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ABSTRACT

Recent reports on artemisinin resistance in Southeast Asia warrant disgenvery of novel
drugs for treatment of malaria. Search for new chemical entities often fail at safety artgl toxic
stages of drug developmeiirug repositioning offers an alternative strategy where drugs are
used to treat diseasesconditions othetian the ones they have been approvedriois study
screened approved drugs fantiplasmodialactivity using anin silico chemogenomics
approach prior tm vitro validation All the P. falciparumproteinsequences available at NCBI
RefSeq were used to perform a similarity search between these proteins and putative target
proteins of approved drugs threedatabasesTherapeutic Target Database, DrugBank and
STITCH. Functional residues of the drug targetse determined using ConSurf server which
were used to fine tune the similarity seahuggability indices of the potential drug targets
were obtained from TDR targets databasditerature searchwvas done to determine drugs
previowsly been tested agest malariaFinally, drug susceptibility assays was done to validate
the antimalarial activity oome ofthe predicteddrugs. This study predicted 133 approved
drugsthat could target 2&. falciparumproteins. Published literatuseearchshowed 99 of
these drug$o have been tested agst malaria, most of which hahtiplasmodiahctivity. In

vitro results showedO out of the 12irugs testethadantiplasmodiabctivity with 1Cso values
below 100 uM on P. falciparum 3D7, these areCladribine, Levofbxacin, Dasatinib,
Clofarabine, Tacrolimus, Irinotecan, Zidovudine, Moxifloxacin, Oxaliplatin and Tadafil.
Diadzin andzafirlukast did not show any activigt concentration below 50,000 ng/mhese
results show that target similarityrcae successfullysed to identify approved drugs with
antiplasmodiakctivity, validating it as a viable method for repositioning drugs for antimalarial
use.The drugghat showed activitganfurtherbe analyzedor in vivo activity on rodentand

also actas templates for synthesnf novel antimalarial drugs.

Xiii



CHAPTER 1. INTRODUCTION

1.1. Background Information

1.1.1. Malaria

Malaria is an infectious disease with high mortyidind mortality. Approximatel$.3 billion
people are at risk of getting malaneth 1.2 billion of this havinga higher risk of one malaria
case per 1000 populatigBurchard, 2014)In 2015 alone, there was 214 million new cases of
malaria worldwide with about 438,000 deaths repo(Wdrld Heath Organization, 2015)
The disease prevalence is higher among children and pregnant \(kandsijk et al, 2015)

Out of the total reported malaria cases and death% 80them occur in Africa followed by
the SoutkEast Asia(Burchard, 2014) This disease burden is further aggravated by rapid
dewelopment of resistande the currently used drug&lready, resistance &rtemisininbased
combination therapyACT), the recommendedr§it-line treatment founcomplicated malaria
(White, 2004; World HealthOrganization, 2006)has been reported in Southeast Asia

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

1.1.2. Plasmodiumgenus

Malaria is caused by parasites of the géPlasmodiumThaose that infect humanareP. ovale,
P. falciparum P. vivax P. knowlesiand P. malariae (Mueller et al, 2007) Of these P.
falciparum is responsible formost deaths, followed bf. vivax (Sarkaret al, 2009) P.
knowlesis commoramongprimatesbut has also been shown to infect hum@ullins, 2012)
making it theonly species that infects higher apes that is of piigaith importance?. vivax
is mae prevalenin Latin America and Southea&sia (Kocharet al, 2005) thoughLiu et al
(2014)showed ito have originated from Africd. vivaxandP. ovaleare the only species that

have been shown to have relapses in theaycles(William et al, 2005; Imwonget al,, 2007)

1



1.1.3. Life cycle of Malaria parasite

Malaria parasites have a life cycle that involve two hosts; a vertebrate and an invertebrate
(Figure 11) as described bghdgenahaufLawlor, (2000) Typically for human infections,
femaleAnophelesnosquito are the definitive host while humans are the secondary host. An
infected femal@nophelesnosquito 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 836 new merozoites depending on infecting species. The infected red blood cells
then burst releasing the merozoites into the blood stream. The merazieitésiher 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 fenfedephelesnosquito. 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 injedts saliva with sporozoites into the human skin

(Shalgenahadfawlor, 2000)
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Figure 1.1: Life cycle of P. falciparum (www.cdc.goy

1.1.4. Signs and symptoms of malaria

Malaria signsaand symptoms fall within a window period about 8 25 days from the time of
infection. Thesecommonlyincludefevers, convulsionsheadacheshivering joint pain and
vomiting. Also jaundice heamoglobin heamolytic areemiain the urine andetinal damagean
occur(Beareet al, 2006) Paroxysm (cycles afhills, fever andsweating)can occur every two
days inP. vivaxandP. ovaleinfections,while for P. malariaeit occurs everyhree In humans,

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


http://www.cdc.gov/

1.1.5. Malaria diagnosis

Diagnosis of malaria is a challenigecausenalaria presents itsekfith non-specific symptoms

The suspicion that a patient has malaria is usually when the person has a feplatdi@is in

the blood, enlarged liver, high levels of bilirubin and/or has traveled in a malaria endemic
region(Nadjm & Behrens, 2012The gold standard of malaria diagnosibygpreparatiorand
examinationof blood films by microscopy(Kattenberget al, 2011) Diagnosis can also be
doneby use of rapid diagnostic tests that are antayemolecular basedome ofwhich have
higher sensitivity and specificity in diagnosis and species differenti@tiadjm & Behrens,

2012)

1.1.6. Malaria control and prevention

There are many methods that have been usemteieent malaa infections, this includes
prophylaxis(Castelliet al, 2010) vector elimination and repulsianterventions(malERA
Consultative Group on Vector Control, 201Researclalsoon going to deviep vaccines,

thoughthereare currently no effective vaccines against maldviaeller et al, 2015)

1.1.7. Malaria chemotherapy

The currentreatment used fd?. falciparumarearteminisins whictare combined with other
antimalarial drugsto reduce the occurrence oésistancea practicecalled Artemisinin
Combination Therapy (ACT) (White, 2004) Arteminisins are combinedwith either
lumefantrine, amodiaquine, mefloquine or pyrimethanfi@ekwaro, 2009) For treatment of
pregnant women, it is recommend#tht quinine withclindamycin be used in the first
trimester followed byACT in the second and third trimest¢kdanyandoet al, 2012) On the
other had, P. vivaxinfections ardreated with bloroquine or ACT to clear the blood stages

andwhile primaquine is usedto clearits liver forms(Waters & Edstein, @12).
4



1.2. Statement of the problem

Malaria is adiseaséurden to humans for many centurf@syet al, 2003) Malaria caused an
estimated 42900 deaths in 201&ith 90 % of these deaths found in Africa, followed by the
SouthEast Asia Region (7%) and the Eastern Mediterranean Region ({%6)d Health
Organisation, 2016)The wse of antimalarial drgs in treatment and preventiaone ofthe
mosteffective waysto controlmalaria.However, reporténdicate resistancleas developetb

all antimalarial drugslassesjncluding arteminisins(Sinhaet al, 2014) This is a major
drawback threatening to reverse the gains made in the fight against mfedaxisesulof this,
malariahas recently been reinstated as a global health pr{dléywman, 2012)Use of vector
control methods has also suffered a major setback since mosquitos have developed resistance
to pyrethroidsVaccination on the other hand is not feasible since no effective vaccine has been
devdoped to dateDevelopmentof new drugshas beengreatly impeded because many
discovereddrugs fail to meet the ideal standafdr an antimalarial drug which arease of

synthesis, toxicity, cost, and potern(&anneryet al, 2013)

1.3. Justification

Parasites are increasingly becoming resistant to cuargntalarial drugsThere isan urgent
need to develop new drugs that are effective against mdlarfartunately, developmeruf
new drugs to the point of their introduction into the neaikexpensive and time consuming,
costing about $100800 million and taking a duration @R -15 years on averad®organ et
al., 2011) This is promising to improve with these ofin silico approaches to complement
conventional methods developng novel drugs againshalaria(Kapetanovic, 2008)Drug
repositioning isincreasingy becoming appealing because of redugesk, cost and time
involved in the drug discovery proceskhis is becausapproved drugfave already been

tested and approved for other diseAswglitions



1.4. Research questions

1) What arethe P. falciparumproteinsthat canbe used adrugtarget®

2) Whatapproved drugargets are similar tB. falciparumprotein®

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

antiplasmodial activitysingin silico methods?

1.5. Objectives

1.5.1. General objective

To identify approved drugs that hawmknown antimalarial activity againsPlasmodium

falciparumusingin silico andin vitro methods

1.5.2. Specific objectives

1) To identify proteindargetsexpressed if. falciparumusing bioinformatics approaeh

2) To predictapproved drugthat have activitypgainstP. falciparumtarget proteis usingin

silico approacks

3) To validate antiplasmodialactivity of predicteddrugs usingin vitro drug susceptibility

assays

1.6. Hypothesis(null hypothesis)

There are no approved drugs withdiscovere@ntiplasmodial activity.

1.7. Scopeof the study

This studyfocusedon searching approved drugs that handiscovere@dntiplasmodiahctivity

againstP. falciparum



CHAPTER 2: LITERATURE REVIEW

All malariacontrol andmanagement strategies have suffaradoussetbacksFor instance,
vaccine development is very slotv,h e r e h arsefie6tive vaceirehapprovdtiorn &
Duraisingh, 2014)resistancdo all classes oantimalarialshas been reportg@Vhite, 2004)

and mosquitos have also developed resistance &hpgids in some regionéStrodeet al.,
2014) In terms of malaria research funding in 200KO report(World Health Organisation,
2016)showed research @amtimalarial medicines had 35 %, followed by vaccines which heard

28 % and basic research had %7

A lot of research in finding alternative antimalarial drugs is currenttga@ng using various
strategiegFlanneryet al, 2013) The ultimategoalis to develop an ideal drug that would be
active against all stages thie life cycle of the parasite apdtent enough to work in a single
doseto ensurepatient compliancéBurrowset al, 2013) The drug should also be cheap to
manufacture sincenost antimalarial treatments are paid for subsidizedby charitable

organizationgand governmest

2.1. Strategies of developing nevantimalarial drugs

Variousapproachedave been used to develop namtimalarial drugsThe two major ones
are;modification of a currently available dragdby highthroughput screerfsr novel drugs
parasite(Flanneryet al, 2013) The former isusuallydone to try to counteract the effect of
resistance to the scaffold drug to increase potencgf the drug On the other handigh
throughput screens involsereening a large library of compounds that are active against the

parasite of a pécular target in the parasitElanneryet al, 2013)

One highthroughputmethodis a whole celtbased approac{Macarronet al, 2011)where

compounds witlantiplasmodiahctivity areidentified by incubatng thePlasmodiunparasite



in amedium contaiimg the test compounds. If ti@entified compound has the ability tall

or inhibit growth the parasitet is furtherevaluated fouse as an antimalarial druthemajor
challenge with this approach tisat it isexpensiveto screen a large number cbmpounds.
Nevertheless,ecent technological advancement haale itmore cost effectiveenabling the
discovery of novel antlasmodialcompounds via higlthroughput screening of millions of

compoundgSharmeet al, 2012)

Another high throughput method that has been used setimefor new antiplasmodial drugs
is targetbasedWerbovetz, 190). A targetproteinis a protein that is crucial in the survival of
theparasitesTherefore, a search is done émmpoundthat could inhibit he t ar ge't
functionhencekill the parasiteThese protein targets asmlated from thg@arasite and used in
biochemical assays to screen for compounds that could have activity aigdiesertheless
extracting the proteirrém a parasite is quite costhgncenot economical for higihrougtput
screens.This explainswhy recombinah techndogy has been used to produtteesetarget

proteins for highthroughputscreengGurardLevin et al, 2011) After biochemical assay

involving agroup of compoundsas been carried quhose that can inhibit the protdinar get 0 s

function are selecteir further study and possible developmditamples of drugs that have
been discovered in thisiannerinclude pyrimethaminewhose mechanism of actios by
inhibiting the enzymelihydrofolate reductag®HFR) hencenterferingwith the regeneration

of tetrahydrofolic acid from dihydrofolatéschweitzeret al, 1990) If the threedimension

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

alsobe designednd used in screening usimgsilico meangVerma & Prabhakar, 2015)

Another method is used drug discoverysbased omedicinal chemistry. This method makes
use of the knowledge of chemical structures of antimalarial dnagsre alreadin existence

to develop new drugs. The existing drugs can be modified to optimizéibeapeutic activity
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or mitigate their side effect&\n example oflrugs thahave been developeding this approach

are the synthetic ozonideshich arebased on arteminisir{Sanget al, 2004)

Similarly, drugshave beemerived from traditionally used herbal medicinésanneryet al.,

2013) examplesnclude quinine that is derived from t@nchonatreesand arteminisins that
is derived from the Chinese heflotemisia annugCechinelFilho, 2012) It is interesting to
note that these tware amonghe most effective drugs availablnd someother drugs are

developed from thir scaffold(Tanget 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 $1800 million over a period of 125 years on average
(Morganet al, 2011) In appreciating these challengesmerecent drug discovery studies
havefocused on drug repositioningvhich basicallyentails developing new indications for
existing drugs other than those they were approve(@éihon, 2013)Thishas the advantage

of maximizing the value ofalreadyexisting therapeutic drugand saving on the cost of

developing new ones

Examples of dugs that have been successfully repositioned for other diseases include
duloxetine which wasnitially developed for depressidout is now used for stresgrinary
incontinence; dopoxetine which was used as followto fluoxetine is now used tieat
premature ejaculation; thalamide, used asedative for morning sickness used to treat
leprosy and multiple myelom@shburn & Thor, 2004)An example of alrug that has been
shown to be activagainstP. falciparumis astemizole which wamitially approved as an

antihistamingChong,et al, 2006)



Repositioning also includes combination of two or more drugs formerly used sistiigtegy

based on synergistic or additive properties of the individual /gt al, 2013) Numerous
studies have been done to determine antimalarial activity chnomalarial druggEkins &
Williams, 2011; Engeét al, 2015; Lothariugt al, 2014; Matthews, 2013; Sekhor®13; 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 disedmaee preliminary stages of drug development are

circumventedr even shortened

Through target similarity approach, this study sort to predict approved drugs that have
undiscovered activity againg®. falciparum and hence reposition them for antimalarial
treatment. The studg based on thprinciplethat a drug wuld have similar effect on a protein

that is similar to itputativetarget. Each oP. falciparumprotein sequences in NCBI RefSeq
database was used to check for similarity with confirmed drug targets. Functional regions of
the drugs targets were detenad and used téurtherfine tune the similarity search. This study

did identify approved drugs that hadhtiplasmodialactivity and hencecould bring new

antimalarial drugs into the market faséeidmore cost effectively.

2.3. Computer Aided Drug Design andDevelopment

Traditional approaches in drug design have proven to be expensive and time consuming with
little successful outconseThis is why manyn silicotechniques have been employedumnrent

sters of the drug discovery procesqg&sgure 2) making itless costlyfaster and with less risk
(Boruahet al, 2013) Computer Aided Drudpiscovery and Developme(CADDD) has led

to the discoveryand developmenidf severaldrugs that are appred for clinical use or are in
clinical trials, examples include Captopril, Dorzolamide, Saquinavir, Zanamivir, Oseltamivir,
Aliskiren, Boceprevir, Nolatrexed, TMIO5, LY-517717, Rupintrivir and NVIAUY922 as

reviewed byTaleleet al (2010)
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Typically, geps involvedn thein silico drug design proceg®rachayasittikul, 20153re as
follows; target identification, target validation, lead identification, lead optimization,
predicting druglike properties and preclinical pharmacology and toxicology (Figuraf@®r

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

stages before it is approved.

Target identification invivesdeterminingpotential protein targethatareassociated with the
disease (inthis case the parasiteproteing. These targets would be used to desilyng
compoundghat would inhibit its activity and hence control the dise@see approach used in
this step is by studying and analyzitige biological pathwaysvolved n the diseasand

looking for possible points of interventi¢8akharkaet al, 2004)

PharmaMapper is servénat has been developed bi et al, (2010)to identify potential
target candidates for small molecules (natural products, drugs, ocamepoundghat have
unidentified binding targets) using pharmacophore mapping apprdachet validation
involves confirming ifinterventionat theprospective targetsill be effective in controlling the
disease. Thisvasachievedraditionaly by the use of reliable animal modehndexpression
techniques, buturrently computationalmethods have been used © complement these
processegEkins et al, 2007) Validation methodscanbe grouped intewhemical validation
methodqused to adress druggability issues), genetic validation methgeise knockowwand

RNA interferencgWyattet al, 2011)
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Figure 2.1: Steps involved inComputer Aided Drug Discoveryand Development(shown
in blue). Thepossi bl e A c stappindrug discavérndaadidevelopment are shown
in blue while therest of the stepareshownin greenand orange.

One good example of a group of drugs that have been developed by CADDD are angiotensin
converting enzyme (ACEhhibitors. This started with the discoveryooélly inactivepeptides

in snake venom and the role that ACE inhibitors in regulating blood pressureevkitiually

lead to the development of Captofiicharyaet al, 2003) Though it was discovered that
Captoprilhad some adverse effe¢@milar to Penicillamineand newderivativesneeded to

be designed with legexicity. This led to asearchifor ACE inhibitors withouta mercapto (SH)
function(also found in penicillamine) butould have a weaker chelating functigratchetet

al., 1980) The work started withan N-carboxymethydipeptide scaffold with a general
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structure of (RCHCOOHA1-A>), where A are amino acid residuasd R is a side chain
Proline was substituted atAince it was assumed from previcgtsdies thasubstituting a
cyclic amino acid at this position would result to higher potency, wproled to berue.
Substituting hydrophobic and basic amino acid residues at the R and Al groupsovgasan
to give a potent compound. Due to the enzymes spéegifitivas also noted that imino acids
in the position next to the carboxg@riminus wil result into loss of potency. This changes

the scaffold molecule resulted in Enalaprilat and Lisinopril.

2.4. Softwaresand resources used Computer Aided Drug Discovery and Development
There are several kinds of software and other computatiesalirces thatan be useth the
discoverand optimizing biologically active compounds. These havesrsathputer aided drug
design anndispensabl@ool in the pharmaceutical industry. These tools can be classified into
chemical databases, structir@sed drug desiginvolves docking)ligandbased drug design

and cheminformaticstools(Liao et al, 2011)

2.4.1. Structure-based virtual screening

Structurebased virtual screening identifies active compounds for a particular protein target
from a chemical library based on docking technigislecular dockingdetermineshow a
compound binds to an active site of a protein target and the approximate binding energy
involved. Docking ismportantin investigating how a ligand would interact with a protein,
hences onlyused if the structure of theotein isknown The mairtasksof docking programs
arethe prediction of the correct bindiqgses and the correct ranking of thegesesso as to
predict most likely one that a prein will take in particularconditions(Liao et al, 2011)
Several docking progranieve beemlescribed byruriev et al. (2015) these includ®OCK,

AutoDock,GalaxyDock Robettaand AutoMap.
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2.4.2. Ligand-based virtual screening

Ligand-based virtual screening has been used to discover active comgouadgarticular
targetfrom a chemicallibrary based onpharmacore modelling techniqueBtaditionally,
potential ligands have been identified using Higloughputscreening assay8ut currently,
high-throughput screening has been complemented and in some cases substituted with CADD
techniques because thare generally more economical, faster and easier to gethan
biochemicalassays. Furthermore, in CADDone can optimize lignds to give them higher
binding affinity, more selectivity and better pharmacokinetic properti@sefore it is
synthesisedyvhich is not usuallyhe case in highthroughput screensExamples ocommon
ligand-basedsirtual screening softwares include DISte€h, PHASE and Catalyst (Liabal.,

2011)

Chemical library

Synthesis/purchase

of molecules

v

Experimental validation

Y

GIT compounds)

Figure 2.2: Virtual screeningin CADDD (Kar & Roy, 2013).
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2.4.4. Chemoinformaticstools

Cheminformaticgools are important in the acquisition, analysis and management of data and
information of molecules during drug development. Thisimizesthe challenges involved in
interchanging information between different programs which usually resulted in minimal usage
of these program themselves. This has been made possible hypgditaing environments
(also called visual workflow) such as PipelfPigot andKonstanz Information Miner (KNIME)

(Warr, 2012)

2.4.5. Homology modelling

Many softwares and prograrms CADD requirethe 3D structure ot possiblgroteintarget.
Severaldatabases exist that have the 3D conformatioproteins the most common one is
ProteinData BankVVelankaret al, 2012) This structureare eitheexperimentallydeternined
by techniqgues such as NMR or-rdy crystallography orhey could be modelled using
softwaresas shown in Figure.4Homology modelling involves using a related protein whose
3D structuras known to predict th8D structureof the proteinof interestusing its amino acid
sequence Homology modelling typically involves four steps;retrieval of 3D structure of
related protein(s)sequence alignment dfie template and targetqgteins, buildingof the
protein model and finally, validation of the predictednodel (Liao et al, 2011). Several
standalonesoftwares exist that either specializeire of the fousteps while some (mostly
servers) such as SWISBODEL, MODELLER and COMPOSERan do allthe four steps

(Vyasetal., 2012)
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Figure 2.3: Protein model of a drug target (POO813) generated by SWISSIODEL
(Arnold et al, 2006) The alpha helices areoloredpink, beta sheets yellow, betaris blue
and random coils grey.

2.4.6. Bio-chemical databases

Several databasexist that have become indispensable in CADBome of these databases
are purely for chemical struatsof small moleculesvhile some have moieformationsuch
astheir putative targets, mechanism of actibmactivity, physicochemical properties etc. A
review of these databases has been done bydtiab(2011) Few examples of high profile
databasesnclude; PubChem (stores original structure records and bioactivity scoéens
compoundgKim et al, 2016) ChEMBL is database of bioactive dridigge small molecules
with some linled with their biological targst(Gaultonet al, 2012) DrugBankprovides a
detailed information abowlrugsincluding information on theimechanism of actio(Knox et

al., 2011) STITCH is anintegrateddatabase of interaction connecting chemical compotands
their confirmed (or possible)protein targets from severakrganisms(Kuhn et al, 2012)
Therapeut Target Dtabase(TTD) was developed to provide comprehensive information
about targets and their corresponding approved, clinical trial and investigative(dinuigest

al., 2012)
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2.4.7. ConSurf server

ConSurf serve(Glaseret al, 2003)is used to determine functionally important aminalac
residues in a protein of known 3D wtture.Functional regions of a protein are important in

the biological role and structure of a protein hence are highly conserved by evolution. These
functionalresidues are determindy estimating the degree of conservation of amino acids
across 150 close sequence homologues obtained from UNIPROT dgateseanet al,

2015) Evolutionary conservation of amino acid positiansestimated based on phylogenetic
relationship between homologossquences which is determined by Neighbor Joi(agtou

& Nei, 1987)with Maximum Likelihood(Stamaakis, 2006 )distance Conservation scords
calculated using Bayesian meth@@mith, 2001) Determination offunctional residues is
important in predicting other possible targets of a compound that are similactoripeunds

putative target, this is the principle of this study.

2.4.8. NCBI GenBank database

Other databasghat aremportantin CADD include the NCBIGenBankdatabaséBensonet

al., 2015; Clarket al, 2016)which hasboth nucleotide and protein (translated) sequences.
NCBI Reference Sequence (RefSeq) datalp@adtt et al, 2007)is a secondary database at
NCBI websiteghat has been curatesldvoid duplication of protein sequences hasthe best

sequencéreference sequencayailable 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 biml to asmall molecule with high affinity and modulate its funct{@wens, 2007)
Druggability index ranges from 0 to 1.0, with higher druggability indices reflecting higher odds

of a protein being druggable. These ssoreflect a number of factors such as how similar the
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protein is to a library of targetea ChEMBL databas@>aultonet 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?arget
falciparumproteins are likely tde viable targetdor the correspondingirug TDR Targets
Database vfMagarifioset al, 2012; T D R Targets, 201%)as used to determine druggability

indices in this study.

2.5. Invitro drug susceptibility assays

In vitro drug-sensitivity assays are quiseful inantimalarialdrugdiscovery becauseaf 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) profiletbke drug(Noedlet al, 2003)

Most of the approaches fam vitro drugsensitivity assag/are based on malaria parasites

cultures Techniquedor culturing malaria parasites were developed in the 1970s, which can
either be for short periodélayneset al, 1976)or continuougTrager & Jasen, 1976)Drug
susceptibility assays are meant to determine the ability of the predicted drugs to kill or inhibit
growth of malaria parasites. This is achieve
through varied mechanisms. There are several sluggeptibility assays that are used to test

for the antiplasmodial activity of a compound. These metlaoelsmostlyin vitro or in vivo

(Nogueira & do Rosario, 201@nd somereex vivo(Traoreet al, 2015)

2.5.1. Measurement ofantiplasmodial activity

Drug sensitivity assays in antimalarial studdescribethe effect oftest compounsion the
growth profile of thePlasmodiunparasite Commonmethodsused inmeasuringparasitaemia

in drug sensitivity assays includaicroscopic measurement parasitaemiafter GIEMSA
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staining, isotopic assays using radiolabeled hypoxanthine, Histidimgorotein II (HRPII)
assay parasitic lactate dehydrogenaassay(pLDH) and use of PC#asedtechniquesand

nucleic acid staingo quantify parasitic DNA.

Histidine-rich protein Il (HRPII) assay is based on histidia protein 11 (HRP 11) that is rich
in histidine and alanine. Thgroduction of this proteihas been associated with proliferation
and development of th®. falcipaum and henceNoed| et al, (2002) usedit in drug
susceptibility tests to measure parasite growth. This test was based on edinked
immunosorbent assay (ELISA). Thiszgme has been used in rapid diagnostic tésts
malaria, but becauseigtonly producedh P. falciparum it gives negative results with vivax

P. malariaesandP. ovale(lgbal et al., 2000)

Parasitic lactate dehydrogenase (pLDH) assagn antigen based assay specificthe
paasites LDH. Farasit® 4 DH is structurally and functionally differedfrom its human
isozymes(Shoemark2007) LDH is one of the most abundantly expressedymesby P.
falciparum(Vander Jaget al, 1981) Makleret al. (1993)describedhe use of pLDHassay in
drugsensitivity assays usirfg. falciparumin 1993. Thestudyalsoanalyzed the effectiveness
of pLDH assaycompared to3H-hypoxanthine incorporation and Giemsa microscopy in
accessing inhibition d?. falciparumby antimalarial drugs, and the resuwitsrebeen found to
be similar. This study also found the test to teproducible, rapid, inexpensive and easy to
interpret The pLDH assay has been used in assessing antiplasmodial activity of ferroquine by
Barendset al, (2007) D 6 Al e s at aln(200.3pdeveloped colorimeic screening method
for antrgametocyteompound$ased on the pLDH ass&yrjuelaSanchezt al, (2012)also
used pLDH assayn analysis of drug sensitivity dflasmodium bergen rodents A study by

Malthaet al, (2014)showedpLDH assay to have similar sensitivity thigher specificityas
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comparedo HRPIl assaypLDH assay has also been used to determineidhuigition profiles

for P. falciparum(Makler et al, 1993)

PCR based methods have been developgdadatifyPlasmodiunp a r a ®NA (K€atnauet
al., 2011; Leeet al, 2002) some of which are species spec{iRougemontet al, 2004)
Corbettet al, (2004)described PChased methods tmeasure growtinhibition profiles of
Plasmodiunmparasite in drug sensitivity assay$is hasalso been used imuantificationof

Plasmodiunparasite for routine clinical diagnogBerandiret al, 2004).

Nucleic acid stains have also been used in quantificatiBtasmodiunparaste, especially in
high throughputstudies. This workn principle by quantifying the parasiie DNA. SYBR
Green | has been shown to be idealfigh throughpustudies by giving identical and similar
results with radioisotopic assafiBennettet al, 2004; Smilksteiret al, 2004) For purpose of
this study, SYBR Greenbased assay was udealsed on adescribedrotocol byJohnsoret

al., (2007) A study evaluating th@erformanceof 22 other DNA dyes in quantification of
DNA in reattime PCR has been dor{Eischeid, 2011)this study showed EvaGreen and the

SYTO dyes 8016, 13 and 82 performed better than SYBR Green in general.

2.5.2. P. falciparumreference strains

There exist dferent of P. falciparumreferencestrains withdifferent characteristicsThese
have been used to achieve different objectivan witro cultures. The most characterized
falciparumstrain (and most commonly used}h& chloroquine sensitive 3D7 straiD7 was
derived from NF54 isolate that was initially obtairfegim a patient living near Amsterdam
NetherlandgWalliker et al, 1987) Indochina 11I/CDC strair(one of the first strains to be
isolated) was obtainedrom a Lao refugee in Aug 198@ampbellet al, 1982) Both

chloroquine esistant strain W2 and the mefloquine resistantrii¢2were derived from the
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Indochina [lII/CDC strainOduolaet al, 1988) Multidrug resistantstrain DD2 was obtained
from W2-mef (Guinetet al, 1996) Artemisinin resistant F32 ART (obtained by vitro
exposureo artemisinin for 3 gars) and its sister strafartemisinin sensitive F32 TEMare
isolates from Tanzani@Vitkowski et al, 2010) For purposes of these study, 3D7 will be used
for in vitro cultures. F32 TEM and field isolategrealso used because of thavailability in

thelaboratorywherethis work was done.
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CHAPTER 3: MATERIALS AND METHODS

This study involvedin silico chemogenomicsn prediction of drugs withantiplasmodial
activity and validation usingn vitro assaysA summaryof the steps involw is shown in
Figure3.1 Thein silico procedures were carried out at Pan African Univerdigjawhile the
in vitro techniquesveredoneat KEMRI-Walter Reed Project, Malaria DrigsistancéMDR)
laboratories in Kisumu which han establishe@ntimalarial drug resiahce surveillance
study In MDR, resistance to a panel of antimalarial dragstested botln vitro and immediate
ex vivo In addition,this study testa/ere carried out undeveell-establishedtandard operating
procedures that arethically approvedoy KEMRI (KEMRI/RES/7/3/1,Appendix 3 and

Walter Reed Army Institute of Research (WRIARMCMR-UWZ, Appendix 3.

Compilation of all the proteins expressedPirfalciparumavailable at NCBI RefSeq

' Sequence similarity search betweenRhéalciparumproteins and putative protein targets of
approved drugs

Determination of druggabillity indices for succesd?ulalciparumtargets

Funtional residues were determinedimg targetand compared to corresbondiﬁg
falciparumproteins

Search for all the drugs in lead drug list that have been previously tested for antimalarial
activity

Validation of antimalarial activity

Figure 3.1 Workflow involved in prediction and validation of approved drugs that have
activity against P. falciparum
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3.1 Chemogenomics screeningn silico)

The methodology used this studyis modified from two previous studies; one usedearch
for approved drugs with activity againBt falciparumapicoplast(Bispo et al, 2013) and
anotheithatwas used to search for approved dnwghk schistosomicidal activitfNevesetal.,

2015)

3.11. Compilation of P. falciparumproteome

A list of all availableP. falciparumproteins expressed in difle stages of was obtained from

NCBI Refeence Sequence (RefSeq) databasiease 75The search at NCBI webpage was

made byk ey i ng i n Plasmadiunwfalcipdrsin fii n t he ameeaectmdy b o X
AProteino database in the dropdown menu bef
r e s uRlasmodiumffalciparum was sel ected in the organismn
source database. These sequences were sorted by their submission dates, starting with the

newest. Then all the protein sequences were downloaded inABT A format.

For easy manipulation of tHarge numbeinof sequences, the downloaded sequences were
converted into a CSV spreadsheet using R statistical programming sqff@ane, 2004)The
spreadsheet had the description line of the FASTA sequence entries in the first column and the
protein sequences in the second. More colirwere 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 thePlasmodiumprotein sequences as queries, a search was dosanitar putative

drug targets on publicly available databases namely; STIA@Hhttp://stitch.embl.dg/

DrugBank(https://www.drugbank.ca/biodb/search/bonds/seqyeramd Therapeutic Target
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http://stitch.embl.de/
https://www.drugbank.ca/biodb/search/bonds/sequence

Database, TTDntp://bidd.nus.edu.sa/group/ttd/TTD_Blast.asht the time of writing this

thesis,STITCH was updated from version 4.0 to E@ch of the protein sequences was used

to search for sequence similardtgainst knowrug target sequences. For TTD and DrugBank,
homologous proteins with output expectation valuessdldes) lower than 120 were
considered for further analysis. Here, the E value describes the number of times one can expect
to see a match by chance, thhe lower the E value, the bettéor the STITCH database, a
confidence score above 0.7 was consideRr@dictedprotein targets were keyed into a
spreadshet albngside their corresponding homologdes falciparum proteins.In another
column, all the gproved drugs that interact with these targets were also incfodédrther

analysis
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http://bidd.nus.edu.sg/group/ttd/TTD_Blast.asp

m Customized Search| Target Similarity Search |Drug Similarity Search Download
QSAR Models|Target Validation|Multi Target Agents|(Drug Combinations Nature-derived Drugs

Input your protein sequence in FASTA format ( ]

MENNSTERYIFEPNFLGEGSYGEVYRAYDTILEEEVATEEMELNEI SNYIDDCG INFVLLEETEIMEETEHENTMSALDL
YCEEDYINLVMEIMDYDLSEIINREIFLTDSQEECILLOQILNGLNVLHEYYFMHRDLSPANIF INEKGEVELADFGLCTE
TEYDMY SDELFRDEYEENLNL TSEVVTLWYRAPELLLG SNEYNSSIDMWSFGCIFAELLLOEALFPGENEIDQLGEIFFL
LGTPNENNWPEALCLPLYTEF TEATEKDFETYFEIDDDDCIDLLTSFLELNAHERTI SAEDAMEHRYFFNDPLPCDISQLP
FNDL

Search Reset

B

m Customized Search| Target Similarity Search |Drug Similarity Search Download
QSAR Models|Target Validation|Multi Target Agents (Drug Combinations Nature-derived Drugs

Aligned targets with significant E-value (< 1):

Target Name

TTDROD3IO1 Cyclin-dependent protein kinase Pfmrk 657 0.0

TTDCo0094 Cell division protein kinase 7 243 1e-065
TTDROD299 Cyclin-dependent protein kinase PFPKS 230 Be-D62
ITTDCco0o088 Cell division protein kinase 2 222 Je-059
TTDROOD2S5 Cdc2-related kinase 3 220 Be-059

Figure 3.2: Therapeutic Targets Databas€TTD) target similarity search submission and results
webpages. A protein sequence is pasted in FASTA format and sear@hedThe output results
comprised of a list of proteins targets similar to the query protein sacteting totheir E valuesn
descending order (B).

25



e e

Therapeutic Targets Database

-t el
- S/

'HOME | Customized Search Target Similarity Search |Drug Similarity Search
e T P R e e
TID Target ID: TTDCO008S8

Target Information

Name Cell division protein kinase 2

Type of target Clinical trial target
CDK2
Cyclin-dependent kinase 2
Synonyms P33 protein kinase
SIN3-associated protein
Sin3 associated polypeptide

Acute lymphoblastic leukemia (ALL) e
[ICDS: 204.0 ICD10: C91.0] [11[21[3]

Acute myeloid leukemia (AML) [11[21[3]
Advanced Solid tumors

e —t -t e - ——— B s

Viral infection, unspecified

[ICD9: 001-139, 042-075 ICD10: A00-B99, AS0-A99, BOO-B34] (8]
Chronic

Flavopiridol Phase II  lymphocytic [11[21[2]
leukemia

Flavepiridol Phase II Lymphoma [11[21[3]
Ovarian Cancer;

Ro 31-7453 Phase II Endometrial [123
Cancer

Advanced breast
cancer, NSCLC,

SCH 727965 Phase II SRS [13]
and lymphoma
Non-Hodgkin's
[
Drug(s) AT7519 Phase I/11 ERohaTa [11]
Phase I Neoplasms, g
R547 onlatad :\dvanced solid [13]
umours
AT7519 Phase I Solid Tumors [11]
Advanced solid
tumours, NHL,
SCH 727965 Phasel [ hoie myeloma B2

and CLL

Figure 3.3: Therapeutic Targets Databas€TTD) protein target details webpage Output results
consised of alist of proteins similar to the query sequence with their E valugsWhen a protein
of interest those with E values lower than-268) was selected it directedto anotherwebpage
showingmore details about the psan, thisincludeddrugsit is a targets t(B).
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Figure 3.4: DrugBank databasetarget sequence searchubmissionwebpage A protein sequence
waspasted in FASTA format, Expectation value set atAQgfilters set for approved drugs only and
the rest of the parameters were left in their defaalliesbefore searching.
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