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ABSTRACT 

Recent reports on artemisinin resistance in Southeast Asia warrant urgent discovery of novel 

drugs for treatment of malaria. Search for new chemical entities often fail at safety and toxicity 

stages of drug development. Drug repositioning offers an alternative strategy where drugs are 

used to treat diseases or conditions other than the ones they have been approved for. This study 

screened approved drugs for antiplasmodial activity using an in silico chemogenomics 

approach prior to in vitro validation. All the P. falciparum protein sequences available at NCBI 

RefSeq were used to perform a similarity search between these proteins and putative target 

proteins of approved drugs in three databases: Therapeutic Target Database, DrugBank and 

STITCH. Functional residues of the drug targets were determined using ConSurf server which 

were used to fine tune the similarity search. Druggability indices of the potential drug targets 

were obtained from TDR targets database. A literature search was done to determine drugs 

previously been tested against malaria. Finally, drug susceptibility assays was done to validate 

the antimalarial activity of some of the predicted drugs. This study predicted 133 approved 

drugs that could target 28 P. falciparum proteins. Published literature search showed 99 of 

these drugs to have been tested against malaria, most of which had antiplasmodial activity. In 

vitro results showed 10 out of the 12 drugs tested had antiplasmodial activity with IC50 values 

below 100 µM on P. falciparum 3D7, these are Cladribine, Levofloxacin, Dasatinib, 

Clofarabine, Tacrolimus, Irinotecan, Zidovudine, Moxifloxacin, Oxaliplatin and Tadafil. 

Diadzin and Zafirlukast did not show any activity at concentration below 50,000 ng/ml. These 

results show that target similarity can be successfully used to identify approved drugs with 

antiplasmodial activity, validating it as a viable method for repositioning drugs for antimalarial 

use. The drugs that showed activity can further be analyzed for in vivo activity on rodents and 

also act as templates for synthesis of novel antimalarial drugs. 
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CHAPTER 1:    INTRODUCTION  

1.1. Background Information  

1.1.1. Malaria  

Malaria is an infectious disease with high morbidity and mortality. Approximately 3.3 billion 

people are at risk of getting malaria, with 1.2 billion of this having a higher risk of one malaria 

case per 1000 population (Burchard, 2014). In 2015 alone, there was 214 million new cases of 

malaria worldwide with about 438,000 deaths reported (World Health Organization, 2015). 

The disease prevalence is higher among children and pregnant women (van Eijk et al., 2015). 

Out of the total reported malaria cases and deaths, 90 % of them occur in Africa followed by 

the South-East Asia (Burchard, 2014). This disease burden is further aggravated by rapid 

development of resistance to the currently used drugs. Already, resistance to artemisinin-based 

combination therapy (ACT), the recommended first-line treatment for uncomplicated malaria 

(White, 2004; World Health Organization, 2006), has been reported in Southeast Asia 

(Herlekar, 2014). This warrants an urgent discovery of novel drugs for malaria treatment. 

1.1.2. Plasmodium genus 

Malaria is caused by parasites of the genus Plasmodium. Those that infect humans are P. ovale, 

P. falciparum, P. vivax, P. knowlesi and P. malariae (Mueller et al., 2007). Of these, P. 

falciparum is responsible for most deaths, followed by P. vivax (Sarkar et al., 2009). P. 

knowlesi is common among primates but has also been shown to infect humans (Collins, 2012) 

making it the only species that infects higher apes that is of public health importance. P. vivax 

is more prevalent in Latin America and Southeast Asia (Kochar et al., 2005), though Liu et al. 

(2014) showed it to have originated from Africa. P. vivax and P. ovale are the only species that 

have been shown to have relapses in their lifecycles (William et al., 2005; Imwong et al., 2007). 



2 

 

1.1.3. Life cycle of Malaria  parasite 

Malaria parasites have a life cycle that involve two hosts; a vertebrate and an invertebrate 

(Figure 1.1) as described by Shalgenahauf-Lawlor, (2000). Typically for human infections, 

female Anopheles mosquito are the definitive host while humans are the secondary host. An 

infected female Anopheles mosquito transmits sporozoites into the human during feeding. The 

sporozoites get to the liver through blood vessels and enter hepatocytes where they multiply 

asexually to form merozoites. The merozoites leave the hepatocytes and infect red blood cells. 

These merozoites undergo a series of asexual multiplication cycles called blood schizogony 

producing 8-36 new merozoites depending on infecting species. The infected red blood cells 

then burst releasing the merozoites into the blood stream. The merozoites infect other red blood 

cells repeating this cycle. Some merozoites develop into gametocytes which mature to either 

male or female gametocytes. During the feeding of a female anopheles mosquito, these 

gametocyte are taken up with blood by a female Anopheles mosquito. The gametocytes then 

mature in the mosquito gut. A male and female gametocyte fuse to form an ookinete which 

further matures into sporozoites. These sporozoites move to the salivary glands of the insect. 

As the infected mosquito feeds, it injects its saliva with sporozoites into the human skin 

(Shalgenahauf-Lawlor, 2000).  
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Figure 1.1: Life cycle of P. falciparum (www.cdc.gov) 

 

1.1.4. Signs and symptoms of malaria  

Malaria signs and symptoms fall within a window period of about 8 - 25 days from the time of 

infection. These commonly include fevers, convulsions, headache, shivering, joint pain and 

vomiting. Also jaundice, heamoglobin, heamolytic anaemia in the urine and retinal damage can 

occur (Beare et al., 2006). Paroxysm (cycles of chills, fever and sweating) can occur every two 

days in P. vivax and P. ovale infections, while for P. malariae it occurs every three. In humans, 

severe malaria is caused mainly by P. falciparum (Bartoloni & Zammarchi, 2012). 

http://www.cdc.gov/
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1.1.5. Malaria d iagnosis 

Diagnosis of malaria is a challenge because malaria presents itself with non-specific symptoms. 

The suspicion that a patient has malaria is usually when the person has a fever, low platelets in 

the blood, enlarged liver, high levels of bilirubin and/or has traveled in a malaria endemic 

region (Nadjm & Behrens, 2012). The gold standard of malaria diagnosis is by preparation and 

examination of blood films by microscopy (Kattenberg et al., 2011). Diagnosis can also be 

done by use of rapid diagnostic tests that are antigen or molecular based, some of which have 

higher sensitivity and specificity in diagnosis and species differentiation (Nadjm & Behrens, 

2012).  

1.1.6. Malaria control  and prevention 

There are many methods that have been used to prevent malaria infections, this includes 

prophylaxis (Castelli et al., 2010), vector elimination and repulsion interventions (malERA 

Consultative Group on Vector Control, 2011). Research also on going to develop vaccines, 

though there are currently no effective vaccines against malaria (Mueller et al., 2015). 

1.1.7. Malaria chemotherapy 

The current treatment used for P. falciparum are arteminisins which are combined with other 

antimalarial drugs to reduce the occurrence of resistance, a practice called Artemisinin-

Combination Therapy (ACT) (White, 2004). Arteminisins are combined with either 

lumefantrine, amodiaquine, mefloquine or pyrimethamine (Kokwaro, 2009). For treatment of 

pregnant women, it is recommended that quinine with clindamycin be used in the first 

trimester, followed by ACT in the second and third trimesters (Manyando et al., 2012). On the 

other hand, P. vivax infections are treated with chloroquine or ACT to clear the blood stages 

and while primaquine is used to clear its liver forms (Waters & Edstein, 2012). 
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1.2.  Statement of the problem 

Malaria is a disease burden to humans for many centuries (Joy et al., 2003). Malaria caused an 

estimated 429,000 deaths in 2015 with 90 % of these deaths found in Africa, followed by the 

South-East Asia Region (7%) and the Eastern Mediterranean Region (2%) (World Health 

Organisation, 2016). The use of antimalarial drugs in treatment and prevention is one of the 

most effective ways to control malaria. However, reports indicate resistance has developed to 

all antimalarial drugs classes, including arteminisins (Sinha et al., 2014). This is a major 

drawback threatening to reverse the gains made in the fight against malaria. As a result of this, 

malaria has recently been reinstated as a global health priority (Newman, 2012). Use of vector 

control methods has also suffered a major setback since mosquitos have developed resistance 

to pyrethroids. Vaccination on the other hand is not feasible since no effective vaccine has been 

developed to date. Development of new drugs has been greatly impeded because many 

discovered drugs fail to meet the ideal standards for an antimalarial drug which are: ease of 

synthesis, toxicity, cost, and potency (Flannery et al., 2013). 

1.3. Justification  

Parasites are increasingly becoming resistant to current antimalarial drugs. There is an urgent 

need to develop new drugs that are effective against malaria. Unfortunately, development of 

new drugs to the point of their introduction into the market is expensive and time consuming, 

costing about $100 - 800 million and taking a duration of 12 -15 years on average (Morgan et 

al., 2011). This is promising to improve with the use of in silico approaches to complement 

conventional methods in developing novel drugs against malaria (Kapetanovic, 2008). Drug 

repositioning is increasingly becoming appealing because of reduced risk, cost and time 

involved in the drug discovery process. This is because approved drugs have already been 

tested and approved for other diseases/conditions.  
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1.4. Research questions 

1) What are the P. falciparum proteins that can be used as drug targets? 

2) What approved drug targets are similar to P. falciparum proteins? 

3) Does P. falciparum show in vitro susceptibility to drugs predicted to have 

antiplasmodial activity using in silico methods? 

1.5. Objectives 

1.5.1. General objective 

To identify approved drugs that have unknown antimalarial activity against Plasmodium 

falciparum using in silico and in vitro methods. 

1.5.2.  Specific objectives  

1) To identify proteins targets expressed in P. falciparum using bioinformatics approaches. 

2) To predict approved drugs that have activity against P. falciparum target proteins using in 

silico approaches. 

3) To validate antiplasmodial activity of predicted drugs using in vitro drug susceptibility 

assays. 

1.6. Hypothesis (null hypothesis) 

There are no approved drugs with undiscovered antiplasmodial activity.  

1.7. Scope of the study  

This study focused on searching approved drugs that have undiscovered antiplasmodial activity 

against P. falciparum.  
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CHAPTER 2:    LITERATURE REVIEW  

All malaria control and management strategies have suffered various setbacks. For instance, 

vaccine development is very slow, there hasnôt been an effective vaccines approved (Horn & 

Duraisingh, 2014), resistance to all classes of antimalarials has been reported (White, 2004) 

and mosquitos have also developed resistance to pyrethroids in some regions (Strode et al., 

2014). In terms of malaria research funding in 2014, WHO report (World Health Organisation, 

2016) showed research on antimalarial medicines had 35 %, followed by vaccines which heard 

28 % and basic research had 27 %.  

A lot of research in finding alternative antimalarial drugs is currently on-going using various 

strategies (Flannery et al., 2013). The ultimate goal is to develop an ideal drug that would be 

active against all stages of the life cycle of the parasite and potent enough to work in a single 

dose to ensure patient compliance (Burrows et al., 2013). The drug should also be cheap to 

manufacture since most antimalarial treatments are paid for or subsidized by charitable 

organizations and governments. 

2.1.    Strategies of developing new antimalarial drugs 

Various approaches have been used to develop new antimalarial drugs. The two major ones 

are; modification of a currently available drug and by high-throughput screens for novel drugs 

parasite (Flannery et al., 2013). The former is usually done to try to counteract the effect of 

resistance to the scaffold drug or to increase potency of the drug. On the other hand, high-

throughput screens involve screening a large library of compounds that are active against the 

parasite of a particular target in the parasite (Flannery et al., 2013).  

One high-throughput method is a whole cell-based approach (Macarron et al., 2011) where 

compounds with antiplasmodial activity are identified by incubating the Plasmodium parasite 
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in a medium containing the test compounds. If the identified compound has the ability to kill 

or inhibit growth the parasite, it is further evaluated for use as an antimalarial drug. The major 

challenge with this approach is that it is expensive to screen a large number of compounds. 

Nevertheless, recent technological advancement has made it more cost effective, enabling the 

discovery of novel antiplasmodial compounds via high-throughput screening of millions of 

compounds (Sharma et al., 2012).  

Another high throughput method that has been used in the search for new antiplasmodial drugs 

is target-based (Werbovetz, 1970). A target protein is a protein that is crucial in the survival of 

the parasites. Therefore, a search is done for compounds that could inhibit the target proteinôs 

function hence kill the parasite. These protein targets are isolated from the parasite and used in 

biochemical assays to screen for compounds that could have activity against it. Nevertheless, 

extracting the protein from a parasite is quite costly hence not economical for high-throughput 

screens. This explains why recombinant technology has been used to produce these target 

proteins for high throughput screens (Gurard-Levin et al., 2011). After biochemical assays 

involving a group of compounds has been carried out, those that can inhibit the protein targetôs 

function are selected for further study and possible development. Examples of drugs that have 

been discovered in this manner include pyrimethamine whose mechanism of action is by 

inhibiting the enzyme dihydrofolate reductase (DHFR) hence interfering with the regeneration 

of tetrahydrofolic acid from dihydrofolate (Schweitzer et al., 1990). If the three dimension 

conformation of the protein is known, then compounds that inhibit the protein functions can 

also be designed and used in screening using in silico means (Verma & Prabhakar, 2015).  

Another method is used in drug discovery is based on medicinal chemistry. This method makes 

use of the knowledge of chemical structures of antimalarial drugs that are already in existence 

to develop new drugs. The existing drugs can be modified to optimize their therapeutic activity 
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or mitigate their side effects. An example of drugs that have been developed using this approach 

are the synthetic ozonides which are based on arteminisins (Tang et al., 2004).  

Similarly, drugs have been derived from traditionally used herbal medicines (Flannery et al., 

2013), examples include quinine that is derived from the Cinchona trees and arteminisins that 

is derived from the Chinese herb Artemisia annua (Cechinel-Filho, 2012). It is interesting to 

note that these two are among the most effective drugs available and some other drugs are 

developed from their scaffold (Tang et al., 2004). 

2.2.    Drug repositioning   

Development of new drugs to the point of introduction into the market is an expensive and time 

consuming process, costing about $100 - 800 million over a period of  12-15 years on average 

(Morgan et al., 2011). In appreciating these challenges, some recent drug discovery studies 

have focused on drug repositioning which basically entails developing new indications for 

existing drugs other than those they were  approved for (Sekhon, 2013). This has the advantage 

of maximizing the value of already existing therapeutic drugs and saving on the cost of 

developing new ones.  

Examples of drugs that have been successfully repositioned for other diseases include 

duloxetine which was initially developed for depression but is now used for stress urinary 

incontinence; dopoxetine which was used as follow-on to fluoxetine is now used to treat 

premature ejaculation; thalamide, used as a sedative for morning sickness is used to treat 

leprosy and multiple myeloma (Ashburn & Thor, 2004). An example of a drug that has been 

shown to be active against P. falciparum is astemizole which was initially approved as an 

antihistamine (Chong, et al., 2006). 
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Repositioning also includes combination of two or more drugs formerly used singly, a strategy 

based on synergistic or additive properties of the individual drugs (Wu et al., 2013). Numerous 

studies have been done to determine antimalarial activity of non-antimalarial drugs (Ekins & 

Williams, 2011; Engel et al., 2015; Lotharius et al., 2014; Matthews, 2013; Sekhon, 2013; Wu 

et al., 2013). This is attributed to the fact that the drugs to be analyzed for use have already 

been tested and approved for other diseases, hence preliminary stages of drug development are 

circumvented or even shortened.  

Through target similarity approach, this study sort to predict approved drugs that have 

undiscovered activity against P. falciparum and hence reposition them for antimalarial 

treatment. The study is based on the principle that a drug would have similar effect on a protein 

that is similar to its putative target. Each of P. falciparum protein sequences in NCBI RefSeq 

database was used to check for similarity with confirmed drug targets. Functional regions of 

the drugs targets were determined and used to further fine tune the similarity search. This study 

did identify approved drugs that had antiplasmodial activity and hence could bring new 

antimalarial drugs into the market faster and more cost effectively.  

2.3.    Computer Aided Drug Design and Development 

Traditional approaches in drug design have proven to be expensive and time consuming with 

little successful outcomes. This is why many in silico techniques have been employed in current 

steps of the drug discovery processes (Figure 2), making it less costly, faster and with less risk 

(Boruah et al., 2013). Computer Aided Drug Discovery and Development (CADDD) has led 

to the discovery and development of several drugs that are approved for clinical use or are in 

clinical trials, examples include Captopril, Dorzolamide, Saquinavir, Zanamivir, Oseltamivir, 

Aliskiren, Boceprevir, Nolatrexed, TMI-005, LY-517717, Rupintrivir and NVP-AUY922 as 

reviewed by Talele et al. (2010).  
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Typically, steps involved in the in silico drug design process (Prachayasittikul, 2015) are as 

follows; target identification, target validation, lead identification, lead optimization, 

predicting drug-like properties and preclinical pharmacology and toxicology (Figure 2). After 

a potential drug has passed through these steps, it is then taken through preclinical and clinical 

stages before it is approved.  

Target identification involves determining potential protein targets that are associated with the 

disease (in this case, the parasite proteins). These targets would be used to design drug 

compounds that would inhibit its activity and hence control the disease. One approach used in 

this step is by studying and analyzing the biological pathways involved in the disease and 

looking for possible points of intervention (Sakharkar et al., 2004).  

PharmaMapper is server that has been developed by Liu et al., (2010) to identify potential 

target candidates for small molecules (natural products, drugs, or new compounds that have 

unidentified binding targets) using pharmacophore mapping approach. Target validation 

involves confirming if intervention at the prospective targets will be effective in controlling the 

disease. This was achieved traditionally by the use of reliable animal models and expression 

techniques, but currently computational methods have been used to complement these 

processes (Ekins et al., 2007). Validation methods can be grouped into chemical validation 

methods (used to address druggability issues), genetic validation methods, gene knockouts and 

RNA interference (Wyatt et al., 2011). 
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Figure 2.1: Steps involved in Computer Aided Drug Discovery and Development (shown 

in blue). The possible ñcomputer aidedò steps in drug discovery and development are shown 

in blue while the rest of the steps are shown in green and orange. 

One good example of a group of drugs that have been developed by CADDD are angiotensin 

converting enzyme (ACE) inhibitors. This started with the discovery of orally inactive peptides 

in snake venom and the role that ACE inhibitors in regulating blood pressure which eventually 

lead to the development of Captopril (Acharya et al., 2003). Though it was discovered that 

Captopril had some adverse effects (similar to Penicillamine) and new derivatives needed to 

be designed with less toxicity. This led to a search for ACE inhibitors without a mercapto (SH) 

function (also found in penicillamine) but would have a weaker chelating function (Patchett et 

al., 1980). The work started with an N-carboxymethyl-dipeptide scaffold with a general 
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structure of (R-CHCOOH-A1-A2), where A are amino acid residues and R is a side chain. 

Proline was substituted at A2 since it was assumed from previous studies that substituting a 

cyclic amino acid at this position would result to higher potency, which proved to be true. 

Substituting hydrophobic and basic amino acid residues at the R and A1 groups was also shown 

to give a potent compound. Due to the enzymes specificity, it was also noted that imino acids 

in the position next to the carboxyl terminus will result into loss of potency. This changes to 

the scaffold molecule resulted in Enalaprilat and Lisinopril.  

2.4.    Softwares and resources used in Computer Aided Drug Discovery and Development 

There are several kinds of software and other computational resources that can be used in the 

discover and optimizing biologically active compounds. These have made computer aided drug 

design an indispensable tool in the pharmaceutical industry. These tools can be classified into 

chemical databases, structure-based drug design (involves docking), ligand-based drug design 

and chemoinformatics tools (Liao et al., 2011). 

2.4.1.    Structure-based virtual screening 

Structure-based virtual screening identifies active compounds for a particular protein target 

from a chemical library based on docking techniques. Molecular docking determines how a 

compound binds to an active site of a protein target and the approximate binding energy 

involved. Docking is important in investigating how a ligand would interact with a protein, 

hence is only used if the structure of the protein is known. The main tasks of docking programs 

are the prediction of the correct binding poses and the correct ranking of these poses so as to 

predict most likely one that a protein will take in particular conditions (Liao et al., 2011). 

Several docking programs have been described by Yuriev et al. (2015), these include DOCK, 

AutoDock, GalaxyDock, Robetta and AutoMap. 
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2.4.2.    Ligand-based virtual screening 

Ligand-based virtual screening has been used to discover active compounds for a particular 

target from a chemical library based on pharmacore modelling techniques. Traditionally, 

potential ligands have been identified using high-throughput screening assays. But currently, 

high-throughput screening has been complemented and in some cases substituted with CADDD 

techniques because they are generally more economical, faster and easier to set up than 

biochemical assays. Furthermore, in CADDD one can optimize ligands to give them higher 

binding affinity, more selectivity and better pharmacokinetic properties (before it is 

synthesised) which is not usually the case in high-throughput screens. Examples of common 

ligand-based virtual screening softwares include DISCOtech, PHASE and Catalyst (Liao et al., 

2011). 

 

Figure 2.2: Virtual screening in CADDD (Kar & Roy, 2013). 
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2.4.4.    Chemoinformatics tools 

Cheminformatics tools are important in the acquisition, analysis and management of data and 

information of molecules during drug development. This minimizes the challenges involved in 

interchanging information between different programs which usually resulted in minimal usage 

of these program themselves. This has been made possible by data pipelining environments 

(also called visual workflow) such as Pipeline Pilot and Konstanz Information Miner (KNIME) 

(Warr, 2012) 

2.4.5.    Homology modelling 

Many softwares and programs in CADD require the 3D structure of a possible protein target. 

Several databases exist that have the 3D conformation of proteins, the most common one is 

Protein Data Bank (Velankar et al., 2012). This structures are either experimentally determined 

by techniques such as NMR or X-ray crystallography or they could be modelled using 

softwares as shown in Figure 4. Homology modelling involves using a related protein whose 

3D structure is known to predict the 3D structure of the protein of interest using its amino acid 

sequence. Homology modelling typically involves four steps; retrieval of 3D structure of 

related protein(s), sequence alignment of the template and target proteins, building of the 

protein model and finally, validation of the predicted model (Liao et al., 2011). Several 

standalone softwares exist that either specializes in one of the four steps while some (mostly 

servers) such as SWISS-MODEL, MODELLER and COMPOSER can do all the four steps 

(Vyas et al., 2012).  
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Figure 2.3: Protein model of a drug target (POO813) generated by SWISS-MODEL 

(Arnold et al., 2006). The alpha helices are colored pink, beta sheets yellow, beta turns blue 

and random coils grey. 

2.4.6.    Bio-chemical databases  

Several databases exist that have become indispensable in CADDD. Some of these databases 

are purely for chemical structures of small molecules while some have more information such 

as their putative targets, mechanism of action, bioactivity, physicochemical properties etc. A 

review of these databases has been done by Liao et al. (2011). Few examples of high profile 

databases include; PubChem (stores original structure records and bioactivity screens of 

compounds (Kim et al., 2016); ChEMBL is database of bioactive drug-like small molecules 

with some linked with their biological targets (Gaulton et al., 2012); DrugBank provides a 

detailed information about drugs including information on their mechanism of action (Knox et 

al., 2011); STITCH is an integrated database of interaction connecting chemical compounds to 

their confirmed (or possible) protein targets from several organisms (Kuhn et al., 2012); 

Therapeutic Target Database (TTD) was developed to provide comprehensive information 

about targets and their corresponding approved, clinical trial and investigative drugs (Zhu et 

al., 2012). 
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2.4.7.    ConSurf server 

ConSurf server (Glaser et al., 2003) is used to determine functionally important amino acid 

residues in a protein of known 3D structure. Functional regions of a protein are important in 

the biological role and structure of a protein hence are highly conserved by evolution. These 

functional residues are determined by estimating the degree of conservation of amino acids 

across 150 close sequence homologues obtained from UNIPROT database (Bateman et al., 

2015). Evolutionary conservation of amino acid positions are estimated based on phylogenetic 

relationship between homologous sequences which is determined by Neighbor Joining (Saitou 

& Nei, 1987) with Maximum Likelihood (Stamatakis, 2006) distance. Conservation scores is 

calculated using Bayesian method (Smith, 2001). Determination of functional residues is 

important in predicting other possible targets of a compound that are similar to the compounds 

putative target, this is the principle of this study. 

2.4.8.    NCBI GenBank database 

Other databases that are important in CADD include the NCBI GenBank database (Benson et 

al., 2015; Clark et al., 2016) which has both nucleotide and protein (translated) sequences. 

NCBI Reference Sequence (RefSeq) database (Pruitt et al., 2007) is a secondary database at 

NCBI websites that has been curated to avoid duplication of protein sequences and has the best 

sequence (reference sequence) available for each protein.  

2.4.9.    Druggability index  

Druggability index (D index) describes how likely a protein is druggable i.e. the ability of a 

protein to bind to a small molecule with high affinity and modulate its function (Owens, 2007). 

Druggability index ranges from 0 to 1.0, with higher druggability indices reflecting higher odds 

of a protein being druggable. These scores reflect a number of factors such as how similar the 
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protein is to a library of targets at ChEMBL database (Gaulton et al., 2012), if the protein has 

physiochemical features of known drug targets and empirically determined interactions with 

drug like compounds. This step was important in determining which of the predicted target P. 

falciparum proteins are likely to be viable targets for the corresponding drug. TDR Targets 

Database v5 (Magariños et al., 2012; T D R Targets, 2015) was used to determine druggability 

indices in this study. 

2.5.    In vitro  drug susceptibility assays 

In vitro drug-sensitivity assays are quite useful in antimalarial drug discovery because of their 

ability to measure the intrinsic sensitivity of malaria parasites to drugs. This allows for 

exclusion of host related factors such as host immunity or even drug failure due to absorption, 

distribution, metabolism and elimination (ADME) profile of the drug (Noedl et al., 2003).  

Most of the approaches for in vitro drug-sensitivity assays are based on malaria parasites 

cultures. Techniques for culturing malaria parasites were developed in the 1970s, which can 

either be for short periods (Haynes et al., 1976) or continuous (Trager & Jensen, 1976). Drug 

susceptibility assays are meant to determine the ability of the predicted drugs to kill or inhibit 

growth of malaria parasites. This is achieved by inhibiting the parasiteôs essential life functions 

through varied mechanisms. There are several drug susceptibility assays that are used to test 

for the antiplasmodial activity of a compound. These methods are mostly in vitro or in vivo 

(Nogueira & do Rosário, 2010) and some are ex vivo (Traore et al., 2015).  

2.5.1.    Measurement of antiplasmodial activity 

Drug sensitivity assays in antimalarial studies describe the effect of test compounds on the 

growth profile of the Plasmodium parasite. Common methods used in measuring parasitaemia 

in drug sensitivity assays include; microscopic measurement of parasitaemia after GIEMSA 
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staining, isotopic assays using radiolabeled hypoxanthine, Histidine-rich protein II (HRPII) 

assay, parasitic lactate dehydrogenase assay (pLDH) and use of PCR-based techniques and 

nucleic acid stains to quantify parasitic DNA.  

Histidine-rich protein II (HRPII) assay is based on histidine-rich protein II (HRP II) that is rich 

in histidine and alanine. The production of this protein has been associated with proliferation 

and development of the P. falciparum and hence Noedl et al., (2002) used it in drug 

susceptibility tests to measure parasite growth. This test was based on enzyme-linked 

immunosorbent assay (ELISA). This enzyme has been used in rapid diagnostic tests for 

malaria, but because it is only produced in P. falciparum, it gives negative results with P. vivax, 

P. malariae and P. ovale (Iqbal et al., 2000). 

Parasitic lactate dehydrogenase (pLDH) assay is an antigen based assay specific to the 

parasiteôs LDH. Parasiteôs LDH is structurally and functionally different from its human 

isozymes (Shoemark, 2007). LDH is one of the most abundantly expressed enzymes by P. 

falciparum (Vander Jagt et al., 1981). Makler et al. (1993) described the use of pLDH assay in 

drug sensitivity assays using P. falciparum in 1993. The study also analyzed the effectiveness 

of pLDH assay compared to 3H-hypoxanthine incorporation and Giemsa microscopy in 

accessing inhibition of P. falciparum by antimalarial drugs, and the results were been found to 

be similar. This study also found the test to be reproducible, rapid, inexpensive and easy to 

interpret. The pLDH assay has been used in assessing antiplasmodial activity of ferroquine by 

Barends et al., (2007). DôAlessandro et al., (2013) developed colorimetric screening method 

for anti-gametocyte compounds based on the pLDH assay. Orjuela-Sánchez et al., (2012) also 

used pLDH assay in analysis of drug sensitivity of Plasmodium bergei in rodents. A study by 

Maltha et al., (2014) showed pLDH assay to have similar sensitivity but higher specificity as 
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compared to HRPII assay. pLDH assay has also been used to determine drug inhibition profiles 

for P. falciparum (Makler et al., 1993).  

PCR based methods have been developed to quantify Plasmodium parasiteôs DNA (Kamau et 

al., 2011; Lee et al., 2002), some of which are species specific (Rougemont et al., 2004). 

Corbett et al., (2004) described PCR-based methods to measure growth inhibition profiles of 

Plasmodium parasite in drug sensitivity assays. This has also been used in quantification of 

Plasmodium parasite for routine clinical diagnosis (Perandin et al., 2004).  

Nucleic acid stains have also been used in quantification of Plasmodium parasite, especially in 

high throughput studies. This work in principle by quantifying the parasiteôs DNA. SYBR 

Green I has been shown to be ideal for high throughput studies by giving identical and similar 

results with radioisotopic assays (Bennett et al., 2004; Smilkstein et al., 2004). For purpose of 

this study, SYBR Green I-based assay was used based on an described protocol by Johnson et 

al., (2007). A study evaluating the performance of 22 other DNA dyes in quantification of 

DNA in real-time PCR has been done (Eischeid, 2011), this study showed EvaGreen and the 

SYTO dyes 80, 16, 13 and 82 performed better than SYBR Green in general. 

2.5.2.    P. falciparum reference strains 

There exist different of P. falciparum reference strains with different characteristics. These 

have been used to achieve different objectives in in vitro cultures. The most characterized P. 

falciparum strain (and most commonly used) is the chloroquine sensitive 3D7 strain. 3D7 was 

derived from NF54 isolate that was initially obtained from a patient living near Amsterdam 

Netherlands (Walliker et al., 1987). Indochina III/CDC strain (one of the first strains to be 

isolated) was obtained from a Lao refugee in Aug 1980 (Campbell et al., 1982). Both 

chloroquine resistant strain W2 and the mefloquine resistant W2-mef were derived from the 
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Indochina III/CDC strain (Oduola et al., 1988). Multidrug resistant strain DD2 was obtained 

from W2-mef (Guinet et al., 1996). Artemisinin resistant F32 ART (obtained by in vitro 

exposure to artemisinin for 3 years) and its sister strain (artemisinin sensitive F32 TEM) are 

isolates from Tanzania (Witkowski et al., 2010). For purposes of these study, 3D7 will be used 

for in vitro cultures. F32 TEM and field isolates were also used because of their availability in 

the laboratory where this work was done.  
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CHAPTER 3:    MATERIALS AND METHODS  

This study involved in silico chemogenomics in prediction of drugs with antiplasmodial 

activity and validation using in vitro assays. A summary of the steps involved is shown in 

Figure 3.1. The in silico procedures were carried out at Pan African University, Juja while the 

in vitro techniques were done at KEMRI-Walter Reed Project, Malaria Drug Resistance (MDR) 

laboratories in Kisumu which has an established antimalarial drug resistance surveillance 

study. In MDR, resistance to a panel of antimalarial drugs are tested both in vitro and immediate 

ex vivo. In addition, this study tests were carried out under a well-established standard operating 

procedures that are ethically approved by KEMRI (KEMRI/RES/7/3/1, Appendix 2) and 

Walter Reed Army Institute of Research (WRIAR) (MCMR-UWZ, Appendix 3). 

 

Figure 3.1: Workflow involved in prediction and validation of approved drugs that have 

activity against P. falciparum 

6. Drugs susceptibility assays

Validation of antimalarial activity 

5. PubMed and Google Scholar search
Search for all the drugs in lead drug list that have been previously tested for antimalarial 

activity

4.ConSurf server 

Funtional residues were determined in drug targetsand compared to corresponding P. 
falciparum proteins

3. TDR Targets Database

Determination of druggabillity indices for successful P. falciparum targets

2. STITCH, DrugBank and Therapeutic Target Database search

Sequence similarity search between the P. falciparum proteins and putative protein targets of 
approved drugs

1. P. falciparum proteome compilation

Compilation of all the proteins expressed in P. falciparumavailable at NCBI RefSeq
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3.1.    Chemogenomics screening (in silico) 

The methodology used in this study is modified from two previous studies; one used to search 

for approved drugs with activity against P. falciparum apicoplast (Bispo et al., 2013) and 

another that was used to search for approved drugs with schistosomicidal activity (Neves et al., 

2015).  

3.1.1.    Compilation of P. falciparum proteome 

A list of all available P. falciparum proteins expressed in all life stages of was obtained from 

NCBI Reference Sequence (RefSeq) database, release 75. The search at NCBI webpage was 

made by keying in the words ñPlasmodium falciparumò in the search box and selecting 

ñProteinò database in the dropdown menu before clicking the search button. To filter the 

results, ñPlasmodium falciparumò was selected in the organisms section and RefSeq as the 

source database. These sequences were sorted by their submission dates, starting with the 

newest. Then all the protein sequences were downloaded in Multi-FASTA format.  

For easy manipulation of the large number of sequences, the downloaded sequences were 

converted into a CSV spreadsheet using R statistical programming software (Team, 2004). The 

spreadsheet had the description line of the FASTA sequence entries in the first column and the 

protein sequences in the second. More columns were added to accommodate additional 

information concerning the proteins as the study progressed.  

3.1.2.    Identification  of putative drug targets using STITCH, DrugBank, and the 

Therapeutic Target Database (TTD) databases 

Using the Plasmodium protein sequences as queries, a search was done for similar putative 

drug targets on publicly available databases namely; STITCH 4.0 (http://stitch.embl.de/), 

DrugBank (https://www.drugbank.ca/biodb/search/bonds/sequence) , and Therapeutic Target 

http://stitch.embl.de/
https://www.drugbank.ca/biodb/search/bonds/sequence
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Database, TTD (http://bidd.nus.edu.sg/group/ttd/TTD_Blast.asp). At the time of writing this 

thesis, STITCH was updated from version 4.0 to 5.0. Each of the protein sequences was used 

to search for sequence similarity against known drug target sequences. For TTD and DrugBank, 

homologous proteins with output expectation values (E-values) lower than 1e-20 were 

considered for further analysis. Here, the E value describes the number of times one can expect 

to see a match by chance, thus the lower the E value, the better. For the STITCH database, a 

confidence score above 0.7 was considered. Predicted protein targets were keyed into a 

spreadsheet alongside their corresponding homologous P. falciparum proteins. In another 

column, all the approved drugs that interact with these targets were also included for further 

analysis. 

http://bidd.nus.edu.sg/group/ttd/TTD_Blast.asp
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Figure 3.2: Therapeutic Targets Database (TTD) target similarity search submission and results 

webpages. A protein sequence is pasted in FASTA format and searched (A). The output results 

comprised of a list of proteins targets similar to the query protein sorted according to their E values in 

descending order (B). 
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Figure 3.3: Therapeutic Targets Database (TTD) protein target details webpage. Output results 

consisted of a list of proteins similar to the query sequence with their E values (A). When a protein 

of interest (those with E values lower than 1e-20) was selected, it directed to another webpage 

showing more details about the protein, this included drugs it is a targets to (B).  
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Figure 3.4: DrugBank database target sequence search submission webpage. A protein sequence 

was pasted in FASTA format, Expectation value set at 10e-20, filters set for approved drugs only and 

the rest of the parameters were left in their default values before searching.  

 






































































































































































































