the conditions used, only sub-micromolar 

concentrations of co-substrate are present in solution, and these concentrations 

change very little for conditions which define a particular kinetic curve. 

 It may be possible to perform interfacial kinetic experiments using 

liposomes and ubiquinone co-substrates containing eight or nine isoprene unit 

tails. This would produce a more physiologically relevant environment in which 

to assess the effect of mutation on catalysis or to test inhibitors. The background 
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absorbance produced by the presence of liposomes would necessitate the 

development of a different spectroscopic kinetic assay or a new assay altogether.  

Rapid Kinetics 

 Similar to the interfacial kinetic analysis of Pf DHODH, the rapid kinetic 

analysis of the CoQ-dependent reaction were performed near the limit of the 

available instrumentation. The most informative experiments regarding both the 

reductive and oxidative DHODH half-reactions would involve multi-wavelength 

studies, ideally under strictly anaerobic conditions. Multi-wavelength analysis 

allows the entire FMN spectrum to be observed during the course of an enzymatic 

reaction. The extra information contained within the FMN spectra can reveal 

processes such as formation of a DHO-enzyme charge-transfer complex, presence 

of a semiquinone intermediate, and dissociation of the product orotate. 

Additionally, spectra can be globally fitted to produce a kinetic model which 

accounts for reaction intermediates.  

 The rapid kinetics experiments observing the Pf DHODH oxidative half-

reaction described in this work were done under anaerobic conditions using the 

glucose oxidase and catalase system by reducing enzyme with a sub-stochiometric 

amount of DHO, then mixing reduced enzyme with excess CoQ1 and observing 

FMN re-oxidation. These experiments necessarily contained the product orotic 

acid, which may have an effect on the oxidative half-reaction. Enzyme reduction 

by titrating with an inorganic reductant such as dithionite, under strictly anaerobic 
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conditions, would allow the determination of the effect of orotic acid on the 

oxidative half-reaction. 

 Strictly anaerobic multi-wavelength stopped-flow experiments would 

greatly minimize any background problems and would allow additional 

information to be collected for both DHODH half-reactions. Any future rapid 

kinetic analysis of Pf DHODH would be best performed under strictly anaerobic 

conditions and take advantage of multi-wavelength analysis if at all possible. 

Additional Mutagenesis 

 In addition to the Pf DHODH residues within 4 Å of the inhibitor A77 

1726 chosen for mutagenesis in Chapter Three, several other residues were 

examined by steady-state kinetics but found not to alter any kinetic parameters to 

a significant extent. Certainly, this does not ensure that every residue involved in 

the oxidative half-reaction of Pf DHODH has been identified, and candidate 

residues still remain. Residues near I272 with side-chains that could transmit 

electrons from that residue to a distant CoQ binding site could be investigated. 

Also, residues further out from FMN, likely “facing outward” from the N-

terminal helical domain could be involved in CoQ binding and/or catalysis. 

 Another line of investigation could involve the two other well-studied 

Family 2 DHODH enzymes from E. coli and human. These studies would begin 

with a kinetic analysis of the conserved or semi-conserved residues found in the 

Plasmodium enzyme to be involved in electron transfer to CoQ substrates. 
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Identification of residues as important for catalysis in other Family 2 DHODH 

enzymes would further support the hypothesis that electrons travel through 

residue side-chains to a distant CoQ substrates binding site. 
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