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Abstract 

Structure-based therapeutic development against the Apicomplexan parasites 
 

Kangsa Amporndanai 

 
Apicomplexa are a large group of pathogenic parasites, which cause major infectious diseases 

including malaria and toxoplasmosis. Malaria is a mosquito-borne disease caused by Plasmodium Spp. It 

infects several hundred million people worldwide each year, particularly in developing countries. Toxoplasma 

gondii has become one of the most prevalent parasites with one-third of world population at risk of latent 

toxoplasmosis. Rising drug-resistance in apicomplexan parasites has become a huge challenge. New drugs 

with better potency and safety profiles against drug-resistant parasites and effective preventive vaccines are 

urgently required.  

Cytochrome bc1 is a catalytic complex in mitochondrial electron transport chain and a validated drug 

target for apicomplexan parasites. Atovaquone eliminates parasites by inhibiting Qo site of cytochrome bc1, 

and widely-used for both malaria and toxoplasmosis treatments. Mutations in the Qo site of apicomplexan 

cytochrome bc1 has contributed to the rapid emergence of atovaquone-resistance. To overcome this problem, 

4(1H)-quinolone family compounds targeting the Qi site of cytochrome bc1 have been developed.  

The complexes of bovine cytochrome bc1 (the surrogate for the human host) with potent 4(1H)-

quinolones determined by X-ray crystallography and cryo-EM are discussed in this thesis and show the 

compounds bound solely to the Qi site. Currently, there is no cytochrome bc1 structure from any of the 

apicomplexan parasites available. In-silico docking of 4(1H)-quinolones performed with a parasite homology 

model demonstrated possible binding poses of lead compounds. The greater differential for the Qi site’s 

primary structure combined with crystallographic and computational modelling provides new insight to 

support the development of new compounds with selective potency against parasite and lower toxicity. Cryo-

EM is confirmed to be the first proof of principle for structural insight on apicomplexan cytochrome bc1 that 

has never been achieved by crystallography due to challenges in protein purification from parasites and 

complex nature of the protein. 

In order to prevent the emergence of future drug resistance, the second target for 4(1H)-quinolones 

was also considered. Type II NADH:ubiquinone oxidoreductase (NDH2) is an enzyme in apicomplexan 

electron transport chain that also inhibited by 4(1H)-quinolones. Recombinant NDH2 purification and 

crystallisation are described in this thesis. 

Vaccine has been considered as an effective tool for malaria prevention. Nowadays, only one licenced 

malaria vaccine is available. Finding new vaccine candidates is highly active research. 19 kDa fragment 

merozoite surface protein 1 (MSP119) is a protein on parasite’s membrane that is antibody target for vaccine 

development. Rusticyanin, a copper protein from Thiobacillus ferrooxidans, has been reported to have 

antimalarial activity through an interaction with MSP119. In this work, interactions between MSP119 and 

rusticyanin were characterised. Crystallisation of MSP119-rusticyanin complex was attempted but only 

rusticyanin crystals were obtained. The residues 1-28 of rusticyanin cannot be seen in electron density that 

may be disordered in view of the interaction with MSP119.  
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Chapter 1 

 

Apicomplexan diseases and therapies 

 

1.1 Apicomplexan diseases 

Apicomplexa-phylum parasites are single-celled eukaryotic organisms in Alveoate superphylum. 

Several of their members contribute to life-threatening illness in human that significant burdens the 

global health and economy. The most important apicomplexan diseases in human are malaria and 

toxoplasmosis, which are caused by Plasmodium Spp. and Toxoplasma gondii, respectively. Malaria is 

transmitted by mosquito vector that infects several hundred millions and kills about half a million each 

year, especially children under the age of 5 and pregnant women (World Health Organization 2017). 

The urgent need of new malaria therapeutic options and prophylaxis is spotlighted by the rapid 

emergence of drug-resistant parasites and the absence of a preventive vaccine (Wells et al. 2009). 

Toxoplasmosis is one of the most common zoonosis that is carried by approximately one third of the 

global population and remains asymptomatic. Humans can acquire Toxoplasma parasites mostly by 

ingestion of undercooked foods and contact with contaminated feline faeces. Toxoplasmosis may cause 

acute encephalitis in immunocompromised person and congenital defect in fetus, both are fatal if not 

treated. Current first-line toxoplasmosis medication commonly needs very long duration for parasite 

clearance resulting in severe side effects and chronic toxicity. It is a huge challenge to develop effective 

anti-toxoplasma compounds due to complicated life cycle of the parasite. 
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1.2 Malaria 

1.2.1 Malaria outbreak 

Malaria is a mosquito-borne infectious disease that is recognised as major global health challenge. 

The distribution of malaria is localised to tropical and subtropical regions which have optimum 

conditions for mosquito growth and breeding due to warm temperature and significant rainfall (Hay et 

al. 2004). Approximately half of the world population lives in high-risk areas, particularly in developing 

countries (Figure 1.1). Malaria outbreak occurs mainly in sub-Sahara Africa (90%) and South-East Asia 

(7%) (World Health Organization 2017). The global malaria infection rate fell 18% since the turn of 

century. In 2016, there were estimated to be 200 million malaria cases, of which about 445,000 resulted 

in death. World Health Organisation (WHO) invested annually ~ 2.7 billion dollars in malaria control 

and elimination programmes with the goal to eradicate malaria by 2030 (World Health Organization 

2017). 

Malaria is caused by the protozoa parasites of Plasmodium genus in Apicomplexa phylum and 

transmitted via a bite of an infected female Anopheles mosquito. There are many species of Plasmodium 

causing malaria parasites, of which five species Plasmodium falciparum, Plasmodium vivax, 

Plasmodium knowlesi, Plasmodium ovale and Plasmodium malariae, regularly infect human. P. 

falciparum (Pf) is the most lethal variety among other species that is predominantly widespread in sub-

Sahara Africa and associated with 99% of death cases in this region (World Health Organization 2017). 

P. vivax (Pv) is most commonly found outside sub-Sahara Africa that is responsible for 64% of malaria 

cases in the Americas, followed by above 30% in South-East Asia, and 40% in the Eastern 

Mediterranean (World Health Organization 2017). 
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Figure 1.1 Countries with malaria outbreak in 2000 and 2016. This figure is taken from World Malaria 

Report 2017 (World Health Organization 2017). 

 

1.2.2 Malaria life cycle 

Plasmodium spp. parasites have a complicated life cycle that requires both human host and 

mosquito vector (Figure 1.2). The cycle starts when an infected female Anopheles mosquito injects 

sporozoite-stage parasites into a human host through blood-meal. The parasites migrate to the liver via 

blood stream and then infect hepatocytes within 30-60 minutes (Ponnudurai et al. 1989). The parasites 

discard their apical complex and form a parasitophorous vacuole inside an infected hepatocyte where 

they rapidly multiply and mature into merozoites (Shin et al. 1982). Both Plasmodium vivax and 

Plasmodium ovale have an additional dormant form in liver called hypnozoite that could relapse months 

or years after hepatic infection (Flannery et al. 2013). Following the rupture of liver cells, merozoites 

are released into the bloodstream and start intra-erythrocytic cycle (Cowman et al. 2012). Merozoites 

penetrate host red blood cell, harvest nutrients and materials for their growth and later isolate themselves 

from the red blood cell cytoplasm by producing a parasitophorous vacuole. The early-stage of intra-

erythrocytic cycle is called trophozoite, which is also referred to as ring stage because of the parasite 

morphology. Mature trophozoties develop into schizonts. Ultimately, mature schizonts produce new 

generation of merozoites that burst from host red blood cell and start invading new red blood cells 

(Dvorak et al. 1975). The the damage of human red blood cells induces fever, chills and nausea in 
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uncomplicated cases or severe anemia, and occasional fatality if improperly treated. Some of 

trophozoites commit gametogenesis and become gametocytes (Mantel et al. 2013). Gametocytes are 

ingested by a new mosquito via a blood meal and then transmitted to the mosquito gut, where they 

mature to form male and female gametes. After male and female gametes fusion, the fertilized zygote 

eventually develops to sporozoites in the mosquito salivary gland, which can be transmitted into a new 

human host via the mosquito’s blood meal. 

 
Figure 1.2 Life cycle of Plasmodium Spp. (1) An infected female mosquito carries parasites in its salivary 

gland. (2) Malaria infection begin with the injection of sporozoites via mosquito bite. (3) Sporozoites invade 

hepatocytes where they replicate and develop to merozoites. (4) Merozoites invade red blood cells and begin 

intra-erythrocytic cycle which is responsible for pathogenicity of malaria. This cycle lasts 36-72 hours from 

red blood cell invasion until haemolysis. (5) Some early-trophozoites develop into gametocytes and are taken 

up by a new mosquito. (6) The gametocytes are ingested to mosquito gut. The fertilization of gametocytes 

produces zygotes that developing to oocysts. Oocysts undergo replication and form sporozoites that move 

from mosquito’s gut to salivary gland before transmitting to a new human host. 

  



	

	 5	

1.2.3 Malaria prevention 

Vector control and chemoprophylaxis are used for malaria prevention program to reduce 

morbidity and mortality (World Health Organization 2017). Mosquito vector control is the primary 

method that decrease malaria burden in various areas of the world vastly and effectively. WHO 

recommends two main control measures for malaria vector control: indoor residual spraying (IRS) and 

long-lasting insecticidal nets (LLINs).  

In the past, dichlorodiphenyltrichloroethane (DDT) was the widely used insecticidal agent for 

IRS that successfully controlled malaria prevalence during 1950s. However, DDT had human health 

implications and long-term environmental impacts making it banned in 1972 (U.S. National Pesticide 

Information Center 2000). Nowadays, four classes of insecticides: pyrethroids, organochlorines, 

organophosphates and carbamates are approved by WHO for vector control programme (World Health 

Organization 2012). 

LLINs are a protective barrier for human that coated with insecticide to kill and expel 

mosquitoes or other insects. Nowadays, Pyrethroids are the main agent used in LLINs that last up to 5 

years (World Health Organization 2012). However, the reliance on pyrethroids has faced many 

obstacles, such as changes in environmental factors and vector behaviour and increased insecticide 

resistance. The combination insecticides of  alpha-cypermethrin and chlorfenapyr exhibit better level 

of vector control against pyrethroids-resistant mosquito with longer lasting and more comfortable 

deployment (Ngufor et al. 2017). Apart from using insecticides, the uses of fungi and bacteria were 

tested for adult mosquitoes and larvae as alternative ways to reduce disease vectors (Fillinger & Lindsay 

2006; Ewald et al. 2011). 

Chemoprevention is the most important part of the malaria prophylaxis. Several antimalarial 

medicines, such as chloroquine, mefloquine and atovaquone, are prescribed for the travellers visiting 

malaria risk areas. The drug eliminates upcoming blood-stage parasites, so treated individuals are 

temporarily protected from malaria infection. In risk groups, pregnant women and infants, sulfadoxin-

pyrimethamine is recommended instead of mentioned drugs (World Health Organisation 2015). The 

full details on the antimalarial drugs are given in Section 1.2.4. 
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Preventive vaccine is a successful strategy to protect the people from many mosquito-borne 

diseases transmission such as yellow fever, dengue (World Health Organisation 2016) and Japanese 

encephalitis (Centers for Disease Control and Prevention 2013). Malaria vaccination could be a cost-

effective tool to support other interventions, particularly in children and pregnant women that are more 

vulnerable to acute malaria infection (Hill 2011). A number of principles to assess the efficacy and 

safety of vaccine targeting blood-stage parasites have been developed by WHO (World Health 

Organization 2014). In 2015, the world first malaria vaccine RTS,S/AS01 has passed clinical trial phase 

III and receive positive feedback (RTS, 2015). The vaccine showed protective effects against P. 

falciparum in young African children, but poor against P. vivax that is widespread outside Africa. The 

development of vaccine is very important for malaria prevention. 

 

1.2.4 Licenced antimalarial drugs and drug resistance 

Antimalarial drugs are the backbone of malaria management and control. The first remedy for 

malaria, quinine, was introduced in the 17th century. Quinine (Figure 1.3) is an alkaloid compound 

extracted from the bark of Cinchona tree that is recognised as the first effective malaria medicine in the 

world (Achan et al. 2011). During last 400 years, several classes of antimalarial compounds have been 

discovered and licensed for global treatment. Today, artemisinin-based combination therapies (ACTs) 

are the last frontline treatment for severe malaria (World Health Organization 2017). However, all 

licensed medicines are suffering from rapid emergence of drug resistant-parasites, which establishes 

when parasites are exposed to sub-lethal drug concentrations and develop mutation in the effected 

proteins (Petersen et al. 2011). Parasites, carrying the mutations, develop to gametocytes and rapidly 

spread to other hosts via mosquito blood-meal. Discovery of new antimalarial drugs is urgently needed 

to back up current frontline drugs. 
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1.2.4.1 4-Aminoquinolines 

Due to the high demand of quinine in the early 20th century, a lot of chemists tried to synthesise 

quinine and other derivatives. The quinoline scaffold (Figure 1.3) was elucidated from quinine structure 

and utilised to develop new analogues with improved antimalarial properties (Schlitzer 2008). This 

effort led to the creation of chloroquine (Figure 1.3), which played a vital role in the massive reduction 

of malaria during 1950s (Krafts et al. 2012). Chloroquine had been widely used for routine treatment 

and prophylaxis until the early 1960s when drug resistance became prevalent (H. Wernsdorfer & Payne 

1991). An accepted mechanism of 4-aminoquinolines assumes the inhibition of haemozoin 

crystallisation during intra-erythrocytic cycle (Slater & Cerami 1992). After red blood cell invasion, 

host haemoglobin is digested in parasite acidic food vacuole (pH ~5) that gives free iron haem that is 

toxic to parasites (Goldberg et al. 1990). Toxic haem accumulation is neutralised by insoluble 

haemozoin crystal formation mediated by histidine-rich proteins (HRPs) (David et al. 1996) and/or 

haem detoxification protein (HDP) (Jani et al. 2008). Inhibition of haemozoin crystallisation process 

causes the accumulation of toxic by-product that eventually kill parasites. Chloroquine is a compound 

that binds to free haem and collapses haemozoin crystal formation. Moreover, protonated chloroquine 

can neutralise pH of parasite food vacuole (Yayon et al. 1985) that could inactivate HRPs and HDP 

enzymes and encourage anti-plasmodial activity.  

Modulation of parasite sensitivity to chloroquine is due to the mutation in chloroquine 

resistance transporter (PfCRT) located on parasite food vacuole membrane (Fidock et al. 2000). 

Mutation in PfCRT causes chloroquine leaking out from digestive vacuole, thereby preventing 

quinoline-haem complex formation (Lehane & Kirk 2008). Although chloroquine has suffered 

extensive drug resistance, other related 4-aminoquinoline drugs including amodiaquine and piperaquine 

(Figure 1.3) have been developed for chloroquine-resistant chemotherapies (Foley & Tilley 1998). 

Monotherapies of these 4-aminoquinoline drugs have been limited due to latter spread of drug resistant-

parasites (Trenholme et al. 1993; Davis et al. 2005), so amodiaquine and piperaquine are currently used 

with artesunate and dihydroartemisinin (Table 1.1) for artemisinin-based combination therapies (ACTs) 

(World Health Organisation 2015). 
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Figure 1.3 Chemical structures of quinine, quinoline scaffold and 4-aminoquinoline drugs. 

 

1.2.4.2 8-Aminoquinolines 

 8-Aminoquinolines are malaria therapeutic compounds developed from chloroquine with the 

introduction of amine group at position 8 of quinoline scaffold. 8-Aminoquinolines eliminate blood-

stage parasites by inhibiting haem detoxification in the same way as chloroquine (Vennerstrom et al. 

1999). Primaquine (Figure 1.4) is an only licenced drug for Plasmodium falciparum gametocytes and 

dormant liver-stage of Plasmodium vivax and Plasmodium ovale. Tafenoquine (Figure 1.4) is a drug 

candidate in clinical phase III trials showing good activities against both liver- and sexual- stages of 

malaria (Shanks et al. 2001; Q. Li et al. 2014). This compound stays in human blood longer than 

primaquine, so a small dose of tafenoquine is sufficient for protection against hypnozoites of P. vivax 

and P. ovale (Llanos-Cuentas et al. 2014). Unfortunately, these two quinolines have acute side effect – 

an haemolytic toxicity in individuals with glucose-6-phosphate dehydrogenase deficiency (G6PD) 

(Howes et al. 2013). The prevalence of G6PD deficiency is between 5-35% of the population in malaria-

distributing areas of sub-Sahara African and Asia (World Health Organisation 2015). It is highly 

recommended to check for G6PD status prior to prescription. Currently, a single-dose of 0.25mg/kg 
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primaquine is recommended as a partner agent of ACTs (Table 1.1) or chloroquine for blood-stage 

Plasmodium falciparum therapy without G6PD testing required (World Health Organization 2015). 

 

Figure 1.4 Chemical structures of antimalarial 8-aminoquinoline drugs. 

 

1.2.4.3 Quinoline alcohols 

Quinoline alcohol is another important class of antimalarial drugs. Quinine (Figure 1.3) is a 

compound in this family that is known as the oldest malaria medicine in the world. In modern age, 

Quinine is no longer recommended for the first line treatment, but it remains for malaria therapies in 

pregnant women and severe cases if ACTs fail (Achan et al. 2011). 

Mefloquine (Figure 1.5) has been developed by U.S. Army shortly after the end of Vietnam 

war (Trenholme et al. 1975) and emerged as the successor of chloroquine during 1980s. Although 

mefloquine was prescribed carefully, resistance developed within few years after deployed as a frontline 

agent (Boudreau et al. 1982). Furthermore, the negative impacts on the long term mental health such as 

insomnia, depression and hallucination were identified and limited mefloquine usage (Nevin & Byrd 

2016). Now, mefloquine is used as a racemic mixture of (+)- and (-)-enantiomers in combination with 

artesunate (Figure 1.8) for uncomplicated Plasmodium falciparum malaria treatment and 

chemoprophylaxis (Mayxay et al. 2006). (+)-Mefloquine has higher efficiency in parasite elimination 

than its (-)-enantiomer, which causes psychotropic effects by binding to adenosine receptors in central 

nervous system (Dourish et al. 2012). Mefloquine inhibits 80S ribosome in parasite’s cytosol outside 

the vacuole that collapses protein synthesis (Wong et al. 2017). Nevertheless, it also shows ability to 
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bind free haem in parasite food vacuole but with much lower affinity compared to chloroquine 

(Combrinck et al. 2013). Resistance to mefloquine is associated with the amplification or mutation of 

multidrug resistance protein 1 (PfMDR1) on food vacuole membrane (Price et al. 2004). PfMDR1 

deceases the accumulation of mefloquine in cytosol by transporting mefloquine into parasite vacuole 

leading to insufficient 80S ribosome inhibition (Ferreira et al. 2011).  

PfMDR1 mutations also conduct parasite resistance to lumefantrine (Figure 1.5) (Ferreira et al. 

2011), which is a racemic aryl-amino alcohol drug that is only used as a partner agent in ACTs due to 

acute resistance to its monotherapy (White et al. 1999). Exact mechanism of lumefantrine is unknown, 

but it is believed to have a common mode of action with mefloquine (Ezzet et al. 2000). Good 

bioavailability and long half-life time of lumefantrine complement pharmacokinetic profile of 

artemether (Djimdé & Lefèvre 2009). Moreover, some food intakes such as milk and fatty meal can 

enhance the drug absorption of lumefanctrine leading to wider range of settings, especially infants and 

pregnant women (Premji et al. 2008). 

 

Figure 1.5 Chemical structures of mefloquine and lumefantrine. 

 

1.2.4.4 Antifolates 

 Folate biosynthetic pathway is an essential metabolic process for Plasmodia that generates 

folate cofactor for nucleotide biosynthesis and one-carbon transfer reaction (Figure 1.6) (Ferone 1977). 

There are two key folate metabolic enzymes that are recognised as antimalarial drug targets, 

dihydropteroate synthase (DHPS); and dihydrofolate reductase (DHFR). DHPS catalyses 

dihydropteroate formation that is the precursor of dihydrofolate, and DHFR reduces dihydrofolate to 
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tetrahydrofolate. Serine hydroxymethyltransferase (SHMT) is responsible for methylation of 

tetrahydrofolate, which is necessary for glycine biosynthesis and gives 5,10-methylene-tetrahydrofolate. 

De novo pyrimidine biosynthesis of Plasmodium parasite relies on 5,10-methylene-tetrahydrofolate as 

an essential cofactor for one-carbon donor transformation of deoxyuridine monophosphate (dUMP) into 

deoxythymidine monophosphate (dTMP) (Figure 1.6). Inhibiting either DHPS or DHFR enzyme 

disrupts folate pathway resulting in depletion of glycine and pyrimidine nucleotides leading to the 

disruption of DNA replication and parasite death (Hyde 2005). 

Several antifolate agents have been invented for malaria elimination targeting to DHPS and 

DHFR since the 1940s (Nzila 2006). Sulfadoxine (Figure 1.7) was supposed to bind DHPS (Triglia et 

al. 1997), while pyrimethanine and cycloguanil (Figure 1.7) showed preference of DHFR target 

(Peterson et al. 1988; Fidock et al. 1998). Generally, monotherapies of antifolate compounds did not 

show sufficient potency for Plasmodium parasites (Chin et al. 1966; Kaneko et al. 1999). Weak 

antimalarial activity of antifolates can be enhanced by the synergetic action with other drugs (Chulay 

et al. 1984; Fidock et al. 1998; Srivastava & Vaidya 1999). The combination of sulfadoxine and 

pyrimethamine has been prescribed for malaria chemotherapy with the trade name of Fansidar (Salako 

et al. 1990; Peters et al. 2007). 

Proguanil (Figure 1.7) is an antimalarial drug usually used in combination with atovaquone 

(Figure 1.8) (Canfield et al. 1995). After drug absorption, proguanil is transformed to cycloguanil in 

liver (Crowther & Levi 1953), which is an active metabolic form inhibiting malarial DHFR enzyme 

(Watkins et al. 1984). Atovaquone/proguanil is sold in fix-dose tablets commercially known as 

Malarone (Shanks et al. 1998). Malarone has excellent efficiency against P. falciparum in all stages 

throughout life cycle with mild side effects (Looareesuwan et al. 1996; Shanks et al. 1998), so it has 

been extensively used in malaria chemoprophylaxis for travellers and clinical treatments (Mckeage & 

Scott 2002). 

Although combination therapy with antifolate drug promotes effective parasite clearance, cases 

of antifolate drug-resistance have been reported linking to point mutations in two folate metabolic 

enzymes. Pyrimethamine-sensitivity modulations are directly conducted by point mutations at key 

residues in DHFR including N51I, C59R and S108N as well as double or triple mutants (Cowman et al. 
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1988; Peterson et al. 1988; Kublin et al. 2002). Cycloguanil resistance is associated with a set of 

mutations in the same protein conferred by A16V, I164 and S108T or combination mutants (Foote et 

al. 1990; Peterson et al. 1990). Furthermore, polymorphism study of sulfadoxine-resistant parasites 

revealed that various mutations at five residues (at 436, 437, 518, 540 and 613) in DHPS (Triglia et al. 

1998). 

 

 

Figure 1.6 Plasmodium falciparum folate metabolism pathway as a target for chemotherapy. Abbreviation: 

DHPS, dihydropteroate synthase; DHFR, dihydrofolate reductase; SHMT, serine hydroxymethyltransferase; 

TS, thymidylate synthase; dTMP, deoxythymidine monophosphate; dUMP, deoxyuridine monophosphate; 

GTP, guanosine triphosphate; NADP, nicotinamine adenine dinucleotide phosphate. Methylene groups that 

involved in tetrahydrofolate methylation are coloured in magenta. Hydrogen atoms that involved in 

dihydrofolate reduction are coloured in blue. Enzymes and antifolate drugs are highlighted in green and red 

boxes, respectively. 
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Figure 1.7 Chemical structures of antifolates compounds. 

 

1.2.4.5 Naphthoquinone 

 A licenced antimalarial drug in this class is atovaquone (Figure 1.8) that used in combination 

with proguanil as described in Section 1.2.4.4. Atovaquone is a competitive inhibitor for the ubiquinol 

oxidation (Qo) site of cytochrome bc1 (Birth et al. 2014), a catalytic complex in mitochondrial electron 

transport chain (Fry & Beesley 1991). Cytochrome bc1 delivers electrons from upstream complexes to 

cytochrome c through redox reactions of ubiquinone/ubiquinol (Figure 1.8). It supplies ubiquinone for 

dihydrooratate dehydrogenase (DHODH) mediating de novo pyrimidine biosynthesis (Nixon et al. 

2013). Inhibiting Plasmodium cytochrome bc1 disrupts de novo pyrimidine biosynthesis that eventually 

eliminates parasites (Painter et al. 2007). Point mutation at residue 268 within Qo site causes 

considerably weaker affinity of atovaquone leading to high failure rate in Malarone treatments 

(Srivastava et al. 1999; Korsinczky et al. 2000). A fuller discussion about drug development targeting 

cytochrome bc1 is given in Chapter 2. 
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Figure 1.8 Chemical structures of atovaquone, ubiquinone and ubiquinol. n is number of isoprene repeating 

units that vary in different organisms. For Plasmodium falciparum, n equals either 8 or 9 depending on stages 

in life cycle (De Macedo et al. 2002). 

 

1.2.4.6 Antibiotics 

 Some antibiotics (Figure 1.9) were prescribed as synergic agents in combination therapy with 

either quinine or chloroquine (Lell & Kremsner 2002; Tan et al. 2011). These combinations address 

possible bacteria co-infection, usually in severe malaria (World Health Organization 2014). In some 

scenarios, doxycycline is given solely or along with quinine for malaria chemoprevention in the areas 

where chloroquine- or multidrug-resistance is highly prevalent (Tan et al. 2011). Doxycycline and 

clindamycin are bacterial ribosome binders that disrupting protein synthesis (Chopra & Roberts 2001; 

Dunkle et al. 2010), but their actions in Plasmodia are still unknown. 

 

Figure 1.9 Chemical structures of antibiotic compounds. 
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1.2.4.7 Artemisinins 

 Artemisinin is a sesquiterpene lactone with endoperoxide bridge (Figure 1.10). It is considered 

the most used antimalarial drug in modern malaria chemotherapy. WHO officially announced that 

artemisinin-based combination therapies (ACTs) (Table 1.1) are the first option for uncomplicated 

malaria treatment (World Health Organization 2017). Artemisinin was discovered by Tu Youyou, a 

Chinese scientist and 2015 Nobel Prize laureate in Physiology and Medicine, from the extract of sweet 

wormwood tree, Artemisia annua. in 1971 (Klayman 1985). Artemisinin and its semi-synthetic 

derivatives (dihydroartemisinin, artemether and artesunate) (Figure 1.10) account for swift elimination 

of asexual blood-stage P. falciparum (Adjuik et al. 2004), particularly ring stage killed by these drugs 

faster than any other drugs (White 2011). Although artemisinins have promising antimalarial properties, 

short half-life time is their major drawback (Cui & Su 2009) making artemisinins used only in 

combination with other drugs, such as quinolines and antifolates that exhibit longer life time and 

different modes of actions from artemisinins (Table 1.1) (Cui & Su 2009). Exact therapeutic mechanism 

of artemisinins is still unclear. It is plausible that endoperoxide bridge undergoes cleavage in the 

presence of haem Fe2+  in digestive vacuole and then creates highly reactive artemisinin radicals (Posner 

et al. 1995) that react promiscuously with parasite proteins resulting in cell damage and parasite death 

(Figure 1.11). Many studies proposed several targets of artemisimin radical i.e. translationally 

controlled tumour protein (TCTP) (Bhisutthibhan et al. 1998), sarco/endoplasmic reticulum Ca2+ 

ATPase (SERCA) (Eckstein-Ludwig et al. 2003) and recently phosphatidylinositol-3-kinase (PfPI3K) 

(Mbengue et al. 2015), but all of them are still controversial. 

Despite potency in parasite killing, artemisinin-resistance has emerged and threatens global 

effort to eliminate malaria. The first artemisinin resistance was found on Thai-Cambodia border in 2008, 

where the malaria patients needed twice longer parasite clearance time following artemisinin or ACT 

medications (Noedl 2008). Genome analysis of resistant Plasmodia from south-east Asia identified 

propeller domain of Kelch protein 13 (K13) as a biomarker, of which mutations decrease parasite 

susceptibility to arteminsinin drugs (Ariey et al. 2014). In vitro assay for artemisinin-resistant parasites 

revealed that their ring-stage parasites need longer treatment duration than wild-type strains (Saralamba 

et al. 2011). Artemisinin-resistant parasites develop from ring-stage to trophozoites in slower rate than 
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wild-type strains (Mok et al. 2015) and turn dormant after exposure to artemisinin (Tucker et al. 2012; 

Hott et al. 2015). From these observations, delayed progression in intra-erythrocytic cycle correlates 

with cellular stress that causes unfolded protein response and retards protein translation, which are also 

observed in other organisms (Ron & Walter 2007; Amm et al. 2014). The putative mechanism of 

artemisinin was proposed in which K13 mutation increases cell stress response through ubiquitin 

proteasome pathway (Figure 1.11) (Dogovski et al. 2015; Mok et al. 2015). Ubiquitin proteasome 

pathway is a biological system degradating misfolded proteins in the cell (Amm et al. 2014). It has been 

suggested that K13 mutant may impair an unknown transcription regulator in P. falciparum ubiquitin 

proteasome pathway enhancing antioxidant response against active artemisinin radicals (Mbengue et al. 

2015), which makes K13-mutated parasites survive after ACTs (Figure 1.11). However, further 

molecular mechanism studies are needed for understanding of artemisinin resistance. To counter 

resistance conducted by K13 polymorphism, proteosome inhibitor may be used as a synergic agent with 

ACTs that relieves cell stress confered by mutant K13 protein making parasite vulnerble to artemisinins 

(Dogovski et al. 2015). As ring-stage parasites of artemisnin-resistant strains have significantly slower 

growth rate requiring longer exposure to drug, a new class of peroxidic compounds, arterolane (Figure 

1.10) that posesses much longer half-life than artemisinin, is suitable therapeutic agents for combating 

K13 mutated parasites via the same mechanism like artemisinins (Valecha et al. 2010). This class of 

compounds would be an alternative option for overcoming drug-resistance in coming years. 

 

Table 1.1 Artemisinin-based combination therapies (ACTs) recommended by WHO in 2017 (World Health 

Organization 2017). 

Combination Abbreviation Areas in used 

Artemether + lumefantrine AL Global Africa 

Artesunate + amodiaquine ASAQ West Africa 

Dihydroartemisinin + 

piperaquine 

DHA-PPQ Southeast Asia 

Artesunate + mefloquine ASMQ Southeast Asia 

Artesunate + sulfadoxine + 

pyrimethamine 

ASSP India, middle and east Africa 
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Figure 1.10 Chemical structures of artemisinin-based compounds. 

 

Figure 1.11 Diagram of putative resistance mechanism to artemisinin treatment. Endoperoxide bridge of 

artemisinin is activated by haem Fe2+ from the host haemoglobin degradation system, generating highly 

active artemisinin radical specie. Activated artemisinin reacts with parasite proteins resulting in cellular 

damage and eventually parasite death (black arrows). K13 mutation in drug-resistant parasites contributes 

cellular stress response through ubiquitin proteasome pathway leading to less sensibility to artemisinins (red 

arrows). 
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1.3 Toxoplasmosis 

1.3.1 Toxoplasmosis outbreak and life cycle 

 Toxoplasmosis is a food-borne zoonosis that is widespread in every country and conferred by 

an apicomplexan parasite, Toxoplasma gondii (Tg) (Tenter et al. 2000). This parasite causes latent 

infection in 30-50% of world population, particularly warm and humid areas, making global threat for 

public health system (Flegr et al. 2014). T. gondii has complex life cycle that takes place in different 

hosts (Figure 1.12). It can infect most warm-blooded animals via definitive host (felines) and 

intermediate host (other warm-blooded animals) (Dubey 1998). Sporozoites of T. gondii enclosed in 

oocyst are transmitted to hosts through eating or inhaling. An oocyst composes of multi-layer structure 

is tolerant to mechanical and chemical damages, enabling the parasites to remain alive for several years 

in a moist environment (Mai et al. 2009).  

Oocysts in intermediate host’s intestine release sporozoites that infect epithelial cells and 

develop to tachyzoites. Tachyzoites are rapidly disseminated to other cells throughout host body and 

cause acute infection leading to tissue damage and symptomatic toxoplasmosis. The disease symptoms 

are different depending on immune response level. In immune-competent host, tachyzoites can be 

eliminated by host immune-system resulting to no symptom or mild sickness present (Hitziger et al. 

2005). Once immunodeficiency hosts such as human immunodeficiency virus (HIV) patients infect 

toxoplasmosis, tachyzoites may pass biological barriers (Barragan & Sibley 2003) and infect central 

nervous system or internal organs leading to organ damage or failure (Mordue et al. 2001; Robert-

Gangneux & Dard 2012). Moreover, it was evidenced that cerebral toxoplasmosis links to 

neurophychiatry resulting in host behaviour manipulation (Hinze-Selch 2015). For example, an infected 

mouse willingly exposes itself to cat instead of hiding as usual (Vyas et al. 2007). In pregnant host, 

fetus may acquire tachyzoites through placenta that results in abortion or congenital disorders 

(Torgerson & Mastroiacovo 2013). Some tachyzoites develop to bradyzoites and densely packed in 

tissue cysts and possess dormant metabolism exhibiting latent infection. Bradyzoites can remain in host 

for life and occasionally re-activate to tachyzoites (Dellacasa-Lindberg et al. 2007). Latent T. gondii 

could be distributed to other hosts through carnivorous behaviour (Dubey 2009).  
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In definitive host (felines), tachyzoites in digestive tract can develop to gametocytes, which is 

different from intermediate host (Dubey & Frenkel 1972). After fertilisation, zygotes transform to 

oocysts that is excreted in cat faeces. Sporogony occurs after a few days later in external environment 

resulting in the formation of sporulated oocysts. Sporulated oocysts in environment are distributed to 

either definitive or intermediate host and start their new life cycle (Dubey et al. 1998).  
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Figure 1.12 Life cycle of Toxoplasma gondii. (1) Oocysts, which enclosing sporozoites, are excreted with 

faeces from definitive host (cat). Oocysts in faeces develop to environment-tolerant form (sporulated oocysts) 

that can contaminate drinking water and food crops. (2) The intermediate hosts (human, rodent and live 

stocks) can acquire Toxoplasma parasites by eating infected animals, contacting oocysts from infected 

definitive host, or congenital transmission. The oocysts or tissue cysts release sporozoite-stage parasites that 

settle in intestinal cells. (3) In intermediate host, asexual development results tachyzoite replication and 

dissemination throughout organism. Tachyzoites cause acute infection in immune-compromised individuals, 

e.g. brain and eye tissue damages. (4) In immune-competent hosts, tissue cysts enclosing bradyzoite-stage 

parasites remain in host’s tissue throughout their lifespan and caused latent toxoplasmosis. Tissue cysts may 

transmit to other hosts via carnivorous behaviour. (5) After eating raw meat contaminated with tissue cysts, 

bradyzoites, which released from the ruptured tissue cyst, have asexual reproduction in intestine cells that 

generates tachyzoites. (6) Tachyzoites in definitive host start sexual development to gametocytes. (7) After 

fertilisation, zygotes form and mature to unsporulated oocysts that are eventually excreted to external 

environment.  
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1.3.2 Toxoplasmosis treatments 

Once toxoplasmosis been diagnosed, curative treatments are varied depending on patient 

profile and nature of infection. For asymptomatic toxoplasmosis, the treatment may not be required as 

competent immune system can destroy tachyzoites of T. gondii (Hitziger et al. 2005). Mild disease 

symptoms such as swelling lymph nodes, low-grade fever or muscle aches can recover within several 

weeks (Saadatnia & Golkar 2012). If the disease turns severe or spreads to eyes or brain or internal 

organs in immune-compromised persons, the patients need to be hospitalised to get appropriate 

treatments. Generally, a combination of pyrimethamine and sulfadiazine (Figure 1.13), which are 

antimalarial and antibiotic drugs, respectively, is typically recommended as primary choice (Fung & 

Kirschenbaum 1996). However, immune-compromised people may need some different treatments. For 

patients who infected by HIV, vitamin B tablets are prescribed along pyrimethamine-sulfadiazine 

therapy to maintain correct level of folate (Nissapatorn et al. 2004). For pregnant women, spiramycin 

(Figure 1.13) is prescribed during early pregnancy (0-6 months), then it is replaced by pyrimethamine-

sulfadiazine until baby is born (Reali et al. 2005). For complicate cases, i.e. ocular or cerebral or 

pulmonary toxoplasmosis as well as sepsis, additional symptomatic treatments need be applied along 

with general toxoplasmosis medication.  

Pyrimethamine-sulfadiazine treatment needs prolonged course from six weeks to a year in 

general cases or life in immune-compromised patients, which causes adverse side effects, e.g. bone 

marrow suppression (McLeod et al. 2006). About one third of patients who got pyrimethamine-

sulfadiazine medication had to discontinue that treatment due to its chronical toxicity (Katlama et al. 

1996). Furthermore, several treatment failures link to sulfadiazine resistance, but drug-resistant 

mechanism in T. gondii is still unknown (Villena et al. 1998; Doliwa et al. 2013). Thus, new anti-

toxoplasma drug with lower toxicity and shorter course is required. Alternative T. gondii 

chemotherapies employ re-purposing available drugs of antibiotics (sulfadiazine, spiramycin and 

clindamycin) or antimalarials (atovaquone and pyrimethamine) because T. gondii and Plasmodium Spp. 

often share drug targets and display cross-reactivity (Kovacs et al. 1988; Araujo et al. 1991; Meneceur 

et al. 2008; Madi et al. 2012). All licensed antimalarial drugs which currently used for toxoplasmosis 

medication are summarised in Table 1.2 (Neville et al. 2015). These following drugs show interesting 
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activity against tachyzoites of T. gondii that could be optimised for novel toxoplasmosis drug candidates 

with desired properties. Major challenge in toxoplasmosis drug development is not only developing 

toxoplasmosis drug with safety profile, but also designing suitable treatment for tissue cysts that cause 

latent infection (Alday & Doggett 2017). Bradyzoites possess dormant metabolism and may be 

concealed in central nerve system, i.e. spinal fluid or brain tissue, which makes latent parasites 

unaffected by any present medication (McAuley 1994). To achieve key aspects for ideal anti-

toxoplasma agent, clinically available drugs for other infectious diseases could be tested against 

tachyzoites and bradyzoites of T. gondii to find re-purposed therapies or discover active compounds to 

accelerate drug development programme (Neville et al. 2015). 

 

 

Figure 1.13 Chemical structures of toxoplasmosis medicines. 

  



	

	 23	

Table 1.2 List of licensed antimalarial drugs that commonly repurposed for toxoplasmosis treatment. This 

table is adapted from Neville et al. (Neville et al. 2015). 

Compound Mode of action In vitro IC50 (tachyzoite)* 

Pyrimethamine Antifolate 0.4 µM 

Sulfadoxine Antifolate 1.6 µM 

Trimethoprim Antifolate 17.2 µM 

Atovaquone Cytochrome bc1 inhibitor 0.82 µM 

Doxycycline Apicoplast division inhibitor 14.4 µM 

Clindamycin Protein synthesis inhibitor 401 µM 

* Lowest values observed in the literature. 

 

1.3.3 Toxoplasmosis prevention 

 Toxoplasma parasites are transmitted to human through ingestion of oocysts or undercooked 

food containing tissue cysts, inhaling oocysts from contaminated cat litter, congenital infection, and 

rarely organ transplantation or blood transfusion (Tenter et al. 2000). In general, toxoplasmosis 

infection can be prevented by practicing good hygiene – eating properly cooked food and washed fresh 

crops, often cleaning all utensils that have handled raw meat, and always washing hands after exposing 

to soil or sand (Jones et al. 2018). 

As toxoplasmosis is one of most important food-borne disease, an effective vaccine for human 

and animals is a desired option of prevention. Toxovax is the first and only licensed veterinary vaccine 

using tachyzoites S48 strain of T. gondii, which has lost ability to develop into bradyzoites. This vaccine 

was originally used for preventing Toxoplasma abortion in sheep (Buxton & Innes 1995). However, 

Toxovax lacks ability to protect human from oocyte transmission. Following the success of Toxovax, 

T-263 mutate strain has been developed to disrupt sexual-stage cycle of T. gondii in domestic cats. This 

feline vaccine exhibited powerful oocysts elimination in cat faeces that effectively reduces T. gondii 

seroprevalences in livestock around experimental area (Mateus-Pinlla et al. 1999). Although live 

vaccine of T-263 strain succeeded in parasite control, it is not practical for large-scale protection due to 

high production cost, advert side effects and limited shelf-life (Innes et al. 2009). These drawbacks 
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hampered the development of toxoplasmosis vaccine for human. Since the turn of century, a lot of 

efforts and advances in understanding of immune response against Toxoplasma parasites have created 

vaccine candidates. Apart from live modified tachyzoites in past, native and recombinant antigens 

particularly surface proteins (Gatkowska et al. 2008), and naked DNA or RNA (Dimier-Poisson et al. 

2006; Zheng et al. 2017) are often evaluated as interesting vaccine candidates. Moreover, non-

pathogenic microorganism with T. gondii antigen expression (Cong et al. 2005) and synthetic peptide 

(Siachoque et al. 2006) have also developed for more practical options. Non-virulent auxotrophic T. 

gondii mutants have been introduced as mimic pathogen in host for extended protection (Fox & Bzik 

2002). However, none of them activated satisfactory and sustainable in vivo immune response in human 

or livestock model (Liu et al. 2012). Although recent vaccine development programmes have failed to 

create an effective candidate against T. gondii, vaccine is always an extremely valuable tool for 

combating toxoplasmosis prevalence in human and reducing economic loss due to abortion of livestock 

(Kur et al. 2009).  
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Chapter 2 

 

Therapeutic development targeting apicomplexan cytochrome bc1 

 

2.1 Apicomplexan parasite’s mitochondrial electron transport chain 

 The mitochondria is a power plant of most eukaryotic cells (Friedman & Nunnari 2014). In 

higher organisms, there is a series of protein complexes embedded in the inner mitochondrial membrane 

called the electron transport chain; these include nicotinamide adenine dinucleotide 

(NADH):ubiquinone oxidoreductase (complex I), succinate:ubiquinone dehydrogenase (complex II), 

cytochrome bc1 (complex III) and cytochrome c oxidase (complex IV), with co-enzyme Q 

(ubiquinone/ubiquinol) and cytochrome c as electron carriers. Electron flow via each member of 

electron transport chain is coupled with transmembrane proton shuttle. The resulting proton 

electrochemical gradient is harvested by ATP synthase (complex V) to produce biochemical energy in 

form of adenosine triphosphate (ATP), which is used for cellular activities (Mitchell 1961). 

As in other eukaryotes, the apicomplexan electron transport chain has a critical role in parasite 

survival throughout its life cycle. It composes of five dehydrogenase enzymes: type II 

NADH:ubiquinone oxidoreductase (NDH2), succinate:ubiquinone dehydrogenase (complex II), 

glycerol-3-phosphate dehydrogenase (G3PDH), malate:ubiquinone oxidoreductase (MQO), 

dihydroorotate dehydrogenase (DHODH) (Figure 2.1) (Mather et al. 2007).  Apicomplexan 

mitochondria have been recognised as an attractive target for chemotherapies because of remarkable 

difference between human and parasite systems (Nixon et al. 2013). NDH2 and MQO are only found in 

apicomplexan electron transport chain. Apicomplexan NDH2 replaces complex I in higher organism 

counterpart by carrying a pair of electrons from NADH to ubiquinone (Q) without proton translocation 

across membrane. DHODH catalyses the oxidation of dihydroorotate to orotate mediating de novo 

biosynthesis of pyrimidine, which is an important metabolite required for nucleotide synthesis (Painter 

et al. 2007). A pair of electrons from the oxidation of dihydroorotate in DHODH is donated to reduce 

ubiquinone (Q). Ubiquinol (QH2) from DHODH is re-oxidised to ubiquinone (Q) at cytochrome bc1 
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and then fed to DHODH for accepting electrons from the oxidation of dihydroorotate. Plasmodium 

parasites have distinctly different pyrimidine management from human and Toxoplasma because they 

cannot recover pyrimidine bases from degraded nucleotides (Rathod & Reyes 1983). Thus, de novo 

synthesis is a single source of pyrimidine bases in Plasmodia that require continuous activity of 

cytochrome bc1 (Andrea et al. 2016). Cytochrome bc1 transfers electrons from ubiquinol (QH2) to 

cytochrome c through redox reactions facilitating proton translocation across the mitochondrial 

membrane. Reduced cytochrome c mobilises from cytochrome bc1 to cytochrome c oxidase (complex 

IV) where it gives electrons to drive proton translocation through oxygen consumption in complex IV. 

The proton electrochemical gradient across membrane is utilised for ADP phosphorylation in ATP 

synthase (complex V). Interestingly, blood-stage Plasmodia do not produce ATP through oxidative 

phosphorylation in mitochondria, but they rely on ATP derived from the glycolysis pathway (Sturm et 

al. 2015). Therefore, Plasmodium cytochrome bc1 is critical for de novo pyrimidine biosynthesis rather 

than bioenergy production as in mammalian and Toxoplasma mitochondria. 
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Figure 2.1 Apicomplexan mitochondria electron transport chain. The chain components contain type II 

NADH:ubiquinone oxidoreductase (NDH2), dihydroorotate dehydrogenase (DHODH), glycerol-3-

phosphate dehydrogenase (G3PDH), malate:ubiquinone oxidoreductase (MQO), succinate dehydrogenase 

(complex II), cytochrome bc1 (complex III), cytochrome c oxidase (complex IV) and ATP synthase (complex 

V). Dashed and solid arrows represent input and output processes, respectively. Ubiquinone (Q) and 

ubiquinol (QH2) are electron carriers in the Q cycle via redox reactions in various mitochondrial enzymes. 

 

 

Figure 2.2 Chemical structures of ubiquinone (Q) and ubiquinol (QH2), the electron carriers in the 

mitochondrial electron transport chain. n is the number of repeating isoprene units that varies in different 

organisms. 
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2.2 Type II NADH:ubiquinone oxidoreductase (NDH2) 

 Although the electron transport chain is generally conserved across species, the first 

components (complex I) of mammalian and apicomplexan species are completely different.  

Mammalian complex I is a multi-subunit NADH dehydrogenase enzyme embedded in the inner 

mitochondrial membrane (Lenaz et al. 2006). It transports protons across membrane by catalysing the 

oxidation of NADH and the reduction of quinone (Q) in electron transport chain. In apicomplexan 

parasites, multi-subunit complex I is replaced by type II NADH:ubiquinone oxidoreductase (NDH2), 

which performs the same catalytic reactions without proton-pumping (Vercesi et al. 1998; Gardner et 

al. 2002). Alternative NDH2 has a single subunit without a transmembrane domain and works as dimer 

with a Flavin Adenine Dinucleotide (FAD) as cofactor (de Vries & Grivell 1988). The details of the 

NDH2 mechanism are still unclear, it is believed to have ping-pong mechanism whereby NADH and 

quinone never bind to the active sites at the same time (Figure 2.4) (Blaza et al. 2017). NDH2 is a 

primary electron donor (~50%) to cytochrome bc1 and indirectly generates mitochondrial membrane 

potential (Fry & Beesley 1991). The inhibition of NDH2 causes loss of membrane potential and 

dysfunction of the mitochondria (Biagini et al. 2006). NDH2 is not inhibited by rotenone, a classical 

mammalian complex I inhibitor, but it is sensitive to flavone inhibitor (de Vries & Grivell 1988). 1-

Hydroxy-2-dodecyl-4(1H)-quinolone (HDQ) (Figure 2.3) was identified as a potent inhibitor for NDH2 

from Yarrowia lipolytica fungus (Eschemann et al. 2005), and later demonstrated high affinity for 

analogue proteins of P. falciparum (Vallières et al. 2012) and T. gondii (Lin et al. 2009) that effectively 

controls parasite proliferation (Saleh et al. 2007). NDH2 becomes an appealing drug target for efficient 

respiratory chain disruption without cross-reactivity to human electron transport chain (Nixon et al. 

2013). In addition to NDH2 inhibition, HDQ was reported to have binding ability to the Qi site of P. 

falciparum cytochrome bc1 leading eventually to parasite death (Vallières et al. 2012). HDQ has poor 

pharmacokinetics and metabolic stability. The optimisation toward HDQ analogue was needed to 

discover new lead compounds with good antimalarial and physicochemical properties. The details of 

PfNDH2 inhibitor development for apicomplexan diseases treatment will be discussed in Section 2.4.4. 
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Figure 2.3 Chemical structure of 1-hydroxy-2-dodecyl-4(1H)-quinolone (HDQ), a known inhibitor of 

PfNDH2. 

 

 
Figure 2.4 Proposed ping-pong mechanism for NDH2 enzyme. The electrons from NADH are transferred to 

ubiquinone (Q) through the redox reactions of FAD cofactor in NDH2. Two distinct active sites of 

NADH/NAD+ and Q/QH2 are coloured in blue and yellow, respectively, that two substrates never bind to 

the enzyme at the same time. 
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2.3 Cytochrome bc1 complex 

Cytochrome bc1 was for the first time isolated from bovine mitochondria in the 1960s (Hatefi 

et al. 1962). Later, it was identified that it has redox centres. Cytochrome bc1 is a multi-subunit 

transmembrane protein embedded in the inner mitochondrial membrane (Figure 2.5) (Schägger et al. 

1986). The catalytic function of the complex occurs in three subunits; cytochrome b, cytochrome c1, 

and the Reiske iron-sulphur protein (Schagger et al., 1985). Cytochrome bc1 facilitates electron 

transport to cytochrome c via Q cycle as shown in Figure 2.6 (Brandt & Trumpower, 1994). The Q 

cycle takes place in two distinct binding sites in the cytochrome b subunit; the ubiquinol-oxidation (Qo) 

site and the ubiquinone-reduction (Qi) site (Erecinsk.M et al. 1972). The Q cycle starts at the Qo site 

where ubiquinol (QH2), produced by upstream complexes, binds. A ubiquinol (QH2) undergoes two-

electron oxidation with two protons released into intermembrane space. Two electrons are divided to 

two different acceptors: haem bL in cytochrome b and the iron-sulphur centre in the head of Rieske 

protein located over the Qo site. An electron from haem bL flows to haem bH and then reduces ubiquinone 

(Q) in the Qi site, while another electron from iron-sulphur centre is donated to haem c1 in cytochrome 

c1. At this stage, the iron-sulphur centre in Rieske protein is positioned close to the Qo site far from 

haem c1. The Riekse protein moves its head domain close to cytochrome c1 allowing an electron on the 

iron-sulphur centre to move to haem c1 (Esser et al. 2006). An electron on haem c1 is transferred to 

mobilising cytochrome c, which carries electron to downstream cytochrome c oxidase (complex IV). 

Ultimately, Q cycle transports protons from mitochondrial matrix to intermembrane space resulting in 

transmembrane electrochemical gradient, which is essential for ATP synthase (complex V) to generate 

biochemical energy (Mitchell, 1961). 

Apart from catalytic subunits, there are non-catalytic core 1, core 2 and other supernumerary 

subunits including subunits 6, 7, 8, 9, 10 and 11 (Figure 2.5). Core 1 and 2 which contribute about 40% 

of cytochrome bc1 molecular weight are required for electron transport activity and stability of the 

complex (Deng et al. 1998). In plants, the cores have mitochondrial processing peptidase (MPP) activity 

and cleaves signal polypeptides from mitochondrial proteins (Glaser et al. 1994). However, MPP 

activity does not exist in other species such as bovine when subunit 9 is present (Deng et al. 2001). 

Subunit 6 is located at matrix-side of the membrane and protects Qi site from exposure to aqueous 
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environment (Cocco et al. 1991). Subunit 7 is important for cytochrome b stability during early bc1 

complex assembly (Crivellone et al. 1988). Subunit 8 is known to interact with cytochrome c1 and 

support electron transfer to cytochrome c (Zhang et al. 1998). Subunit 10 associated to cytochrome c1 

is required for dimer formation (Phillips et al. 1990). Subunit 11 is conserved only in animal 

mitochondria and binds to the peripheral of the complex, but its function is still unknown (Brandt et al. 

1994). 

 

Figure 2.5 Subunit composition of bovine cytochrome bc1 complex. 
 



	

	 32	

	
Figure 2.6 Cytochrome bc1 cartoon showing catalytic subunits and their functions. Three catalytic subunits 

are highlighted in different colours. cytochrome b (cyan) with its two haems (haem bL and bH), cytochrome 

c1 (magenta) with haem c1, and Riseke protein (orange) with 2Fe·2S centre. Two distinct 

ubiquinone/ubiquinol binding pockets, the oxidative site (Qo) and the reductive site (Qi), are in cytochrome 

b. Other non-catalytic subunits are showed in grey. Blue and dark green arrows represent the directions of 

electrons and proton movement, respectively. In net reaction, a ubiquinol is oxidised and shuttles four 

protons into intermembrane space and a pair of electrons to reduce two cytochrome c. 

	
In most organisms except Plasmodia, the inhibition of either Qo or Qi site of cytochrome bc1 

sites stops the Q cycle leading to the loss of proton gradient, ATP depletion, and eventual cell death. 

Plasmodium cytochrome bc1 has different function from other eukaryotic cells as described in Section 

2.1. Inhibiting Plasmodium cytochrome bc1 terminates de novo pyrimidine biosynthesis, which is the 

only pyrimidine source for nucleotide metabolism in Plasmodium parasites, instead of disruption of 

proton gradient for ATP generation like in other organisms. Due to the important roles facilitating 

biological processes in eukaryotic cells, cytochrome bc1 is a potential target for antibiotic inhibitors 

acting as Qo site or Qi site antagonists. Stigmatellin A from Stigmatella aurantica bacteria, myxothiazol 

A from Myxococcus fulvus bacteria, and strobilurin A from Strobilurus tenacellus fungus are examples 

of natural compounds that inhibit cytochrome bc1 at the Qo site (Berry & Huang 2011). Antimycin A 
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from Streptomyces bacteria is the only Qi site inhibitor found in nature (Gao, Wen, Esser, Quinn, Yu, 

C. Yu, et al. 2003). All chemical structures of natural cytochrome bc1 inhibitors are given in Figure 2.7. 

Due to the vast number of natural Qo inhibitors, the development of synthetic Qo inhibitors have 

attracted high interest and achieved commercial success. A number of synthetic Qo inhibitors, like 

famoxadone, fenamidone, trifloxystrobin, and azoxystrobin, became widely used fungicides in 

agriculture and housekeeping (Bartlett et al. 2002). In contrast, Qi site inhibitors have gained little 

attention compared to Qo inhibitors. There were only two synthetic compounds, i.e. cyazofamid and 

amisulbrome, introduced as commercial agricultural fungicides (H. Li et al. 2014). Few compounds, i.e. 

ascochlorin and n-nonyl quinoline-N-oxide (NQNO), were reported as unusual inhibitors of both the 

Qo and Qi sites of the bc1 complex (Gao, Wen, Esser, Quinn, Yu, C. A. Yu, et al. 2003; Berry et al. 

2010). Chemical structures of synthetic cytochrome bc1 inhibitors are displayed in Figure 2.8. 

 

 
Figure 2.7 Chemical structures of natural cytochrome bc1 inhibitors. 
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Figure 2.8 Chemical structures of synthetic cytochrome bc1 inhibitors. 
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2.4 Therapeutic applications of cytochrome bc1 inhibitors 

2.4.1 Atovaquone 

 For a clinical approach, cytochrome bc1 has been proven as an attractive drug target especially 

for apicomplexan diseases. Atovaquone (Figure 2.9) is an hydroxy-naphthoquinone discovered in the 

early 1990s (Hudson et al. 1991) and used as antiparasitic drug against malaria (Looareesuwan et al. 

1996) and toxoplasmosis (Pearson et al. 1999). Atovaquone acts as a competitive inhibitor of 

cytochrome bc1 Qo site. However, depending on organisms, apicomplexan parasites have different 

reliance on mitochondrial membrane potential (Mather et al. 2007). A portion of ADP phosphorylation 

in Toxoplasma gondii can be stimulated by fumarate reductase system leading to a higher dose of 

atovaquone and a longer incubation time required for the impairment of energy-linked mitochondrial 

activity (Vercesi et al. 1998). Blood-stage Plasmodium parasites have no ATP turnover from complex 

V, but they use ATP generated from glycolysis process (Painter et al. 2010). The inhibition of 

cytochrome bc1 does not eliminate malaria parasites by disrupting ATP synthesis like other eukaryotic 

cells. Inhibiting cytochrome bc1 by blocking either Qo or Qi site stops ubiquinone production that inputs 

to DHODH enzyme for hydroorotate oxidation to orotate (Figure 2.1) (Painter et al. 2007). Orotate is 

an essential intermediate in de novo pyrimidine synthetic pathway providing pyrimidine-base for 

nucleotide anabolism (Rathod & Reyes 1983). Unlike mammalian or Toxoplasma cells, Plasmodia 

cannot salvage pyrimidine from degraded nucleotides and relies pyrimidine only from de novo synthesis 

(Gardner et al. 2002) . Therefore, if Plasmodium cytochrome bc1 fails to generate ubiquinone, the 

parasites cannot carry out nucleotide synthesis resulting in cell death. 

Currently, atovaquone is used in combination with proguanil, commercially known as 

Malarone (Srivastava & Vaidya 1999). Malarone has been widely applied for uncomplicated malaria 

treatment (van Vugt et al. 2002) and chemoprophylaxis for travellers (Shanks et al. 1998) because of 

broad spectrum activity against Plasmodium parasites throughout their life cycle. Unfortunately, the 

point mutations in the Plasmodium Qo site  result in rapid emergence of atovaquone-resistant parasites 

(Korsinczky et al. 2000) that become a serious problem to global public health (Fivelman et al. 2002). 

To overcome drug-resistance, the development of alternative candidates is mandatory. Several novel 
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chemotypes including pyridones, acridones and quinolones have been developed with strong affinity 

against cytochrome bc1, as antimalarials with blood-stage, liver-stage parasite killing and transmission 

blocking activity.  

 

Figure 2.9 Chemical structure of atovaquone. 

 

2.4.2 4(1H)-Pyridones 

 Clopidol (3,5-dichloro-2,6-dimethyl-4(1H)pyridone) (Figure 2.10) is the first antimalarial 

compound in 4(1H)-pyridone family that developed in the early 1970s (Markley et al. 1972). This 

pyridone has effective inhibition of chloroquine-resistant P. falciparum growth, but failed in first-time 

in human trails because of low aqueous solubility (Markley et al. 1972). The modification of clopidol 

molecule by acylation and sulfonation cannot provide sufficient physiochemical properties for good 

pharmacokinetics. Clopidol can disrupt electron transport chain in mitochondria and has strong activity 

against atovaquone-resistant malaria suggesting the Qi site of cytochrome bc1 binding (Fry & Williams 

1984). 
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Figure 2.10 Medicinal chemistry strategy deployed in the discovery of GW844520 and GSK932121. 

  

Based on the structure of clopidol, GlaxoSmithKline (GSK) performed lead optimisation on 

the 4(1H)-pyridone scaffold (Figure 2.10). Many pyridone derivatives were designed and assessed for 

their biological activity. Finally, the substitution at position 3 with diphenyl ether (GW844520) was 

found to have excellent antimalarial activity against blood-stage and liver-stage P. falciparum and 

atovaquone-resistant strain (Yeates et al. 2008). However, GW844520 was discontinued after pre-

clinical phase because of extremely limited bioavailability (Xiang et al. 2006). To solve this problem, 

after additional optimisation by the introduction of hydroxyl group at 2-methyl, GSK932121 compound 

was made with better water solubility and increased oral bioavailability in dogs (Bueno et al. 2011). 

This result enabled GSK932121 to progress for human trials. To improve aqueous solubility, phosphate 

prodrug of GSK932121 was prepared and evaluated for biological activity (Figure 2.10) (Bueno et al. 

2012). Although this prodrug achieved better solubility, it showed acute cardiotoxicity in rodent models. 

In order to understand the reasons behind the toxicity of both GW844520 and GSK932121, these 

compounds were co-crystallised with bovine cytochrome bc1. Crystal structures revealed that both 

pyridones are Qi site binders (Capper, O’Neill, Fisher, Strangea, et al. 2015). The toxicity complication 

was attributed to unexpected cross-species inhibition of mammalian cytochrome bc1. GSK pyridone 
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project was terminated by high toxicity concerns but 4(1H)-pyridone remains an effective chemotype 

for killing malaria parasite at multiple stages. 

 

2.4.3 4(1H)-Quinolones (3-substituted derivatives) 

4(1H)-Quinolone is a privileged drug scaffold (Figure 2.11) initialised in the 1940s with the 

discovery of endochin as an antiplasmodial compound against avian malaria (Stephen et al. 1947). 

Endochin is not active against human malaria (Adria C. Casey 1974) because it is vulnerable to 

cytochrome P450 mediated metabolism (Winter et al. 2011). Although endochin itself is not a good 

antimalarial compound, the 4(1H)-quinolone scaffold has been optimised for endochin-like quinolone 

to create novel drug candidates. Some 3-alkyl and 3-alkenyl substituted 4(1H)-quinolones show high 

activity against P. berghei suggesting the substituent at position 3 may enhance antimalarial properties 

(Adria Catala Casey 1974). Consequently, 3-phenyl-substituted 4(1H)quinolone, P4Q-95 (Figure 2.11), 

was reported to have better metabolic stability among other endochin derivatives (Monastyrskyi et al. 

2015). However, P4Q-95 still lacks in vivo antimalarial activity due to poor aqueous solubility. The 

placement of the GW844520 diarylether tail at position 3 led to synthesis of ELQ271, ELQ300 and 

P4Q391 (Figure 2.11) (Nilsen et al. 2013; Nilsen et al. 2014). This combination enhances 

physiochemical properties of lead compounds providing potent in vitro and in vivo antimalarial 

activities against drug-resistant P. falciparum in blood, liver and mosquito. The safety profiles of 

ELQ300 and P4Q391 were established with 6-chloro and 7-methoxy substitutions that decreased cross-

species inhibition to human cytochrome bc1. Based on this success, ELQ300 was progressed to 

preclinical profiling. A therapeutic combination of atovaquone and ELQ300 to achieve  dual-site 

cytochrome bc1 inhibition is an alternative option proposed with an improved therapeutic efficiency 

and low resistance propensity (Stickles et al. 2016). Furthermore, an analogue ELQ271 has 

demonstrated promising activity against acute and latent T. gondii and could provide a starting point 

for a new toxoplasmosis therapy (Doggett et al. 2012). Although 4(1H)-quinolones with 3-diarylether 

have many advantages in effective anti-apicomplexan activity throughout parasite life cycle and 

acceptable preclinical safety, they have a common limitation in aqueous solubility that decreases 

bioavailability in higher dose (Nilsen et al. 2013). To overcome the solubility challenge, ELQ337 
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(Figure 2.11), which is a prodrug of ELQ300 with O-linked carbonated ester and improved 

physiochemical properties, was developed resulting in 3 to 4-fold enhanced ELQ300 delivery dose as 

well as single curative dose in mice at 2 mg/kg (Miley et al. 2015). In addition, ELQ400 (Figure 2.11), 

which is the further optimised derivative of ELQ300, provides single-dose cures of murine malaria at 

1 mg/kg (Stickles, Ting, et al. 2015). 
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Figure 2.11 Medicinal chemistry strategy deployed in the development of 3-substituted-4(1H)-quinolones. 

IC50 is the half maximal inhibitory concentration. D6 is drug-sensitive P. falciparum. TM90C2B is 

atovaquone-resistant P. falciparum with Tyr268 mutation in the Qo site.  
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2.4.4 4(1H)-Quinolones (2-substituted derivatives) 

 As mentioned in Section 2.2, HDQ (Figure 2.3) is a known NDH2 and cytochrome bc1 inhibitor 

but has poor physiochemical properties to be used as a drug. In the O’Neill group, University of 

Liverpool, a series of 2-substituted 4(1H)-quinolones were developed as inhibitors with a dual 

mechanism of action against NDH2 and cytochrome bc1 in apicomplexan mitochondria. HDQ was used 

as an initial molecule for the selection of ~17,000 compounds that were evaluated by biological activity 

in high-throughput screen (HTS) against recombinant PfNDH2 (Biagini et al. 2012). The hits yielded 

2-bisaryl-substituted-1-hydroxy-4(1H)-quinolone (RKA073, Figure 2.12) with moderate anti-

plasmodial activity. This lead compound was optimised to CK-2-68 by the introductions of methyl 

group and chlorine atom at position 3 and 7, respectively (Figure 2.12). The IC50s of CK-2-68 against 

P. falciparum and PfNDH2 are improved at double digits nanomolar level, but the Pfbc1 activity 

remained very low (Pidathala et al. 2012). Additional optimisation with 2-pyridine substitution and 

removing linker atom generated SL-2-25 (Figure 2.12), which has doubled antiplasmodial activity in 

comparison with CK-2-68 and maintains strong PfNDH2 activity (Leung et al. 2012). This modification 

raises SL-2-25 potency against Pfbc1 to the same level of PfNDH2, so 2-pyridyl-quinolone is a good 

template for dual-enzyme inhibitor against PfNDH2 and cytochrome bc1. Recently, RYL-552 and RYL-

552S (Figure 2.12), which were optimised from CK-2-68, has been reported with strong potency at 

single-digit nanomolar level of IC50s against PfNDH2 and drug-sensitive parasite (Yang et al. 2017). 

These lead compounds were co-crystallised with recombinant PfNDH2 and revealed two allosteric 

binding pockets that could guide medicinal chemists to design potent lead compounds targeting to 

PfNDH2. It would be good if they were also co-crystallised with cytochrome bc1 to reveal structure-

activity relationship guiding how to improve dual-target inhibition for eradicating parasite. 
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Figure 2.12 Medicinal chemistry strategy deployed in the discovery of 2-substituted 4(1H)-quinolones. IC50 

is the half maximal inhibitory concentration. 3D7 is drug-sensitive P. falciparum. 
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2.4.5 3-Ester-4(1H)-quinolones  

 The first compound in this family, ICI56780 (Figure 2.13), was developed by Imperial 

Chemical Industries (ICI) in 1970 as a potent anti-coccidial agent (Ryley & Peters 1970). ICI56780 

possesses antimalarial activity against blood-stage P. berghei in rodents and anti-relapsing properties 

against P. cynomolgi in monkeys (Puri & Dutta 1990). Unfortunately, a high degree of resistance was 

obtained in mice models hampering the development of this class of compound. Due to the resistance 

issue, TDR42098 and TDR17516 (Figure 2.13) were designed with the introduction of 2-benzodioxole 

and 3-ethyl ester that affords excellent in vitro antiplasmodial activities against P. falciparum and 

improved drug-likeness properties (Zhang et al. 2010). In 2012, decoquinate (Figure 2.13), a 6,7-alkoxy 

substituted 3-ester-4(1H)-quinolone, and its acetylated prodrug (Figure 2.13) showed outstanding in 

vitro efficiency against blood-stage P. falciparum (NF45 strain) at nanomolar concentration level (Da 

Cruz et al. 2012). Furthermore, decoquinate is a potent compound abrogating liver-stage parasite with 

in vitro IC50 of 2.6 nM, so it could be developed for chemoprevention agent. 

 
Figure 2.13 Chemical structures of 3-ester-4(1H)-quinolone lead compounds. 
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2.4.6 1,2,3,4-Tetrahydroacridones 

 1,2,3,4-Tetrahydroacridones (Figure 2.14) have been developed as antimalarial at the same time 

with endochin (Stephen et al. 1947). Due to superior antiplasmodial activity of endochin-like 

compounds over tetrahydroacridones, the progress of tetrahydroacridones had been delayed until the 

late 1970s when floxacrine (Figure 2.14) was reported to have promising antimalarial activity (Raether 

& Fink 1979). Floxacrine appears to inhibit Plasmodia by preventing haem detoxification process after 

haemoglobin degradation (Schmidt 1979). WR243246 (Figure 2.14) was optimised based on floxacrine 

and its prodrug (WR243251) possesses high potency to control P. berghei in monkeys (Brown et al. 

1994). However, WR243246 was withdrawn from the late pre-clinical stage  due to cross-resistance 

between itself and atovaquone (Suswam et al. 2001). Interestingly, although floxacrine and WR243246 

have similar structure, WR243246 does not bind free haem like floxacrine. A later study proved that 

the (S)-enantiomer of WR243246 (WR249685) is the Qo site of cytochrome bc1 inhibitor whereas 

floxacrine is not active against cytochrome bc1 (Biagini et al. 2008). A fully aromatic acridone T3.5 

(Figure 2.14) displays strong efficiency to inhibit multidrug-resistant P. falciparum via dual-mechanism 

(Kelly et al. 2009) and appears to be a good template for future antimalarial acridone-based lead 

compounds.  

 
Figure 2.14 Chemical structures of 1,2,3,4-tetrahydroacridones and acridone lead compounds. 
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2.5 Structure-based drug development on cytochrome bc1 target 

From the history of antimalarial cytochrome bc1 inhibitors development given in Section 2.4, 

we can see that all compounds were designed using ligand-based design that used the knowledge of 

known molecule binding to a target of interest. A lot of derivatives of known molecules were generated 

and tested in vitro/in vivo biological assays based on trial-and-error method. This traditional drug 

discovery needs a lot of work and time to find and optimise hits to drug candidates, while apicomplexan 

parasites can develop extensive resistance within few years (Blasco et al. 2017). To accelerate drug 

discovery for overcoming resistance, structure-based drug design (SBDD) has been developed as a new 

method using the knowledge of protein structure to guide lead compound optimisation (Anderson 2003). 

The first success has come in the early 1990s when peptide-based inhibitors (as exemplified by 

Saquinavir) were designed for human immunodeficiency virus (HIV) proteinase using SBDD concept 

(Roberts et al. 1990). SBDD needs effective biophysical tools to elucidate high resolution protein and/or 

protein-ligand complex structures to identify target shape and lead compound mode of action (Anderson 

2003). X-ray crystallography is very powerful method providing atomic-resolution protein structures 

and underpinning structural biology knowledge for SBDD (Zheng et al. 2014). However, crystallisation 

bottleneck makes many targets remain unsolvable, particularly membrane proteins (Acharya & Lloyd 

2005). In recent decade, single-particle cryo-electron microscopy (cryo-EM) technology has been 

developed rapidly solving protein structures at resolution comparable to X-ray in favourable case with 

no need of crystallisation (Renaud et al. 2018). Thus, cryo-EM is a rapidly growing potential tool that 

may facilitate SBDD along with X-ray crystallography. 

Structural studies of cytochrome bc1 have been successful since 1997 with the 3.0 Å resolution 

X-ray crystal structure of bovine cytochrome bc1 (Xia et al. 1997). Up to 2018, 56 crystal structures of 

cytochrome bc1 with variable resolution from various organisms including bovine (2.1-4.1 Å), chicken 

(2.7-3.7 Å), yeast (1.9-3.0 Å), Paracoccus (2.7 Å) and Rhodobacter (2.4-3.5 Å), were deposited in 

Protein Data Bank (PDB) (Table 2.1). Crystal structures reveal the details of the catalytic sites and the 

movement of corresponding catalytic subunits which facilitate electron transport reactions within 

cytochrome bc1 (Esser et al. 2006; Berry & Huang 2011). As electron transport chain is critical for cell 

function in all living organism, inhibitors of cytochrome bc1 are often used as pesticides, fungicides and 
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therapeutic drugs (Mather et al. 2007; Witschel et al. 2012). However, the emergence of mutated drug 

targets with inhibitor-resistance makes huge challenges for inhibitor or drug development programme 

(Fisher & Meunier 2008). In the cases of GW844520 and GSK932121 4(1H)-pyridones (Figure 2.10), 

the inhibitors are toxic because of cross-species inhibition of mammalian cytochrome bc1 (Capper, 

O’Neill, Fisher, Strange, et al. 2015). The high-resolution structures of cytochrome bc1 bound with the 

inhibitors bound are important for protein-ligand interactions visualisation and reveal unexpected 

binding of 4(1H)-pyridones to the Qi site (Figure 2.15A&B). The crystal structure of bovine cytochrome 

bc1 complexed with MJM170 (Figure 2.16), a tetrahydroquinolone lead compound with good 

antimalarial and anti-toxoplasma activities, can determine accurate inhibition mechanism by a 

compound and identify target sites on the protein (Figure 2.15C). This information is very beneficial 

for structural-activity relationship study and structure-guided inhibitor design to lead optimisation of 

compound towards better binding efficiency and selectivity to the target (Anderson 2003). 

Although X-ray crystallography is the most common method to solve atomic resolution protein 

structures, structure elucidation of apicomplexan cytochrome bc1 has never been achieved due to the 

limitation of native protein and impossibility to produce recombinant protein due to its complex nature. 

To overcome this challenge, single particle cryo-electron microscopy (cryo-EM) could be used (Shen 

et al. 2018). Cryo-EM has rapidly developed allowing in rare cases to solve membrane protein structure 

at high resolution (best at ~2.6Å) (Shen et al. 2018). Cryo-EM method has several advantages over X-

ray crystallography especially when only small amounts of sample is available and crystallisation 

conditions are not established. In 2018, ten cryo-EM structures of individual cytochrome bc1 and 

supercomplex containing cytochrome bc1 were deposited in the Protein Data Bank (PDB) (Table 2.1). 

One of them is human supercomplex structure containing the first human cytochrome bc1 structure at 

3.4Å resolution (Guo et al. 2017). This human cytochrome bc1 structure could be validated as a host 

target to reduce toxicity of lead compounds. Recently cryo-EM was used for inhibitor-bound bovine 

cytochrome bc1 where accurate binding mode of inhibitor was visualised (Amporndanai et al. 2018). 

Details of this work will be described in Chapter 7. Cryo-EM has huge potential to solve cytochrome 

bc1 structure from Apicomplexan parasites, which would be a big step for malaria and toxoplasmosis 

drug discovery programmes. 
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Figure 2.15 Crystal structures and 2Fo-Fc electron density maps of Qi site of bovine cytochrome bc1.  (A) 

GW844520 (yellow sticks). (B) GSK932121 (yellow sticks). (C) MJM170 (magenta sticks). This figure is 

adapted from (A&B) (Capper, O’Neill, Fisher, Strange, et al. 2015) and (C) (McPhillie et al. 2016). 

 

 
Figure 2.16 Chemical structure of tetrahydroquinolone MJM170. 
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Table 2.1 The deposited crystal and cryo-EM structures of cytochrome bc1 from various organisms in Protein Data Bank (PDB) between 1997-2018. 

PDB 

code 

Organism Year Resolution 

(Å) 

Technique Space group Qo binder Qi binder 

1BE3 Bos taurus 1997 3 X-ray P 65 2 2 - - 

1BGY Bos taurus 1998 3 X-ray P 65 - - 

1BCC Gallus gallus 1998 3.16 X-ray P 21 21 21 - Q10 

1QCR Bos taurus 1998 2.7 X-ray I 41 2 2 - - 

2BCC Gallus gallus 1998 3.5 X-ray P 21 21 21 Stigmatellin A Q10 

3BCC Gallus gallus 1998 3.7 X-ray P 21 21 21 Stigmatellin A Antimycin A 

3H1H Gallus gallus 1998 3.61 X-ray P 21 21 21 - Q10 

3H1I Gallus gallus 1998 3.53 X-ray P 21 21 21 Stigmatellin A Antimycin A 

3H1J Gallus gallus 1998 3 X-ray P 21 21 21 Stigmatellin A Q10 

1EZV Saccharomyces 

cerevisiae 

2000 2.3 X-ray C 1 2 1 Stigmatellin A Q6 

3H1K Gallus gallus 2000 3.48 X-ray P 21 21 21 Iodo-Kresoxim-dimethy Q10 

1KB9 Saccharomyces 

cerevisiae 

2001 2.3 X-ray C 1 2 1 Stigmatellin A Q6 

1KYO Saccharomyces 

cerevisiae 

2002 2.97 X-ray P 1 21 1 Stigmatellin A - 

1L0L Bos taurus 2003 2.35 X-ray I 41 2 2 Famoxadone - 

1L0N Bos taurus 2003 2.6 X-ray I 41 2 2 - - 

1NTK Bos taurus 2003 2.6 X-ray I 41 2 2 - Antimycin A 

1NTM Bos taurus 2003 2.4 X-ray I 41 2 2 - - 

1NTZ Bos taurus 2003 2.6 X-ray I 41 2 2 Q2 Q2 

1NU1 Bos taurus 2003 3.2 X-ray I 41 2 2 NQNO NQNO 



	

	

49	

49	

1P84 Saccharomyces 

cerevisiae 

2003 2.5 X-ray C 1 2 1 HDBT Q6 

1SQB Bos taurus 2004 2.69 X-ray I 41 2 2 Azoxystrobin - 

1SQP Bos taurus 2004 2.7 X-ray I 41 2 2 Myxothiazol - 

1SQQ Bos taurus 2004 3 X-ray I 41 2 2 MOAS Q2 

1SQV Bos taurus 2004 2.85 X-ray I 41 2 2 UHDBT Q10 

1SQX Bos taurus 2004 2.6 X-ray I 41 2 2 Stigmatellin A Q2 

1ZRT Rhodobacter 

capsulatus 

2004 3.5 X-ray P1 21 1 Stigmatellin A - 

1PP9 Bos taurus 2005 2.1 X-ray P 21 21 21 Stigmatellin A Q10 

1PPJ Bos taurus 2005 2.1 X-ray P 21 21 21 Stigmatellin A Antimycin A 

2A06 Bos taurus 2005 2.1 X-ray P 21 21 21 Stigmatellin A Q10 

2FYN Rhodobacteria 

sphaeroides 

2006 3.2 X-ray C 1 2 1 Stigmatellin A - 

2FYU Bos taurus 2006 2.26 X-ray I 41 2 2 JG144 - 

2IBZ Saccharomyces 

cerevisiae 

2007 2.3 X-ray C 1 2 1 Stigmatellin A   

2QJK Rhodobacteria 

sphaeroides 

2008 3.1 X-ray C 1 2 1 Stigmatellin A Antimycin A 

2QJP Rhodobacteria 

sphaeroides 

2008 2.6 X-ray P 1 21 1 Stigmatellin A Antimycin A 

2QJY Rhodobacteria 

sphaeroides 

2008 2.4 X-ray C 1 2 1 Stigmatellin A   

3CWB Gallus gallus 2008 3.51 X-ray P 21 21 21 Iodo-Crocacin-D Q10 
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3CX5 Saccharomyces 

cerevisiae 

2008 1.9 X-ray P 1 21 1 Stigmatellin A - 

3CXH Saccharomyces 

cerevisiae 

2008 2.5 X-ray P 1 21 1 Stigmatellin A - 

3H1L Gallus gallus 2010 3.21 X-ray P 21 21 21 Ascochlorin Ascochlorin 

3L70 Gallus gallus 2010 2.7 X-ray P 21 21 21 Trifloxystrobin Q10 

3L71 Gallus gallus 2010 2.84 X-ray P 21 21 21 Azoxystrobin Q10 

3L72 Gallus gallus 2010 3.06 X-ray P 21 21 21 Iodo-Kresoxim-dimethy Q10 

3L73 Gallus gallus 2010 3.04 X-ray P 21 21 21 Triazolone Q10 

3L74 Gallus gallus 2010 2.76 X-ray P 21 21 21 Famoxadone Q10 

3L75 Gallus gallus 2010 2.79 X-ray P 21 21 21 Fenamidone Q10 

2YIU Paracoccus 

denitrificans 

2011 2.7 X-ray P 1 21 1 Stigmatellin A - 

3TGU Gallus gallus 2012 2.7 X-ray P 21 21 21 WF3   

4PD4 Saccharomyces 

cerevisiae 

2014 3.04 X-ray C 1 2 1 Atovaquone Q6 

4D6T Bos taurus 2015 3.57 X-ray P 65 - GW844520 

4D6U Bos taurus 2015 4.09 X-ray P 65 - GSK932121 

4U3F Gallus gallus 2015 3.23 X-ray P 21 21 21 Y52 Q10 

5KKZ Rhodobacter 

sphaeroides 

2016 2.97 X-ray P1 Famoxadone - 

5KLI Rhodobacter 

sphaeroides 

2016 3 X-ray P1 Stigmatellin A Antimycin A 

5KLV Bos taurus 2016 2.65 X-ray I 41 2 2 Fenamidone - 

5NMI Bos taurus 2016 3.5 X-ray P 65 - MJM170 
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 5OKD Bos taurus 2018 3.1 X-ray P 65 2 2 - SCR0911 

6HAW Bos taurus 2019 3.45 X-ray P 65 2 2 - WDH-2G-7 

6QKO Bos taurus 2019 3.45 X-ray P 65 2 2 - JAG021 

6QTD Bos taurus 2019 3.30 X-ray P 65 2 2 - CK-2-68 

6QTH Bos taurus 2019 3.50 X-ray P 65 2 2 - RKA066 

6QTE Bos taurus 2019 3.50 X-ray P 65 2 2 - WDH-1U-4 

2YBB Bos taurus 2011 19 Cryo-EM - Stigmatellin A Q10 

5J4Z Ovis aries 2016 5.80 Cryo-EM - - - 

5J7Y Ovis aries 2016 6.70 Cryo-EM - -  

5J8K Ovis aries 2016 7.80 Cryo-EM - - - 

5LUF Bos taurus 2016 9.10 Cryo-EM - - - 

5GUP Sus scrofa 2017 4.00 Cryo-EM - - - 

5XTH Homo sapiens 2017 3.40 Cryo-EM - - - 

6FO0 Bos taurus 2018 4.10 Cryo-EM - - GSK932121 

6FO2 Bos taurus 2018 4.40 Cryo-EM - - - 

6FO6 Bos taurus 2018 4.10 Cryo-EM - - SCR0911 

6QIQ Saccharomyces 

cerevisiae 

2019 3.23 Cryo-EM - - Q6 
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2.6 Objectives of research 

The objectives of the research were to; 

1. Perform structure elucidation of bovine cytochrome bc1 in complex with published 

bisaryl 4(1H)-quinolones, and newly developed heterocyclic 4(1H)-quinolones and 

tetrahydroquinolone using X-ray crystallography to identify binding modes of lead compounds for 

structure-based drug discovery. 

2. Develop in silico studies of lead compounds in malaria parasite’s homology model 

providing structural insights how compound bind to parasite target and rationalising biological 

observations. 

3. Demonstrate the effectiveness of cryo-EM technique for cytochrome bc1 structure 

determination with the use of minimal amount of sample for analysis. 

4. Develop Plasmodium falciparum type II NADH:ubiquinone oxidoreductase (PfNDH2) 

production, purification and crystallisation for structural-based drug discovery. 

5. Study of interactions of rusticyanin with 19 kDa fragment merozoite surface protein 1 

(MSP119) for malaria vaccine development. 
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Chapter 3 

 

An introduction to protein crystallography  

and the principle of X-ray diffraction 

 

3.1 An introduction to protein crystallography 

 Proteins are the highly diverse and versatile macromolecules that serve as the backbone for 

all living systems. Many proteins provide fundamental structure to cells, and others have crucial 

roles in biological processes, such as catalysts for biochemical reactions, transporters of molecules, 

and regulators of cellular activity. Most of these protein functions are facilitated by dynamic 

changes in protein structures and interactions with other molecules. The knowledge of protein 

structures is essential for understanding of the biological functions leading to a variety of 

applications including disease therapy.  

After X-ray diffraction by a crystalline sample was observed by Max von Laue in 1912, 

this technique has been subsequently developed along with the attempt of protein crystallisation 

over the first half of the 20th century. The breakthrough of protein X-ray crystallography happened 

in 1958-1960 when the first three-dimensional structures of myoglobin and haemoglobin were 

solved by John Kendrew and Max Perutz (Kendrew et al. 1958; Perutz et al. 1960), both later were 

awarded with the 1962 Nobel Prize in Chemistry. These achievements evidenced the configuration 

of a-helices and the position of haem for the first time which provided understanding of the oxygen-

carrying function of myoglobin and haemoglobin (Kendrew et al. 1960; Perutz et al. 1960). Over 

60 years after the first structure, X-ray crystallography has become a gold-standard method for 

elucidating structures of biological macromolecules, For examples, the first structure of the virus 

was solved in 1969 from a capsid protein of tomato bushy stunt virus (Harrison 1969). This effort 

inspired the structure determination of the human influenza virus capsid protein in 1981 (Wilson et 

al. 1981), which is the key for viral infection comprehension and vaccine development (Hamilton 
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et al. 2012). Moreover, solving the structure of membrane protein was another important milestone. 

About 30% of proteins are embedded in or bound to phospholipid bilayer membrane (Krogh et al. 

2001), which mediate broad-range of vital biological processes including photosynthesis, 

respiration, signal transduction, and molecular transport. Membrane proteins constitute 60% of 

current drug targets in human reinforcing their enormous value for structure-based therapeutic 

development (Overington et al. 2006). The first high resolution X-ray crystal structure of a 

membrane protein was solved a bacterial photosynthetic reaction centre in 1985 at 3Å resolution 

(Deisenhofer et al. 1985). The significance of this achievement was emphasised by the 1988 Nobel 

Prize in Chemistry. Another breakthrough discovery in membrane protein research was the 

structure determination of G protein-coupled receptors (GPCRs), which are involved in cell signal 

transduction (Trzaskowski et al. 2012). GPCRs are the largest family of membrane proteins that are 

targeted by ~35% of approved small-molecule drugs in global market (Hauser et al. 2017). 

Modulation of GPCRs through allosteric active site can alter protein structures and functions to 

achieve therapeutic responses (Christopoulos et al. 2014). Two crystal structures published in 2007 

were the first structural investigation on GPCRs (Rasmussen et al. 2007; Cherezov et al. 2007). 

These structures of human b2 adrenergic receptors, one of the GPCRs, were recognised by the 2012 

Nobel Prize in Chemistry. It facilitated the understanding of the drug action mechanism allowing 

highly efficacious drug development on GPCRs. Study of membrane proteins is extremely 

challenging due to difficulty in maintaining their native conformation in aqueous solvent and the 

limited source of some proteins leading to slow pace of membrane protein structure determination 

(Carpenter et al. 2008). 

Many X-ray crystal structures of biomolecules have been solved and published every year. 

Structure entries in the Protein Data Bank (PDB) have grown exponentially in the last 30 years 

(Figure 3.1). In 2018, there were about ~130,000 X-ray protein structures deposited, which are 90% 

of the total macromolecule structures (Figure 3.2). The PDB statistics showed that X-ray 

crystallography remains a first-line method for structural biology research. 
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Figure 3.1 Bar charts show the number of protein structures deposited in PDB from 1971 to 2018 (left) 

and the number of x-ray structures released annually in PDB from 2000 to 2018 (right). Data from 

https://www.rcsb.org/stats. 

 

Figure 3.2 Pie chart represents number of protein structures derived by experimental methods in 2018. 

Data from https://www.rcsb.org/stats. 

 

3.2 Principles of protein crystallography 

The interatomic distance in the proteins are ~1.5 Å which is impossible to visualise with 

visible light (wavelength of around 350-700 nm) to resolve the atoms. We need to use X-rays which 

are very short wavelength electromagnetic waves around 1Å that can resolve the interatomic 

distance within the proteins. 

When an X-ray beam encounters an object containing electrons, X-ray are emitted without 

change of the wavelength in random directions from the original path. This phenomenon is called 

coherent scattering or diffraction. If the electrons gain more energy that change their transition stage, 
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the excited electrons return to their ground state and release X-ray waves with lower energy. This 

incident is called incoherent scattering, which causes radiation damage in X-ray overdosed samples. 

X-ray diffraction signals from a single protein molecule is very weak and undetectable. The 

use of a protein crystals, which contains a lot of protein molecules packed in highly ordered form, 

can provide detectable X-ray diffraction signal. Thus, X-ray crystallography is an experiment that 

observes X-ray diffraction caused by electrons distribution in a protein crystal, and the structure 

model represents the pattern of electron density for the protein molecule. The overall processes of 

X-ray crystallography are summarised in Figure 3.3. Full details of each stage are given in the next 

sections. 

 

Figure 3.3 Protein X-ray crystallography pipeline. (A) A protein crystal is exposed to  X-ray beam. (B) 

X-ray is diffracted to different directions from original direction without loss of energy that results in a 

two-dimensional spot pattern on the detector (C) A series of diffraction images are collected and 

processed by mathematical transform to provide the distribution of electron density in the crystal (D) 

Calculated electron density is fitted by molecular modelling (E) The final model reveals the structure of 

protein. 
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3.3 Protein crystallisation 

 Growing protein crystals is not predictable and remains a fine art as there is no 

comprehensive theory on how to get high diffracting crystals. To grow protein crystals, a large 

quantity of pure and homogenous protein (few milligrams) needs to be obtained. High purity and 

homogeneity of protein samples are crucial for successful protein crystallisation. Protein 

purification is carried out by various methods (Kim et al. 2008), mostly column chromatography 

and precipitation. Purity of protein can be determined by SDS-PAGE and mass spectrometry (MS), 

while protein homogeneity can be evaluated by biophysical methods such as dynamic light 

scattering (DLS) and small-angle X-ray scattering (SAXS) (Raynal et al. 2010). Moreover, circular 

dichroism spectroscopy (CD) and activity measurement can ensure that the protein is correctly 

folded and active. 

Protein crystallisation requires supersaturated stage of the protein solution. The protein, 

which is usually dissolved in buffered aqueous solvent, is mixed with precipitant agents, such as 

polyethylene glycol (PEG) and salts (e.g. ammonium sulphate or sodium malonate), that reduce 

solubility of protein leading to supersaturation (Chayen & Saridakis 2008). The growth of protein 

crystal is related to the concentrations of protein and precipitant and can be described by the phase 

diagram (Figure 3.4). After protein solution reaches to higher level supersaturation, protein 

molecules spontaneously merge into ordered clusters or nuclei, and then gradually mature to 

crystals at lower level of supersaturation. If the solution has a too high concentration of protein or 

precipitant, amorphous precipitation would be obtained instead of crystal. Apart from precipitant 

agent, the adjustment of pH and the use of organic solvent may be applied to create supersaturated 

stage. Crystallisation screening is the search of suitable conditions by experimenting the wide range 

of precipitants, and buffers. After initial screen, hits or the conditions that have promising outcome 

for crystallisation are identified. The promising conditions are optimised to grow high quality 

crystals by changing the concentration of protein and/or precipitant, pH, temperature, or the 

presence of additives such as salts, detergents, and organic compounds (McPherson & Gavira 2004). 

Vapour diffusion is a common crystallisation technique creating supersaturation of protein 

by a dynamic vapour equilibration in binary solvent system (Chayen & Saridakis 2008). A 
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crystallisation droplet, which is composed by the mixture of protein solution and reservoir solution 

containing precipitant, is set to equilibrate against a larger volume of reservoir solution in a closed 

chamber (Figure 3.5). At equilibrium stage, lower precipitant concentration of crystallisation drop 

has higher rate of solvent evaporation than the reservoir solution resulting in dehydration of protein 

solution and ultimately supersaturation. Vapour diffusion technique can be performed in either 

hanging drop or sitting drop. Hanging drop method places crystallisation drop on an inverted 

siliconized coverslip above the reservoir solution (Figure 3.5A). In sitting drop, the crystallisation 

drop is placed on a separated stand surrounded the reservoir solution (Figure 3.5B). Both vapour 

diffusion methods need an isolated environment (sealed by vacuum grease) making the whole 

system enter equilibrium stage. Unlike salt or inorganic crystals, protein crystals contain high 

solvent content due to big channels between the protein molecules. Handling of protein crystals 

needs to be mild and gentle because of their fragility. 

 

Figure 3.4 Phase diagram for protein crystallisation. (1) Initially, the protein solution is mixed with 

precipitant at a concentration below solubility limit (represented as thick black line). Vapour diffusion 

is carried out to dehydrate the protein mixture that slowly increases the concentration of protein and 

precipitant. (2) When the protein mixture reaches higher level of supersaturated stage, the protein 

molecules form ordered clusters called nuclei. This stage is called nucleation zone. (3) After spontaneous 

nucleation occurs, nuclei grow into crystals by sequestering soluble protein that decreases protein 

concentration in solution. A lower level of supersaturation called metastable zone is sufficient to 

promote crystal growth until the system reaches equilibrium state that ceases crystal formation. 
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Figure 3.5 Vapour diffusion methods for crystallisation. (A) Hanging drop. (B) Sitting drop. 

 

3.4 Crystal lattice and symmetry 

 Crystal is three-dimensional periodic array of molecules that are regularly repeated 

throughout crystal volume. The smallest repeating unit which can be reproduced by translation is 

called the unit cell. The geometry of the unit cell is defined as a parallelepiped controlled by six 

parameters including three lengths of the cell edges (a, b, c) and three angles between them (a, b, g) 

(Figure 3.6). The variety of unit cell parameters contributes 14 types of possible lattice called 

Bravais lattices that can be classified to seven lattice systems (Table 3.1) (Wondratschek 2006). 

Within a unit cell, the array of molecules is built up by a number of smaller motifs that contain 

structural information called asymmetric units (Figure 3.7). The arrangement of asymmetric units 

is controlled by Bravais lattices and 32 point groups (symmetry operations) (Wondratschek 2006). 

For small molecules, combination of point groups and Bravais lattices provides 230 possible space 

groups that are applicable for asymmetric unit array in a unit cell (Wondratschek 2006). A protein 

molecule possesses chiral atoms making some operations, i.e. mirror planes and centres of inversion, 

not allowed. Only rotational and screw symmetry operations are allowed that limits the number of 

point group to 11 and space group to 65. 
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Figure 3.6. Definitions of crystal unit cell parameters. 

 

 

Figure 3.7 Asymmetric unit formation in a P6 space group crystal. 2-fold (à), 3-fold (�), and 6-fold (•) 

symmetry operations are applied to asymmetric unit (emphasised in blue dash circle) that make 180o, 

120o, and 60o rotations, respectively. The entire crystal is made up of a number of repeating unit cells 

(black box) that translated in equal length.  
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Table 3.1 The seven lattice systems and the 14 Bravais lattices. 

Lattice 
system 

Unit cell 
parameters 

Bravais lattices 

Cubic a = b = c 
a = b = g = 90o 

 
   Primitive (P)                         Body-centred (I)                   Face-
centred (F) 

Tetragonal a = b ≠ c 
a = b = g = 90o 

 
   Primitive (P)                         Body-centred (I) 

Orthorhombic a ≠ b ≠ c 
a = b = g = 90o 

 
   Primitive (P)                   Cubic centre (I) 

 
 Side-centred (C)                 Face-centred (F) 

Rhombohedral a = b = c 
a = b = g ≠ 90o 

    
    Primitive (P) 

Hexagonal a = b ≠ c 
a = b = 90o; g 

= 120o 

 
       Primitive (P) 

Monoclinic a ≠ b ≠ c 
a = b = 90o ≠ g 

 
   Primitive (P)                   Side-centred (C) 

Triclinic a ≠ b ≠ c 
a ≠ b ≠ g ≠ 90o 

 
   Primitive (P) 
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3.5 From X-ray diffraction to protein structures 

As described briefly in Section 3.2, X-ray diffraction refers to scattering of X-ray photons 

into directions other than the original direction without change of X-ray wavelength (l) after 

interacting with electrons distributed in condensed matter. Waveform of scattered X-ray signals (F) 

can be expressed as wave function in terms of complex number (i) shown in Equation 2.  

 
! = ! #$f      Equation 2 

 
The phase difference (f) between incident and scattered X-rays, which is the important 

parameter giving various amplitude of diffracted signals, can be defined by vector difference (S) 

between scattered (s1) and incident (s0) beams at any position (r) shown in Equation 3. 

 
f = 2& '( − '* + = 2& ∙ -+    Equation 3 

 
As X-ray diffraction is the measurement of electron density (r(r)) around nucleus of an 

atom, the atomic scattering factor (f(S)) that refers to total scattered wave caused by an atom is 

given by Fourier transform in Equation 4. 

 

. - = / + #01$∙2∙34+
5	(89:;)
3    Equation 4 

 
Total scattering power of a molecule containing N atoms (F(S)) is described by the sum of 

atomic scattering factor (f(S)) given in Equation 5. 

 
! - = .=#

01$∙2∙3>?
=@(      Equation 5 

 
 In crystalline material, the incident radiation with a wavelength (l) comparable to the gap 

between atoms is scattered from lattice planes separated by the inter-planar distance (d) with an 

angle of incident (q) shown in Figure 3.8. The scattered waves with identical wavelength are 

propagated in phase leading to a larger amplitude of signals if the path between wave fronts (2d× 

sinq) is an integer of wavelengths (n). This correlation between wavelength and diffracting angle 

is described by Bragg’s law in Equation 6, which established by William Lawrence Bragg and 

William Henry Bragg in 1913 (Bragg & Bragg 1913). If the incident X-ray angle does not satisfy 
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Bragg’s law, the diffracted beams produce destructive interference causing weak scattered 

intensities. 

24 sin D = EF	   where n is a positive integer Equation 6 
 

 

 
Figure 3.8 X-ray diffraction from crystal lattice planes. 
 

To translate molecular scattering factor in Equation 5 into crystal lattice, one-dimensional 

distance vector (r) needs to be expanded to three-dimensional vectors correspond to x, y, z axes of 

unit cell (Figure 3.6), respectively, as shown in Equation 7. 

 
-	+= = ℎ ∙ H= + J ∙ K= + L ∙ M=    Equation 7 

 
h, k and l integers are called Miller indices that define the orientation of lattice planes in 

unit cell. Molecular scattering factor in Equation 5 is applied with three-dimensional vectors in 

Equation 7 that allows the scattering vector (S rj) expressed as Miller indices shown Equation 8. 

 
!NOP = ! H, K, M = .=#

01$(N∙R>SO∙T>SP∙U>)?
=@(    Equation 8 

 
 Molecular scattering in crystal lattice is also notated as structure factor (Fhkl). The 

relationship between electron density and scattering factor has been given in Equation 4. We can 

calculate three-dimensional electron density in crystal as shown in Equation 9, by deriving Equation 
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4 and Equation 8. The normalisation factor (1/V), where V is the volume of unit cell, is given for 

correct units of electron density. 

/ H, K, M =
1

W
	 !NOP	#

(X01$ N∙RSO∙TSP∙U )

Y

P@*

Y

O@*

Y

N@*

 

   Equation 9 

 Once X-ray diffraction data has been collected from a rotating crystal (Figure 3.3B), a set 

of reflection spots have been obtained referring to peak intensities (Ihkl) of constructive interference. 

Each spot represents the proportional value of root mean square of structure factor as shown in 

Equation 10. 

ZNOP = J !NOP
0  where k is a proportional factor Equation 10 

 
 To process data (Powell 2017), diffraction spots in an image need to be indexed to identify 

Miller indices (h, k, l) for each spot that are used to assess possible crystal lattices and geometry of 

unit cell. Afterwards, all reflections in a series of diffraction images are evaluated by their intensities 

(I) and background signal (sI) to find and fit the spots to the diffraction profile of possible crystal 

lattices in a process called integration. At last, integrated reflections in multiple diffraction patterns 

are normalised by their intensities and combined into one dataset that is called scaling. 

However, the diffraction detector cannot record phase difference (f) of the scattered wave, 

which is the missing important information to describe waveform in Equation 2. Phase problem is 

the biggest challenge in protein crystallography. In this thesis, Molecular Replacement is used for 

solving phase problem. This method needs the structure (or search model) which is similar to the 

unknown one (~30% conserved sequence) (Evans & McCoy 2007). The search model is moved by 

six-dimensional search within the unit cell until the calculated phase is agreed with observed 

structure factors. Six-dimensional search contains rotational search (in three dimensions) to 

determine the orientation of a search model and translational search (another three dimensions) in 

order to find the position of a search model within the unit cell. The most common Molecular 

Replacement algorithm is Patterson method (Patterson 1935) that relies on the search of the map of 

atom-atom vectors to identify the optimal overlap with experimentally observed map. 
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After solving phase problem by Molecular Replacement, the search model may not 

perfectly fit into electron density and may have incorrect geometry. Modification of starting model 

to improve quality and geometric accuracy is called refinement. Structure refinement is achieved 

through maximum-likelihood method to fit density map  and evaluated by Rwork value described in 

Equation 11 (Pannu & Read 1996; Murshudov et al. 1997), which indicates the agreement between 

calculated structure factors (Fc) from the model and experimentally observe structure factors (Fo). 

Currently, Rfree is also used along with Rwork to assess possible over-interpreting of the model 

(Brunger 1992). Rfree is determined using the same formula given in Equation 11, but ~5% of data 

assigned to Rfree are not used during refinement and model building that makes Rfree slightly higher 

than Rwork . Lower Rwork and Rfree (below ~15-25% for protein depending on the resolution of data) 

shows better quality of refined model (Kleywegt & Jones 1997). An example of high quality model 

that fits to electron density accurately is shown in Figure 3.9. 

[\:3O =
!: − !]

!:
 

Equation 11 
 
 

 

Figure 3.9 An example of electron density (blue mesh) and structural models of amino acid residues 

(yellow lines) and water molecules (pink pointers). This model is the structure of rusticyanin at the 

resolution of 1.6 Å, which has 16.12 % Rwork and 20.07% Rfree. 
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Chapter 4 

 

The development of 2- and 3-aryl-4(1H)-quinolones for malaria 

chemotherapy 

 
4.1 Background 

Malaria is one of the most lethal infectious diseases caused by Plasmodium parasites, 

particularly Plasmodium falciparum (Pf) which is the most lethal malaria parasite. Malaria infects 

a few hundred million people and kills half a million worldwide each year (World Health 

Organization 2017). Atovaquone, one of the widely used drugs for uncomplicated malaria treatment 

and prevention, suffers rising drug resistance triggered by point mutations at Tyr268 in the Qo site 

of cytochrome bc1 (Srivastava et al. 1999). Currently, alternative more soluble chemotypes targeting 

the cytochrome bc1 with high potency against Plasmodium pathogens is urgently required to 

overcome drug-resistant malaria. 

Since the discovery of potent antimalarial properties of HDQ and endochin (Saleh et al. 

2007; Stephen et al. 1947), 2-aryl and 3-aryl-4(1H)-quinolone analogues (Figure 4.2) have been the 

focus for lead optimisation targeting Plasmodium mitochondrial complexes. The 3-aryl-4(1H)-

quinolone family are respiratory chain inhibitors targeting cytochrome bc1 and 2-aryl-4(1H)-

quinolone family displays potential inhibition against Plasmodium NDH2 and cytochrome bc1. 

4(1H)-pyridones, GW844520 and GSK932121, which have excellent antiplasmodial potency and 

drug-likeness were withdrawn due to cardiotoxicity (Bueno et al. 2012). In these molecules, the 

bisaryl and diaryl ether were used to replace the alkyl side chain of endochin and HDQ (Figure 4.1). 

This strategy led to development of 2-bisaryl-4(1H)-quinolones (CK-2-67, CK-2-68 and RKA066) 

(Pidathala et al. 2012), 3-bisaryl-4(1H)-quinolone (WDH-1U-4) (Biagini et al. 2012), and 3-diaryl 

ether-4(1H)-quinolones (ELQ series) (Nilsen et al. 2013; Stickles, Ting, et al. 2015), these 

compounds will be discussed individually in Section 4.2. 
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Figure 4.1 Chemical structures of HDQ, endochin, GSK pyridones, and 4(1H)-quinolones. 

 

4.2 2-Bisaryl and 3-bisaryl-4(1H)-quinolones 

HDQ is a known PfNDH2 inhibitor reported to have promising P. falciparum inhibition 

with IC50 = 14 nM (Saleh et al. 2007), but it is also known for poor aqueous solubility and metabolic 

stability that negates further development (Pidathala et al. 2012). CK-2-67 is a 2-bisaryl-4(1H)-

quinolone created by the substitution of bisaryl chain at position 2 and methyl group at position 3. 

This change gave promising activity against atovaquone-resistant P. falciparum (Table 4.1) by 

inhibiting two mitochondrial enzymes of Plasmodium cytochrome bc1 and NDH2. To gain better 

potency, derivatives of CK-2-67 were designed and their activity was evaluated. CK-2-68 with 

chlorine atom at position 7 showed significantly increased PfNDH2 selectivity and improve parasite 

growth inhibition. The additional hydroxyl group at the N-position in RKA066 raised antimalarial 

potency, but reduced activity against PfNDH2 suggesting that RKA066 would favour binding to 

cytochrome bc1. A 3-bisaryl-4(1H)-quinolone, WDH-1U-4, possesses good antimalarial activity at 

the same level as CK-2-68 and strong selectivity to cytochrome bc1. The information above suggests 

that the position of bisaryl side-chain affects the binding preference between cytochrome bc1 and 

PfNDH2. 

Although 2-bisaryl and 3-bisaryl-4(1H)-quinolone (Figure 4.2) have outstanding 

antiplasmodial activity including in drug-resistant strain, the quinolone ring promotes strong p-p 

stacking aggregation between molecules making quinolone-based compounds poorly soluble in 
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water. This creates low oral availability and poor ADME (Absorption, Distribution, Metabolism, 

Excretion) properties that hamper the quinolone lead optimisation. Whilst the GSK pyridone 

programme was terminated due to cardiotoxicity concerns, this series were also poorly soluble. As 

mentioned in the Chapter 2, a potential explanation for the toxicity of GSK pyridones was provided 

by the use of bovine cytochrome bc1 as a human surrogate. Crystal structures of inhibitor bound 

bovine cytochrome bc1. with GSK pyridones in the Qi site was reported (Capper, O’Neill, Fisher, 

Strangea, et al. 2015). This improved the understanding of protein-inhibitor interactions and 

confirmed importance of structure-guided lead optimisation for future of drug discovery 

programme. Herein, CK-2-68, RKA066, and WDH-1U-4 were co-crystallised with bovine 

cytochrome bc1, and the mode of binding was analysed to gain knowledge of the inhibition 

mechanism. This structural insight provided an opportunity for direct observation of the lead 

compound at cytochrome bc1 target, which could be utilised for structure-guided rational drug 

design in parallel with lead optimisation. 

 
Figure 4.2 Chemical structures of 2- and 3-bisaryl-4(1H)-quinolone lead compounds. 

 

Table 4.1 Plasmodium falciparum and enzyme inhibition profiles of atovaquone and 2- and 3-aryl-

4(1H)-quinolones. 

Compound IC50 (nM)  

(3D7) 

IC50 (nM) 

(TM90C2B) 

IC50 (nM) 

(Pf bc1) 

IC50 (nM)  

(Pf NDH2) 

Atovaquone 0.9 12,000 2 >10,000 

CK-2-67 117 122 38 16 

CK-2-68 31 184 500 16 

RKA066 22 217 ND 55 

WDH-1U-4 36 ND <10 492 

3D7 –drug sensitive P. falciparum parasite; TM90C2B – atovaquone resistant parasite strain; ND – 

not determined. All data were measured by Biagini group (Pidathala et al. 2012; Biagini et al. 2012). 
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4.3 3-Diaryl ether-4(1H)-quinolones 

 According to the endochin structure, 3-diaryl ether-4(1H)-quinolones (Figure 4.3) were 

proposed to inhibit the Qi site of cytochrome bc1 so the mutation in the Qo site should not interfere 

with their activity. A representative is ELQ271 and this compound displays good selectivity to 

cytochrome bc1 that agrees with the the profile of 3-biaryl-4(1H)-quinolone (WDH-1U-4) (Table 

4.2). ELQ271 was further modified with the addition of methoxy group at position 7 and halogen 

atom at position 6 (chlorine for ELQ300 and fluorine for ELQ316). ELQ300 exhibits excellent in 

vitro Plasmodium cytochrome bc1 and Qo site mutated parasites with inhibition in the single-digit 

nanomolar level of IC50 (Table 4.2). Despite low solubility in water, ELQ300 has good 

bioavailability and pharmacokinetic properties resulting in complete malaria control in mouse 

model at doses as low as 0.03 mg/kg (Nilsen et al. 2013). Moreover, cross-reactivity to human 

cytochrome bc1 of ELQ300 is lower than for ELQ271 providing a better safety profile (Table 4.2). 

These advantageous profiles have led to ELQ300 entering the late stage pre-clinical development. 

Both, malaria and toxoplasmosis parasites share cytochrome bc1 as a common drug target. The 

series of antimalarial ELQ compounds were evaluated for their activity against T. gondii. ELQ271 

and ELQ316 are potent anti-parasitic agents against acute and latent toxoplasmosis (Doggett et al. 

2012). This suggests that 3-aryl-4(1H)-quinolones have cross-reactivity between apicomplexan 

species making this family of compounds promising for two disease therapies. The detail of 

quinolone-class inhibitor development for toxoplasmosis treatment will be discussed in Chapter 6. 

 Although the discovery of ELQ300 is a big step for the antimalarial 4(1H)-quinolone 

programme, this promising compound can induce I22L mutation in P. falciparum Qi site causing 

resistance (Stickles, De Almeida, et al. 2015). In Table 4.3, the activities of known Qo inhibitors 

(atovaquone and myxothiazol), known Qi inhibitor (antimycin A) and ELQ compounds against P. 

falciparum with Qi site-mutation (D1) and Qo site-mutation (TM90C2B) were compared and their 

Qi and Qo preference indexes were calculated. This table suggests that subtle changes in 4(1H)-

quinolone-based inhibitor structure may affect the binding selectivity between Qo and Qi site in P. 

falciparum. However, further studies and structural biology evidence are required to confirm this 

hypothesis. The mutation in the Qi site induced by ELQ300 led to the further development of the 
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ELQ series compounds. ELQ400 with 5,7-difluoro-4(1H)-quinolone head was the first agent to 

eradicate multistage malaria after a single oral dose in the mouse model of malaria (Stickles, Ting, 

et al. 2015). If the poor solubility characteristics of this series can be overcome by formulation 

approaches, this compound could be the next promising clinical candidate after ELQ300. A V259L 

mutation in the Pf Qo site causes resistance to ELQ400 and atovaquone (Stickles, Ting, et al. 2015), 

so ELQ400 may well bind at the Qo site as well. Recently, ELQ400 was reported to have unusual 

binding to dual site of cytochrome bc1 in Qo/Qi mutant yeast study (Song et al. 2018). The structure-

activity relationship between ELQ compounds and Qo/Qi selectivity is still unclear and needs high-

resolution structures of inhibitor-bound enzyme to clarify literature findings to date.  

 
Figure 4.3 Chemical structures of 3-diaryl ether-4(1H)-quinolone lead compounds. 

 

Table 4.2 Plasmodium falciparum and enzyme inhibition profiles of atovaquone, 3-bisaryl-4(1H)-

quinolone, and 3-diaryl ether-4(1H)-quinolones. 

Compound IC50 (nM)  

(3D7) 

IC50 (nM) 

(TM90C2B) 

IC50 (nM)  

(Pf bc1) 

IC50 (nM) 

(mammalian 

bc1) 

IC50 (nM)  

(Pf NDH2) 

Atovaquone 0.9 12,000 2 83* >10,000 

WDH-1U-4 36 ND <10 ND 492 

ELQ271 10 33.6 25 1900** 190 

ELQ300 2.2 1.7 0.56 >10,000** ND 

* bovine enzyme; ** human enzyme. 

3D7 –drug sensitive P. falciparum parasite; TM90C2B – atovaquone resistant parasite with Y268 

mutation in the Qo site; ND – not determined.  

The data of atovaquone, WDH-1U-4 and ELQ271 was measured by Biagini group (Pidathala et al. 

2012; Biagini et al. 2012) and the data of ELQ300 was measured by Riscoe group (Nilsen et al. 2013). 

 



	

	 71	

Table 4.3 Plasmodium falciparum and drug-resistant strains inhibition profiles of atovaquone, 

antimalarial ELQ compounds and common cytochrome bc1 inhibitors. 

Compound IC50 (nM)  

(Dd2) 

IC50 (nM) 

(D1) 

IC50 (nM) 

(TM90C2B) 

Qi preference 

index  

(D1/Dd2) 

Qo preference 

index 

(TM90C2B/ 

Dd2) 

Atovaquone 0.4 0.7 >2,500 1.7 >7,800 

Myxothiazol 1.7 3.5 320 2 190 

Antimycin A 72 35 39 0.5 0.5 

ELQ271 12 2.4 33.6 0.2 2.8 

ELQ300 6.6 158.4 4.6 24 0.7 

ELQ316 3.1 11.2 3.4 3.6 1.1 

ELQ400 1.5 1.6 34.5 1.1 23 

All parasite inhibition data were taken from A. Stickles et.al. (Stickles, De Almeida, et al. 2015). 

Dd2 –atovaquone susceptible (chloroquine-resistant) P. falciparum parasite; D1 – ELQ300 resistant 

parasite strain with I22L mutation in the Qi site; TM90C2B – atovaquone resistant parasite strain with 

Y268S mutation in the Qo site. 

 

4.4 Materials and methods 

4.4.1 Mitochondria preparation 

All procedures of mitochondria preparation was carried out according to Smith’s method 

(Smith 1967). All steps of the process were carried out at 4 oC. The lean muscle of bovine (Bos 

taurus) heart was chopped into 2x2x2cm cubes and then blended in homogenisation buffer (250 

mM sucrose, 20 mM K2HPO4, 2 mM succinic acid, 0.5 mM EDTA; 2.5 L buffer per 1 kg heart 

muscle). To prevent mitochondria breakdown, the pH of suspension was adjusted to 7.8 with the 

addition of 2 M Tris, and 0.1 mM phenylmethylsulfonyl fluoride (PMSF) protease inhibitor was 

added. The mixture was centrifuged at 1,500g for 20 minutes, and the subsequent supernatant was 

centrifuged at 20,000g for 20 minutes. The mitochondria pellet was collected and washed in 

washing buffer 1 (50 mM KPi pH 7.5, 0.1 mM PMSF). The mitochondria could be further used or 

flash-frozen in liquid nitrogen and stored at -80oC.  
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4.4.2 Cytochrome bc1 purification 

The frozen mitochondria were thawed and re-suspended in 50 mM KPi pH 7.5, 250 mM 

NaCl, 0.5 mM EDTA, 0.1 mM PMSF. The mitochondrial protein in the suspension was quantified 

by bicinchoninic acid (BCA) assay (Smith et al. 1985). The mitochondria were centrifuged at 

180,000g for 1 hour. Afterward, the mitochondria pellet was re-suspended again with 50 mM KPi 

pH 7.5, 250 mM NaCl, 0.5 mM EDTA, 0.1 mM PMSF. Mitochondrial protein was solubilized by 

the addition of n-Dodecyl-b-D-maltoside (DDM) in the ratio of 1 mg detergent per 1 mg protein, 

and then centrifuged at 180,000g for 1 hour to remove mitochondria rupture. The supernatant 

containing mitochondrial protein was loaded on	DEAE sepharose CL-6B (GE Healthcare) column 

(~50 mL). The column was equilibrated and washed with three column volumes of 50 mM KPi pH 

7.5, 250 mM NaCl, 0.5 mM EDTA, 0.01%DDM. Subsequently, the protein was eluted along a 

linear gradient from 250 mM to 500 mM NaCl. The protein elution was monitored by the absorption 

at 280 and 415 nm. Cytochrome bc1 fractions were pooled together and concentrated to 0.5 mL in 

a centrifugal ultrafilter (MWCO. 100kDa) and loaded onto a 120 mL Sephacryl S300 column (GE 

Healthcare) equilibrated and eluted with 20 mM KMOPS pH 7.2, 100 mM NaCl, 0.5 mM EDTA, 

0.01% DDM at a flow rate of 0.5 mL/min. 

Prior to crystallisation, cytochrome bc1 fractions from Sephacryl S300 column were pooled 

together and concentrated to 40 mg/mL. PEG-containing solutions with increasing amount of 

PEG4000 were used to precipitate cytochrome bc1. PEG4000 concentration in protein solution was 

adjusted by the addition of precipitant solution (100mM KMES pH 6.4, 10% PEG4000, 0.5mM 

EDTA). The protein started precipitating at 2% PEG4000 and pure protein was in the fraction of 

2.5-4% PEG4000. Cytochrome bc1 pellet was re-solubilised in 25 mM KPi pH 7.5, 100 mM NaCl, 

0.5 mM EDTA, 0.015% DDM and dialysed in the same buffer in a centrifugal ultrafilter to remove 

residual PEG. The inhibitors were dissolved in DMSO at 50mM. 5 µM cytochrome bc1 was 

incubated with 50 µM inhibitor (10-fold molar excess) at 4 oC for 12 hours. The cytochrome bc1 

concentration was quantified by measuring the different absorption between 562 and 600 nm of the 

dithionite reduced sample using the extinction coefficient of 70 cm-1mM-1 (Huang et al. 2005). 
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4.4.3 Crystallisation, data collection and structure refinement. 

The inhibitor-bound cytochrome bc1 was mixed with 1.6% HECAMEG and adjusted to the 

protein concentration to 30-50 mg/mL. 2 µL of final protein solution was mixed with 2 µL of 

reservoir solution (50 mM KPi pH 6.8, 100 mM NaCl, 3 mM NaN3, 10-12% PEG4000). The 

crystals were grown by hanging drop method at 4 oC. The mature crystals were soaked with 

reservoir solution containing 5%, 10%, 15%, …, 45%, 50% ethylene glycol for 30 seconds in each 

step prior to freezing in liquid nitrogen. The frozen crystals were tested at Barkla X-ray Lab, 

University of Liverpool before sending to synchrotrons. Data were collected from crystals, 

maintained at 100K. bc1-CK-2-68 data were collected at I04 beamline (Diamond, UK) using 

Pilatus3 6M detector. bc1-RKA066 data were collected at Proxima-1 (SOLEIL, France) using 

Pilatus3 6M detector. bc1-WDH-1U-4 data were collected at Proxima-2A station using EIGER X 

9M detector. Datasets were processed in iMosflm (Battye et al. 2011) and scaled by Aimless (Evans 

2011). The structures were refined by jelly body and TLS refinement in Refmac5 (Murshudov et 

al. 2011) using bovine cytochrome bc1 (PDB:5OKD) without inhibitors and ligands as the starting 

model. The model was manually rebuilt in COOT (Emsley & Cowtan 2004) between the refinement 

cycles. The inhibitor molecules were produced by using Jligand (Lebedev et al. 2012). 
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4.4.4 Bovine cytochrome bc1 activity assay 

The protocol was adapted from previous report (Biagini et al. 2008). Bovine cytochrome 

bc1 inhibition assay was carried out in 50mM KPi pH 7.5, 2 mM EDTA, 10mM KCN, 30µM equine 

heart cytochrome c (Sigma Aldrich), and 2.5 nM bovine cytochrome bc1 purified from a DEAE 

column in triplicate at room temperature. 10 mM inhibitors dissolved in DMSO were added to the 

assay without prior incubation. The working concentration of DMSO in the assay did not exceed 

0.3% v/v. The reaction was initiated by the addition of 50µM decylubiquinol (Abcam). The reduced 

cytochrome c was monitored by the different absorption between 550 and 542 nm using extinction 

coefficient of 18.1 mM-1cm-1 in a SPECTRA max Plus 384 UV-visible Spectrometer. Activity of 

cytochrome bc1 incubated with 20µM antimycin A for 10 minutes was measured and used as 100% 

inhibition.  

 

4.4.5 Homology model and molecular docking 

Plasmodium falciparum (Pf) cytochrome b homology model was generated using bovine 

cytochrome b (5OKD) template and Pf cytochrome b sequence (Q02768) with web-based 

SwissModel software (Arnold et al. 2006; Kiefer et al. 2009; Biasini et al. 2014). The model was 

built based on target-template alignment using ProMod3 (Guex & Peitsch 1997). The conserved 

coordinates between bovine and Pf bc1 were preserved to the model, while other side chains were 

re-modelled using a fragment library. The final model was regularised by a force field and assessed 

its quality using the QMEAN scoring (Benkert et al. 2011). The Pf homology models used in this work 

have QMEAN score of wt: -5.67; I22L: -5.20 and sequence identity wt: 41.71% and 41.34%. 

All lead compound dockings were carried out by web-based SwissDock software 

(Grosdidier et al. 2011b) based on EADock DSS using the CHARMM force field (Grosdidier et al. 

2011a). The docking was performed within defined interest region of Pf Qi site, using the “Accurate” 

parameter, allowing flexibility for side chain within 5 Å in its reference binding mode. The final 

solution of lead compounds that co-crystallised with bovine cytochrome bc1 in this study was 

determined based on binding pose corresponding to the ligand pose in bovine crystal structure with 

highest Fullfitness score, while other compounds were judged using only Fullfitness score. 
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4.4.6 Chemistry 

CK-2-68, RKA066 and WDH-1U-4 were synthesized in Paul O’Neil group, University of 

Liverpool, UK, using synthetic pathway as previously described (Pidathala et al. 2012). 

 

4.5 Results and discussion 

In this chapter, crystals of bovine cytochrome bc1 bound with CK-2-68, RKA066 and 

WDH-1U-4 were produced and their complex structures elucidated. All derived inhibitor-bound 

protein structures and the previously reported bc1-GSK932121 were explored to reveal binding 

mode of lead compounds in mammalian cytochrome bc1 target. Apart from crystallographic 

experiments, the bovine cytochrome bc1 inhibitory level of GSK932121, CK-2-68, RKA066 and 

WDH-1U-4 was measured to estimate the inhibition profile. As the parasite cytochrome bc1 has 

never been crystallised and analysed, molecular docking of a parasite homology model was 

established to predict binding modes of lead compound in the parasite target in an attempt to 

rationalise the data in Table 4.1, 4.2 and 4.3.  

 

4.5.1 Bovine cytochrome bc1 purification 

 Cytochrome bc1 is haem-binding protein that have absorption peak at 280 nm that is from 

aromatic residues of protein and Soret peak at 415 nm that originates from haem (Figure 4.4). The 

purity of cytochrome bc1 can be judged from the ratio of 415/280 nm, a ratio of 1 is considered to 

represent pure cytochrome bc1 (Yang & Trumpower 1986). Cytochrome bc1 in bovine mitochondria 

was solubilised and purified by DEAE column. The chromatogram and SDS-PAGE gel of samples 

eluted from DEAE column are shown in Figure 4.5A. 60-100 mL fractions that contained 

cytochrome bc1 were pooled together and concentrated for size-exclusion chromatography. The 

size-exclusion chromatogram showed the contaminating protein peak (35-45 mL) that has stronger 

280 nm absorption and purer cytochrome bc1 peak (45-60 mL) (Figure 4.5B). Concentrated protein 

from 45-60 mL fractions of size-exclusion column which has 415/280 ratio at 0.85 was purified by 

PEG fractionation. Pure cytochrome bc1 fractions which have 415/280 ratio above 0.9 (2.25-
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3.5%PEG4000) were pooled together and concentrated for crystallisation (Figure 4.5C). SDS-

PAGE analysis showed that final protein after PEG fractionation was purer than the proteins eluted 

from DEAE and size-exclusion column (Figure 4.5D). Bipyramidal red crystals of inhibitor-bound 

cytochrome bc1 (Figure 4.6) were grown under the conditions described in Section 4.4.3 and 

matured to the size of ~100µm within four days. 

  
Figure 4.4 UV-visible spectrum between 250-800 nm of cytochrome bc1 fractions from DEAE column. 

The absorbance reaches the peaks at 280 and 415 nm. 
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Figure 4.5 Chromatograms and SDS-PAGE analysis of bovine cytochrome bc1 purification. (A) Anion-

exchange chromatography (DEAE). (B) Size-exclusion chromatography. (C) PEG fractionation. (D) 

Protein samples from each purification. 
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Figure 4.6 The bipyramid-shaped crystals of cytochrome bc1-inhibitor complex. 

 

4.5.2 Bisaryl-4(1H)-quinolones binding to the Qi site of cytochrome bc1 

Cytochrome bc1 was purified from bovine mitochondria and co-crystallised with three 

antimalarial bisaryl-4(1H)-quinolones CK-2-68, RKA066 and WDH-1U-4. X-ray diffraction data 

were collected from inhibitor-bound crystals at resolutions of 3.3-3.5Å. The statistics of data 

collection and refinement are shown in Table 4.4. Examining the electron density map of all 

complexes revealed an additional omit Fo-Fc electron density in Qi site region near haem bH, there 

was no additional electron density found within Qo site near haem bL (Figure 4.7). The unambiguous 

placement of each inhibitor molecule was possible within the omit density. After refinement, 2Fo-

Fc electron density appeared clearer allowing the 4(1H)-quinolone molecules to be fitted more 

accurately (Figure 4.7). For both CK-2-68 and WDH-1U-4 ring D was only partially visible. CK-

2-68, RKA066 and WDH-1U-4 have analogous bisaryl side chains that are similar to diaryl ether 

side chain of GSK932121. An electron microscopy derived structure of bovine bc1-GSK932121 

showed that GSK932121 can exist in two different conformations in solution (Amporndanai et al. 

2018). This evidence supported the flexibility of ring D around the linker atom causing the inhibitor 

to adopt different conformations within the Qi site. In a similar manner, it was difficult to determine 

the position of ring D of CK-2-68 and WDH-1U-4 due to higher flexibility causing lack of the 

electron density. 

The co-crystallised structures of cytochrome bc1 with bisaryl-4(1H)-quinolones and 

GSK932121 were superimposed and compared (Figure 4.8). The Qi site residues adopt similar 

conformations independently of inhibitor nature. Binding modes of CK-2-68, RKA066 and WDH-
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1U-4 within the Qi pocket appear to be very similar to each other (Figure 4.8A, B, and D). The 

quinolone head group is placed in hydrophilic region between His201 and Asp228. His201 and 

Asp228 are the residues to which ubiquinone binds before reduced to ubiquinol within Q cycle 

(Zhang et al. 1998). Some Qi inhibitors, i.e. antimycin A (Gao, Wen, Esser, Quinn, Yu, C. Yu, et al. 

2003; Huang et al. 2005), NQNO (Gao, Wen, Esser, Quinn, Yu, C. Yu, et al. 2003), and ascochlorin 

(Berry et al. 2010), form hydrogen bonds to Asp228, His201 and Ser205 that block Qi pocket and 

ultimately disrupt Q cycle. The bisaryl tail of three lead compounds extends away from head group 

into hydrophobic channel between Phe18, Gly38, Ile39 and Ile42 residues, the trifluoro-methoxy 

group positions between Met190 and Met194. Although three inhibitors have similar overall 

binding poses, there are differences in some details. Bovine cytochrome bc1 structures with three 

lead compounds were compared with published structure of GSK932121 (PDB: 4D6U) (Figure 

4.8). The quinolone ring of 2-bisaryl-quinolones (CK-2-68 and RKA066) has the carbonyl group 

close to His201 and the NH group close to Asp228 (Figure 4.8A&B). CK-2-68 and RKA066 have 

almost identical binding pose and position in the Qi site (Figure 4.8C). The quinolone ring 

orientation of 3-aryl-4(1H)-quinolone (WDH-1U-4) is identical to orientation of 4(1H)-pyridone 

ring of GSK932121 that is in reverse direction to 2-bisaryl-4(1H)-quinolones (Figure 4.8D&E). 

Both conformations of WDH-1U-4 and 2-bisaryl-4(1H)-quinolones hold the quinolone ring within 

hydrogen bonding with His201 or Asp228 or Ser35 enhancing Qi site affinity. A distinct substitution 

in RKA066 molecule is N-hydroxy group in the quinolone ring creating two hydrogen bonds with 

Asp228 and His201 (Figure 4.8B). These additional hydrogen bonds make RKA066 a stronger 

bovine bc1 inhibitor. CK-2-68, whose quinolone ring locates in the same position as in RKA066, 

can form only one hydrogen bond between carbonyl group and His201 (Figure 4.8A). The presence 

of chlorine at position 7 in CK-2-68 can create halogen bonding contributed by the s-hole on the 

hind side of Ar–Cl bond (Wilcken et al. 2013) with hydroxyl group of Ser35. For 3-bisaryl-4(1H)-

quinolone and 4(1H)-pyridone, WDH-1U-4 has overall pose similar to GSK932121 (Figure 4.8F), 

its quinolone head forms hydrogen bond between carbonyl group and Ser35, which are also 

observed in GSK932121. GSK932121 has an additional hydrogen bond between hydroxyl-methyl 
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group and His201 (Figure 4.8E) describing strong affinity for Qi site like RKA066. These different 

ligand poses and number of hydrogen bonds could explain stronger binding to Qi site. 

 

 

Figure 4.7 The cytochrome bc1 Qi site with bound inhibitors. (A) CK-2-68 (green sticks). (B) RKA066 

(orange sticks). (C) WDH-1U-4 (magenta sticks). In the left inserts, the omit Fo-Fc map is contoured at 

3σ level. The Qi and Qo sites are marked by black circles. In the right inserts, inhibitors are shown as 

sticks surrounded by 2Fo-Fc electron density contoured at 1σ level. Qi site residues are shown as blue 

sticks, hydrogen bonds as black dash lines. The cartoon representation of bovine cytochrome b subunit 

is shown in blue.  
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Figure 4.8 Binding modes of antimalarial compounds within the bovine Qi site. (A) CK-2-68 (green 

sticks). (B) RKA066 (orange sticks). (C) Superimposition of CK-2-68 and RKA066. (D) WDH-1U-4 

(magenta sticks). (E) GSK932121 from 4D6U structure (cyan sticks). (F) Superimposition of WDH-1U-

4 and GSK932121. Black dashes represent hydrogen bonds between ligands and protein residues. 

Cartoons and lines coloured in the same colour of inhibitor represent bovine cytochrome b subunit and 

Qi site residues, respectively. 
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Table 4.4 Data collection and refinement statistics of 2- and 3-bisaryl-4(H)-quinolone inhibitors. 

 bc1-CK-2-68 bc1-RKA066 bc1-WDH-1U-4 

Data collection 

Wavelength 

Space group 

Cell parameters 

(a, b, c) (Å) 

(a, b, g) (o) 

Resolution (Å) 

Rmerge (%) 

Rpim (%) 

CC1/2 

I/s  

Completeness (%) 

Redundancy 

 

0.9282 

P6522 

 

212.36, 212.36, 345.91 

90o, 90o, 120o 

91.90-3.30 (3.41-3.30) 

17.1 (140.2) 

5.7 (47.3) 

0.997 (0.357) 

6.9 (2.3) 

70.4 (73.0) 

8.9 (8.9) 

 

0.9786 

P6522 

 

210.74, 210.74, 343.94 

90o, 90o, 120o 

89.85-3.50 (3.60-3.50) 

27.1 (141.6) 

9.3 (48.9) 

0.987 (0.450) 

5.0 (1.3) 

100 (100) 

9.0 (8.8) 

 

0.9800 

P6522 

 

209.56, 209.56, 343.36 

90o, 90o, 120o 

90.74-3.50 (3.60-3.50) 

19.7 (81.2) 

12.0 (53.8) 

0.968 (0.543) 

7.0 (1.8) 

97.4 (98.7) 

5.4 (5.5) 

Refinement 

No. reflection 

Rwork/Rfree 

Non-hydrogen atoms 

Protein 

Inhibitor 

Water 

Other ligands 

B-factor (Å2) 

Protein 

Inhibitor 

Water 

Other ligands 

r.m.s.d. 

Bond length (Å) 

Bond angle (o) 

PDB code 

 

45,967 

21.40/24.42 

 

15,644 

31 

11 

601 

 

93.93 

167.36 

50.10 

114.32 

 

0.0084 

1.3766 

6QTD 

 

54,431 

22.09/23.82 

 

15,688 

31 

8 

565 

 

140.24 

83.02 

45.87 

151.01 

 

0.0094 

1.5048 

6QTH 

 

52,188 

21.71/24.57 

 

15,617 

30 

36 

558 

 

133.88 

142.60 

40.79 

149.60 

 

0.0085 

1.4372 

6QTE 
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4.5.3 Cross-reactivity of bisaryl-4(1H)-quinolones to bovine cytochrome bc1. 

Each of the 4(1H)-quinolones in this study binds to the Qi site of the bovine cytochrome bc1. 

Bovine and human cytochrome bc1 have a high sequence conservation of Qo and Qi site of 94% and 

80%, respectively. It is possible to determine a degree of cross-reactivity of lead compounds with 

human mitochondria by using bovine enzyme. Off-target inhibition to bovine cytochrome bc1 of 

bisaryl-4(1H)-quinolones and GSK932121 was assessed by cytochrome bc1 activity that 

determined the initial reduction rate of cytochrome c. The %inhibition of an inhibitor was calculated 

using the ratio of the inhibitor-bound enzyme activity and the native enzyme activity which are 

subtracted by the background activity of fully inhibited enzyme (using 20µM antimycin A). 

Examples of bovine cytochrome bc1 activity assay are given in Figure 4.9. The single-point 

inhibition experiments were carried out at two different inhibitor concentrations of 0.1 µM and 1 

µM that displayed in Table 4.5. A low inhibition of bovine cytochrome bc1 represents potentially a 

wider window between host and parasite giving better safety margin. Among tested compounds, 

RKA066 and GSK932121 showed the strongest inhibition due to two additional hydrogen bonds 

formation with Qi site residues. Other compounds, which have one hydrogen bond in crystal 

structure, expressed significantly lower affinity. The presence of chlorine at position 7 in CK-2-68 

moderately increases inhibition of bovine enzyme. Notably, WDH-1U-4 shows least cross-

reactivity at single-digit of %inhibition at 0.1 µM. Further studies are still required to examine 

toxicity concern in human cell lines and to show explicitly that the bovine bc1 assays can be used 

as a true surrogate for the human equivalent because of 94% and 80% conservation for the Qo and 

Qi site, respectively. The overlaid published structures of bovine and human cytochrome bc1 (Figure 

4.10) show well conserved residues of Qo and Qi pockets, but the human Qi site has slightly larger 

hydrophobic pocket of Ala39, Ala190 and Thr194 (Ile39, Met190 and Met194 in bovine 

respectively) that would not significantly effect binding pose of Qi inhibitor between both species. 

This structure-activity relationship of 4(H)-quinolones and bovine cytochrome bc1 can suggest a 

way to design compounds with minimal off-target activity against mammalian cytochrome bc1. 
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Figure 4.9 Bovine cytochrome bc1 activity assays. (A) Native cytochrome bc1 activity (4.248 µmol min-

1 as 0 % inhibition). (B) Cytochrome bc1 activity in 0.1µM RKA066 (0.841 µmol min-1 as 

81 %inhibition). (C) Cytochrome bc1 activity in 20 µM antimycin A (0.075 µmol min-1 as 

100 %inhibition).  

 
Figure 4.10 Overlaid structures of bovine (PDB:1PPJ, blue) and human (PDB:5XTE, green) cytochrome 

bc1. (A) Qo site occupied by stigmatellin A. (B) Qi site occupied by antimycin A. Bovine residues that 

differ from host are labelled in bold with the human residues in the brackets. Inhibitors are shown as 

yellow sticks. Hydrogen bonds are shown as black dashed lines. 

 

Table 4.5 Bovine cytochrome bc1 inhibition profiles of pyridone and 2-bisaryl- and 3-bisaryl-4(H)-

quinolones. 

Compound Bovine cytochrome bc1 inhibition (%) 

at 0.1 µM at 1 µM 

GSK932121 64.7±3.8 81.7±4.6 

CK-2-68 43.8±1.5 53.5±3.5 

RKA066 81.2±4.3 92.7±2.1 

WDH-1U-4 7.2±0.8 61.0±2.6 
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4.5.4 Molecular docking to Plasmodium falciparum Qi site 

The P. falciparum parasite active sites have significantly different sequences from human 

(65% and 39% in Qo and Qi site, respectively). The Qi site could be an advantageous target over Qo 

site for selective inhibitor binding to parasite enzyme and potentially may not be as amenable to 

mutational resistance generation as seen for the Qo targeting atovaquone. The parasite Qi pocket 

appears to be smaller than the bovine one due to a shorter protein sequence (Figure 4.11). Crystal 

structures of inhibitor-bound bovine cytochrome bc1 were superimposed with Pf homology model 

generated by SwissModel (Arnold et al. 2006) (Figure 4.12). There is no steric clash observed for 

Pf model upon GSK932121 molecule in bovine crystal structure (Figure 4.12A). Thus, the binding 

mode of GSK932121 in the Pf Qi site is comparable to that derived by crystallography. 

Unfortunately, the overlaid models of bisaryl-4(1H)-quinolones show steric clashes between 

inhibitors in the bovine crystals and Pf model, particularly at Phe30 (Ser35 in bovine) and Tyr16 

(Leu21 in bovine) (Figure 4.12B&C). 4(1H)-Quinolone inhibitors can adopt other poses in the Pf 

Qi site to avoid steric clashes. Since there is no available structure of Pf cytochrome bc1, a molecular 

docking study was carried out by SwissDock (Grosdidier et al. 2011b) focusing on the Qi site 

generated homology model of Pf cytochrome bc1 to provide insight into the interaction with the 

parasite target. The best conformation of each compound was determined with the lowest 

FullFitness scores. To prove reliability of docking method, GSK932121, CK-2-68, RKA066 and 

WDH-1U-4 were docked to their corresponding bovine cytochrome bc1 structures. All bovine bc1 

docking results compared with the conformations found in crystals show low difference between 

experimental and predicted binding poses (root mean square derivation (r.m.s.d.) values <2 Å) 

(Figure 4.13). This result validates the capacity of the in-silico experiments to simulate the 

crystallographic data. Therefore, predicted conformations of lead compounds in this work could be 

good representatives for inhibitor binding poses in parasite target, which support structure-based 

drug development for antimalarial 4(1H)-quinolones. 

The antimalarial activity profiles of bisaryl-4(1H)-quinolones and 3-diaryl ether-4(1H)-

quinolones (ELQ series) against drug-sensitive and drug-resistant P. falciparum, obtained in 
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previous studies, are shown in Table 4.1, 4.2 and 4.3. The molecular docking indicated that most 

bisaryl-4(1H)-quinolones can fit their quinolone head group into the apex of Qi pocket between 

His192 and Asp218, and pack ring D into the cavity between Phe30 and Phe37 via strong p-p 

stacking interactions (Figure 4.14). The N-hydroxyl group of RKA066 encourages the carbonyl 

group to form hydrogen bond with His197 that could explain higher rate of parasite killing (Figure 

4.14B). Only two molecules GSK932121 and CK-2-68 are not able to create stacking contact 

between ring D, Phe30 and Phe37 (Figure 4.12A & 4.14B). CK-2-68 is less effective in parasite 

inhibition than other bisaryl-4(1H)-quinolones, but GSK932121 can form one hydrogen bond with 

His192 supporting powerful antimalarial activity by strong cytochrome bc1 binding (IC50(3D7) = 2 

nM, IC50 (FCR3A) = 6 nM (atovaquone-resistant strain), and IC50 (Pf bc1) = 7 nM) (Bueno et al. 

2012). Interestingly, the quinolone head of WDH-1U-4 located in a hydrogen bond distance to the 

main chain of His12 (Ala17 and Ser17 in bovine and human, respectively), and the ring D of this 

compound formed a tight interaction to Phe30 and Phe37 (Figure 4.14C). This ligand pose suggests 

WDH-1U-4 has strong binding to parasite Qi site leading to strong selectivity to Pfbc1 (Table 4.2). 

Nevertheless, the antimalarial property of WDH-1U-4 are lower than CK-2-68 which disagree with 

the result from in-silico study (Table 4.1). This could be explained by the potential for the dual-

target inhibition mechanism of CK-2-68. The inhibition profile against individual Pf bc1 and 

PfNDH2 enzymes shows that WDH-1U-4 has much better activity against Pf bc1 than CK-2-68 

while CK-2-68 highly favours PfNDH2 inhibition (Table 4.1). This suggests that PfNDH2 inhibition 

enhances parasite eradication by CK-2-68 over WDH-1U-4. Least Pf bc1 activity of CK-2-68 

correlates with no hydrogen bond and aromatic stacking found in molecular docking. 

3-Diaryl ether-4(1H)-quinolones (ELQ series) are a powerful class of antimalarial 

cytochrome bc1 inhibitor exemplified by ELQ300 that progressed to be clinical trial candidate. All 

ELQ compounds appear to have the same overall pose in Pf Qi site with quinolone ring placing 

between His201 and Asp228 in the similar direction with 3-bisaryl-4(1H)-quinolone and aromatic 

stacking of the ring D between Phe30 and Phe37 (Figure 4.15). The presence of 7-methoxy group 

in ELQ300 and ELQ316 contributes to electrostatic interactions with Ser196 enhancing Pf 
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cytochrome bc1 selectivity and antimalarial activity over ELQ271 which 7-methoxy is absent 

(Figure 4.15A-C). Interestingly, the distance between fluorine atom at position 7 and Ser196 allows 

strong halogen bonding between fluorine and hydroxyl group of Ser196 making ELQ400 a potent 

Qi binder (Figure 4.15D). ELQ400 probably has stronger Qi site binding than ELQ300 leading to 

superior activity against parasite Dd2 strain (Table 4.3). However, genetic evidence indicated that 

V259L mutation in the Qo site region occurs in ELQ400 resistant parasite (Stickles, Ting, et al. 

2015), and recent analysis of cytochrome bc1 of yeast mutants proposed that ELQ400 is an unusual 

dual-site inhibitor (Song et al. 2018). A co-crystallised structure of cytochrome bc1 with ELQ400 

is required to prove ELQ400 mode of action. 

Sub-lethal treatment of the parasite with ELQ300 can result in I22L mutation in the Qi site 

resulting in resistance in P. falciparum (Stickles, De Almeida, et al. 2015). The isomerisation of 

isoleucine to leucine at residue 22 provides more space at the apex of Qi pocket, so the inhibitor 

could shift its position closer to the apex that changes its binding pose and causes resistance (Figure 

4.16). To understand the effect of point mutation of I22L to ligand pose in the Qi site, ELQ271, 

ELQ300, ELQ316 and ELQ400 were docked into I22L Pf Qi site homology model (Figure 4.16). 

ELQ271 and ELQ400 have similar poses in wide-type and I22L models, but the position of 

quinolone head is shifted closer to Leu22 resulting in lower Fullfitness scores (Figure 4.16A & D). 

Notably, ELQ271 and ELQ400 maintain their excellent potency against I22L mutate parasite (Table 

4.3). In contrast, quinolone head of ELQ300 and ELQ316 is shifted away from Ser196 axing 

electrostatic contact (Figure 4.16B-C). This different changing position of quinolone ring might be 

the influence of halogen atom at position 6 as it may be steric to the mutated Qi pocket that ELQ300 

with chlorine atom at position 6 shifting further than ELQ316 with fluorine atom at position 6. 

Moreover, the ring D of ELQ300 is displaced from the cavity between Phe30 and Phe37 (Figure 

4.16B) resulting 24-fold loss of inhibition against I22L mutant parasite (Table 4.3). However, 

molecular docking is not a strong evidence to describe the mechanism of ELQ300 resistance 

because computer-generated Pf homology model might not be accurate enough for target-

approached drug design. The structure elucidation of Pf cytochrome bc1 is still highly needed for 
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structure-based malaria drug discovery programme to design an inhibitor with good target 

selectivity and low cross-resistance.  

 
Figure 4.11 Sequence alignment between bovine, human, P. falciparum, and T. gondii cytochrome b. 

The residues in the regions of Qo and Qi site are coloured in magenta and yellow, respective. Below each 

column of protein sequence alignment is a key denoting conserved residues (*), residues with 

conservative replacement (:), residues with semi-conservative replacement (.), and residues with non-

conservative replacement ( ). 
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Figure 4.12 Inhibitor-bound bovine cytochrome bc1 structure superimposed with P. falciparum 

cytochrome b homology model. (A) GSK932121 (cyan sticks). (B) CK-2-68 (green sticks). (C) WDH-

1U-4 (magenta sticks). Surrounding residues of bovine and P. falciparum are drawn as cyan and magenta 

lines, respectively. The hydrogen bonds with bovine residues are drawn as black dashes. The surface 

representation of Qi pocket of Pf bc1 is coloured by light grey. The Pf Qi residues that clash with inhibitor 

in bovine crystal structure are highlighted in red and labelled in bold with bovine residue in the brackets. 

 
Figure 4.13 Comparison of the inhibitor docking and the conformation derived by X-ray crystallography. 

(A) GSK932121 (r.m.s.d. 1.73Å). (B) WDH-1U-4 (r.m.s.d. 0.71Å). (C) CK-2-68 (r.m.s.d. 1.36Å). (D) 

RKA066 (r.m.s.d. 1.60Å). Inhibitor molecules in docking and crystal structure are showed as cyan and 

magenta sticks, respectively. Cytochrome b subunit and Qi site residues are shown as blue cartoon and 

sticks, respectively. Fullfitness scores are given under inhibitor names. 
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Figure 4.14 Molecular docking of bisaryl-4(H)-quinolones to the Qi site of P. falciparum cytochrome 

bc1. (A) RKA066 (orange sticks). (B) CK-2-68 (green sticks). (C) WDH-1U-4 (magenta sticks). Pf 

residues are drawn as magenta lines. The hydrogen bonds are drawn as black dashes. The surface 

representation of Qi pocket is coloured by light grey. Fullfitness scores are given under inhibitor names.  
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Figure 4.15 Molecular docking of ELQ series of compounds to the Qi site of P. falciparum cytochrome 

bc1. (A) ELQ271 (dark green sticks). (B) ELQ300 (pink sticks). (C) ELQ316 (blue sticks). (D) ELQ400 

(red sticks). The predicted binding modes with Fullfitness scores are shown in the left panels for each 

compound of ELQ series. The right panels show the predicted binding modes with 90o clockwise 

rotation. Pf residues are drawn as magenta lines. The surface representation of Qi pocket is coloured by 

light grey.  
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Figure 4.16 Molecular docking within the Qi site of P. falciparum cytochrome bc1 with I22L mutation. 

(A) ELQ271. (B) ELQ300. (C) ELQ316. (D) ELQ400. The inhibitor binding modes in wild-type and 

I22L mutated active site are shown as teal and yellow sticks, respectively. Mutated residue is inside red 

circle where Ile22 (wild-type) and Leu22 (mutant) are illustrated as teal and yellow sticks, respectively. 

Pf residues are drawn as magenta lines. The surface representation of Qi pocket is coloured by light grey. 

Fullfitness scores are given under inhibitor names. 

 
4.6 Conclusion 

 Structural studies of bovine cytochrome bc1 complexed with promising antimalarial 

quinolones demonstrates that bisaryl-4(1H)-quinolones are specific Qi binders. The quinolone head 

of each compound locates in the hydrophilic region at the apex of Qi pocket with the bisaryl 

sidechain extended away through a hydrophobic channel. We found that number of hydrogen bonds 

with Qi site residues contributing off-target inhibition of bovine enzyme. For instance, extremely 

high activity of N-hydroxy-quinolone against the bovine enzyme results from the formation of an 

additional hydrogen bond with Ser35. The presence of the chlorine atom at position 7 of quinolone 

ring in CK-2-68 enhances the polar contact to the apex of Qi site that slightly increases off-target 
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inhibition. This structural evidence can certify mode of action of bisaryl-4(1H)-quinolone lead 

compounds and guide a way to reduce side effect against mammalian enzyme. 

 To date, the structure of Pf cytochrome bc1 has not been solved, a computer-generated Pf 

cytochrome b homology model was used for molecular docking to provide target-approached 

binding mode of lead compounds. In silico studies show that bisaryl and diaryl-ether side chain can 

enhance Qi affinity by creating aromatic stacking between Phe30 and Phe37 and forming hydrogen 

bond with His192. Bisaryl side chain at position 3 drives NH-group closer to the main chain of 

His12 within hydrogen bond length making WDH-1U-4 favoured to Qi site, but bisaryl side at 

position 2 makes CK-2-68 becomes weak Pf cytochrome bc1 inhibitor due to the absence of 

hydrogen bond. However, RKA066 has superior inhibition ability than other 2-bisaryl-4(1H)-

quinolones resulting from the introduction of N-hydroxy group that shifts quinolone head closer to 

His192. This offers a good target-approached guideline for structure modification in term of ligand 

efficiency and physicochemical properties improvements. 

In the ELQ series of compounds, the substitution at position 7 with methoxy group or 

fluorine atom significantly increases anti-plasmodial activity by contributing a polar contact with 

Ser196. Unfortunately, I22L mutation opens more space at the apex of Qi pocket causing resistance 

particularly to ELQ300. Molecular docking of ELQ compounds in a Pf mutational models always 

results in a higher Fullfitness score. ELQ300 has its quinolone head displaced away from Ser196 

and loses the aromatic stacking between Phe30 and Phe37. This also occurs in ELQ316, but fluorine 

atom at position 6 may facilitate aromatic stacking. Interestingly, the quinolone head of ELQ271 

and ELQ400 is shifted closer to Ser196 with aromatic stacking still maintained causing lack of 

cross resistance against I22L mutant parasite. Whilst the results of the modelling provide some 

clues to the modes of binding to wild-type and Qi mutated bc1 complexes, a high-resolution 

structure of Pf cytochrome bc1 is needed to define the ELQ300-resistance mechanism and to provide 

a route to more selective Pf bc1 compounds with low cross-resistance. 
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Chapter 5 

 

The development of heterocyclic 4(1H)-quinolones for malaria 

chemotherapy 

 
5.1 Heterocyclic 4(1H)-quinolones 

 As previously described in Chapter 4, 2-bisaryl- and 3-bisaryl-4(1H)-quinolones are potent 

lead compounds for malaria treatment by inhibiting Pf type II NADH:ubiquinone oxidoreductase 

(PfNDH2) and cytochrome bc1 (Pidathala et al. 2012). The placement of the bisaryl side chain at 

position 2 and 3 affects the inhibition preference between both enzyme targets resulting in IC50s in 

the nanomolar range versus wild-type and drug-resistant P. falciparum (Biagini et al. 2012). 

Unfortunately, 4(1H)-quinolone-family lead compounds have strong planar aggregation because of 

p-p stacking of their quinolone ring systems. This phenomenon affords highly crystalline and high 

melting point compounds that results in poor aqueous solubility (Ishikawa & Hashimoto 2011). 

Poor water solubility of quinolone-based compounds impedes drug absorption in the systematic 

circulation and deteriorates drug-like profiles. To build a water-soluble molecule, lipophilicity 

coefficient of lead compound (CLogP), which is the ratio of solubility in octanol to solubility in 

water, needs to be modulated while reducing the p-p stacking of molecules.  

Based on CK-2-67, there are several regions in the chemical structure that could be 

optimised to improve physicochemical properties (Figure 5.1). Pyridine and Pyrazole, which are 

bioisosteres for benzene ring, could be applied to ring C of CK-2-67 to lower CLogP value 

(Meanwell 2011). This strategy led to the development of SL-2-25 and WDH-2A-9 (Figure 5.1). 

SL-2-25 was designed with the introduction of a pyridine ring to ring C and the removal of the 

linker atom between ring C and D. Biological activity and physicochemical property assessments 

of SL-2-25 demonstrated greater antimalarial activity over CK-2-67 through strong selective 

inhibition to Plasmodium cytochrome bc1 (Table 5.1). SL-2-25 showed reasonable solubility in an 

acidic solvent at 3.2 µM (Table 5.2) but this pH is unsuitable for an oral dosing solution. WDH-

2A-9 is a 2-pyrazolyl-quinolone that maintains in vitro activity against wild-type P. falciparum 
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(3D7) at the same level of CK-2-67 (Table 5.1) and shows increasing solubility at physiological pH 

(Table 5.1 and 5.2). For further optimisation, the addition of the methoxy group at position 7 as in 

WDH-2G-7 and SCR0205 (Figure 5.1) provided ~3-4–fold better potency (Table 5.1) with 

improved aqueous solubility (Table 5.2). All heterocyclic quinolones in Figure 5.1 were evaluated 

their activity against PfNDH2 indicating that heterocyclic lead compounds are weaker PfNDH2 

binder than CK-2-67 and likely kill the parasite via targeting the cytochrome bc1 complex (Table 

5.1). 

 

Figure 5.1 Chemical structures of 2-pyrazolyl-quinolones and 2-pyridyl-quinolones, which are optimised 

from CK-2-67 to improve physicochemical properties. 

 

Figure 5.2. Chemical structures of 2-pyridyl-quinolones. PG227 modified from SL-2-25 to improve 

biological activity against drug-resistant malaria.  

  



	

	 96	

Table 5.1 Plasmodium falciparum and drug-resistant strains inhibition profiles of CK-2-67, 2-

pyrazolyl-quinolones and 2-pyridyl-quinolones. 

Compound IC50 (nM)  

(3D7) 

IC50 (nM) 

(W2) 

IC50 (nM) 

(TM90C2B) 

IC50 (nM)  

(Pf bc1) 

IC50 (nM) 

(Pf NDH2) 

Atovaquone 0.9 ND 12,000 2 >10,000 

CK-2-67 117 26 122 38 16 

WDH2A9 100 33 ND ND 837 

WDH2G7 33 15 500 0.75 1000 

SL-2-25 54 50 156 15 14 

SCR0206 14 14 ND ND 384 

SCR0911 12 4 7.2 ND >1000 

PG227 34 4 5 10 150 

3D7 –drug sensitive P. falciparum parasite; W2 – chloroquine resistant parasite; TM90C2B – 

atovaquone resistant parasite with Y268 mutation in the Qo site; ND – not determined. All data were 

measured by Biagini group (Pidathala et al. 2012; Biagini et al. 2012; Leung et al. 2012; 

Charoensutthivarakul et al. 2015; David Hong et al. 2018). 

 

Table 5.2 Lipophilicity and water solubility of CK-2-67, 2-pyrazolyl-4(1H)-quinolones and 2-pyridyl-

4(1H)-quinolones. 

Compound CLogP Water solubility 

PBS pH 7.4 (µM) pH 1 (µM) 

Atovaquone 6.35 <1 <1 

CK-2-67 5.67 0.03 ND 

WDH2A9 3.71 0.1 ND 

WDH2G7 3.70 0.3 ND 

SL-2-25 5.33 <1 3.2 

SCR0206 4.34 <1 2.6 

SCR0911 4.13 <1 7.8 

PG227 4.65 <1 <1 

Clog P values were obtained from ChemBioDraw version 14.0. 
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Table 5.3 Bovine cytochrome bc1 inhibition and cytotoxicity profiles of heterocycle quinolones. 

Compound Bovine cytochrome bc1 inhibition (%) IC50 (µM)	

Hep G2 at 0.1 µM at 1 µM 

SCR0911 9.2±2.3 72.1±4.9 ND 

PG227 32.4±5.9 79.8±7.0 ND 

WDH2A9 64.5±5.5 74.2±3.9 13 

WDH2G7 69.7±4.9 72.9±2.7 11 

Tamoxifen ND ND 12 

 

Although heterocyclic 4(1H)-quinolones in Figure 5.1 possess nanomolar activities against 

wild-type (3D7) and chloroquine-resistant (W2) parasites, their effectiveness was diminished 

versus the atovaquone-resistant pathogen (TM90C2B) that has point mutation in the Qo site (Table 

5.1). The chemical structure of SL-2-25 was further altered by regiochemistry of ring D for 

overcoming drug-resistance and further improving aqueous solubility. SCR0911 is a meta-ring D 

substituted analogue (Figure 5.2) that possesses IC50 against drug-resistant P. falciparum at single-

digit nanomolar level (Table 5.1) and improved solubility at 7.8 µM at low pH (Table 5.2). There 

was an evidence in GSK 4(1H)-pyridone programme demonstrating the incorporation of halogen 

atom at 3-position of the quinolone ring improved in vitro activity against blood-stage parasite 

(Yeates et al. 2008). Similarly, the 2-aryl quinolone analogue, PG227 with a chlorine substituted at 

3-position of the quinolone core (Figure 5.2) was synthesised and tested activities against whole 

parasite and individual mitochondrial enzymes (Table 5.1). It was clear that PG227 is a strong 

cytochrome bc1 antagonist and able to eliminate wild-type and drug-resistant P. falciparum at 

nanomolar concentration. However, aqueous solubility of PG227 is less than 1 µM at pH 1 and 7.4 

that becomes a noticeable drawback of this compound (Table 5.2).  

In terms of toxicity, GSK 4(1H)-pyridones were previously reported for off-target 

inhibition to mammalian cytochrome bc1 causing acute cardiotoxicity (Capper, O’Neill, Fisher, 

Strange, et al. 2015). As bovine and human cytochrome bc1 have highly conserved sequence, bovine 

enzyme was used as human surrogate study to determine the activity of quinolones against the 

mammalian enzyme (Charoensutthivarakul et al. 2015). Bovine cytochrome bc1 activity was 

measured for heterocyclic 4(1H)-quinolones at the concentration of 0.1 µM and 1 µM, and 2-
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pyrazolyl-4(1H)-quinolones were evaluated for cytotoxicity in hepatic G2 cell. WDH-2A-9 and 

WDH-2G-7 have strongest affinity against bovine enzyme among other compounds, but they show 

similar level of IC50s against hepatic G2 cell with Tamoxifen, which was used as negative control 

for low cytotoxicity compound. Other compounds which are less active against bovine cytochrome 

bc1 may be less of a concern in terms of off-target toxicity, but further toxicity evaluations are still 

required. 

 To understand improved antimalarial, toxicity and solubility profiles of heterocyclic 4(1H)-

quinolones, the knowledge about target-ligand interaction at molecular level was beneficial for 

future drug development programme. WDH-2G-7, SCR0911 and PG227 were co-crystallised with 

bovine cytochrome bc1 and their structures elucidated using X-ray crystallography. Crystal 

structures of inhibitor-bound complexes revealed mode of action and ligand poses in the active site 

of cytochrome bc1. This information could explain how structure modifications of lead compounds 

altered therapeutic properties and changed cross-species reactivity to human cytochrome bc1 that 

guided future structure-based design for novel drug molecules with effective treatment and minimal 

negative side effect. 

 

5.2 Materials and methods 

5.2.1 Bovine cytochrome bc1 purification 

Bovine mitochondria preparation and protein purification were done using the protocol 

previously described in Chapter 4. 

 

5.2.2 Crystallisation, data collection and structure refinement. 

All crystallisation and structure refinement were carried out as described in Chapter 4. The 

frozen bovine cytochrome bc1 crystals were tested, and X-ray diffraction data were collected at 

100K. Data were collected for each complex; bc1-WDH-2G-7 complex at I04 beamline (Diamond, 

UK) using 0.9298 Å wavelength on Pilatus3 6M-F detector; for bc1-SCR0911 complex data were 

collected at I03 beamline (Diamond, UK) using 0.9800 Å wavelength on Pilatus3 6M and for bc1-
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PG227 crystal data were collected at Proxima-1 (SOLEIL, France) using 0.9786 Å wavelength on 

Pilatus3 6M. 

 

5.2.3 Bovine cytochrome bc1 activity assay 

Bovine cytochrome bc1 inhibition assay was carried out using the protocol described in 

Chapter 4. 

 

5.2.4 Homology model and molecular docking 

 Plasmodium falciparum homology model in this chapter was generated as described in 

Chapter 4.  

 

5.2.5 Parasite cultures 

All in vitro parasite cultures and inhibition assays were conducted by Prof. Giancarlo 

Biangini’s group, Liverpool school of Tropical Medicine, UK. Laboratory strains of P. falciparum 

were cultured in human erythrocytes following Trager and Jensen method (Trager & Jensen 1976) 

with modifications (Smilkstein et al. 2004). The parasites were retrieved from cryopreserved stock 

by thawing in water bath at 37°C until completion. 1 mL of 3.5% NaCl solution was gently added 

to thawed blood. The solution was centrifuged at slow speed and supernatant was removed. The 

culture was then initialised by adding 10 mL of 10% serum based culture medium (RPMI-1640 

supplemented with 25 mM HEPES and 4 µg/ml gentamicin). The parasites were maintained in fresh 

human erythrocytes at 37°C under low oxygen atmosphere (3% CO2, 4% O2, and 93% N2). The 

culture was daily evaluated for parasitemia and parasite stages using Giemsa-stained microscopy 

method.  

 

5.2.6 In vitro antimalarial activity 

In vitro P. falciparum assays were set up in 96-well plates by Hamilton Star robotic 

platform with two-fold dilutions of each drug across the plate at a final concentration of 2% 

parasitemia at 0.5% haematocrit (v/v). The dilution series was prepared at concentration range 
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between 0.61 nM to 1 µM. The plates were incubated for 48 hours under culture condition. The 

assay was terminated by frozen at -20°C overnight. Parasite growth rate was determined by SYBR 

Green I fluorescence method (Smilkstein et al. 2004). The half maximal inhibitory concentration 

(IC50) was calculated using the four-parameter logistic method (Grafit program; Erithacus 

Software). 

 

5.2.7 PfNDH2 activity assays 

Inhibition profiles against PfNDH2 were determined by Prof. Giancarlo Biangini’s group, 

Liverpool school of Tropical Medicine, UK. Recombinant PfNDH2 was prepared from the 

Escherichia coli heterologous expression strain F571. PfNDH2 activities were measured as 

described previously (Fisher et al. 2009).  

 

5.2.8 Pf cytochrome bc1 activity assays 

Cell-free parasite extract from infected erythrocytes in Section 5.2.5 was used for Pf 

cytochrome bc1 source. Infected erythrocytes were isolated from the cultures and re-suspended in 

five volumes of 0.15% (w/v) saponin in phosphate-buffered saline (1.76mM K2HPO4, 8mM 

Na2HPO4, 137mM NaCl, 2.7mM KCl, and 5.5mM D-glucose pH 7.4) for 5 min, and then washed 

with 25mM HEPES buffered RPMI containing a protease inhibitor cocktail (Complete Mini; Roche) 

for three times. Cell extract was prepared by repeated freeze thawing in liquid nitrogen, followed 

by sonication. Pf cytochrome bc1 activity assays were carried out using the same protocol as bovine 

cytochrome bc1 described in Chapter 4. 

 

5.2.9 Aqueous solubility measurement 

Aqueous solubility data described in this chapter were measured through a high through-

put platform kindly provided by AstraZeneca UK using the methods reported previously (Basarab 

et al. 2014; Doyle et al. 2016). 
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5.2.10 Hep G2 cell cytotoxicity assay 

Cytotoxicity to human hepatic cell assay was measured by Dr Richard S. Priestley, ARUK 

Oxford Drug Discovery Institute, University of Oxford, UK. Hep G2 were obtained from the 

European Collection of Authenticated Cell Cultures. Dulbecco’s modified Eagle’s medium 

(DMEM), L-glutamine, sodium pyruvate, foetal bovine serum (FBS), and penicillin/streptomycin 

were obtained from ThermoFisher Scientific. Tamoxifen, HEPES, 3-(4,5-Dimethyl-2-thiazolyl)-

2,5- diphenyl-2H-tetrazolium bromide (MTT) and DMSO were obtained from Sigma-Aldrich. Hep 

G2 cell toxicities were determined as described in Warman et al. (Warman et al. 2013). In brief, 

Hep G2 cells cultured in media (DMEM containing 25 mM D-glucose and 1 mM sodium pyruvate 

and supplemented with 5 mM HEPES, 10% FBS and 500 µg/mL pen-strep) were added to clear-

bottomed 96-well plates (100 µL and 1x104 cells/well) and incubated for 24 hours at 37°C. After 

incubation, various concentration of test compounds, or tamoxifen (100 µM – 1 nM) or DMSO 

(0.001 – 1 % v/v) were added to a final volume of 200 µL/well, and incubated for another 24 hours 

at 37°C. The plates were subsequently incubated in the presence of 1 mg/mL MTT for 2 hr at 37 °C. 

After incubation, the media was removed and DMSO added (100 µL/well). The plates were shaken 

for 5 min before measuring absorption at 560 nm was using a PHERAstar FS plate reader (BMG 

Labtech). Raw absorbance values were expressed as percentage cell viability, using the non-treated 

and tamoxifen-treated cells (100 µM) mean values as negative and positive controls, respectively. 

Data analysis was performed using GraphPad Prism v6.0 software. Concentration-response data 

were fitted to curves using a four-parameter logistic equation.  

 

5.2.11 Chemistry 

 All lead compounds in this chapter were prepared by Prof. Paul O’Neill’s group, University 

of Liverpool. SCR0206 and SCR0911 were synthesised as described by Charoensutthivarakul et al. 

method (Charoensutthivarakul et al. 2015). WDH-2A-9 and WDH-2G-7 were synthesised as 

described by Hong et al. method (Hong et al. 2018). PG227 was prepared with the protocol 

developed by O’Neill group (unpublished results). 
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5.3 Results and discussion 

Following the experimental procedures described in Chapter 4, three heterocyclic 4(1H)-

quinolones including WDH-2G-7, SCR0911 and PG227 were crystallised with bovine cytochrome 

bc1 to reveal their mode of action against a mammalian homologue using X-ray crystallography 

techniques. Molecular docking was used to predict possible ligand conformations in the Pf Qi site. 

Both X-ray and computational data were integrated with biological activity information to 

understand how heterocyclic lead compounds have better potency than their parent analogues. This 

insight might facilitate future lead optimisation of 4(1H)-quinolones or related compound family. 

 

5.3.1 Heterocyclic 4(1H)-quinolones binding to the Qi site of cytochrome bc1. 

Cytochrome bc1 was purified from bovine mitochondria as described in Chapter 4 and co-

crystallised with WDH-2G-7, SCR0911 and PG227. X-ray diffraction data were collected from 

inhibitor-bound cytochrome bc1 crystals at the resolutions of 3.10-3.45Å. The statistics of data 

collection and refinement is shown in Table 5.4. Electron density map of all complexes revealed an 

additional omit Fo-Fc electron density in Qi site near haem bH, and there was no additional electron 

density observed within Qo site near haem bL (Figure 5.3). The unambiguous placement of each 

inhibitor molecules was possible within the omit density. The refined 2Fo-Fc electron density allows 

inhibitor molecules fitted more accurately (Figure 5.3). 

The co-crystallised structures of heterocyclic 4(1H)-quinolones were superimposed in the 

same orientation (Figure 5.4). Qi site cytochrome b residues adopt the same conformation 

independently of inhibitor. The quinolone head group of all inhibitors is placed in hydrophilic 

region between His201 and Ser35. The carbonyl group is close to His201, and the NH group is 

close to Ser35. WDH-2G-7 and SCR0911 forms one hydrogen bond with His201 (Figure 5.4A&D) 

that develops strong affinity and prevents ubiquinone binding to the Qi site. On the other hand, the 

position of PG227 quinolone head is shifted closer to Trp31 allowing hydrogen bond formation 

between NH group and Ser35 instead of carbonyl group and His201. In line with different hydrogen 

bond of PG227, the quinolone ring displays p-p stacking to the side chain of Phe220 and forms 
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polar interactions between the chlorine atom at position 7 and His201. The aromatic tail group is 

positioned differently for each inhibitor (Figure 5.4A, D and E). WDH-2G-7, which has aromatic 

side chain with a carbon linker shows a global binding pose similar to CK-2-68 (Figure 5.4C), but 

it points the trifluoro-methoxy group away from Gly38 (Figure 5.4A). SCR0911 and PG227 adopt 

their side chains in different poses depending on the meta- and para- substituted ring D, 

respectively. The aromatic tail of SCR0911 is placed at the hydrophobic region of Gly38 and Ile39, 

while PG227 extends the side chain of ring C and D toward Ile42. 

As described in Chapter 4, the protein sequences of Qi site between bovine and human are 

highly conserved with 80% identity. Crystal structures of inhibitor-bound cytochrome bc1 have 

proven that heterocyclic 4(1H)-quinolones are the selective binders to the cytochrome bc1 Qi site in 

the bovine protein. The bovine cytochrome bc1 activity was measured for heterocyclic lead 

compounds and this is shown in Table 5.3. SCR0911 and PG227 express bovine enzyme inhibitory 

values below 50% at 0.1 µM; SCR0911 has less than 10% inhibition. WDH-2A-9 and WDH-2G-7 

possess stronger binding in the range of 60-70% at 0.1 µM than SCR0911 and PG227. After 

increasing inhibitor concentration to 1 µM, all compounds rise inhibition level above 70%. From 

this measurement, it is clearly seen that 2-pyridyl-quinolones with no linker atom between ring C 

and D (i.e. SCR0911 and PG227) have lower affinity for mammalian cytochrome bc1 target, while 

2-pyrazolyl-quinolones (WDH-2A-9 and WDH-2G-7) are stronger antagonists for mammalian 

homologue. Inhibitory rate is likely to be enhanced by the presence of 7-methoxy group in case of 

WDH-2G-7. In crystal structures, all compounds shared common interactions by forming one 

hydrogen bond to the residues of Qi site and packing aromatic tail in hydrophobic region of Gly38 

and Ile39. The different directions of aromatic tails in crystal structures did not show any obvious 

interactions resulting in varied inhibitory rate to bovine cytochrome bc1. In cryo-electron 

microscopy (cryo-EM) structures of inhibitor-bound bovine cytochrome bc1, SCR0911 with rigid 

aromatic tail has a certain conformation of tail group in the same way with crystal structure, but 

GSK932121 with flexible aromatic tail like WDH-2G-7 exists in two different conformations 

(Figure 5.5) (Amporndanai et al. 2018). This cryo-EM structure supports the hypothesis that 
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flexible tail group allows the inhibitor to adopt additional conformation in solution that probably 

increases binding affinity. This hypothesis agrees with bovine cytochrome bc1 inhibition profile that 

lead compounds with more rigid aromatic side chain, SCR0911 and PG227, have significantly 

lower activity in comparison to WDH-2A-9 and WDH-2G-7. This structure-activity relationship 

suggests that the removal of linker atom between ring C and D could reduce off-target reactivity 

against mammalian cytochrome bc1 and improve safety profile of lead compounds. 
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Figure 5.3 The cytochrome bc1 Qi site with bound inhibitors. (A) WDH-2G-7 (cyan sticks). (B) 

SCR0911 (yellow sticks). (C) PG227 (pink sticks). Left inserts show the omit Fo-Fc map (green mesh) 

contoured at 3σ level. The Qi and Qo sites are marked by black circles. Right inserts show refined 2Fo-

Fc electron density (grey mesh) contoured at 1σ level. Qi site residues are shown as blue sticks, and 

hydrogen bonds as black dash lines. The cartoon representation of bovine cytochrome b subunit is 

coloured in blue. 
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Figure 5.4 Binding modes of antimalarial compounds within the bovine Qi site. (A) WDH-2G-7 (cyan 

sticks). (B) CK-2-68 (green sticks). (C) superimposed crystal structures of WDH-2G-7 and CK-2-68. 

(D) SCR0911 (yellow sticks). (E) PG227 (pink sticks). (F) superimposed crystal structures of SCR0911 

and PG227. Black dashes represent hydrogen bonds between ligands and protein residues. Cartoons and 

lines coloured in the same colour of inhibitor represent bovine cytochrome b subunit and Qi site residues, 

respectively. 

 
Figure 5.5 Cryo-EM maps and structures of Qi site of bovine cytochrome bc1 complexed with inhibitors. 

(A) The Qi site (gold cartoon and sticks) occupied with GSK932121 molecule (blue and green sticks). 

The inhibitor density map is shown in green mesh. (B) The Qi site (cyan cartoon and sticks) occupied 

with SCR0911 molecule (magenta sticks). The inhibitor density map is shown in magenta mesh. This 

figure is taken from (Amporndanai et al. 2018).  
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Table 5.4 Data collection and refinement statistics of 2-pyrazoyl and 2-pyridyl-quinolone inhibitors. 

 bc1-WDH2G7 bc1-SCR0911 bc1-PG227 

Data collection    

Wavelength 

Space group 

Cell parameters 

(a, b, c) (Å) 

(a, b, g) (o) 

Resolution (Å) 

Rmerge (%) 

Rpim (%) 

CC1/2 

I/s 

Completeness (%) 

Redundancy 

0.9282 

P6522 

 

212.69, 212.69, 347.07 

90o, 90o, 120o 

92.10-3.45 (3.55-3.45) 

16.1 (112.5) 

7.4 (53.4) 

0.998 (0.315) 

10.1 (2.1) 

90.2 (91.4) 

10.2 (10.1) 

0.9800 

P6522 

 

209.83, 209.83, 344.22 

90o, 90o, 120o 

89.44-3.10 (3.16-3.10) 

11.0 (120.0) 

4.3 (47.7) 

0.980 (0.570) 

12.3 (1.8) 

99.5 (99.9) 

7.4 (7.5) 

0.9786 

P6522 

 

210.89, 210.89, 341.50 

90o, 90o, 120o 

67.60-3.24 (3.32-3.24) 

15.3 (135.7) 

5.2 (46.6) 

0.990 (0.298) 

16.8 (2.1) 

94.7 (100) 

18.3 (18.3) 

Refinement    

No. reflection 

Rwork/Rfree 

Non-hydrogen atoms 

Protein 

Inhibitor 

Water 

Other ligands 

B-factor (Å2) 

Protein 

Inhibitor 

Water 

Other ligands 

r.m.s.d. 

Bond length (Å) 

Bond angle (o) 

PDB code 

54,993 

21.13/24.52 

 

15,424 

31 

29 

568 

 

139.48 

135.80 

99.86 

149.38 

 

0.0084 

1.4102 

6HAW 

79,127 

20.46/23.99 

 

15,919 

31 

82 

472 

 

102.71 

81.26 

72.62 

202.21 

 

0.0072 

1.2583 

5OKD 

67,787 

22.82/24.86 

 

15,376 

31 

25 

438 

 

158.38 

140.17 

51.44 

174.94 

 

0.0047 

1.0679 

- 
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5.3.2 Molecular docking to Plasmodium falciparum Qi site 

 The Qi site cytochrome bc1 is an attractive target for quinolone-based lead compounds that 

inhibit malaria parasites at the concentration of nanomolar and overcome mutational drug resistance 

occurred in the Qo site. Amino acid sequences within Qi site region between bovine and P. 

falciparum are highly different (~40% identity) (Figure 5.6), so bovine crystal structures could not 

define the interactions between lead compounds and the parasitic target which are necessary for 

therapeutic development of next generation compounds. It is impossible to grow protein crystals of 

parasite cytochrome bc1 due to limited amount of native protein source and challenge to produce 

recombinant protein due to its complex nature. Thus, a structure of P. falciparum cytochrome bc1 

is not available. Molecular modelling was undertaken as described in Chapter 4 to provide possible 

structure of parasitic target cytochrome b. A homology model of P. falciparum cytochrome b was 

generated by SwissModel (Guex & Peitsch 1997; Arnold et al. 2006; Biasini et al. 2014) using the 

protein sequence from 3D7 strain parasite (Q02768) and bovine cytochrome b crystal structure 

(5OKD) as the initial template. 

 The homology model of P. falciparum cytochrome b was superimposed to co-crystallised 

bovine crystal structures. It was found that all ligand poses in bovine crystals have obvious steric 

clashes with the side chains of homology model residues, especially Phe30 in P. falciparum (or 

Ser35 in bovine) (Figure 5.7). The binding poses of inhibitors in P. falciparum Qi site needed to be 

different from bovine enzyme. To rationalise the biological observations, molecular docking of 

heterocyclic 4(1H)-quinolones to the homology model was carried out using SwissDock 

(Grosdidier et al. 2011b) in the style as described in Chapter 4. All the most possible ligand poses 

in P. falciparum Qi site are shown in Figure 5.8 and 5.9. 

 From the parasite inhibition profile in Table 5.1, lead compounds with 7-methoxy 

substitution always have significantly stronger antimalarial efficiency over their unsubstituted 

analogues. This phenomenon can be explained by in silico studies. The presence of 7-methoxy 

group in WDH-2G-7 causes the shift in the binding location of quinolone head from the location of 

WDH-2A-9 (Figure 5.8). The new position of WDH-2G-7 quinolone ring provides aromatic 

stacking between Phe30, Phe37 and ring D of inhibitor leading to more potent antimalarial activities 
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than WDH-2A-9 (Figure 5.8B). In the case of 2-pyridyl-4(1H)-quinolones, SL-2-25 still has a low 

IC50 value against Pf cytochrome bc1 at the similar level as PG227 (Table 5.1) despite the absence 

of 7-methoxy group. The straight aromatic tail chain of three para-ring D substituted compounds 

(SL-2-25, SCR0206 and PG227) makes quinolone placed closer to Ile22 contributing hydrogen 

bond formation with either Ser196 or His192 (Figure 5.9A-C). For SCR0911, molecular docking 

demonstrated that ring D of this compound lies in a gap between Phe30 and Phe37 (Figure 5.9D) 

in the same way as WDH-2G-7. Although WDH-2G-7 and SCR0911 have similar ring D placement, 

stabilising hydrophobic interactions with the Qi site (Figure 5.8B and 5.9D), the highly flexible side 

chain of WDH-2G-7 might adopt to another conformation that loses aromatic stacking according 

to bovine bc1-GSK932121 cryo-EM structure (Figure 5.5A) (Amporndanai et al. 2018). This could 

explain why WDH-2G-7 has poorer activity against whole parasite than SCR0911. para-Ring D 

substituted 4(1H)-quinolones, SCR0206 and PG227, do not interact with Phe30 and Phe37 but they 

are compensated by hydrogen bond formation with Qi site residue (Figure 5.9B&C). Interestingly, 

molecular docking of SCR0206 and PG227 did not show the significantly different binding poses 

that may be effected by the replacement of 3-methyl group with chlorine atom (Figure 5.9C&D). 

The chlorine atom of PG227 is ~3.3Å away from the e-N atom of His192 allowing dipole contact 

to Pf Qi site (Figure 5.9D). This would help explain the increased strength of drug-resistant parasite 

activities in PG227 compared with other quinolones. 
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Figure 5.6 Sequence alignment between bovine, human and P. falciparum cytochrome b for the Qi site. 

High and partial conserved residues are coloured in deep and light blue, respectively. The numbering 

shown at the top and bottom corresponds to bovine and P. falciparum sequences, respectively. 

 

 
Figure 5.7 Inhibitor-bound bovine cytochrome bc1 structure superimposed with P. falciparum 

cytochrome b homology model. (A) WDH-2G-7 in teal (B) SCR0911 in yellow (C) PG227 in pink. 

Surrounding residues of bovine and P. falciparum are drawn as cyan and magenta lines, respectively. 

The hydrogen bonds with bovine residues are drawn as black dashes. The surface representation of Qi 

pocket of Pf bc1 is coloured by light grey. The Pf Qi residues that clash with inhibitor in bovine crystal 

structure are highlighted in red and labelled in bold with bovine residue in the brackets 
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Figure 5.8 Molecular docking of lead compounds to the Qi site of P. falciparum cytochrome bc1. (A) 

WDH-2A-9 (pale green sticks) (B) WDH-2G-7 (cyan sticks). Pf residues are drawn as magenta lines. 

The hydrogen bonds are drawn as black dashes. The surface representation of Qi pocket is coloured by 

light grey. Fullfitness scores are given under inhibitor names. 

 
Figure 5.9 Molecular docking within the Qi site of P. falciparum cytochrome bc1. (A) SL-2-25 (orange 

sticks) (B) SCR0206 (grey sticks). (C) PG227 (pink sticks). (D) SCR0911 (yellow sticks). Pf residues 

are drawn as magenta lines. The hydrogen bonds are drawn as black dashes. The surface representation 

of Qi pocket is coloured by light grey. Fullfitness scores are given under inhibitor names. 
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5.4 Conclusion 

 Heterocyclic 4(1H)-quinolones (Figure 5.1 and 5.2) are antimalarial lead compounds 

targeting cytochrome bc1 that represent further optimised from the bisaryl-4(1H)-quinolones 

described in Chapter 4. They show better in vitro therapeutic properties against wild-type and drug 

resistant P. falciparum (Table 5.1) and improved water solubility under acidic and physiological 

conditions (Table 5.2), particularly 2-pyrazolyl-4(1H)-quinolones, (though the level of solubility is 

still far from ideal). Furthermore, 2-pyridyl-4(1H)-quinolones provides significantly lower cross-

reactivity against mammalian cytochrome bc1 than 2-pyrazolyl-4(1H)-quinolones, and 2-pyrazolyl-

4(1H)-quinolones have low cytotoxicity at the same level as Tamoxifen, that is a known safe 

medicine (Table 5.3). This information proves that in vitro heterocyclic 4(1H)-quinolones may have 

a safer profile than comparators in this class and suggests that follow on compounds could be 

progressed to in vivo assessment if additional levels of solubility can be achieved. 

Structural studies of bovine cytochrome bc1 complexed with heterocyclic 4(1H)-

quinolones have proven that structure modification of 4(1H)-quinolones maintain binding 

preference to Qi site. The quinolone ring of heterocyclic lead compounds lies in the hydrophilic 

cavity of Qi pocket and the aromatic sidechain extends away through hydrophobic pocket. It was 

found that weak bovine-cytochrome bc1 binders tend to have more rigid side chain and place their 

tail chain away from Met190 and Met194. These structural data provide guidance for the way to 

optimise next generation compounds with minimal cross-reactivity to mammalian enzyme. 

As there is no Pf cytochrome bc1 structure available, heterocyclic 4(1H)-quinolones were 

docked to homology model of Pf target to rationalise biological activity observations. 7-Methoxy 

compound was found to enhance Pf cytochrome bc1 affinity by changing the position of quinolone 

head that caused p-p stacking (WDH-2G-7) or hydrogen bond (SCR0206 and PG227). meta-Ring 

D substituted lead compound (SCR0911) bound to the Qi site by packing into the gap between the 

side chain of Phe30 and Phe37. Although para-ring D substituted lead compounds (SL-2-25, 

SCR0206 and PG227) do not have aromatic interactions with Phe30 and Phe37, their straight tail 

chain causes quinolone head to be placed deeper into the hydrophilic cavity allowing hydrogen 
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bond formation with a Qi site residue. Therefore, para-ring D substituted lead compounds have 

strong cytochrome bc1 affinity contributing good potency in parasite killing. Moreover, 

incorporation of chlorine atom at position 3 in PG227 makes polar contact with His192 that would 

enhance parasite inhibition. Thus, 2-pyridyl-4(1H)-quinolones with the removal of linker atom 

between ring C and D are good starting points for molecules with modification of substituents in 

ring A and B based on in-silico studies in this chapter to design novel lead compounds with effective 

therapeutic activities and improved safety profile. 
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Chapter 6 

 

The development of tetrahydroquinolones  

for malaria and toxoplasmosis chemotherapies 

 
6.1 Background 

Toxoplasmosis is a parasitic disease caused by Toxoplasma gondii (Tg) which is 

prevalently distributed throughout the world and capable of infecting all warm-blooded animals 

including human (Tenter et al. 2000). Almost one third of the world population are at risk of T. 

gondii acquiring that become an important issue for global public health with high socio-economic 

impacts (Flegr et al. 2014). Toxoplasmosis infection occurs either by obtaining oocysts that are 

shed from infected cats via feces or by eating undercooked meat that contaminated T. gondii tissue 

cysts. Following the infection, T. gondii oocysts or tissue cysts develop into tachyzoites that invade 

intestine or tissue cells throughout host body (Dubey 1998). Toxoplasmosis in healthy individuals 

is often unnoticed or may cause benign illness because the competent immune system can fight 

against tachyzoites (Hitziger et al. 2005). Unfortunately, tachyzoites can damage brain and eye 

tissues in immune-compromised persons (Muccioli & Espinoza 2010; Rey et al. 2017) and 

contributes congenital fatal to fetus in pregnant women (Torgerson & Mastroiacovo 2013). 

Moreover, tachyzoites can develop into bradyzoites protected in tissue cyst that chronically exist in 

host tissue for long time before distributed to a new host through carnivorous behaviour. 

The combination medicine of pyrimethamine-sulfadiazine is typically prescribed for 

toxoplasmosis treatment together with other symptomatic treatments (Fung & Kirschenbaum 1996). 

However, currently used toxoplasmosis drugs can develop chronic toxicity as a result of prolonged 

treatment duration, and they lack ability to eliminate parasite cysts (McLeod et al. 2006). T. gondii 

could pass the blood-brain barrier making it more difficult for chemotherapies and more persistent 

in patients (Barragan & Sibley 2003). Thus, developing anti-toxoplasma compounds with potent 
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therapeutic activities against tachyzoites and bradyzoites and minimal chronical toxicity is a huge 

challenge for drug discovery (Alday & Doggett 2017). 

T. gondii and P. falciparum (Pf) are the apicomplexan-phylum pathogenic parasites, so 

some drug targets can be utilised for re-purposed treatments. Atovaquone, widely used antimalarial 

drug targeting to the Qo site of cytochrome bc1, showed effectiveness for in vitro and in vivo activity 

against tachyzoites and bradyzoites of T. gondii (Araujo et al. 1991). Atovaquone is fairly safe and 

metabolically stable therapeutic agent that are used as alternative medication in ocular 

toxoplasmosis for immune-compromised patients (Christophe 2015).  The activity of atovaquone 

is greater when used in combination with pyrimethamine-sulfadiazine or pyrimethamine-

clidamycin that reduces brain infection and re-activated disease in murine models (Dunay et al. 

2004). The development of atovaquone resistance appeared to be induced by the mutation in the 

cytochrome bc1 (Pfefferkorn et al. 1993). An analysis of cytochrome b gene isolated from 

atovaquone-resistant T. gondii shows two mutated residues (M129L and I254L) in Qo site region 

of cytochrome bc1 (McFadden et al. 2000). Several classes of compounds would be a choice for the 

design of potent inhibitors that are invulnerable to cross-resistance caused by mutations in 

cytochrome bc1. 4(1H)-quinolone or endochin-like quinolone (ELQ), which is a class of 

cytochrome bc1 inhibitor binding to the Qi site, has been developed and optimised for toxoplasmosis 

treatment. 4(1H)-quinolone could circumvent mutations in Qo site that are responsible for drug 

resistance in P. falciparum and T. gondii. ELQ271 and ELQ316 (Figure 6.1A) were reported for 

their powerful efficiency against tachyzoites and bradyzoites of murine T. gondii with good 

metabolic stability (Doggett et al. 2012). Nevertheless, ELQ271 and ELQ316 induce resistance in 

T. gondii that possess T222P mutation in the Qi site (Alday et al. 2017). In terms of toxicity, 

ELQ271 has low cross-species inhibition to human cytochrome bc1, whereas ELQ316 presents 

some possibility (Nilsen et al. 2013). Moreover, low water solubility of 4(1H)-quinolone 

deteriorates pharmacokinetics and bioavailability that hampers the development of anti-

apicomplexan compounds, so the finding of alternative pharmacophore is highly focused for 

malaria and toxoplasmosis drug discovery programme. 
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Recently, tetrahydroquinolone has been created as a new pharmacophore for T. gondii 

cytochrome bc1 target (McPhillie et al. 2016). Based on the previous 4(1H)-quinolone family, 

MJM170, JAG021 and JAG050 (Figure 6.1B) were designed by incorporating tetrahydroquinolone 

ring with diphenyl ether (Mcleod et al. 2017). These three tetrahydroquinolones have outstanding 

in vitro activities against P. falciparum (Table 6.1) and T. gondii (Table 6.2). Notably, MJM170, 

JAG021 and JAG050 have greater efficiency against drug-resistant P. falciparum over their parent 

4(1H)-quinolone, ELQ271 (Table 6.1). Tetrahydroquinolones have much higher solubility in 

physiological buffer and lower ClogP than ELQ271 (Table 6.3) because non-flat saturated ring of 

ring A reduces intermolecular p-p stacking resulting from flat aromatic planars. This feature 

improves major weakness of 4(1H)-quinolone. Moreover, all lead compounds are metabolically 

stable in human liver microsomes (half-life time >30 minutes), especially JAG021 (Table 6.3). 

Aside from excellent biological and drug-likeness properties, a good anti-toxoplasmosis drug needs 

to pass through blood-brain-barrier for eliminating latent T. gondii. MJM170, JAG021 and JAG050 

tested in the MDCK-MDK1 cell system display high permeability and low efflux ratio (Table 6.3). 

 

Figure 6.1 Chemical structures of anti-toxoplasma 4(1H)-quinolones. (A) Endochin and endochin-like 

quinolone (ELQ) lead compounds. (B) Tetrahydroquinolone lead compounds. 
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Table 6.1 Plasmodium falciparum inhibition profiles of ELQ271 and tetrahydroquinolones. 

Compound IC50 (nM)  

(D6) 

IC50 (nM)  

(W2) 

IC50 (nM)  

(TM90C2B) 

ELQ271 30 100 130 

MJM170 10 30 10 

JAG021 14 55 40 

JAG050 46 31 36 

*D6 – drug-sensitive P. falciparum parasite strain from Sierra Leone; W2 – chloroquine-resistant from 

Thailand; TM90C2B – atovaquone-resistant strain with Y268S; ND – not determined 

**All shown data were taken from  McLeod group, Chicago (McPhillie et al. 2016; Mcleod et al. 

2017). 

 

Table 6.2 Toxoplasma gondii inhibition profiles of ELQ271 and tetrahydroquinolones. 

Compound IC50 (nM)  

(T. gondii tachyzoite) 

IC50 (nM)  

(T. gondii bradyzoite) 

ELQ271 30 1000 

MJM170 30 4000 

JAG021 90 ND 

JAG050 55 ND 

*All shown data were taken from  McLeod group, Chicago (McPhillie et al. 2016; Mcleod et al. 2017). 

ND – not determined. 

 

Table 6.3 Lipophilicity, solubility and half-life time in human liver microsomes and blood-brain-

barrier permeability in MDCK-MDK1 system of ELQ271 and tetrahydroquinolones. 

Compound ClogP Solubility in 

PBS pH 7.4 

(µM) 

T1/2 (Human 

microsomes) 

(minute) 

MDCK-MDK1 
Papp 

(x106 cm/s) 

Efflux ratio 

ELQ271 5.20 0.15 171.93 ND ND 

MJM170 4.16 1.97 146.33 32.1 1.23 

JAG021 5.18 7.07 >180 >10 <1.5 

JAG050 4.87 16.41 99.04 >10 <1.5 

*ClogP values were obtained from ChemBioDraw version 14.0, and physicochemical properties were 

evaluated by McLeod group, Chicago (McPhillie et al. 2016; Mcleod et al. 2017). ND – not 

determined. 
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6.2 Materials and methods 

6.2.1 Bovine cytochrome bc1 purification 

Bovine mitochondria and protein purification procedures were carried out as described in 

Chapter 4. 

 

6.2.2 Crystallisation, data collection and structure refinement. 

All crystallisation, and structure refinement were carried out as described in Chapter 4. The 

frozen bc1-JAG021 crystals were tested in-house and X-ray diffraction data were collected at 100K 

at Proxima-2A beamline, SOLEIL synchrotron, France using EIGER X 9M detector. 

 

6.2.3 Cytochrome bc1 activity assay 

The specific activity measurement of bovine and Pf cytochrome bc1 was carried out using 

the protocol described in Chapter 4 and 5, respectively. Inhibition profiles against Pf cytochrome 

bc1of lead compounds were measured by Prof. Giancarlo Biangini’s group, Liverpool School of 

Tropical Medicine, UK. 

 

6.2.4 Homology model and molecular docking 

 The Plasmodium falciparum homology model in this chapter was generated as described 

in Chapter 4. The homology model of the Toxoplasma gondii Qi site was generated using bovine 

cytochrome b (5OKD) template and Tg cytochrome b sequence (O20672) with web-based 

SwissModel software (Biasini et al. 2014; Kiefer et al. 2009; Arnold et al. 2006) using the same 

parameters described for the Pf homology model. The final model was regularised by a force field 

and its quality was assessed using the QMEAN scoring (Benkert et al. 2011). The Tg homology model, 

used in this chapter, has QMEAN score of -4.84 and 42.42% sequence identity. 

 The molecular dockings of ELQ271 and tetrahydroquinolones to the homology models of 

the Pf and Tg Qi site were carried out using SwissDock online tool (Grosdidier et al. 2011b) 

following protocols described in Chapter 4. 
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6.2.5 In vitro P. falciparum inhibition assay 

Anti-plasmodial activities of ELQ271 and tetrahydroquinolones were measured by Prof. 

Rima McLeod’s group, University of Chicago, USA. In vitro P. falciparum culture and proliferation 

was monitored using SYBR Green I fluorescence method (Smilkstein et al. 2004) as described in 

Chapter 5. The parasite strains, D6 – drug-sensitive strain from Sierra Leone; W2 – chloroquine-

resistant strain from Thailand; and TM90C2B – atovaquone-resistant strain with Tyr268 mutation, 

were provided by Prof. Giancarlo Biagini, Liverpool School of Tropical Medicine, UK. The half 

maximal inhibitory concentration (IC50) was calculated using the four-parameter logistic method 

(Grafit program; Erithacus Software). 

 

6.2.6 In vitro T. gondii inhibition assay 

 All in vitro inhibition profiles against T. gondii shown in this chapter were provided by 

Prof. Rima McLeod, University of Chicago, USA. Inhibition assay was carried out using protocol 

adapted from Fomovska et al. (Fomovska, Huang, et al. 2012; Fomovska, Wood, et al. 2012). 

Briefly, human foreskin fibroblasts (HFF) cells were cultured in Iscove’s modified Dulbecco’s 

medium (IMDM) (Gibco, Denmark) on a 96-well plate to 90-100% confluence for host cells of 

Toxoplasma parasites.  

For in vitro tachyzoite assay, 3,200 tachyzoites of T. gondii strain RH, which express 

Yellow Fluorescent Protein (YFP), were added to each HFF well and incubated at 37oC for 1-2 

hours allowing for parasite infection. Lead compounds dissolved in IMDM medium at various 

concentrations were added to infected HFF cells before incubation at 37oC for 72 hours. The 

quantity of YFP were monitored using Synergy H4 Hybrid Reader (BioTEK) to measure tachyzoite 

burden in host cell after treatment. Untreated infected HFF cells were lysed by double passage 

through a 27-gauge needle to isolate free tachyzoites for stock or further experiments. 

For in vitro bradyzoite assay, HFF cells were infected with 30,000 Toxoplasma parasite 

strain EGS per well and incubated at 37 oC for 18 hours. On following day, infected HFF were 

exchanged with fresh IMDM medium containing lead compound at various concentrations and 

incubated at 37oC for 72 hours. The infected cells after incubation were fixed using 4% para-
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formaldehyde and strained with Fluorescein-labeled Dolichos Biflorus Agglutinin, DAPI, anti-

SAG1 and anti-BAG1. The samples were investigated under microscope (Nikon Tl7) using a CRi 

Pannoramic Scan Whole Slide Scanner and analysed using Pannoramic Viewer Soſtware. Inhibitory 

efficiency of the lead compounds was assessed by counting cysts in treated host cells compared 

with untreated host cells. 

 

6.2.7 Hep G2 cell cytotoxicity assay 

 Cytotoxicity data of lead compounds against human hepatic G2 cell line was given by Prof. 

Rima McLeod, University of Chicago, USA, measuring by the protocol adapted from (Warman et 

al. 2013). 

 

6.2.8 Assessment of solubility, metabolic stability and blood-brain-barrier permeability 

 In vitro ADME analysis was carried outsourced to ChemPartner Shanghai Ltd. ELQ271 

was tested as a reference. Kinetic solubility, metabolic stability in human liver microsomes and 

ability to cross MDCK-MDK1 cell membranes, in vitro evaluation of blood-brain barrier 

permeability, were measured for MJM170, JAG021 and JAG050. 

 

6.2.9 Chemistry 

Tetrahydroquinolones lead compounds were synthesised by Prof. Colin Fishwick’s group, 

Univerisity of Leeds, UK, using synthetic pathway described by McPhilie et al. (McPhillie et al. 

2016). 

 

6.3 Results and discussion 

 As tetrahydroquinolone is relatively new family of anti-apicomplexan compounds, 

understanding of reaction mechanism against target is needed for chemical structure optimisation 

of lead compounds. In this chapter, binding of JAG021 in cytochrome bc1 was visualised in crystal 

structure of inhibitor-bound bovine cytochrome bc1 complex. bc1-JAG021 structure along with 

previously reported bc1-MJM170 were investigated to reveal how lead compounds bind to 



	

	 121	

mammalian cytochrome bc1 to access the potential cardiotoxicity for human. Specific cytochrome 

bc1 activity assays with MJM170 and JAG021 were performed for Pf and bovine enzymes 

indicating selectivity of lead compounds against Plasmodium and mammalian targets. To 

rationalise specific activity and biological observations presented in Table 6.1 and 6.2, 

computational study was carried out to predict possible binding modes in Pf and Tg Qi active sites. 

This structural insight is beneficial for structure-based drug design development of the new 

candidates with desired drug-like properties. 

 

6.3.1 Tetrahydroquinolones binding to the Qi site of cytochrome bc1 

JAG021 was co-crystallised with bovine cytochrome bc1 and X-ray diffraction data were 

collected to 3.45 Å resolution. The statistics of the data collection and refinement is shown in Table 

6.4. Examination of electron density map of the protein-inhibitor complex revealed an additional 

omit Fo-Fc electron density in Qi site region near haem bH but there was no additional electron 

density found within Qo site near haem bL (Figure 6.2A). The omit density presented in the Qi site 

enabled unambiguous placement of inhibitor molecule. 2Fo-Fc electron density became clearer after 

refinement allowing inhibitor molecule to be modelled more accurately (Figure 6.2B). The second 

aromatic ring in tail group was partially defined due to the high flexibility around oxygen linker. 

The quinolone head group of JAG021 is held between Asp228 and His201 in the same way as 3-

bisaryl-4(1H quinolone (WDH-1U-4) and 4(1H)-pyridone (GSK932121). The carbonyl of 

quinolone head and Ser35 are within 3 Å that contributes hydrogen bond formation and tight 

binding to bovine enzyme. 3-(phenoxy)phenyl tail extends along hydrophobic channel of Gly38, 

Ile39 and Ile42. The trifluromethoxy group at the phenoxy ring points between Met190 and Met194. 
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Figure 6.2 The cytochrome bc1 Qi site occupied by JAG021. (A) The omit Fo-Fc electron density 

contoured at 3s level is illustrated in green mesh within the Qi site near haem bH (B) The 2Fo-Fc density 

contoured at 1s level is shown as the grey mesh. The cartoon representation of bovine cytochrome b is 

shown in blue. JAG021 molecule and haems are shown as dark red and blue sticks, respectively. The Qi 

site residues involved in inhibitor binding are shown as blue lines. 
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Table 6.4 Data collection and refinement statistics of bovine cytochrome bc1 complexed with JAG021. 

 bc1-JAG021 

Data collection  

Wavelength 

Space group 

Cell parameters 
(a, b, c) (Å) 

(a, b, g) (o) 

Resolution (Å) 

Rmerge (%) 

Rpim (%) 

CC1/2 

I/s  

Completeness (%) 

Redundancy 

0.9801 

P6522 

 

209.87, 209.87, 342.46 

90o, 90o, 120o 

90.88-3.45 (3.56-3.45) 

21.5 (106.0) 

9.4 (46.4) 

0.999 (0.295) 

8.6 (2.4) 

91.4 (92.8) 

11.4 (11.6) 

Refinement  

No. reflection 

Rwork/Rfree 

Non-hydrogen atoms 

Protein 

Inhibitor 

Water 

Other ligands 

B-factor (Å2) 

Protein 

Inhibitor 

Water 

Other ligands 

r.m.s.d. 

Bond length (Å) 

Bond angle (o) 

PDB code 

53,526 

21.74/23.25 

 

15,505 

30 

19 

567 

 

164.73 

143.91 

59.81 

180.69 

 

0.0083 

1.4259 

6QKO 
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6.3.2 Cross-reactivity of tetrahydroquinolones to bovine cytochrome bc1 

In previous work, the crystal structure of bovine cytochrome bc1 complexed with MJM170 

(PDB: 5NMI) was elucidated at 3.5Å resolution (McPhillie et al. 2016). It revealed that MJM170 

is the specific Qi inhibitor like JAG021. Both MJM170 and JAG021 are highly active lead 

compounds against tachyzoite and bradyzoite of T. gondii (Table 6.2) with good aqueous solubility 

and metabolic stability (Table 6.3). In addition to potent anti-parasitic and physicochemical 

properties, diminishing toxicity need to be considered in drug development programme. 

GSK932121 is a good example of a potent drug candidate with strong cross-species binding to 

bovine cytochrome bc1 leading to severe cardiotoxicity in human. Thus, MJM170 and JAG021 

inhibitory level against P. falciparum and bovine cytochrome bc1 was measured to ensure the 

binding to parasite and evaluate possible mammalian toxicity (Table 6.5). High level of Pf bc1 

inhibition indicates clear evidence that MJM170 and JAG021 can eliminate P. falciparum via 

cytochrome bc1 inhibition. For the bovine enzyme MJM170 and JAG021 have comparatively low 

inhibition indicating that both compounds prefer Pf bc1 binding. JAG021 and JAG050 were further 

tested in human hepatic G2 cell to evaluate in vitro toxicity. It was found that JAG021 is safe 

whereas JAG050 displays some toxicity (Table 6.5). 

According to Table 6.5, JAG021 have higher affinity for both P. falciparum and bovine 

cytochrome bc1 over MJM170. This could be explained by co-crystallised structures of bovine 

enzyme. Crystal structures revealed that MJM170 and JAG021 form one hydrogen bond with Ser35 

in the same way as WDH-1U-4 (Figure 6.3). The ligand poses of the both inhibitors are only 

different in the second phenyl ring of aromatic tail group (Figure 6.3C). MJM170 positions its 

second phenyl planar toward Gly38 and Ile39, while JAG021 extends the phenyl ring toward 

Met190. Trifluoromethoxy group presented in JAG021 would make steric clash with the side chain 

of Ile39 changing the direction of second phenyl ring. As trifluoromethoxy group creates 

hydrophobic contacts with Met190 and Met194 in bc1-JAG021 crystal structure, these interactions 

may be responsible for increased affinity for bovine Qi site that is consistent with bovine enzyme 

inhibition assay. Interestingly, JAG050 would have the same binding pose as JAG021 with stronger 

interactions between chlorine atom and the Qi site residues resulting in about half IC50 value in 
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human HepG2 cells. Therefore, the modification of substituent in aromatic tail may play a role to 

reduce off-target inhibition to mammalian Qi site that would enhance toxicity profile of the 

compound. 

 

 
Figure 6.3 Binding poses of MJM170 and JAG021 within the bovine Qi site. (A) MJM170 (purple sticks) 

from 5NMI structure. (B) JAG021 (red sticks). (C) Superimposed crystal structures of MJM170 and 

JAG021. Black dashes represent hydrogen bonds between ligands and protein residues. Cartoons and 

lines coloured in the same colour of inhibitors represent bovine cytochrome b subunit and Qi site residues, 

respectively. 

 

Table 6.5 Cytochrome bc1 inhibition profiles and cytotoxicity to human HepG2 cell of 

tetrahydroquinolones. 

Compound Pf bc1 inhibition 

(%) 

Bovine bc1 inhibition (%) IC50 (µM) 

 (HepG2) 

at 1 µM at 0.1 µM at 1 µM 

MJM170 69.7±11.3 31.3±7.0 49.7±3.1 ND 

JAG021 86.4±3.2 36.0±4.6 62.8±4.8 17.7 

JAG050 ND ND ND 7.1 

Pf bc1 and cytotoxicity assays were determined by Rima’s group (Mcleod et al. 2017). ND – not 

determined. 

 

6.3.3 Molecular docking to the Plasmodium falciparum and Toxoplasma gondii Qi site  

In Chapter 4 and 5, we demonstrated that the Qi site could be a valuable target for malaria 

drug design because of the advantage to overcome mutational drug resistance in the Qo site and the 

high difference between host and parasite targets. The protein sequences of Pf and Tg Qi site are 

highly conserved (50% identity and 74% similarity) (Figure 6.4) making antimalarial Qi site 
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inhibitor cooperative with T. gondii. ELQ271 and tetrahydroquinolones including MJM170, 

JAG021 and JAG050 showed good inhibitory performance against P. falciparum and T. gondii 

(Table 6.1 and 6.2). Like Pf bc1, the structure of Tg bc1 is currently not available due to limited 

native source and impracticability to express recombinant protein for structure elucidation. The 

homology models of Pf and Tg cytochrome b were generated using SwissModel automatic web-

based platform (Arnold et al. 2006). ELQ271 and tetrahydroquinolones were docked into the Pf 

and Tg homology models to account possible binding modes of lead compounds. The molecular 

docking was carried out using SwissDock online tool (Grosdidier et al. 2011b). The most possible 

pose of each compound was determined with the lowest FullFitness score.  

Molecular docking of anti-apicomplexan lead compounds to the Pf Qi site is shown in 

Figure 6.5. ELQ271 and tetrahydroquinolones in Pf docking showed that overall inhibitor poses are 

similar to WDH-1U-4, which is 3-bisaryl-4(1H)-quinolone in Chapter 4. The quinolone head is 

located between Phe30 and His192 with carbonyl group closer to Phe30 and NH group closer to 

His192, and the aromatic tail extending out toward Phe37 by forming p-p stacking with Phe30 and 

Phe37. Unlike WDH-1U-4, the incorporation of oxygen linker in ELQ271 and tetrahydroquinolone 

lead compounds, whose C-O bond is shorter than C-C bond of carbon linker, shifts quinolone ring 

away from Ser196 and impairs hydrogen bond formation with Pf Qi site. However, carbonyl group 

of lead compounds is still within 3.5-3.5 Å from Ne of His192 that establishes strong electrostatic 

force for tight binding to Qi site. The saturated ring of tetrahydroquinolone head enhances stronger 

hydrophobic interaction with Trp26 than the flat 4(1H)-quinolone ring of ELQ271 (Figure 6.5A-C) 

giving improved wild-type and drug-resistant P. falciparum inhibitory efficiency of MJM170, 

JAG021 and JAG050 (Table 6.1). The introduction of trifluoromethoxy group or chlorine atom at 

the end of aromatic tail in JAG021 and JAG050 does not only make lead compounds more soluble 

in water (Table 6.3), but also enhances hydrophobic packing with Gly33 and Ile34 leading to more 

potent in vitro antimalarial profile (Table 6.1). Based on improved Pf bc1 affinity of 7-methoxy-

4(1H)-quinolones in Chapter 4 and 5, incorporation of polar group or halogen atom at position 7 

could allow electrostatic contact with Ser196 and enhance p-p stacking interactions with Phe30 and 
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Phe37 by moving quinolone head position further from Ser196. This strategy could be applied for 

further optimisation of tetrahydroquinolone to achieve better Pf bc1 selectivity. 

Although the global shapes of Pf and Tg Qi sites could be quite similar due to highly 

conserved sequence between species (Figure 6.4), several non-conserved residues create steric 

clashes with inhibitor in Pf docking model. The obvious clashes observed at Trp26 (Tyr30 in Tg), 

Gly33 (Ala37 in Tg), and Ile34 (Met38 in Tg) may change the position of quinolone head (Figure 

6.5), so inhibitor in Tg Qi site certainly adopts different conformation. Giving structural insights of 

Tg Qi pocket, ELQ271 and tetrahydroquinolones were docked to Tg homology model and shown 

in Figure 6.6. Docked inhibitors in Tg Qi site display totally different binding poses from Pf Qi site. 

Quinolone head is packed in the pocket conferred by Leu17, Phe34 and His197, and aromatic tail 

extends out toward Leu12. The distance between carbonyl group of quinolone head and Ne of 

His197 varies among lead compounds. ELQ271 and MJM170 bind with the distance between 

carbonyl group and Ne of His197 less than 3.2 Å allowing hydrogen bonding (Figure 6.6A&B), 

while JAG021 and JAG050 have longer length above 3.2 Å resulting to electrostatic contact instead 

of hydrogen bond (Figure 6.6C&D). These different types of interactions rationalise greater anti-

toxoplasma activity of ELQ271 and MJM170 over JAG021 and JAG050. Moreover, the different 

substituents at the end of aromatic tail of tetrahydroquinolone compounds influence the different 

contacts between quinolone head and His197. The second phenyl ring of MJM170 is packed into 

hydrophobic pocket of Leu12 and Phe13 making quinolone head located closer to His197 (Figure 

6.6B), while trifluoromethyoxy group or chlorine atom shifts the position of quinolone head further 

away from His197 disrupting hydrogen bonds formation (Figure 6.6C&D). As chlorine atom is 

smaller than trifluoromethoxy group, the pose of JAG050 is more similar to MJM170 giving shorter 

distance between carbonyl group and His197 (3.4 Å) than JAG021 (3.6 Å) (Figure 6.6D) and 

stronger activity against tachyzoites of T. gondii (Table 6.2). In Tg Qi site docking, the space 

between saturated ring and phenol ring of Tyr30 is observed and can be targeted for next generation 

lead compounds (Figure 6.6). Incorporation of halogen atom or polar group at position 7 would 

contribute to hydrogen bonding or strong polar interaction with Tyr30, which is present only in Tg 
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Qi site. Furthermore, trifluoromethoxy group of JAG021 can be replaced with a smaller non-polar 

group such as methyl or trifluoromethyl (-CF3). The smaller substituent may make lead compound 

pose like MJM170 allowing hydrogen bond with His197 and firmly pack into hydrophobic pocket 

of Leu12 and Phe13. This structural insight suggests a way to develop novel anti-toxoplasma 

compounds with improved Tg bc1 inhibitory efficiency and less off-target reactivity against 

mammalian homologue. 

 

Figure 6.4 Sequence alignment between P. falciparum (Q02768) and T. gondii (O20672) cytochrome b 

for the Qi site. High and partial conserved residues are coloured in deep and light blue, respectively. The 

numbering shown at the top and bottom corresponds to P. falciparum and T. gondii sequences, 

respectively. 
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Figure 6.5 Molecular docking of lead compounds to the Qi site of P. falciparum cytochrome bc1. (A) 

ELQ271 (dark green sticks). (B) MJM170 (purple sticks). (C) JAG021 (red sticks). (D) JAG050 (brown 

sticks). Pf Qi residues are drawn as magenta lines. Non-conserved Tg Qi residues are shown in dark 

green lines and their residue numbers are labelled in brackets. Hydrogen bonds are drawn as black dashes. 

Surface representation of Pf Qi pocket is coloured by light grey. Steric clashes between inhibitor 

molecule and Tg Qi residues are highlighted in light green surface. 
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Figure 6.6 Molecular docking of lead compounds to the Qi site of T. gondii cytochrome bc1. (A) ELQ271 

(dark green sticks). (B) MJM170 (purple sticks). (C) JAG021 (red sticks). (D) JAG050 (brown sticks). 

Tg Qi residues are drawn as green lines. Surface representation of Tg Qi pocket is coloured by light green. 

Hydrogen bonds are shown as black dashes. 

 

6.4 Conclusion 

 Toxoplasmosis is an infectious disease that currently needs drugs with good efficiency and 

safe toxicity to eliminate T. gondii, particularly latent infection in brain and eye tissue where drug 

distribution is obstructed by biological barriers. Tetrahydroquinolone is a class of anti-

apicomplexan compounds developed from antimalarial 4(1H)-quinolones. This compound family 

shows significantly improved water solubility over its parent compounds due to non-flat 

tetrahydroquinolone head reducing aromatic stacking between molecules. MJM170, JAG021 and 

JAG050 are promising anti-apicomplexan compounds with low in vitro toxicity to human cells and 

outstanding biological activities against P. falciparum, tachyzoites and bradyzoites of T. gondii. 
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These inhibitors also exhibit high permeability and low efflux ratio across artificial blood-brain-

barrier that is necessary for ocular and cerebral toxoplasmosis treatments. 

 To provide structural insight of tetrahydroquinolone compounds, MJM170 and JAG021 

were co-crystallised with bovine cytochrome bc1. Their structures at 3.5Å resolution allowed 

observation of inhibitor binding and revealed that both compounds solely bind to the Qi site of 

cytochrome bc1, which is a perfect target for overcoming drug resistance caused by point mutations 

in Pf and Tg Qo site. Specific cytochrome bc1 activity confirmed high Pf bc1 selectivity for MJM170 

and JAG021 and marked potent reactivity against cytochrome bc1 target across species. Here, 

molecular docking of ELQ271 and tetrahydroquinolone compounds was carried out predicting 

possible binding mode for the compounds in Pf and Tg Qi sites. These models so far are the only 

information which provides both possible mode of action for tetrahydroquinolone lead compounds 

and guidance for rational design for next generation candidates with improved therapeutic features 

due to absence of structural information. 
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Chapter 7 

 

Cytochrome bc1 structures derived by single particle cryo-electron 

microscopy 

 
7.1 Background 

Since the discovery of X-ray diffraction in the early 20th century, X-ray crystallography has 

been an important biophysical method for elucidating ~130,000 biomolecules, which are ~89% of 

total structures deposited in Protein Data Bank (PDB) till November 2018. Protein crystal structures 

help to understand protein functions and biological mechanisms (Shi 2014) leading to various 

applications such as structure-based drug development (Zheng et al. 2014). Growing highly 

diffracting protein crystals is a complicated and unpredictable task especially for membrane 

proteins because of difficulties to stabilise hydrophobic region in aqueous solvent and maintain 

native conformation of protein (Carpenter et al. 2008). In some cases, crystal lattice contacts may 

affect protein conformation, so sometimes crystal structure may not be a good representative of 

protein in the cell (Shoemaker & Ando 2018).  

Single particle cryo-electron microscopy (cryo-EM) is a biophysical method for protein 

structure elucidation with no need of a crystal. It utilises high energy electrons illuminating single 

protein particles from a transmission electron microscope. Thousands of single particle images of 

individual specie are classified, aligned, and averaged to reconstruct a 3D virtual density, which 

finally assigned with a refined structure (Figure 7.1). Although most protein structures prior to 2013 

were routinely elucidated by X-ray crystallography, the release of 4.5 Å resolution structure of the 

4 MDa Saccharomyces cerevisiae 80S ribosome derived by cryo-EM became the breakthrough of 

new technology rivalling crystallographic method (Bai et al. 2013). Only a couple years later, this 

technology broke 3Å boundary with the 2.8 Å cryo-EM structure of 700 kDa Thermoplasma 

acidophilum 20S proteasome (Campbell et al. 2015). Recently, cryo-EM successfully solved 

structure of haemoglobin, 64 kDa protein  (Khoshouei et al. 2017), and reached 1.62 Å average 

resolution for mouse heavy-chain apoferritin (EMDB: EMD-9599; to be published result). By 
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Novermber 2018, there were ~2,500 cryo-EM structures deposited in PDB risen from 520 entries 

in 2013. The rapid growth of cryo-EM structures indicates that this technique is becoming a routine 

high-resolution tool of structural biology. In addition, the 2017 Nobel Prize for Chemistry was 

awarded for the amazing developments in cryo-EM to Joachim Frank, Richard Henderson and 

Jacques Dubochet (Oikonomou & Jensen 2017). 

Structure-based drug discovery relies on high-resolution structures of the target protein 

(Anderson 2003; Renaud et al. 2016). When target protein is complexed with their natural substrate 

or an inhibitor molecule, they can provide essential information for rational design of new lead 

compounds with better affinity for their targets. Owing to the recent advances in cryo-EM, this 

technology could complement X-ray crystallography by using tiny amount of protein sample 

(micrograms instead of several milligrams) that facilitating drug development by in situ 

visuallisation of ligand in the host and parasite protein (Rawson et al. 2017). For example, the cryo-

EM structure of inhibitor-bound human p97 ATPase identified allosteric pocket that guiding 

inhibitor design for cancer therapy (Banerjee et al. 2016). 

In this chapter, cryo-EM structures of apo- and inhibitor-bound bovine cytochrome bc1 that 

were solved at 4.1-4.4 Å resolution, allowing to see clear inhibitor density within the active site. 

Moreover, cryo-EM structures of individual bovine cytochrome bc1 are compared with the 

corresponding co-crystallised structures to discuss the differences in binding of inhibitors and 

protein conformation. The present study demonstrates that cryo-EM could allow us to study 

cytochrome bc1 from systems where the production of sufficient quantities of native protein may 

be severely limiting. 
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Figure 7.1 Protein cryo-EM pipeline. 

 

7.2 Materials and methods 

7.2.1 Bovine cytochrome bc1 preparation 

 Bovine cytochrome bc1 was purified from frozen bovine mitochondria isolated from fresh 

beef hearts by the same method described in Chapter 4. The final protein after inhibitor incubation 

overnight was buffer-exchanged into 25 mM Tris pH 7.5, 100 mM NaCl, 0.5 mM EDTA and 0.015% 

dodecyl maltoside (DDM) or 0.01% lauryl maltose neopentyl glycol (LMNG) by several dilutions 

in a centrifugal ultrafilter mwco.100 kDa and adjusted to a concentration of 5 mg/mL. 

 

7.2.2 Cryo-electron microscopy 

All cryo-EM experiments and data collection were carried out with Rachel Johnson in the 

laboratory of Dr. Stephen Muench, Astbury centre for structural biology, University of Leeds, UK. 

3 µl aliquots of the sample were applied onto Quantifoil Cu R1.2/1.3 holey carbon grids, which had 

been glow-discharged for 30 seconds using a Pelco glow-discharge unit. An FEI Vitribot was used 

to blot the grids for 6 seconds (blot force 6) at 100% humidity and 4 oC before plunging them into 

liquid ethane. The grids were loaded into an FEI Titan Krios transmission electron microscope 

(Astbury Biostructure Laboratory, University of Leeds) operating at 300 kV. Data were collected 
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on a Falcon III direct electron detector operating in the integrating mode. Automated data collection 

was performed using the EPU software, a defocus range of -1 to -4 µm and a magnification of 

75,000x, which yielded a pixel size of 1.065Å for the two inhibitor-bound data sets, which were 

collected with slightly different dose rates: bc1–GSK932121 had a total dose of 75 e-Å-1 over a 1.5 

second exposure, whereas bc1–SCR0911 had a total dose of 85 e-Å-1 over a 2 second exposure. The 

apo cytochrome bc1 dataset was collected on a Titan Krios operating at 300 kV at the Astbury 

Biostructure Laboratory, which was fitted with a Gatan K2 electron detector. Automated data 

collection was carried out using the EPU software, a defocus range of -1 to -4 µm and a 

magnification of 75,000x, which yielded a pixel size of 1.047 Å. The total dose was 44 e-Å-1 over 

a 12 second exposure, which was split into 20 frames (Table 7.1). The apo, GSK932121-bound and 

SCR0911-bound cytochrome bc1 data sets were collected over three days, resulting in 3,256, 8,840 

and 7,893 micrographs, respectively. 

 

7.2.3 Structure refinement 

Crystal structures of apo bc1 (PDB:1BE3), bc1-GSK932121 (PDB:4D6U) and bc1-

SCR0911 (PDB:5OKD) were used as initial models positioned into the corresponding cryo-EM 

maps. The initial models were fitted into the electron density using molecular dynamic flexible 

fitting (MDFF) in order to identify any large changes at the secondary-structure level. After MDFF, 

the models were refined using PHENIX (Adams et al. 2010). the models were visually inspected 

and manually re-built in COOT (Emsley & Cowtan 2004) between refinement cycles in PHENIX. 

It is important to note that as we have the phase information in the cryo-EM map, at no point in the 

refinement procedure was the map modified or biased by the fitted structure. 

 

7.3 Results and discussion 

 Here, the structures of apo- and inhibitor-bound bovine cytochrome bc1 were successfully 

elucidated at the resolution of 3.8-4.2 Å using cryo-EM. In derived ~4 Å cryo-EM structures, the 

inhibitor binding in the active site is clear, which were explored and compared with corresponding 
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X-ray crystal structures. Comparison of cryo-EM and X-ray crystal structures of bovine cytochrome 

bc1 revealed different protein and ligand conformations that represent the differences between the 

molecule in solution and crystal. Furthermore, cryo-EM and X-ray derived isolated bovine 

cytochrome bc1 structures were compared with recently published human cytochrome bc1 structure 

in respiratory supercomplex, providing better understanding of cytochrome bc1 position in 

mitochondrial system. 

 

7.3.1 Structures of apo and inhibitor-bound cytochrome bc1 derived by cryo-EM 

To demonstrate the capabilities of cryo-EM, the structures of bovine cytochrome bc1 were 

determined in the complexes with inhibitors from two different families, 4(1H)-pyridone 

(GSK932121) and 4(1H)-quinolone (SCR0911), along with the apo structure. The global resolution 

of all three density maps was calculated using Fourier shell correlation (FSC) = 0.143 criteria as 

shown in Figure 7.2 (Scheres & Chen 2012). The global resolution of apo cytochrome bc1 was 4.4 

Å, and the two inhibitor-bound complexes were both determined to 4.1 Å. The local resolution of 

each map was calculated using RELION shown in Figure 7.3A-C (Scheres 2012). The cores of the 

protein complexes always have better resolution than the global average (4.2 Å for the apo protein 

map and 3.8-4.0 Å for the inhibitor-bound protein maps). Strong electron density was found within 

haem pockets in cytochrome b and c1 subunits allowing accurate modelling of haem molecules. The 

extrinsic region of Rieske protein subunit has the lower resolution than global map at ~6 Å, and the 

iron–sulphur cluster was impossible to identify within extrinsic part of Rieske protein. Rieske 

protein was reported to have different conformations for dividing electrons from ubiquinol 

oxidation in Qo site to cytochrome c1 and Qi site (Esser et al. 2006). This feature agrees with lower 

resolution cryo-EM map of Rieske protein that confirms flexibility and mobility. Soft masks around 

Rieske region were applied to separate different conformational states, but the density map was not 

improved. The achieved density map in other regions apart from Rieske protein allows the 

modelling of helices and b-sheets (Figure 7.3D-F). Furthermore, most of the large aliphatic and 

aromatic side chains in the transmembrane region can be accurately fitted into the density map 

(Figure. 7.3D&E). Analysis of the resulting structures showed no significant differences between 
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cryo-EM-derived and crystal structures, except for the extrinsic domain of the Rieske protein. The 

Qi site in cytochrome b subunit of all three models has been analysed to find the additional density 

(Figure 7.4). In the apo bc1 structure, small weak density was observed within the Qi pocket that 

could  be the remaining natural substrate, ubiquinone, which is consistent with several crystal 

structures of bovine cytochrome bc1 that found ubiquinone existed in the Qi site (Esser et al. 2004; 

Huang et al. 2005). Owing to the lower resolution of the apo cytochrome bc1 cryo-EM density, the 

side chains of the neighbouring amino acid residues could not be unambiguously modelled for all 

residues; however, many of them could be placed into their approximate positions (Figure 7.4A). 

For inhibitor-bound cryo-EM structures, strong and clear inhibitor density was observed within the 

Qi site but no additional density appeared within the Qo site, supporting that GSK932121 and 

SCR0911 bind solely to the Qi site. The clearest inhibitor density was in bc1–SCR0911 map, 

enabling unambiguous placement of SCR0911 molecule (Figure 7.4C). The cryo-EM structure of 

bc1-SCR0911 shows that SCR0911 adopts a conformation similar to crystal structure. The 

quinolone head of SCR0911 is placed between the residues of His201 and Asp228, and the biaryl 

tail further extends into the hydrophobic region of Ile39 and Ala232. In contrast, the inhibitor 

density of bc1–GSK932121 is clear only for the pyridone head group but the density at the aromatic 

tail region seems weaker and divided into two directions toward Asp228 and Met194. This suggests 

that GSK932121 probably has two binding poses caused by rotation around the oxygen linker. The 

Qi sites of the two inhibitor-bound cryo-EM structures have been compared, showing little 

difference in the secondary structure of the protein. It is difficult to detect subtle changes of the side 

chains of amino-acid residues which may result from inhibitor binding at 4.1Å resolution. However, 

gross changes in the side-chain position can be obviously detected. For example, the side chain of 

His201 adopts two different conformations (Figure 7.4). In SCR0911 bound structure, the 

imidazole ring of His201 is well defined in a position contributing to the hydrogen bond formation 

with quinolone head of inhibitor (Figure 7.4C), whereas in bc1-GSK932121 hydrogen bond 

between His201 and 4(1H)-pyridone ring is not observed and the density of His201 side chain is 

poorly defined (Figure 7.4B). Comparisons of Qi sites in apo and inhibitor- bound bovine 

cytochrome bc1, determined by cryo-EM, shows that there is no significant difference in the position 
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of the surrounding a-helices within the active site that is consistent with the observations from 

protein crystals in Chapter 4 and 5 that no gross structural changes are found due to inhibitor binding. 

 

Figure 7.2 Summary of all cryo-EM data collections. (A) Representative micrographs for apo, 

GSK932121 and SCR0911-bound bc1 complexes which highlight a monodisperse distribution of 

particles in the ice for each sample (scale bar 18 nm). (B) 2D classes for each data collection generated 

in RELION which show a wide range of orientations within the ice. Within the classes the overall shape 

of the protein is clearly visible, including the detergent micelle and there is enough detail within the 2D 

classes to see secondary structure information in particularly within the transmembrane helices. (C) The 

FSC curves for each data set to show how the resolution was calculated using the 0.143 gold standard, 

the curves are coloured black, green, blue and red for the corrected map, unmasked map, masked map 

and phase randomised map, respectively. 
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Figure 7.3 The bovine cytochrome bc1 structures determined by cryo-EM. Local resolution maps of (A) 

apo bc1, (B) bc1–GSK932121, and (C) bc1– SCR0911 are coloured on the same scale, which show that 

the core of the complex is at the highest resolution and that the Rieske protein is the poorest resolved 

feature in the map. A comparison of the map quality within each map (coloured grey, gold and cyan for 

the apo, GSK932121-bound and SCR0911-bound structures, respectively) is shown for two 

representative transmembrane helices of (D) cytochrome b: residues 111-129 (E) subunit 8: residues 48-

70, and (F) a b-strand within soluble part. In (D)–(F), the density was contoured at 4s, with the side 

chains being better resolved in the two inhibitor-bound structures. 
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Figure 7.4 Analysis of the Qi site in the three different cryo-EM maps with the density contoured at 3s. 

(A) The Qi site in the apo bc1 cryo-EM map shows tiny weak density (purple mesh) which does not 

correspond to any side chains or the haem bL group, suggesting noise within the map or that the small 

amount of remaining natural substrate ubiquinone. (B) The Qi site in the cryo-EM map of bc1–

GSK932121. The inhibitor density (green) suggests there are two modes of inhibitor binding, 

accompanied by rotation around the oxygen–carbon bond. The binding pose shown in green agrees with 

the crystal structure, with the trifluoromethyl group pointing towards Met194. There is additional 

density which suggests that the trifluoro-methoxy phenyl group could be rotated and point towards 

Asp228, revealing an additional mode of binding (shown in blue). (C) The Qi site in the cryo-EM map 

of bc1–SCR0911, with the inhibitor shown in magenta and located in strong density. The inhibitor is 

expected to have a hydrogen bond formation with His201 and strongly fits the density. 
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Table 7.1 Data collection and refinement statistics for cryo-EM structures. 

 apo bc1 bc1-GSK932121 bc1-SCR0911 

Data collection 

Detector 

 

Voltage (kV) 

Pixel size (Å) 

Defocus (µm) 

Total dose (e-/Å) 

No. of frame 

Dose per frame 

No. of micrographs 

Total auto-picked 

particles 

Particles in final 

refinement 

 

K2 Summit 

(Gatan) 

300 

1.047 

-1 to -4 

44 

20 

2.20 

3,256 

260,201 

 

57,571 

 

FEI Falcon III 

(Integrating mode) 

300 

1.065 

-1 to -4 

75 

50 

1.50 

8,840 

466,865 

 

232,910 

 

FEI Falcon III 

(Integrating mode) 

300 

1.065 

-1 to -4 

85 

40 

2.125 

7,893 

629,258 

 

114,130 

Refinement 

Resolution (C2) 

r.m.s.d. bond length 

(Å) 

r.m.s.d. bond angle (o) 

 

4.4 Å 

0.01 

 

0.99 

 

4.1 Å 

0.01 

 

1.11 

 

4.1 Å 

0.01 

 

1.02 

Validation 

Clashscore (all atoms) 

 

4.34 

 

4.21 

 

3.65 

Ramachandran 

Favoured (%) 

Allowed (%) 

Outliers (%) 

 

92.40 

7.60 

0 

 

89.77 

10.18 

0.05 

 

94.83 

5.17 

0 

PDB code 6FO2 6FO0 6FO6 

 

7.3.2 Comparison of cryo-EM and X-ray crystallographic structures 

Due to low resolution of achieved cryo-EM density especially for the apo complex, some 

side chains in the cryo-EM models present high degree of displacement. To determine the difference 

between cryo-EM and X-ray crystallographic structures, the main chain Ca atoms coordinated of 

bc1–SCR0911 structures were used for the calculation of root-mean-square deviation of atomic 

position (Ca r.m.s.d.) resulted in the global value of 0.5Å. However, some poorly defined regions 
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such as extrinsic part of Rieske protein could be highly biased. The local r.m.s.d. was calculated 

and shown in Figure 7.5A. The protein cores and transmembrane domains have very high 

agreement (Ca r.m.s.d. < 1 Å), but considerable differences (Ca r.m.s.d. >2 Å) is clearly seen in the 

mobile region of Rieske protein (Figure 7.5B). This observation correlates well with the crystal 

structures of apo, natural substrate-bound (PDB: 1NTZ) and Qo inhibitor-bound bovine cytochrome 

bc1 (PDB: 1SQX, 1SQP and 1NTK),	which capture different conformations of the Rieske protein. 

These crystal structures suggest that the swivel motion of the Rieske protein drives the iron-sulphur 

cluster closer to either the Qo site or the cytochrome c1 haem that translocate one electron from the 

Qo site to Qi site and from the Qo to cytochrome c1, respectively (Esser et al. 2006). A number of 

different crystal structures of bovine cytochrome bc1 have shown a range of positions for the Rieske 

protein in Figure 7.6 (Iwata 1998; Gao, Wen, Esser, Quinn, Yu, C. Yu, et al. 2003; Esser et al. 2004; 

Esser et al. 2006; Xia et al. 2013). The conformations of Rieske protein depend on the space group 

in which the protein crystallises (an example of P6522 space group shown in Figure 7.7) leading to 

the different crystal contacts (Figure 7.6A), and the nature of the inhibitor bound in the Qo site 

(Figure 7.6B). In cryo-EM structures, the Rieske protein conformation is not influenced by lattice 

packing (Figure 7.7). Although extrinsic region of Rieske protein has lower resolution than majority 

of protein, this domain does not adopt a large number of defined states indicating high flexibility 

(Figure 7.5C). Due to unclear cryo-EM density, only two b-sheets and a few C-terminal fragments 

were modelled for extrinsic part of Rieske protein.  

The Qi sites of bc1-GSK932121 and bc1-SCR0911 cryo-EM structures were superposed as 

shown in Figure 7.8A. Investigation of superposed cryo-EM structures suggested that the side 

chains of Qi site amino acids and secondary structures are independent from inhibitor binding 

(average Ca r.m.s.d. value of 1.46 Å). Only the side chain of His201 presented different 

conformations due to formation of hydrogen bond with the SCR0911. SCR0911 molecules in both 

cryo-EM and X-ray structures have almost identical ligand pose and binding position (Figure 7.8B). 

The surrounding Qi site residues in crystal and cryo-EM structures of bc1-SCR0911 are also very 

similar.  
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Interestingly, examination of cryo-EM density of the Qi site in bc1–GSK932121 suggested 

that the 4(1H)-pyridone inhibitor may bind in two different conformations (Figure 7.8C). Both 

binding modes have the pyridone head placed between Ser35 and His201 with the extending diaryl 

ether tail group directed toward the hydrophobic channel formed by Leu197 and Met194. The 

difference in the binding conformations occurs at diaryl ether tail of the molecule, as 

trifluoromethoxy phenyl group is able to rotate around oxygen linker resulting in spiltting density. 

Pyridone binding pose 1 points the trifluoromethoxy group towards Met194, whereas pyridone 

binding pose 2 positions the same group in the opposite direction toward Asp228 (Figure 7.4B). 

However, only pyridone binding pose 1 was identified in crystal structure while another 

conformation was observed only in cryo-EM. Thus, cryo-EM is a potential technique revealing 

unique insights into alternative modes of binding of inhibitors. 
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Figure 7.5 Global comparison between cryo-EM-derived and X-ray-derived SCR0911-bound structures. 

(A) The cryo-EM and X-ray bc1–SCR0911 structures have been overlaid and the crystal structure is 

coloured according to the calculated Ca r.m.s.d. value (low coloured cyan and high coloured maroon). 

The main difference (r.m.s.d. of >2 Å) occurs for the Rieske domain (in the black square), which is 

known to be mobile during the catalytic cycle. (B) An overlay of the Rieske domains in the cryo-EM-

derived (cyan) and X-ray-derived (grey) bc1-SCR0911 structures. (C) The cryo-EM-derived map for the 

bc1–SCR0911 structure with the Rieske domain fitted shown in the same orientation as in (A) and (B). 
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Figure 7.6 The superimposition of the apo, native substrate, Qo and Qi inhibitor-bound bovine bc1 crystal 

structures showing different conformations of Rieske iron-sulphur protein. (A) Cartoon representation 

of cytochrome b and cytochrome c1, coloured in green and pink, respectively. Haems, ligands and amino 

acid residues are shown as sticks. Rieske protein from apo P6522 crystal (PDB:1BE3) and ubiquinol-

bound I4122 crystal (PDB:1NTZ) structures are illustrated in cyan and blue, respectively. Two different 

space group crystals show two distinct positions of 2Fe2S cluster. P6522 crystal provides the shorter 

distance between Rieske protein and haem c1, while ubiquinol-bound I4122 crystal structure induces 

Rieske protein closer to the Qo site on cytochrome b. Ubiquinol can form a hydrogen bond (shown as 

orange dash line) to His161 that immobilises Rieske protein. (B) Rieske protein from apo bc1 P6522 

(PDB:1BE3), ubiquinol (PDB:1NTZ), stigmatellin (PDB:1SQX), myxothiazol (PDB:1SQP) and 

antimycin (PDB:1NTK) bound bc1 structures are coloured in cyan, blue, yellow, green and pink cartoon, 

respectively. The Qo site bound ligands are shown as sticks. (C) Cartoon representation of the Rieske 

protein conformation derived by cryo-EM (pale yellow) superimposed with other structures from (B). 

apo bc1 in P6522 crystal form, ubiquinol- and myxothiazol bound cytochrome bc1 in I4122 crystal form 

are coloured in cyan, blue and green, respectively. 
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Figure 7.7 The crystal packing in P6522 crystal form. The asymmetric unit of cytochrome bc1-SCR0911 

X-ray structure containing single molecule is shown in green. Symmetry related monomers coloured in 

blue, pink and orange create lattice contacts, which restrain Rieske protein thus explaining why there 

are differences between the cryo-EM and X-ray structures. The Rieske protein domain is shown in black 

circle.  
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Figure 7.8 Comparisons of the inhibitor-bound Qi site. (A) The cryo-EM structures of bc1–SCR0911 

(cyan) and bc1–GSK932121 (gold) are superposed in the same coordination. SCR0911 inhibitor is 

coloured green and GSK932121 inhibitor magenta. There is no significant difference in the secondary-

structure positions in overlaid structures. Only minor differences in the positions of the amino-acid 

residues are observed. One of them is His201, which forms a hydrogen bond with SCR0911 but not 

GSK932121. (B) The overlaid structures of bc1– SCR0911 derived by cryo-EM (cyan) and X-ray (grey). 

The ligand binding poses and amino acid residues are almost identical. (C) The overlaid structures of 

bc1–GSK932121 derived by cryo-EM (gold) and X-ray (purple). The cryo-EM density of amino acid 

residues is coloured in gold and the cryo-EM density of inhibitor is highlighted in green. The side chain 

of His201 is only residue adopting in different conformations in cryo-EM and X-ray structures. 
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7.3.3 Comparisons of isolated bovine cytochrome bc1 with the full respirasome supercomplex 

In 2017, the structure of human respirasome supercomplex (I1III2IV1) has been elucidated 

using cryo-EM at 3.9Å resolution (PDB: 5XTH, Guo et al. 2017). In that report, the masking of 

individual cytochrome bc1 has been done that provided a better resolution to 3.4Å (PDB: 5XTE) 

suggesting cytochrome bc1 may have the mobilising interactions with the other components in 

supercomplex. In addition, no density was observed in either the Qi or Qo sites indicating that 

no/little natural substrate remained in the active sites. 

Cryo-EM and crystal structures of bovine bc1–SCR0911 were compared with human 

cytochrome bc1 from the cryo-EM supercomplex structure (Figure 7.9A). The largest differences 

were found in Rieske protein orientation (Figure 7.9B). Interestingly, the positions of the Rieske 

domains in X-ray and cryo-EM supercomplex structures were similar. In addition, subunit 11, a 

small 6.3 kDa transmembrane subunit of cytochrome bc1, is present in the supercomplex study, 

which was not seen in either the X-ray or cryo-EM structures of isolated cytochrome bc1 (Figure 

7.9C). This subunit attaches perhaps loosely to the complex that could be lost during protein 

solubilisation using some detergent (e.g. DDM) or the purification. 
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Figure 7.9 Comparison of cryo-EM and crystal structures of bc1-SCR0911 with the bc1 complex 

extracted from the full human respiratory complex (PDB: 5XTE). (A) The coordinates for the bc1-

SCR0911 crystal structure and bc1 complex from the full human respirasome were overlaid and Cα rmsd 

value was calculated. Cyan colour represents little difference between the two models whereas the 

maroon colour shows a greater shift (>2 Å). The biggest differences occur in the Rieske protein domain 

position (grey square), which is movable within the catalytic cycle. There is an additional subunit 11 

that never seen in crystal and cryo-EM structures of isolated protein (black square). (B) The Rieske 

domain of the bc1-SCR0911 X-ray (red) and cryo-EM (blue) structures superimposed with the bc1 

extracted from the cryo-EM supercomplex structure (green) showing movement of the α-helices. (C) 

Superposition of the three structures (coloured as in B) showing movement caused by presence of 

subunit 11. In the full respirasome complex, this subunit is involved in interactions with the complex 

IV, which could explain the difference in its position. 
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7.4 Conclusion 

Cytochrome bc1 is a proven drug target for apicomplexan diseases including malaria and 

toxoplasmosis. Structure-based drug design could facilitate therapeutic compound selectivity to 

parasite target, overcoming mutational drug resistance and minimising off-target binding to human 

enzyme. In Chapter 4-6, X-ray crystallography was used for investigating of the binding mode of 

lead compounds in bovine cytochrome bc1. However, producing high diffracting cytochrome bc1 

crystals relies on milligrams of protein purified from native source and uses high concentration of 

protein to 40 mg/mL. This prohibits the use of native cytochrome bc1 from parasite origin to reveal 

the shape of binding pockets and lead compound reactions in parasite protein by X-ray 

crystallography. To overcome this challenge, cryo-EM has been used as a proof of principle to solve 

the structures of apo and inhibitor-bound cytochrome bc1 using micrograms of sample. The 4.1-

4.4Å resolution cryo-EM density of bovine cytochrome bc1 samples allowed unambiguous 

modelling of inhibitor molecule and bulky side chains of amino acid residues. This success has 

proven that cryo-EM has the potential to elucidate the structure of Plasmodium cytochrome bc1, 

which is totally unknown and could be a breakthrough in structure-based malaria drug development. 

The rapid development of cryo-EM technology in recent years, particularly detector technology and 

image-processing, can shortly enhance the resolution of cytochrome bc1 structure to the same level 

or better than the routine resolution obtained from crystallography (2.5-3.5Å). Structures of 

Plasmodium cytochrome bc1 not only would facilitate structure-based drug discovery, but also 

could provide structural explanation of mutational drug resistance that would be a big step for 

malaria eradication. 

Although X-ray crystallography is a gold standard tool in structure-based drug discovery 

programme for the general drug targets allowing high resolution structures of protein-ligand 

complexes, unpredictable time-scale to produce diffracting crystals and large quantities of protein 

required for crystallisation are huge limitations particularly for membrane protein targets. Based on 

this study, cryo-EM is also a way forward for studying large membrane protein complexes either 

from the hosts or the pathogens and their interactions with bound lead compounds. 
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Chapter 8 

 

Plasmodium falciparum type II NADH:ubiquinone oxidoreductase 

(PfNDH2) production and purification 

 
8.1 Background 

As discussed in Chapter 2, type II NADH:ubiquinone oxidoreductase (NDH2) is a member 

of catalytic enzymes involved in the mitochondrial electron transport chain. NDH2 is a single 

subunit protein containing a flavin adenine dinucleotide (FAD) cofactor, found only in protozoa, 

fungal, bacteria and some plant mitochondria. This enzyme catalyses redox reactions involving 

NADH and ubiquinone, instead of the regular multi-subunit complex I. Because NDH2 does not 

have human homologue, it is a putative target for selective drugs against malaria, toxoplasmosis, 

tuberculosis (Mycoplasma tuberculosis) and sepsis (Staphylococcus agalatiae) with minimal off-

target activity (Biagini et al. 2006; Lin et al. 2008; Teh et al. 2007; Lencina et al. 2018). 

A number of compounds such as quinolinyl pyrimidines, quinolones and phenothiazines 

identified as NDH2 inhibitors (Shirude et al. 2012; Eschemann et al. 2005; Weinstein et al. 2005). 

Chlorpromazine and thioridazine (Figure 8.1) are examples of anti-tubercular phenothiazines that 

have been approved for multi-drug resistant tuberculosis treatment (Tiberi et al. 2018). For malaria 

research, 4(1H)-quinolones are a novel class of antimalarial agents that were developed from known 

NDH2 inhibitor, HDQ. CK-2-68 (Figure 8.1) is an example of a potent antimalarial compound with 

strong PfNDH2 binding (IC50(PfNDH2) = 16 nM and IC50(3D7) = 36 nM), which also eliminates 

parasite via Pf cytochrome bc1 inhibition at the same time (IC50(Pf bc1)= 500 nM) (Pidathala et al. 

2012; Biagini et al. 2012). In 2017, RYL552 and RYL552S (Figure 8.1) were developed by Yang 

et al. based on the success of CK-2-68, with these having strong activity against the PfNDH2 

enzyme (IC50= 3.73 nM and 1.51 nM, respectively) and potent P. falciparum inhibition at 

nanomolar level (IC50(3D7) = 11.32 nM and 5.69 nM, respectively) (Yang et al. 2017). Co-

crystallised structures of PfNDH2 with NADH and RYL552 revealed binding sites of native 

substrate and allosteric inhibition of 4(1H)-quinolone compound (Figure 8.2). This structural study 
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opened an opportunity to explore allosteric sites which could be very useful for structure-based 

drug design.  

As described in Chapters 4 and 5, many 4(1H)-quinolone compounds have dual mechanism 

against PfNDH2 and Pf cytochrome bc1 targets. Cytochrome bc1 structures with lead compounds 

helped to visualise the binding mode of these compounds in the active sites of cytochrome bc1. 

However, those compounds needed co-crystallised structures with PfNDH2 that could rationalise 

PfNDH2/Pf bc1 selectivity of 4(1H)-quinolones and suggest a way to design new compounds with 

enhanced inhibition to both NDH2 and cytochrome bc1. In this chapter, recombinant PfNDH2 

production and purification have been attempted to produce pure protein for structure determination. 

Purification and crystallisation conditions were optimised from Yang et al. protocol (Yang et al. 

2017) . 

 
Figure 8.1 Chemical structures of known NDH2 inhibitors. 
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Figure 8.2 Cartoon representations of the crystal structures of PfNDH2 (A) Complex with NADH in 

cyan, (PDB: 5JWB) shows NADH and FAD binding sites. (B) Complex with RYL552 in green, (PDB: 

5JWC) shows two allosteric sites occupied by RYL552. FAD, NADH, and RYL552 are shown as yellow, 

green, and magenta sticks, respectively. Hydrogen bonds are shown as black dashes. 

 

8.2 Materials and methods 

8.2.1 PfNDH2 overexpression 

 Gene synthesis and cloning were carried out by outsource company, GenScript, U.S.A. The 

full-length gene of PfNDH2 (QI302) containing N-terminus 6xHis-tag was cloned into pQE-80L-

Kan vector (Qiagen) using BamHI restriction enzyme. Cloned plasmid was transformed into 

chemically competent E. coli BL21 cells (New England Biolabs) using heat-shock method. 

Transformed bacteria was grown on Lysogeny broth (LB) agar medium with added 50µg/mL 
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Kanamycin at 37oC for 18 hours. 10mL LB liquid medium with 50µg/mL Kanamycin were 

inoculated with a single colony of transformant and incubated at 37oC in shaking incubator for 16 

hours using speed at 240 rpm. The starter culture was added to 500 mL fresh medium placed in 2L 

Erlenmeyer flasks, and incubation was continued at 37oC in a shaking incubator at 240 rpm speed. 

When optical density of the cell culture measured at 600 nm (O.D.600) reached 0.6-0.8, protein 

expression was initiated by the addition of 0.5mM isopropyl-b-D-thiogalactopyranoside (IPTG) 

with following incubation at 20oC for 18 hours and 180 rpm. Cultures were harvested by 

centrifugation (6000g, 20 minutes, 4oC), obtained cell pellet was frozen in liquid nitrogen before 

storing at -80oC. 

 

8.2.2 PfNDH2 purification 

 The pellet was thawed and homogenised in lysis buffer (50mM Tris pH 8, 1mM EDTA) in 

the ratio of 1 g wet cell pellet to 4 mL buffer. The solution was placed on ice and lysed by sonication. 

Cell debris was separated by centrifugation (6000g, 20 minutes, 4oC). The supernatant was 

centrifuged at 100,000g for 1 hour to obtain bacteria membranes. The membrane pellet was re-

suspended in buffer A (50mM Tris pH 7.6, 200mM NaCl, 0.1mM EDTA and 10% glycerol). 

0.3%w/v Triton X-100 and 1mM PMSF was added to the membrane suspension and gently stirred 

using a magnetic stirrer at 4oC for 12 hours. After solubilisation in detergent, membrane suspension 

was centrifuged at 100,000g for 1 hour. The supernatant was loaded on 1 mL nickel-affinity column 

(NiNTA, GE Healthcare) pre-equilibrated with buffer A containing 0.1% Triton X-100. The 

NiNTA column was first washed with 10mL of 20mM histidine and 0.1% Triton X-100 in buffer 

A and followed by 5mL buffer A containing 0.1% Triton X-100 and stepwise increasing histidine 

concentrations of 30, 40, 50, 75, 100, 125, 150 and 200mM. All fractions were collected and 

analysed by SDS-PAGE. The fractions containing PfNDH2 (Mw. ~63kDa) were pooled together 

and concentrated using an ultra-centrifugal filter (MWCO. 100kDa, Vivaspin). 0.5 mL of 

concentrated sample was loaded on a Superdex200 10 300 (column volume 25 mL) gel filtration 

column and loaded with the buffer containing 25mM Tris pH 7.6, 300mM NaCl, 5mM DTT, 
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0.1mM EDTA and 0.02% Triton X-100. Purity of the peak fractions containing PfNDH2 was 

analysed by SDS-PAGE and collected for biological assay and crystallisation. 

 

8.2.3 UV-visible spectroscopy  

All spectroscopic experiments were carried out using SpectraMaxÒ plus 385 

spectrophotometer (Molecular Devices). PfNDH2 UV-visible spectrum was measured at 25oC with 

250-800 nm range in a 10mm path length quartz cuvette. Instrument control and data analysis were 

accomplished via a SoftMaxÒ Pro. 

 

8.2.4 PfNDH2 activity assay 

 PfNDH2 activity assay was carried out using the protocols adapted from previous report 

(Yang et al. 2017). The reaction mixture containing 50 mM KMOPS pH 7.2, 150 mM NaCl, 2 mM 

EDTA, 0.01% Triton X-100, 50 µM NADH and 20 µM ubiquinone-1 (Sigma-Aldrich) was initiated 

by the addition of 0.5 nM PfNDH2.  The absorption was monitored at 283 and 320 nm using 

spectrophotometer. Extinction coefficients of  8.1 mM-1cm-1 at 283 nm and 6.22 mM-1cm-1 at 340 

nm were used for ubiquinone and NADH activity determination, respectively (Fisher et al. 2009). 

 

8.2.5 PfNDH2 crystallisation  

 Concentration of PfNDH2 was estimated using extinction coefficient at 280 nm of 78,730 

M-1cm-1 calculated by ProtParam online tool (Gasteiger et al. 2005). The protein solution was 

adjusted to the final concentration of 10 mg/mL for crystallisation. Apo PfNDH2 crystals were 

grown using the conditions reported by Yang’s group (Yang et al. 2017). Hanging drop of 1 µL 

final protein solution and 1 µL of reservoir solution containing 2.5M sodium acetate pH 5.0 was set 

and incubated at 19oC over the reservoir solution. 
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8.3 Results and discussion 

8.3.1 PfNDH2 overexpression 

PfNDH2 expression in BL21 E. coli was monitored by the presence of a protein band between 

55-70 kDa when IPTG added that agrees with molecular weight of PfNDH2 (~63 kDa) (Figure 8.3). 

Bacteria membrane isolated from lysed cells presented an obvious band of PfNDH2 in SDS-PAGE 

gel and solubilised by Triton X-100 (Figure 8.3). SDS-PAGE gel showed that majority of PfNDH2 

is dissolved in supernatant (Figure 8.3) and ready for column chromatography. 

 
Figure 8.3 SDS-PAGE analysis of PfNDH2 expression, membrane isolation, and solubilisation. Lane 1-

2, IPTG induction delivered the presence of PfNDH2 band between 55-70 kDa. Lane 3-4, bacteria 

membrane isolated from cell lysate supernatant contained PfNDH2. Lane 5-6, PfNDH2 was extracted 

from bacteria membrane after solubilisation with Triton X-100. 

 

8.3.2 PfNDH2 purification 

After cell lysis by sonication, lysate supernatant was loaded to NiNTA affinity column that 

recombinant His-tagged PfNDH2 specifically binds to affinity resin. In a previous work about yeast 

NDH2 purification, it demonstrated that using imidazole as an eluent for NiNTA column made 

recombinant NDH2 precipitate and using histidine instead, solves this issue (Yamashita et al. 2007). 

The column was washed with 20mM histidine giving elution of unbound proteins. All fractions 

were collected and analysed by SDS-PAGE (Figure 8.4). Eluted in 30-40mM histidine fractions 

contained PfNDH2 and multiple contaminations but the PfNDH2 fractions eluted by 50-200mM 
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histidine were purer, so they were pooled together and concentrated for size-exclusion 

chromatography. 

Gel filtration of the sample gave a sharp peak between 11-15 mL and two short peaks at 8-10 

mL and 18-24 mL (Figure 8.5A). The sharp peak (11-15 mL) and the first small peak (8-10 mL) 

contained PfNDH2 (Figure 8.5B), and the second short peak was contaminating proteins only. The 

10.5-12.5 mL fractions displayed single band of PfNDH2 were pooled together, while the fractions 

that have contaminants about 50-55 kDa were not included. SDS-PAGE gel showed that that size-

exclusion chromatography removed most of contaminants and produced PfNDH2 with sufficient 

purity for crystallisation (Figure 8.5C). 

 
Figure 8.4 SDS-PAGE analysis of NiNTA affinity chromatography purification. 
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Figure 8.5 Size-exclusion chromatography purification of protein from NiNTA column. (A) 

Superdex200 10 300 chromatogram. (B) SDS-PAGE analysis of pre-loaded protein and samples eluted 

from Superdex column. (C) SDS-PAGE analysis of NiNTA combined fractions loaded on gel filtration 

column and final protein. 
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8.3.3 PfNDH2 spectrum and activity assay 

Final PfNDH2 was characterised by UV-visible spectrum in Figure 8.6. The absorption peak 

at 280 nm was clearly seen and small shoulder peak around 420 nm that represents characteristic 

absorption of FAD cofactor was observed. Moreover, PfNDH2activity was tested by determining 

NADH oxidation and quinone reduction. The assay showed that purified PfNDH2 was in active 

form. However, more assays in different NADH concentrations needed to be measured to determine 

Michaelis constant (Km) of final protein necessary for protein quality assessment. 

 
Figure 8.6 UV-visible spectrum between 250-800 nm of final PfNDH2. 

 
Figure 8.7 Activity of final PfNDH2 was assayed by monitoring NADH oxidation and quinone 

reduction. 
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8.3.4 PfNDH2 crystallisation and data collection 

The colourless crystals appeared in the crystallisation drop after 10 days (Figure 8.8). The 

crystals were frozen in liquid nitrogen or transferred in several penetrating cryo-protectants, i.e. 

25%glyceol, 25%ethylene glycol and 25%propylene glycol, mixed with reservoir solution prior to 

freezing. The frozen crystals were sent to I03 beamline at Diamond Light Source, UK for X-ray 

diffraction experiment. However, none of the crystals were at diffracting quality. 

 

Figure 8.8 PfNDH2 crystals were grown in crystallisation drop. 

 

8.4 Conclusion and outlook 

In this chapter, PfNDH2 production and purification were achieved giving good quality 

recombinant protein with correct enzymatic activity. Although the protein crystals of PfNDH2 were 

obtained under published crystallisation conditions, crystal quality did not show diffraction in X-

ray experiment. Crystallisation screening is required to find conditions for diffracting crystals. 

Moreover, PfNDH2 inhibition assays with 4(1H)-quinolone lead compounds were not measured yet. 

Next steps are to find and optimise hits from a PfNDH2 crystallisation screen along with PfNDH2 

inhibition assessment of new lead compounds. Co-crystallised structures of PfNDH2 with 

cytochrome bc1 inhibitors could rationalise PfNDH2/Pf bc1 and human bc1 selectivity and guide 

structure-based design of new 4(1H)-quinolone lead compounds. 
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Chapter 9 

 

The interaction of rusticyanin and 19 kDa fragment Plasmodium 

falciparum merozoite surface protein 1 (PfMSP119) for malaria vaccine 

development 

9.1 Background 

 Despite remarkable progress in malaria control since the beginning of 21st century that 

effectively reduce malaria deaths from ~900,000 in 2000 to ~500,000 in 2016 (World Health 

Organization 2017), RTS,S/AS01 is the only licensed vaccine for global malaria prevention that 

induces immune-responses against sporozoites (RTS 2015). However, RTS,S/AS01 protection 

decreased significantly and re-bound malaria may occur within four years after vaccination (Olotu 

et al. 2016). Thus, malaria vaccine development has been a priority research in modern-era. Life 

cycle of Plasmodium Spp. offers several targets for vaccine development including sporozoite, 

liver-stage, asexual blood-stage and gametocyte. Current malaria vaccine candidates that have 

progressed to clinical trials are summarised in Table 9.1 (Draper et al. 2018). 

As erythrocytic invasion is one of critical process for the proliferation of merozoites in host 

body, blood-stage parasites synthesise a number of proteins that facilitate erythrocytic invasion 

processes. Some proteins are localised at merozoite surface such as merozoite surface protein 1 

(MSP1), MSP2, MSP3, and serine repeat antigen 5 (SERA5). Some proteins, such as reticulocyte-

binding protein homologue 5 (RH5), apical membrane antigen 1 (AMA1), and erythrocyte binding 

antigen 175 (EBA175), are maintained inside specialised secretory organelles for penetrating red 

blood cell including rhoptries and micronemes (Beeson et al. 2016). Most mentioned proteins have 

been considered for vaccine candidates as recombinant proteins activating antibody responses and 

blocking erythrocytic invasion processes. The protection efficacy of candidates could be enhanced 

by using in combination with adjuvants; e.g. Alhydrogel and Dico, or viral vectors; Recombinant 

simian adenovirus 63 (ChAd63) and Modified vaccinia virus ankara (MVA). RH5 AMA1, and 
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SERA5 antigens are examples of successful candidates against blood-stage parasites that have 

progressed to clinical trials. 

 

Table 9.1 Current malaria vaccine candidates in 2018. 

Parasite stage Vaccine name Current status 

Sporozoite RTS,S/AS01 

R21/Matrix M 

Pilot implementation 

Clinical phase I 

Liver-stage PfSPZ 

ChAd63-MVA ME-TRAP 

Clinical phase II 

Clinical phase II 

Merozoite P27A/Alhydrogel 

PfAMA1-Dico 

ChAd63-MVA PfRH5 

PfMSP3-LSP/AlOH 

PfSERA5/Alhydrogel 

Clinical phase I 

Clinical phase I 

Clinical phase I 

Clinical phase I 

Clinical phase I 

Sexual-stage (Mosquito) Pfs25 

Pfs230 

Clinical phase I 

Clinical phase I 

 

9.1.1 19 kDa fragment of merozoite surface protein 1 (MSP119) 

Merozoite surface protein 1 (MSP1) is the most abundant protein on parasite’s surface 

(Kadekoppala & Holder, 2010). It is produced as a ~190 kDa glycosylphosphatidy inositol (GPI)-

anchored protein on plasma membrane of schizonts that undergoes multiple stages of cleavage 

during intra-erythrocytic cycle (Figure 9.1A). MSP1 breaks into four polypeptides – 83, 30, 38 and 

42 kDa fragments from the N- to the C-terminus, respectively, which remain bound together 

through non-covalent bonds (Holder et al., 1987) (Figure 9.1B). The N-terminus 42 kDa fragment 

(MSP142) has been thought to establish initial contact to red blood cell surface via heparin-like 

proteoglycan binding (Boyle et al. 2010). After erythrocytic invasion, MSP142 divides into N-

terminal 33 kDa (MSP133) and C-terminal 19 kDa (MSP119) fragments (Blackman et al. 1991). 

MSP133 is shed from parasite with other MSP1 fragments, while MSP119 is retained on parasite’s 

surface and transferred into the parasite food vacuole within the host red blood cell (Dluzewski et 

al., 2008) (Figure 9.1C). MSP119 has a disulphide-rich structure comprising of two epidermal 

growth factor (EGF)-like domains that allow MSP142 interacts with surface of host cell (Boyle et 
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al. 2010). Thus, EGF domains of MSP119 are pursued as attractive targets for a number of antibodies 

and small molecules that interfere with parasite intra-erythrocytic cycle via a variety of mechanisms 

(Holder 2009; Chandramohanadas et al. 2014; Boyle et al. 2015).  

The structures of individual and antibody-bound MSP119 from various species of 

Plasmodia have been solved using nuclear magnetic resonance (NMR) spectroscopy including P. 

falciparum (Morgan et al. 1999; Morgan et al. 2004; James et al. 2006) and P. yoelii (Curd et al. 

2014), and X-ray crystallography including P. falciparum (Pizarro et al. 2003), P. knowlesi  

(Garman et al. 2003) and P. cynomolgi (Chitarra et al. 1999). These structures revealed antibody 

specificity and implications that are beneficial information for rational malaria vaccine design. 

 
Figure 9.1 The simplified scheme describes the composition of MSP1 in asexual blood-stage parasite. 

(A) MSP1 is produced and tethered by GPI anchor on plasma membrane of schizont. (B) MSP1 cleavage 

into four fragments on merozoite surface. (C) MSP119 remains on parasite membrane after erythrocytic 

invasion. 

 

9.1.2 Rusticyanin 

Rusticyanin (Rc) is a cupredoxin protein found in the respiratory electron transport chain 

of the extremophile Thiobacillus ferrooxidans (Cobley & Haddock, 1975). It is an exceptionally 

acid-stable protein and a strong electron acceptor (Blake & Shute, 1987). It has previously been 

reported that rusticyanin has antimalarial activities by binding to P. yoelii (Py) MSP119 , which is 



	

	 164	

malaria antigen in rodent (Cruz-Gallardo et al. 2013). In vitro experiments shown in Figure 9.2 

suggest that rusticyanin can retard P. falciparum (Pf) growth and kill parasites at high concentration. 

Isothermal titration calorimetry (ITC) was used to assay of complex formation between reduced or 

oxidised rusticyanin and P. yoelii MSP119 (Cruz-Gallardo et al., 2013). ITC experiments have 

shown that rusticyanin can form a well-defined complex with P. yoelii MSP119 in both reduced and 

oxidised stage as shown in Figure 9.3. The interactions between P. yoelii MSP119 and rusticyanin 

has been confirmed by NMR (Figure 9.4), but the precise anti-parasite mechanism of rusticyanin 

against P. falciparum MSP119, which is malaria antigen in human is still unclear (Cruz-Gallardo et 

al., 2013). P. falciparum MSP119 (human antigen) is well conserved with P. yoelii MSP119 (rodent 

antigen) (Figure 9.5), so P. falciparum MSP119 is supposed to bind rusticyanin that contributes in 

vitro P. falciparum growth inhibition. X-ray crystallography could elucidate the structure of 

rusticyanin-P. falciparum MSP119 complex which would provide structural insight for future 

malaria vaccine development. In this research, P. falciparum MSP119 and rusticyanin binding were 

investigated by several techniques, and attempts were made to crystallise the P. falciparum MSP119-

rusticyanin complex.  

 
Figure 9.2 Inhibition of P. falciparum parasite growth by rusticyanin (Rc) after 48 hours of culture. 

Percentage of parasite correlates with the concentration of holo-rusticyanin (filled circles), and apo-

rusticyanin (open circles). (This figure is adapted from Cruz-Gallardo et al., 2013) 
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Figure 9.3 ITC titration of P. yoelii MSP119 with reduced (left) and oxidised (right) rusticyanin. The 

micromolar-level dissociation constant reveals that P. yoelii MSP119 can form a stable complex with 

both forms of rusticyanin. The entropy of titration suggests exothermic and endothermic process of 

reduced and oxidised rusticyanin in the presence of P. yoelii MSP119, respectively. (This figure is 

adapted from Cruz-Gallardo et al., 2013) 

 

 

Figure 9.4 NMR structure P. yoelii MSP119-rusticyanan complex. Cartoons of P. yoelii MSP119 and 

rusticyanin are shown in dark grey and cyan, respectively. Copper centre is represented by a blue sphere. 

The 180°-rotated views of P. yoelii MSP119-rusticyanin complex are given. (This figure is adapted from 

Cruz-Gallardo et al., 2013) 
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Figure 9.5 Sequence alignment of P. yoelii and P. falciparum MSP119. Fully conserved residues between 

two species are coloured in blue. 

 

9.2 Materials and methods 

9.2.1 P. falciparum MSP119 production and purification 

P. falciparum MSP119 was expressed using N-terminal His-tagged synthetic gene (residue 

1-96 of P04933) according to previous report (Morgan et al., 1999). The gene was cloned into 

pPIC9k vector using SnaBI restriction enzyme. The construct and cloning service were provided 

by GenScript (New Jersey, USA). The plasmid was digested by SacI restriction enzyme (New 

England Biolabs), and transformed to Pichia pastoris strain GS115 by electroporation using Gene 

Pulser II (Bio-Rad): cuvette gap 2.0 mm; charging voltage 1500 V; resistance 200 W; capacitance 

25 µF. The electroporated cells were plated on histidine-deficient minimal dextrose medium (1% 

Dextrose, 1.34% yeast nitrogen base (YNB), 4×10-5 % biotin, 2% agar). The pPIC9k plasmid 

contains histidine biosynthesis trifunctional protein (HIS4) gene that allows transformed yeast to 

grow on this medium. The multiple inserts transformants were isolated by G418-disulphide 

screening for high resistance level. A high number copy transformant was cultured in 500 mL 

buffered minimal medium (100 mM KPi pH 6, 1.34% yeast nitrogen base (YNB), 4×10-5 % biotin) 

in 2L Erlenmeyer flasks using a shaking incubator (29.4oC and 300 rpm speed). The initial growth 

was carried out in the medium containing 1% glycerol for 24 hours. To start protein expression, the 

cells from initial culture were spun at 1,500g and transferred the medium containing 1% methanol, 

followed by 96 hour incubation at 29.4oC with the addition of 1% methanol every 24 hours to 

maintain methanol level. The expression was monitored by western blotting with anti-His6-

peroxidase (Roche) shown in Figure 9.6A. The culture was harvested after 96 hours by 
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centrifugation at 5,000g for 10 minutes. The supernatant from the culture was concentrated ~20-

fold by ultrafiltraion in Amicon stirred cell. The concentrated sample was loaded onto a 5mL nickel-

nitrilotriacetic acid (Ni-NTA) affinity column (HisTrap HP, GE Healthcare), then washed with 20 

column volumes of 20 mM imidazole in a buffer containing 20 mM KPi pH 7.5. The fractions 

containing PfMSP119 were eluted with 200mM imidazole in the same buffer. The eluted protein 

was concentrated in a centrifugal ultrafilter (MWCO. 5kDa) and then loaded to Superdex75 10 300 

size-exclusion chromatography column (25mL, GE-Healthcare). The sample was eluted with 

20mM KPi pH 6.5 at the flow rate of 0.5 mL/minute and monitored by the absorption at 280 nm. 

The concentration of PfMSP119 can be determined from absorbance at 280 nm, of which an 

extinction coefficient is 5,220 cm-1M-1 (Morgan et al., 1999).  

 

9.2.2 Rusticyanin production and purification 

The pET21d plasmid containing rusticyanin gene was provided by Dr. Mike Hough, 

University of Essex. The plasmid was transformed into BL21(DE3) cells and protein production 

was induced by the addition of 1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) after reaching 

an optical density at 600 nm of 0.6-0.8. After 5 hours at 37 oC, the cells were harvested by centrifuge 

at 5,000g for 30 minutes and lysed by sonication in 10mM H2SO4. The cell lysate was centrifuge at 

5,000g for 30 minutes. The supernatant was adjusted to 60% saturation with respect to ammonium 

sulphate, and kept stirring for an hour at 4oC before centrifugation at 15,000g. The resulting 

supernatant was adjusted to 100% ammonium sulphate saturation and centrifuged. The obtained 

pellet was dissolved in 20 mM sodium acetate pH 4 before dialysis against the same buffer 

overnight. After dialysis, 5-20 mM CuSO4 was added to dialysis medium and the characteristic blue 

colour of rusticyanin developed within 15 minutes. The protein was purified by ion exchange 

chromatography on a sulphopropyl (SP) sepharose (GE Healthcare) column (~3 mL). The column 

was pre-equilibrated with 20 mM sodium acetate pH 4, and protein was eluted with 200-500mM 

NaCl. The fractions containing rusticyanin were concentrated and loaded onto a Superdex75 10 300 

(GE Healthcare) size-exclusion chromatography column equilibrated with 20 mM sodium acetate 

pH 4 at a flow rate of 0.5 mL/min. Rusticyanin concentration was determined by the absorbance at 
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280 nm, using an extinction coefficient of 19,940 cm-1M-1 provided by a computational tool of 

Protparam (Gasteiger et al., 2005). 

 

9.2.3 Characterisation of PfMSP119 and rusticyanin complex 

 PfMSP119 and rusticyanin were transferred in 20 mM KPi pH 6.5. Reduction of the copper 

centre in rusticyanin was achieved by the addition of ascorbic acid, whereas oxidation was achieved 

by the addition of sodium hexachloroiridate (IV). The protein needed to be buffer exchanged 

extensively in a centrifugal ultrafilter to remove the excess of reducing/oxidising agent. The 

oxidised copper centre could be auto-reduced within a few days resulting to fading of blue protein. 

Fresh oxidation of rusticyanin is necessary before starting an experiment. 

 

9.2.3.1 UV-visible spectroscopy 

All spectroscopic experiments were carried out using SpectraMaxÒ plus 385 

spectrophotometer (Molecular Devices). Spectra of proteins were measured at 25oC every 1 nm in 

range of 260-800 nm. All samples were load onto 10mm path length quartz cuvette. Instrument 

control and data analysis were accomplished via a SoftMaxÒ Pro. 

 

9.2.3.2 Size-exclusion chromatography 

 All proteins were buffer exchanged in similar buffer before mixing at the desired molar 

ratio. The protein mixture was incubated at for 1-18 hours. The sample was loaded onto superdex 

75 10 300 (GE Healthcare) column (~24 mL) at a flow rate of 0.5 mL/minute. The protein elution 

was monitored by the absorption at 280, 450, 597 nm and characterised by SDS-PAGE gel. 

 

9.2.3.3 Isothermal titration calorimetry (ITC) 

ITC experiments were carried out on MicroCalÔ ITC200 (GE Healthcare) at 25oC. All 

samples were dialysed against 20 mM KPi pH 6.5 overnight and degassed under vacuum for 5 

minutes prior to titration. The reference cell was filled with distilled water. 750 µM PfMSP119 was 
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loaded to titrant syringe. 100 µL of 50 µM reduced rusticyanin was loaded to sample cell. The 

sample was kept at the stirring speed at 800 rpm. The titrant was injected to sample cell at intervals 

that calorimetric signal returned to baseline. The data were analysed in Origin 7 (MicroCal) 

software. 

 

9.2.3.4 Nuclear magnetic resonance (NMR) 

All samples were prepared in 20 mM KPi pH 6.5 containing 10% D2O to adjust the lock 

signal. 1H NMR experiment was performed at 25oC in a Brucker Avance 600 Hz spectrometer, 

Institute of Integrative Biology, University of Liverpool. The data processing was carried out with 

Bruker Topspin 2.0. 

 

9.2.3.5 Microscale thermophoresis (MST) 

30 nM oxidized and reduced rusticyanin were labelled with a fluorescent dye (NT-647). 

The dilution series of PfMSP119 was prepared in the range of 75 nM–1.25 µM, then a constant 

amount of labelled rusticyanin was added into PfMSP119. All samples were loaded into glass 

capillaries after short incubation. The measurement was carried out using a Monolith NT115 

(NanoTemper). 

 

9.2.4 Crystallisation 

 1.5 mg/mL PfMSP119 solution was added to a two-fold molar excess oxidised rusticyanin. 

The mixture was incubated at room temperature for an hour before crystallisation. The 

concentration of protein mixture was determined by BCA assay (Smith et al., 1985) and 

concentrated to 30 mg/mL in ultra-centrifugal filter (MWCO. 5 kDa, Millipore). 

The search for suitable crystallisation conditions was done by testing the wide range of 

commercial crystallisation screen in nanolitre scale (~150 nL of protein drop) using sitting drop 

method. The hit was obtained in 100mM CHES/NaOH pH 9.5 and 10% PEG3000 from WizardTM 

Classic screen (Molecular Dimension). The condition was optimised in larger scale spate by varying 
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pH and concentrations of precipitant and protein using hanging drop method. The crystals for X-

ray crystallographic experiment were grown at 19oC by mixing 1.5 µL of 40mg/mL protein with 

1.5 µL reservoir containing 100mM CHES/NaOH pH 9.5 and 12% PEG3000. The mature crystals 

appeared in the drop after 15 days (Figure 9.9).  

 

Figure 9.6 Protein crystals were grown from PfMSP119-rusitcyanin solution. 

 

9.2.5 Data collection and structure refinement 

 The crystals obtained in Section 9.3.9 were transferred into 25% glycerol mixed with 

reservoir solution for 15 seconds before flush freezing in liquid nitrogen. Frozen crystals were 

transported to I24 beamline, Diamond Light Source, UK, for X-ray diffraction experiment. A 

diffraction dataset was collected from a crystal at 100K using 0.9686Å X-ray and Pilatus3 6M 

detector. Dataset was processed by iMosflm (Battye et al. 2011) and scaled by Aimless (Evans 

2011). Molecular replacement was carried out using a rusticyanin model (PDB: 2CAK) as the 

starting model in Molrep (Vagin & Teplyakov 2010). The structure was refined by Refmac5 using 

rigid body, jelly body and TLS refinement (Murshudov et al. 2011). The model was manually 

rebuilt in COOT (Emsley & Cowtan 2004) between the refinement cycles. 

 

9.3 Results 

 There are three sets of experiments in this chapter. The first set is recombinant P. 

falciparum MSP119 and rusticyanin purifications using column chromatography and salt 
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precipitation. The second one is the characterisation of PfMSP119-rusticyanin complex using 

several techniques including UV-visible spectroscopy, size-exclusion chromatography, ITC, NMR 

and MST. The last set is an attempt to crystallise PfMSP119-rusticyanin complex that includes 

protein crystallisation, X-ray diffraction data collection and structure refinement. All works were 

carried out to investigate the interaction between PfMSP119 and rusticyanin that could support the 

development of rusticyanin for malarial vaccine targeting blood-stage parasites. 

 

9.3.1 PfMSP119 and rusticyanin purifications 

PfMSP119 expression was monitored by western blot that ~15kDa His-tagged protein was 

detected in culture medium containing 1%methanol (Figure 9.7A). The protein was purified by 

NiNTA affinity column that His-tagged PfNDH2 and some contaminating proteins (15-25 kDa) 

were eluted by 200mM imidazole (Figure 9.7B). The sample from NiNTA was concentrated and 

purified by size-exclusion chromatography. The chromatogram is shown in Figure 9.7C. The 

fractions between 13-15 mL were pooled together and analysed in SDS-PAGE giving a single band 

of ~15kDa protein (Figure 9.7B). The final PfMSP119 was characterized by mass spectrometry. The 

principal charged specie of mass 10,620 m/z was detected in mass spectrum shown in Figure 9.8. 

This compares well with theoretical monoisotopic molecular weight of PfMSP119 at 10624.6.  

Recombinant rusticyanin in E. coli was purified by ammonium sulphate precipitation. The 

precipitated protein containing rusticyanin was re-solubilised and loaded onto SP sepharose column, 

rusticyanin was eluted with 300-500mM NaCl from the column (Figure 9.9A). Final purification 

was carried out by size-exclusion chromatography. A sharp peak (13-16 mL) that has strong 

absorption at 450 and 597 nm (represent blue colour protein) was obtained in the chromatogram 

(Figure 9.9B) and analysed by SDS-PAGE gel that shows a single band of rusticyanin. 
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Figure 9.7 PfMSP119 overexpression and purification using Ni-NTA affinity and size exclusion 

chromatography. (A) Western blot was used for PfMSP119 expression monitoring. (B) SDS-PAGE 

analysis of PfMSP119 purification. (C) Size-exclusion chromatogram of PfMSP119. 
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Figure 9.8 Mass spectrum of final PfMSP119. The principal charged species of mass 10,620 m/z. The 

theoretical monoisotopic molecular weight of PfMSP119 is 10624.6. 
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Figure 9.9 Rusticyanin purification using ammonium sulphate precipitation, SP sepharose column and 

size-exclusion column. (A) SDS-PAGE analysis of rusticyanin purification. (B) Size-exclusion 

chromatogram of rusticyanin. 

 
9.3.2 Characterisation of an interaction between PfMSP119 and rusticyanin  

9.3.2.1 An interaction between PfMSP119 and rusticyanin identified by UV-visible 

spectroscopy 

 Absorption spectra from oxidised rusticyanin, PfMSP119 and bovine serum albumin (BSA) 

were measured between 260-800 nm (Figure 9.10A). Oxidised rusticyanin has characteristic peaks 

of Cu(II) at 450 and 597 nm, which are not found in BSA and PfMSP119 and represent blue colour 

of oxidised rusticyanin. To identify interaction between rusticyanin and PfMSP119, 100µM 

rusticyanin, 100µM rusticyanin + 100µM PfMSP119 and 100µM rusticyanin + 100µM BSA were 

prepared in 20mM KPi pH 6.5 for UV-visible spectroscopic experiment. Absorbance was measured 
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for all protein mixtures at 597 nm over a period of 120 hours. The absorption at 597 nm of the 

mixture of rusticyanin and PfMSP119 dropped rapidly within 5 hours, but for individual rusticyanin 

and the mixture of rusticyanin and BSA decreased gradually at the same period of time (Figure 

9.10B). There was significant difference in 597 nm absorbance of the sample containing PfMSP119 

that accelerate colour fading of rusticyanin (Figure 9.10B). From NMR study of PyMSP119, 

PyMSP119 bind to rusticyanin at the region near copper centre (Figure 9.4), and it show no 

interaction with apo protein (Cruz-Gallardo et al. 2013). Thus, this spectroscopic study agrees with 

NMR structure of PyMSP119-rusticyanin complex and suggests that PfMSP119 may catalyse the 

reduction of Cu(II) (blue) to Cu(I) (colourless). 

 

Figure 9.10 UV-visible spectroscopic studies. (A) Absorption spectra of oxidised rusticyanin (blue), 

PfMSP119 (orange) and BSA (grey). (B) Absorption at 597 nm measurement of rusticyanin (blue), 

PfMSP119+rusticyanin (orange) and BSA+rusticyanin (grey) over 120 hours. The presence of PfMSP119 

accelerated colour fading of rusticyanin (lower photos). 
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9.3.2.2 Investigation of protein complex formation by size-exclusion chromatography 

 If PfMSP119 and rusticyanin form a stable complex, the complex will be eluted at higher 

retention volume in size-exclusion chromatography. To find a condition that stabilises PfMSP119-

rusicyanin complex, a number of buffer systems and molar ratio between PfMSP119 and rusticyanin 

were tested in an attempt to stabilise the protein complex (Table 9.2). Two peaks of individual 

proteins were repeatedly obtained in the chromatogram suggesting no complex has formed in any 

of the tested condition (Figure 9.11). 

 

 

Figure 9.11 An example of size-exclusion chromatogram of the protein mixture. Rusticyanin and 

PfMSP119 dissolved in 20mM KPi pH 6.5 were mixed in the molar ratio of 1:2. SDS-PAGE analysis 

of samples eluted from the column under reducing (lane 1-4) and non-reducing condition (lane 5-8). 
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Table 9.2 The buffer optimisation for complex form1ation of rusticyanin and PfMSP119. Molar ratio, 

buffer system, pH, and salt were varied to stabilise the complex of rusticyanin and PfMSP119. 

Molar ratio Buffer system Salt Peaks on 

chromatogram 

Result 

PfMSP119 Rusticyanin 

1 1 20 mM KPi pH 6.5 - 2 No complex 

2 1 20 mM KPi pH 6.5 - 2 No complex 

1 5 20 mM KPi pH 6.5 - 2 No complex 

5 1 20 mM KPi pH 6.5 - 2 No complex 

1 5 20 mM KPi pH 6.5 150 mM 

NaCl 

2 No complex 

1 5 20 mM KPi pH 6.5 300 mM 

NaCl 

2 No complex 

1 5 20 mM KPi pH 6 - 2 No complex 

1 5 20 mM KPi pH 7.5 - 2 No complex 

1 5 20 mM Citrate pH 5 - 2 No complex 

1 5 20 mM Citrate pH 5 150 mM 

NaCl 

2 No complex 

1 5 20 mM KMOPS  

pH 7.2 

150 mM 

NaCl 

2 No complex 

1 5 PBS pH 7.4 2 No complex 

1 5 20 mM Tris pH 8 - 2 No complex 
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9.3.2.3 Investigation of protein complex formation by isothermal titration calorimetry (ITC) 

 In a previous report (Cruz-Gallardo et al. 2013), oxidised and reduced rusticyanin were 

shown to have strong binding affinity for PyMSP119 at micromolar level of dissociation constant 

(Kd) measured by ITC. PfMSP119, which has high homology to PyMSP119 (~48%), was 

hypothesised to form a stable complex with rusticyanin. ITC titration between reduced rusticyanin 

and PfMSP119 was measured. Binding isotherms of reduced rusticyanin-PfMSP119 titration had flat 

profile suggesting no complex formation between two proteins (Figure 9.12). This is in completely 

contrast with published work. 

 

Figure 9.12 ITC titration of PfMSP119 with reduced rusticyanin. Thermogram is shown on the top, and 

binding isotherms curve at the bottom. 
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9.3.2.4 Investigation of protein binding by nuclear magnetic resonance (NMR) 

Three NMR spectra of 100 µM PfMSP119, 100 µM reduced rusticyanin, and the mixture of 

100 µM rusticyanin and 200 µM PfMSP119 (Figure 9.13) were investigated. PfMSP119 signal was 

removed from the spectrum of the mixture by signal subtraction to reveal the changes in chemical 

shift and splitting pattern of rusticyanin that are introduced by a complex formation (Figure 9.13). 

In contrast to published result, no changes appeared on the residual compared to individual 

rusticyanin spectrum. 

 

Figure 9.13. 1H NMR spectra of unlabeled proteins are presented in different colours. The spectra of 

100µM PfMSP119, 100µM rusticyanin and the mixture of 100µM rusticyanin and 200µM PfMSP119 in 

20mM KPi pH 6.5 are coloured in purple, green and blue, respectively. The spectrum of mixture was 

subtracted with the spectrum of individual PfMSP119 giving subtracted spectrum coloured in red. D2O 

has a singlet peak at chemical shift of 4.8. 
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9.3.2.5 Investigation of protein complex formation by microscale thermophoresis (MST) 

 MST is a biophysical assay for biomolecule interaction analysis using the directed motion 

of molecules induced by temperature gradients (Wienken et al., 2010). This method is suitable for 

the interaction measurement of protein-protein affinity with high sensitivity to changes in the 

conformation, size, charge and hydration shell of molecules. The dissociation constant (Kd) of 10 

µM was determined suggesting the strong binding of PfMSP119 to both oxidation stages of 

rusticyanin (Figure 9.14). 

 

Figure 9.14 MST titration of reduced and oxidised rusticyanin with PfMSP119. The red and green curves 

represent titration of reduced and oxidised rusticyanin, respectively. 

 

9.3.3 Crystallographic study 

 The protein crystals were grown from the mixture of rusticyanin and PfMSP119 in molar 

ratio of 1:2, respectively. The diffraction data were collected at 2.4Å resolution. The data collection 

and refinement statistics are given in Table 9.3. Crystal structure revealed that no rusticyanin-

PfMSP119 complex was obtained under crystallisation conditions. Only rusticyanin was crystallised 

and eight rusticyanin molecules were found in an asymmetric unit. Electron density allowed 

modelling of residues 29-155 (Figure 9.15A). The published structure of full length rusticyanin 

(residues 1-155, PDB: 2CAK) was overlaid on the structure solved in this study showing the N-

terminal helix chain of residues 2-28 are absent (Figure 9.15B). There is a big space between 

asymmetric units that could be filled by the missing chain (Figure 9.15C). SDS-PAGE analysis of 
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rusticyanin during purification indicated that full length protein was used in crystallisation (Figure 

9.9A). Thus, it is possible that PfMSP119 may interact with rusticyanin at the chain of residues 1-

28 and cause the helix chain disorder leading to electron density absence. 

 

 

Figure 9.15 Structure of rusticyanin. (A) Electron density (grey mesh) and cartoon representation (green) 

of the molecule that modelling of residues 29-155 is allowed. (B) Superimposed structures of rusticyanin 

in this study (green) and full length rusticyanin (orange, PDB: 2CAK). Missing part (residues 2-28) is 

highlighted in a black circle. (C) Rusticyanin molecules in an asymmetric unit (green) and its symmetry 

mate (magenta). A space between asymmetric units is emphasised in a red circle. Copper centres are 

shown as cyan spheres. 
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Table 9.3 Data collection and refinement statistics. 

 Rusticyanin 

Data collection  

Wavelength 

Space group 

Cell parameters 

(a, b, c) (Å) 

(a,b,g) (o) 

Resolution (Å) 

Rmerge (%) 

Rpim (%) 

CC1/2 

I/s  

Completeness (%) 

Redundancy 

0.9686 

P 21 

 

49.12, 171.64, 78.65 

90o, 104.57o, 90o 

89.49-2.40 (2.48-2.40) 

12.2 (95.9) 

7.9 (61.2) 

0.997 (0.514) 

9.2 (2.0) 

99.3 (99.0) 

5.6 (5.6) 

Refinement  

No. reflection 

Rwork/Rfree 

Non-hydrogen atoms 

Protein 

Copper 

Water 

B-factor (Å2) 

Protein 

Copper 

Water 

r.m.s.d. 

Bond length (Å) 

Bond angle (o) 

48,618 

19.75/23.13 

 

7,601 

8 

37 

 

32.92 

29.88 

33.53 

 

0.0097 

1.7735 
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9.4 Discussion and outlooks 

 An interaction between P. yoelii MSP119 and rusticyanin was observed by ITC and NMR 

experiments in previous report (Figure 9.3&9.4) (Cruz-Gallardo et al. 2013). Antimalarial activity 

of rusticyanin was confirmed by in vitro experiment showing P. falciparum inhibited at high 

concentration (~200 µM) of holo rusticyanin (Figure 9.2). In this work, P. falciparum MSP119, 

which is human malaria antigen and conserved ~48% homology with P. yoelii MSP119 (Figure 9.5), 

is speculated to interact with rusticyanin and eventually kills the malaria parasites. Several 

biophysical methods were used for investigating the complex formation of PfMSP119 and 

rusticyanin. ITC and NMR experiments gave repeatedly null results of complex formation that 

correspond to gel filtration experiments, in which the mixture of proteins was incubated and loaded 

onto the column but eventually no complex is observed. Different buffers have been tried to 

stabilise the complex by optimising pH (5-8) and ionic strength (0-300 mM), but all conditions 

repeatedly displayed the absence of complex formation.  

However, MST experiment provided positive result that presented binding event of high 

affinity at Kd =10 µM for oxidised and reduced rusticyanin, and UV-visible absorbance at 597 nm 

monitoring revealed the reduction of Cu(II) centre of rusticyanin through the fading of characteristic 

blue colour. These experiments supported the existence of interactions between PfMSP119 and 

rusticyanin and the role of oxidised copper centre in antimalarial activity. PfMSP119 possesses six 

disulphide bonds in its molecule that could reduce copper centre of rusticyanin. Absorption at 597 

nm measurement of rusticyanin-BSA mixture revealed that other protein with disulphide bonds did 

not accelerate colour fading of rusticyanin at the same rate of PfMSP119. Both MST and UV-visible 

absorption experiments gave inconsistent results to ITC, NMR and gel filtration. This situation is 

probably explained transient interaction between P. falciparum MSP119 and rusticyanin that is not 

as strong as the interaction between P. yoelii MSP119 and rusticyanin observed in published report. 

The sequence difference of MSP119 between Plasmodium species may affect to binding ability of 

rusticyanin.  
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For the attempt to crystallise the complex of rusticyanin-PfMSP119, although protein 

crystals were successfully obtained in 100 mM CHES/NaOH pH 9.5 and 12% PEG3000 and 

diffracted to 2.4Å resolution, only rusticyanin was crystallised. From solved crystal structure of 

rusticyanin, electron density of residue 1-28 was missing (Figure 9.15A) and a room between 

asymmetric units was too small to fill PfMSP119 (Figure 9.15C). The high pH crystallisation 

condition used in this work could denature N-terminal helix of rusticyanin because rusticyanin is 

stable and active in extremely acidic conditions (pH 2-4) (Cox & Boxer 1978). Finding other 

crystallisation conditions at low pH are needed to continue for revealling interaction between 

rusticyanin and PfMSP119. 

In P. falciparum growth assay, the parasites were completely eliminated in 200µM holo 

rusticyanin, while apo protein at the same concentration gave negligible inhibition (Figure 9.2). 

This suggests that P. falciparum MSP119 may need highly excess holo rusticyanin for stable 

rusticyanin-PfMSP119 complex formation. This hypothesis can explain why more sensitive 

techniques, i.e. MST and UV-visible spectroscopy, detected complex formation but other 

techniques including ITC, NMR and gel filtration showed consistently null results. Thus, all 

biophysical experiments and crystallisation screen in this work should be repeated using much 

higher molar ratio of rusticyanin to PfMSP119 (above 100:1) for protein-protein complex 

characterisation. Furthermore, PfMSP119 is disulphide-rich protein, so the use of mass spectrometry 

to identify disulphide bridge positions would be needed to ensure correct protein production. 

  



	

	 185	

Chapter 10 

 

General conclusion and outlooks 

 

 Co-crystallised structures of bovine cytochrome bc1 revealed binding modes of 4(1H)-

quinolones that rationalise off-target inhibition to human cytochrome bc1 leading to cardiotoxicity. 

All lead compounds used in this work showed selective Qi binding with bovine cytochrome bc1 and 

formed hydrogen bonds or stacking interactions with Qi site residues. As no cytochrome bc1 

structure from any apicomplexan parasites is available, in-silico docking to computer-generated 

homology models of parasitic targets was carried out in combination of knowledge from bovine 

crystal structures to explain biological observations in parasites. Binding analyses of 2-aryl-

4(1H)quinolone and 3-aryl-4(1H)quinolone in the Qi site shown in Figure 10.1 illustrate the 

interactions between inhibitor and P. falciparum or human residues that allow rational modification 

of lead compounds for better therapeutic activities, physicochemical properties and safety profiles. 

Chemical structures of next generation 4(1H)quinolones are proposed in Figure 10.2. 

Incorporation of ring A and C with saturated heterocycles could reduce aggregation via aromatic 

stacking and increase aqueous solubility. Aromatic ring D is maintained to create p-stacking with 

Phe30 and Phe37 in Pf Qi site. Alkyl alcohol and alkyl amine will be added to ring A for establishing 

hydrogen bond with Tyr16 in Pf Qi site that could increase binding selectivity to Pf bc1. Crystal 

structure of bc1-RKA066 reveals that N-hydroxyl group in ring B contributes hydrogen bond 

formation with bovine Ser35 conferring significantly higher level of bovine bc1 inhibition. To 

reduce cross-reactivity against human bc1, new lead compound should not have strong interaction 

with Ser35. Moreover, ring B N-hydroxyl group shift ring B carbonyl group closer to His192 in Pf 

bc1 resulting in hydrogen bonding and stronger parasite inhibition. Introduction of alkyl or 

cycloalkyl at N group of ring B not only prevents hydrogen bonding to bovine Ser35, it also fills 

the space near Pf Phe30 and encourages hydrogen bond with His192. Replacement of methyl group 

in ring B at position 2 or 3 with more steric substituents would enhance hydrophobic interaction 
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with Leu188 in Pf Qi site. Modification of terminal group in ring D by the introduction of other 

electron withdrawing group at para– or meta– position would change properties of lead compound 

and open new opportunity for better ligand affinity.  

Moreover, some agricultural chemicals were tested in drug-sensitive strain NF54 P. 

falciparum and showed interesting antimalarial activity (Witschel et al. 2012). Some of them are 

thought to inhibit cytochrome bc1 (Figure 10.3). It will be good if binding mode of those compounds 

could be visualised for structure-based optimisation. This effort could change commercial 

agrochemicals to novel anti-apicomplexan drugs. 

Cryo-EM was proved as a cytochrome bc1 structure elucidation technique with significantly 

less sample usage than X-ray crystallography. This technique is the only way for structural study 

of Pf cytochrome bc1 due to limited sample source. In addition, cryo-EM was proven as a potential 

tool for visualising lead compound binding by revealing ligand conformation that not observed in 

crystal structure. Recently, unexpected mutations at residues 122 and 259, which are located in Qo 

site, have been discovered in CK-2-68-resistant and RYL552-resistant P. falciparum (Lane et al. 

2018). ~7 fold increased IC50s of CK-2-68 and RYL552 over wild-type parasites were observed in 

Qo site mutated P. falciparum. Moreover, antimycin A-resistant parasites, which possess Qi site 

mutation, were vulnerable to CK-2-68 and RYL552. Although co-crystallised structure of bovine 

cytochrome bc1 showed that CK-2-68 binds solely to the Qi site, genetic evidence and mutant 

parasite assays supported that CK-2-68 operates through Pf Qo site. In future, it will be 

advantageous to confirm correct ligand binding in Pf bc1 by cryo-EM. 

 Recently, PfNDH2 knockout parasite has been successfully prepared by CRISPR/Cas9 

technology (Ke et al. 2018). The survival of this strain of parasite proved that PfNDH2 enzyme is 

not critical for Plasmodium electron transport chain. In vitro drug susceptibility to the known 

PfNDH2 inhibitors – HDQ and CK-2-68 (Ke et al. 2018) was assessed in transgenic parasite. The 

sensitivity to the inhibitors of PfNDH2 knockout parasite was as equal as wild-type strain. Specific 

cytochrome bc1 inhibition assays of PfNDH2 knockout mitochondria displayed strong cytochrome 

bc1 inhibition by HDQ and CK-2-68. From this study, cytochrome bc1 was confirmed to be an 

important validated drug target for antimalarial agents. Recombinant PfNDH2 production and 
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purification given in Chapter 8 could be adapted for structure-based drug discovery programme on 

other pathogenic agents such as Mycobacterium (tuberculosis) or Toxoplasma (toxoplasmosis) in 

future. 

 Malaria and toxoplasmosis are life-threatening apicomplexan diseases with about half of 

world population at risk of the infections. Anti-parasitic drugs are prescribed for chemotherapy and 

prophylaxis. However, the efficiencies of all frontline malaria drugs are limited by emergence of 

drug-resistance, and current toxoplasmosis treatments possess long-term negative side effects. 

Novel drugs for apicomplexan diseases with potent therapeutic activities, good safety profile and 

reasonable price have been being required. Structure-based drug discovery is a valuable tool to 

overcome these challenges, especially drug resistance. This thesis is one of structural investigation 

works on cytochrome bc1 drug target and PfMSP119 antigen that could support drug and vaccine 

development programmes leading to better standard in malaria and toxoplasmosis controls. 
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Figure 10.1 Binding analyses of antimalarial 4(1H)quinolones in P. falciparum and human Qi site. (A) 

2-aryl-4(1H)quinolone. (B) 3-aryl-4(1H)quinolone. P. falciparum and human residues are coloured in 

magenta and blue, respectively. Coloured dashed bars represent the interactions that could be considered 

for lead compound design: green–the interactions observed only in P. falciparum; orange– the 

interactions observed in both species; red– the interactions observed only in human. 
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Figure 10.2 Structure modification strategy of 4(1H)quinolone for next generation antimalarial lead 

compounds targeting the Qi site of cytochrome bc1. 

 

Figure 10.3 Chemical structures of agricultural chemicals with potent antimalarial activity that supposed 

to inhibit cytochrome bc1. IC50s against NF54 strain parasite are given below chemical names. 
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