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Abstract

Plasmodium falciparuntemains the most virulent cause of malaria. Witbreasing drug
resistance to artemisinin and other antimalarialgdy combined with an absence of an
effective vaccine, there’s a critical need for reygents to complement existing treatment and
prophylaxis. Therefore, the aim of the study wasgvaluate then vitro antimalarial activity
and potential toxicity to mammalian cells of selexnthetic and natural colourants,
nucleoside and imidazo[lgpyridine (IP) analogues on the erythrocytic stagéshe 3D7
chloroquine-sensitive strain &%. falciparum TheP. falciparum3D7 strain was maintained
vitro according to standard methods. Quinine and chiongqwere used as positive controls.
The tritiated hypoxanthine incorporation assay wased for evaluating the ability of test
compounds to inhibit the growth &. falciparum Active test compounds were tested in
combination studies with quinine. Uninfected humad blood cell (RBC) toxicity was
analysed spectrophotometrically. The ability oftte®mpounds to inhibit3-haematin
formation, a metabolic pathway that sequestersctdxaem within the parasites, was
determined. Cytotoxic activity of active compounglas evaluated on two human cell lines
(HEK293 and K562) using théH]-thymidine incorporation assay. Data was analyssidg
the one-way ANOVA test and reported as the meatardsard deviation of at least triplicate
experiments and significant difference whern< 0.05. Of the 56 compounds tested, the
synthetic colourants showed the most potent anéinal activity. Methylene blue and
safranin O were most potent withsfCvalues of 4.19 + 0.16 nM and 86.50 + 2.61 nM,
respectively, compared to quinine £C103.90 + 8.30 nM), and displayed negligible tayic
to uninfected human RBCs. Combination studies witlethylene blue and quinine
demonstrated a synergistic interaction. Methylerhee balso demonstrated the highest
selectivity indices (480 and 968) compared to qi&0). Curcumin (diferuloylmethane), a
natural extract was active @€ 2.29 + 0.18 pg/ml) againt falciparum but significantly p

< 0.05) less potent than quinine. Curcumin wasol@-more active in inhibiting-haematin
formation than quinine, indicating of a possible chmenism of action. The most active
nucleoside analogue, JLP118.1 {fC1.79 + 0.12 pM), demonstrated inhibitory activity
against the trophozoite stagerffalciparum The imidazopyridine analogue, IP-4, displayed
the least potent antimalarial activity (€ 15.3 = 0.41 uM) of the synthetic compounds
tested, with low selectivity indices < 1. The studgs confirmed the potent antimalarial
activity and relative safety of methylene blue adlas its potential as an antimalarial drug.
The nucleoside and imidazopyridine analogues shgwewhising activity and with structural

modification their potency and selectivity indicaay be enhanced.
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Chapter 1 Introduction

1.1 The malaria epidemic

Malaria is a vector-borne parasitic disease thetgmts as a febrile illness and may cause
dysfunction in organs such as the spleen, liver thiedbrain in its severe and chronic form
(Miller et al, 2002). Malaria parasites are transmitted to hwriay the bite of infected
female mosquito vectors of thnophelesspecies (WHO, 2013). Malaria is caused by five
species of parasites of the genus Plasmodium tieatt aumansP. falciparum P. vivax P.
ovale P. malariae and P. knowlesi (WHO, 2013). Of thesePlasmodium species,P.
falciparumandP. vivaxare the most prevalent and virulent, accountimgrfore than 95% of
malaria in Africa, East Asia countries and Indiai¢gMe, 2012). In 2012, the global estimate
of people at risk of malaria was 3.4 billion, wgbpulations living in the African and South-
East Asia regions having the highest risk of aéggimalaria (WHO, 2012). In addition the
World Health Organisation (WHO) reported an estanaf 207 million cases of malaria
globally, and 627 000 deaths worldwide in 2012 (WRQ13). Of the estimated deaths, most
occurred in sub-Saharan Africa (90%) and mostlghiidren under 5 years of age (77%)
(WHO, 2013). Globally, malaria is ranked fifth asause of death from an infectious disease
after respiratory infections, human immuno-deficgnvirus/acquired immuno-deficiency
syndrome (HIV/AIDS), diarrhoeal diseases and tublesis (Centers for Disease Control,
2011).

The economic burden in Africa alone is estimated2abillion US dollars annually in direct

losses due to morbidity and premature death (RattkBMalaria Partnership, 2008). The
disease burden especially in sub-Saharan Africamtdes is compounded by poor socio-
economic conditions and healthcare systems, magrato malarial regions, changing

agricultural and environmental landscape (Sachs Malthney, 2002). In addition, climate

change may be considered a possible contributicigifgarticularly to the proliferation and

spread of the mosquito vector (Sachs and Malan@92)2 Provided the interventions

currently recommended by the WHO are implementedlaria can easily be prevented
(WHO, 2012). These prevention interventions inclusketor control through the use of

insecticide-treated nets and indoor residual sptayChemopreventative measures for the
most vulnerable populations, particularly pregnammen and infants, as well as early
malaria diagnosis and timely treatment, are ctif¢&H0, 2012).



1.2 Malaria in South Africa

Malaria risk areas in South Africa include nortistean KwaZulu-Natal, the low altitude
areas of Mpumalanga and Limpopo provinces, paditulthose along the borders of
Zimbabwe, Mozambique and Swaziland (National Depant of Health, 2010). Only 4% of
the population is at high risk of malaria and 6%oat risk, while 90% live in malaria-free
areas (WHO, 2012). Between the year 2000 and 26tehdy progress has been made in
controlling malaria. During this period the maladases in South Africa decreased by 85%
(from 64,622 cases to 9,866) and the mortality eatly decreased by 81% (from 458
deaths to 89) (National Department of Health, 20XZ¢nerally adults living in malaria
endemic areas such Mozambique, Malawi and Tanzarag acquire partial immunity
subsequent to long-term and repeated exposur®.téalciparum infection (Sachs and
Malaney, 2002). However, South Africans are not imeto malaria and therefore at risk of
developing cerebral malaria, which can be fataltig&@l Department of Health, 2010). In
most cases, increased morbidity and mortality isubmination of delayed diagnosis and
inappropriate treatment (National Department of lthe&010). In South Africa, malaria is a
notifiable medical condition requiring health workeand local authority or hospitals to
record cases and deaths for regional planning anditaning of the disease (National
Department of Health, 2010). Chloroquine, sulphau®or pyrimethamine monotherapies
were used as first line of treatment for uncompéid@. falciparummalaria until treatment
failure rates above 10% were detected (Mullatkal, 2011). In response to the increasing
drug resistance, the WHO recommended the use emaihin-based combined therapy
(ACT) (WHO, 2010). Chloroquine-resistance in Soéthica was first observed in KwaZulu-
Natal and later in Mpumalanga (National Departmaintealth, 2010). This resulted in a
change in the treatment policy with the use of lsatfpxine-pyrimethamine as first line
treatment for early stage or uncomplicated falciparumin KwaZulu-Natal in 1988 and
Mpumalanga in 1997 (National Department of He&®1.0). The development of significant
sulphadoxine-pyrimethamine resistance in KwaZultaN&d to a further policy change in
2001 with artemether-lumefantrine replacing sulgh@dke-pyrimethamine as first line
treatment (National Department of Health, 2009)e Titcrease in drug resistance initiated a
successful inter-governmental initiative such aslthbombo Spatial Development Initiative
involving Mozambique, South Africa and Swazilandh@® et al, 2007). This collaboration
successfully resulted in a 78% reduction in malaases in Mpumalanga between 1999 and
2005 by reducing cross-border infections, implenmgnindoor residual spraying and first line
therapy with ACT (Sharpt al, 2007; National Department of Health, 2010).



1.3 Clinical signs and symptoms of malaria

The signs and symptoms of malaria are non-spe€iiable 1.1) and malaria is clinically
suspected on the basis of fever or a history oérfeas well as travelling to malaria endemic
regions (WHO, 2010)Presentation oP. falciparummalaria mimics many other diseases
including influenza, viral hepatitis, meningitis,eicaemia, typhoid, tick-bite fever,
gastroenteritis, viral haemorrhagic fever, trypamomsis, HIV sero-conversion illness,
urinary tract infection and relapsing fever (Naabmepartment of Health, 2010). Malaria
symptoms may present as early as 7 days after esgyassually 10-21 days after being bitten
by an infected mosquito. Longer incubation periatsy occur in patients who have failed
chemoprophylaxis due to poor compliance or inappate prophylaxis regimen, or have
been on an antibiotic course not prescribed foramsal Malaria due to infections witR.
vivax, P. ovale or P. malariag can take up to 12 months to first manifest chfiic(National
Department of Health, 2010). Another clinical masthtion of malaria is placental malaria.
This is of particular danger for primigravidae (aman pregnant for the first time) and is due
to P. falciparumadherence to chondroitin sulphate-A in the plaxdMinetz et al, 2011).
This often leads to severe complications, includimjscarriage. When treated early,
symptoms of malarial infection usually improve viitl24-48 h (Vinetzet al, 2011). Patients
with uncomplicated malaria are at a risk of deveigmsevereP. falciparummalaria with life-
threatening complications as a result of delay iagWosis and/or treatment of an

uncomplicated infection, or the use of ineffectikerapy (WHO, 2010).

Table 1.1 Signs and symptoms of malaria (National &artment of Health, 2010).

Uncomplicated malaria:

* Fever » Loss of appetite (or poor feeding)
» Headache » Diarrhoea, nausea and vomiting
» Rigors (cold and shiver or hot sweats) e« Cough

» Myalgia e Splenomegaly

e Dizziness

Severe malaria:

» Prostration » Abnormal bleeding; Disseminated
» Impaired consciousness intravascular coagulation (DIC)

e Multiple convulsions e Jaundice

e Circulatory collapse e Haemoglobinuria

e Acute respiratory distress syndrome (ARBS}ypoglycaemia

hypoxia * Renal and Hepatic impairment
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1.4 Drugs used in the management of malaria

Currently available antimalarial drugs can be catisgd according to their drug classes and
into four groups according to their biological aiif against specific developmental stages of
the parasite (Vinetet al, 2011). These include drugs that eliminate livesue schizonts,
dormant liver forms or hypnozoites (for casual prgpxis and to prevent relapse), blood
schizontocides and gametocytocides (Vinetal, 2011). Currently there is no antimalarial
drug that kills sporozoites, so drugs used for atmophylaxis can only prevent the
development of symptomatic malaria caused by aseandhrocytic forms. Patterns of
clinically effective drugs can be categorised ititeee general classes based on the stages of
the life-cycle they are active against, as welltlasir mechanism of action (Table 1.2)
(Parkinson, 2010; Vinetat al, 2011).

Table 1.2 Currently available drug classes for treament of malaria (Parkinson, 2010;
Rossiter, 2012).

Drug class Examples Mechanism of action
4-Aminoquinolines Chloroquine, amodiaquine,

uinoline methanol uinine, mefloquine, quinidin L.
Q . — Q. . 9 g Srevent detoxification of haem by
8-Aminoquinolines Primaquine .

— . - the parasite
Bisquinoline Piperaquine
Amyl alcohol Lumefantrine

v

Inhibit dihydrofolate reductase

Sulphadoxine, pyrimethamine

Anti-folates . "interfering  with Plasmodium
proguanil . .
pyrimidine synthesis
. Inhibit mitochondrial function of
Napthoquinones Atovaquone )
the parasite
L Sesquiterpene lactone
. Artemisinin, .
Artemisinin ) L endoperoxides that produce free
L dihydroartemisinin, artemether, . . .
derivatives . fradicals in the parasite food
artesunate, artemotil/arteether
vacuole
L Tetracycline, doxycycline, Inhibit parasite apicoplast
Antibiotics . y . yey P _p P
clindamycin organelle function

1.4.1 Class | agents: blood schizontocides and gametocgides

The drug action of these antimalarial agents (asi@m, chloroquine, mefloquine,

quinine/quinidine, pyrimethamine, sulfadoxine aettdcyclines) is mainly directed against
the asexual erythrocytic forms, except for artemiisi which acts as both a blood
schizontocide and gametocytocide. Chloroquine, igaior quinidine show low to moderate
activity against gametocytes. This class of drugstt or prevent clinically symptomatic

malaria (Vangapandet al, 2007; Rossiter, 2012).
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1.4.2 Class Il agents: blood and liver schizontocides

Typically atovaquone and proguanil target both deexual erythrocytic forms and the liver
tissue schizonts d®. falciparum Their activity reduces the required period fos{pexposure
chemoprophylaxis from 4 to 1 week (Vinaizal, 2011).

1.4.3 Class lll agents: liver schizontocides, hypnozontades and gametocytocides

This class currently comprises solely of primaquimkich is effective against liver schizonts
and latent, hypnozoites liver stages as well asefaeytes. Primaquine is used most
commonly to eradicate the intra-hepatic hypnozowésP. vivax and P. ovale that are
responsible for relapsing infections, but not ugedhe treatment of symptomatic malaria
(Vangapandet al, 2007; Vinetzet al, 2011).

1.5 Clinical management ofP. falciparum infections

The differential diagnosis between uncomplicated s&vere malaria is critical in selecting an
appropriate therapeutic strategy for effectivettrent; where severe malaria is characterised
as having a parasitaemia > 4%, haematocrit < 2086 hmemoglobin < 6 g/dl (National
Department of Health, 2010). Artemisinin-based coration therapies are used for the
treatment of uncomplicateB. falciparummalaria (National Department of Health, 2010;
WHO, 2012). The recommended drug treatment Ror falciparum infections is the
administration of an artemisinin-lumefantrine condtion or alternatively, quinine plus either
doxycycline or clindamycin for 7 days to avoid guetrinduced adverse effects (National
Department of Health, 2010).

1.5.1 Management of severe malaria

Intravenous quinine is the preferred treatments®rere malaria in South African children
and adults who have no immediate access to intoaxeartesunate (National Department of
Health, 2010). The WHO recommends intravenous amtgs as the treatment of choice for
severe malaria in adults (WHO, 2012). Once theepétis able to tolerate oral therapy,
artemether-lumefantrine or quinine plus either dgxyine or clindamycin, should be

administered (National Department of Health, 2010).

1.5.2 Management of mixedPlasmodium infections

When a mixed infection oP. falciparumwith eitherP. vivaxor P. ovaleis confirmed or
suspected, the standard therapy for uncomplicatedwereP. falciparummalaria infection is
recommended, along with a follow-up of course ofmaquine (National Department of
Health, 2010).



1.5.3 Chemoprophylaxis of malaria

In addition to preventative measures such as musqepellents and use of bed nets,
prophylactic regimens using mefloquine, doxycyclara atovaquone are recommended by
the South African Department of Health (Baker, 2008tional Department of Health, 2010).

1.6 Challenges in the management and eradication of malia

Resistance to chloroquine is most prevalent, wigiéstance to other antimalarial drugs such
as quinine, mefloquine, halofantrine, atovaquoméfadoxine and pyrimethamine have been
progressively spreading (Vangaparetual, 2007; O'Neillet al, 2012). The development of
most of the vaccine candidates is still underwainatlinical trials. Given the complexity of
the malaria parasite life-cycle, a malaria vacaeeds to encompass various strategies of
stimulating the immune responses in order to aehéetiigh degree of efficacy (PATH, 2007;
Birkett et al, 2013; Riley and Stewart, 2013).

1.6.1 Mechanism of chloroquine-resistance

Chloroquine was first synthesised in 1934 and bec#me gold standard treatment by the
1940s for malaria with good clinical efficacy, limd toxicity at an affordable cost of
treatment in Africa (O'Neilet al, 2012). After about a decade of use, chloroquéaséstance
emerged in South-East Asia, South America, andwestern Pacific region (Eckeat al,
2012). The first incidences of malaria parasitéstaace to chloroquine were reported in 1957
(O'Neill et al, 2012). Chloroquine-resistance spread progressitvietoughout malaria
endemic areas including Africa, where surges intatity rate were reported (Ecket al,
2012). Chloroquine-resistance (mechanism model showrigure 1.1) is putatively acquired
via mutations in thd°. falciparumparasite that caused the efflux of chloroquine afuthe
digestive vacuole of the parasite, at a rate 46Qdold faster compared to chloroquine-
sensitive strains (Krogstaat al, 1987; Eckeet al, 2012).

A P. falciparum P-glycoprotein homologue-1 (Pgh-1), known as th®roquine-resistant
transporter RfCRT), modulates drug uptake by transporting dragand out of the parasites’
digestive vacuole (Vangapandet al, 2007). The major mutation (K76T) implicated in
chloroquine-resistance is due to the ly&i{&76) amino acid substitution with threonine (T)
(Ecker et al, 2012). MoreoverPfCRT is a transmembrane protein localised within the
digestive vacuole membrane and is expressed freminly stage through to the trophozoite
stage where there is maximal haemoglobin digegioRkeret al, 2012). Thereby, preventing
the accumulation of chloroquine within the digestixacuole, via passive diffusion down the
pH gradient (Eckeet al, 2012). As a result, binding of chloroquine to tm@emoglobin
6



breakdown product to form toxic drug-haem complasesso reduced (Fidoadt al, 2000).
However, chloroquine-resistance has been shownetaelbersed to a certain degree by
calcium-channel blockers such as verapamil, cyptaune and hydroxyzine by interfering

with the efflux pump (Martiret al, 1987).

__~Concanamycin A
o

ca

™ Verapamil

pH 5.2-5.8
Digestive Vacuole

pH5.2-58
Parasite

Figure 1.1 Mechanism of PFCRT-mediated chloroquine-resistance associated with
hydrogen-ion leak inP. falciparum (adapted from Lehaneet al., 2008 and Fidocket al.,

2008).Uncharacterised outward leak pathway 6f(H), leads to alkanisation of the digestive vaeuol
(DV) upon inhibition of V-type H-ATPase pump by concanamycin A. Neutral form obobdjuine
(CQ), diffuses through the RBC down the pH gradiemd the DV. In CQ-sensitive strains di-
protonated, less membrane-permeant CQ (£QHccumulates within the DV. Whereas in CQ-
resistant strains, mutamfCRT-mediated efflux of CQ}" occurs in symport with Hions. This
efflux of CQH,>* can be reversed by verapamil. Thelébk pathway (2) would explain the higher rate
of alkalinisation aftePfCRT inhibition with verapamil observed in CQ-stisin

1.6.2 Multi-drug resistance

Although the presence ofRICRT K76T mutation increases the risk of chloroquneatment
failure by 2.1-fold on day-14 post-treatment and’®+fold on day-28, some patients in high-
transmission areas infected with malaria parasrens containing mutarRfCRT, seem to
respond adequately to chloroquine perhaps partilly to acquired-immunity (Ecket al,
2012). However, a secondary determinant of chlaregtesistance iR. falciparumhas been
attributed to a multidrug-resistandefifDR1) transmembrane localised within the digestive
vacuole membraned?fMDR1 is an orthologue of mammalian P-glycoproteinat mediate

verapamil-reversible tumour multidrug-resistanceki et al, 2012). However, although
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PfMDR1 mutations alone appear to be insufficient tmfer chloroquine-resistance, it is
suggested they can modulate the degree of m#&@RT-mediated chloroquine-resistance,
dependant on the parasite strain (Eaieal, 2012).P. falciparumresistance to sulfadoxine-
pyrimethamine is associated with mutations in tieydtofolate reductaseP{DHFR) gene
and to a lesser extent in the dihydropteroate sg&tfPfDHPS) (Wanget al, 1997; Osmaet
al., 2007). Reduced susceptibility &f. falciparumto the potent short-acting artemisinin
derivatives has been observed in South-East Asimb©dia-Thailand region (Dondoep al,
2011).

1.6.3 Vaccine development

The strategic goals of current malaria vaccineiatiites are aimed at the induction of
immunity to prevent clinical malaria, as well a titerruption of transmission, thereby
supporting elimination and eradication efforts K@it et al, 2013). Sustained immunity @
falciparum infection has been induced in volunteers withptibr exposure using live,
attenuated sporozoites delivered by irradiated mitses, while simultaneously preventing
disease with chloroquine prophylaxis (Roestenbetgal, 2011). Subunit vaccines (as
opposed to attenuated whole-parasite vaccinesg peviously shown lower efficacy than
whole-parasite vaccines, but are simpler to clibycdeliver (Greenwoodet al, 2008).
However one subunit vaccine candidate RTS,S deedldyy GlaxoSmithKline Biologicals,
has shown promising results in Phase llb clinicald and currently undergoing Phase Il
evaluation (Birkettet al, 2013). However, following vaccination over the-h®nth period
during the clinical trials, RTS,S only conferred®s@rotection in children aged 5-17 months
and approximately 30% protection in children ageti26weeks across 13 clinical sites in
eight African countries (Birkett al, 2013). Key barriers to the development of moghlyi
efficacious vaccines than RTS,S include: lack oll wiearacterised target immunogens in all
the stages oP. falciparumlife-cycle, limited number of safe and effectivelidery systems
and adjuvants that induce potent long-lasting ptote immunity, be it by antibody, CD4
and/or CD8 T-cell responses (Birkettt al, 2013). These complexities in malaria vaccine
development demonstrate the critical need for #gneelbpment of new novel drugs that may
be used in combination with existing drugs and ewgh a licensed vaccine candidate to

control the malaria disease and even sensitisgtaesistrains.

1.7 Malaria parasite developmental life-cycle

The life-cycle ofP. falciparum(Figure 1.2) is complex and characterised by agprakental

stages that have distinct morphological forms astpd different microenvironments in the

human and mosquito hosts (Arnot and Gull, 1998;n8sar et al, 2005). ThePlasmodium
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sporozoites from the salivary glands of an infededale Anophelesmosquito are injected
into the bloodstream of the human host during adlmeal® and migrate to the liver where
they invade hepatocytes and asexually multi@ly(Arnot et al, 2011; Centers for Disease
Control, 2011). This stage forms the exo-erythriscyschizogony phase, which is
asymptomatic. During the liver schizont sta@e nuclear division completes and the parasite
undergoes nuclear segmentation giving rise to daugherozoites. Upon the rupture of the
hepatocytes, the mature schizonts release setersdnd merozoite® into the bloodstream
where they rapidly invade red blood cells (RBCs) Post-invasion, the parasite undergoes a
46-48 h intra-erythrocytic schizogony cycle witlstitict morphological forms: the ring form,
which matures into a trophozoite, which in turnnfigra schizont that gives rise to 16-32
daughter merozoites. Deoxyribose nucleic acid (DE&jthesis begins during the trophozoite
stage after the appearance of the malaria pigmetniozoin) from RBC haemoglobin
digestion (Arnotet al, 2011).

The schizont-infected RBC is ruptured, releasing #xtracellular merozoites into the
bloodstream where they infect new RBEs This intra-erythrocytic cycle represents the
pathogenic phase of the malaria disease (Banrastd; 2005; Arnotet al, 2011). A fraction

of the parasites within the RBCs undergo cell cyateest or differentiate into sexual
erythrocytic stage known as gametocytés which take approximately 8-12 days to mature
(Bannisteret al, 2005; Dixonet al, 2008). The gametocytes are ingested by the female
mosquito vector when biting an infected human I@®swVhile in the mosquito's stomach, the
microgametes penetrate the macrogametes genemtyujesd). The zygotes develop into
motile and elongated ookinet&s, which invade the mid-gut epithelial wall of theosguito
and develop into oocyst§). The oocysts grow, rupture, and release sporazoitdich
migrate to the mosquito's salivary glan@dsand are inoculated into a new human h@st

thus perpetuating the malaria life-cycle (Bannisteal, 2005).

The complex life-cycle oP. falciparum proteomic expression and metabolic pathways are
unique to that of the human host. These charatitsrisf the malaria parasite provide various
targets for therapeutic intervention (Floreztsal, 2002; Doeriget al, 2010). Therefore, the
sections that follow evaluate the nucleotide sysithh@nd haemozoin formation metabolic
pathways that are established drug targets andewatlire review of some selected and

structurally related test compounds on their puéadintimalarial activity.
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Figure 1.2 The malaria parasite life-cycle (Centex for Disease Control, 2011).

1.8 Plasmodium life-cycle regulatory protein kinases as drug targts

The intra-erythrocytic cycle of thelasmodiunparasite varies greatly from that of the typical
cell cycle observed in higher eukaryotes. For mstain higher eukaryotic cells, there is a
single round of DNA replication per cell cycle, udsg in two identical daughter cells
subsequent to mitosis (Geyetr al, 2005). In contrast, the genome of the parasitergoes
multiple rounds of DNA replication and nuclear diain, generating a single multinucleate
cell called a schizont (Arnat al, 2011). At least five phases of DNA synthesis initthe P.
falciparum life-cycle have been identified. These occur dyrthe micro-gametogenesis or
male gametocytes formation, meiosis and sporogseyu@l cycle) within the mosquito
vector, intra-hepatic schizogony in the liver anmgtlerocytic schizogony (asexual cycle)
within the human host (Arnot and Gull, 1998). Higleeikaryotic cell cycle (Figure 1.3) is
divided into the G1 (G-gap), S (DNA synthesis) &2 phases that make up the interphase,
as well as the mitotic (M) phase (Alberts al, 2008a). The majority of cells in living
organisms are in a quiescent GO phase (Donevai, 2005). The transition between these
phases is tightly regulated by positive effectargeclins and cyclin-dependent kinases
(CDKs), and families of negative protein regulatadtsat inhibit CDKs (Konget al, 2003;
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Alberts et al, 2008a). Mammalian CDKs comprise a family of 1@rsethreonine protein
kinases (CDK1-10) that catalyse different cell eychnsitions. A CDK molecule binds to an
activator molecule, a cyclin forming a protein cdexp(Donovanet al, 2005; Albertset al,
2008a). This CDK-cyclin binding is a requisite factivation. Cell division cycle (Cdc)
phosphatases, are responsible for removing phasplraim CDK binding sites to allow for
further activation, thereby enabling the continoiatiof the cycle (Donovart al, 2005).
Deregulation of the cell cycle marks the initiatiand progression of cancer or neoplastic

transformation of eukaryotic cells (Mongt al, 2011).

42 h s 48 h
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30h ‘ Trophozoite
|. stage

Figure 1.3 The P. falciparum cell cycle in comparison to the mammalian cell cye
(adapted from Arnot et al., 2011; www.usma.edu)Mammalian cell cycle (inner blue circle)
andP. falciparum(outer red circle). The free circulating haploiénozoites are in a GO-like state with
condensed chromatin. The early trophozoite stagariBar to the G1-phase of mammalian cells. The
S-like stage where DNA synthesis occurs begins sdtar the appearance of malaria pigmentation
(haemozoin) and continues throughout late trophieznto the early schizont stage. Progression from
G2-like stage to the mitotic-like stage is not desely defined. Genomic segregation is rapid ang ma
occur in 8-10 h. DNA segmentation occurs and metegare prominent in mature, late schizonts
(Arnot and Gull, 1998; Arnott al, 2011).

P. falciparumhomologues of several genes that encode critszallators of DNA replication

including CDKs and cyclins, have been identifiedénget al, 2010). The first CDK-related

protein kinase to be reported i falciparumwasPfPK5 which showed homology to CDK1

(human cdc-2 protein) and CDK5 (Ross-Macdoretldl, 1994; Doeriget al, 2002).PfPK5

is putatively involved in the regulation of the i8el phase during trophozoite stage (Figure
11



1.3) in P. falciparum(Graeseret al, 1996). PIPK6 mMRNA has been detected in parasites
undergoing ring to schizont transition and showenhblogy to CDK1 and mitogen-activated
protein kinases (Bracchi-Ricaret al, 2000). PIPK6 does not require cyclin binding for
kinase activityin vitro, whilst PfPK5 is able to autophosphorylate in the presence @fclin
(Bracchi-Ricardet al, 2000; Le Roclet al, 2000). A MO15-related kinasBfmrk, has been
detected in both asexual intra-erythrocytic formsl gametocytes (at higher levels), and is
most closely related to CDK7, the kinase respoasibt the activation of CDK1 (Let al,
1996).PfPK7, an orphan protein kinase with maximal homoltgiMEK3/6, has been shown
to be involved in a pathway that regulates parasisexual proliferation and sexual
development. Genetically re-engineered clones withihe PfPK7 gene have shown a
decrease in erythrocytic asexual growth associat@ti reduced number of daughter
merozoites produced per schizont (Dorin-Sembtatl, 2008). In additionPfPK7-negative
parasites have also shown a reduction in the yaldiproduce oocysts in the mosquito vector
during the sexual developmental stages (Dorin-Saneblal, 2008).Pfcrk-1 (P. falciparum
cdc2-related protein kinase), closely related tsogh8 gene subfamily, members of which are
negative regulators of cell growth in vertebratess been detected in gametocytes (Doetrig
al., 1995).PfNek-4, a Never-in-mitosifspergillus nidulangNIMA)-related kinase, has been
detected and putatively involved in regulating garogtogenesis and the maturation of the
zygote of theP. falciparumparasite (Reiningeet al, 2012). Several compounds have been
found to be selectively active against CDKs anceot#inases. Purine analogues, which are
structurally related to ATP, the natural substrfatekinases, are such a class of compounds
(Harmseet al, 2001).

1.9 Targeting the nucleoside metabolic pathway ifP. falciparum parasites

Studies on the metabolism of pyrimidines nuclecsiole humans started as early as 1927
(Rose and Coe, 2008). Research on the potentiapbetic role of nucleosides continued in
1929 focusing on the effects of purinergic compauon the cardiovascular system (Rose and
Coe, 2008). This interest in metabolism of nucksals combined with the discovery of the
double helix structure of DNA led to studies in lmaside analogues and anti-metabolite
therapeutic agents. For instance, 6-mercaptopuaimeicleoside analogue drug developed by
Nobel Prize award recipients, Elion and Hitchings,still an approved agent for human
leukaemias (Brucet al, 2011). Elion and Hitchings work also led to thevelopment of
drugs for immunosuppression (azathioprine) and -\ardgl chemotherapy (acyclovir,
ganciclovir, vidarabine and zidovudine) (Brueeal, 2011). The development of allopurinol,

a hypoxanthine analogue, was based on the same. wdidpurinol is used to treat
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hyperuricaemia in patients with gout and acts lhybiting xanthine oxidase, thus preventing
the synthesis of urate from hypoxanthine and xaetl{iGrosseret al, 2011). In order to
survive, theP. falciparum parasite has evolved and developed a unique yikecand
metabolic pathways, different from that of its hunmeost (Baldwinet al, 2007). Therefore,
these biochemical pathways such as energy metahghotein synthesis, lipid biosynthesis,
nucleic acid synthesis and folate metabolism haenlpreviously identified as drug targets
(Mishra et al, 2006). Nucleoside analogues are designed toféméewith the synthesis of
nucleic acids inP. falciparum (Gero et al, 2003). Some synthetic purine-derived CDK-
inhibitors such as olomoucine and roscovotine shotivity againsP. falciparum(Harmseet
al., 2001).

1.9.1 Nucleosides, nucleic acid precursors

Nucleosides formed by the combination of a puringyimidines nitrogenous base with a
pentose sugar, either ribose or 2-deoxyribosecutieal in prokaryotic and eukaryotic cells
as precursors of nucleotides (Figure 1.4) and ieleids for cell replication and survival
(King et al, 2006; Albertset al, 2008b). Nucleotides such as ATP provide cellelaergy
(King et al, 2006). DNA is a double helix polymer structurghwiwo antiparallel strands,
sense strand in the 5-prime to 3-prime directiod #re anti-sense strand in the opposite
direction. The DNA chain is composed of four typels deoxyribonucleotide subunits
containing bases adenine (A), cytosine (C), guaf@eand thymine (T). In the ribonucleic
acid (RNA) single strand chain, the thymine nugbtstsubunit is substituted by uracil (U)
(Alberts et al, 2008b). According to the Watson-Crick base paidei, the purine bases (A
and G) on one chain and pyrimidines bases (T omdl @) on the other chain pair in a

complimentary manner (Alberet al, 2008b).
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(@) nitrogenous
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OH OH

deoxyribose or ribose
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Figure 1.4 Nucleotide structure (adapted from Albets et al., 2008b). A nucleotide
comprises a phosphate, sugar (deoxyribose or iilzogk a nitrogenous base, in this case guanine (a
purine). In DNA the deoxyribose sugar lacks a hygkd-OH) group on the second carbon atom. A
nucleoside is a combination of the sugar and tke,mpurine or pyrimidine (Alberét al, 2008b).
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1.9.2 Cellular nucleoside transport

Plasma membrane transporters are specialised pdteat facilitate the movement of lipid-
insoluble molecules with a large molecular sizet tbannot diffuse into prokaryotic or
eukaryotic cells (Rose and Coe, 2008). Non-infectetnan RBCs express both the
endogenous equilibrative nucleoside transporteN{B, encoded by SLC29A1 gene and
facilitative nucleobase transporter (WFNT1) pragejQuashiest al, 2010). The ENT family
of transporters is restricted to eukaryotes and hEN found in the heart and central nervous
system tissues (Kingt al, 2006). Post-infection (10-20 h) during the tropbite stage, the
RBC expresses new permeation pathways (NPP) ompldsma membrane (Figure 1.5)
(Baldwin et al, 2007).

inosine

PPM

inosine
adenosine
hypoxanthine

NPP

adenosine .
PfENT1

Parasite
cytosol

Digestive
vacuole

adenosine

inosine hypoxanthine

hypoxanthine

N

Figure 1.5 Nucleoside transporters and permeation gthways in the human RBC
infected by P. falciparum during the parasite’s trophozoite stage (adaptedrém Baldwin

et al., 2007).hENT1, human equilibrative nucleoside transpotteNPP, new permeation pathway;
PVM, parasitophorous vacuole membrane; PPM, paratitsma membran®fENT1, P. falciparum
equilibrative nucleoside transporter 1.

NPPs are non-saturable channel-like systems tasport low molecular weight compounds
including purines (Quashiet al, 2010). The compounds moving between the RBC hed t
parasite have to cross a series of three membrahes,host RBC membrane, the
parasitophorous vacuole membrane (PVM) and thesparplasma membrane (PPM) (Figure
1.5) (Geroet al, 2003; Baldwinet al, 2007). Previous studies have demonstrated tR&sN

are sensitive and may be inhibited by chloride-defmhibitors such as furosemide and 5-
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nitro-2-(4-phenylbutylamino) benzoic acid (Baldwet al, 2007). The parasitophorous
vacuole membrane is proposed to possess non-gelettannels. Permeation of nucleosides
through the parasite plasma membrane is then neelditPfENT1 transporter proteins into
the parasite itself (Ger@t al, 2003). In addition to nucleosides, there is eased
permeability of nutrients, such as carbohydratesjna acids, cations: sodium (Na),
potassium (K), zinc (Zn), iron (Fe), small peptidssveral antimalarial drugs as well as an

increased efflux of lactate (Geeo al, 2003).

1.9.3 Plasmodium nucleotide biosynthesis

Nucleotides are either anionic or polyanionic ahdréfore are not permeable to cellular
membranes (Geret al, 2003). However, nucleosides and their analogues neutral
molecules which can cross cell membranes and mebd intracellularly phosphorylated into
their respective nucleotides (Gezbal, 2003).P. falciparumis a purine auxotroph or lacks
the ability to biosynthesize purine nucleotid#s novoand instead relies upon the purine
nucleosides and nucleobases salvaged from theRRGt (Baldwinet al, 2007; Casserat
al., 2011). Genomic sequencing Bf falciparumhas shown that nine of the ten enzymes
required for the biosynthesis of inosine monophasplfiIMP), a metabolic precursor for all
purine nucleotides required for nucleic acid systhieare not encoded for (Baldwet al,
2007). Instead, hypoxanthine salvaged from the logpbhosphorylated by a hypoxanthine-
guanine-xanthine phosphoribosyl transferaBEHGXPRT) enzyme within the parasite to
form IMP (Figure 1.6) (Casserat al, 2011). RBCs contain concentrations of ATP in
equilibrium with adenosine diphosphate (ADP) andrax$ine monophosphate (AMP), which
placed no evolutionary pressure on the parasitetéin itsde novopurine synthetic pathways
(Casserat al, 2011).

1.9.3.1 Purine salvage and metabolic pathway

Hypoxanthine is the key precursor for all purinatbgsis inPlasmodiunmetabolism, which

iIs another reason why hypoxanthine is commonly ddae a nutritional supplement in
malaria parasite culture media (Cassetral, 2011). The source of hypoxanthimevivo is
the RBC purine pool where ATP is metabolically exutped with hypoxanthine (Figure 1.6)
(Casseraet al, 2011). Human RBCs lacte novopurine biosynthesis, but maintain low
concentrations of adenine nucleotide by salvagidgnasine via human adenosine kinase
(hAK) enzyme (Casseret al, 2011).P. falciparumlacks adenosine kinase activity, but can
salvage adenosine by conversion to inosine by aiemodeaminase P(ADA) and
subsequently to hypoxanthine by purine nucleositgsphorylaseRfPNP) kinase activities
(Figure 1.6) (Casserat al, 2011). Hypoxanthine is then converted to IMPHIFIGXPRT.
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SinceP. falciparumcannot convert adenosine to AMP, it takes up ANMRtIesised in the
RBC, inducing more RBC AMP production (Cassetral, 2011).
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Figure 1.6 Enzymatic purine salvage andde novo pyrimidine metabolic pathways
(adapted from Casseraet al., 2011).Purine pathway: AMP, adenosinerBonophosphate; ADP,
adenosine &diphosphate; ATP, adenosinétBphosphate; IMP, inosine’-fnonophosphate; XMP,
xanthosine 5monophosphate; GMP, guanosiné-nibnophosphate; hADA, human adenosine
deaminase; MTA, methylthioadenosine; MTI, methythosine; Ads, adenoylsuccinate; hPNP,
human purine nucleoside phosphorylase; hHGPRT, humgoxanthine-guanine phosphorybosyl
transferase; hAK, human adenosine kinase; hAMPDA,umdn adenosine '5
monophosphatedeaminase; hAPRT, human adenine pirdspdyl transferase;PfADA, P.
falciparum adenosine deaminasePfPNP, purine nucleoside phosphorylas@®fHGXPRT,
hypoxanthine-guanine-xanthine  phosphoribosyl  temnase; PfAMPDA, adenosine 5
monophosphatedeaminasdtMPDH, inosine 5monophosphate dehydrogenaB&MPs, guanosine
5-monophosphate synthadefAdSS, adenylosuccinate sythetaB$AdSL, adenylosuccinate lyase.
Pyrimidine pathway: OMP, orotidine’-Bhonophosphate; UMP, uridine-fonophosphate; UTP,
uridine B-triphosphate; CTP, cytidine’-&iphosphatePfCPSII, carbamoyl phosphate synthetase II;
PfATCase, aspartate carbamoyltransferd2®HOase, dihydroorotasd®fDHODH, dihydrooratate
dehydrogenasePfOPRT, orotate phosphoribosyltransferafdQDC, orotidine Smonophosphate
decarboxylasePfCTPs, cytidine S5triphosphate synthase. The bold arrows on reversiteps,
indicate the metabolically favoured direction. Naadide/nucleobase transporters are indicated on
each membrane: hENT, human erythrocyte nucleosatesporter (brown)PfNT1, P. falciparum
nucleoside transporter 1 (purple) and adenisémaohophosphate transporter (red) (Cassgral,
2011).
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1.9.3.2 Denovo pyrimidine synthesis pathway

Unlike purines that are in abundance in human RBEgimidines exist in small
concentrations (Casseeaal, 2011). As a resuP. falciparumhas retained its capacity fde
novo synthesis of pyrimidines and therefore lacks paftysvfor the salvage of pyrimidines
from the host RBC (Reyext al, 1982; Casserat al, 2011). Instead, thée novopathway is
the only route available for the synthesis of pydime nucleotides (Figure 1.6), as well as
synthesis from pyrimidine substrates such as thymajccytidine, deoxycytidine, uridine and
uracil (Reyeset al, 1982). Thede novosynthesis of pyrimidines from carbamoyl phosphate
and aspartic acid follows the same metabolic paghieand in other eukaryotic cells and the
human host RBC (Cassest al, 2011).P. falciparumcell growth and division demand
sufficient purine and pyrimidine supplies, in pautar deoxyadenosine triphosphate (dATP)
and deoxythymidine triphosphate (dTTP), since theagite contains the most (A+T)-rich
(approximately 80%) genome sequenced to date (@estsal, 2011).

1.10 CDK inhibition and antiprotozoal activity of imidaz opyridines

Imidazo[1,2a]pyridine is a bicyclic system with a bridgeheattegen atom (Figure 1.7), first
described by Chichibabin in 1925 (Enguehard-Gueitind Gueiffier, 2007).
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Figure 1.7 Parent chemical structure of the imidazpyridine (imidazo[1,2-a]pyridines)
analogues.The imidazopyridine group is boxed.

Some imidazole pyrimidine analogues described byuehard-Gueiffier & Gueiffier (2007)
demonstrated diverse pharmacological activitiedugting inhibition of enzymes involved in
cell cycle regulation, receptor ligands of eukaig/atlls, anti-viral and antiprotozoal activity
(Enguehard-Gueiffier and Gueiffier, 2007; Joretsal, 2008). Other drug formulations
containing imidazo[1,&pyridines currently available on the market in@udlpidem
(anxiolytic), zolpidem (hypnotic) and zolimidine nfaulcer) (Rousseawet al, 2007).
Antiprotozoal activity demonstrated by imidazopymiel analogues includesrypanosoma
brucei rhodesienseTrypanosoma cruziPlasmodium falciparummToxoplasma gondiand

coccidiosis (Enguehard-Gueiffier and Gueiffier, 2D0rhe suggested mechanism of action of
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these imidazo[1,2]pyridine analogues involved the inhibition of psita specific cyclic
guanosine monophosphate (cGMP)-dependant protaasdj although the parasites tested
positive for mutagenesis (Enguehard-Gueiffier anei@er, 2007). In the field of anti-cancer
drugs, development of a series of imidazopyridimal@gues targeting cyclin-dependant
kinases has led to the discovery of drugs with-prdiiferative activity against various cell
cancer lines. The proposed vitro antiproliferative mechanism of action of 6-suhggd
imidazo[1,2a]pyridines on HT-29 and Caco-2 cancer cell lines baen proposed to be
mediated via the intrinsic apoptotic pathway (Dakankaset al, 2011). Several other
imidazo[1,2a]pyridines and related imidazo[1ldpyrimidines have been reported to be
selective CDK-inhibitors, bradykinin Breceptor antagonists, gamma-aminobutyric acid and
benzodiazepine receptor agonists (Roussstaal, 2007). In addition, a high-throughput
screen of the AstraZeneca compound library idexttii series of imidazo[1,2}pyridines as
potent inhibitors of CDK2 and CDK4 (Andersaet al, 2003; Enguehard-Gueiffier and
Gueiffier, 2007).

1.11 Targeting the haemozoin formation pathway

Since the discovery of the malaria parasite in 18 century, the malaria pigment
(haemozoin), observed during the trophozoite sthgs,played a role in revealing the life-
cycle of the parasite (Ross and Smyth, 1897; E2@D3a). Slateet al (1991) confirmed that
indeed haemozoin consists of ferriprotoporphyrin{B€*-PPIX) and that it is identical to
syntheticpf-haematin (Slateet al, 1991). During its pathogenic asexual erythrocgt&ge,
the RBC cytoplasm is ingested into the parasiteabgytostome and transported to the
digestive vacuole by double membrane bound trahs@sicles (Figure 1.8) (Egan, 2008a).
The P. falciparumparasite degrades up to 65-75% of the hosts’ RB&mnoglobin during
intra-erythrocytic growth (Skinner-Adamst al, 2010). Inside the digestive vacuole,
haemoglobin is digested by proteolytic enzymes; algraspartic proteases (plasmepsins |, Il,
IV and histo-aspartic protease), cysteine protesdflcipains 2, 2" and 3), metallo-protease
(falcilysin), dipeptidyl aminopeptidases | or cgthm c to small peptides (Figure 1.8)
(Skinner-Adamset al, 2010). These small peptides are then exportedetgparasite cytosol
and finally degraded to amino acids by aminopepgdaSkinner-Adamst al, 2010). Free
haem containing F&PPIX is released following haemoglobin digestioand is
spontaneously oxidised to form haematirt"FePIX and toxic hydrogen peroxide £Bb) by-
products, capable of destroying the parasite memebtiarough oxidative stress, resulting in
parasite death (Egan, 2003). In order to sequestdr protect itself from this free toxic

haematin, the parasite polymerises up to 95% ofhtematin into the inert, microcrystal

18



structure known as haemozoin or malaria pigmenenktzoin is a a yellow-brown water-
insoluble crystal, that is clearly visible, withthe digestive vacuole (Egan, 2003; Egan,
2008b).
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Figure 1.8 Haem metabolic pathway within &P. falciparum-infected RBC (adapted from
Ginsburg, 2013). Hb, haemoglobin; F&PPIX, ferriprotoporphyrin-IX or haem; EePPIX,
haematin; HO,, hydrogen peroxides; Q superoxide anion; HRP, histidine-rich protein; F{haem
detoxification protein; GSH, reduced glutathioneS$&, oxidised glutathione; HMS, hexose
monophosphate shunt; NADPH, nicotinamide adenineiaieotide phosphate (Mdller, 2004; Egan,
2008a; Skinner-Adamst al, 2010; Ginsburg, 2013).

Haemozoin formation is susceptible to numerous agpeutic drugs. Quinolines and 4-
aminoquinolines, such as quinine and chloroquirespectively, are known to act by
inhibiting the haemozoin formation pathway by fongi haem-drug complexes, thus
preventing the polymerisation of haem into haemoZ&umar et al, 2007; O'Neillet al,
2012). For instance, chloroquine is a weak base ianits non-ionised form can readily
traverse down the pH gradient, from the RBC cyt@swbss the membranes into the acidic
digestive vacuole where it is ionised (O'Naitl al, 2012). In its ionised form, chloroquine
then becomes less lipophilic and becomes trappsdianthe digestive vacuole where it
accumulates - a phenomenon called “ion-trappinggc(i®n 2.1.2) (Krogstaet al, 1987;
O'Neill et al, 2012). lonised chloroquine then pharmacologicalgts by binding to

monomeric units of haematin and preventing it frpolymerising into haemozoin (Egan,
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2006; O'Neillet al, 2012). As a result the amount of free toxic ha@miacreases, generating
reactive oxygen species which in turn causes axigatress to the parasite. Oxidative stress
may lead to lipid peroxidation of cell membranedNA damage and protein-carbonyl
formation, which could eventually lead to paragieath (Kumaret al, 2007). The first
synthetic antimalarial drug, methylene blue, a plieiazinium dye and related synthetic
colourants, and natural colourants such as curcinawe been shown to possess antimalarial
activity, possibly by inhibiting haemozoin formatidy complexation with haem, in a similar

manner to chloroquine (Vennerstranal, 1995).

1.12 Antimalarial activity of some colourants

Methylene blue, a phenothiazinium dye, is commamded as a dye in various biological
staining procedures in bacteriology and cytologistaldies. The components of the blood
stain, eosin and methylene blue, were introduce8dmyer and Caro, respectively (Kradts
al., 2011). Methylene blue was used primarily for dete Mycobacterium tuberculosisntil
Ehrlich, in 1880, mixed methylene blue with aciathsgin to produce a stain which allowed
differentiation of blood cells (Kraftst al, 2011).

Colourants are widely used in various industriesluding the textile, printing,
pharmaceutical, cosmetic and food industries, dsasan laboratories as biological staining
agents and pH indicators (Chureg al, 1992). Scientists soon realised that some dye
derivatives could selectively stain different agibes (Wainwright, 2008). In addition, these
dyes could modify physiological processes like Mgtbf microorganisms such as bacteria
and protozoa. Ehrlich and Guttman (1891) introdutedidea that these compounds could be
used in chemotherapy when they successfully treatgpatient infected with malaria with
methylene blue (Wainwright and Amaral, 2005; Waiight, 2008).

1.12.1 General chemistry of colourants

Colourants possess colour due to the following ¢bainproperties: (i) absorb light in the
visible range (400 — 700 nm) of the electromagngpiectrum; (ii) have at least one colour-
bearing group (chromophore); (iii) have a conjudatgstem of alternating double and single
bonds, and (iv) exhibit resonance of electronscivirovide stability in organic compounds
(IARC, 2010). In addition to chromophores, mostoewénts contain auxochrome groups
(Figure 1.9) which act as electron donors (Zollmde87). Chromophores are a group of
atoms in a molecule responsible for the absorptibmadiation, such as carbonyl groups,
nitriles and azo groups. Auxochromes (colour halpen the other hand enhance or even shift
the colour of a colourant, but do not impart coland include carboxylic acid, sulfonic acid,

20



amino and hydroxyl groups (Zollinger, 1987). Auxomines are most often used to influence
dye solubility (IARC, 2010).

Figure 1.9 Chromophore and auxochromes of acid re@zo compound (adapted from
Verma et al., 2012).The boxed azo group gives the acid red colouranteil colour. The circled
functional groups are auxochromes that intensiéydblour of the chromophore (Verraaal, 2012).

Organic and inorganic colourants can be subdivigéd natural and synthetic colourants
(Zollinger, 1987). The majority of natural coloutamsed prior to the 19th century have been
replaced by synthetic dyes due to the cost-effenggs of production and stability of

synthetic dyes (Gordon and Gregory, 1983).

1.12.2 Synthetic colourants

Synthetic dyes can be generally classified intdtergain groups: (i) azo, (ii) anthroquinone,
(i) vat, (iv) indigoid, (v) polymethine, (vi) atycarbonium, (vii) phthalocyanine and (viii)
nitro dyes (Gordon and Gregory, 1983). A promindass of synthetic dyes, namely the azo
dyes make up over 50% of the total dyes used wadelWfGordon and Gregory, 1983;
Zollinger, 1987). This can be largely attributedth® low cost production technique (azo

coupling) that allows for a wide variation of dieezompounds (Gordon and Gregory, 1983).

1.12.2.1Azo dyes

Azo dyes are widely used in various industries sashtextile, printing, pharmaceutical,
cosmetic and food industries, and in research &boes as previously indicated (Zollinger,
1987; Tsudeet al, 2000). Azo dyes contain an azo group (Figure)1tiét consists of two
nitrogen atoms linked by a double bond (R—N=N-Rthwnostly aromatic side chains, either
benzene or naphthalene rings (Zollinger, 1987). @ahe group appears to be an electron
acceptor. These can be further classified accordirtbe number of azo groups, for example
diazos (Figure 1.10) have two linked nitrogen at@ssa terminal reactive group A{BR=Ny)

(Zollinger, 1987). Since the discovery of macrozami 1951, a number of natural occurring
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azoxy (R-N=N(O)-R") compounds such as cycasinpsigcin, maniwamcyin, azoxybacillin

and valanimycin have been discovered (Zollinge871¥ngelet al, 2003).

Azo Diazo Azoxy

Figure 1.10 Chemical structures of azo, di-azo analxozy compounds (Zollinger, 1987).

1.12.2.1.DDiscovery of sulfa drugs from azo dyes

Sulfadiazine is indicated for treatment of burndjilev sulfadoxine in combination with
pyrimethamine has antimalarial activity, althougidevspread parasite resistance has been
associated with the latter combined drug therapag8o and Goldberg, 2006; Wainwright,
2008). Azo-polymers have been utilised in the desifydrug delivery systems for localised
therapy. Pro-drugs such as sulfasalazine were olgeelfor delivery of 5-aminosalicylic acid

specifically to the colon for localised effect mflammatory bowel disease (Jahal, 2006).

1.12.2.1.2Metabolism of food colourants

Colourants are added to various types of foodsianffeiding beverages, confectioneries and
processed meats in order to increase their apgebinger, 1987). Most food colourants have
no nutritional value and their use is regulatedniost countries to prevent food toxicity. The
concentration of dyes in coloured foods is usuaitly 0.005 to 0.03% by weight (Zollinger,
1987). Natural food dyes either extracted from fdam synthesised chemically as natural by-
products are an expensive alternative and are lysuiastable, thus making synthetic dyes
more attractive from a manufacturing perspectivell{@yer, 1987). Ingested azo dye
compounds are metabolised in humans by azoreduaaggmes found in the liver,
gastrointestinal microflora and eliminated by reaatretion (Golkaet al, 2004). Intestinal
azoreductase activity has however been found tedhgced by various dietary factors such as
fibre, Lactobacilli live culture supplements and antibiotics (Chueg al, 1992). The
azoreductase reaction (Figure 1.11) may yield actind carcinogenic metabolites such as

benzene and naphthol depending on the azo dyersichlestructure (Let al, 2007).
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2-Aminobenzoic acid

COOH
COOH
NADPH NADP"
N > +
SN azoreductase
NH,
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Methyl red

N,N-Dimethyl-p-phenylenediamine

Figure 1.11 Azoreduction of methyl red (adapted fren Chenet al., 2005).The mechanism
of action of azoreductase in the reduction of mletég involves oxidation of NADPH, which acts as
an electron donor and reductive agent. The react#sults in metabolitesN,N-dimethylp-
phenylenediamine and 2-aminobenzoic acid.

1.12.2.2Phenothiazinium and related dyes

In 1891, Ehrlich and Guttman reported antimalaaietivity of a synthetic phenothiazinium
dye, methylene blue, after oral administrationvto patients who were clinically cured. The
only side-effect was described as “spastic iiotatof the bladder” (Vennerstrorat al,
1995). Previous to this, Ehrlich had successfulatied neuralgias with methylene blue, but
this was the first documented cure of malaria waitbynthetic chemical. Although methylene
blue itself was not as efficient a stain for norRBCs as its derivatives, it had previously
demonstrated specific stainingBfasmodiumspecies (Vennerstroet al, 1995; Wainwright
and Amaral, 2005).

1.12.2.2.MMethylene blue
Methylene blue (CAS 61-73-4) is a phenothiaziniuadt and the earliest reported synthetic
antimalarial drug (Wainwright and Amaral, 2005). rAbm temperature it appears as a solid
dark green powder, but turns blue when in solutionits reduced-form, methylene blue
appears colourless (Figure 1.12) (Schirne¢ral, 2003). It is suggested that it is the
spontaneous cycling between the oxidised and reddoems of methylene blue (or
leucomethylene blue) (Figure 1.12) that make itediiective reduction-oxidation (redox)
reagent (Atamna and Kumar, 2010). Methylene blue clsically indicated for
methaemoglobinaemia therapy, the prevention ofafagle-induced encephalopathy and has
demonstrated neuroprotective activity in Alzheirsatisease (Schirmet al, 2003; Atamna
and Kumar, 2010).
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Figure 1.12 Redox reaction of methylene blue (adagd from Schirmer et al., 2005).The
redox reaction of methylene blue involves the otkigaof riboflavins, flavin adenine dinucleotide
(FADH,) and nicotinamide adenine dinucleotide (NADPH).

1.12.2.2.5afranin O

Safranin O (CAS 477-73-Giigure 1.13 acationic phenazinium dye structurally related to
methylene blue, is commonly used in histochemidaingyg (Rosenberg, 1971). In its
application it has been used in combination witt freen as a counterstain and with iron-
haematoxylin to stain nuclei (Rosenberg, 1971hak been particularly useful in differential
staining of tissue polyanions in pathological stsdof articular cartilage degradation such as
in rheumatoid arthritis (Rosenberg, 1971). Theraalarial activity of phenazinium dyes such
as Janus green B, phenosafranin, methylene viBlaiX3and indoine blue, safranin O and its
analogues were reinvestigated for thaeiwvitro inhibitory effect on the D6 and chloroquine-

resistant W2 strains &f. falciparumparasite growtlfVennerstronet al, 1995).
HsC /N CH,4
I I\ +I I
HoN N NH,
Figure 1.13 Chemical structure of safranin O (PubClkem Compound, 2013c).

1.12.3 Natural compounds as a source for antimalarial drug

Plants have been a source of medicine throughetdrigiand continue to serve as a source for
many pharmaceutical agents today (Ginsburg and ideB811). The medicinal properties of
plants have been described as early as 2000 B.€.danumented in early Egyptian,
Ayurvedic, Chinese traditional medicine, and vasiolEuropean documents and
pharmacopoeia (Patwardhan, 2005; Keh@l, 2009). The medicinal use of the cinchona tree
(Cinchona ledgeriangfrom South America, Peru, dates back more th&nhy&ars, for curing

fever and shivers. Only in 1820, the antimalarralgdquinine was isolated from the powdered
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bark of the cinchona tree by Pelletier and Caverfitinetz et al, 2011). Another potent
antimalarial drug, artemisinin (ginghaosu) was vidi from the planging hao (Artemisia
annug and has been recognised for its medicinal pragsefor more than 2000 years by the
Chinese (Vinetzt al, 2011). In some Asian and African countries, 80Bthe population
relies on traditional medicine for primary healtlare (Ginsburg and Deharo, 2011).
Authorities have also raised concerns regardingntesteit, contaminated herbal products
with insufficient toxicity data that pose seriouatipnt safety threats (Newtaet al, 2010).
Whilst the WHO and its Member States are co-opagath promoting the use of traditional
medicine, the African Network for Drugs and Diagas Innovation seems to be poised to
address toxicity testing protocols, as well as gmaag knowledge of indigenous medicinal
herbs (Nwakaet al, 2010).

1.12.3.1Therapeutic activity of some natural colourants

Certain plant and animal colour extracts are ndy osed as food additives, but have been
used in traditional medicine as well. For instanites chemotherapeutic properties of the
active constituent in turmeric, curcumin (diferdiogthane), has been extensively
investigated and published in 6,360 papers (Shisteidal, 2007; PubMed, 2014). Among its
numerous therapeutic roles, curcumin has demoadtiattivity against chloroquine-resistant
P. falciparum various cancers and tumours, ulcerative colitigpercholesterolaemia,
atherosclerosis, pancreatitis and Alzheimer's diseia various clinical trials (Linet al,
2001; Duvoix et al, 2003; Reddyet al, 2005; Goelet al, 2008).In vivo studies have
indicated that an artemisinin or arteether comimnatherapy with curcumin has the potential
to prevent parasite recrudescence and relapBe loérgheiinfectedmice, as well as provide
protection against cerebral malaria (Reddy al, 2005; Nandakumaret al, 2006;
Padmanabaet al, 2012; Vathsalat al, 2012). In additionin vitro studies by Reddgt al.
(2005) and Nandakumat al. (2006) demonstrated the inhibitory activity of aumin against

the chloroquine-resista/t falciparumstrains.

1.12.3.1.1Curcumin

Curcumin (diferuloylmethane; CAS 458-37-7; food itigld E100) is found in turmeric
(Curcuma longa powder (Goekt al, 2008). The turmeric plant (Figure 1.14) is a $&=5%)
leafy perennial herb of the gingeEZifgiberaceag family (Van Wyk and Wink, 2004;
Brittanica, 2013c). The plant has broad hairlessde arising from near ground level with
white and yellow flowers borne in oblong spikeseThizomes are fleshy, smooth and bright
orange inside and are the source of turmeric (Vayk \Whd Wink, 2004). Turmeric is an

ancient spice and vegetable dye thought to hawgnated in India (Van Wyk and Wink,
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2004; Goelet al, 2008). In additionCurcumaspecies are widely used for their benefits in
stimulating bile secretion, the healing of pepticens and carminative (release of gastric gas)
effects (Van Wyk and Wink, 2004; Goet al, 2008). A daily intake of 2 g of dried rhizome
and up to 9 g of fresh rhizome is recommended Wak and Wink, 2004). The yellow, non-
volatile pigments (3-5% of dry weight) in turmer&ze called curcuminoids and include
curcumin, monodesmethoxycurcumin and bisdesmethwgymin, of which curcumin is pre-
dominant (Luca®t al, 2001; Van Wyk and Wink, 2004). The essential®iV% dry weight)

is rich in bisabolane, guaiane and several germaetgpe sesquiterpenes including ar-
turmerone a-turmerone B-turmerone, carlone and zingiberene (Van Wyk anakV2004;
Funket al, 2009). Curcumin was first isolated in 1815, oh¢ai in crystalline form in 1870
and ultimately identified as diferuloylmethane (g 1.15) (Goekt al, 2008). In 1910, the
feruloylmethane skeleton of curcumin was confirnaed synthesised. (Goet al, 2008).
Curcumin has a chemical formula of;:8,006, and a molecular weight of 368.37 g/mol.

Curcuma longa plant ‘ fresh rhizomes ‘ dried rhizomes ‘ cumlgg"lc d%rround

Figure 1.14 Curcuma longa plant and ground powder prepared from dried rhizomes
(adapted from Goelet al., 2008; Britannica, 2013c).
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Figure 1.15 Chemical structure of curcumin (Goelet al., 2008; PubChem Compound,
2013Db).In solution, curcumin exists in enolic afediketonic forms, but primarily exists in enolic
form.
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Pharmacological activity of curcumin and relatedhpounds include anti-inflammatory, anti-
oxidative, anti-microbial, anti-plasmodial and dgxicity toward tumour cells, but is
contraindicated in cases of bile duct obstructiorgallstones (Van Wyk and Wink, 2004;
Shishodiaet al, 2007; Goekt al, 2008). In a study by Furgt al. (2009), turmeric essential
oils demonstrated potent anti-inflammatory activitks an anti-oxidant, curcumin is
suggested to be even more potent than Vitamin & @tial, 2001). These anti-inflammatory
and free radical scavenging properties were demraisst in inhibiting inflammatory and
oxidative damage that occur as a responsg-amyloid plagues in the transgenic mouse
model carrying a human familial Alzheimer’'s diseagme (Limet al, 2001). Of greater
importance to the current study, curcumin has ipusly demonstrated antiprotozoal effects

against_eishmaniaTrypanosomaP. falciparumandP. berghei(Reddyet al, 2005).

1.12.3.1.2Annatto

Annatto (CAS 6983-79-5, food additive E160b) is-yetlow colourant extract from mature,
dry seed pericarp (Figure 1.16) of the achiote, tBiga orellana (Bautistaet al, 2004).
Annatto extract contains 80% bixin (Figure 1.17)Jimd-soluble carotenoid along with
norbixin (Figure 1.17) which is a water-soluble tylgised derivative of bixin (Bautistet al,
2004). In 1982, the WHO Expert Committee on Foodlifides reduced the acceptable daily
intake (ADI) of bixin (27%) from 1.25 mg/kg to 0.86mg/kg body weight, which is
significantly lower than the ADI of most synthetiolourants which is set at 0.5 mg/kg body
weight due to insufficient toxicity data (Bautisthal, 2004). Annatto (E160b) is a permitted
food colorant under the European Community guidslifLucaset al, 2001).

Figure 1.16Bixa orellana plant seeds in an open seed pod (Brittanica, 20)3c
HsC HC CH3

ROOC—CH — CH—COOH
NN NS
CH,
Bixin R =CH,

Norbixin (annatto) R=H

Figure 1.17 Chemical structures of the constituendf annatto namely, bixin (~80%) and
its hydrolysed derivative, norbixin (adapted from Evans, 1996).
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1.12.3.1.3ochineal

Cochineal (CAS 1260-17-9, food additive E120) idranted from a dried female insect,
Dactylopius coccugformerly calledCoccuss cactiwhich contains red pigmented eggs and
larvae (Figure 1.18) (Evans, 1996). Cochineal wiathcally used as a dye in England as
early as the 1% century. TheD. coccusinsects are indigenous to Central America and are
usually found on cactus plants of the geysuntia where they normally breed (Evans,
1996). Following fertilisation, the female inseutedls up to double its former size due to the
eggs (60 to 450 eggs) and developing larvae (EV&@%5). The red-coloured larvae mature in
14 days and escape the body of the dead femalet.ifdee insects are harvested by brushing
the cacti plants. The red pigment is obtained hirgpthe insects in water, or by exposure to
the fumes of burning sulphur or charcoal (Evan€96)9 Cochineal contains about 10%
carminic acid (Figure 1.19), a brilliant purple, terasoluble colouring matter, which isGa
glycoside anthroquinone derivative. The insectsaonabout 10% fat and 2% wax (Evans,
1996).

Figure 1.18 (a) Cochineal insects, (bDactylopius coccus, forming white clusters
on Opuntia cactus (Brittanica, 2013b).

Figure 1.19 Chemical structure of carminic acid (PbChem Compound, 2013a).

1.12.3.1.4Larmine
Carmine (food additive E120) is a purplish-red dyi¢h an aluminium mordant, prepared

from cochineal insects and contain about 50% cacmatid (Evans, 1996). The food
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colourant carminic acid produces free radicals andhe presence of iron salts, readily
damage membrane lipid and degrade carbohydrateydeose (Gutteridge and Quinlan,
1986). A case of anaphylactic reaction was repariea patient after ingestion of a generic
carmine-coated azithromycin tablets suggesting icernhypersensitivity in some patients
(Greenhawtet al, 2009). In the latter study, a skin-prick testlugiing two brands of
uncoated zithromax and azithromycin, isolated caeatioating, commercial grade carmine
and cochineal insect extract controls, showed inggcto both the isolated carmine-coating
and carmine solution within 30 min (Greenhatial, 2009). In contrast, the patient showed
no significant reaction to the cochineal insectraott control. Subsequently the patient took
the zithromax tablet (without carmine coating) tyralithout adverse reactions (Greenhaait
al., 2009).

1.12.3.1.55afflower

Safflower (CAS 8001-23-8) aCarthamus tinctoriud.. is a member of the family Compositae
(Dajue and Miundel, 1996). The safflower plant (Feggi.20a) is an annual herb with toothed
leaves and yellow flower heads (Van Wyk and WinkQ4). The fruits are small, white nuts

(achenes) that contain a single seed (Figure 1.20b)

Figure 1.20 The (a) safflower Carthamus tinctorius L.) plant, (b) seeds and (c) dried
flowers (Van Wyk and Wink, 2004).

Traditional uses of the flower extracts in Chinesedicine include the treatment of
gynaecological ailments, inflammation, heart digosdand fever. Other uses of the flower
extracts include relief of lower abdominal pain,ddean and treat wounds, scars, swellings
and sprains. Dried flowers (Figure 1.20c) are preghaas tea infusions and tinctures or
alcohol extracts (Van Wyk and Wink, 2004). The geil pigments in the flowers are
glycosylated dichalcones such as carthamin, saéftoxellow B, safflornin C, hydroxysafflor
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yellow A, and tinctormine (Van Wyk and Wink, 2008#resent in the flowers are numerous
flavonoids (mainly quercetin and luteolinytocopherol, triterpene alcohols (mainly helianol)
and polysaccharides. The flowers are a source dwer red dye used to colour butter,

liqueurs, confectionery and cosmetics (Van Wyk @fidk, 2004).

Pharmacologically, both the flowers and the oil dnaholesterol lowering effects, while the
polysaccharides are reported to act as immune kstintau(Van Wyk and Wink, 2004). The
flavonoids anda-tocopherol possess anti-oxidant effects, whilgt tititerpene alcohols are
reported to be anti-inflammatory (Van Wyk and WigK04). Alpha-tocopherol is reported to
possess a vitamin E-like effect that is not onfyiled to protection against oxidative stress,
but plays a role in cellular signalling functiomsvascular smooth muscle and generates a
metabolite that facilitates natriuresis (Brigelid®he and Traber, 1999). The seed oil extract
has the highest linoleic acid content of any sekdral is used as a source of this acid in the
health food industry (Van Wyk and Wink, 2004). Qaygted linoleic acid has been reported
to have anti-carcinogenic, anti-obese, anti-di@bethd anti-cancer effects (Nagao and
Yanagita, 2005).

1.12.3.1.6Carbon black

Carbon black or vegetable black (CAS 1333-86-4dfadditive E163) is a black powder of
elemental carbon usually manufactured by the cotidu®f vegetable material at a high
temperature to produce a black powder for food(Mgellmannet al, 2006). However, oils
with high aromatic hydrocarbon content are theegrefl raw material for high production of
carbon black (Wellmanet al, 2006). Carbon black as a food additive is usesuigar and
flour confectioneries (European Food Safety Autlyp2012). The IARC categorised carbon
black as a Group 2B (meaning it is possibly camgamc to humans) colouring agent in 1995
(Wellmann et al, 2006). Benzajf]pyrene, a polycyclic aromatic hydrocarbon found in
charbroiled food, environmental and tobacco smake lee enzymatically metabolised into
mutagenic and highly carcinogenic metabolites mhgsassociated with colon and lung
cancers (Denissenkat al, 1996; Le Marchaneét al, 2002; Jianget al, 2007). However, use
of vegetable-derived carbon black (E153) contairnty1l pg/kg of residual carcinogenic
polycyclic aromatic hydrocarbon, expressed as Heffyzgrene, has not been a safety concern
(European Food Safety Authority, 2012).

1.12.3.1.'Beetroot
The plant orderCentrospermaeconsists of ten families which produce red andoyel
pigments collectively known as betalains (Harm&8Q Britton, 1983). Betalains include
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two pigment classes, the red-violet betacyaningl the yellow betaxanthins (Straei al,
2003). Betalamic acid (Figure 1.21a) is the chrohmop common to all betalain pigments
(Stracket al, 2003). Betalains are water-soluble and show ssiméarity to anthocyanins,
however both pigment groups occur mutually exclesio plants (Harmer, 1980; Britton,
1983). Most natural betacyanins (Figure 1.21b) stracturally based on two aglycones,
namely betanidin and its epimer (different chisalét one carbon), isobetanidin (Britton,
1983). The addition of certain residues to betataawid determines whether the pigment may
be classified as a betacyanin or betaxanthin (Eigu21c). Betalains are mostly restricted to
higher plants in certain families of thi@entrospermaencluding cacti, and are present in
flowers, leaves and fruits or roots (Britton, 198Bhe most commercially exploited betalain
crop is red beetroot (food additive E16Bgta vulgaris(Figure 1.22a), which contains two

major soluble pigments, betanin (red in colour) anlgaxanthine | (yellow) (Azeredo, 2009).

HOOC" “N~ ~COOH HOOC"™ N~ “COOH HOOC" “N~ ~COOH
H H H

(a) (b) (c)
Figure 1.21 General chemical structures of (a) bekamic acid, (b) betacyanins and (c)

betaxanthins (adapted from Stracket al., 2003).Betanin: R = R? = H. Betaxanthine: R=
amine or amino acid group.

Betalains are added to foods such as dessertseatmmferies, dry mixes, dairy and meat
products, and used as a pharmaceutical colouraminé: 1996; Azeredo, 2009). The spray-
drying method used to obtain powdered beetrootufieidl.22c) yields approximately 1%
betanin, whereas spray-drying which involves pr@robic fermentation of the aqueous

extraction may yield up to 8% betanin (Harmer, 1980
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(a) Beta vulgaris plant (b) beetroot bulbs (c) beetroot ground powder

Figure 1.22 Ground red powder from the bulbs of theBeta wulgaris plant (Brittanica,
2013a).

The potent free radical scavenging activity of lzte is well known and based am vitro
tests, some reports rank beets among the ten ratesitprzegetables with respect to their anti-
oxidant activity (Azeredo, 2009). Betanin has destated efficacy in the suppression of
skin and liver tumours induced by different cherhicarcinogens in mice (Kapadet al,
2003). Both betanin and betanidin have shown thityato inhibit lipid peroxidation and
haem decompositiom vitro (Kanneret al, 2001). Interestingly, human RBCs incorporate
dietary betalains which may protect the cells armlchoxidative haemolysis (Tesoriegt al,
2005). Betanin has shown to be effective in scavenlgypochlorous acid, the most powerful
oxidant produced by human neutrophils. In additioetanin acts as a reducing agent of the
redox intermediates of myeloperoxidase, which ga&sd the production of hypochlorous acid
(Allegra et al, 2005).

1.13 Problem statement

The drug research and development (R&D) processn frrompound screening to
commercialisation and ultimate health impact isidglhy 10 to 15 years and costs ranging
between 500 and 800 million US dollars (Nwastal, 2009). Research and new drug
development appears to be bias towards ailment® ssc hypertension, depression,
tuberculosis and HIV/AIDS. Malaria is often regatdas one of the neglected diseases
afflicting poor populations in developing countri@éwakaet al, 2009). Although malaria
has in recent years received significant fundihg, drugs expected from the existing R&D
portfolio are a combination of current drugs suslthe potent artemisinin derivatives, along
with new novel agents. But even artemisinin-basedslare threatened by resistance (Nwaka
et al, 2009; Dondoret al, 2011). Therefore, with the increasing resistasfde. falciparum

to classical drugs such as mefloquine and artemjsand with the absence of a malaria
vaccine that can deliver effective protection, ¢hisr a critical need in identifying new drugs

with novel mechanism of actions. In addition, conaion studies involving existing
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effective drugs with these new drugs, is essemtialelay or prevent the evolution of new
resistance pathways (WHO, 2012).

1.14 Aims and objectives of the study

To this end, the aim of the study was to inveséighiein vitro antimalarial activity of 56

select compounds (synthetic and natural colourantssel nucleoside analogues and

imidazopyridine analogues), taking into accountdélectivity index (for malaria) of the most

active test compounds, as well as elucidate a patedrug target such as haemozoin

formation or the NIMA-relate@fNek-4 protein kinase enzyme.

In order to accomplish this, the main objectiveshef study were as follows:

Determine the anti-plasmodial activity of the testnpounds on the asexual, intra-
erythrocytic stages d?. falciparumover a single 48 h developmental cell-cycle.
Analyse drug combination interactions of the masiva compounds and classical
antimalarial agent, quinine.

Determine the selectivity index of most active counpds forP. falciparumparasites
compared to transformed human epithelial cellsamter cell line.

Evaluate the ability of the lead compounds to ifthhbemozoin formation.

Study the developmental stage-sensitivity of thexaal forms of theP. falciparum
parasites to lead compounds.

ExpressPiNek-4, a NIMA-related protein kinase putatively atwed in the formation
of gametocytes or conversion to the sexual stadgeP.dfalciparum as well as
determine the inhibitory effects of most active gmunds on the protein kinase
activity of PfNek-4.
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Chapter 2 Antimalarial activity

2.1 Introduction

New drugs forP. falciparummalaria infections should ideally be efficaciogaiast drug-
resistant strains and eliminate the disease wéhigasonable time to ensure good compliance
(Fidock et al, 2004). Although, efficacy cannot be at the expeoitoxicity, therefore the
drugs need to be safe, suitable for small childred pregnant women and have appropriate
formulations for oral use. In addition, these newgd must be affordable so that they may be
accessible to many who desperately need them, ialpec Africa where most people must
survive on less than 15 US dollars per month (Véimsty, 2000; Fidocket al, 2004).
However, the challenge of any drug discovery efterto identify and develop compounds
with properties that have predictive efficacy aafesy in humans (Winstanley, 2000; Fidock
et al, 2004).

2.1.1 Approach to antimalarial drug screening

Screening of compounds may involve computationakssment of their physicochemical
properties against molecular targats,vitro or in vivo activity against the malaria parasite
(Lipinski et al, 2001; Fidocket al, 2004). The compoundsi vitro activity may be measured
by determining the concentration of the compounguired for 50% inhibition (IG) of
malaria parasite growth or survival (Fidoekal, 2004). In order to ensure efficacy early on
in the development of a drug, cut-off concentratimues are used to narrow the search
during high-throughput screening of compounds. &€hmsg-off values vary depending on the
class of the compounds or computational decisihgh should be in the range of less than
1 to 5uM for in vitro screens and less than 5 to 25 mg per kg (oralifscusaneous) foin
vivo screens (Fidoclet al, 2004). In addition, there is a general conserbas drug
combinations are essential for the optimal contfomalaria in developing countries and in
replacing existing monotherapies or combinationrapes, such as chloroquine or
sulphadoxine-pyrimethamine, respectively, that hbowe efficacy against resistant strains
(Fidocket al, 2004; National Department of Health, 2010; WHQ1.3).

2.1.2 pH-Dependent sensitivity ofP. falciparum parasites

Drug absorption is determined by the drug's phys$iemical properties, formulation, and
route of administration (Rangt al, 2012b). Unless given intravenously, a drug musss
several semi-permeable cell membranes before ¢chesathe systemic circulation. These cell
membranes are biologic barriers that selectivelyibih passage of drug molecules. The

membranes are composed primarily of a lipid bilaygh intramembranous proteins, which
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determine membrane permeability. Drugs may crofisneembranes by passive diffusion,
facilitated passive diffusion, active transportngmytosis, or intramembranous receptors
(Ranget al, 2012b). A complicating factor in relation to memafe permeation is that many
drugs are weak acids or weak bases, which meahgiépanding on the pH, they exist in
varying ratios in both non-ionised lipid-solublerfoand ionised lipid-insoluble form when in
solution (Ranget al, 2012b). Approximately 95% of drugs on the marleg either weak
acids (20%) or weak bases (75%) and are ionisd@dial et al, 2007). Chloroquine (Figure
2.1), a 4-aminoquinoline schizontocidal agent aedkvbase is predominantly non-ionised at
a neutral pH (7.0) and can therefore diffuse fraetp the parasite digestive vacuole as it
traverses down the pH gradient (Krogsttdal, 1987; O'Neillet al, 2012; Ranget al,
2012a). Then at the acidic pH (4.8-5.2) of the sliye vacuole (chloroquine’s site of action),
chloroquine is converted to a di-protonated, memdienpermeable form and is “trapped”
inside the parasite as it cannot translocate adiess/acuole membrane (Krogstad al,
1987; Ranget al, 2012a).

Membrane
Membrane impermeable
permeable ,~CHs CQ++

(ele) N
{K o
CHy
Cl N NH
AN
1991

pH 7.4 pH7-7.2 pH 6.8-7.0 \_ pH 4.8-5.2
Red blood cell Parasite digestive

Cytoplasm Vacuole
Parasite
cytoplasm

Figure 2.1 “lon-trapping” of chloroquine within the malaria parasite digestive vacuole
(adapted from O’Neill et al., 2012).Non-ionised chloroquine (CQ), a weak base, diffubesugh
the RBC and parasite plasma membranes down thegutiegt and ionises at an acidic pH within the
digestive vacuole leading to increased accumulaifaie ionised or di-protonated drug (CR The
secondary and tertiary amine groups both accephglesproton. The resulting quaternary amine
putatively binds t@-haematin thus inhibiting haemozoin formation.
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2.1.3 pKa and degree of drug ionisation

The pH-partition hypothesis of Shoet al (1957) proposed that highly ionised drugs are
either poorly absorbed or not absorbed at all,llastiated with chloroquine in Figure 2.1
(Shoreet al, 1957; Disanto and Wagner, 1972). The relativeceatrations of the ionic and
molecular forms of the drug depend on the, fi€lative acid-base strength) of the drug and
the pH of the medium (Knittel and Zavod, 2008).alidition, most drugs are absorbed by
passive diffusion of the non-ionised form (Raag al, 2012b), therefore the degree of
ionisation of a drug at a certain pH is of greapamance. Based on the Bronsted-Lowry
Theory, a drug that is a weak acid can reversagatiate into an anion (negatively charged)
and a proton (B and a weak base forms a cation (positively cltjrgg accepting a proton
(Rosenthal, 2007). The Henderson-Hasselbalch eguéiquation 2.1) relates the ratio of
protonated (conjugate acid) to unprotonated (catpigase) species of weak acids or bases to
the drug’'s pK (negative logarithm of the dissociation constd€y), and the pH (negative

logarithm of the H or acid concentration) of the medium (Aulton, 20B®senthal, 2007).

[acid]
g [base]

Equation 2.1 The Henderson-Hasselbalch equation.

pKa =pH +l0

There is therefore a direct link between the degfaenisation of a drug and its solubility in
aqueous medium (Figu2?2). In addition, the degree of ionisation of agl{Section 2.3.14)
in a solution can be derived from the Hendersonsklaach equation (Equation 2.1) if the
pK, value of the drug and the pH of the solution arevin (Aulton, 2002). The pKof a drug
influences solubility, protein binding and permdéi&pi which in turn directly affects
pharmacokinetic characteristics such as absorpti@tribution, metabolism and excretion
(ADME) (Manallack, 2007). The strong associatiotween pk, and the pharmacokinetics of
most drugs has resulted in measurement of y@fues as a regulatory requirement by the
Food and Drug Administration in the USA (Manalla@j07). It is however conceded that
pKa values in isolation maybe limited. Therefore atineste of likely ADME characteristics
can be obtained using pkalues in combination with other physicochemicalpgrties such
as molecular weight (MW), logarithm of partition efbicient or octanol (organic)-water
distribution coefficient of a compound (log P), nuen of hydrogen donors and hydrogen
bond acceptors, as well as the polar surface @ad¢ number of hydrogen bonds) of the drug
molecule (Lipinskiet al, 1997; Manallack, 2007). A variety of computatibapgproaches

exist and a number of algorithms and qualitativeicstire-activity relationship (QSAR)
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models are used within commercial software packagieh as ACD/Labs that identify
ionisable groups and predict principal ptacid or base) values (Manallack, 2007). So taking
pKa values into account when screening compoundsysalfor early ADME profiling during

the drug discovery process.
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Figure 2.2 Change in ionisation and relative solulbity of weakly acidic and weakly basic
drugs as a function of pH (adapted from Aulton, 200).

2.1.4 Lipinski’'s Rule of 5 as a measure of ‘drug-likeness

The drug-like properties of the most active tesinpounds were assessed using a non-
empirical,in silico or computational approach, known as the LipinsKide of Five (R05),
first published by Lipinsket al. (1977). This approach was adopted by the PfizeseReh
Centre and is widely accepted by the pharmaceuticistry for drug-likeness profiling of
orally administered therapeutics that are passitralysported to the site of action (LipingHi

al., 2001; Bhalet al, 2007). With the advent of computational high-tigbhput screening
(HTS) techniques, it has become feasible to sdneedreds of compounds using the Ro5 and
other new profiling tools and quickly eliminate deacandidates that have poor
physicochemical properties for oral bioavailabil{tyipinski, 2004; Bhalet al, 2007). The
term “drug-likeness” specifically refers to dru@di permeability properties (Lipinski, 2004;
Bhal et al, 2007). High oral bioavailability is a critical der when developing therapeutic
agents and it is enhanced when there is a balagiweebn the compound’s solubility and
lipid-solubility (Lipinski, 2004; Salahuddiret al, 2013). Bioavailability is influenced by
good intestinal absorption, reduced molecular By (or low number of rotatable bonds),
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low polar surface area (Salahuddih al, 2013). The four key physicochemical parameter
ranges used to describe drug-likeness using theaRo®he molecular weight (MW) < 500,
the logarithm value of the partition coefficienvdl P) < 5, hydrogen bond donors (HBBsS)

5, hydrogen bond acceptors (HBAs: a sum of nitrogieth oxygen atoms) %0, in this case
10 being a multiple of 5 (Lipinsket al, 1997, 2001). Although the Lipinski’'s Ro5 has no
range limit for log P, negative log P value (logc®) implies the compound is hydrophilic,
the larger the log P value (log P > 0) the greaselipophilicity (Khanna and Ranganathan,
2009). Therefore, log P is often taken into consitien with the molecular weight of the
compound since smaller molecules (MW < 500) mayudd across cellular membranes
(Leeson and Springthorpe, 2007). The log P, octamabtér partition coefficient of a
compound, is a predictor of lipid-solubility and dely accepted as having a significant
impact on the ADME properties of compounds (Bégahl, 2007). However, the application
of log P is limited to compounds in their neutrtdts. The changing pH environment for
orally administered drugs along the gastrointektnaat varies from the stomach to the colon,
meaning that compounds will often be in a mixtufeonic species (Bhatt al, 2007). Oral
drug absorption occurs in the small intestinegat@ximately pH 5.5. In order to account for
the mixture of ionic species, log D (distributioonstant) a pH-dependant parameter is often
used in physiological systems (Blatlal, 2007).

2.2 Objectives

The objectives were to evaluate: the antimalacal/ay of all test compounds, the combined
effect of the most active synthetic and naturabuants with quinine, and to assess possible
mechanism(s) of action and cytotoxicity of all fkad compounds. Initially, the antimalarial
activity of the test compounds was screened at>amemn final concentration of 100M for
synthetic compounds and 100 pug/ml for natural camgds. The Ig, values for the active
compounds, that inhibited parasite growth by astlé&8% or more, were determined. The
active compounds (g values < 100 uM for synthetic compounds and 10@nufpr natural

compounds) were included for further pharmacoldgcton studies.

Although the screening concentration of a @0 used in the current study was above the 1-
5 uM concentration range stated by Fidaatkal. (2004), the objective was to narrow down
the search for more active compounds since theseawdnance that a large number of the test
compounds could be inactive and as such furtheliegicould be done to determine theglC

values on these select compounds.
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2.3 Methodology

2.3.1 Preparation of test compounds

A total of 56 test compounds were screened in tireent study. The azo dyes (28) were
acquired from Dr Laurent Meijer (Station Biologiqde Roscoff, France) as a gift and the
other synthetic colourants (3) including methyléhee, safranin O and mercury orange were
acquired commercially from Sigma-Aldrich. The nowvelcleoside analogues (8) and
imidazopyridines (8) were donated by Professor [éeabe Koning (School of Chemistry,
University of the Witwatersrand). The novel nucidesanalogues (Appendix Al) based on
purine (guanosine and inosine) pyrimidine (uridined cytosine) nucleobases, were
synthesised using the ring closing metathesis ndelbgy and fully characterised by
spectroscopic methods by Dr Jenny-Lee Panayidesruhd supervision of Professor Willem
A.L. van Otterlo at the School of Chemistry, Unsigy of the Witwatersrand (van Otteréa

al., 2003; Panayides, 2012). The structure-activilgti@ship strategy approach for the JLP
series compounds was based on a pyrimidine scaffithd substitutions of various reactive
groups. The imidazopyridine analogues (Appendix, A2signated IP, were synthesised using
a multicomponent coupling reaction by Dr AmanadaRbusseau under the supervision of
Professor Charles De Koning (Roussedtal, 2007). A cyclohexane ring at positiort R
compounds IP-2 to IP-4 of the imidazopyridine aga series was substituted with a 1,3-

dimethylbenzene ring in IP-5 to IP-8.

Natural colourants (9): curcumin, paprika powdetrast, beet-P3006 powder extract, beet-
0611, carbon black, safflower, annatto, cochineal aarmine, were donated by Phytone
(Ltd.). Stock solutions of 10 mg/ml for natural goounds and 10 mM of all synthetic test
compounds including quinine hydrochloride (Sigmah#dh) were prepared in 100% (v/v)
dimethyl sulfoxide (DMSO) (Sigma-Aldrich). Serialilitions of test compounds were
prepared using experimental medium. The final % @M$ed in the experiments did not

exceed 1% such as not to have an inhibitory etiadheP. falciparumparasites.

2.3.2 P. falciparum parasite culture maintenance

The chloroquine-sensitive (3D7) strain Bf falciparumwas cultured (Biosafety clearance
number: 20090503, Appendix B1l) aseptically accaydimthe method of Trager and Jensen
(1976) and departmental protocol modified by Vahetyal (2010). Parasitised human RBCs
were maintainedin vitro at 5-10% parasitaemia and 5% leukocyte and pidiele
haematocrit in Rosewell Park Memorial Institute {RJR1640 culture medium (Section
2.3.3). The culture (20 ml) was flushed with a gagture of 5% CQ, 3% G and 92% N
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(Afrox) and incubated at 37°C in a 75 toulture flask. Spent culture medium was replaced
daily and uninfected RBCs added every 48 h whenptrasites where in trophozoite to

schizont stages. All experiments were conductedgusultures synchronised (Section 2.3.8)
in the ring stage (Trager and Jensen, 1976; Fietesle 1988; Van Zylet al, 2010).

2.3.3 Preparation of culture medium

The incomplete RPMI-1640 (Gibco) culture medium wwaspared as directed by dissolving
5.9 g/l 4-(2-hydroxyethyl)-1-piperazineethanesuitoacid (HEPES) buffer (Merck), 4.0 g/l
D-glucose (Merck), 44.0 mg/l hypoxanthine (SigmaiAdh) and 0.01% (v/v), 50 mg/l
gentamicin sulphate (Sigma-Aldrich) into 1 litre Milli-Q ® water. The incomplete culture
medium was sterilised by filtration through a 0.g&h pore size Millipore™ membrane
(Merck) and stored at 4°C. Aliquots of this cultanedium were incubated at 37°C for 48 h to
ensure there was no contamination prior to use. Cilieire medium used to maintain the
parasites was completed by adding 10% (v/v) huntasnga (Section 2.3.4) and 4.2 % (v/v)
sterile filtered NaHC®@(Merck), to give a final pH of 7.4. The experima&ntedium did not
contain hypoxanthine and gentamycin. Incompleteegrpental medium (used for serial

dilutions of test compounds) excluded human plasgiypoxanthine and gentamycin.

2.3.4 Preparation of human plasma

Human plasma was acquired from the South AfricartioNal Blood Service (SANBS)
(Ethical clearance number: WCJ-131030-1, AppendX Bt least three bags of plasma were
aseptically pooled and heat-inactivated at 56°@ ipre-heated water bath for 2 h, whilst
agitating every 10-15 min. The heat-inactivatedspla was centrifuged at 1,877
(SORVALL® T6000D) for 10 min and the supernatant aliquotedi stored at -20°C. Prior to

use, the plasma was thawed and pre-warmed to 37°C.

2.3.5 Preparation of buffered solution
Phosphate-buffered saline (PBS, pH 7.4) contained® NaCl (Merck), 0.3 g/l KCI, 0.73 g/l
NaHPO,.2H,O (Merck) and 0.2 g/l KbPO, (Merck) in Milli-Q® water and sterilised by

autoclaving at 120°C for 20 min.

2.3.6 Preparation of red blood cells

Whole blood was drawn from healthy human donor#i@at clearance number: M090532,
Appendix B3) and stored at 4°C for at least two kgem blood tubes (BDH) containing
citrate phosphate dextrose adenosine to prevegutaieon. The blood was centrifuged at 834
x g for 5 min and the plasma and buffy coat discardée packed RBCs were washed three
times by centrifugation with PBS (Section 2.3.5heTRBCs were diluted to 50% (v/v) with
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incomplete experimental medium (Section 2.3.3). RB&€ suspension was used for at least a

week to maintain the parasite culture before bdisgarded.

2.3.7 Blood smear slide preparation and parasite assessnte

The percentage parasitaemia and erythrocytic dpwetatal growth stages were assessed
daily using light microscopy. A thin blood smearsyarepared and air-dried prior to staining
with a rapid Giemsa stain kit, RapiDiff™ stainingt kGlobal Diagnostics), containing a
fixative solution (thiazine dye in methanol), eosth in phosphate buffer to stain the
cytoplasm, and Giemsa to stain the parasites’ nuthe slide was examined with a light
microscope (Nikon) at 1000x magnification under onmersion. Infected RBCs and
uninfected RBCs from ten fields of view were counhtand the average percentage

parasitaemia calculated.

2.3.8 Synchronisation of parasite culture

The parasite culture was synchronised using 5%)(l@/gsorbitol lysis when in the ring stage
(Lambros and Vanderberg, 1979). The D-sorbitol tsmtuwas sterile filtered through a 0.22
pum pore size Millipore™ filter unit and stored &C4 Cultures were centrifuged at 469 x
for 5 min and the spent medium discarded. The {pets re-suspended in 10 volumes of pre-
warmed 5% D-sorbitol and left for 20 min at roormfeerature. The more permeable RBCs
infected with mature parasites were lysed, killingphozoite and early-to-mid schizont
stages. The culture was centrifuged at 469 fer 5 min and the D-sorbitol discarded. The
culture was re-suspended in pre-warmed completareumedium, gassed with 5% génd

maintained routinely without addition of erythroegt(Section 2.3.2).

2.3.9 Tritiated hypoxanthine incorporation assay

Incorporation of {H]-hypoxanthine into parasitic DNA provides a direneasure of the
number of infected RBCs in culture and quantifizatof parasite growth (Desjardies al,
1979; Fidocket al, 2004). This incorporation offi]-hypoxanthine is enhanced by the
enzymatic purine salvage pathway facilitated bylenside transporters expressed onRhe
falciparum parasite membrane since the parasite lacks tHeyabi synthesise purinede
novo(Baldwinet al, 2007).

2.3.9.1 Preparation of parasite suspension and plate layout

Test compound solutions (25 pl) were added toitserbw (row-A) in triplicate and serially
diluted (1:2 dilutions in incomplete experimentagaium) down the 96-well microtitre plate
(rows A to G), such that 4 compounds were testeglate (Figure 2.3). Row-H was reserved
for the uninfected RBCs (wells 1-4) in order toued isotope residue that could bind non-
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selectively to the RBCs, and the 100% parasite tir¢wells H5-H12) controls where the test
compound was substituted with 25 pl incomplete arpental medium. The synchronised
parasite culture was adjusted to 0.5% parasitaeanmih 1% haematocrit in complete
experimental medium. The parasite suspension (ApQvas transferred to all the wells
excluding the uninfected RBC control wells. The miitre plate was incubated for a total
period of 48 h at 37°C under micro-aerobic condsian a humidified desiccated candle jar.
Within the initial 24 h incubation period, 25 pl 6f mCi/ml PH]-hypoxanthine isotope
(Amersham), pre-diluted at a ratio of 1:270 in imgdete experimental medium, was added to
a final concentration of 1.85 uCi/ml per well. Timcrotitre plate was then incubated for a
further 24 h period. The classic antimalarial digqignine (Sigma-Aldrich) was used as a
reference drug (Trager and Jensen, 1976; Desjagtlias 1979).
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Figure 2.3 Design of {H]-hypoxanthine assay in a 96-well microtitre plate(adapted from
Desjardins et al., 1979).

2.3.9.2 Harvesting parasitic *H-labelled DNA
The parasiti¢H-labelled DNA was harvested onto Wallac™ Betapltess fibre filter mats
using a multichannel Titertek™ semi-automatic bellvester. The filter mats were allowed to
air-dry overnight at room temperature.
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2.3.9.3 Scintillation counting of radiolabelled DNA

The mats were transferred to plastic sample bagicing 10 ml of Betaplate™ scintillation
liquid (Perkin-Elmer) and the sample bags heateskaln order to measure théH]-
hypoxanthine incorporation into the parasitic DNA;emissions from the tritiated
hypoxanthine were counted in the Wallat205 Betaplate scintillation counter. The counts
per minute (cpm) generated were expressed as pageenf surviving parasites taking the
controls into account (Equation 2.2).

% Parasite grovvth Cpmtreatment— CmeBC control %100

CPMyparasite contror~ CPMRBC control

Equation 2.2 Percentage parasite growth.

2.3.10 Drug combination study

In accordance with WHO treatment guidelines, commtiam therapies should be used to avoid
treatment failure and drug resistance (WHO, 20A3ynergistic combination of antimalarial
agents is more favourable as it would allow for éowloses of the individual drugs and still
maintain the antimalarial effect, as well as mimeniside-effects (Bell, 2005). Whereas,
combination therapy with two drugs that demonsteateantagonistic interaction should be
avoided, as it would result in treatment failureelfB2005). Therefore drug combination
studies provide new information that may be useithénchoice of new drug combinations and
potentiation of existing classical antimalarial gsu The interactions of the most active
colourants against malaria in combination with quen were determined by using the
modified PH]-hypoxanthine incorporation assay (Section 2.3&)d the interaction
interpreted with the construction of isobologranBerenbaum, 1978; Berenbauet al,
1980). Taking a 20-fold dilution factor into accoutwo compounds were combined in
various concentration ratios (10:0, 9:1, 8:2, 8:3, 5.5, 4:6, 3.7, 2:8, 1:9 and 0:10), such that
the concentration of quinine decreased whilst tfahe test compound increased. The test
compounds were 2-fold serially diluted in incompletxperimental medium in duplicate

wells.

2.3.10.1Determination of fractional inhibitory concentratio ns

The 1G5 values were determined from log sigmoid dose-nespaurves using the Enzfifter
software. The fractional inhibitory concentratiofrlq) value was calculated as the
concentration of the inhibitor present in the comaltion divided by the concentration of the
inhibitor alone that gives the same effect (Elatral, 1954; Bell, 2005). Therefore, the E§C
values for each test compound were calculated fitoenlG;, values of the compound in

combination and the Kgvalue of the compounds alone (Equation 2.3).
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IC5p of compound in combination with quinine
ICsp value of compound alone

F|Cso:

Equation 2.3 Fractional inhibitory concentrations.

2.3.10.2Analysis of drug interactions using isobolograms

The FIGovalues of quinine were plotted on the x-axis aredtdst compound on the y-axis in
an isobologram using GraphPad Pfifsmersion 5.0. A line of best fit or additive isobol
(solid straight line in Figure 2.4) intersected ttiaxis and y-axis at FKg = 1, representing

the 1G5y of quinine alone and the 4gof the test compound alone, respectively (Bel030
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Figure 2.4 A general isobologram with classificatio of possible interactions between two
drugs (adapted from Guptaet al., 2002).The dotted lines denote cut-off values for marked
synergism (MS); slight synergism (Slight syn.); itigld, slight and marked antagonism (Guptaal,
2002; Bell, 2005).

Generally, the FIgy data points distributed along the solid straighe lindicate additivity,
points displaced to the bottom, synergism and pabiove the additive isobole, antagonism.
However, the strength of synergism or antagonisnmdgcated by the degree of deviation
from the additive isobole. This was achieved byuwalting the mean of the Hgvalues of
each compound in combination and then adding thenrsam of the Fl§g values and using
the XFICsp value to classify the overall drug interaction (&tion 2.4) according to cut-offs
defined by Guptat al. (2002).
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>FICs0 = mean FIGy of Quinine + mean Fl§of Test compound

Equation 2.4 Sum of mean fractional inhibitory conentrations.

Based on the sum of the mean §lalues, the drug interactions were defined as: athrk
synergism (0 XFICsp < 0.5), slight synergism (0.5 ZFICso < 1), additive interaction (%
YFICso < 2), slight antagonism (2 XFICso < 4) and marked antagonism ¥2>XFICsy < 4)
(Guptaet al, 2002; Bell, 2005).

2.3.11 Haemolysis assay
RBCs consist of skeletal proteins underlying adlipilayer with inter-membrane proteins and
haemoglobin for oxygen delivery to the tissues [liladas and Gallagher, 2008). Anaemia is
one of the multiple pathologies of human malarid along with increased lipid peroxidation
that affects the plasma membrane integrity of botbcted and uninfected RBCs. As such,
one has to be cautious of an increased risk of bbsm when new compounds are
administered (Beckest al, 2004; WHO, 2012). Therefore, it was prudent teeas whether
the antimalarial activity demonstrated by the leammpounds, was due to a selective
inhibitory effect on the intra-erythrocytic parasitor due to their haemolytic potential. To
achieve this, the compounds were screened for Hgemactivity using healthy human
RBCs (Section 2.3.6). This involved spectrophotoicaily measuring free haemoglobin
released due to haemolysis at a wavelength of #iZHayatet al, 2011). Consistent with
the PH]-hypoxanthine incorporation assay (Section 2,380)1% human haematocrit was
prepared from freshly washed blood in complete erpntal medium. Fresh blood (or less
than 4 days old) was used to ensure cell membrnategrity of the RBCs. The test and
reference compounds were screened at a maximunematon of 100 uM (or 100 pg/ml).
The experimental controls included: a positive oanwith 1% haematocrit and 0.2% Triton
X-100 (Sigma-Aldrich) in order to achieve 100% hadysis; a background colour control
with 250ul complete experimental media; a colour controltf@ coloured compounds (25 pl
compound with 200 ul complete experimental medgawell as a negative control (25 pl
incomplete experimental media with 200 ul RBC suasp). Test compounds (25 ul) and
the RBC suspension (200 pl) were transferred tolest@icrocentrifuge tubes and incubated
at 37°C for 48 h in a humidified candle jar. Aftee initial 24 h period, 25 pl of incomplete
experimental medium was added to all the microdege tubes followed by further 24 h
incubation. After 48 h, the RBCs were incubatedraam temperature for 10 min. The
microcentrifuge tubes were gently agitated and rifeged at 284 xg (SANYO®
microcentrifuge) for 5 min. The supernatant (20 fad)n all the microcentrifuge tubes was
transferred to duplicate wells in a 96-well miciaiplate and diluted in 80 pl PBS (pH 7.4)
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and the absorbance read at 412 nm using the iIEM®ptate reader (Labsystems) operated
with Ascent software (version 2.4). The % haemaly&quation 2.5) was determined from
the absorbance (Abs) values.

. mean Ab§eatment' mean Abﬁce ative control
% Haemolysis = g x 100
mean Abggo, haemolysis Mean Abgcatment

Equation 2.5 Percentage haemolysis equation.

2.3.11.1Modified haemolysis assay procedure for the colourds

In the case of the colourants, the 200 ul supenhatas discarded and the remaining RBCs
were washed three times with PBS of the same valdine supernatant from the third wash

was used as a colour control for the test compoiuihé. remaining pellets of RBCs were

treated with 0.2% (v/v) Triton X-100 in order tohaeve 100% haemolysis. The supernatant
(20 ul) from all the microcentrifuge tubes was sf@nred to duplicate wells in a non-sterile

96-well microtitre plate with 80 pl PBS (pH 7.4)daabsorbance read at 412 nm using the
IEMS Microplate Reader MF (Labsystems) operatedh Wiscent software (version 2.4) and

the % haemolysis was determined using the mod¥fsidthemolysis equation (Equation 2.6).

100 — (mean A — Ab -mean Ab -
% Haemolysis =[ ( l‘-h%atment olour contro)] §egat|ve controlx 100
mean Ab§00% haemolysis mean Abl%gative control

Equation 2.6 Modified % haemolysis equation for caurants.

To ensure that haemolysis did not contribute toatitemalarial activity of the most active test
compounds, the selectivity index (Equation 2.7) walksulated, where a selectivity index
10 indicated that the compound’s mechanism of actias selective to the malaria parasite
and not only toxic to uninfected human RBCs todffearasite death (Pirék al, 2005).

Selectivity ind Haemolytic activity (HLGo)
elecivity Index Antimalarial activity (1Gg)

Equation 2.7 Selectivity index forP. falciparum compared to uninfected human RBC.

2.3.12 Beta-haematin formation inhibition assay

The pathway involving the biocrystallisation of dised free haem (Eeprotoporphyrin 1X)
into an inert substance, haemozoinPinfalciparumis a validated drug target (Egan, 2003;
Kumaret al, 2007). The quinoline family of drugs including@toquine, quinine and related
4-aminoquinoline drugs, accumulate into the pagasitood vacuole and form adducts with

redox-active free haem molecules, inhibiting thgragation of haemozoin (Egan, 2006).
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Failure of the parasite to sequester the incredsaggn molecules overwhelms the parasite’s
detoxification system, causing oxidative stress parasite membrane damage, which leads
to parasite death (Section 1.11) (Wrigittal, 2001). The synthetic counterpart of haemozoin,
B-haematin, can be synthesiseditro from haemin chloride (CI-Fé&protoporphyrin) by the
acid-catalysed method which proceeds in an aqueoligion (Slateret al, 1991; Egan,
2008Db). In the current study, the assay was mablifiecording to Chemalgt al. (2007).
Briefly, haemin chloride (Sigma-Aldrich) stock sban (1 mg/ml) was prepared in DMSO.
Test compound solutions were diluted in DMSO anedust a maximum concentration ratio
of 1:4 (haem to drug). The test compounds (25hdgmin (25 pl), 50 pl of Milli-& water
and 100 pl of acetate buffer (pH 4.4), were conbeely transferred to a 96-well microtitre
plate. This was to simulate the acidic conditiorevplent in the digestive vacuole (pH 5-5.2)
of the malaria parasite. The plate was placedhnraidified, sealed container and incubated
at 37°C for 24 h. Quinine and chloroquine were uasdeference drugs. Thehaematin
crystals were isolated by centrifugation at 1,877 fer 10 min and washed three times with
DMSO to remove un-reacted haemin followed by twcshes with Milli-J water. These
DMSO-insoluble crystals were dissolved in 100 tM2NaOH and diluted four-fold in 1 M
NaOH. The absorbance of tRehaematin formed was measured using the iEMS Miatep
Reader MF (Labsystems) operated with Ascent soévarsion 2.4) at a wavelength of 405
nm (Chemalyet al, 2007). The percentage @fhaematin formed (Equation 2.8) was
calculated using appropriate controlssd@alues of test compounds that inhibifetiaematin

formation by at least 80% were determined usindfifer”.

mean Ab
% p-Haematin formed = Reatment x 100

ean Ab§00% haematin formation

Equation 2.8 Percentagg-haematin formation.

2.3.13 Drug-sensitivity of erythrocytic stages ofP. falciparum

It has been established that specific plasmodialeldpmental stages show enhanced
sensitivity to some antimalarial drugs. In orded&iermine the stage-specific activity of the
test compounds against the erythrocytic stageB.dhlciparum(Figure 1.2), parasitaemia

counts and stage identification of the parasitesevexamined microscopically. The parasite
suspension (200 pl) adjusted to 2% parasitaemia2é&mdhaematocrit, prepared in complete
experimental culture media was aliquoted into 25 fiasks when the parasite were in the
early-ring stage and treated with 25 pl test compaar quinine at an inhibitory concentration
yielding 90% parasite kill (I¢5). A drug-free control was included and culturesrave

incubated at 37°C for 48 h. The parasitaemia cdalfit stages), parasite stage, and
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morphological observations were recorded at 8 érvails over the 48 h period. Samples were
taken from the flasks using sterile pasteur pigedigd the cultures flushed with a gas mixture
of 5% CQ, 3% QG and 92% N (Afrox) and returned to the incubator (37°C). Thiemsa
stained thin blood smears of each culture were anampically examined at 1000x
magnification under oil immersion using a digitaicrescope with a mounted camera

(Olympusg) operated with CellSens Dimension software (verdic), and images captured.

2.3.14 Measurement of drug-likeness using physicochemicploperties

For the purpose of this study, log P (partitionfioent) was used as a predictor of lipid-
solubility of the most active compounds comparedeference drugs in an vitro context.
The application of the Ro5 (Figure 2.5) includec tbonstruction of two-dimensional
chemical structures of the compounds in their didastate (that is excluding the salt moiety
of the compound). Thereafter, solubility and perbilégt property predictions were
performed using the ChemSpider chemical databasav(@hemspider.com) accessed from
the ACD/ChemSketch (freeware version) software iappbn that was used to draw the
chemical structures. Compounds that violated onenore of the Ro5 parameters were
classified as non ‘drug-like’ or having poor phaoolkinetic properties for oral administration
(Figure 2.5) (Bhaekt al, 2007).

Draw 2D chemical Remove salt moiety
structures of from chemical L S:::ﬂ:::rsg:‘e_“ﬁ: 5
compounds structure

Filter for 0 2Log P< 5;
MW <500; HBAs < 10

02LogP<5
HBDs<5

Ro5
violations 2 1

Non
‘drug-like’

Figure 2.5 Workflow of in silico methodology applying the Lipinski Rule of 5 (adapsd
from Bhal et al., 2007).The Ro5 parameters for the most active syntheticpounds and reference
drugs were predicted using the ChemSpider cherdatabase (www.chemspider.com) accessed from
the ACD/ChemSketch (freeware version) softwareiagpbn.
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The ionisation constants (pKralues) of the test compounds were predidtedilico using
ACD/iLab version 2.0 (http://ilab.acdlabs.com/iLabgpH 7.0 and 25°C). The estimated
percentage of ionised drug during second stagsationh (Equation 2.9) for weak acids (pK
pH) and for weak bases (pH - pKat physiological pH 7.4 (RBC cytosol) and pH 5.0
(parasite’s acidic digestive vacuole), was derifredn the Henderson-Hasselbalch equation
(Equation 2.1) (Knittel and Zavod, 2008).

100
1+ antilog (pKa- pH)

% Ionisation =
Equation 2.9 Percentage ionisation for weak acidsa weak bases (pH-pK).

2.4 Data analysis

The IG, values were determined from log sigmoid dose-nespa@urves generated using the
Enzfitte® software (version 1.05). The results are repaaethe mean of at least 3 replicates
with standard deviation. Statistical differenceviegn the activity (I values) of the test
compounds and the control was determined by a aneMAMNOVA test, using GraphPad
Prisnt’ software, version 5.0 (Motulsky, 2003; Glantz, 200A p-value less than 0.0%
0.05) was considered statistically significant. Arrelation between the haemolytif;
haematin inhibitory activities of the test composingnd their antimalarial activity was

determined using linear regression with a 95% clamnfte interval.

2.5 Results

2.5.1 Antimalarial activity

The test compounds displayed variable ability tubit parasite growth with 21% inhibiting
more than 80% parasite growth at a concentratiodO&f uM or 100 pg/ml. Then vitro
antimalarial activity of the test compounds wasssified as follows (Clarksogt al, 2004;
Gathirwaet al, 2008): highly active, 16 value< 5 pg/ml; promising activity, 1€ value 6-
10 pg/ml; moderate activity, Kgvalues 11-50 pg/ml; low activity, Kgvalues 51-100 pg/ml,
inactive, 1Go values > 100 pg/ml. The same classification wadieg for all the synthetic

compounds in molar concentration (LM).

2.5.1.1 Synthetic colourants

Only 3 of the 28 colourants inhibited more than 50%parasite growth. The synthetic
colourants, safranin O, methylene blue and mercuange demonstrated vitro parasite
growth inhibition of more than 90% at a maximumaficoncentration of 10QM (Table 2.1).
Para red and methyl red showed inhibitory actiiglow 50%, whilst the least active

(inhibition < 5%) was acid orange 8.
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Table 2.1 Thein vitro antimalarial activity of synthetic colourants and reference drugs

chloroquine and quinine.

Antimalarial activity

Compound ICs50£ S.D. % Parasite growth
(UM) inhibition at 100 pM
Methylene blue 0.004 + 0.00* 99.63+£0.11
Safranin O 0.087 £ 0.00 99.88.09
Mercury orange 0.664 £ 0.01 99.44 £ 0.19
Para red > 100 44.74 £ 0.14
Methyl red > 100 29.22 +0.19
Palatine chrome black 6BN > 100 16.01 £ 0.05
Eriochrome black R > 100 10.82 +0.11
Sudan 1l > 100 10.81 £ 0.01
Trypan blue > 100 9.60 £ 0.02
Sunset yellow > 100 9.34 £ 0.06
Xylidine ponceau 2R > 100 8.05+0.01
Breibrich scarlet > 100 7.94 +0.03
Ethyl orange > 100 7.80 +£0.02
Acid red 88 > 100 7.31+0.03
Dimethyl yellow > 100 7.11£0.04
Ponceau 4R > 100 6.63 £ 0.06
Eriochrome blue black B >100 6.57 £ 0.05
Orange Il > 100 6.15+0.01
Acid red 151 > 100 5.30+£0.01
Sudan | > 100 4.03 £0.05
1-Naphthol-4-sulfonic acid > 100 3.97 £0.05
Crocein orange G > 100 3.71£0.03
Amaranth > 100 3.30+£0.04
Indigo carmine > 100 2.99£0.03
Tartrazine > 100 2.84 £0.01
Orange G > 100 2.47 £0.03
Eriochrome black T > 100 2.33+0.01
Tropaeolin O > 100 2.31+0.01
4-Phenylazophenol > 100 1.81+0.01
Orange | > 100 1.72 +0.00
Toluidine red > 100 1.04 £0.00
Acid orange 8 > 100 0.60 = 0.00
Quinine 0.10£0.01 99.59 £ 0.01
Chloroquine 0.01 £0.00 99.99 £0.32

* p < 0.05 significantly more potent compared to queni
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The highly active compounds, methylene blue, sair& and mercury orange, inhibited
parasite growth in a dose-dependent manner (Figg in the nanomolar (I range.
Methylene blue was significantlyp (< 0.05) more potent than quinine. Safranin O was
comparable, whilst mercury orange was significaply 0.05) less potent than quinine. The

rest of the synthetic colourants were inactive;{Nalues> 100uM).

Thein vitro inhibitory activity of the reference drugs; quieifiGso: 103.92 + 8.29 nM) and
chloroquine (IC50: 12.10 + 1.71 nM) against faefalciparumchloroquine-sensitive 3D7-
strain in the current study, was comparable toiphbt 1G, values (quinine I16: 9.73 £ 5.11

nM; chloroquine IGg: 102.34 + 31.56 nM) (Vivast al, 2007).

12

Methylene blue

00
% nlC ¢ Safranin O
% 80+ Mercury orange
.% 60+ Quinine
o
& 40-
X
20+
I
-1 0 1 2 3 4

log Concentration (nM)

Figure 2.6 In vitro antimalarial activity of synthetic colourants on P. falciparum.
Percentage parasite growth (mean * s.d.) basedti@atBnent replicates on the microtitreplate, from
three separate experiments (n = 3).

2.5.1.2 Natural colourants

All the natural colourants, except for curcumin asatbon black (that showed inhibition
above 99%), were inactive with vitro parasite growth inhibition below 20% at a scregnin
concentration of 100 pg/ml (Table 2.2). Curcuminswaghly active, whilst carbon black
showed moderate activity agaifstfalciparum,where both were significantlyp & 0.05) less
potent compared to quinine (Figure 2.7). Howevarcemin extract was significantly (<

0.05) more potent than carbon black.
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Table 2.2 Antimalarial activity of natural colourants onP. falciparum.

Antimalarial activity

Compound IC50% S.D. % Parasite growth
(1g/ml) inhibition at 100 pg/ml
Curcumin 2.290+0.18 99.72 £ 0.40
Carbon black 22.73+2.36 99.63 £ 0.19
Annatto > 100 16.26 = 3.70
Paprika > 100 9.51 + 3.08
Carmine > 100 9.09+0.91
Cochineal > 100 6.24 + 2.57
Beet (0611) liquid extract > 100 4.87 +2.25
Beet (P3006) powder extract > 100 1.88 £0.22
Safflower > 100 1.33 £0.67
Quinine 0.04 £ 0.00 100 +£0.00
Chloroquine 0.01 £0.00 100 £ 0.00
o  Quinine

= e Curcumin

é 80+ Carbon black

% 60-

o

s 404

X

204
I I I
-4 -3 -2 0 1 2 3

log Concentration (ug/ml)

Figure 2.7 Antimalarial activity of curcumin and carbon black on the growth of P.

falciparum parasite compared to quinine Percentage parasite growth (mean + s.d.) basé&d on

treatment replicates on the microtitreplate, frbweé separate experiments (n = 3).

2.5.1.3 Nucleosides and analogues

Of the 8 nucleosides analogues, only the pyrimiased analogues JLP118.1 and JLPQ93

inhibited parasite growth by more than 80% at @esting concentration of 1Q(M (Table

2.3). JLP118.1 and JLP093 were highly active (Fegu8), although these compounds were
all significantly p < 0.05) less potent compared to quinine.

52




Table 2.3 Antimalarial activity of nucleosides analgues.

Antimalarial activity
Compound ICs50£ S.D. % Parasite growth
(UM) inhibition at 100 uM
JLP118.1 1.79+0.12 91.81+0.13
JLP093 2.38+0.11 82.60 £ 2.79
JLP095.2 > 100 42.24 £5.19
JLPO77.1 > 100 40.63 £ 1.63
JLP089 > 100 20.08 +8.11
JLP090.3 > 100 9.45 + 3.52
JLP117.1 > 100 9.23+£4.92
JLPO87 > 100 0.50 £ 0.00
Quinine 0.10+0.01 99.59 + 0.01
Chloroquine 0.01 £0.00 99.99 +0.32

o Quinine
JLP118.1
JLPO93

% Parasite growth

-3 -2 -1 0 1 2 3
log Concentration M)

Figure 2.8 Inhibitory activity of nucleoside analogies on theP. falciparum parasite
growth compared to quinine. Percentage parasite growth (mean + s.d.) base8-tozatment
replicates on the microtitreplate, from three safmexperiments (n = 3).

2.5.1.4 Imidazopyridine analogues

Five of the eight imidazopyridines analogues sadest 100 uM, inhibited malaria parasite
growth by more than 90%, which was comparable toine (Table 2.4). Test compounds IP-
3, -4 and -5 showed moderate antimalarial actwiigh 1G5, values between 10 and 50 pM,
whilst IP-6 and -7 showed low activity (§6€ values: 51-100 uM). All the most active

imidazopyridine analogues were significanty<(0.05) less potent compared to quinine.
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Table 2.4 Antimalarial activity of imidazopyridine analogues orP. falciparum.

Antimalarial activity
Compound ICs50£ S.D. % Parasite growth
(UM) inhibition at 100 uM
IP-2 > 100 11.20+2.11
IP-3 20.77 £0.72 98.90 + 0.38
IP-4 15.30 £ 0.41 99.42 + 0.64
IP-5 36.30£1.19 99.91+0.34
IP-6 67.20 + 3.05 99.79 + 0.46
IP-7 55.30 £ 1.90 99.63 + 0.51
IP-8 > 100 27.40 £ 3.22
Quinine 0.10+0.01 99.59 £+ 0.01
Chloroquine 0.01 £0.00 99.99 £0.32
Quinine
% IP-3
5 IP-4
= IP-5
b
% IP-7
T
a8
X

log Concentration M)

Figure 2.9 Antimalarial activity of the most activeimidazopyridine analogues on than
vitro growth of P. falciparum parasite compared to quinine.Percentage parasite growth
(mean * s.d.) based on 3-treatment replicates emiibrotitreplate, from three separate experiments

(n=3).

2.5.2 Haemolytic activity

The haemolysis assay results are summarised ire Tabl (for synthetic compounds) and

Table 2.6 (for natural colourants). Of all the cauapds tested, mercury orange was the only
compound to induce haemolysis (99.8 = 0.56%) sicgmitly (p < 0.05) compared to quinine
(0.15 £ 0.01%) at the screening concentration &f i®. Mercury orange demonstrated a
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haemolytic activity (HLGy: 16.81 + 0.56 uM) in a dose dependent manner. sEhectivity
index (S.l. = 25.32) of mercury orange was abovewllfich is the minimum concentration
ratio (1:10, antimalarial activity I§g to haemolytic activity I6) for a non-toxic compound
(Pink et al, 2005). Therefore, mercury orange was selective.ttalciparumat nanomolar
concentrations (I6s: 0.664 = 0.01 uM), but demonstrated RBC lysis ighér, micromolar

concentrations which would in that case contriliatiégs antimalarial activity.

Although methylene blue (13.92 = 0.03%) showed mumnh haemolytic activity at a
screening concentration (100 uM), it was signiftbamigher ¢ < 0.05) compared to both
quinine and chloroquine (Table 2.5). Curcumin aadoon black (Table 2.6) did not show
haemolytic activity, although the degree of haersigly6.24 + 0.18%) caused by curcumin at
the screening concentration (100 pg/ml) was sigafily (o < 0.05) higher than quinine. The

nucleoside analogues did not show any haemolyticigcsimilarly to quinine.

Table 2.5 Haemolytic activity of the most active sythetic compounds.

Haemolytic activity

Compound class Compound HLC 5o + S.D. (UM)
Methylene blue >100 (13.92 + 0.03%)
Synthetic colourants Safranin O >100 (0.31+ 0.01%
Mercury orange 16.81 + 0.56
Nucleoside analogues JLP093 >100 (0.35 + 0.05%
JLP118.1 >100 (0.92 + 0.04%
Nucleosides Guanosine >100 (0.21 + 0.03%
Inosine >100 (0.1 £ 0.01%)
Imidazopyridine analogues ND ND
Reference drugs Quinine >100 (0.15 £ 0.01%)
Chloroquine >100 (0.01 = 0.01%

ND, not determined due to limited quantity of compasin

Table 2.6 Haemolytic activity of natural colourants

Haemolytic activity

Compound class Compound HLC 50+ S.D. (ug/ml)

Natural colourants Curcumin >100 (6.24 + 0.18%)
Carbon black >100 (0.22 + 0.04%

Reference drugs Quinine >100 (0.40 + 0.01%)
Chloroquine >100 (0.02 + 0.01%

2.5.3 p-Haematin inhibition activity

The B-haematin assay results are summarised in Tablésgnthetic compounds) and Table

2.8 (natural colourants). The synthetic colouratits not inhibit B-haematin formation at a

maximum concentration of 800 pM. In comparison tantpe, there was no inhibitory
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activity by methylene blue (0.001 £ 0.02%) and aaifn O (10.80 + 1.07%) at a maximum
concentration of 800 uM (Table 2.7).

Table 2.7p-Haematin formation inhibition of the most active ynthetic compounds.

B-haematin inhibition IC 5o +
Compound class Compound S.D. (UM)
Methylene blue > 800 (0.001 + 0.02%)
Synthetic colourants Safranin O > 800 (10.8 £ 1.07%)
Mercury orange > 800 (0.001 + 0.01%)
Nucleoside analogues JLP093 > 800 (5.80 % 3.35%)
JLP118.1 > 800 (0.001 £ 0.02%)
Nucleosides Guanosine > 800 (24.48 + 12.08%)
Inosine > 800 (65.66 = 7.50%)
Imidazopyridine analogues  ND ND
Reference drugs Quinine 68.3+4.17
Chloroquine 38.4+£4.77

ND, not determined due to limited quantity of compaaind

The natural colourant, curcumin inhibitBehaematin formation in a dose-dependent manner,
but was about 12 to 16-fold less actiye < 0.05) than quinine and chloroquine. Whilst,
carbon black natural extract, inhibited 40.47 +39@ of B-haematin formation at the

screening concentration ratio of 1:4 (haem to dragyd thus the I§ value was > 4,000

png/mil.

Table 2.8p-Haematin formation inhibition activity of natural colourants.

Compound class Compound B-haematin inhibition
ICs50£ S.D. (ug/ml)
Natural colourants Curcumin 320 £0.01
Carbon black > 4000 (40.47 + 0.83%)
Reference drugs Quinine 24.65 £ 1.28
Chloroquine 19.60 £ 2.46

2.5.4 Drug interactions

The most active synthetic colourants demonstratiglitige interactions with quinine, except
for methylene blue }FICso < 1) that was synergistic (Figure 2.10a). Methyldrlae
demonstrated a synergistic interactiQi(Cso < 1.0), whilst safranin O and mercury orange
showed additive interactions withFICs, values between 1.0 and 2.0 (Table 2.9). The
methylene blue/quinine curve showed a concave shaped the straight line. Most of the

points in the safranin O/quinine and mercury or&mgeine curves were along and above the
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straight line. However thg FICs, values between 1.0 and 2.0 were observed forrsaf@a
and mercury orange when in combination with quiniNatural colourants, curcumin and
carbon black, demonstrated additive interactiont) WFICso values between 1.0 and 2.0, in
combination with quinine (Figure 2.10b). The carldack/quinine curve showed a more
convex shape than the curcumin/quinine curve, whimtders on partial antagonisH|Cso

>2and <4).

2.0 2.0
AN = Methylene blue/Quinine AN = Curcumin/Quinine

\\ e Safranin O/Quinine \\ o Carbon black/Quinine

=
Gq
/7
=
Gq
/7

\\D Mercury orange/Quinine \

Test compound
(IC5qgvalue in combination/
ICgqVvalue alone)
|_\

0.51 0.51 AN
O\
a \\
a \\\
c)
0.0 0.04— : SRR—.
0.0 0.5 1.0 15 2.0
(@) Quinine (b) Quinine
(IC5q value in combination/ (IC5q value in combination/
IC5g value alone) IC5q value alone)

Figure 2.10 Isobolograms showing the drug interaabins between quinine and the most
active (a) synthetic and (b) natural compounds.

Table 2.9 Drug interactions of the most active colgants in combination with quinine.

Compound class Combinations with YFICso Interaction
quinine (mean £ S.D.) classification
Synthetic colourants Methylene blue 0.64 £0.31 Slightly synergistic
Safranin O 1.01 £0.09 Additive
Mercury orange 1.42 +0.08 Additive
Natural colourants Curcumin 1.20 £ 0.07 Additive
Carbon black 1.78 £0.20 Additive

2.5.5 Morphology and drug-sensitivity of development stags

The Giemsa-stained (Section 2.3.7) parasitised B&@rol (Figure 2.11a) demonstrated the
distinct morphological features of different stagdsthe erythrocytic life-cycle of thé.
falciparummalaria parasite. The ring form was early-to-mabe at 8 h, whilst at 24 and 32 h
the trophozoite form contained yellow-brown haemozwystals, and schizont form showed
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blue-stained merozoites. The early-ring stage whseiwed at 48 h, post-invasion of

merozoites into human RBCs. In contrast, the derent of the parasites exposed to
quinine, was arrested at the late trophozoite s{&jgure 2.11b). Parasites treated with

methylene blue (Figure 2.11c) progressed up testheont stage, which was consistent with
the parasitised RBC control. However degeneraterisis form’ parasites were observed at

48 h, suggesting that the schizont stage was nmmsitsve. The trophozoite stage was

particularly sensitive to nucleoside derivativePdi18.1 (Figure 2.11d) as the parasite did not
proceed to the schizont stage. The IP-4 treatedspas (Figure 2.11e) underwent

morphological change from ring to trophozoite stayat did not proceed to schizont stage
and appeared vacuolated.

Ring Trophozoite Schizont  Post-reinvasion
(8 h) (24 h) (32 h) (48 h)

(a) Untreated control

(b) Quinine at ICg,

(c) Methylene blue at IC,,

(d) JLP118.1 at IC,,

(e) IP-4 atIC,,

Figure 2.11 Morphological changes and stage-sensity of the P. falciparum parasites to
the most active compoundsThe parasites were exposed to: (b) Quinine(I3.525 uM), MB
(ICo: 8.4 nM), (c) JLP118.1 (I 3.5 pM) and (d) IP-4 (lg: 23 pM) being the most active
compounds from each class compound. The images takem at 1000x magnification under oil
immersion.
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The effect of the test compounds on the total piaewia of the cultures over a 48 h exposure
period is shown in Figure 2.12. Dead parasites weted as condensed, darkly stained with
un-differentiated morphological features and wereleed in the parasite count. The
increase from the 2% parasitaemia seeded in tigeform to 4-6% within the 0-8 h period,
was attributed to the presence of late schizontthén culture. The decrease to the total
parasitaemia after 8 h of exposure to quinine cddddue to the sensitivity of the mature
forms of the parasites. After 16 h post-exposure?118.1 and IP-4 reduced total
parasitaemia by 1.5-2% compared to the control,Isivithe ring forms survived until
trophozoite stage at 24 h with the quinine and gilette blue treatments (Figure 2.12). The
inhibitory effect methylene blue and quinine agalrowed a similar pattern with the total
parasitaemia decreasing and plateauing around 98-8lring schizont stages (32-40 h);
whilst the control culture’s total parasitaemiargased to about 6.85% during the same
period. JLP118.1 and IP-4 showed a different inbilyi pattern showing a marked decrease
pre-invasion stage resulting in reduced parasita¢diP118: 1.8%, IP-4: 3%) during the ring
stage at 48 h compared to 7.5% observed with theaaulture (Figure 2.12). The effect of
an 1Go concentration of quinine demonstrated a parasitagoelow 10% against the
laboratoryP. falciparumstrain TM29 (Monatrakukt al, 2010). In the current study, the
parasitaemia was 4% at an 1Gy concentration of quinine over the 48 h exposurede
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Figure 2.12 Effect of methylene blue, JLP118.1 ankiP-4 in comparison to quinine at an
IC g value onP. falciparum parasite growth over a single 48 h-cycleDead parasites were
noted as condensed, darkly stained with un-diffgaed morphological features and were
excluded in the parasite count.

59



2.5.6 Structure-activity relationship of analogue compounls

The chemical structures of the synthetic colourdmt$h active and inactive were too diverse
to make structural comparisons that may be reladettheir antimalarial activity. However,
structural analysis of the most active synthetiow@nts, all the nucleoside analogues as well

as the imidazopyridine analogue series of compqumads performed.

2.5.6.1 Nucleoside analogues

The overall antimalarial activity of the most aetinucleoside analogues was classified as
highly active £ 5 pM). Of all the nucleoside analogues testedy ¢imé pyrimidine-based
nucleoside analogues, JLP118.1 (contained urasd)end JLP093 (contained cytosine base)
were highly active againd®. falciparum The substitution of the tert-butyl-dithiomethyl-
hydroxyl group at Rand acetate groups af Bnd R positions in JLP118.1, with the tert-
butyl-diphenylsilyl and hydroxyl groups (-OH) in B093, did not improve the antimalarial
potency (Table 2.10). When the cytosine base irD9BRvas substituted with uracil af R
JLPO089 it resulted in JLP089 becoming inactives{I€ 100 uM). The single substitution of
the tert-butyl-diphenylsilyl group at’Rposition in JLP089 with the tert-butyl-dithiomethy
hydroxyl group in JLP090.3 did not improve the argtlarial activity as both compounds
were inactive. Similarly, the Rsubstitution with tert-butyl-diphenylsilyl in JLR8.1 resulted

in JLP117.1 being inactive. JLP087 contained a weligmodified uracil nucleobase (af R
position) and an acetaldehyde group &t But was inactive although the sugar group in
JLP118.1 was retained. The purine-based nucleo3lde395.2 (R = tert-butyl-diphenylsilyl,

R?> = adenine) and JLP077.1 {R= tert-butyl-dithiomethyl-hydroxyl, R = modified
hypoxanthine) were structurally diverse to compaitd only the ribose structure similar in
both compounds, but were inactive. All the purisdd nucleoside analogues tested against

P. falciparumwere inactive.

2.5.6.2 Imidazopyridine analogues

Overall the antimalarial activity of the most aetiimidazopyridine analogues was classified
as low (50-100 pM) to moderate (10-50 pM). The alyekane (-gH12) ring at position Rin
compounds IP-2 to -4 was substituted by a 1,3-diglleénzene ring in compounds IP-5 to -8
(Table 2.11). Within the Reyclohexane ring containing group of compounds3 &hd P-4,
were the most active of all the imidazopyridinebeTincrease in compound size and lipid-
solubility with the benzyloxy (-@HgO) side chains at positions Bnd R did not improve the
antimalarial activity as observed in IP-2. Howewaplacing of the benzyloxy groups with
hydroxy groups at Rand R as well as the removal of the formamide (s88) group at R
from IP-3, increased the antimalarial activity -4 by 1.4-fold. On comparing the two
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hydroxy substituted compounds, IP-4 and IP-5, tmdy alifference between the two
compounds is the 'Rsubstitute, where the 1,3-dimethylbenzene ringrefesed the
antimalarial activity of IP-5 by 2-fold comparedttee cyclohexane ring (Table 2.11).

All the imidazopyridine analogues (except for IPvBre significantly [§ < 0.05) less potent
compared to IP-4 (I§: 15.3 £ 0.41 uM). Of the test compounds that doeth a 1,3-
dimethylbenzene ring, IP-5 (g 36.3 + 1.19 uM) was the most active. IP-5 wasilaimo
IP-4 in structure with both compounds possessindrd®yl groups at positions *Rand R,
however, IP-5 was found to be at least 2-fold Ests/e than IP-4. The substitution NfN
dihydroxymethanamine with a methyl group in IP-7Ratecreased the antimalarial activity
of IP-8 (IG5, > 100 uM) by over 2-fold.
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Table 2.10 Chemical structure and antimalarial actvity of nucleoside analogues.
1
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The red stick {) shows the site of attachment to the parent stractinhibitory activity of the test
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Table 2.11 Chemical structure and antimalarial actvity of imidazopyridine analogues.

R° R
2 >N=N 3
N R
R2 NN
NH
l/
R
Antimalarial
Compound R? R? R® R* R® activity IC so
(uM)
OH —0 —0 > 100
IP-2 N H
-~ “OH (11.20 £ 2.11%
HoN —0 —0
IP-3 O 7.( é H é 20.77 £ 0.72
P-4 O H “OH ‘H -OH 15.30 + 0.41
HaC
IP-5 @C H “OH ‘H -OH 36.30 + 0.19
Hz
HaC.
IP-6 @ Br- | -CH:OH | -H | -CHsOH | 67.20+3.05
CHs
H3C, OH
|
IP-7 %}% _Nigy| CHOH | -H | -CH:OH | 55.30+1.90
HaC, > 100
IP-8 CHs | -CH:OH | -H | -CHOH
CHs (27.40 + 3.22%

The red stick {) shows the site of attachment to the parent strectnhibitory activity of the test
compound with 1G, value > 100 puM is in parentheses as % parasitgtriahibition.

Overall, the antimalarial activities of the imidgzmidine analogues as a class was
significantly varied ff < 0.0001) and the individual antimalarial actegi were all

significantly p < 0.05) less potent compared to quinine.

2.5.7 Drug-like properties

At least three violations of the Lipinski’'s Ro5 mbg allowed depending on the nature of the
compound, its permeability and transport to itscHje target for a compound to be
considered drug-like (Lipinsket al, 1997). However, no assumptions were made regardin
the permeability of the parasites to the test camgs or how they were transporiedvitro.

Therefore, for the purpose of the study, the testounds had to comply with all the Ro5
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physicochemical properties, in their non-ionisedheutral states, in order to be considered as
drug-like. The log P value was predicted for thst teompounds in their natural or non-
lonised state. A positive log P value (10:1, orgatoi aqueous ratio) reflected a lipophilic
property of the test compound, a negative log RievdlL:10 ratio) indicated a hydrophilic
property and log P = 0 (1:1 ratio) meant the conmglowas soluble or partitioned equally in
both lipophilic organic and aqueous phases (KhamibRanganathan, 2009).

Table 2.12 Predicted solubility and permeability poperties of most active synthetic test
compounds based on the Lipinski’'s Rule of 5 (Lipinsg, 2004).

Compound Compound MW HBA | HBD 0>Log P # of Ro5
class <500 | <10 <5 <5 violations
Synthetic Methyleqe blue | 319.85 3 0 4.09 £1.5b1 0
colourants Safranin O 315.39 4 4 -068+1.46 1
Mercury orange | 483.31 3 1 3.98+1.04 0
Natural Curcumirt 368.38 6 3 2.85+0.41 0
colourants Carbon black ND ND ND ND ND
Nucleoside JLP093 481.62 8 4 3.03+0.57 0
analogues JLP118.1 630.64 12 1 5.13 +0.55 3
IP-3 546.66 7 3 6.05 £ 0.99 2
Imidazopyridine IP-4 323.39 5 3 3.26 £ 0.6D 0
analogues IP-5 345.40 5 3 3.87 £0.88 0
IP-6 452.34 5 1 5.68 +1.44 1
IP-7 418.45 8 1 4751143 0
Reference drugs Quinine 324.42 4 1 2.82+0.43 0
Chloroquine 319.87 3 1 441 +0.76 0

"The chemical structure of curcumin was sourced fBemabé-Pinedat al. (2004). MW, molecular
weight; HBA, hydrogen bond acceptors; HBD, hydrogend donors; #f Ro5 violations, Number of
Rule of five violations. All parameters includinggl P were predicted using ACD/ChemSketch
software (freeware version). ND, not determined.

All the synthetic test compounds that complied witl Lipinski's Rule of 5 (Ro5 violations

= 0) had MWs in the range of 300-484 g/mol andFogalues between 0 and 5, comparable
to quinine (Table 2.12). Nucleoside analogue, JIg1,1showed the most violations (Ro5
violations = 3) compared to all the test compouawis did not comply the drug-likeness test.
IP-3 and -6 showed one to two violations and wexdueled as drug-like compounds (Table
2.12). The negative log P value of safranin O otfld significantly j§ < 0.05) poor-solubility
compared to quinine and chloroquine, and was regaad not ‘drug-like’. However safranin
O had a significantlyg < 0.05) smaller molecular size (MW: 315.39) conegato quinine
and chloroquine. Curcumin complied with the LipirskRo5 for drug-likeness and was
highly active (IGo < 5 pg/ml) againstP. falciparum (Table 2.12). Both quinine and
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chloroquine demonstrated drug-like properties aochplied with the Lipinski’'s Ro5. The
predicted log P and antimalarial activity §iCvalues) data of the most active synthetic
compounds, was plotted on a linear graph (Figut8)2o determine if there was a correlation

between the lipid-solubility and activity of thernpounds.

7.
@ IP-1
® Quinine
5.Qd@ JLP118.1 . JLP118.1
E * JLP093
@
> .
o ® Chloroquine
é" ® Methylene blue
¢ Mercury orange
0. .
@ Safranin O ® Safranin O
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Antimalarial activity (IC g value: pM)

Figure 2.13 Correlation between predicted log P vaks and antimalarial activity 1Cs

values.The encircled compounds that complied with all Reb parameters were: quinine, JLP093,
chloroquine, methylene blue and mercury orange slddvigh antimalarial activity<(5 puM) and log P
values were in the 0-5 range.

No significant correlation was observed & 0.352). However, the compounds that are
encircled (Figure 2.13) complied with all the Ratrgmeters, and were highly active {{&
5 uM) againstP. falciparum In addition, the compounds quinine, JLP093, mgrawange,
chloroquine and methylene blue complied with theinski's Ro5 parameters (Figure 2.13).
Although safranin O was highly active g& 5 uM), it showed a negative log P value, which

implied it was a hydrophilic compound.

2.5.8 Predicted ionisation and absorption as a function fopH
The predicted pKand (%) ionisation values at physiological pH (&inilar to RBC cytosol)
and acidic pH 5.0 (similar to the parasite’s digestzacuole environment) of the most active

compounds are summarised in Table 2.13.
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Table 2.13 Predicted percentage ionisation of moattive test compounds.

% lonisation % Absorption
Compound class Compound pKa oH 7.4 oH 5 at pH 7.4
Synthetic Methylen_e blue -0.60, 0.00 0.00 0.00 100
colourants Safranin O 5.80 2.45 86.32 97.55
Mercury orange -1.86, -5.32 0.00 0.00 100
Natural Curcumirt 10.50, 8.38 0.08 0.00 99.92
colourants Carbon black ND ND ND ND
Nucleoside JLP093 4.20 0.06 13.68 99.94
analogues JLP118.1 8.90 3.07 0.01 96.93
IP-3 6.00 3.83 90.91 96.17
Imidazopyridine IP-4 4.10 0.05 11.18 99.95
analogues IP-5 4.70 0.02 33.39 99.80
IP-6 5.80 2.45 86.32 97.55
IP-7 4.90 0.32 44.27 99.68
Reference drugs Quinin€’ 9.70, 5.07 0.47 54.02 99.53
Chloroquiné 10.10, 8.10 83.34 99.92 16.63

IpKa value for ionisable acidic group from BernaliéeBlaet al. (2004):°Only pK, value for ionisable

acidic group was predictedpk, values from O’Neilet al. (2001); *pK, values from O’Neillet al.
(2012).

2.5.8.1 Synthetic colourants

Methylene blue (MB) and safranin O (SO are cationic (positively charged) basic dyes and
usually stabilised with chloride (Qlsalts (Vennerstronet al, 1995). In its cationic form,
methylene blue (pk = 0.00, pK. =-0.60) did not show a degree of ionisation (¥tisation:
0.00) at pH 7.4 and 5.0. The absorption and accatioul into the parasite of methylene blue
could not be attributed to its weak acid-base miog®e In contrast, safranine O (pK 5.80)
showed increasing ionisation down the pH gradiesmf2.45% at pH 7.4 to 86.32% at pH
5.0 and a substantial amount (97.55%) of the naisésl compound could be absorbed into
the digestive vacuole. Mercury orange {pk -1.86, pK. = -5.32), a neutral azo dye also
showed no degree of ionisation at both pH levélss ta high absorption rate (100%) in both
the RBC and digestive vacuole compartments wasiqtegtd Quinine (pki = 9.70, pkp =
5.07) showed 54.02% ionisation at pH 5.0 and atjhochloroquine showed an absorptive
rate of 16.63% at pH 7.4, all of the non-ionisedcs@s were almost completely ionised at pH
5 (% ionisation: 99.92) leading to increased draguanulation into the parasite (O'Netl al,
2001; O'Neillet al, 2012).

2.5.8.2 Natural colourants

Curcumin is a polyprotic acid (an acid that can atenmore than one proton) with three
ionised states giving pK= 8.38, pky= 9.88 and pks= 10.50 (Bernabé-Pineds al, 2004).
However, it only showed a low degree of ionisatidr).08% at pH 7.4, thus yielding a high
concentration (% ionisation: 99.92) of non-ionisdulit acidic compound (Table 2.13).

Curcumin did not show any degree of ionisationcadia pH 5.0.
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2.5.8.3 Nucleosides and nucleosides analogues

Only the pKa value (8.9) for the acidic group oP1118.1 was predictad silico. From this,
JLP118.1 showed a low ionisation value of 3.1% agib pH 7.4 and was non-ionised at
acidic pH 5 (Table 2.13). Overall the absorptiote raf the nucleoside analogues was more
than 90% at basic pH 7.4 and JLP093 showed a &ignif(p < 0.05) ionisation of 13.7% at
an acidic pH 5.0 within the compound class.

2.5.8.4 Imidazopyridine analogues

The imidazopyridines showed absorption rates (IBd0comparable to quinine (99.5%)
(Table 2.13). However, only IP-3 showed a % iomisatvalue (91%) comparable to
chloroquine (99%) suggesting good “ion-trappingthin the digestive vacuole compartment

at acidic pH of 5. IP-6 also showed a high ion@atralue of 86.3% at pH 5.0.

2.6 Discussion

2.6.1 Antimalarial activity of synthetic colourants

The results (summarised in Table 2.14) confirmesl plotent antimalarial activity of the
thiazine colourant, methylene blue and phenazinaohourant, safranin O that have been
previously investigated (Vennerstraghal, 1995; Atamnaet al, 1996; Schirmeet al, 2003;
Meissneret al, 2006). Vennerstronet al. (1995) reported similar findings that showed a
significantly potent§ < 0.05) antimalarial activity of methylene blu€4f: 3.58 + 2.22 nM)
and a significantlyf < 0.05) less potent antimalarial activity of safraO (IGo: 43.3 + 29.3
nM) against the Sierra Leone (D6) chloroquine-dessi strain in comparison with
chloroquine (IGy: 24.0 =+ 4.92 nM). In the current study, the antsmal potency of
methylene blue (16: 4.19 + 0.16 nM) was at least 25-fold more potinain the reference
drug, quinine (IGy: 103.90 + 8.30 nM). The morphological studies amagites treated with
methylene blue, however suggest that the parasdeselopment was arrested at the
trophozoite stage (Figure 2.11c). In contrast, ryletlte blue was active against all
developmental stages but, 8-fold less active apgdimesschizont stage of both chloroquine-
sensitive (3D7) and chloroquine-resistant (K1) isgeof P. falciparum (Akoachereet al,
2005). In the current study, Safranin O 43(86.50 + 2.61 nM) was significantlyp (< 0.05)
more active, whereas mercury orange was approxiynabe-fold less active compared to
quinine. Methylene blue and safranin O showed mahitoxicity to uninfected human RBCs,
as did quinine (Table 2.14). In contrast, the adourant mercury orange, showed significant
haemolytic activity § < 0.05) in a dose-dependent manner. However, mearange showed

a selectivity index (S.l.: 25.32) significantly hgy @ < 0.05) than 10. In general, a
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compound that demonstrates a toxic concentratiofoltiO(S.I. > 10) or more than its

effective concentration yielding a 50% responseggarded as non-toxic (Pimt al, 2005).

Table 2.14 Summary of antimalarial, haemolytic andB-haematin formation inhibitory
activity of the most active synthetic colourants.

Compound Antimalarial activity Haemolytic B-Haematin inhibition
IC50£ S.D. (J.M) activity IC50£ S.D. (J.M)a
HLC 5o+ S.D. @M)?

Methylene blue 0.004 + 0.00 >100 (13.92 £ 0.03%) 00-8).001 + 0.02%)
Safranin O 0.087 £ 0.00 >100 (0.31 £ 0.01%) >8(MEHE 1.07%)
Mercury orange 0.664 + 0.01 16.81 + 0.56 >800 (0.001 + 0.01%)

[S.I. = 25.32}

JLP118.1 1.79+£0.12 >100 (0.92 + 0.04%) >800 (80002%)
JLPO093 2.38+0.11 >100 (0.35 = 0.05%) >800 (53835%)
Quinine 0.10+£0.01 >100 (0.15 + 0.01%) 68.3 /4.1

Chloroquine 0.01 £0.00 >100 (0.01 + 0.01%) 3841 &7

®Haemolytic activity of test compounds that demaatsti HLG, values above 100 uM, arffl-
haematin formation inhibition I values above 800 uM (or > 4 mg/ml) were reportegercentage
(%) values’S.|.: Selectivity index.

However, significant haemolysis induced by a conmgbin comparison to quinine and
chloroquine, should be considered with caution @sflg in the context of malaria, which
increases the risk of anaemia (Milletr al, 2013). The chloro-mercuri reactive group in
mercury orange is known to have a high bindingnéifito non-protein sulfhydryl (thiols)
groups in glutathione (O'Connat al, 1988). This would greatly reduce the capability o
both uninfected and infected RBC, and the pardsiédf to prevent oxidative stress, resulting
in peroxidation of the cell membrane lipids andréased haemolysis, as well as parasite
death. The risk of methylene blue-induced haemslffsom four randomised controlled trials
in Burkina Faso, West-Africa) has been found tochbeically insignificant in glucose-6-
phosphate dehydrogenase (G6PD)-deficient childieeloyv five years of age) with
uncomplicated. falciparummalaria (Mulleret al, 2013). In the latter study, methylene blue
did not show haemolysis as a major side-effechinat the individuals, as was the finding in
the currentn vitro study (Table 2.14). Similarly in another studyaltiey adults with class IlI
G6PD-deficiency were given a three day oral regimiea total of 780 mg of methylene blue.
No occurrence of haemolysis was reported and haleiniogevels remained stable (Maneti
al., 2005). Methylene blue may be combined with ctadsantimalarial drugs to prevent
resistance or even sensitise drug-resistant sti@iis falciparumto existing antimalarial
agents (Schirmeet al, 2003). In the current study, methylene blue sdt¥d in a slight

synergistic ¥ FICso: 0.64 + 0.31) manner with quinine (Figure 2.10a)contrast, Akoachere
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et al. (2005) reported an additive interaction (mé&fiCso: 1) between methylene blue g
6.5 £ 1.8 nM) and quinine (K& 90 + 39 nM) when tested against the chloroquesstant
(K1) strain of P. falciparum whilst Garavitoet al. (2007) reported a synergistic effect
between methylene blue and quinine against theraipidne-resistar®. falciparumstrain
FcM29 (Garavitcet al, 2007). Therefore the discrepancy could be atetbtio the difference
in strains and in some cases the type of assayams®dhe classification of drug interaction
applied. The combinations of methylene blue witloquine, and all the other quinolines
tested, as well as with pyrimethamine were antageni(Akoachereet al, 2005).
Antagonistic interactions between methylene blud quinoline drugs tested in the latter
study, have been suggested to increase the likaliluf cross-resistance iA. falciparum
(Akoachereet al, 2005).

Safranin O and mercury orange demonstrated aniaglditteraction with quinine (Figure
2.10a). Although the interactions of methylene barel safranin O were additive when
combined with quinine, the latter combinations rhaye potential to prevent cross-resistance
as the thiazine and phenazinium colourants ardipelyeffective inhibitors oP. falciparum
glutathione reductaseP{GR), thus complementing thp-haematin formation inhibitory
activity of quinine (Farbeet al, 1998; Luoncet al, 1998; Akoacheret al, 2005).

The rest of the azo, naphthalene and sulfonatethetyn colourants were inactive at a
screening concentration of 100 uM against fEhefalciparum parasites. However, anionic
sulfonated azo dyes such as trypan bluey(I@1.3 uM) have been found to inhibit the
activity of the recombinant triose phosphate is@serenzyme involved in ATP production
during glycolysis inP. falciparum(Joubertet al, 2001). In the current study, trypan blue was

inactive (IGp > 100 uM) against the whole-parasite.

2.6.1.1 Physicochemical properties of synthetic colourants

On analysing the physicochemical properties oftssind colourants, methylene blue @k

0.0; pKy2 = -0.6) complied with the Lipinski’'s Ro5, but ditbt demonstrate any degree of
ionisation at a pH of 5 and 7.4 in its cationicnfiofTable 2.13). However, there was no
correlation between the log P and antimalarialvagtof all the most active test compounds
(Figure 2.13). Vennerstromt al (1995) has suggested that the relative lipidisibty of the
thiazine colourants such as methylene blue, mayabeer unimportant compared to their
reduced, neutral forms. This is further evidenceswpport the hypothesis that the potent
antimalarial activity of methylene blue and mosa#ine analogues is not due to its acid-base

properties (Vennerstronet al, 1995). Although methylene blue maintains its pesiy
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charged cationic form in a wide pH range (1 toiBphas demonstrated good absorption in
humans after oral administration with leucomethgl®tue being the only urinary metabolite
to be isolated (Disanto and Wagner, 1972; Venrmarsét al, 1995). In fact vital colourants
such as methylene blue are often classified asc’bdges, referring to their cationic nature
and not their weak-base properties, even thoughytegte blue is indeed an extremely weak
base (Vennerstronet al, 1995). In addition, methylene blue concentratelecsively in
parasitised RBC although the mechanism that leadshis sequestration is not clear
(Akoachereet al, 2005).

Based on the theory of histochemical staining tephes, coloured cations of basic dyes stain
tissue structures rich in anions, such as phosphatéA and RNA, and carboxylated or
sulphated mucosubstances due to electrostaticoato@bic attractions (Horobin, 2002).
Although mature RBCs lack DNA, selective stainirfgralaria parasites by methylene blue
is well established (Wainwright, 2008). An altemathypothesis to the stain-tissue affinity
theory proposed by Buchho&t al. (2012) was based on the redox properties of metieyl
blue. Upon entry into the parasitised RBC, methglbiue is electron-reduced to its neutral
form, leucomethylene blue, a reaction catalysedheyhuman glutathione reductase or by a
spontaneous reaction with  NADPH (Buchho&t al, 2008). The more lipid-soluble
leucomethylene blue would then freely diffuse tlglouhe parasite and digestive vacuole
membranes and be auto-oxidised to the methylene ¢dition, and thus be trapped in the
digestive vacuole (Buchholet al, 2008). Therefore, the accumulation of MB the
digestive vacuole would not be a weak base effeat,a redox mechanism. In contrast,
safranin O (pK = 5.8), a cationic basic dye showed a negativeHogalue (-0.68 + 1.46)
suggesting poor lipid-solubility compared to qumifiog P: 2.82 £ 0.43) (Table 2.12). In
addition, safranin O showed an increasing degreero$ation (from 2.5% to 86.3%) down
the pH gradient and demonstrated the “ion-trappieffgct at an acidic pH 5.0 (Table 2.13).
The latter further confirms that the log P valueordy an indicator of lipid-solubility of
compounds and that the pH of the environment, bagk properties and molecular weight are
other contributing factors for effective drug algan (Lipinski, 2004; Bhalkt al, 2007).
Safranin O is putatively a strong reversible, unpetitive inhibitor (K = 0.5 mM) of
glutathione reductase similarly to methylene bluéodhd et al, 1998). Mercury orange
(pKai= -1.86, pKy2 = -5.8), a neutral azo compound, did not showsiatnon at either basic pH
7.4 or acidic pH 5.0 level (Table 2.13). In additionercury orange showed compliance with
the Lipinski's Ro5 (Table 2.12). The log P (< 5damon-ionisation (% ionisation: 0.00%) of
mercury orange suggested high lipid-solubility @odsible diffusion into the RBC, as well as
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the parasite’s digestive vacuole; although there m@ strong correlation between the log P

and the antimalarial activity (Kg) of all the most active compounds (Figure 2.13).

2.6.1.2 Pharmacological effects of methylene blue

Methylene blue may have multiple modes of actiocairggfP. falciparumincluding inhibition

of haemozoin formation, increased hexose monoplaiepghunt, selective inhibition of the
malaria parasites’ glutathione reductase enzynmaay be due to its redox activity. Whereas
the photoactivation therapeutic application of ngkthe blue, may be more suitable for
localised skin malignancies and infections (Atanehal, 1994; Farbeet al, 1998; Tardivo
et al, 2005; Blanket al, 2012). The latter modes of action are discussddmthe context of
the study although methylene blue has been exiegsstudied - the classical review by
Clarket al. (1925) that cited 400 references being a caseiirt fBuchholzet al, 2008).

2.6.1.2.1 p-Haematin formation inhibition

The current study showed that none of the moswedynthetic colourants inhibitefh
haematin formation and all showedsj@alues greater than 800 UM in comparison to known
B-haematin inhibitors namely, chloroquine £{4C38 + 4.77 uM) and quinine (kg 68.30 +
20.39 uM). However, the antimalarial mechanism oficm of methylene blue and its
analogues has been proposed to involve the intibibf haemozoin formation by forming
haem-complexes in the parasite’s digestive vacsata)arly to 4-aminoquinoline drugs such
as quinine (Atamnat al, 1996; Ginsburget al, 1998; Schirmeet al, 2003; Kumaret al,
2007). In contrast, the current study showed thathgiene blue, safranin O and mercury

orange were not inhibitory f&-haematin crystal formation (Table 2.14).

The main difference that could account for thispancy in the results is the methodology
that was used to assess the inhibitiofi-bematin formation undénm vitro conditions. In the
study conducted by Atamra al. (1996), the ability of methylene blue to complethshaem
was done by monitoring a ‘red-shift’ or a peak apson (ath = 605 nm) using a UV-Vis
spectrophotometer. Therefore, the method usedeitatter study did not directly measiye
haematin formation as compared to the current stwiere methylene blue did not show
inhibition of B-haematin crystal formation, subsequent to incobatinder acidic conditions
(pH 4.4) similar to those in the parasite’s foodwale (Deharcet al, 2002). The conditions
of the current assay were not influenced bys@lts (used to stabilise methylene blue) as may
have been proposed earlier (Basilieb al, 1998; Parapiniet al, 2000). In addition -
haematin formation inhibitory activities previoustgported by Hawleyet al. (1998) for
quinine (IGy: 64.8 uM) and chloroquine (g 24.4 uM) were almost comparable to those
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found in the current study (Hawlet al, 1998). Quinine (I 68.3 + 4.17) and chloroquine
(ICs0: 38.4 £ 4.77) demonstratgdhaematin crystal formation inhibition in the curtestudy
and a strong correlation’(x 0.89 and¥= 0.99, respectively) to the antimalarial activitgs
observed. However, an alternative hypothesis has peoposed by Blanét al. (2012) on the

mechanism by which methylene blue may inhfisitaematin formation (Figure 2.14).

According to Blanket al. (2012), methylene putatively acts as a pro-drugealox-active
molecules that are cycled in and out of the adlijiestive vacuole in infected RBCs, thereby
oxidising major intracellular reductants (NADPH)dasubsequently reducing haematin®{Fe
PPIX) into Fé"-PPIX (Figure 2.14) (Blanlet al, 2012). The stacking of iron porphyrins
(haem) decreases their active surface and consiiyjdenreases pro-oxidant capacity (Blank
et al, 2012). Therefore, redox-active compounds sucimashylene blue, that display the
ability of reducing F&-PPIX to FE™-PPIX could inhibit haemozoin formation and lead to
increased oxidative stress and subsequent death @diciparum parasites (Blanket al,
2012). In addition, with methylene blue acting asdox-cycling substrate &. falciparum
glutathione reductase, each reaction cycle catdlyyeP. falciparumglutathione reductase
leads to the consumption of NADPH and oxygen, andhe production of toxic reactive
oxygen species, predominantly hydrogen peroxidésctwinteract with iron in the Fenton
reaction and result in EePPIX decomposition (Figure 2.14) (Blagkal, 2012).
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Figure 2.14 Putative redox-cycling of methylene bl affecting anti-oxidant systems irP.
falciparum-infected RBC attributed to antimalarial activity (adapted from Blank et al.
2012).MB, methylene blue; LMB, leucomethylene blue; HM@&xose monophosphate shunt; GSH,
glutathione; GSSG, glutathione disulfid®fGR, P. falciparum glutathione reductase; NADPH,
nicotinamide adenine dinucleotide phosphate; NADBxidised form of NADPH; FPIX,
ferriprotoporphyrin 1X; Hb, haemoglobin; metHb, kiith iron in the ferric (F&); SOD, superoxide
dismutase; Fenton, Fenton’s reaction step thatuywmesl hydroxyl radical (Ol from hydrogen
peroxide (HO,) in the presence of Fe

2.6.1.2.2 Activation of hexose monophosphate shunt

Although depletion of NADPH via the hexose monogit@e shunt (Figure 2.15) has been
proposed as a plausible mechanism of action fohyfezte blue, this pathway is not the main
cause of parasite death, but a contributing fa¢ktamna et al, 1994). The hexose
monophosphate shunt is a source of pentose swEgused for nucleotide synthesis and for
the reduction of NADPto NADPH (Atamnaet al, 1994).P. falciparumparasites are highly
dependent on glucose for optimal growth and arg sensitive to oxidative stress (Preess
al.,, 2012). In fact, human glucose-6-phosphate delgyarase (G6PD)-deficiency (G6PD
being the key enzyme in the hexose monophosphatet)sprotects the human host to a

certain degree from malaria infections (Preassl, 2012). Both the parasites and human
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RBCs possess a complete hexose monophosphate &hdinthere are major differences
between the parasite and human G6PD enzyme (Peeass2012). Studies on the ability of
methylene blue to recycle methaemoglobin (metHB!)Re normal haemoglobin (Hb, £%,
revealed that methylene blue enters RBCs, whei® énzymatically reduced by NADPH-
dependant glutathione reductase to leucomethylkree(Bigure 2.14) at the cost of NADPH,
and in turn leucomethylene blue then reduces mettlbHb (Atamnaet al, 1996).
Consequently, NADPH depletion activates the hexnsaophosphate shunt pathway (Figure
2.15) which replenishes NADPH by activation of GGRich is the rate limiting enzyme of
the pathway (Preuss al, 2012).

NADPH has been reported to spontaneously reduckyteee blue and as a result cytosolic
NADPH was be depleted at a rate of about @IM/min if not replenished unddn vitro
conditions (Schirmeet al, 2003). Indeed, hexose monophosphate shunt gcivinfected
RBCs has been found to be 78-fold higher than dh&tealthy uninfected RBCs (Atamieh

al., 1994). In addition, the hexose monophosphate tshativity increased with parasite
maturation from the ring stage towards the troplezstage, and declined at the schizont
stage (Atamneat al, 1994). This correlates with findings of the cuatrstudy that showed that
the parasites were mostly sensitive to methylene loluring the trophozoite stage (Figure
2.11c). Activation of the hexose monophosphate simay be a mode of action of methylene
blue and not necessarily indicative of toxicity. thiidene blue has been found to be safe in
adults and children with and without G6PD-deficigmehen administered to subjects at an
established dose of 12 mg/kg, over a three dayogein combination with chloroquine
(Meissneret al, 2006). Undelin vitro conditions, sodium nitrite, a hexose monophosphate
shunt stimulant, has been shown to elevate hexos®pmosphate shunt activity 15-fold with
significant proteolysis in mature RBCs. Even thougiethylene blue elevated hexose
monophosphate shunt activity by as much as 45-ibldjd not cause proteolysis (Baird,
1984). Therefore, proteolysis could not have cbntad to methylene blue’s mechanism of

action againsP. falciparum
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Figure 2.15 The hexose monophosphate pathway kh falciparum (adapted from Preuss

et al. 2012).The hexose monophosphate pathway replenishes NABHRe glutathione (GSH) and
thioredoxin (Trx) detoxification systems . falciparum NADPH formed by GluPho (glucose-6-
phosphate  dehydrogenase  6-phosphogluconolatonasal &®PGD  (6-phosphogluconate
dehydrogenase) are used by both Trx-reductase JTax®R glutathione reductase (GR) for the
reduction of their substrates, thioredoxin (Trxdaglutaredoxin (Grx). Trx and Grx can reduce a
broad range of protein substrates and are thudviedan the redox regulation of many cellular
processes. 6PGL, 6-phosphogluconolactonase; GaBEysg-6-phosphate dehydrogend2#iT, P.
falciparumhexose transporter (Prewstsal, 2012).

There is further evidence to suggest that “metig/lblue-like” drugs activate the hexose
monophosphate shunt in the presence of a glutaheatuctase inhibitor, and that “ascorbate-
like” compounds fail to do so under the same caomakt (Baird, 1984). However, in a study
by Atamnaet al. (1994), antimalarial drugs (chloroquine and quepiboth at 54M) and
radical oxidative species scavengers (uric acid laewizoic acid, both at 4 uM) reduced
hexose monophosphate shunt activity by 20-44%fectad RBCs (Atamnat al, 1994). The
latter findings contribute to the argument that time vitro activation of the hexose
monophosphate shunt observed in eukaryotic cetispamasites in the presence of methylene
blue, does not increase to appreciable levelsusecaell death. Therefore, parasite death as a
result of oxidative stress due to NADPH depletiaa the hexose monophosphate shunt
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within the infected RBC may not be a plausiblegsiar mechanism of action of methylene

blue, but may be a secondary contributing factgraasite death.

2.6.1.2.3 Inhibition of recombinant P. falciparum glutathione reductase enzyme
Methylene blue has been shown to inhibit a recaanttiP. falciparumglutathione reductase
(PfGR) enzyme in a non-competitive manner (Farberal, 1998). PIGR was the first
molecule to be identified as a target of methylele in the parasite. In a study by Farber
al. (1998), the enzymatic activity of recombin&iGR (optimal pH 6.9-7.2) was reduced by
60% when exposed to methylene blue (10 uM), buirthéition was reversible by dilution.
Whilst a later study by Buchholkt al. (2008) showed that methylene blue inhibi# R
(ICs0: 5.4 uM) more potently compared to human glutateioeductase (hGR) (¢ 16.4
HM). Glutathione reductase, a dimeric flavoenzyma&talyses the conversion of reduced
glutathione, GSSG into GSH, which is necessaryckliular protection against oxidative
stress, whereby NADPH is oxidised to NADFPreusset al, 2012). In the RBC cytosol,
glutathione reductase maintains a concentratian cdt1:100 for GSSG:GSH (Farbet al,
1998). BothPfGR and hGR play a crucial role in maintaining tedax homeostasis for the
intra-erythrocytic growth of the parasite (Farledral, 1998). Therefore the inhibition of
PfGR is likely to contribute significantly to the tioky of methylene blue to the parasite and

oxidative stress.

2.6.1.2.4 Methylene blue photo-activation

Methylene blue activity may be induced by photasation to cure infections. In the current
study, the treated parasites were incubated iddheand photoactivation did not form part of
the study. However, as early as the 1930’s, it stasvn that phages and viruses stained with
phenothiazium dyes, such as methylene blue, wéesl iy light illumination (Tardivcet al,
2005). However, new therapeutic concepts includmllp applied methylene blue for
treatment of basal carcinoma, Kaposi’'s sarcomaamogha, viral and fungal infections, and
subsequent radiation with a light source in the spdctrum region (600-750 nm). When,
methylene was delivered intravenously, it was fotmde reduced and excreted far more
rapidly than when topically applied (Tardivet al, 2005). Therefore, although methylene
blue may be useful in photodynamic therapy, witlw koxicity and minimal side-effects, it
has a limited therapeutic spectrum and as sucttisleal forP. falciparuminfections.

2.6.2 Antimalarial activity of natural colourants
All the natural colourants, except for curcumin &adoon black, were inactive and shovired
vitro parasite growth inhibition below 20% at a scregrdancentration of a 100 pg/ml (Table

2.2). Curcumin (diferuloylmethane) was highly aetiwhilst carbon black showed moderate
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activity againstP. falciparum but were both significantly less potept< 0.05) compared to
quinine (Figure 2.7). Curcumin was however, sigaifitly more potenf(< 0.05) than carbon
black. The findings of the current study (Table5}.tonfirmed the antimalarial potency of
curcumin (IGo: 2.29 £ 0.18 pg/ml), although significantly moretgnt ¢ < 0.05) than
previously reported to be in the range of 7-11 [l@gainst both chloroquine-sensitive £C

~ 9.1 pg/ml against the 3D7 strain) and resistains (Cuiet al, 2007).

Table 2.15 Summary table showing antimalarial, haewlytic activity and p-haematin
formation inhibition IC 5o values of the most active natural compounds.

Compound | Antimalarial activity | Haemolytic activity | p-Haematin inhibition
ICs50+ S.D.(ug/ml) | HLC 50 = S.D. (ng/ml) ICs50+ S.D. (ng/ml)
Curcumin 2.29+0.18 >100 (6.24 £ 0.18%) 320+£0.01
Carbon black 22.73 £2.36 >100 (0.22 = 0.04%) X40147 + 0.83%)
Quinine 0.04 £0.01 >100 (0.41 = 0.01%) 24.65281.
Chloroquine 0.01£0.01 >100 (0.02 = 0.01%) 19546

Haemolytic activity of test compounds that demaatsl HLG, values > 100 pM, anfl-haematin
formation inhibition Gy values above 800 uM (or > 4 mg/ml) were reportedparcentage (%)
values.

Curcumin showed slight haemolytic activity althouglgnificantly higher compared to
qguinine (Table 2.15). This may be of minor clinisanificance since at least three different
Phase | clinical trials involving mice and humarasvé indicated curcumin’s safety and
tolerance at maximum doses of 12 g per day (Areral, 2007). Peak plasma concentration
(Cmay Of curcumin has been detected at 300 ng/ml ig, ratter oral administration (100
mg/kg) (Liu et al, 2006). Whereas in human subjects, thgi®@alue was 2.30 £ 0.26 pg/mi
after a single oral dose of 10 g curcumin (Vareedl, 2008). Of the two natural colourants,
only curcumin inhibited3-haematin formation significantlyp(< 0.05) compared to quinine
(Table 2.15). Curcumin interfered with the diffetiahstaining of the RBC and the parasite;
as such observations could not be made for the mbygy and stage sensitivity studies. The
excessive staining or high affinity of curcumin tiwe infected RBC indicated probable,
targeted antimalarial activity. In the treatmentadlaria, combination therapy is essential in
preventing treatment failure and drug resistancéiQ) 2012). In the current study, both
curcumin and carbon black showed an additive iotema with quinine (Figure 2.10Db).
Similarly, in a study by Nandakumat al. (2006), the combination of curcumin and quinine
showed an additivin vitro effect onP. falciparum(FCK strain) parasites. In the same study,
an additivein vivo interaction was observed when a combination ofuwmin (three day oral
regimen of 5mg) and artemisinin was administerel.tbergheiinfected mice (Nandakumar

et al, 2006). Although there is no resistance data kzet been reported for curcumin, a
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clinical and parasitological failure of quinine nmtreatment associated withs{3values up

to 0.4 pug/ml against isolates originating from $oAmerica has been reported (Bertaaix
al., 2011). The resistance cut-off values for quiname 1G, values greater than 0.3 pg/ml
(Bertauxet al, 2011). Therefore, curcumin used in combinatiothvalassical antimalarial
drugs has the potential of delaying the onset sistance of these drugs and of possibly
increasing the susceptibility of the parasites. iagtance, a single dose of artemether (750
K1g) in combination with curcumin (5 mg) has beeavah to give complete protection v
berghetinfected mice (Nandakumat al, 2006).

Although curcumin has been found to have a low\adability and rapid clearance rate in
humans, a low dose of piperine from pepper cantaobally enhance curcumin uptake in
humans and the combination is well tolerated (N&aderet al, 2006). In addition a poly-
ethylene glycol or PEGylated liposome formulaticmaded with a molar ratio of 0.6:1
(artemisinin to curcumin), showed a higher efficgd®p% parasitaemia reduction) .
berghetinfected mice in just three days compared to 8@#uction in parasitaemia over 7
days with free artemisinin alone (Isacetial, 2012). This increased efficacy of artemisinin
and curcumin combination in the latter study maytigbuted to increased bioavailability of
both drugs. A combination study by Nandakureaal (2006) has demonstrated an additive
interaction between free artemisinin and curcumigaisst P. berghei Despite its
pharmacokinetic properties, curcumin shows poter@tsaa template for new antimalarial

agents and warrants further research.

2.6.2.1 Physicochemical properties of natural colourants

Curcumin (pky = 10.51; pKo = 9.88; pks = 10.5), a polyprotic acid as determined by
Bernabé-Pinedat al. (2004), showed drug-like properties and compliath whe Lipinski's
Ro5 (Table 2.12). At pH 7.4 curcumin showed a losgrée of ionisation (0.1%) and was
non-ionised at pH 5.0 (Table 2.13). This suggdss ¢urcumin would be absorbed across the
pH gradient with a low degree of ionisation of aocuation especially at the acid pH 5.0.
However, poor bioavailability due to poor absorptisapid metabolism, rapid elimination
and a half-life of 1-2 h, has been a major drawbeckhe approval of curcumin as a
therapeutic agent (Anaret al, 2007; Isacchet al, 2012). The physicochemical properties of

carbon black were not determined.

2.6.2.2 Pharmacological effects of curcumin
Curcumin (diferuloylmethane), a natural polypheaaompound, has demonstrated diverse
pharmacological properties including anti-inflamorgt anti-carcinogenic, anti-bacterial and
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anti-protozoal activities (Cuet al, 2007). Curcumin demonstrates both anti-oxidault @o-
oxidant activities which are concentration-depend€ui et al, 2007). Its cytotoxicity on
various cancer cell lines is attributed to its psedant activity through the generation of
reactive oxygen species (ROS). The generation & BOwell as the inhibition of acetylation
of chromosomal proteins, histones, have been peapas possible mechanisms of action of
curcumin (Cuiet al, 2007; Crokeret al, 2012). Notwithstanding that curcumin has multiple
therapeutic effects, in addition has a variety oft@n targets and inhibits the activity of

various kinases (Goet al, 2008).

2.6.2.2.1 Oxidative damage through increased reactive oxygespecies

According to Cuiet al, (2007), at low concentrations (< 1 uM), curcurappears to reduce
intracellular ROS levels, whereas at higher comegiohs (> 20 uM), it promoted
intracellular ROS in a concentration-dependent reanim the latter study, incubation Bf
falciparumparasites with a combination of curcumin (50 pMgl ghe anti-oxidants, mannitol
(at a 1:6 to 8 curcumin to mannitol concentratiatio) or 1 mM ascorbic acid, significantly
reduced ROS levels and restored parasite growtlostlno the parasitaemia of untreated
controls (Cuiet al, 2007). The nucleic and mitochondrial DNA damabgsewved in the same
study may be attributed to the generation of ROSurgumin. As such, the latter results and
the reported antimalarial activity suggest that R@eration plays a key role in killing
malaria parasites (Ceit al, 2007). Curcumin as an anti-oxidant, has the piateto interfere
with the inhibitory effects of macrophage-inducettio oxide in vivo and thus exacerbate the
malaria infection (Cuket al, 2007). Therefore, curcumin’s concentration levaklsy have to

be optimally adjusted in order to favour its praeant activity.

2.6.2.2.2 Inhibition of histone acetylation and histone acetigransferase activity

The inhibitory effects of curcumin on the activity histone acetyltransferases (HATsS), may
partially account for its antimalarial activity (Cat al, 2007). In eukaryotic cells, genomic
DNA is packaged into chromatin (Albert$ al, 2004). Chromatin is a complex of DNA and
chromosomal proteins, predominantly histones, witichdenses into mitotic chromosomes
(Albertset al, 2004). The DNA is wrapped around the histoneginstin a “bead on a string”
pattern, forming nucleosomes (Figure 2.16); thecbasits of the chromatin fibre (Albereg
al., 2004). The nucleosome consists of about 150 paise of DNA wound twice around an
octameric histone core (Crokenhal, 2012). The nucleosome ‘bead’ consists of two e pif
histones H2A, H2B, H3 and H4 (Cei al, 2007). The nucleosomes are packed tightly by H1-
H1 histone protein interaction. Chromatin existsaincondensed form with transcription
silencing and in an expanded form associated veitivegene transcription (Goodman, 1998;
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Miao et al, 2006). However, histone acetylation (Figure 2.1@)ich is catalysed by HATS,
alters the chromatin structure, exposing DNA segesrio allow for gene expression, DNA
replication or repair (Albertst al, 2004; Cuiet al, 2007). The latter process is reversed by
histone deacetylases or HDACs (@uial, 2007).

Gene repression

ONA Histone acetylation Gene transcription
Nucleosome HATs: CBP, p300,
PCAF, efo. RNA polymerase I

TN _ Transcription factor
s=== COACTIVATORS ‘ *e 2N r S

Histone deacetylation & o
HDAC1-11 k

NCoR, NuRD,

mSin3, efc.
COREPRESSORS / \/A\/\/ MRNA
Acetylation
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fa& protein ~

Figure 2.16 Regulation of gene activation and repssion by acetylation of histones
(adapted from Barneset al., 2005).Histone acetylation is mediated by co-activatoes thave
intrinsic histone acetyltransferase (HAT) activicetylation of histones open the chromatin strrectu
exposing the DNA strands, thus allowing bindindR®¥A polymerase Il and transcription factors. The
latter process is reversed by co-repressors, winclude which include histone deacetylases
(HDACSs) that reverse acetylation and causing gelemcng or repression. CBP, CREB-binding
protein; PCAF, p300/CBP-associated factor; NCOR;lear receptor co-repressor (Barnstsal,
2005).

Similarly, malaria parasites have a typical chramatructure, which plays a key role in
epigenetic (“heritable changes that alter gene esgion levels”) regulation of gene
expression (Cuet al, 2007; Crokeret al, 2012). Cuiet al. (2007) previously demonstrated
that curcumin (25-100 uM) has the ability to redncelear HAT activity of the parasiia
vitro, as well as to inhibit the HAT activity of the mrobinantP. falciparumgeneral control
non-depressed FPP{GCN5) histone acetyltransferase {{C~48 uM). In addition, curcumin
has demonstrated specific inhibition of the HAT @&IREB-binding protein and related
transcriptional activity (Balasubramanyaet al, 2004). Thus,P. falciparum HATs are

plausible targets for curcumin (Ceif al, 2007).

2.6.3 Antimalarial activity of nucleoside and analogues

The most active nucleoside analogues, JLP118.4:(KC79 = 0.12 uM) and JLP093 @&
2.38 + 0.11 uM), demonstrated antimalarial actiwityhin the micromolar range, but were
significantly less potenip(< 0.05) than quinine (Table 2.15). The overaliraatarial activity

of the most active nucleoside analogues was clegsis highly active{5 pM). Of all the
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nucleoside analogues tested, only the pyrimidireedanucleoside analogues, JLP118.1 and
JLP093 were highly active agairiatfalciparum Both compounds showed negligible toxicity
to human RBCs and showed no ability to inhjihaematin crystal formation as a possible
mechanism of action (Table 2.15). The trophozoiiges was particularly sensitive to
nucleoside analogue, JLP118.1 as the parasitedigroceed to the schizont stage (Figure
2.11d).

2.6.3.1 Physicochemical properties of nucleoside analogues

JLP118.1 (MW: 630.64 g/mol) a pyrimidine-based agak, was the bulkiest compound and
violated three of the Lipinski’'s Ro5 parameters (MW500, HBA > 10 and log P > 5),
compared to all the other most active compoundbléra.12), yet it demonstrated the most
potent antimalarial activity in its class. Overdhe absorption rate of both the nucleoside
analogues was more than 95% at basic pH 7.4 in tineionised state. JLP093 showed some
significant p < 0.05) ionisation (13.7%) at an acidic pH 5.0mpared to JLP118.1 (Table
2.13). This suggests that the activity of this glascompounds was not due to their acid-base
properties, except for JLP093 which could possisgr time accumulate within the digestive
vacuole’s acidic environment based on the “ionftrag” effect described earlier by Shaee

al. (1957). However, nucleosides must first be phoggated within the parasite to their
respective nucleotides in order to be pharmaco#dlgiactive (Gercet al, 2003). In addition,
nucleotides are anionic compounds which are unableanslocate cell membranes, whereas
nucleosides and some analogues are neutral madetchdt can cross through cellular
membranes (Geret al, 2003). Indeed, the. falciparumequilibrative nucleoside transporter
(PfENT1) has been found to facilitate the uptake dhljmurine and pyrimidine nucleosides
and nucleobases (Baldwiet al, 2007). When compared to natural nucleosides &nat
transported into cells, nucleoside analogues demahodified to enable passive diffusion or a
combination of passive diffusion and facilitatednsport via nucleoside transporters éti
al., 2008).

Structurally, JLP118.1 was the only uracil-derivathlogue tested with a combination of the
tert-butyl-dithiomethyl-hydroxyl group and the mbedd ribose structure containing
acetaldehyde groups. Whilst JLP093 was the onlgsiye-derived analogue with the tert-
butyl-diphenylsilyl group and un-modified riboseustture in the nucleoside analogue series
(Table 2.10).
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Table 2.16 Summary of antimalarial, haemolytic andB-haematin formation inhibitory
activity of the most active nucleoside analogues.

Compound Antimalarial activity Haemolytic p-Haematin inhibition
IC50£ S.D. (J.M) activity IC50£ S.D. (J.M)
HLC 50+ S.D. M)

JLP118.1 1.79+£0.12 >100 (0.92 + 0.04%) >800 (& 0@102%)
JLP093 2.38+0.11 >100 (0.35 = 0.05%) >800 (53835%)
Quinine 0.10+0.01 >100 (0.15 £ 0.01%) 68.3 #74.1

Chloroquine 0.01 £ 0.00 >100 (0.01 + 0.01%) 384127

Haemolytic activity of test compounds that demaatsl HLG, values > 100 pM, anfl-haematin
formation inhibition 1G, values above 800 puM (or > 4 mg/ml) were reportedparcentage (%)
values.

2.6.3.2 Pharmacological effects of nucleoside analogues

Unlike purines that are in abundance in human RBEgimidines exist in small
concentrations (Casseeaal, 2011). As a resuP. falciparumhas retained its capacity fde
novo synthesis of pyrimidines and developed pathwaydie salvage of purines from the
host RBC, but lacks pyrimidine salvage enzymes €Reyal, 1982; Casserat al, 2011). In
the current study, pyrimidine-based analogues, 1BRA1 and JLP093 demonstrated
comparable activity to the purine nucleoside, inesiln addition, the trophozoite stage was
particularly sensitive to JLP118.1 since the paeadid not proceed to the schizont stage.
DNA synthesis in synchronisdel falciparumcultures has been found to peak mostly during
the trophozoite stage, which has been compardttt&{phase of the cell cycle in mammalian
cells (Figure 1.3), 28-31 h after merozoite invasamd the DNA content increases for 8-10 h
(Arnot and Gull, 1998; Downiet al, 2008; Arnotet al, 2011).

Therefore the pyrimidine nucleoside analogues, dBPlland JLP093, may have interfered
with the nucleic acid synthesis during the trophiezetage. AlthougfPfENT1, facilitates the
transport of both purine and pyrimidine nucleosidasd nucleobases, the uptake of
pyrimidines into the RBCs does not benefit the piéga as they lacke novopyrimidine
salvage pathways (Baldwiat al, 2007). HoweverPfENT1 does provide a route for the
uptake of cytotoxic pyrimidine drugs such as 5-faarotate, which inhibits thele novo
pyrimidine synthesis pathway &f. falciparumdirectly (Baldwinet al, 2007). In contrast,
earlier studies have shown that parasitesPin knowlesiinfected monkeys, failed to
incorporate™C-labelled exogenous pyrimidines (thymine, thyméginracil and uridine) into
their nucleic acids (Downiet al, 2008). Natural inosine, one of the purines satdafyjom
the host RBC, is a direct precursor of hypoxanttfibasseraet al, 2011). Nevertheless, the
morphology and stage sensitivity studies, confirnigel inhibitory effects of the JLP118.1
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pyrimidine-based nucleoside analogue as demondtrate the PH]-hypoxanthine

incorporation assay (Figure 2.11, Table 2.16).

2.6.4 Antimalarial activity of imidazopyridine analogues

IP-2 to IP-4 of the imidazopyridines analogue serghemical structures contained a
cyclohexane ring and the other half of the seri#35 to IP-8 contained a 1,3-
dimethylbenzene ring (Table 2.11). The most acdtivielazopyridine analogues (Figure 2.9),
IP-3 (IGo 20.77 = 0.72 pM) and IP-4 (g 15.30 £ 0.41 uM), that contained the
cyclohexane ring, were generally more potent tHab,1-6 and -7, that contained the 1,3-
dimethylbenzene ring, but all were about 200 to-0@ less potent than quinine @& 0.10

+ 0.01 uM). The most active imidazopyridines showsd (50-100 pM) to moderate (10-50
HM) antimalarial activity and were significantlp € 0.05) less potent compared to quinine.
The parasite morphology and stage sensitivity sgjdsuggest sensitivity of the trophozoite
stage to IP-4 as they degenerated after the iridah period and failed to proceed to the
subsequent schizont stage (Figure 2.11e). Thes@aoms were however not tested for
haemolytic activity and3-haematin formation inhibition in the study duelitmited stock.
Therefore it was not apparent whether parasite hdeeas related to any of these

aforementioned mechanisms.

2.6.4.1 Physicochemical properties of imidazopyridine analgues

Of the most active imidazopyridine analogues ongn®@ 1 violations of the Lipinski’'s Ro5
principles were noted for IP-3 and IP-6, respetyivdhe MWs of the imidazopyridine
analogue were greater than 500 g/mol, except far #ad IP-5 which were below 400 g/mol.
So the Ro5 violations were mostly on the MWs aralltly P values that were greater than 5.
However, no correlation pattern was observed betwbe Ro5 number of violations and
antimalarial activity; although IP-4, the most &etiof the class complied with Lipinski’s

drug-likeness, Ro5 criteria.

2.6.4.2 Pharmacological effects of imidazopyridines

The antimalarial activity of the imidazopyridinesaynbe associated with the inhibition of
CDKs. A high-throughput screen of the AstraZenemmmound library identified a series of
imidazo[1,2-a]pyridines as a class of potent irtoitsi of cyclin-dependent kinase CDK4 with
the lead analogue demonstrating aggl@lue of 8 UM (Andersoet al, 2003; Enguehard-
Gueiffier and Gueiffier, 2007). In the latter studlge binding mode of these compounds by
X-ray crystallography of the compound complex WwitBK?2, led to the synthesis of 100-fold
more potent compounds against CDK2 (Andersinal, 2003). The various chemical

structures tested agairdt falciparumdemonstrated varying degrees of activity, but wadre
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relatively non-toxic to RBCs except for mercury mga. Curcumin acted by inhibitingy
haematin crystal formation. The most active compisucould be used as templates for new

antimalarial agents and further derivatisation.
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Chapter 3 Mammalian cell toxicity

3.1 Introduction

Toxicology is concerned with the deleterious efeatt chemical agents on all living systems.
In humans, adverse effects resulting from expogurugs, their safety or potential toxicity
associated with their use is of critical importarifPéaa, 2005)In vitro cytotoxicity assays
allow for rapid evaluation of potential toxicity d¢drge numbers of test compounds on cell
lines, reducing the need for animal experimentatidaring the initial stages of drug
development (Ekwalet al, 1990). For instance, the tritiatedH])-thymidine incorporation
assay in particular, measures cell growth fromatmeunt of fH]-thymidine incorporated into
dividing cells (Wagneet al, 1999). The toxic potential of any substance, tbeatural or
chemically synthesised, always remains a concdra.adverse effect profile and efficacy of
all drugs are known and constantly updated (WH®B820The potentiation of these adverse
effects as concentrations or dosages reach toxatsleare documented as well. The potential
toxic properties of compounds or drugs administeécedumans are constantly monitored by
the WHO and country regulatory bodies such as thedFand Drug Administration (USA)
and the Medicines Control Council (South Africajaiiigh pharmacovigilance (WHO, 2008;
National Department of Health, 2013). The safetygimeor therapeutic index of administered
drugs is based on the ratio between the therapedose and the toxic dose (Muller and
Milton, 2012).

3.1.1 Selectivity index andin vitro toxicology

In drug development, the selectivity index, whishthe ratio betweem vitro efficacy (1Go)
andin vitro cytotoxicity is used as an early indicator of tbaicity of the test compounds
(Muller and Milton, 2012; Najahet al, 2013). It is conceded that the extent of efficaod
safety data only increases as a candidate compouesses fronm vitro, to animal and
then to human studies (Muller and Milton, 2011R)vivo rodent malaria models are an ideal
starting point for elucidation of toxicology, phamookinetic and pharmacodynamic data
during antimalarial drug discovery (Fidoak al, 2004). In additionjn vitro toxicology
assays often make use of mammalian cancer cedl éind not naturally dividing cells (Pirek
al., 2005). However, there has been consideratioa foansition from animal screens to more
in vitro systems and predictive toxicology methods withire t2£' century (National
Toxicology Program, 2004). The vision of the Na#bioxicology Program and the FDA
(U.S.A)) is to strive to address the “3Rs” effeetivthat include: the reduction of the number

of animals used in research programs, refiningetig:points to derive the maximum amount
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of information with minimum amount of pain and srffig, and replacement of species
currently used with lower species iorvitro systems (National Toxicology Program, 2004).
Thereforein vitro cytotoxicity assays with their limitations, do hewver provide a high-
throughput screening method to determine selegtiot candidate compounds fde.
falciparum parasites (Fidoclet al, 2004; Pinket al, 2005; Muller and Milton, 2012). For
pure compounds, biological efficacy must have adelity index of at least 10 or more (Pink
et al, 2005). Whereas for crude plants extracts it isemtbfficult to establish the selectivity
index value, especially if the specific concentmatand identity of the active ingredient is
unknown and the extract may contain other constitu¢hat contribute to the cytotoxicity
(Valdéset al, 2008). The attrition rate of new compounds in-@meical and clinical phases
of drug development is largely due to poor efficaayd/or toxicity (McKim, 2010).

Therefore, it was critical to test the compoundspiatential toxicity in the current study.

3.2 Objectives

e To evaluate then vitro cytotoxicity of the test compounds with the mostiraalarial
activity against the transformed human embryonidn&y epithelial (HEK293 cells,
ATCC CRL11268) and the human chronic myelogenoukdemic (K562 cells, ATCC
CCL243) cell lines.

e Determine the selectivity index of the most actiest compounds fdP. falciparumand
their effect on the HEK293 and K562 human celldine

3.3 Methods

3.3.1 Celllines

The K562 human cancer cell line (Highveld Biolodjcavas established in 1970 from a
pleural effusion of a 53-year old patient with aicomyelogenous leukaemia in blastic crisis
(Lozzio and Lozzio, 1979). This suspension celklis of erythroleukaemia type and is
characterised as a highly undifferentiated cellem@siing granulocytes and erythrocytes
(Lozzio and Lozzio, 1979). The monolayer HEK293I d¢ele (Highveld Biological), was
immortalised and derived from the transformatiornpafnary cultures of human embryonic
kidney (HEK293) cells by exposing cells to sheafedyments of adenovirus type 5 DNA
(Grahamet al, 1977; Shavet al, 2002).

3.3.2 Preparation of culture medium
Sterile-filtered _Dulbecco’s Modified Eagle’s Mediu®MEM) and RPMI-1640 growth
media were used to maintain the HEK293 and K56 ¢elculture, respectively. DMEM

(500 ml; Sigma-Aldrich) was supplemented with 4/b glucose, 110 mg/L sodium pyruvate
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and 0.584 g/L L-glutamine. RPMI-1640 (Sigma-Aldijicvas supplemented with 4.5 g/L
glucose, 0.3 g/L L-glutamine and 2 g/L NaH£Ohe growth media was completed by
adding 5% (v/v) heat-inactivated (56°C for 1 h) thdecalf serum (Sigma-Aldrich),

antibiotics: 0.1% (v/v) penicillin (5000 units/10@l) and streptomycin (5 mg/100 ml)
(Sigma-Aldrich). Complete experimental medium wappemented with 5% (v/v) heat-
inactivated foetal calf serum, but excluded antibgto prevent any interaction with the test
compounds; whilst the incomplete experimental madifor serial dilutions of test

compounds) excluded both the foetal calf serumaantithiotics.

3.3.3 Preparation of test compounds and control drugs

Stock solutions of the natural (10 mg/ml) and sgtith (10 mM) test compounds, the
reference drugs, quinine (Sigma-Aldrich) and carntq@oin (Sigma-Aldrich) were prepared in
100% (v/v) DMSO (Sigma-Aldrich). Appropriate seridilutions of test compounds were
prepared using incomplete experimental medium.fiffa % DMSO used in the experiments

did not exceed 1% such as to minimise an inhibiedfgct on the cell viability.

3.3.4 General cell culture maintenance

The cell lines were aseptically maintained in adtwaccording to cell culture methods
described by Freshney (1988). A waiver was obtaifteth the Human Research Ethics
Committee for use of both cell lines in vitro studies (Ethical clearance waiver reference
number: W-CJ-090425-12; Appendix B3). Culture mamaince was carried out in a Class Il
biosafety laminar flow hood. The cultures were imated at 37°C in a humidified incubator
(Heraeus Cell) with an atmosphere containing 5%,Q0® maintain the pH (7.44) of the
culture (Wagneeet al, 1999). Sub-culturing of both cell cultures wasriea out every 2-3
days when cells reached confluency and the cuftas&s returned to the incubator. The cell
cultures within the flasks were examined for coaficy and morphology using an inverted
phase contrast microscope (Olympus-CK2) at 200 gmnifigation. Based on this observation

the cultures were either prepared for re-seedintgetulture or for experimentation.

3.3.5 Sub-culturing of HEK293 monolayer cells

The adherent, monolayer HEK293 cells were re-sudgmbnby treatment with trypsin
(Freshney, 1988). Spent culture media was discaatheldthe adherent cells washed twice
with 2 ml pre-warmed (37°C) PBS (pH 7.4). Pre-watpi ml 0.25% trypsin/0.1% versene
ethylene diamine-tetracetic acid (EDTA, Sigma-Adti)i was added to the culture flask and
incubated at 37°C for 3-5 minutes or until the adhecells detached from the flask surface.

Thereafter, 4 ml complete DMEM culture medium wakled in order to neutralise the
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proteolytic activity of trypsin. The cell suspensiwas centrifuged at 834 gfor 5 min, the

supernatant aspirated and the cell pellet resusgeindresh complete culture medium.

3.3.6 Sub-culturing of K562 suspension cells

The K562 cells grown in suspension were centrifuge8i34 xg for 5 min. Thereafter, 90%

(v/v) spent culture medium was aspirated, leavidgp Vv/v to retain sufficient growth factors
and the remaining cell pellet was re-suspended Wibh pre-warmed complete culture

medium.

3.3.7 Determination of cell number

Cells were counted with a Neubauer haemocytomeiicall viability was determined using
the trypan blue exclusion assay (Freshney, 198®b8&t, 2001). According to the method
described by Freshney (1988), viable cells wittaéghtmembranes do not stain blue with
trypan blue, whilst dead cells take up the dye atain blue as observed under a light
microscope. Briefly, cultures were transferrea iat50 ml centrifuge tube, centrifuged at 834
x g for 5 min and re-suspended in 20 ml complete expmital medium. A 2@l sample of
cell suspension was transferred to a microcengifiulpe and stained in a 1:1 volume ratio
with 20 ul, 0.2% (v/v) trypan blue prepared in PBS (pH 7(&gction 2.3.5). The cell
suspension was transferred into the haemocytoraatecovered with a coverslip. Unstained
viable cells within the central grid were countead ahe mean cell count from the two

chambers was used to determine the number ofgailgolume (ml) (Equation 3.1).

Cell density (cells/ml) ¥Mean number of viable cells x4)0x 2 dilution factor

Equation 3.1 Cell density.

3.3.8 Tritiated thymidine incorporation assay

The inhibitory effect of the test compounds on itheitro cell growth was determined using
the PH]-thymidine incorporation assay (Sondekal, 1984; Cowarcet al, 1998). Based on
the principle of the assay, live replicating céfisorporate JH]-thymidine into their DNA and
the percentage cell growth is determined by meaguhe radioactivity from the precipitated
[*H]-thymidine.

3.3.8.1 Seeding of cells

Cells were seeded into a 96-well microtitre pldta density of 50,000 cells per well in 1800
cell suspension prepared in complete experimengdium. All assays included untreated
cells as a negative control containing 2f PBS, along with quinine and camptothecin as
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the reference drugs. Cells were exposed to seihatiocths (100 uM — 1.56 pM) of the
compounds and incubated for 72 h at 37°C in a hifisddncubator in 5% C@atmosphere.

The PH]-thymidine (20 Ci/mmol) isotope was added tormficoncentration of 0.5 Ci/ml per
well after 48 h incubation. The cells were incubafiar a further 24 h to allow incorporation
of the PH]-thymidine into the DNA of proliferating cells (®daket al, 1984).

3.3.8.2 Cell harvesting

The cellular fH]-labelled DNA harvested onto Wallac™ Betaplatasgl fibre filter mats
using a multichannel Titertek™ semi-automatic teivester. The isotope incorporated into
the cellular DNA was measured using the Wallat205 Betaplate scintillation counter
(Perkin-Elmer) (Section 2.3.9.2). The scintillatioaunter results (cpm) were expressed as
percentage cell growth compared to untreated cofEquation 3.2) and the concentration of
the test compound causing a 50% cytotoxic effeC¢oflwas calculated from log sigmoid

dose-response curves generated using EnZfittdtware.

mean C
% Cell growth _ PMieated cells x 100

mean CPMintreated control

Equation 3.2 Percentage cell growth determination.

3.4 Data analysis

The 1G, values were determined from log sigmoid dose-mnespacurves generated by the
Enzfitte® software (version 1.05). The results are repoatethe mean of at least 3 replicate
experiments with standard deviation (mean * siatistical difference between the activity
(ICso values) of the test compounds and the referenggsdivas determined by a one-way
ANOVA test, using GraphPad Pri§nsoftware, version 5.0 (Motulsky, 2003; Glantz, 200
A p-value less than 0.05p(< 0.05) was considered statistically significambe anti-
proliferative activity of the test compounds agaiheth the HEK293 epithelial and K562
erythroleukaemic cell lines were compared using@away ANOVA test. Ap-value less than
0.05 p < 0.05) was considered statistically significavib{ulsky, 2003; Glantz, 2005).

3.5 Selectivity index

The selective activity of the most active compourdginst theP. falciparum parasites

compared to their cytotoxicity was determined bicalating the S.I. (Equation 3.3). Both
synthetic and natural compounds with S.I. values-dfO were regarded as non-toxic (Petk

al., 2005).
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Cytotoxicity (1Gsp)
Antimalarial activity (1Gg)

Selectivity index=

Equation 3.3 Selectivity index forP. falciparum compared to human cancer cell lines.

3.6 Results

3.6.1 Cytotoxic effect of synthetic colourants

The cytotoxicity results of the synthetic colousaate depicted ifigure 3.1. HEK293 cells
were more sensitive to all the test compounds comtb#o the K562 cells. The positive
control, camptothecin, was potently inhibitory teetHEK293 cell line (16: 16.75 + 1.22
nM) than the K562 cell line (I 41.64 + 2.34 nM). The reference drug, quinine \Wwees
least inhibitory against both cell lines comparedlii the synthetic test compounds and more

than 900-fold less active compared to camptoth@eagure 3.1).

Hl HEK293 cell line K562 cell line
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0

+0.01

Cytotoxicity
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Figure 3.1 Cytotoxic effect of synthetic colourants on the HER93 and K562 cell lines

ICso data was obtained using théH]-thymidine incorporation assay (n = 3jwo-way
ANOVA test showed significanfp(< 0.05, *;p < 0.001, ***) cell growth inhibitory activity agast
the HEK293 cell line compared to the K562 cell line

Mercury orange (I6: 0.82 £ 0.01 uM) was the most potent test compoagdinst the
HEK293 cell line, whilst methylene blue @€ 1.92 + 0.02 uM) was the least effective.
Safranine O (g 1.26 + 0.2 uM) inhibited HEK293 cells significan{p < 0.05) compared
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to quinine, but was 63-fold less active than cartiq@cin. The cytotoxicity of mercury orange
(ICs0: 0.82 £ 0.00 uM) on HEK293 cells was comparabléhad of safranin O and methylene
blue (Figure 3.1). The K562 cell line was generédlys sensitive to all the test compounds.
Methylene blue and safranin O showed comparablatayicity against K562 cells and were
both significantly p < 0.05) potent compared to mercury orange. Quimae more than 7-
fold less active compared to methylene blue andhsef O, 2.5-fold less active compared to

mercury orange against the K562 cells.

3.6.2 Cytotoxic effect of natural colourants

The cytotoxicity results of the natural compounds @epicted in Figure 3.2 and presented in
mass molarity units (Lg/ml) since all the most\actiatural colourants were in a liquid paste
form when acquired. For comparative analysis, @ Values for quinine and camptothecin

were converted to mass molarity. Camptothecin wpsly, significantly p < 0.05) more

potent against both cell lines than curcumin, carfblack and quinine.

Bl HEK293 cell line K562 cell line

1500+ 1020  x#x
1210 630

1000+ +180
10.21

500-
11.04

8.5
6.0
3.5

1.0-
0.3+

6.68 +1.79

+2.24

1.37
+0.11 0.26
+0.10

Cytotoxicity
(ICggvalue: pg/ml)

0.2

0.14 001 o001
+0.0 +0.0
0.0

Camptothecin ~ Curcumin Quinine Carbon black

Figure 3.2 Cytotoxic effect of natural colourants on the HEK23 and K562 cell linesICsx,
values were obtained using tHelJ-thymidine incorporation assay (n = 3). The twaywANOVA test
showed significanty< 0.001, ***) differences in sensitivity of HEK2%nd K562 cell line to carbon
black.

Curcumin was highly cytotoxic (Kg: 1.37 + 0.11 pg/ml) and 745-fold more potent than
carbon black and significantlp & 0.05) more potent compared to quininesgl®.68 + 2.24
png/ml) against the HEK293 cells. In comparison,caorin was 137-fold less potent

compared to camptothecin g£5.84 + 0.28 ng/ml) against the HEK293 cells, whduinine
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(ICs0: 6.68 = 2.24 pg/ml) was 668-fold less active coradao camptothecin. There was a
significant difference < 0.001) in the cytotoxic effect of carbon blackween the two cell
lines with K562 being the most sensitive at angl®@alue of 630 £ 180 pg/ml. The
cytotoxicity activity of curcumin against the K562ll line was significantlyg < 0.05) more
potent compared to quinine and carbon black, btfbRbless active than camptothecin {4C
14.51 £ 0.43 ng/ml).

3.6.3 Cytotoxicity of nucleoside and imidazopyridine anabgues

The cytotoxic activity results of the nucleosidedamidazopyridine analogues are shown in
Figure 3.3. The two-way ANOVA test showed that HeK293 cells were significantlyp(<
0.001) more sensitive specifically to JLP093, IRR43 and IP-7 compared to the K562 cells
(Figure 3.3).
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Figure 3.3 Cytotoxic effect of nucleoside and imidazopyridineanalogues against the
HEK293 and K562 cell lines. ICsy values were obtained using théHI—thymidine

incorporation assay (n = 3). Theotway ANOVA test showed significanp (< 0.001, ***)

differences in sensitivity of the HEK293 and K5l éine to specific compounds.

The cytotoxic effect of the nucleoside (JLP118.1PAO3) and imidazopyridine analogues
(IP-4, IP-3, IP-5) against the HEK293 cells was pamable at Ig, values between 9-10 uM,
except for IP-7 (Igy: 5.28 + 0.86 pM) which was most potent (Figure).3.Bhe test
compounds were all significantlp € 0.05) more toxic to HEK293 cells compared tongue
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(ICs0: 18.51 + 2.24 uM). IP-7 was 3.5-fold more poteampared to quinine, but 264-fold
less active compared to camptothecin. The K562 adibwed the least sensitivity to IP-7
(ICs0: 47.20 £ 2.80 uM) compared to all the test compisufrigure 3.3). The cytotoxic effect
of JLP118.1 on K562 cells was comparable to thaherHEK293 cells, whilst JLP093 (i€

22.82 + 0.83 uM) was significantly less inhibitdy K562 cells compared to HEK293 cells.
The K562 cells were significantly (< 0.05) less sensitive to both IP-4 and IP-3 caexb&o

HEK293 cells. IP-5 did not show any specific agyibetween the K562 and HEK293 cell

lines and the I values were comparable (Figure 3.3).

3.6.4 Selectivity indices of most active test compoundsif P. falciparum
The selectivity of the most active compoundsRoifalciparumcompared to human cell lines
(HEK293 and K562) is depicted in Figure 3.4.
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Figure 3.4 Selectivity indices of the most activeoepounds for P. falciparum. The S.I. was
calculated by dividing the cell growth inhibitorZsy values with the antimalarial g values. Test
compounds that showed S.I. values > 10 were regmmbn-toxic or showing more selectivity for
falciparumcompared to the human HEK293 and K562 cell lines.

93



Test compounds with a selectivity index > 10 wegarded as more specificRo falciparum

or non-toxic to the human cell lines (Piek al, 2005). Methylene blue showed markedly
high selectivity indices, for both the HEK293 (S480) and K562 (S.l.: 968) cell lines
compared to all the test compounds and the Suegalvere almost 2-fold higher than quinine
(S.I.: 180 for HEK293 and S.I.: 458 for K562 cdhds). The imidazopyridine analogues
showed the lowest selectivity indices (S.I. ran@é&:-0.9).The nucleoside analogues showed
selectivity indices below 10 (S.I. range: 1.2-5a6joss both cell lines. The natural colourant,
curcumin (S.l. range: 0.1-0.6) was poorly selectioe P. falciparumcompared to carbon
black (S.l. range: 27.8-44.9), which was signifitariip < 0.05) less toxic to both cell lines.
Overall, quinine showed a significantly € 0.05) high selectivity indices compared to hé# t
test compounds with the exception of methylene bikech was more selective tB.

falciparumcompared to both cell lines.

3.7 Discussion

The selectivity indices of the active compoundseneaticulated by dividing the cytotoxicity
ICso value by the antimalarial Kgvalue. The cut-off selectivity index wasl0, meaning that
the cytotoxicity 1Go value had to be at least 10 times more thanrthmalarial 1Gy, in order

for the compounds to be regarded selective foPthialciparumparasite. The cytotoxicity of
the active compounds was tested on transformed miadaey epithelial cells (HEK293) and

the chronic myelogenous leukaemia cell line (K562).
3.7.1 Selectivity of synthetic colourants forP. falciparum

3.7.1.1 Methylene blue

Although methylene blue showed significapt< 0.05) cytotoxic effect (Figure 3.1) on both
the HEK293 and K562 cell lines compared to quinimethylene blue was 25-fold more
potent againsP. falciparum parasites compared to quinine (Table 2.14). Metinglblue
demonstrated the highest selectivity indicesHofalciparum(S.I.: 480, HEK293 cells; S.1I.:
968, K562 cells) compared to all the test compowamdsmore than 2-fold selective compared
to quinine. However, the chemotherapeutic agentptathecin (IGy: 0.02 = 0.01 uM,
HEK293 cells; 1Gy: 0.04 + 0.01 pM, K562 cells) was significantly € 0.05) more potent
than methylene blue (Figure 3.1). In a previouslgtennerstronmet al (1995) reported a
cytotoxic effect of methylene blue @€ 1.61 pM) on the KB cell line using the
sulforhodamine B assay (derived from the human emdid carcinoma of the mouth)
comparable to the cytotoxic effect observed on H&K2ells (IGy: 1.92 £ 0.2 pM) in the

current study.
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The current study confirmed that methylene blue sesctive foP. falciparum In addition,
methylene blue showed negligible haemolytic actigit a screening concentration of 100 uM
(Table 2.5). Moreover, the spontaneous cyclinghef axidised and reduced methylene blue
makes it an effective redox reagent for reducirllylee oxidative stress (Atamna and Kumar,
2010). The latter chemical property has been tak@wvantage of in the management of
methaemoglobinaemia and for the prevention of #osfle-induced encephalopathy
(Schirmeret al, 2003; Atamna and Kumar, 2010).

An open-label randomised controlled Phase Il studyhildren (aged 6-10 years) with
uncomplicated malaria, demonstrated the efficacynethylene blue in accelerating parasite
clearance in artemisinin-based therapies, as watsaolerability after oral administration of
methylene blue with artesunate (20 mg/kg: 4 mgikgydatio daily) or methylene blue with
amodiaquine (20 mg/kg : 10 mg/kg drug ratio dailygr a three day period (Zoungraetaal,
2008). After more than a century since the antinedlactivity of methylene blue was first
described, there has been a renewed interest imylaee blue as an antimalarial agent. The
chemical structure of methylene blue may also ses/@ template for the development of
newer, safer and cheaper drugs, which can alsosbd synergistically or additively in

combination therapy with other antimalarial drugstsas artemisinin or quinine.

3.7.1.2 Safranin O

Compared to quinine, safranin O was 14.69-fold @rB-fold more toxic to HEK293 and
K562 cells, respectively (Figure 3.1). Althoughygaothecin was significantlyp(< 0.05)
more cytotoxic to both HEK293 and K562 cells lirtean safranin O. Vennerstroet al
(1995) previously reported comparable cytotoxiaityivity (ICso: 0.57 uM) for safranin O on
KB epidermoid carcinoma cells, as compared to ytetoxic effect on the HEK293 cells
(ICs0: 1.26 + 0.89 uM) (Figure 3.1). The selectivity icek forP. falciparumwere > 10 but
significantly (p < 0.05) less than quinine. Importantly, safraniar@ other phenazinium dyes
have been found to bind and intercalate DNA strasdiectively at guanine-cytosine
nucleotide sequences with a higher affinity compga@ the adenine-thymine nucleotides
sequences, thus causing DNA breakage (8akhf 2010). In addition, replicating cells in the
late S-phase or early thase of the cell cycle are most susceptible tcADiNercalators
compared to non-replicating cells which are mossstant (Ralpret al, 1983). In the current
study safranin showed more toxicity to the transied HEK293 epithelial cells than the

K562 leukaemic cells, but less selectivétdalciparumwhen compared to quinine.
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3.7.1.3 Mercury orange

Mercury orange was 22.57-fold more toxic to HEK2@38ls and about 2.48-fold more toxic
to K562 cells compared to quinine. Although in camgon to camptothecin, mercury orange
was 41-fold and 285-fold less toxic to HEK293 an8i6R cells, respectively (Figure 3.1).
Nevertheless, mercury orange showed significangy<( 0.05) low selectivity indices
compared to quinine and demonstrated poor selgctior P. falciparum based on the
selectivity index of HEK293 cells (S.I.: 1.2). Merg orange was the only compound that
demonstrated marked haemolysis against uninfeaiethh RBCs in the current study (Table
2.14). The K562 erythroleukaemic cell line haskatg similarities to normal erythrocytes
such as the cell surface glycoproteins, howevercungrorange was about 13-times more
toxic to the HEK293 cells than to the K562 cellm@&rssoret al, 1979). The cytotoxicity
mechanism of mercury orange may well be attributeds chloro-mercuri reactive group.
Mercury containing compounds denature proteins fieaking di-sulphide bonds in proteins
and inactivate glutathione by binding to thiolsjghreducing the protective role of glutathione
within the epithelial cells against oxidative sg¢®'Connoret al, 1988; Byrns and Penning,
2011). Amongst other pathologies, acute exposunegicury salts leads to tubular necrosis in
kidneys, often resulting in renal failure (ByrnsdaRenning, 2011). Although mercury salts
were once used in anti-septics, anti-diureticsp-$ilghtening creams and laxatives, they have
since been replaced with safer and more effectivgsd(Byrns and Penning, 2011).

3.7.2 Selectivity of natural colourants for P. falciparum

3.7.2.1 Curcumin

Curcumin (diferuloylmethane), the active naturarpent of the rhizome d€urcuma longa

is well known for its diverse therapeutic actionsluding anti-inflammatory and anti-cancer
properties (Bhaumilet al, 1999; Goelet al, 2008). Curcumin showed a significantly more
potent p < 0.05) cytotoxic effect (I§p range: 0.26-1.37 pg/ml) on both the HEK293 and
K562 cell lines compared to quinine g§2ange: 6.7-10.2ug/ml) (Figure 3.2). Compared to
camptothecin, curcumin was significantly€ 0.05) less cytotoxic against both HEK293 and
K562 cells lines, although curcumin showed a potaiibtoxic 1Gy < 1pg/ml against the
K562 cells. The current study showed that curcuwas poorly selective (S.l.: 0.6 and 0.1,
HEK293 and K562 cells, respectively) fBr falciparumand toxic to human cells (Figure
3.4). Curcumin has been found to have both anti-oxidand pro-oxidant properties
depending on its concentration (Ceti al, 2007). For instance iR. falciparum parasites,
curcumin was found to slightly reduce ROS levels@atcentrations less than 1 uM and
promoted ROS levels at higher concentrations. titach, it has been suggested by @tal.
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(2007) thatP. falciparumparasites are more sensitive to curcumin than medram cells,
since the induction of ROS has been found to beapmreffector of curcumin in killing
malaria parasites. The pro-apoptotic, anti-oxidantl anti-inflammatory characteristics of
curcumin are however, implicated in its anticarmetivity (Parsaiet al, 2014). For instance,
in vitro studies by Parsadt al. (2014) have identified several enzymes such lds-keto
reductase family 1 member B10, serine/threoninéeprokinase, protein kinase C, matrix
metalloproteinase, cyclooxygenase and epidermaithrdactor receptor, to be involved in

the initiation and progression of cancer as tarfggtsurcumin.

Curcumin has been found to be safe in humans dexhted at high doses. For instance, in a
Phase | clinical trial involving 25 adults, up taB&lay was administered for three months to
patients with pre-malignant lesions without any i¢oside-effects (Cheret al, 2001;
Nandakumaret al, 2006). The mean peak serum concentration was *.7787 uM,
occurring 1-2 hours after oral intake of the effeztdose, and urinary excretion of curcumin
was undetectable. The results of the latter stedggested a chemopreventative effect of
curcumin on cancer (Cheat al, 2001). The main disadvantages of curcumin arehiésnical
instability (under neutral and basic pH conditigns)or aqueous solubility and low systemic
bioavailability (Nandakumaet al, 2006; Goelet al, 2008; Parsaet al, 2014). However,
curcumin’s efficacy againsP. bergheihas been shown to improve when delivered in a

liposomal formulation (Nandakumat al, 2006).

3.7.2.2 Carbon black

Carbon black showed significantlp & 0.05) higher cytotoxicity against the K562 deike
(ICs0: 1020 £ 210 pg/ml) compared to the HEK293 cek [{(lCso: 630 + 180 pug/ml) (Figure
3.2), but was significantlyp(< 0.05) less cytotoxic compared to camptotheain¢umin and
quinine. However, carbon black still showed sigrafitly o < 0.05) better selectivity indices
(S.1.: 27.8, 44.9 for HEK293 and K562, respectiyay both cell lines compared to curcumin
(Figure 3.4). The potential mode of action invalus not clear, but the IARC has classified
carbon black under group 2B category, meaningithata possible carcinogenic to humans
(Wellmannet al, 2006). Carbon black or vegetable black is an Bpr@ved food colourant
(E153) derived from carbonised plant material ofjatable origin (European Food Safety
Authority, 2012). However, benzgpyrene, a polycyclic aromatic hydrocarbon found in
carbon black, charred food, environmental and tobasmoke can be enzymatically
metabolised into mutagenic and highly carcinoganitabolites possibly associated with
colon and lung cancers (Denisserdtal, 1996; Le Marchandt al, 2002; Jianget al, 2007).
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In the current study, the selectivity indices w2r® 4-fold higher than the cut-off selectivity
index of 10, indicating a reasonable selectivity Ro falciparumcompared to human cell
lines. The measurement of bengplyrene content in the carbon black test compouad w

outside the scope of the project.

3.7.3 Selectivity of nucleoside analogues fdp. falciparum

The nucleosides analogues, JLP093{IC0 + 0.9 uM) and JLP118.1 (£ 9.8 + 1.6 uM)
demonstrated comparable cytotoxicity to each othrerthe HEK293 cell line. However,
JLP118.1 (IGy: 8.4 £ 0.5 pM) was significantlyp(< 0.05) more cytotoxic on the K562 cell
line than JLPO93 (I¢: 22.8 £ 0.8 uM) (Figure 3.3). Overall, both nudile analogues were
more cytotoxic than quinine, but significantlyp & 0.05) less cytotoxic compared to
camptothecin. The selective indices of both nudtkpanalogues were < 10 and significantly
(p < 0.05) poorly selective (37 to 109-fold less stectowardsP. falciparun) compared to
quinine, which showed more selectivity or toxicibwards the parasites than the cell lines
(Figure 3.4). A potential mode of action would b tinterference of DNA synthesis.
Nucleoside analogues are closely related to nomeimediates or precursors metabolised in
DNA synthesis and therefore can act as anti-metaBdNeal, 2005). These agents exert their
cytotoxic activity by incorporating into and altegi DNA and RNA. Nucleoside analogues
interfere with the function of various enzymes, lsues DNA polymerases, ligases and
endonucleases, involved in synthesis of nucleidsadiGalmarini et al, 2002). This
contributes to the hypothesis of DNA synthesis bitton in human cells. In addition,
nucleoside analogues require specialised nucledsatesporter proteins to enter the cell
(Galmariniet al, 2002; Kinget al, 2006). Mammalian cells express nucleoside tramsgso
that have been associated with drug transport eindtg of nucleoside analogues (Galmarini
et al, 2002). Intracellular penetration or accumulatddmucleosides may be directly affected
or limited by the level of expression of nucleostdensport facilitating proteins such as the
hENT1 protein (Galmarinret al, 2002).

The most active of the nucleoside analogues tasteéke current study, the purine-derived
JLP118.1, exerted its effect on the trophozoitgestaf the parasite, where DNA synthesis is
elevated (Table 2.12). However, other purine anaegsuch as fludarabine have cytotoxic
effects on non-dividing cells, but preferentialigrdet the cells’ DNA repair mechanism
(Galmariniet al, 2002).
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3.7.4 Selectivity of imidazopyridine analogues foiP. falciparum

The imidazopyridine analogues: IP-3 £4C9.15 + 1.5 uM), IP-4 (16: 9.14 £ 1.1 pM), and
IP-7 (1Cs0: 5.28 = 0.9 pM) were significantlyp(< 0.05) more cytotoxic on HEK293 cells than
the K562 cells, whilst IP-5 showed consistent aytat effect on both cell lines (kg 9.91 +
1.3 uM, HEK293 cells; 16 9.6 + 0.5 uM, K562 cells) (Figure 3.3). Of alleth
imidazopyridine analogues, IP-7 showed the lowedective indices, indicating poor
selectivity forP. falciparumcompared to human cancer cell lines. All the imagyridine
analogues were significantlp < 0.05) less cytotoxic compared to camptothecirt, hore
cytotoxic than quinine. The imidazopyridine analegwemonstrated poor selectivity for
falciparumwith S.I. values < 1, significantly less than qoan (S.I.: 180-458) (Figure 3.4).
The known pharmacological activity of imidazopyndianalogues is very diverse with their
activities including the inhibition of enzymes irdved in cell cycle regulation, receptor
ligands of eukaryotic cells, anti-viral and antefomzoal activity (Enguehard-Gueiffier and
Gueiffier, 2007; Joneset al, 2008). Some imidazopyridine analogues inhibit liayc
dependent kinases, in particular CDK2 and haverpesgd to clinical trials (Jones al,
2008). In anin vitro study by Dahan-Farkast al (2011) using the tetrazolium dye assay, a
range of 6-subtituted imidazo[Lypyridines were able to induce apoptosis in HT-2@l a
Caco-2 colon cancer cell lines after a 24 hr expoddoreover, the anti-proliferative activity
(ICso values) of the imidazo[l¢2pyridines against the HT-29 and Caco-2 cell linesged
from 6-22 uM (Dahan-Farkaet al, 2011), comparable to the cytotoxicity activit@gainst
both the HEK293 and K562 cell lines which rangednfr5-17 uM (except for IP-7
cytotoxicity on K562 cells), observed in the cutrstudy (Figure 3.3).

Overall, methylene blue showed the highest S.uesldemonstrating high selectivity fer
falciparumand cytotoxicity effects comparable to safraninf®e natural curcumin colourant,
was very potent against both the HEK293 and K56 loees, and showed potential
anticancer activity. Carbon black was significanklyss cytotoxic and showed selective
indices 278 to 449-times higher than curcumin. mteleoside analogues demonstrated poor
selectivity forP. falciparum(S.I. values < 10), whilst, the imidazopyridineakogues were

the most poorly selective compounds (S.I. valué$. <
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Chapter 4 Potential inhibition of PfNek-4 protein kinase by test

compounds

4.1 Introduction

Gametocytes, which are the initial stages of th@alecycle ofP. falciparum are responsible
for its transmission back to the mosquito vectonfrthe human host. The latter is critical for
the maintenance of the malaria life-cycle betweearst hand vector (Drakeleyet al,
2006).Preventing parasite transmission betweendrabthe mosquito vector is recognised as
a potential strategy to control malaria (Doegigal, 2010). All the merozoites from a schizont
are committed to either the sexual or asexual pagh{@oerig and Meijer, 2007; Dixoet al,
2008). Protein kinases play a key role in regufatid the parasite developmental life-cycle
and have been identified as possible drug tardeter{g et al, 2010). Analysis of the
Plasmodiumkinome revealed divergence compared to the copateenzymes found within
the human host, in terms of amino acid sequencebathemical properties (Doerig and
Meijer, 2007). Never-in-mitosi&spergillus nidulangdNIMA)-related kinase PfNek-4, has
been identified and is postulated to regulate gaoybgenesis and the maturation of the
zygote of theP. falciparumparasite (Reiningeet al, 2012).PfNek-4 is a serine/threonine
protein kinase, consists of 310 amino acids, hamlgcular mass (M of 36.35 kDa, and an
isoelectric point of 9.7 (Reininget al, 2009).

4.1.1 Catalytic activity of protein kinases

Protein kinases are critical in the regulation aichemical processes in eukaryotic cells,
including cell growth, enzymatic activity, gene eagsion, metabolism, motility, membrane
transport, apoptosis and cell signalling (Pollandl &arnshaw, 2004; Alberet al, 2008c).
Phosphorylation can either activate or inhibit sii@proteins involved in cellular processes.
In eukaryotes phosphorylation occurs on serineothine or tyrosine residues or side chains.
When linked in series, different kinases form analting cascade that amplifies a response to
a stimulus (Pollard and Earnshaw, 2004). The catatjomain (Figure 4.1) of eukaryotic
protein kinases is conserved across species anldigidg conserved amino acids and motifs
(Hanks, 2003).

The catalytic domain of eukaryotic protein kinageBK’s) (Figure 4.1) is characterised by a
highly conserved amino acids distributed in 12 subdins (Hanks and Hunter, 1995; Hanks,
2003). The three glycine (G) residues in subdonmdorm a hairpin-like structure which
encloses part of the ATP molecule (Hanks, 2003)y#ne (K) residue in subdomain II,
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orientates the ATP molecule through contacts witghut andf-phosphates (Hanks, 2003). A
glutamate (E) residue in subdomain Ill forms a baltige with the G residue in subdomain |
(Hanks, 2003). Aspartate (D) and asparagine (NYlues are found within the signature motif
of ePKs in subdomain VIB, where D is suggestedetdhe catalytic residue acting as a base
acceptor (Hanks, 2003). The D residue in the DFGifnad subdomain VII, binds to the
magnesium (M%) or manganese (M) cation associated with ATP (Hanks, 2003). Whereas
the E residue in subdomain VIII, forms a salt bavith the arginine (R) in subdomain Xl
which provides structural stability of the carboX@)-terminal lobe (Hanks, 2003). The D
residue in in subdomain IX is involved in stabigithe catalytic loop of subdomain IV
through hydrogen bonds with the backbone (Hank83R0

GxGxxG K E HRDxxxxN  DFG APE  DxxxxG R
'l v B
\ )] \ )
I I
Amino-terminal lobe Carboxy-terminal lobe
(ATP binding) (substrate binding and phosphorylation)

Figure 4.1 The catalytic domain of eukaryotic protén kinases consisting of 12 conserved
subdomains (adapted from Hanks, 2003Jhe 12 conserved subdomains are indicated by Roman
numerals. The positions of amino acid residuesnaotifs highly conserved throughout the eukaryotic
protein kinase superfamily are indicated abovestii@lomains, using the single-letter amino acid code
with “x” as any amino acid. Important for catalyfimction are the invariant K (lysine) in subdomain

Il and the invariant aspartate in subdomain VllItthanction to anchor and orient ATP, and the
invariant aspartate in subdomain VIB which is tlaatytic base in the phosphotransfer reaction. G,
glycine; E, glutamine; D, aspartate; N, asparagie;phenylalanine; A, alanine; P, proline; R,
arginine(Hanks, 2003).

4.1.2 PfNek-4 and theP. falciparum sexual cycle

Once committed, the gametocytes undergo five distinorphological stages (Figure 4.2).
Only once the gametocytes have reached maturigge Safter 9-23 days depending on the
species) can they undergo sexual reproduction béierg taken up by the feeding mosquito
(Dixon et al, 2008). A study using green fluorescent proteif-Rd reporter, detected the
expression of the GFP-fus@&iNek4in stages Il to V of the gametocytes (Figure 4a@)well

as in asexual erythrocytic stage parasites undeggethizogony, suggesting involvement in
both stages (Reininget al, 2012).
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Figure 4.2 P. falciparum erythrocytic stage gametocytes development (adaptefrom
Dixon et al., 2008).Stages I-II: early stage gametocytes are morpheddigiindistinguishable from
ring stage asexual parasites; stages II-1ll: gaoyés become elongated due to the formation of a
network of polar microtubules; stages llI-IV: gamgttes have the characteristic crescent shapeof th
P. falciparumgametocyte; stage V: gametocytes lose the polemotoibule network and become more
rounded, assuming a ‘sausage’ shape; M-stage: niosjage gametes before egress from the RBCs.
The male gametes (microgametes) have flagella.=RRBCs, blue and grey = parasite and brown =
haemozoin deposits (Dixaet al, 2008).

4.1.3 Plasmodium NIMA-related kinases and the sexual cycle complein

The kinome analysis dP. falciparumhas revealed a cluster of structurally relatednser
threonine kinases belonging to the Nek family (Dget al, 2008). The NIMA-related kinase
(Nek) family is represented by four members in Ehefalciparumkinome, PfNek-1 to 4
(Doerig et al, 2008).PfNek-1 clusters within thé&spergillusNIMA/human Nek-2 branch in
phylogenetic trees however this orthology cannocdefirmed with the other threefNek
enzymes (Doeriget al, 2008; Reiningeet al, 2009). In additionPfNek-1 is expressed in
both asexual and sexual stages of the plasmodiwmlaiement cycle. In contrast, mMRNA
encoding forPfNeks 2, 3 and 4 are exclusively detectable in gaoy&s, suggesting a
possible role in the sexual development of the prgReiningeet al, 2009). TheP. berghei
orthologue ofPfNek-1, PbNek-4, is only present in male gametocytes andshasvn to be
essential in ookinetes maturation (Doemg al, 2008). Previous studies have indeed
confirmed this theory where. berghei rodent malaria parasites, lacking the Nek-4 erzym
were unable to complete the DNA replication cydtethe zygote before meiosis (Reininger
et al, 2009). There is sufficient evidence to suggest tlell cycle progression in the zygote is
identified as a precondition for its morphologidahnsition to the ookinete and for the
successful malaria infection in the mosquito (Regar et al, 2009; Doeriget al, 2010).
However, in a recent studifNek-4 has been found that it is not strictly gamgte-specific,
and is expressed in a small subset of asexualiferaisplaying high rate of conversion to
sexual development (Reininget al, 2012). In additionPfNek-4 is not responsible for
switching erythrocytic schizogony to gametocytogasiebut rather a molecular marker of
sexually committed schizonts (Reiningsral, 2012). The identification of compounds that
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can potentially inhibitPfNek-4 activity may further elucidate the role RPiNek-4 in theP.

falciparumsexual as well as asexual life cycle.

4.2 Aim

The aim was to determine the effect of the most@aompounds on the kinase activity of
recombinanPfNek-4.

4.3 Methodology

4.3.1 PfNek-4 expression plasmid

An expression plasmid containing the full-leng®Nek-4 gene was a gift form Dr Luc
Reininger and Professor Christian Doerig (INSERMO®l6Wellcome Centre for Molecular
Parasitology, University of Glasgow, Glasgow G12A8TScotland, U.K.). Competent
Escherichiacoli(BL21 strain) cells were transformed with the pGE#ek-4 plasmid by Dr
L.J. Harmse (University of the Witwatersrand) (Bifety clearance: 201220701, Appendix
B4). The pGEXPfNek-4 plasmid codes for fNek-4 protein, fused to glutathione S-
transferase (GST). The predicted molecular weighte GSTPfNek-4 fusion protein was
62.35 kDa. The GST-fusion protein was constructgetizymatically inserting thBefNek-4
gene into the multiple cloning site of the pGEX-&Tvector containing the GST gene
upstream of th®fNek-4 gene, and the ampicillin-resistant gene (d&iv@am) as described by
Reiningeret al. (2009). Expression in thefNek-4 GST fusion protein is regulated byaa
promoter , which can be induced by the lactoseogu@, isopropylp-D thiogalactoside
(IPTG) (Studier, 2005). An internklcl® gene encodes for a repressor protein that binttseto
operator region of théac promoter, preventing target protein expressionl imuction by
IPTG. The pGEX-4T-3 vector has been engineeredabthe GST can be cleaved from the

fusion protein by digestion with site-specific thrbin protease (Smith and Johnson, 1988).

4.3.2 2YT broth preparation

Plasmid containing E. colbacterial culture was grown in double-strengthsyeand tryptone
(2YT) broth according to methods described by Sawkyret al. (1989). The broth was
prepared to 1 litre with 16 g Bacto-tryptone, 1Bagto-yeast extract and 5 g NaCl dissolved
in Milli-Q ® water and sterilised by autoclaving. All media w&sred at 4°C until use. Before

use of the broth, carbenicillin was added as agmi¢o a final concentration of 2@/ml.

4.3.3 Preparation of carbenicillin selector agar plates
The agar solution was prepared by adding 12 g tagaiitre 2YT broth, followed by stirring
to disperse the agar, sterilised by autoclavinglfdmin at 121°C and allowed to cool down
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to 60°C (Sambrookt al, 1989). Carbenicillin was added to a final concatitn of 50ug/mi

to the agar selector plates (carbenicillin-pos)tiscepermit only ampicillin-resistant bacterial
colonies to grow (Sambroadt al, 1989). The agar solution was allowed to cool soidlify

in a laminar flow cabinet before replacing the lid&ie agar plates were stored inverted, at
4°C in sealed plastic bags in order to prevent dedtion. Carbenicillin was used instead of

ampicillin because it is more resistanpttactamase produced I&y coli bacteria.

4.3.3.1 Overnight culture preparation

Pre-warmed (37°C) 2YT broth (5 ml) was transfert@@ulture tubes and inoculated wih
coli BL21 (DE3) thawed stock cultures containing thaspiid constructs. A control tube
containing the 2YT broth only was included. Thetaxds were grown overnight (16-18 h) at
37°C in a shaking incubator (200 rpm).

4.3.3.2 Inoculation of agar plates

In order to obtain isolated colonies on the agateplthe standard streak technique commonly
applied in microbiology was used (Sambraalkal, 1989). Carbenicillin-negative plates were
used as a positive control. The plates were sealedrted and incubated overnight at 37°C
and then stored at 4°C.

4.3.4 Expression of GSTPfNek-4 fusion protein

4.3.4.1 Induction of GST-fusion protein expression

The principle of induced protein expression is dase the inactivation of the repressor
protein, lacl?, bound to thetac promoter. Adding a lactose analogue, IPTG, duthme log
phase of bacterial growth, allows RNA polymerasebind to thetac promoter, and
expression of the genes which synthesise the GSiorfuprotein (Sambrookt al, 1989;
Studier, 2005). Protein expression was induced whth addition of IPTG (1 mM, final
concentration) to a culture in the log phase ofagno A 10 mM stock of IPTG was prepared
in Milli-Q ® water, sterile filtered and stored frozen. The 2¥®th (100 ml) supplemented
with carbenicillin (50ug/ml), was inoculated with 100 ul overnight cultsirgrown from
single colonies harvested from the agar selectatepl The cultures were grown for 4 h at
37°C and shaken at 200 rpm, until the culture redaptical density at 600 nm (@9 of
0.5-0.7, which indicated that the bacterial gromtéis in log phase. Protein expression was
induced by adding IPTG to a final concentrationloimM to the cultures and further
incubation overnight (15-18 h).
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4.3.4.2 Harvesting of bacteria
Bacteria were harvested by splitting the culturgs two 50 ml tubes and centrifugation at
421 xg for 5 min at 4°C and the supernatant discarded.bEtterial cells were re-suspended

and washed twice with PBS, and the supernatanamied.

4.3.4.3 GST-PfNek-4 fusion protein purification by affinity chrom atography

The packed bacterial cells were re-suspended irpltenBugBustét Master Mix (Novagen)
protein extraction reagent (5 ml per gram of well geaste), supplemented with
phenylmethanesulfonyl fluoride (phenylmethanesuifofiuoride (PMSF), Sigma-Aldrich)
and a single Completetablet (Roche) that contained a cocktail of prséeénhibitors.
Protease inhibitors are required to prevent deg@adaof the isolated target protein by
proteolytic enzymes once the bacteria are lysed ddll suspension was incubated on a
rotating mixer at room temperature. The bacteyishte was centrifuged at 10 528 x g for 30
min at 4°C in 15 ml culture tubes to remove inst@dubell debris. The soluble extract
(supernatant) was transferred into clean 15 miuoceilitubes using a pipette and the pellet
discarded. A sample (60 pl) of soluble extract wassferred into microcentrifuge tubes and
mixed with 40 pl sample loading buffer for laterafysis by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) (6act.3.5.1).

GST-fusion proteins were purified from the solublgracts by affinity chromatography using
glutathione immobilised to a Sepharose matrix (Asham-Biosciences, 2002). G&FNek-4
fusion proteins bind to the beads, allowing puafion of the GSTRfNek-4 proteins by
centrifugation and several washing steps as disdulsslow (Amersham-Biosciences, 2002).
The Glutathione Sepharose™ 4B beads (Amershamgssigm (133 ul) were washed three
times by centrifugation (SANY®MSE centrifuge) at 284 g for 1 min with 1 ml PBS and
then loaded directly to 5 ml of soluble bactenesdte.

The lysates and beads were incubated at 4°C omtraiga blood tube rotator to bind the
GSTPfNek4fusion protein to the Sepharose beads. The lysetes centrifuged at 284 ¢

for 2 min to sediment the Sepharose beads anduperrsatant was discarded. This was
repeated three times. The GST-fusion protein watee@lfrom the Sepharose beads using 200
ul of elution buffer which consisted of 40 mM reddalutathione in 50 mM Tris, pH 8.0 and
the sepharose bead suspension centrifuged at gg4n2 min before use of the eluates and

stored at 4°C in microcentrifuge tubes.
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4.3.5 Analysis of the GSTPfNek-4 protein

4.3.5.1 SDS-polyacrylamide gel electrophoresis

The purified GST-tagged®fNek-4 protein samples were analysed by discontiau8DS-
PAGE (Laemmli, 1970). In principle, SDS confers egative charge to denatured proteins
which then separate in the gel matrix accordinth&r molecular weights. (Sambroek al,
1989). These proteins migrate within a moving baupdf leading high-mobility chloride
ions (CI) and trailing glycine ions (Gly, created by an electric current passed between th
negative cathode and positive anode electrodesk{®aket al, 1989). The SDS-polypeptide
complexes then concentrate into a very thin stdaknathe surface of the resolving gel. The
higher pH of the resolving gel increases the chafg8ly ions that migrate past the stacked
polypeptides and travel through the resolving géie polypeptides move through the
resolving gel in a zone of uniform voltage and pidl @eparate according to size by sieving.
The ability of the discontinuous stacking and resw buffer systems to concentrate all the
polypeptide complexes into a small volume greatigréases the resolution of SDS-PAGE
gels. (Laemmli, 1970; Sambroek al, 1989).

e Preparation of SDS-Polyacrylamide gels

The SDS-PAGE discontinuous gel system consisteal 2% resolving gel overlayed by a
5% stacking gel. The resolving gel was bufferedptd 8.8 with 1.5 M Tris and the stacking
gel to pH 6.8 with 0.5 M Tris using 12% (v/v) H@oth stacking and resolving gels were
prepared using Milli-& water and contained 30% (w/v) total acrylamide (Biad
Laboratories), 2.7% (w/v) bisacrylamide (Bio-Radbbeatories), 10% SDS (Sigma-Aldrich),
10% ammonium persulfate (Bio-Rad Laboratories) &hdl,N',N'-tetramethylenediamine
(TEMED, Promega). TEMED accelerates the polymaonsadf acrylamide and bisacrylamide
by catalysing the formation of free radicals fromraonium persulfate (Sambroa al,
1989). The gels were cast on a vertical castinguagps (Bio-Rad Laboratories) and allowed

to polymerise.

e Protein sampleloading and running the gel

Proteins were denatured by heating protein extsarhples in SDS gel-loading buffer
(100mM dithiothreitol or DTT, 2% w/v SDS, 0.1% wiivomophenol blue, 10% v/v glycerol
in 50 mM Tris, pH 6.8). Heating protein samplesSBS, confers a negative charge to the
polypeptide backbone (Sambroekal, 1989). DTT, a reducing agent, further denatuhnes t
protein sample by reducing the disulphide bondvegreng tertiary folding and denaturing
quaternary structures. The eluted protein sam@ésul) were mixed with 10 pl loading

buffer in labelled microcentrifuge tubes and keptice. Milli-Q® water (300 ml) was brought
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to a boil in a glass beaker and protein sampleg wenatured in the boiling water for 5 min
and returned to ice for 10 min to prevent re-foddof the linear, polypeptide. Protein samples
(10 pl per well) were loaded into the gel asseminigunted onto a Bio-Rad mini-gel
electrophoresis tank filled with electrophoresi$féu(0.025 M Tris pH 8.3, 0.192 M glycine,
0.1% w/v SDS), and pre-cooled to 4°C. The gel mamsat 200 Volts until the bromophenol
blue tracking dye reached the bottom of the gekré&after, the glass plates were removed and
pried apart using a clean plastic wedge (Bio-Radotatories). The orientation of the gels
was marked by cutting from the bottom-right corradr the gel. Two gels were run
simultaneously: the one gel was equilibrated forsi®&e blotting whilst the other gel was

routinely stained with coomassie blue.

4.3.5.2 Coomassie blue gel staining

The gels were fixed and stained by immersion inb@r@assie blue staining solution (0.125%
w/v Coomassie blue R-250, 50% v/v methanol, 10% adetic acid) for 2 h with gentle
agitation (Sambrooket al, 1989). The Coomassie stain solution was filtetbrbugh
Whatmarf grade 2 filter papers before use. The gels wereeplan 20 ml destain solution-|
(50% v/v methanol, 10% v/v acetic acid) and theezah destain solution-11 (7% v/v acetic

acid, 5% methanol) for 1 h in each, in order taslgse the protein bands on the gel.

4.3.5.3 Western blotting of separated proteins

Western blotting, as described by Towbiral. (1979), is an electrophoretic technique used to
detect specific proteins immobilised on a membianeasing antibodies as probes (Sambrook
et al, 1989). The technique, frequently referred tonmsiunoblotting, involves the transfer of
proteins separated by SDS-PAGE to an adsorbent na@mdike polyvinylidene fluoride
(PVDF) or nitrocellulose, forming a replica of tl8DS-polyacrylamide gel. The proteins
immobilised on the membrane are then detected usitgyme-labelled or radiolabelled
antibodies specific to the protein antigen (Towiral, 1979). Therefore, the aim of assaying
the proteins using the Western blotting techniqas vo confirm if thePfNek-4 GST-tagged
protein band identified by size and mobility duriB®S-PAGE is the protein of interest by
probing with an anti-GST antibody conjugated toseeradish peroxidase enzyme (Kurien
and Scofield, 2006).

e Post-electrophoresis wet protein transfer

Following electrophoresis the unstained SDS-poljaanide gel was equilibrated in transfer
buffer (48 mM Tris, pH 8.3, 39 mM glycine, 0.1% S@8d 20% v/v methanol). At pH 8.3,
the proteins would not blot or transfer to the mesmle therefore 0.1% SDS was added to the

transfer buffer to increase the negative chargethaf denatured proteins. The PVDF
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membrane (Millipore) was pre-wetted in 100% methdnefore equilibration in transfer
buffer. The PVDF membrane, two pieces of filter grafcut to the size of the SDS-gel) and
the two fibre pads were soaked in transfer buiberlO min. The gel “sandwich” (Figure 4.3)
was assembled without trapping air bubbles. TheraBly was transferred to the Mini-Trans
Blot™ Cell (Bio-Rad Laboratories) with ice cold misfer buffer and a frozen cooling unit.
The apparatus was placed on a magnetic stirretrangfer took place at a constant voltage of
100 Volts and 350 mA for at least 1 h.

Fiber pad

Filter paper
Membrane
Gel

Filter paper
Fiber pad

Gel holder
cassette

Figure 4.3 Assembly of the “gel-sandwich” for elecbphoretic protein transfer to a
PVDF membrane (Bio-Rad, 2013).

e Blocking of the PVDF membrane

In order to prevent unspecific binding of horseishdperoxidase conjugated anti-GST
primary antibodies, the membrane was incubateddim® blocking buffer for 1 h at room
temperature on a rocker (Sambrostkal, 1989). The blocking buffer contained 5% bovine
serum albumin (BSA, Sigma-Aldrich) dissolved in sThuffered saline-Tween-20 solution
(TBST) prepared from 50 mM Tris, 150 mM NacCl, 0.{1%v) Tween-20, adjusted to a pH of
7.5 using 12% HCI.

e Immuno-detection

The membrane was then washed once for 5 min witBTT#llowed by overnight incubation
at 4°C with HRP-conjugated goat anti-GST polyclanaibodies (Amersham) diluted to 1:15
000 by adding 2 ul antibody serum in 30 ml blogklvuffer, diluted to 2% (v/v) BSA in
TBST. This was to allow the antibodies to bindhe GST-fusion protein that is immobilised
on the membrane for visualisation later using chaémiscent detection. The membrane was

washed 6 times for 10 min with 25 ml TBST in ortiereduce the background. Filter paper
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was used to blot excess reagent from the membraefreb subjecting it to

chemiluminiscence.

e Chemiluminiscence

The membrane was incubated for 60 seconds in 3 gdt&h Lightning™ (Perkin-Elmer)
chemiluminiscence reagent (luminol reagent andisixig reagent mixed in 1:1 ratio). The
principle of the method (Figure 4.4) is that the F4Bonjugated to the anti-GST antibody,
oxidises the luminol substrate (whilst the oxidisimgent is reduced), emitting blue
luminescence (Sambrook&t al, 1989). The chemiluminiscent signal was visualissd
exposing the PVDF membrane to HyperfikklP multipurpose film (Amersham) for
differential periods of 0.5, 1 and 2 min in a dadom. The film was developed at the

Charlotte Maxeke Hospital, Radiography Departmesitig an automated X-ray processor.

Chemiluminescent
substrate

Light

HRP

< Anti-GST monoclonal
antibody
+—— GST

GST-tagged protein
PVDF membrane

Figure 4.4 Chemiluminiscent visualisation of the G¥$-tagged proteins using horse-
radish peroxidase conjugated primary antibodies. HRP-conjugated anti-GST primary
antibodies recognise and bind to a compatible G&Texpressed on the target GST-tagged protein
that was immobilised on the PVDF membrane. Onceeanduminiscent substrate is added, the HRP
enzyme oxidises the substrate. This oxidation r@aamits luminescent signal that can be detected
and visualised by exposure to X-ray film.

4.3.5.4 Determination of the protein molecular weight

The MW of the expressed GST-tagdeitiiek-4 protein was determined from the SDS-PAGE
gel. The protein sample was separated alongsice afdMW Perfect™ protein standards
(Qiagen) by electrophoresis. A linear graph of M4/ versus relative migration distance, or

retention factor (B, was generated, using GraphPad Prism (versigrs6ftware. An 7 value
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> 0.99 was regarded a significant correlation betwtg® control variable (x-values) and
response variable (y-values) and for interpolatplues. The Rvalues were determined
from the ratio of the migration distance of thetpno and the migration distance of dye front.
The linear curve was described by the equatiomyx=+ ¢ wherewhere y is the log MW, m
is the slope, x is thBs value and c is the y-interceptherefore, in order to verify that the
protein expressed was the correct size, the MW easulated by expressing the linear
equation as the anti-log of MW, such that MW 2,10

4.3.5.5 Determination of the protein concentration

The concentration of the GST-fusion protein elufexin the GST Sepharose beads was
determined by using the Bio-Rad Protein Assay, tiécbased on the dye-binding method
and described by Bradforet al (1976). The Bradford assay involves a differentialour
change of Coomassie blue-G dye as it binds to iorofeccordingly, the peak absorbance
wavelength of the acidic Coomassie dye shifts fi& nm to 595 nm when protein binding
occurs. Briefly, six dilutions of standard BSAtween 200 and 1400 pg/ml were prepared in
triplicates in Milli-Q® water. The protein standards and recombinant iprs@mples were
mixed with the Bio-Rad dye reagent and incubated5fanin at room temperature. The
reaction solutions (1 ml) were transferred to asfitacuvette and the absorbance of the
protein-dye complex measured using a Perkin-EIm&iWVisible spectrophotometer at a
wavelength of 595 nm (Bradford, 1976). A standawmdve of Absgs versus concentration
(nvg/ml) of protein standards was constructed usingp@Pad Prism 3.0 software program.
The absorbance values of the recombinant protenples were expressed jug/ul using the
standard curve and used to determine the amouptodéin in the protein extracts prior to
kinase assays.

4.3.6 Kinase assay

The kinase activity of GSP{Nek-4 was measured according to the method deschlge
Reiningeret al. (2009). The kinase assays were performed in adatdn30 pl reaction
containing 20 mM Tris-Cl (pH 7.4), 20 mM Mg£l10 mM NaF, 10 mM glycerol 2-
phosphate, 2 mM Mngl 54 mg/ml casein from bovine milk as substratethim presence of
10 uM ATP (reagents purchased from Sigma-Aldrich), 5itmC[y->P]-ATP (American
Radiolabeled Chemicals) and 0.@ recombinant kinase (Table 4.1). Co-factors, Mg@d
MnCl, activate and enhance kinase activity, whilst Nal glycerol 2-phosphate inhibit
phosphatases. Non-radioactive labelled ATP wasdddean additional substrate to prevent
substrate depletion. The final concentration of tbatope in the 30 pl standard kinase

reaction was 0.08 uCi/ul. The G¥IMNek-4 enzyme was exposed to final concentrations of
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10 uM of the synthetic compounds or 10 pg/ml final camications of the natural compounds
for 30 min at 37°C. The reaction was started byiragldhe GSTPfNek-4 enzyme last.
Separate casein (without enzyme and test compamdGSTPfNek-4 kinase (without test
compound) controls were performed in order to dekmse activity and incorporation P
into the casein substrate by phosphorylation. $tahgrecautions when working withP
radioisotope were observed. The kinase reaction teaminated by adding 1Ql, SDS-
loading buffer (Section 4.3.5.1) and the reactigimes placed on a pre-heated (100°C) metal
heating block for 5 min to denature the proteine Tlaction tubes were incubated on ice for
10 min and 2Qul reaction samples were subjected to SDS-PAGE i@edt3.5.1). The gels
were stained with coomassie blue and dried befoxposure to Hyperfilfi-MP
autoradiographic film (Amersham).

Table 4.1 List of stock reagents and volumes of tH&0 ul single kinase reaction solution.

Stock reagents Volume
20 mM Tris-ClI (pH 7.4) Kinase buffer 3 ul
20 mM MgCb 3 ul
10 mM NaF 3 ul
10 mM Glycerol 2-phosphate 3 ul

2 mM MnCl, 3ul
54 mg/ml Casein substrate 0.5 pul
0.5-3 ug Recombinant kinase 5ul
10 uM ATP? 0.5 pf
100 uM or 100 pg/ml Test compound 3 ul
5mCi/ml ATP ->P] 0.5 ul
Milli-Q © water 5.5 ul

®Non-radioactive ATP was added to prevent limitatidhe kinase reaction.

e Drying of SDS-polyacrylamide gels and autoradiography

SDS-polyacrylamide gels containing proteins radieleed with *P were dried before
autoradiography to prevent quenching (Sambreio&l, 1989).The stained gels were placed
and oriented on a piece of Whatman™ paper ande¢heas covered with plastic wrap. The
sandwich of filter paper, gel and plastic wrap \wksed on the gel dryer slab with the plastic
wrap being the uppermost layer. The gels were drieter vacuum for 40 min at 50°C using
the Slab Gel Dryer (Hoefer Scientific InstrumentBhe dried gels were removed from the
dryer and the kinase activity was visualised by askpy the gels to HyperfilfaMP
autoradiographic film (Amersham) overnight (16-)8rha dark room. The autoradiographic
films were developed at the Charlotte Maxeke HadpRadiography Department, using an
automated X-ray processor.
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4.3.7 Plasmid isolation

Plasmid DNA was isolated and purified from baciedalls by using the QIAprép Spin
Miniprep Kit (Qiagen) by following the manufactuieinstructions. The kit provided buffers
optimized for efficient isolation of plasmid DNA dmemoval of contaminants from a pellet
of bacterial cells. The RNAse enzyme activity wamnitored by a colour change of Lyseblue
indicator, from blue to colourless-cloudy appeaearithe DNA was adsorbed to a silica-
membrane in spin-columns, whilst the contaminardassed through the column during
centrifugation. Impurities were washed away, and filasmid DNA was eluted into

microcentrifuge tubes using nuclease-free water.

4.3.8 Restriction digest of PfNek-4 containing plasmids

A sample of plasmid (3 pl) was subjected to restmcdigest master-mix solution (17 ul)
with Sal andBamH at 37°C for 3 h. The restriction digest mastexsolution was prepared
with 138 ul nuclease-free water, 2 ul acetylated B8d 20 ul buffer D (that consisted of 60
mM Tris-Cl pH 7.9, 1.5 M NaCl, 60 mM Mggand 10 mM DTT) (Promega). The restriction
enzymes,Sal and BamH (Promega) were added (5 pl each) into the remtnicdigest
master-mix solution, witlBBamH added last. The reaction was terminated by deingtuhe
restriction enzymes by heat-inactivation at 65°C X6 min. The restriction products were

analysed by agarose gel electrophoresis (Samlabak 1989) or stored at -20°C.

4.3.9 Agarose gel electrophoresis of restriction products

Agarose gel electrophoresis as described by Sarkiatoal (1989) was used to analyse the
products from the restriction digest of the plasnAd1.5% agarose gel was prepared by
adding 0.45 g agarose (Promega) to 30 ml tris-ec&BTA (TAE) buffer (40 mM Tris, 20
mM acetic acid, and 1 mM EDTA, pH 8.0) and heatimgjl the agarose was in solution. The
gel mixture was heated in a microwave oven andlssviuntil all of the translucent agarose
particles were dissolved. The molten agarose swlutias allowed to cool to 50-60°C and 3
ul of 1 pg/ml ethidium bromide (EtBr) was added a&hd gel solution mixed thoroughly
before the gel was cast. EtBr intercalates DNAatrhajor grooves and under UV light, EtBr

fluoresces giving an intense orange colour, thiesvag for visualisation of DNA.

The agarose gel was cast in a horizontal agardssageéng unit (Bio-Rad) with a 15-toothed
plastic comb, and allowed to solidify. The gel wasbmerged in TEA buffer in the
electrophoresis tank. Bromophenol blue tracking (®/@l) was added to restriction digest

reaction samples (1Ql), control reactions, 50 base pair (bp) DNA ladd&rul) (New
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England BioLabs). All the samples were loaded thieowells using a pipette. The gel was run

at 25 Volts until the bromophenol blue tracking dgached the end of the gel.

4.3.10 DNA sequencing

DNA sequencing involves establishing the order afcleotides or deoxynucleotide
triphosphates (dNTP) in the DNA fragment of intérefhe most widely used DNA
sequencing method, referred to as the chain tetromanethod was earlier described by
Sangeret al. (1977). In the current study, the sequencing efftii-length DNA sequence of
the plasmids was outsourced to Ingaba Biotec. Tinewas to verify the DNA sequence of
the inserts and exclude any base sequence eregaefcing was performed using an ABI
3500XL genetic analyser (Applied Biosystems), whisha fully automated, capillary
electrophoresis instrument for high quality baskintgg assembly and single base change
detection. The ABI BigDy&Terminator V 3.1 Cycle Sequence kit (Applied Bidsyss)
containing primers, polymerases, fluorescent-digaagleotides and deoxynucleotide
triphosphates, in a 6:1 ratio, was used togethéh WGEX single primers (pGEXS:
GGAGCTGCATGTGTCAGAGG; pGEX5: GGCAAGCCACGTTTGGTG). gar plates
containing single colonies d?fNek4-A and B clones were provided to Inqaba Bidtac
plasmid isolation, primer design and automated segug. The resulting consensus DNA

sequences were subjected to bioinformatics analysis

4.3.11 Bioinformatics

The DNA sequence obtained from Ingaba Biotech wagested to bioinformatic analysis to
verify the integrity of the sequence. Nucleotidejsnce alignment and the amino acid
sequence prediction were performiadsilico using the basic local alignment search tools
(BLAST's) designed by Altschulet al, (1990). BLAST's are algorithms, that allow
comparison and alignment of primary biological sames of the molecule of interest such as
proteins (by using blastp or blastx) or nucleosdguences DNA (by using blastn), against a
library of sequences or database (Altsakiudl, 1990). The query sequence was used as input
in text format and the indexed library sequences lma accessed with an identifier number.
Sequences showing similarity to the query sequevmer reported in order of similarity
scores, identity % and E-values. The native generdewas accessed by performing a text
search on theéPfNek-4 gene (identifier: PF3D7_0719200) from thesRiaDB database
(www.plasmodb.org). The National Centre for Bioteslogy Information database
(www.ncbi.nlm.nih.gov) provides access to biomeldarad genomic information as well as
BLAST tools. The consensus nucleotide sequenédék4-A DNA was used to retrieve the

amino acid sequence of the polypeptide chain hygusiastx.
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4.4 Results

4.4.1 Expression ofPfNek4

The coomassie blue stained SDS gel (Figure 4.5ystiohat IPTG-induced overnight protein
expression at 37°C (lane 2), was much more efficjdemonstrated by the darker bands)
compared to the IPTG-induced overnight protein eggion at 30°C (lanes 3-6). The protein
concentration yield from the expression inducedrioight with 1mM IPTG at a higher
temperature (37°C), was on average higher (1.7lugdmpared to expressions carried out at
30°C, which yielded on average, 1.3 pug/ul. SDS-palylamide electrophoresis showed at
least two distinct bands of proteins, which coroesfed to the predicted sizes of the GST-
PfNek-4 and GST proteins. The smaller bands in |&i6sare most likely truncated GST
protein. The pGEX-4T-3 expression vector yieldsidasproteins with the GST-tag on the

amino-terminus and the protein of interest, in ttasePfNek-4 at the carboxyl-terminus.

+<+—— 150 kDa

e 100 kDa
GST-PfNek4 s <e— 75 kDa
61.26 kDa — e

W <«— 50 kDa High-intensity
reference band
e 35 kDa

GST

— | -an .
26.41 kDa ; M G e wie—— 25 kDa

v <+ 15 kDa

Figure 4.5 Coomassie blue-stained SDS-PAGE gel deting the isolated GSTPfNek-4
(clone A) protein bands alongside molecular weightnarkers. Lanel: non-induced control,
lane 2: overnight IPTG-induced protein expressioB7dC, lanes 3-6: overnight IPTG-induced protein
expression at 30°C and lane MW: Perfect™ proteindsards (15-150 kDa). The isolated 26 kDa GST
protein in all the lanes, suggest cleavage of tB& @&g by theE. coli host enzymes from the fusion
protein and/or basal level expressions fromidee

The linear curve (Figure 4.6) of log MW versus iRas plotted by using the migration
distances of the Perfect™ protein standards anldeoéxpressed protein bands (GBfNek-4
and GST) measured from the SDS-PAGE gel (Figurd. 4be log MW values of the
unknown protein were interpolated by applying tinedr equation using Prism 5.0 software.

The MW’s were calculated by expressing the linepragion as a function of the anti-log of
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Y. The R values for Protein X (R= 0.23) and Protein Y ¢(R= 0.88) were substituted into as
x-values into the linear equation. The strong lineslationship ¢ > 0.99) between the
proteins’ MW and Rvalues demonstrates the reliability of the elu@daviw values of the
expressed proteins. The calculated MW’s 61.26 kBa 26.41 kDa, corresponded to the
predicted sizes of the GHNek-4 and GST proteins, respectively.

GST+PfNek-4 (clone A)

GST

Log MW (kDa)

o
o
1

o
o

o
o

0.5 1.0 1.5
Ry

Figure 4.6 A linear curve of the log MW versus Rvalues used to determine the MW of
expressed proteins.

4.4.2 Western blot

Protein transfer to the PVDF membrane was sucdebsgfinclusion of 0.1% SDS in the
transfer buffer, to confer a negative charge toptaeins. SDS is usually not added to the
transfer buffer, however in this case the predidgseelectric point (pl: 8.9) of the expressed
GSTPfNek-4 fusion protein whilst the pH of the trandbeiffer was 8.2, thereby reducing the
nett charge on the GSHfNek-4 fusion protein for effective protein transfelpon probing
the expressed proteins, two GST-tagged proteine detected on the PVDF membrane using
polyclonal anti-GST HRP-conjugated antibodies, wistialised on the HyperfilfaMP films
(Figure 4.7). In addition, GST (26.41 kDa) encodsdthe Schistosoma japonicumene
(NCBI identifier: P08515.3) and GSHWNek-4 (36.35 kDa) encoded by the gene
PF3D7_0719200 (www.plasmodb.org), have been prelyocharacterised and published.
The expressed Protein Y (26.41 kDa) separated gl 8MS-PAGE, correlated with the GST
protein detected on the Western blot. Therefore, ilaynuno-detection and arithmetic

inference, Protein X (61.26 kDa), was confirmethéathe GSTPfNek-4 protein since its total
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MW would include the GST protein: M¥Miek-434.85 kDa) = MWsT-piek-4 protein(61.26 kDa)
- MWgsT (26.41 kDa).

: 61.26 kDa
i R . v — GST—PjNek4

protein kinase

e

<«— 26.41 kDa
GST protein

1 2 3 4 5 6

Figure 4.7 Western Blot of the GSTPfNek4 (A) protein kinase.Lanel: non-induced sample
control, lane 2: overnight IPTG-induced protein megsion at 37°C, lanes 3-6: overnight IPTG-
induced protein expression at 30°C. The circlec anelane 1 showed a faint band with the same
migration distance as the 61 kDa protein and al2& &ST protein suggest cleavage of the GST tag
by theE. coli host enzymes from the fusion protein and/or pdsdbsal level expressions from the
lac promoter.

4.4.3 Protein concentration

The concentration of the GHMNek4 protein expressed was determined using theRBob
Protein Assay. The sample of the expressed prate@a in the kinase assay gave a mean
absorbance value of 1.19 at a wavelength of 595 Time. Y-value (protein concentration),
was interpolated from the standard curve (Figur®) 4by entering the X-value
(absorbancgs,m= 1.19) in the data table in GraphPad Prism var5i0. The kinase protein
concentration value computed was 1.8ful. Therefore, taking into consideration a dilution
factor of 7, the final amount of the GFINek4 in the kinase assay reaction was 1.16 ug. The
strong linear relationship {r= 0.99) between the absorbaggg, values and the
concentrations (ug/ml) of the BSA protein standateismonstrated the reliability in predicting
the concentration of the GSMNek4 (A) protein sample.
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Figure 4.8 Standard curve of BSA protein standard encentrations and absorbancgsnm
values.

4.4.4 Kinase activity and inhibition

The kinase activity of the various GST-fusion piotkinase isolates were screened without
the test compounds. The G®MNek4 fusion protein stained blue with coomassie lda the
SDS-PAGE gel. The phosphorylated casein substsatiemonstrated as a dark band on the
autoradiograph (Figure 4.9).

61 kDa
e GST-PfNek-4
e — ) asein
[ =, C
— ~19-25 kDa

e &2+ 3% Y= 93

(a) SDS-PAGE gel of (b) Autoradiogram.
the Kkinase assay.

Figure 4.9 Kinase activity of various isolates offte recombinant GSTPfNek-4 protein
kinase. Both the (a) Coomassie stained SDS-PAGE gel an@bbhautoradiogram of the coomassie
stained gel: Lane 1: casein control; Lanes 2-5iouvar isolates of the recombinant G8INek-4
kinase with the casein substrate.
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Figure 4.10 The kinase assays with most active cooynds. Panels (a) Dried SDS-PAGE gel
and (b) autoradiograph, Lane 1: casein controlhgut enzyme), lane 2: kinase control (without test
compound). Panel (b), lane 3: methylene blue, Knsafranin O, lane 5: mercury orange, lane 6:
JLP118.1, lane 7: JLP093, lane 8: Guanosine, lameo8ine, lane 10. Not shown are: carbon black,
lane 11: curcumin, lanes 12-19: IP 1-8 and lanegBiine, which were on a separate gel.

However at the time of performing the kinase intnini assay, phosphorylation of the casein
substrate was not visualised in the kinase coligioke 2: without test compound) suggesting
that the isolated recombinant protein had no kireseity (Figure 4.10a). The casein protein
was visualised in the coomassie stained SDS-PAGH-ggire 4.10a), however there was no
corresponding band in the autoradiograph (Figut®h). This indicates that the GFINek4
recombinant protein kinase had no enzymatic agtiiihe kinase assay was repeated in three

separate experiments using different G3¥MNek4 isolates, and all were inactive.

4.4.5 Plasmid isolation and restriction analysis oPfNek4

As a first step to determine the reason for the lafskinase activity, plasmids were isolated
from six different colonies and then subjected dstniction digest to allow analysis of the
PfNek4 DNA insert. Restriction digests of isolatedgrhid were carried out by exposure to
BamH and Sal restriction enzymes. Agarose gel electrophoregishe product samples
demonstrated the presence of a band corresporalitigp tsize of théfNek4 insert which is
933 bp. Included was the undigested plasmid comtifoth shows the undigested plasmid
(Figure 4.11). Although the 50 bp low molecular DN&dder electrophoresed along the
plasmid extracts did not resolve well, the 1,350dmp 916 bp high-intensity bands were
visualised PfNek4DNA insert band with a predicted size of 933 bpswasitioned between
1,350 bp and 916 bp bands. The additional smakgnients seen in Figure 4.11 (lanes 2-7)
indicate potential “star” (non-specific) activityf the restriction enzymes or may be an
indication of plasmid instability (Godiskat al, 2010). Although botiBamH and Sal were
supplied with pH 7.4 buffers (25°C), the optimum [ahels for 100% activity are pH 8.0 for
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BamH and pH 7.5 foiSal at 37°C. The restriction digest reactions in therent study were
performed at pH 7.9, 37°C.

5833 bp
undigested
plasmid control

933 bp
PfNek-4
DNA insert

Figure 4.11 Agarose gel electrophoresis of plasmeaktracts fragmented with site-specific
restriction digest enzymesBamHI and Sall. Lanel: 50 bp DNA ladder, lanes 2/iNek-4 (A)
plasmid restriction digest, lanes 5PMNek-4 (B) plasmid restriction digests and lane @ bp DNA
ladder undigested plasmid control, laneFdNek-4 (A) undigested plasmid control.

4.4.6 Nucleotide sequence analysis

Since the restriction digestion showed a band etctirrect size of 933 bp, the DNA sequence
of the insert and surrounding plasmid was deterchin@e plasmid was sequenced across the
insert sites in order to determine if the readimgnmfe of thePfNek-4 sequence was
maintained. ThePfNek-4 insert DNA nucleotide sequence was compacethé plasmid
sequence as well as the publistidtlek-4 complete coding sequence. The chromatographs
(Appendix B4) show the nucleotide sequencing resaft both PiNek-4 A and B clones
produced by Ingaba Biotec. Consensus sequence fdata both forward and reverse
sequences dPfNek-4 (clones A and B) was edited and generatethépgba Biotec and was

used for sequence analysis.

The BLASTN results for th€®fNek-4 (clone-A) nucleotide sequence (Figure 4.1#%)wsed
that the plasmid was inserted in the correct oagort with the start codon (ATG) in the
correct position (28 position, after the primer sequence). In additteePfNek-4 (clone-A)
insert sequence was 100% identical to the publiskgdence. The open reading frame (ORF)
and restriction sitesB@mH and Sal) identified and annotated using the CLC Main
Workbench (version 6.8.1) software, further con&drthat thePfNek-4 DNA insert was in
frame (Figure 4.13).
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Score Expect Identities Gaps Strand
1724 bit s(933) 0.0() 933/ 933(100% 0/ 933(0% Pl us/ Pl us

Clone-A 11  ATGAATAAATATGAAAAGATTAGAGATATAGGAAAAGGAAATTATGGAAATACAATACTT 70

RN AR AN AR AR RN R RN AR ENRRNEAEE
PfNek-4 1  ATGAATAAATATGAAAAGATTAGAGATATAGGAAAAGGAAATTATGGAAATACAATACTT 60/ /

Clone-A 851 CCTTTAAAAGAAAAGCCAGCTATTGAAAATGAAAATTCAGGAGCCAACGAACAAGAAGTA 910

RN RN A R AR RRA R
PfNek-4 841 CCTTTAAAAGAAAAGCCAGCTATTGAAAATGAAAAT TCAGGAGCCAACGAACAAGAAGTA 900

Clone-A 911 AAAACATTACTTCTGGATGITGTTGATACTTAA 943

RN AR AR
Pf Nek-4 901 AAAACATTACTTCTGGATGITGTTGATACTTAA 933

Figure 4.12 Nucleotide sequence alignment d¢¥fNek-4 (clone-A) consensus sequence.
BLASTN results ofPfNek-4 (clone-A) showing 100% alignment with the icgdsequence dPfNek-4
on the NCBI database. The pipe (|) shows nucleaidmment.PfNek-4 (A) 8 sequence showing
ATG = start codon (1 position), TAA = stop codon (position 930). Resute truncated (//), the full
results are shown in Appendix D1.

ORF BamH|

20 A0

CGGATCTGGTTCGCGTGGATCCATGAATAAATATGAAAAGATTAGAGATATAGGAAA

E:n 20 100

AGGAAATTATGGAAATACAATACTTGTTAGAGATCGAAAAAATGACCATTATGTAAT
|0RF

860 280 ann

GAAAAAACCTTTAAAAGAAAAGCCAGCTATTGAAAATGAAAATTCACGAGCCAACGA

IORF Sall| Xhol|

Q20 Qa0 960

7

I
ACAAGAAGTAAAAACATTACTTCTGGATGTTGTTGATACTTAA&!CGAJ!CGAGCGG

Figure 4.13 Open Reading Frame showing the DNA ingeof PfNek-4 (clone-A) and
restriction sites. The restrictions sites for thefNek-4 wereBamH and Sal. The start and stop
codon are underlined in red.

Similarly, PfNek-4 (clone-B) BLASTn results showed a 100% nuadisosequence alignment
with the coding sequence fBfNek-4 gene (Figure 4.14). The insert sequence deatgified
within the ORF (Figure 4.15).
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Score Expect Identities Gaps Strand
1724 bits(933) 0.0() 933/ 933(100% 0/ 933(0% Pl us/ Pl us

Clone-B 21  ATGAATAAATATGAAAAGATTAGAGATATAGGAAAAGGAAATTATGGAAATACAATACTT 80

RN RN AN RN R RN AR
PfNek-4 1  ATGAATAAATATGAAAAGATTAGAGATATAGGAAAAGGAAATTATGGAAATACAATACTT 60/ /

Clone-B 861 CCTTTAAAAGAAAAGCCAGCTATTGAAAATGAAAATTCAGGAGCCAACGAACAAGAAGTA 920

RN RN AR AR ANRAR RN
PfNek-4 841 CCTTTAAAAGAAAAGOCAGCTATTGAAAATGAAAATTCAGGAGCCAACGAACAAGAAGTA 900

Clone-B 921 AAAACATTACTTCTGGATGITGTTGATACTTAA 953

|I|I|I|I|I|I|I|I|I|I|I|I|I|I|I|I|
Pf Nek-4 901 AAAACATTACTTCTGGATGITGTTGATACTTAA 933

Figure 4.14 Nucleotide sequence alignment d¢¥Nek-4 (clone-B) consensus sequence.
BLASTN results ofPfNek-4 (clone-B) showing 100% alignment with the iogdsequence d?fNek-4
on the NCBI database. Results are truncatedi{#)iull results are shown in Appendix D2.

ORF BamHI|

20 AQ

GATCTGGTTCGCGT&EATCCATGAATAAATATGAAAAGATTAGAGATATAGGAAAAG
IORF

B0 A0 100

GAAATTATGGAAATACAATACTTGTTAGAGATCGAAAAAATGACCATTATGTAATGA
IORF

A80 820 aan

AAAAACCTTTAAAAGAAAAGCCAGCTATTGAAAATGAAAATTCAGGAGCCAACGAAC

|°RF Sall|  [Xholl

220 940 60

!
AAGAAGTAAAAACATTACTTCTGGATGTTGTTGATACTTAAdhCGAd CGAGCGGCC

Figure 4.15 Open Reading Frame showing the DNA indeof PfNek-4 (clone-B) and
restriction sites. The restrictions sites for thefNek-4 wereBamH and Sal. The start and stop
codon are underlined in red.

4.4.7 Protein sequence analysis

The recombinanPfNek-4 (clone-A) nucleotide sequence was used taimlhe predicted
amino acid sequence by using the basic local akgmeearch tools (BLASTX) tool on NCBI.
PfNek-4 (clone-A) showed no mutations on the aminal aesidues and showed 100%
alignment with thé®. falciparumNek-4 protein kinase amino acid sequence (

Figure 4.16). The BLASTX results for clone-B (Figut.17) matched 100% identities and no

mutations were identified on the amino acid ressdue
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Clone-A 11 MNKYEKI RDI GKGNYGNTI LVRDRKNDHYVMKI | NI SQVBQKEKRQCLKEVELLSKLNHP 190
MNKYEKI RDI GKGNYGNTI LVRDRKNDHYVMKI | NIt SQVBQKEKRQCL KEVEL L SKLNHP
PfNek-4 1 MNKYEKI RDI GKGNYGNTI LVRDRKNDHYVMKI | NI SQVBQKEKRQCLKEVELLSKLNHP 60

Clone-A 191 FI VKYI ESYI ECOTLRI VMKHCKGGDL YHYl QNKKKQNTPI KEKRI LI W.TQ LTALKFL 370
FI VKYI ESYI EGDTLRI VIVKHCKGGDL YHY! QONKKKQNTPI KEKRI LI W.TQ LTALKFL
Pf Nek-4 61 FI VKYI ESYI EGDTLRI VIVKHCKGGDL YHYI ONKKKQNTPI KEKRI LI W.TQ LTALKFL 120

Clone-A 371 HSNH LHRDVKSLN LI DSDKRVRLCDFG SKVLENTLDYANTLI GTPYYLSPELCKDKK 550
HSNHI LHRDIVKSLNI LI DSDKRVRLCDFG SKVLENTLDYANTLI GTPYYLSPEL CKDKK
Pf Nek-4 121 HSNHI LHRDMKSLNI LI DSDKRVRLCDFG SKVLENTLDYANTLI GTPYYLSPELCKDKK 180

Clone-A 551 YSWPSDWATCCLI YELATFRTPFHSTKG QQLCYNI RYAPI PDLPNI YSKELNNI YKSM 730
YSWPSDWATGCLI YELATFRTPFHSTKG QQLCYNI RYAPI PDLPNI YSKELNNI YKSM
Pf Nek-4 181 YSWPSDVWATCCLI YELATFRTPFHSTKGA QQLCYNI RYAPI PDLPNI YSKELNNI YKSM 240

Clone-A 731 LI REPSYRATVQQLLVSDI VQRQLKLLI EEKI REKQSMKKPLKEKPAI ENENSGANEQEV 910
LI REPSYRATVQQLLVSDI VOQRQLKLLI EEKI REKQSMKKPLKEKPAI ENENSGANEQEV
Pf Nek-4 241 LI REPSYRATVQQLLVSDI VOQRQLKLLI EEKI REKQSMKKPLKEKPAI ENENSGANEQEV 300

Clone-A 911 K 913
K
Pf Nek-4 301 K 301

Figure 4.16 Alignment of translated amino acid segence of clone-A toPfNek-4. The
BLASTXx results showed no mutations on amino acisidiees. The amino acid sequence was
represented in a single-letter amino acid code éAdix E).

Clone-B 21 MNKYEKI RDI GKGNYGNTI LVRDRKNDHYVMKI | NI SQVBQKEKRQCLKEVELLSKLNHP 200
M\KYEKI RDI GKGNYGNTI LVRDRKNDHYVMKI | NI SQVSQKEKRQCLKEVEL L SKLNHP
PfNek-4 1 MNKYEKI RDI GKGNYGNTI LVRDRKNDHYVMKI | NI SQVBQKEKRQCLKEVELLSKLNHP 60

Clone-B 201 FI VKYI ESYlI EGDTLRI VMKHCKGGDL YHY! QNKKKQNTPI KEKRI LI W.TQ LTALKFL 380
FI VKYI ESYI EGDTLRI VIVKHCKGGDL YHYI ONKKKQNTPI KEKRI LI W.TQ LTALKFL

Pf Nek-4 61 FI VKYI ESYI EGDTLRI VMKHCKGGEDL YHY! QNKKKONTPI KEKRI LI W.TQ LTALKFL 120

Clone-B 381 HSNH LHRDVKSLN LI DSDKRVRLCDFG SKVLENTLDYANTLI GTPYYLSPELCKDKK 560
HSNHI LHRDIVKSLNI LI DSDKRVRLCDFG SKVLENTLDYANTLI GTPYYLSPEL CKDKK

Pf Nek-4 121 HSNHI LHRDMKSLNI LI DSDKRVRLCDFG SKVLENTLDYANTLI GTPYYLSPELCKDKK 180

Clone-B 561 YSWPSDWATGCLI YELATFRTPFHSTKG QQLCYNI RYAPI PDLPNI YSKELNNI YKSM 740
YSWPSDWWATGCLI YELATFRTPFHSTKG QQLCYNI RYAPI PDLPNI YSKELNNI YKSM

Pf Nek-4 181 YSWPSDVWATCCLI YELATFRTPFHSTKGA QQLCYNI RYAPI PDLPNI YSKELNNI YKSM 240

Clone-B 741 LI REPSYRATVQQLLVSDI VQRQLKLLI EEKI REKQSMKKPLKEKPAI ENENSGANEQEV 920
LI REPSYRATVQQLLVSDI VOQRQLKLLI EEKI REKQSMKKPLKEKPAI ENENSGANEQEV

Pf Nek-4 241 LI REPSYRATVQQLLVSDI VORQLKLLI EEKI REKQSMKKPLKEKPAI ENENSGANEQEV 300

Clone-B 921 K 923

K
Pf Nek-4 301 K 301

Figure 4.17 Alignment of translated amino acid segence of clone-B toPfNek-4. The
amino acid sequence was represented in a singge-dehino acid code (Appendix E).

A protein search (BLASTp) on th@fNek-4 (clone-A) predicted amino acid sequence

returned 100 hits. Of the 100 matches, only foomfrthe Plasmodiumspecies showed a

maximum score (difference of the sum of identiti@smatches and sum of gap penalties)

greater than or equal to 1000 (Table 4.2). The dsginanking match (100% identities) was
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with Plasmodium falciparuni3D7) Nek-4 protein kinase (maximum score: 1618)h the
lowest expect (E) value. THeéomo sapiendNek4 (hNek4) showed the least orthology (42%)
which shows differences or uniqueness of Ehefalciparum NimA-related protein kinase
structures as compared to the hNek4 protein kirnBise.results (Table 4.2) again ruled out

any mutations within the nucleotide sequence ofdésembinanPfNek-4 DNA.

Table 4.2 Homologous protein sequences RiNek-4 (clone-A).

Accession Source Length Score 'de(';‘/to')t €S E-value

XP_002808785.] Protein kinase, Plasmodiur 310 1618 100.0 0.0
falciparum (isolate 3D7),
PfNek-4

XP_677620.1 Serine/threonine protein (310 1571 96.0 0.0
kinase 2, putative,
Plasmodium berghéstrain
ANKA)

XP_001612826.] Serine/threonine protein | 310 1570 96.0 0.0
kinase NEK4, putative,
Plasmodium vivaxstrain
Salvador I)

GAB64821.1 Serine/threonine protein | 361 1508 82.0 0.0
kinase NEK4Plasmodium
cynomolgistrain B

XP_002261112.] Serine/threonine protein |307 1372 87.0 0.0
kinase 2, putative,
Plasmodium knowlegstrain
H)

AAH15515.1 NEK4, Homo sapiens 451 228 42.0 8x10°%

Protein sequences that showed a maximum sedi@00 and lowest E-values, are listed from a 100
hits generated from a BLASTp protein search orNG8I database.

4.5 Discussion

The SDS-PAGE gels confirmed the MW of the GBfNek-4 fusion protein in line with the

predicted size and the MW of the GST d&1tllek-4 protein, by elucidation (Figure 4.6). The
GST-taggedPfNek-4 (clones A and B) protein were identified angualised by Western

immunoblotting (Figure 4.7). Since the GFINek-4 fusion protein did not show any kinase
activity, the plasmids were isolated and tR&Nek-4 DNA insert analysed in order to
determine factors that may have contributed thadeninactivity. Restriction enzyme digest
products analysed using agarose electrophoresweshplasmid inserts with the correct size
(933 bp) as well as smaller fragments, due to piatiestar activity of restriction enzymes or

plasmid instability (Godiskaet al, 2010). Thereafter, agar plates with bacteriallscel
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containing the plasmids with tH&fNek-4 DNA insert were submitted to Inqaba Biotefc,
nucleotide sequencing of the plasmids. The nuadeosequence alignment of tRéNek-4
DNA insert with the published coding sequence ferRfNek-4 gene (PlasmoDB identifier:
PF3D7_0719200, formerly MAL7P1.100), confirmed thatch to the native gene (Figure
4.12). Therefore no mutations were identified ie tiucleotide residues. The kinase assay
results, however, did not demonstrate any kinaseitgcof PfNek-4 (A) on the casein
substrates (Figure 4.10b). As a result, the inbipitactivity of test compounds could not be
evaluated. The functionality of a recombinant protsan be affected by post-transcriptional
modifications of the protein itself. These modifioas include folding of the newly formed
polypeptide chain into its tertiary, three-dimemsiband quaternary (spatial arrangements of
subunits) structures and are critical to the fuorghig of a protein (Pollard and Earnshaw,
2004). Protein folding is determined by the amimidasequence of the protein. Efficient
protein folding requires additional factors calldthperones, which bind to newly formed and
misfolded proteins to stabilise partially foldedlypeptides and assist in their folding or
refolding. (Pollard and Earnshaw, 2004). AlthoulgbE. coli BL21 expression vector was the
most efficient vector for the expressionRiNek-4 protein kinase, it was still not identical to

theP. falciparumorganism.

However, basal level expression (expression inatteence of an inducer, in this case IPTG)
of the PfNek-4 enzyme was detected on the Western Blot (Eigu7), meaning that the
expression of th&®fNek-4 enzyme was not tightly regulated by the regoe and promoter
genes. Some, basal level expression is associatieanest inducible promoters (Amersham-
Biosciences, 2002). This basal level expression e shown to affect the outcome of
cloning experiments for toxic inserts by selectiagainst inserts cloned in the proper
orientation (Amersham-Biosciences, 2002). Howewethe current study, thefNek-4 DNA

insert was in frame and the fusion protein was esged.

The casein protein was visualised with coomassmisg of the SDS-gel (Figure 4.10a),
although it would have been detected on the autmgeains provided thd>fNek-4 was
functionally capable of phosphorylating the proté&dasein from bovine milk consists of four
subunitsa-s1,a-s2,B-casein andk-casein and their MWs range from 19-25 kDa, Biftdek-

4 has the ability to autophosphorylate and phosgpéie exogenoug-casein substrate, with
the exception of myelin basic protein and histormifistrates as previously reported (Pardo

and Natalucci, 2002; Reininget al, 2009). However, no kinase activity was detected.
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The test compounds were not tested on the wholeaytes of thé. falciparumparasites

as it was beyond the scope of the current studyitamduld have only been considered if any
of the test compounds were shown to inhibit G8Nek-4 kinase activity. A study by

Reiningeret al (2012), suggests th&fNek-4 is not responsible for switching erythrocytic
schizogony to gametocytogenesis, but rather a mialecarker of sexually committed and
sexually pre-committed schizonts (Reiningetr al, 2012). Nevertheless, NimA-related
kinases putatively involved in the regulation o thametocyte stages, are still critical drug

targets to prevent human host-vector transmission.

In order to ensure protein kinase activity, futstedies could include re-transformation of the
E. coli cells with the pGEX-4T-3 vectors containing th&&k-4 DNA insert. In addition the
kinase assay conditions such as pH can be optiiskidg into consideration the isoelectric

point of the protein kinase.
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Chapter 5 Conclusions

The aim of the study was to investigate ftinevitro antimalarial activity of 56 select
compounds against the intra-erythrocytic stageB.dhlciparum alone and in combination
with the classical antimalarial drug, quinine usthg PH]-hypoxanthine incorporation assay.
Drug interactions were classified as marked sysergi0 >XFICso < 0.5), slight synergism
(0.5 >XFICs5p< 1), additive interaction (2 FICso< 2), slight antagonism (2 XFICso < 4)
and marked antagonism XFICso < 4) (Guptaet al, 2002; Bell, 2005). The screening
concentration of compounds was at 100 uM for syittmpounds and at 100 pg/ml for
natural compounds. The malaria parasites were exposger a 48 h single-cycle to the test
compounds which included synthetic and natural walots, novel nucleoside analogues and
imidazopyridine analogues. Stage and morphologgiesuwere carried out in order to
determine which parasite stages were most sensditlee most active test compounds from
each compound class. The haemolytic activity wasstigated to test whether the host RBC
cell membrane’s integrity was affected by mostwactiest compounds, thereby eliminate
haemolysis as a mechanism of action. The abilithefmost active test compounds to inhibit
the haemozoin formation pathway, which is an iddalg target similarly to classical

antimalarial drugs such as quinine and chloroquirees investigated.

In order to identify test compounds with low toxycithe selectivity of the most active
compounds foP. falciparumrather than human cells was investigated. Thecsely index
was calculated by dividing the antimalarialsd@y the cytotoxicity 1Gy values (obtained
using the {H]-thymidine incorporation assay) against the tfamsed human HEK293 and
leukaemic K562 cell lines. A test compound that destrated a selectivity index greater than
10 was regarded as more selectivePtdalciparumrelative to human cell lines. The study
also aimed to investigate the inhibitory activitfy tbe most active compounds against the

recombinant NIMA-relate®fNek-4 protein kinase activity.

5.1 Synthetic colourants

Methylene blue was significantlyp (< 0.05) more potent againBt falciparumcompared to
quinine (Table 5.1). Both methylene blue and safra® displayed negligible toxicity to
uninfected human RBCs (Table 2.5). Combinationistigvith methylene blue and quinine
demonstrated a synergistic interaction, whilstesafr O showed an additive interaction with
quinine (Table 5.1). Therefore, there is potental the latter compounds to be used in

combination with quinine without compromising theecall antimalarial activity. Both
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methylene blue and safranine O did not demonstrduibitory activity against thén vitro
formation of p-haematin crystal formation, although literatures maported that methylene
blue can inhibitp-haematin formation within the parasite’'s food valeu(Atamnaet al,
1996). The schizont stage (32-40 h) was most semsib methylene blue at ¥
concentration, indicating that it may have otherde®of action, which need to be explored
further. Methylene blue demonstrated the highdstseity indices (480-968, 2-fold selective
compared to quinine) indicating low toxicity to hamcells but selective inhibitory effects on
P. falciparum(Table 5.1). In comparison, safranine O was 322adold less selective that
methylene blue, although both selective indicesevadyove 10 (Table 5.1). Both methylene
blue and safranin O showed ‘drug-like’ propertiasdd on the Lipinski's Rule of Five (R05).
The predicted % ionisation values at pH 5.0, shothatisafranin O would accumulate within
the parasite’s digestive vacuole similarly to chfjine and quinine, whilst methylene blue
was not ionisable at the same acidic environmeabl@ 2.13). Therefore, methylene blue’s
mode of action could not have been facilitatedtbyacid-base properties. The current study
confirmed the potent antimalarial activity of md#ne blue and its selectivity folP.
falciparum In addition, the chemical structure of methyléhée may serve as a template for
the development of safer and affordable drugs, kwicen be used in combination therapy

with other antimalarial drugs such as artemisimigunine.

5.2 Curcumin

The natural colourant, curcumin (diferuloylmethangs significantly § < 0.05) less potent
againstP. falciparumthan quinine (Table 5.2) and showed slight haetiwofctivity (at 100
png/ml) although this haemolysis was significanily<( 0.05) higher than for quinine (Table
2.6). However, curcumin’s haemolytic activity ismd clinical significance since a low peak
plasma concentration & 2.30 £ 0.26 pg/ml after a single oral dose ofgl®as previously
been reported without adverse events in human &sbjé/areedet al, 2008). The
antimalarial activity of curcumin in combinationtviquinine, showed an additive interaction,
which did not compromise the drug potency of quen(itable 5.2). Curcumin was 78-fold
more active in inhibiting-haematin formation than quinine, indicating a ff@ssmechanism

of action. Study findings by Cuwet al. (2007) suggest that curcumin has the potential to
disable gene transcription within th® falciparum parasite, by inhibiting nuclear histone
acetyltransferase activity, as well as inhibit ggeagrowth by generating ROS. The predicted
% ionisation of curcumin showed that it would be@ibed down the pH gradient of 7.4-5.0
with a low degree of ionisation or accumulationtlee parasite’s digestive vacuole (Table
2.13). In comparison to quinine, curcumin was digantly (p < 0.05) toxic to both HEK293
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and K562 cell lines and showed selectivity indibetow 1, indicating poor selectivity fé1.
falciparum (Table 5.2) The current study confirmed the antimalarial poteof curcumin
similarly to that reported in a previous study &e thloroquine-sensitive 3D7 strain Bf
falciparum (Cui et al, 2007). In addition, curcumin showed potentiakasanticancer agent
as it significantly p < 0.05) inhibited then vitro growth of the K562 leukaemic cell line
compared to the HEK293 transformed epithelial catid was only 26-times less potent than
the anticancer drug, camptothecin, as compareditong at 1021-times less cytotoxicity.

5.3 Nucleoside analogues

The most active pyrimidine-based nucleoside anasgulLP118.1 and JLP093 (cytosine
nucleobase), demonstrated inhibitory activitiess{I€ 3 uM) significantly p < 0.05) less
potent than quinine and both showed negligible ldgio activity (Table 5.1). The
trophozoite stage d?. falciparumparasites was particularly sensitive to JLP118ut ,not as

a result of the inhibition off-haematin crystal formation (Table 2.16). The Uraacleobase
containing JLP118.1, had a tert-butyl-dithiomethytroxyl group and a modified
deoxyribose sugar containing acetate groups, wihiiishe JLP093 chemical structure (with a
cytosine nucleobase), there were tert-butyl-dipksehlyy and hydroxyl group substitutions
(Table 2.10). Both nucleosides were significantly(0.05) more toxic to HEK293 and K562
cells than quinine and showed selectivity indicebow 6, indicating poor selectivity fd?.
falciparum parasites (Table 5.1). The promising antimalagativity of the nucleoside
analogues, JLP118.1 and JLP093, warrants furthegstigation and targeted compound
design in order to enhance antimalarial potencyyealbkas reduce toxicity to human cells.

5.4 Imidazopyridine analogues

The most active imidazopyridine analogues, IP-3 #hd, demonstrated the least potent
antimalarial activity (IGo range: 15-21 uM) of all the synthetic compoundsdete and were
significantly ( < 0.05) less active than quinine (Table 5.1). |&+sted the development of
the intra-erythrocytic parasites at the trophozettge. The imidazopyridine analogues were
not tested for haemolytic activity afidhaematin crystal formation inhibition due to liedt
availability of stock. IP-3 and -4 were significn{p < 0.05) more toxic to HEK293 and
K562 cell lines than quinine. However, the K562keemic cell line was significantlyp(<
0.05) less sensitive to both IP-3 and -4 (Tablg.3rladdition, the selective indices of IP-3
and IP-4 were below 1, indicating poor selectivity P. falciparum(Table 5.1). Therefore,
the potential of these imidazopyridine analogueardsnalarial could not be established, but

may be investigated further for their anticancemperties.
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5.5 Potential inhibition of PfNek-4 protein kinase actvity
The inhibitory activity of all active compounds,amgst thePfNek-4 protein kinase activity,

could not be determined since the kinase activitghe recombinant GST-fusedfNek-4
protein was lost. Following troubleshooting expesits and nucleotide sequencing, the long
storage period (4 days) at 4°C in the elution buffel 8.0 (instead of freezing in 50%
glycerol), was attributed to the denaturing of (B8T-PfNek-4 protein kinase. Freezing in
50% glycerol would have retained kinase activitpwéver, time constraints did not permit
for the establishment and optimisation of the kinastivity. Nevertheless, future screening of
novel compounds targeted for protein kinases irelin gametocytogenesis and the sexual
stages may yield results in blocking the transmarsgf P. falciparumfrom infected human
hosts to the mosquito vectors. This would contglntcontrolling if not eradicate the virulent

malaria infections caused By falciparum.

Overall, the test compounds displayed variabletgh inhibit parasite growth with 21% of
the test compounds inhibiting more than 80% paagibwth at a concentration of 100 uM or
100 pg/ml. The study highlights the potential ohtketic and natural colourants, and
nucleoside analogues as antimalarial agents. @tbdes of action such as lipid peroxidation
and free radical scavenging activity and inhibitastivity againstPfNek-4 and othelP.
falciparumtargets can be explored. (Motulsky, 2003)
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Appendices
Appendix A Chemical structures of test compounds

Appendix A1 Nucleoside analogues
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Figure A1 Chemical structures of the nucleoside arlagues tested.
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Appendix A2 Imidazopyridine analogues
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Figure A2 Chemical structures of the imidazopyridine analgues tested.
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Appendix A3 Least active synthetic colourants
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Appendix B Biosafety and ethical clearances

Appendix B1 Biosafety clearance for use d?. falciparum

INSTITUTIONAL BIOSAFETY COMMITTEE

(R 14/16)

CLEARANCE CERTIFICATE - RENEWAL PROTOCOL NUMBER: 20090503
BRIEF DESCRIPTION OF APPLICATION:
CWMOOMW“MIM
APPLICANT: Dr R van 2y

SCHOOUDEPARTMENT : Pharmacy/Pharmacology

DATE CONSIDERED: 20080528

DECISION OF COMMITTEE:

Renewal approved

This clearance cenificate expires on 20110501 and may be renewed on presentation of a progress report
DATE: 20100504 CHAIRPERSON: -f G g

“ 7 (Professor C Tiemessen)

DECLARATION BY APPLICANT:

Tobemphmnmmmmmbmm.m1m. 10th ficor, Senate
House, University

1.
2

3

Signed: Date:

| have read, understood and accepled the approval conditions above
| agree to submit a yearly progress report to the Committee and to submit an interim report in the
mdmwtnmm.g.wdamu.mmcbuna
relocation of my aboratory, etc
| note that the University Safety Officer, or his/her representative, may at any reasonable time inspect
my laboratory or trial site 10 ensure compliance with current Health and Safety legisiation. | undertake
lloxmuoo-op«abonnmywchmm
read, undersiood and will comply with the recommended standard operating procedures for the
handikng of bichazardous matenais posted at hitp /web :
| declare (delete as appropriate) that:
a | have all the approvals required by statute or regulation and the funding agencies
supporting this work, or o "
D. that | will not begin work until such approvals are obtained

MSEWorks2000Nan00181BCCuarRenew wos

PLEASE QUOTE THE PROTOCOL NUMBER IN ALL ENQUIRIES
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Appendix B2 Ethical clearance for use of human plasa

THE Wy
ot T
< #y

0

Human Research Ethics Committee (Medical)

UNIv,

a5,

«5\‘
anves®

Research Office Secretariat: Senate House Room SH 10005, 10t floor. Tel +27 (0)11-717-1252
Medical School Secretariat: Medical School Room 10M07, 10t Floor. Tel +27 (0)11-717-2700 , o
Private Bag 3, Wits 2050, www.wits.ac.za. Fax +27 (0)11-717-1265 OHannesedt

Ref: W-CJ-131030-1 30/10/2013

TO WHOM IT MAY CONCERN:

Waiver: This certifies that the following research does not require clearance from the
Human Research Ethics Committee (Medical).

Investigator: Prof R van Zyl.

Project title: The chemotherapeutic properties of novel synthetics and natural
compounds.

Reason: This is a laboratory study in which human blood and plasma for the in vitro
maintenance of Plasmodium falciparum for experimental purposes such as
drug sensitivity and toxicity studies. There are no human participants.

PRCF PE CLEATON - JONES
HREC (VEDICAL)

S JOHAN t:R /’;;/
Sl e

Professor Peter Cleaton-Jones

Chair: Human Research Ethics Committee (Medical)

Copy - HREC(Medical) Secretariat: Anisa Keshav, Zanele Ndlovu.
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Appendix B3 Ethical clearance for drawing of humanblood from volunteers

vV 1 L

Division of the Deputy Registrar (Rescarch)

HUMAN RESEARCH ETHICS COMMITTEE (MEDICAL)
R14/49 Dr Robyn L van Zyl

CLEARANCE CERTIFICATE M090532

PROJECT The Chemotherapeutic Properties of Novel
Synthetic and natural Compounds (Blanket
Approval)

INVESTIGATORS Dr Robyn L. van Zyl.

DEPARTMENT Department of Pharmacy & Pharmacology

DATE CONSIDERED 09.05.29

DECISION OF THE COMMITTEE* Approved unconditionally

’)' . »
DATE 09.05.29 CHAIRPERSON .. .. ! Z [M_% '(_".c,...m

(Professor P E Cleaton Jones)

*Guidelines for written ‘informed consent” attached where applicable

cc: Supervisor . Dr RL van Zy!

DECLARATION OF INVESTIGATOR(S)

To be completed in duplicate and ONE COPY retumned to the Secretary at Room 10004, 10th Floor,
Scnate House, University.

I/'We fully understand the conditions under which | am/we are authorized to camry out the abovementioned
rescarch and I/we guarantee to ensure compliance with these conditions. Should any departure to be
contemplated from the rescarch procedure as approved I/'we undertake to resubmit the protocol to the
Commitice. | agree to a completion of a vearly progress report,

PLEASE QUOTE THE PROTOCOL. NUUMBER IN ALL ENQUIRIES...
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Appendix B4 Ethical clearance waiver for use of human cell lines

University
of the Witwatersrand,
Human Research Ethics Comeittee (Medical) Johannesburg
(formerly Committes for Ressarch on Human Subjects (Medicd)
Secwieret Mmeats OFoe Moor SHI000A 108 Sooe Sevwie Houme = Tolophonse 27 11 TIX02M « Fae o277 3396008
Prvste Bag 3. Wi 2050, South Afves
Ref. W-CJ-080424-12
29/04/2009
TO WHOM IT MAY CONCERN-
Waiver: This centifies that the following research does not require clearance from

the Human Research Ethics Committee (Medical).

Investigator: Dr R L van Zyl & Mr T H Motau (Student no 91054780D)

Project titie:  The chemotherapeutic properties of synthetic and natural
compounds.

Reason: This is a wholly laboratory study using commercial cell lines - Graham
and K562 There are no humans involved,

‘;;T‘j‘- OF THE WTwe T

’ ‘c_f‘ W I LR - K
2009 -04- 2 ‘?}

»A____- _-\}“:0.‘55‘:'_‘:"'3 -_:__x

Professor Peter Cleaton-Jones
Chair: Human Research Ethics Committee (Medical)

copy: Anisa Keshav, Research Office, Senate House, Wits
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Appendix B5 Biosafety clearance for use of recombant PfNek-4 protein kinase
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Research Office

INSTITUTIONAL BIOSAFETY COMMITTEE

(R 14/16)

CLEARANCE CERTIFICATE PROTOCOL NUMBER: 20120701
BRIEF DESCRIPTION OF APPLICATION:

The chemotherapeutic effects of synthetic and natural compounds on plasmodium falciparum
APPLICANT: Dr LJ Harmse

SCHOOL/DEPARTMENT : Therapeutic Sciences/Pharmacy

DATE CONSIDERED: By circulation

DECISION OF COMMITTEE:

Approved unconditionally

1. This clearance certificate expires on 20170719 and may be renewed on application
2. An annual report must be provided on the anniversary date of this certificate, for as long as the project continues
3. Notification of any proposed modifications must be submitted on the attachedfo

(4

DATE: 20120720 CHAIRPERSON: I~ ‘
v 4 (Prtfssor C Tiemessen)

N
S

DECLARATION OF APPLICANT:

To be completed in duplicate and one copy returned to the Secretary, Room 10005, 10th floor, Senate House,
University.

1. I'have read, understood and accepted the approval conditions above
2. | agree to submit a yearly progress report to the Committee and to submit an interim report on the form
provided, in the event of any significant unforeseen event, e.g. suspension of a drug trial, temporary closure or
relocation of my laboratory, etc
3. I note that the University Safety Officer, or his/her representative, may at any reasonable time inspect my
laboratory or trial site to ensure compliance with current Health and Safety legislation. | undertake to offer my full
co-operation in any such inspection.
4. | have read, understood and will comply with the recommended standard operating procedures for the handling
of biohazardous matenals posted at hitp://web.wits.ac.za/Academic/Research/Biosafety.htm
5. |declare (delete as appropriate) that:
a. | have all the approvals required by statute or regulation and by the funding agencies supporting this
work, or
b. that | will not begin work until such approvals are obtained

Signed: Date:

MSWorks2000/1ain0015/IBCClear.wps

PLEASE QUOTE THE PROTOCOL NUMBER IN ALL ENQUIRIES
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Appendix C pGEX 4T-3 Vector map

Thrombin

[Leu Val Pro ArglGIy Serl Pro Asn Ser Arg Val Asp Ser Ser Gly Arg lle Val Thr Asp
CTG GTT CCG CGT GGATCC CCG AAT TCC CGG GTC GAC TCG AGC GGC CGC ATC GTG ACT GAC TGA

BamHI  EcoRl“gmay Sall xpoy Notl Stop codons

J nnm:

pS{10ABam7Stop7

pGEX
~4900 bp

e pER322
Bst= 1l R3

Figure C1 Vector map of pGEX 4T-3 used to construct the GEPfNek-4 protein. The
GST gene fusion vector has: an ampicillin-resisgeie, Amp; an interndhc 19 gene to
repress expression of target proteinBn coli host cell; atac promoter for chemically
inducible high-level expression, Ptac; the GST genmultiple cloning site with a thrombin
protease recognition site as well BamH and Sal enzyme restriction sites. (Amersham-

Biosciences, 2002)
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PfNek-4 nucleotide sequence chromatographs

Appendix D

Appendix D1 PfNek-4 clone-A forward and reverse nucleotide sequens
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Sample Name: Pfnek4 A pGEX_3_Seq Signal Strengths: A =2386, C=1679, G = 1161, T =4455

Mobility: KB_3500_POP7_BDTv3.mob Lane/Cap#: 3
Spacing: 11.3788 Matrix: n/a
Comment: n/a Direction: Native

CG A GCAG ATCGTCAGTCAGTCACGATGCGGCCGCT CGAGTCGACT TAAGTAT CAACAACAT CCAGAAGTAAT G

10 20 30 40 0 60 70
TTTTTACTTCTTGTTCGTTGGCTCCTGAATTTTCATT TTCAATAGCTGGCTTTTCTTTTAAAGGTTTTTTCATACT T 1]
110

T

W

GCTTTTCTCTGATTTTTTCTTCAATCAGTAATTTTAGTTGTCTCTGCACAATATCAGAAACTAGCAATTGTTGTACG

TTGCTCTGTAACTTGGTTCTCGTATTAACATGCTCTTATAAATGTTATTAAGTTCTTTTGAATAGATATTTGGTAAAT
/\[\Mm MNVZM m “N m | |

- LB AJ

CAGGTATTGGAGCA

310 320

TATCTAA

TAGTTCATATATTAGACAACCAGTTGCCCATACATCTGAAGGCCAACTATATTTTTTATCTTTACATAATTCTGGACT
390 400 410 420 430 440 450 460

\ | W9 I

TAAATAATAAGGAGTACCTATTAAGGTATTAGCATAATCTAAAGTATTTTCTAGAACTTTAGATATTCCGAAATCGCAQ
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e e et P e e el L L L 1
AGTCTAACTCTTTTATCGCTGTCTATTAAAATGT TTAGAGACT TCATATCTCTATGAAGAATATGATTTGAGTGAAG
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Lane/Cap#: 3

Signal Strengths: A
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Sample Name: Pfnek4_A_pGEX_3_Seq
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Direction: Native

Spacing: 11.3788
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Appendix D2 PfNek-4 clone-B forward and reverse nucleotide sequeas

Sample Name: Pfnek4 B_pGEX 5_Seq Signal Strengths: A =1810,C =877, G=832, T=1788
Mobility: KB_3500_POP7_BDTv3.mob Lane/Cap#: 23
Spacing: 11.2471 Matrix: n/a
Comment: n/a Direction: Native
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832, T=1788

877.G =

Lane/Cap#: 23

Signal Strengths: A = 1810, C

3500_POP7_BDTv3.mob

Sample Name: Pfnek4 B_pGEX_5_Seq
Mobility: KB

Matrix: n/a
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Spacing: 11.2471
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n/a
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Appendix E PfNek-4 nucleotide sequence alignments

Appendix E1 PfNek-4 clone-A consensus sequence alignment

Cl one- A

Pf Nek- 4

Cl one- A

Pf Nek- 4

Cl one- A

Pf Nek- 4

Cl one- A

Pf Nek- 4

Cl one- A

Pf Nek- 4

Cl one- A

Pf Nek- 4

Cl one- A

Pf Nek- 4

Cl one- A

Pf Nek- 4

Cl one- A

Pf Nek- 4

Cl one- A

Pf Nek- 4

Cl one- A

Pf Nek- 4

Cl one- A

Pf Nek- 4

Cl one- A

Pf Nek- 4

Cl one- A

Pf Nek- 4

Cl one- A

Pf Nek- 4

Cl one- A

Pf Nek- 4

11

1

71

61

131

121

191

181

251

241

311

301

371

361

431

421

491

481

551

541

611

601

671

661

731

721

791

781

851

841

911

901

ATGAATAAATATGAAAAGAT TAGAGATATAGGAAAAGGAAAT TATGGAAATACAATACTT

AR AN AR NN RN RRNEANEARAARERAARY
ATGAATAAATATGAAAAGAT TAGAGATATAGGAAAAGGAAAT TATGGAAATACAATACT T

GITAGAGATCGAAAAAATGACCATTATGTAATGAAAATAATAAACATTTCACAAATGTCT

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
GATCGAAAAAATGACCAT TATGTAATGAAAATAATAAACAT TTCACAAATGT

CAGAAAGAAAAGAGGCAATGT TTAAAAGAAGT TGAATTATTATCCAAATTAAATCATCCT

R R R AR RN AN AN AR RNAERARERNY
CAGAAAGAAAAGAGGCAATGT TTAAAAGAAGT TGAATTAT TATCCAAATTAAATCATCCT

TTTATTGTAAAATATATTGAAAGT TATATTGAAGGGGATACACT TAGAATAGT TATGAAG

R A R R AR AR AR AR RN
TTTATTGTAAAATATATTGAAAGT TATATTGAAGGGGATACACT TAGAATAGT TATGAAG

CACTGTAAAGGAGGTGATTTATATCAT TACATCCAAAATAAAAAGAAACAAAATACGCCT

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
AAAGGAGGT GATTTATATCATTACATCCAAAATAAAAAGAAACAAAATACGCCT

ATAAAAGAAAAACGTATACTCATCTGGCTAACTCAAATATTAACTGCTCTTAAATTTCTT

R R N A RN RA RN
ATAAAAGAAAAACGT ATACT CATCTGGCTAACTCAAATATTAACTGCTCTTAAATTTCTT

CACTCAAATCATATTCTTCATAGAGATATGAAGT CTCTAAACATTTTAATAGACAGCGAT

AR R R AR R RN EARE RN
CACTCAAATCATATTCTTCATAGAGATATGAAGT CTCTAAACAT TTTAATAGACAGCGAT

AAAAGAGT TAGACTGTGCGATTTCGGAATATCTAAAGT TCTAGAAAATACT TTAGATTAT

RN AR RN AR ERARRRNERR Y
AAAAGAGT TAGACT GT GCGAT T TCGGAATAT CTAAAGT TCTAGAAAATACT TTAGATTAT

GCTAATACCTTAATAGGTACTCCTTATTATTTAAGT CCAGAATTATGTAAAGATAAAAAA

RN AN A AN AR AR
GCTAATACCT TAATAGGTACTCCTTATTATTTAAGT CCAGAAT TATGTAAAGATAAAAAA

TATAGIT TGGCCTTCAGATGTATGGGCAACTGGT TGTCTAATATATGAACTAGCCACTTTT

AR AR AR A NN ARRAENAAA AN
TATAGTTGECCTTCAGATGTATGGGCAACTGGT TGTCTAATATATGAACTAGCCACTTTT

AGAACCCCTTTTCATTCAACCAAAGGAATACAACAATTATGT TATAATATTAGATATGCT

RN AN AR AR RN AR R AR ERNERERAAY
AGAACCCCTTTTCATTCAACCAAAGGAATACAACAATTATGT TATAATATTAGATATGCT

CCAATACCTGATTTACCAAATATCTATTCAAAAGAACTTAATAACATTTATAAGAGCATG

R R RN AR NEARRNEEA RN
CCAATACCT GATTTACCAAATATCTATTCAAAAGAACT TAATAACATTTATAAGAGCATG

TTAATACGAGAACCAAGT TACAGAGCAACCGTACAACAATTGCTAGT TTCTGATATTGT G

RN AR AR AR AN AN NARREREANE Y
TTAATACGAGAACCAAGT TACAGAGCAACCGTACAACAATTGCTAGT TTCTGATATTGT G

CAGAGACAACTAAAATTACTGATTGAAGAAAAAAT CAGAGAAAAGCAAAGTATGAAAAAA

R R R R RN AN NN RRREARAARENEAAY
CAGAGACAACTAAAAT TACT GAT TGAAGAAAAAAT CAGAGAAAAGCAAAGTATGAAAAAA

CCTTTAAAAGAAAAGCCAGCTATTGAAAAT GAAAAT TCAGGAGCCAACGAACAAGAAGTA

R R RN A RN A AR
CCTTTAAAAGAAAAGCCAGCTAT TGAAAAT GAAAAT TCAGGAGCCAACGAACAAGAAGTA

AAAACATTACTTCTGGATGT TGTTGATACTTAA 943

|||||||||||||||||||||||||||||||||
AAAACATTACTTCTGGATGTTGTTGATACTTAA 933
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Appendix E2 PfNek-4 clone-B consensus sequence alignment

Cl one-B

Pf Nek- 4

Cl one-B

Pf Nek- 4

Cl one-B

Pf Nek- 4

Cl one-B

Pf Nek- 4

Cl one-B

Pf Nek- 4

Cl one-B

Pf Nek- 4

Cl one-B

Pf Nek- 4

Cl one-B

Pf Nek- 4

Cl one-B

Pf Nek- 4

Cl one-B

Pf Nek- 4

Cl one-B

Pf Nek- 4

Cl one-B

Pf Nek- 4

Cl one-B

Pf Nek- 4

Cl one-B

Pf Nek- 4

Cl one-B

Pf Nek- 4

Cl one-B

Pf Nek- 4
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ATGAATAAATATGAAAAGAT TAGAGATATAGGAAAAGGAAAT TATGGAAATACAATACTT

N R R N AR R AR RN AR NI
ATGAATAAATATGAAAAGAT TAGAGATATAGGAAAAGGAAAT TATGGAAATACAATACT T

GI TAGAGATCGAAAAAAT GACCATTATGTAATGAAAATAATAAACATTTCACAAATGTCT

R R A R A R AR A RN EEA RN RN
GTTAGAGATCGAAAAAAT GACCAT TATGTAATGAAAATAATAAACATTTCACAAATGT CT

CAGAAAGAAAAGAGGCAATGT TTAAAAGAAGT TGAATTATTATCCAAATTAAATCATCCT

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
CAGAAAGAAAAGAGGCAATGT TTAAAAGAAGT TGAATTAT TATCCAAATTAAATCATCCT

TTTATTGTAAAATATATTGAAAGT TATATTGAAGGGGATACACT TAGAATAGT TATGAAG

NN AN AR RN RARAAERRANERREAA A
TTTATTGTAAAATATATTGAAAGT TATAT TGAAGGGGATACACT TAGAATAGT TATGAAG

CACTGTAAAGGAGGT GATTTATATCATTACATCCAAAATAAAAAGAAACAAAATACGCCT

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
GTAAAGGAGGT GATTTATAT CATTACATCCAAAATAAAAAGAAACAAAATACGCCT

ATAAAAGAAAAACGTATACTCATCTGGCTAACTCAAATATTAACTCCTCTTAAATTTCTT

AR R R RN RNARRERAAERREARERAAEY
ATAAAAGAAAAACGT ATACT CATCTGGCTAACT CAAATATTAACTGCTCTTAAATTTCTT

CACTCAAATCATATTCTTCATAGAGATATGAAGT CTCTAAACATTTTAATAGACAGCGAT

AR RN RN AR AN AR AR R AR
CACTCAAATCATATTCTTCATAGAGATATGAAGT CTCTAAACAT TTTAATAGACAGCGAT

AAAAGAGT TAGACTGT GCGATTTCGGAATATCTAAAGT TCTAGAAAATACTTTAGATTAT

RN RN AN AR ERAA RNy
AAAAGAGT TAGACT GT GCGAT T TCGGAATAT CTAAAGT TCTAGAAAATACT TTAGATTAT

GCTAATACCTTAATAGGTACTCCTTATTATTTAAGT CCAGAATTATGTAAAGATAAAAAA

R RN AN RN AR REA RN
GCTAATACCT TAATAGGTACTCCTTATTATTTAAGT CCAGAAT TATGTAAAGATAAAAAA

TATAGI TGGCCTTCAGATGTATGGGCAACTGGT TGTCTAATATATGAACTAGCCACTTTT

AR AR AR A RN ARRAENAAA AN
TATAGTTGECCTTCAGATGTATGGGCAACTGGTTGTCTAATATATGAACTAGCCACTTTT

AGAACCCCTTTTCATTCAACCAAAGGAATACAACAATTATGT TATAATATTAGATATCCT

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
AGAACCCCTTTTCATTCAACCAAAGGAATACAACAAT TATGT TATAATATTAGATATGCT

CCAATACCTGATTTACCAAATATCTATTCAAAAGAACTTAATAACATTTATAAGAGCATG

R R R AR AR AR AN EE N EA A
CCAATACCTGATTTACCAAATATCTATTCAAAAGAACT TAATAACATTTATAAGAGCATG

TTAATACGAGAACCAAGT TACAGAGCAACCGTACAACAATTGCTAGITTCTGATATTGI G

AR AR R R AR RN AR RN NN
TTAATACGAGAACCAAGT TACAGAGCAACCGTACAACAATTGCTAGT TTCTGATATTGTG

CAGAGACAACTAAAATTACT GATTGAAGAAAAAAT CAGAGAAAAGCAAAGTATGAAAAAA

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
CTAAAATTACTGATTGAAGAAAAAAT CAGAGAAAAGCAAAGTATGAAAAAA

CCTTTAAAAGAAAAGCCAGCTATTGAAAAT GAAAAT TCAGGAGCCAACGAACAAGAAGT A

R R RN A RN A AR RN
CCTTTAAAAGAAAAGCCAGCTAT TGAAAAT GAAAAT TCAGGAGCCAACGAACAAGAAGTA

AAAACATTACTTCTGGATGT TGTTGATACTTAA 953

RN AR AN AN
AAAACATTACTTCTGGATGTTGTTGATACTTAA 933
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Appendix F Single-letter amino acid code

Table F1 Single-letter amino acid code.

Amino acid Abbreviation
Three-letter | Single-letter
Nonpolar (hydrophobic)
Alanine Ala A
Proline Pro P
Valine Val V
Leucine Leu L
Isoleucine lle I
Methionine Met M
Phenylalanine Phe F
Tryptophan Trp W
Polar, uncharged
Glycine Gly G
Serine Ser S
Threonine Thr T
Cysteine Cys C
Asparagine Asn N
Glutamine GIn Q
Tyrosine Tyr Y
Basic
Lysine Lys K
Histidine His H
Arginine Arg R
Acidic

Aspartate Asp D
Glutamate Glu E
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