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Summary 
 

According to the World Health Organization, malaria has been classified as 

one of the three most important infectious diseases in Africa. The number of 

malaria cases is still on the increase in various countries, such as Rwanda 

and Zambia, which highlights the fragility of malaria control and the need to 

maintain and improve control programs. An innovative strategy for developing 

new antimalarial agents is through targeting epigenetic regulatory 

mechanisms in the malarial parasite, Plasmodium falciparum. Histone post-

translational modifications (PTMs) are factors contributing to epigenetic 

regulation in P. falciparum parasites. The epigenetic regulatory enzyme, 

Lysine-specific demethylase 1 (LSD1), has the ability to remove methyl 

groups from mono- and dimethylated lysine residues and is a regulator of 

gene expression through the modulation of chromatin structure. Polyamine 

analogues have been described as epi-drugs that target cell cycle 

development by blocking epigenetic control mechanisms in mammalian cells. 

A library of polyamine analogues were tested in cancer cells and found to 

specifically inhibit LSD1. In addition, these analogues were shown to have 

antiplasmodial activity against a drug-sensitive parasite strain, with IC50 

values ranging from 88-100 nM but were metabolically unstable in vivo. In an 

attempt to overcome this in vivo hurdle, the leading compound was fluorinated 

at four different positions and tested for improved antiplasmodial activity and 

selectivity towards the parasites. Furthermore, the effect of the compounds on 

epigenetic regulatory mechanisms, through inhibition of LSD1 activity, was 

investigated. The analogues showed inhibition of parasite proliferation at low 

nanomolar concentrations and were very selective towards the parasites with 

low resistance indices. The leading compound showed reversible cytotoxicity 

towards parasite proliferation in addition to inhibitory activity against LSD1 

and therefore, epigenetic regulatory changes. The approach taken in this 

dissertation is novel as none of the currently available antimalarials target 

LSD1 and as such, adds valuable information to future perspectives for drug 

design. 
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1.1. Malaria as a parasitic disease 
The World Health Organisation (WHO) has ranked malaria as one of the most 

serious causes of death worldwide and the second most prevalent cause of 

death in Africa after HIV/AIDS. It affects people in 108 countries worldwide, 

causing ± 250 million clinical malaria cases annually (WHO, 2013).  

 

The five Plasmodia species causing malaria in humans are Plasmodium 

malariae, Plasmodium vivax, Plasmodium knowlesi, Plasmodium falciparum 

and Plasmodium ovale. As the most virulent of the Plasmodia species 

affecting humans, P. falciparum parasites, which is the source of about 85% 

of the malaria cases in Africa, cause the most medically severe form of 

malaria and is socio-economically debilitating. P. falciparum parasite 

resistance is rendering most of the currently used antimalarials ineffective in 

most parts of the world (Birkholtz et al., 2012).  

 

The parasite has an intricate life cycle and inhabits the female Anopheles 

mosquito vector and the human host. Due to the immense increase in 

parasite numbers during the intraerythrocytic developmental cycle (IDC) and 

the ability to quickly adapt to various environmental conditions for survival in 

both hosts, P. falciparum parasites have many unique life cycle control 

mechanisms.  

 

1.2. Intraerythrocytic developmental cycle of Plasmodium 
During the blood meal taken by an uninfected mosquito, mature gametocytes 

are transferred from the malaria carrier to the mosquito. These gametocytes 

develop into male and female gametes that fuse to produce a zygote in the 

stomach of the mosquito. The zygote undergoes rapid meiosis and develops 

into an oocyst, which matures into a motile ookinete. After 10-22 days, motile 

sporozoites develop, known as the infective parasite stage. They migrate to 

the salivary glands of the mosquito from where they are injected into the 

human host’s bloodstream. Within 30 min, the sporozoites infect the host’s 

hepatocytes, where they differentiate and mature intra-cellularly to form 

merozoites (Figure 1.1)(Tilley et al., 2011). 
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Hepatocyte lysis releases merozoites that infect healthy host erythrocytes and 

initiate the IDC (also known as erythrocytic schizogony/asexual life cycle), 

which is responsible for much of the disease pathology. The IDC, as depicted 

in Figure 1.1, spans about 48 hours. During this time, the parasite develops 

through ring, trophozoite and schizont stages, releasing an average of 20-32 

merozoites (daughter cells). These daughter merozoites can subsequently 

infect uninfected erythrocytes, leading to marked parasite loads within a few 

replication cycles. Mature gametocytes develop after 1-3 weeks of asexual 

cycling and they are responsible for the continued spread of malaria (Tilley et 

al., 2011). 

 

Invading merozoites (lemon shaped, Figure 1.1) contain a basally located 

nucleus, minimal cytoskeleton, secretory vesicles, ribosomes, mitochondria 

and a plastid. Uniquely, the merozoite surface is covered in a bristly coat used 

to attach to erythrocyte surfaces but the coat is “shed” after the merozoite 

enters the erythrocyte. During invasion, the composition and shape of the 

erythrocyte surface is changed by the release of compounds from the parasite 

rhoptries, micronemes and dense granules. The intraerythrocytic parasite 

develops within a parasitophorous vacuole, which is formed primarily from the 

secretion of the lipid-rich rhoptries. To optimise survival within the 

parasitophorous vacuole, the parasite is believed to export about 400 proteins 

such as kinases, adhesins and proteases that have a profound effect on 

remodelling the infected erythrocyte (Goldberg and Cowman, 2010). 

 

Within the trophozoites, the plastid and mitochondrion lengthens and the 

number of free ribosomes increases greatly. The endoplasmic reticulum 

enlarges and an unusual type of Golgi complex is present. Various 

membranous structures are referred to as Maurer’s clefts and their function is 

thought to be involved in trafficking of substances from the parasite to the 

erythrocyte and maybe vice versa. The schizont form of the parasite 

undergoes multiple rounds of nuclear division and ingests haemoglobin until 

late in the life cycle. 
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Figure 1.1: The life cycle of Plasmodium parasites. Released from the mosquito 
salivary glands, sporozoites move through the host bloodstream to the liver, where 
they develop into the schizont stage of the parasite life cycle. Hepatic schizonts 
release merozoites from ruptured hepatocytes, which infect healthy host 
erythrocytes. During the intraerythrocytic developmental cycle, the parasite matures 
through the ring, trophozoite and schizont stages to re-release merozoites with the 
ability to re-infect healthy erythrocytes. During the sexual differentiation of the 
parasites, male and female gametocytes mature through 5 stages of sexual 
development and are the mode of transmission to uninfected mosquitos (Griffith et 
al., 2007; JAMA 2007). Within the mosquito midgut, the male and female 
gametocytes fuse, forming an oocyst, which develops into a motile ookinete. The 
zygote forms mature sporozoites by means of rapid meiosis, which are transferred to 
the mosquito salivary glands, from where the re-infection process starts anew (Tilley 
et al., 2011).  

 

Haem, a toxic by-product of haemoglobin digestion, is complexed by 

biomineralisation into a non-toxic crystalline form known as haemozoin and it 

is retained in the food vacuole of the parasite (Pagola et al., 2000). 

Merozoites are formed within the schizont with the assembly of various 

organelles, starting at apical organelle formation and following a specific 

sequence of steps (Bannister et al., 2000). Many of these above mentioned 

are important to prevent the infection of other humans, and would 
benefit an eradication agenda. 

Artemisinin- based combination therapies (ACTs) are the cur- 
rent standard of care for uncompl icated malaria. Artemisinin (1,
Scheme 2) and its derivatives (2–4) have a fast onset of action 
but are cleared rapidly (human t1/2 !1 h),21 and are therefore com- 
bined with slow-clearing drugs to kill residual parasites. Typical 
partner drugs include lumefantrin e (5, human t1/2 = 3–4 days)22

and piperaquine (6, human t1/2 = 8–16 days).23 The most popular 
combination consists of tablets containing artemether (3, 20 mg)
and lumefantrin e (5, 120 mg) sold as Coartem™ (Novartis).24

Adults take four tablets twice a day for 3 days, 25 but compliance 
to this six-dose regimen is variable. 26 In 2011, the European Med- 
icines Agency (EMA) approved the combination of dihydroarte mis- 
inin (2) and piperaquine (6) which is taken once a day for 3 days 
(Eurartesim™, Sigma-Tau).27 The ACTs have supplanted the previ- 
ously recommend ed sulfadoxine–pyrimethamine (7/8, Fansidar™,
Roche), which in turn replaced chloroquine (9). Parenteral artesu- 
nate (4) is the drug of choice for severe malaria. 28

For the liver stages, primaqui ne (10, Scheme 3) is the only drug 
approved to eliminate hypnozoites. As for prophylactic treatment, 
atovaquone –proguanil (11/12) (Malarone, GlaxoSmith Kline) is 
usually preferred because it is well tolerated, but is expensive. Inci- 
dentally, proguanil is a pro-drug , of which cycloguanil (13) is the 
active metabolite. For the transmission stages, primaquine (10) is 
the only registered drug active against the mature gametocyte .39

Resistance against the many existing antimalarial s is well doc- 
umented,45 and especially troubling is the emerging resistance to 
artemisinin s. 45–48 Combining drugs can limit the emergence of 
resistance, but this technique is not infallible . For instance, in parts 
of Cambodia, the proportion of patients who were still parasitemic 
after 3 days of treatment with the dihydroartemis inin–piperaquine 
combination increased from 26% in 2008 to 45% in 2010. 49 The
problem of drug resistance requires new drugs. The challenge is 
that drug resistance is not the only feature. New, innovative drugs 
should also (i) be fast acting, (ii) be safe for children and pregnant 
women, and (iii) ideally be amenable to a single-dose administra- 
tion. An example of how difficult it is to combine all these features 
is seen in mefloquine. It is the only registered drug effective in a

single dose (14, Scheme 4, human t1/2 = 2–4 weeks, adult do- 
se = 1250 mg);50 however , drug resistance is problemati c. 51 Simi-
larly, the only marketed antimalarial drug combination effective 
as a single dose is sulfadoxine–pyrimethamine, but it also suffers 
from drug resistance. 45,52,53

Artemisini n is commerc ially produced by extraction from sweet 
wormwood (Artemisia annua ) at a cost of $400–1100/kg. A recent 
alternativ e production method involves a yeast fermentation pro- 
cess that delivers the biosynthetic precursor artemisinic acid (15,
Scheme 5, Amyris). The latter is converted to artemisinin in 62% 
yield using a photochemical oxidation process being impleme nted 
by Sanofi.54 An independent group adapted the process to a contin- 
uous flow reactor, better suited for conducting photoche mistry at 
an industrial scale, thus potential ly reducing production costs. 55

In addition, Zhu and Cook published a remarkably concise synthe- 
sis of (+)-artemisinin, where cyclohexenone is converted in only 

O Me

H Me

O
Me OO

O
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EC50 = 15 nM (Dd2)

O Me
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O
Me OO
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H

2: Dihydroartemisinin: R = H
3: Artemether: R = Me
4: Artesunate: R = -CO-CH2-CH2-CO2

-

EC50 = 3.1 nM (K1), ED50 = 6.2 mg/kg/day

5: Lumefantrine
EC50 = 0.45 nM (W2)
ED99 = 18 mg/kg

Cl

Cl Cl

Bu2N OH

N

Cl

N
N

N

Cl

N
N

6: Piperaquine
EC50 = 12.5 nM (W2)
ED50 = 4.5-6.4 mg/kg

N

NH2N

NH2
Cl

8: Pyrimethamine
EC50 = 20-23 nM (3D7)
ED90 = 0.88 mg/kg/day

S
O

O
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N
N
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OMeH2N

7: Sulfadoxine
EC50 = 30 nM (3D7)

NCl

HN

Me

9: Chloroquine
EC50 = 19 nM (3D7), 49 nM (W2)
ED50 = 1.9-3.4 mg/kg/day

NEt2

Scheme 2. Current standard of care (artemisinin derivatives, combined with 
lumefantrine or piperaquine) and previous first-line therapies (sulfadoxine–pyri-
methamine and chloroquine). In vitro potency data (EC50 values) are reported for 
proliferation assays using different strains of P. falciparum that are either drug- 
sensitive (3D7) or multi-drug resistant (Dd2, K1, W2). The in vivo efficacy data 
(ED50 and ED 90 values) are reported for rodent models of malaria. Data are reported 
for artemisinin, 29 artesunate,29,30 lumefantrine,31,32 piperaquine,31,33 sulfadoxine,34

pyrimethamine,35,36 and chloroquine. 29,37,38

Scheme 1. Plasmodium life cycle. Liver, blood (= erythrocytic), transmission, and 
mosquito stages. See text for details. 

2830 M. A. Biamonte et al. / Bioorg. Med. Chem. Lett. 23 (2013) 2829–2843
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unique parasite survival tactics have been exploited as antimalarial drug 

targets. 

 

1.3. Multifaceted malaria control 
Due to the alarming rate of P. falciparum drug resistance development, 

including the recent detection of parasite resistance to artemisinin (mainline 

antimalarial chemotherapy) at the Thai-Cambodia border (Yeung et al., 2009), 

drug development and novel drug target identification remains essential to 

sustained malaria control endeavours. Due to the complex nature of malaria 

as a disease, three main approaches to disease elimination and eradication 

are focussed on: 1) vector control, 2) vaccines and 3) chemotherapy. 

 

Current vector control attempts are based on insecticide treated bed nets (IT 

Ns) and indoor residual spraying (IRS), both mostly using a single class of 

insecticides known as pyrethroids. These are used because they are 

economical, have a long residual effect, show low toxicity towards humans 

and have a quick knockdown effect (Calderón et al., 2013). Needless to say, 

novel insecticides are required for improved vector control. Furthermore, 

vaccines are mostly still in development stages. A leading vaccine candidate 

currently in the pipeline (phase III clinical trials) is a fusion protein of both P. 

falciparum and Hepatitis B surface antigens combined with a potent adjuvant 

(Calderón et al., 2013). Other vaccine candidates are thought to be 5-10 

years behind the above mentioned candidate (Calderón et al., 2013). 

 

1.4. Antimalarial drug discovery and development 
As vaccines and vector control compounds progress through clinical trials, the 

central strategy to malaria control remains treatment of disease symptoms, 

reducing morbidity and mortality. Novel antimalarial chemotherapy must 

preferably have a rapid onset of action in a single dose, address drug-

resistance problems and be safe for use in children and pregnant women 

(Maser et al., 2012). Owing to the complex parasite life cycle, various hosts 

and quick adaptation responses of malaria parasites, drug discovery targeting 
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all the life stages is a key aspect for malaria eradication. The four stages that 

need to be considered on for drug discovery are the liver stage, the blood 

stage, the transmission stages and the mosquito stages, as depicted in Figure 

1.1 (Biamonte et al., 2013).  

 

The best current antimalarial chemotherapy approach to malaria treatment is 

the use of artemisinin combination therapies (ACTs). Artemisinin is used for 

its fast acting treatment of disease symptoms but it has a short half-life. 

Therefore, artemisinin is combined with slow clearing drugs (E.g. 

lumefantrine) to act on residual parasites. The mode of action of artemisinin is 

thought to involve the cleavage of a peroxide bond by Fe2+ in haem proteins, 

thereby generating oxygen radicals, which are toxic to the parasite. 

Artemisone, currently in phase II trials, provides a single dose cure in 

monkeys whereas the combination of artemisinin and napthoquine are in 

phase III trials, showing promise as a single dose cure (Félix et al., 2013).  

 

ACT treatments replaced the combination therapy of sulfadoxine-

pyrimethamine, which supplanted chloroquine. Chloroquine interferes with the 

development of haemozoin crystals in the digestive vacuole of the parasites, 

resulting in toxic haem created during haemoglobin digestion. Resistance to 

chloroquine is now found all over the world, due to various mutations in the 

chloroquine resistance transporter, which allows for an increased efflux of 

chloroquine to the cytosol from the acidic digestive vacuole of the parasites. A 

drug called ferroquine is currently undergoing phase II clinical trials as it 

shows promising results against chloroquine-resistant phenotypes, 

accumulating in their digestive vacuoles (Biamonte et al., 2013).  

 

In terms of folate pathway enzymes as validated drug targets, novel structure-

based designs have developed compound P218, which overcomes all 

clinically relevant dihydrofolate reductase mutations, inhibiting nucleic acid 

synthesis (Biamonte et al., 2013). Compounds DSM265 and DSM190 (Phase 

I clinical trials) are both bioavailable and have nanomolar in vitro activity. Their 

mode of action seems to be de novo pyrimidine synthesis inhibition, via 

inhibition of dihydroorotate dehydrogenase (Biamonte et al., 2013).  
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Looking at the antimalarial pipeline, two compounds – spiroindolones and 

albitiazolium – are progressing through phase II trials with noteworthy results. 

As a replacement to preventative treatments, spiroindolones have been found 

to target the PfATPase4 cation channel, disturbing Na+ homeostasis within 

the parasite. Albitiazolium mainly targets the transport of choline into the 

parasites. Choline is required for the synthesis of phosphatidylcholine, which 

is the main lipid in the cell membranes of parasites. This compound has been 

found to accumulate irreversibly in the parasite and a single-dose cure seems 

to be possible (Biamonte et al., 2013).  

 

On-going drug discovery ventures are looking for structurally distinct 

compounds and antimalarials with a distinct, novel mode of action (Calderón 

et al., 2013). Founded in Switzerland, the Medicines for Malaria Venture 

(MMV) is a non-profit organisation driven to decrease the burden of malaria in 

disease-endemic countries by discovering new, effective and affordable 

antimalarials. An online global malaria medicine portfolio, designed by MMV, 

is updated every three months and accessible to all who are interested in 

antimalarial research. Furthermore, for successful future antimalarial ventures 

MMV has created guidelines. These include expectations that the possible 

novel antimalarial compounds must have 50% effective concentration (EC50) 

values smaller than or equal to 10 nM, a parasite reduction rate faster than 

artemisinin derivatives and a single-digit mg/kg activity of the 90% eradication 

dosage (ED90) in P. falciparum infected SCID mice (Burrows et al., 2014). 

Additionally, an MMV box set containing 400 compounds with antimalarial 

activity against the asexual P. falciparum stage was constructed and made 

available free of charge (Wells et al., 2009). The MMV box set aims at 

discovering the targets and modes of action of these known active 

compounds. 

 

An important part of eventual malaria elimination and eradication is the design 

of compounds that are able to inhibit both the progression of parasites to 

sexual development as well as the transmission of the parasites from the 

mosquito to the host. Current transmission blocking agents are being 

narrowed down to compounds targeting the later stages (especially stage V) 
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of gametocyte maturation, as this is the stage taken up by the mosquito vector 

(Biamonte et al., 2013). Currently, only primaquine is recommended for use 

targeting hypnozoites and mature gametocytes of all malaria species. The 

mechanism of action of primaquine is not yet understood, but active 

metabolites are thought to destroy the mitochondrial structures of the 

parasites. However, primaquine cannot be used by individuals with glucose-6-

phosphate dehydrogenase deficiency as it will cause haemolytic anaemia, 

therefore, it is not widely used. Other than primaquine, methylene blue 

(monoamine oxidase inhibitor) has recently been discovered to inhibit 

gametocytes of all stages, abolishing almost all transmission to mosquitoes at 

concentrations acceptable to humans (Biamonte et al., 2013). However, there 

are a number of other compounds (E.g. Ketotifin and epoxomicin) targeting 

gametocytes, which are currently being studied (Biamonte et al., 2013; Wells 

et al., 2009).  

 

As not enough information is yet available on the epigenetic factors and 

enzymes as potential drug targets, research in this specific area is currently a 

hot topic for malaria drug design and development. Epigenetic factors are 

important for the cycling of parasites through their complex life cycle, 

providing novel targets such as histone acetyl transferases and histone 

deacetylases (Biamonte et al., 2013). In the following section, epigenetics and 

epigenetic drug targets in P. falciparum parasites will be discussed in more 

detail. 

 

1.4. Epigenetics in P. falciparum parasites 
Various types of regulatory mechanisms are engaged by P. falciparum 

parasites to sustain the intricate and rapid transitions between morphological 

states and long-term antigenic variations, which allow for parasite survival and 

proliferation. These regulatory mechanisms include transcriptional and post-

transcriptional regulation of gene expression, post-translational protein 

modification and translational repression among others (Merrick and 

Duraisingh, 2010). 
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Epigenetics defines the heritable changes of the phenotype or gene 

expression patterns in a cell, which occurs through mechanisms other than 

changes in the underlying DNA sequence and do not depend on different 

environmental conditions (Cui and Miao, 2010, Merrick and Duraisingh, 2010, 

Cortes et al., 2012; Duffy et al., 2014). Epigenetics is an important regulator of 

three components within the malaria parasite’s biology: 1) the changes in 

gene expression, which occur during the IDC, 2) sexual and morphological 

changes and 3) the variant expression of gene families involved in virulence 

processes (Merrick and Duraisingh, 2010). The above components are 

synchronised by three primary mechanisms of epigenetic regulation in malaria 

parasites (Figure 1.2): 1) at a higher organisation level, which involves nuclear 

organisation, 2) at chromatin level and 3) at nucleosome level (Hoeijmakers et 

al., 2012). 

 

The chemical modifications of DNA bases (Figure 1.2 - a) occurs frequently in 

eukaryotes, but has not been discovered in P. falciparum parasites (Trelle et 

al., 2009). Similarly, in eukaryotes, the core histones are separated by a linker 

histone (H1), which is not present in P. falciparum (Duffy et al., 2012). The 

absence of H1 is correlated with the lack of higher-order organisation of P. 

falciparum nuclear DNA (Cui and Miao, 2010). Nucleosome-level regulation 

(Figure 1.2 - b) is influenced by: 1) post-translational modifications (PTMs), 2) 

variant histone proteins and 3) nucleosome stability. All three processes affect 

the nucleosome in terms of its composition, properties and/or placement 

(Hoeijmakers et al., 2012). Chromatin-level epigenetic regulation (Figure 1.2 - 

c) denotes chromatin-associated proteins involved in the conversion of 

euchromatin to heterochromatin and vice versa, by means of the recruitment 

of chromatin remodelers and transcription factors, which affect changes in 

chromatin structure. It also associates non-coding RNA molecules with gene 

silencing and the higher-order packaging of chromatin. Higher organisation-

level regulation (Figure 1.2 - d) signifies the organised storage of chromatin 

within the nucleus.  
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Figure 1.2: Four primary levels of epigenetic regulation. Plasmodium parasites 
apply three levels of epigenetic regulation, namely nucleosome level (b), chromatin 
level (c) and higher organisation-level (d). DNA-level epigenetic regulation (a) DNA 
modification has not been observed within Plasmodium parasites. Each level of 
regulation consists of different mechanisms, indicated in bold (i-v). Figure adapted 
from (Hoeijmakers et al., 2012).  
 

 

and non-coding RNA appear to work together to establish
and maintain P. falciparum heterochromatin. Even so, the
specific contributions of each of these factors, and the
identity of other factors potentially required to establish,
maintain, and confine silent heterochromatic regions
to !10% of the P. falciparum epigenome, remain to be
determined.

Euchromatin: the land of opportunities
The majority of the P. falciparum genome resides in a
transcription-permissive euchromatic state [8]; at least for
the last half of the intra-erythrocytic cycle [19]. This is
hallmarked by the presence of several classical ‘active’

Box 1. Epigenetics: a myriad of interconnected mechanisms

Eukaryotic DNA is packaged together with proteins and RNA in a
complex structure termed chromatin. The composition and char-
acteristics of chromatin influence every mechanism acting on the
DNA, and therefore stands at the cradle of eukaryotic life. The
building block of chromatin is formed by the nucleosomes,
consisting of eight histone proteins wrapped by !147 bp of DNA
(reviewed in [61]). Epigenetic processes can act on DNA directly (the
DNA level), on individual nucleosomes (the nucleosome level), and
also on assemblies of nucleosomes (the chromatin level), and
higher-order structures (the higher-organization level) (Figure I).
Although this separation into distinct ‘levels’ is valuable from an
educational perspective, it is imperative to realize that these levels
are highly interconnected, and mechanisms modulating one aspect
are likely to influence more characteristics of the chromatin.

The DNA level (a). Chemical modification of the bases of DNA
occurs frequently in eukaryotes. Methylation of CpG dinucleotides
(the best-studied DNA modification) is generally associated with
silencing and compaction of the chromatin [62].

The nucleosome level (b). Three main processes can be distin-
guished that influence individual nucleosomes with respect to their
composition, properties, and/or placement. Post-translational mod-
ification (i) of N-terminal histone tails can either influence the
properties of nucleosomes directly (e.g., acetylation of lysine
residues in histone tails neutralizes their positive charge, thereby
decreasing the strength of interaction with the negatively charged
DNA), or indirectly via the recruitment of specific ‘effector’ proteins
[63]. In addition, nucleosome properties can be altered by the
incorporation of variant histone proteins (ii) [64]. These histone
variants often display different characteristics, acquire or lack
specific PTMs, and can recruit particular ‘effector’ complexes
resulting in distinct functions. The presence of particular PTMs or
the incorporation of variant histones can result in an altered stability
of the nucleosome (iii), thereby enhancing nucleosome displace-
ment or influencing the residence time of the histone octamer on
the DNA and the ‘exposure’ of the underlying sequence. Hence,
nucleosome stability or turnover greatly affects accessibility to DNA-
binding proteins such as transcription factors (TF) [52]. Similarly,
positioning of nucleosomes (iii) on top of or directly adjacent to TF-
binding sites, as well as active nucleosome eviction from these sites
(iii), results in masking or exposure of sequences for TF binding [2].

The chromatin level (c). Active chromatin (euchromatin) is
generally loosely spaced by nucleosomes, whereas inactive hetero-
chromatin can be compacted into tight structures, which limit the
accessibility of DNA to other factors [61]. Both types of chromatin
harbor specific sets of chromatin-associated proteins (iv) that
orchestrate the desired epigenetic activities and mediate different
biological outputs [17]. In addition to proteins, the genome can be
scaffolded by short or long non-coding RNA molecules (v), which
are often involved in gene silencing and higher-order packaging of
the chromatin [65].

Higher organization (d). Chromatin is not randomly placed in the
nucleus, but is instead stored in a highly organized manner. Regions
with similar functions tend to cluster via chromosome looping to

one or more nuclear subcompartments, and this is crucial to their
function [3,53–55].

(a) DNA-level -DN A modifica!ons

(b) Nucleosome-level

Acetyla!on
methyla!on
phosphoryla!on
sumoyla!on
ubiqui!nyla!on

(i) Histone modifica!ons

(ii ) Histone exchange

H2A vs H2A.Z
H2B vs H2B.Z
H3 vs CenH3
H3 vs H3.3

(c) Chroma!n-level

(iv) Recruitment of chroma!n -
associated proteins

(v) Associa!on with ncRNAs

(d) Higher organisa!on-level
Nucleus

Pericentric
heterochroma!n

NucleolusChromosome
looping

Chromosome
looping

Present in Plasmodium ?

No DNA modifica!on has been observed [66]

>50 histone PTMs were iden!fied [16, 67,
68–69] 

4 histone variants are encoded [67,70]

H2A.Z/H2B.Z-nucleosomes have reduced 
stability (W.A.M. Hoeijmakers, R. Bar"ai, and 
H.G. Stunnenberg, unpublished data)

High-quality nucleosome posi!ons remain to 
be determined (see Box 3)

Nucleosome evic!on remains to be studied

Numerous puta!ve chroma!n-associated 
proteins were iden!fied (see main text for 
discussion on specific features), but much 
remains to be done to characterize each 
factor

ncRNAs were detected (see main text)

Higher-order chroma!n organisa!on and 
nuclear compar!men!liza!on has been 
observed (see main text), although a 
high-resolu!on picture s!ll awaits detailed 
inves!ga!on

(iii) Nucleosome dynamics

Stability/turnover
(re)posi!oning
deposi!on/evic!on

3D nuclear organisa!on & chroma!n looping

TRENDS in Parasitology 

Figure I. Epigenetic mechanisms in Plasmodium and beyond. Four primary
levels of epigenetic regulation can be distinguished, which are illustrated in the
left part of this figure (a–d). The different mechanisms acting at each level are
in bold (i–v). Chromatin features are included as follows: DNA (gray lines),
transcription factor binding site (red DNA), canonical nucleosomes (light-blue
balls with DNA), histone variants (colored quartiles in nucleosomes – purple,
green, red, yellow), histone PTMs (blue and pink circles), differential stability
(various degrees of transparency), chromatin-associated proteins (colored
circles/rounded squares), and non-coding RNA molecules (blue wavy lines).
The right side of the figure provides an overview of which mechanisms have
been identified and to what extent they have been characterized in the malaria
parasite Plasmodium. Red circle, not detected; orange question mark,
potentially involved but poorly characterized; green v, identified and
characterized to some extent. References are indicated in the figure [16,66–70].
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Regions of similar functions tend to cluster to nuclear sub-compartments via 

chromosome looping (Hoeijmakers et al., 2012). Each level of P. falciparum 

parasite epigenetic regulation is discussed in more detail individually, in the 

sections to follow. 

 

1.4.1. Higher organisation-level epigenetic regulation  
About 10% of the P. falciparum parasite genome resides in a heterochromatic 

state and 90% resides in the transcription-permissive euchromatic state 

(Figure 1.3) (Hoeijmakers et al., 2012). Each state is marked by classic 

“silent” or “active” post-translational marks, respectively (Section 1.4.3). 

Parasite chromatin undergoes stage-specific packaging changes during 

cycling through the IDC, and nuclear organisation affects gene expression as 

well as gene positioning, thereby affecting transcriptional regulation. This 

affects the movement of silenced genes from compact heterochromatin to 

less condensed euchromatin, permitting access to transcription machinery. 

Furthermore, the combination of heterochromatin/euchromatin spatial 

organisation within the nucleus could be changed and adapted according to 

processes activated (Weiner et al., 2011, Sims et al., 2009). 

 

Studies show that during the parasite ring stage, there is no clear distinction 

between heterochromatin and euchromatin, which correlates to the low 

transcription levels observed during this stage. During the parasite trophozoite 

stage, heterochromatin is scattered throughout the nucleoplasm and is 

interspersed with euchromatin, but during the parasite schizont stage, there is 

a clear distinction between heterochromatin and euchromatin (Figure 1.3). 

The changes here correlate with transcriptome changes in processes involved 

in survival, metabolic functions and specialised re-infection functions such as 

egress and re-invasion (Weiner et al., 2011, Sims et al., 2009). The high level 

of transcription during both trophozoite and schizont stages correlates to the 

presence of euchromatin.  
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Figure 1.3: P. falciparum parasite heterochromatin and euchromatin. There are 
two functional chromatin forms. Heterochromatin is condensed, transcriptionally 
silent whereas euchromatin is relaxed, transcriptionally active. Heterochromatin 
prevents access to chromatin remodelers, whereas access is granted by 
euchromatin. Chromatin remodelers include ATP-dependent remodelers, histone 
modifying enzymes and specialised macromolecular compounds. These molecules 
are important for maintaining the respective heterochromatin and euchromatin states 
(Croken et al., 2012). 

 

1.4.2. Chromatin-level epigenetic regulation  
The genome of P. falciparum is 23.26 Mbp in size, encodes more than 6000 

genes and is organised into 14 chromosomes (Hernandez-Rivas et al., 2010, 

Salcedo-Amaya et al., 2009). Chromatin-level epigenetic regulation involves a 

conserved collection of chromatin-associated remodelers as well as an 

association with non-coding RNA. A low level of recognised transcription 

factors are affected, even though the parasite directs a tightly regulated 

transcriptional program (Cui et al., 2008a).  

 

An under-studied but potentially significant mechanism
of epigenetic regulation is structure-based epigenetic in-
heritance, wherein epigenetic inheritance is via a self-
perpetuating spatial or protein structure. Several studies
have reported unique nuclear localization of specialized
regions of chromatin: Toxoplasma gondii centromeres [3],
Plasmodium falciparum active and silenced var genes [4–
6] and Trypanosoma brucei VSG expression sites [7]. The
assembly and propagation of nuclear architecture is likely
to be a fruitful area of investigation in protozoan parasites

and may also represent an additional mechanism of epige-
netic gene regulation.

Epigenetic gene regulation most frequently refers to
gene regulation achieved by changes in chromatin struc-
ture. Modification of chromatin results in changes in the
accessibility of chromatin to transcriptional complexes and
polymerases. Either DNA or the proteins associated with
DNA, chiefly histones, may be post-translationally modi-
fied to yield euchromatin (loose, accessible) or heterochro-
matin (compact, inaccessible) (Figure 1). Advances in
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Figure 1. Heterochromatin and euchromatin. Chromatin consists of heterochromatin and euchromatin. Heterochromatin is compact with characteristic histone PTMs that
prevent the access of RNA polymerase and transcription factors. Heterochromatin frequently is maintained or established with the cooperation of microRNAs, and these
mechanisms may be operative in maintenance of centromeric heterochromatin in the Apicomplexa [93]. For simplicity in this diagram, chromatin remodelers are depicted
as histone-modifying enzymes, but would include ATP-dependent remodelers, histone-modifying enzymes and other specialized macromolecular complexes which are
important for maintaining a heterochromatin or euchromatin state. Euchromatin, an open chromatin state, is also maintained by macromolecular complexes that enable
access of sequence-specific transcription factors and the RNA polymerase complex. In parasites, the sequence of events and components of these complexes is not known,
although orthologs of similar complexes are present in yeast and mammals.

Box 1. Mechanisms of epigenetic regulation

Chromatin
DNA modification E. histolytica (DNA methylation) [83], T. brucei (DNA methylation) [81],

Kinetoplastids (DNA glycosylation) [85]

Histone post-translational modifications All eukaryotes
RNA-based heterochromatin maintenance Plasmodium? [92,93], Toxoplasma? [36]
RNA
RNA interference T. brucei, E. histolytica, G. lamblia, T. gondii [1,94]
Protein
Structural/protein based T. brucei? [7], P. falciparum? [4–6], T. gondii? [3]

Review Trends in Parasitology May 2012, Vol. 28, No. 5
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1.4.2.1. ATP-dependent chromatin remodelers 
Chromatin remodelers are protein complexes with the ability to alter 

nucleosome structure and composition, leading to changes in nucleosome 

composition and affecting the access of transcription factors and RNA 

polymerases to the nucleosomes (Croken et al., 2012). The ATP-dependent 

chromatin remodelers also conduct the post-replicative replacement of 

canonical histones with histone variants. As an example, the SWI2/SNF2 

family of protein complexes play a role in mobilising nucleosomes along DNA 

strands by receiving energy from ATP hydrolysis. Although the functions of 

this family are not well understood, P. falciparum parasites contain at least 

eleven SWI2/SNF2 ATPases (Lopez-Rubio et al., 2007). The global 

positioning of nucleosomes during the IDC of P. falciparum seems to be quite 

stable. However, changes in chromatin structure and nucleosomal occupancy 

at promoters are associated with var gene activation. Therefore, SWI2/SNF2 

ATPases might play a role in antigenic variation (Westenberger et al., 2009). 

 

1.4.2.2. Transcription factors 
To date, few transcription factors have been identified and/or experimentally 

verified in parasitic protozoa. A plant-like transcription family known as AP2 

has been identified in P. falciparum parasites and they are sequence-specific 

regulators of gene expression, acting directly or indirectly with chromatin 

remodelers (e.g. PfGCN5). Some PfAP2 transcription factors are involved in 

epigenetic regulation via heterochromatin formation, genome integrity of sub-

telomeric regions and targeting of silenced var genes to heterochromatin rich 

clusters (Croken et al., 2012). Other transcription factors identified are Pfmyb1 

(involved in the IDC) and two non-sequence specific transcription factors 

containing the mobility group box (HMGB) motif (involved in the IDC and 

sexual stages) (Gomez et al., 2010). 

 

1.4.2.3. Non-coding RNA 
Non-coding RNA (ncRNA) molecules do not encode proteins but associate 

with chromatin, often recruiting repressive histone modifying complexes 

(Hoeijmakers et al., 2012). Although the topic of ncRNAs enforcing epigenetic 
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regulation is still controversial in Plasmodium, recent evidence shows that 

long ncRNAs are associated with P. falciparum centromeres. ncRNA could be 

involved in telomeric silencing in the absence of a functional RNA interference 

(RNAi) system. Proposed methods of silencing include stalling polymerases 

or the formation of RNA duplexes preventing translation (Merrick and 

Duraisingh, 2010). The dynamics of the chromatin state is affected by the 

synergistic and antagonistic relationships formed between the histone PTMs 

and the chromatin-associated proteins, who also have the ability to bind more 

than one histone PTM (Cui and Miao, 2010). 

 

1.4.3. Nucleosome-level epigenetic regulation 
Epigenetic regulation at nucleosome level affects the composition, position 

and placement of these chromatin-packaging structures. The two factors 

influencing individual nucleosome epigenetic regulation are discussed in more 

detail below. 

 

1.4.3.1. Variant histones and nucleosome stability 
Variant histones have similar but not identical amino acid sequences to 

canonical histones, creating structurally and functionally specialised chromatin 

domains (Petter et al., 2013). They are incorporated into the genome in a 

replication-independent manner (ATP-dependent chromatin remodelers), 

carry different modifications and have distinct functions (Hoeijmakers et al., 

2012). The presence of histone variants has been found to reduce 

nucleosome stability (Hoeijmakers et al., 2012) but facilitates access of 

transcription factors, promoting transcription.  

 

Research has shown that the variant H2A.Z is associated with a 

transcriptional permissive state due to predominantly being acetylated, 

possibly recruiting histone modifying complexes (Bartfai et al., 2010). The 

double-variant nucleosomes (H2A.Z/H2B.Z) display reduced nucleosome 

stability in P. falciparum parasites and provide a transcriptionally permissive 

environment, which is concurrent with the pattern of acetylated PTMs found 

on these nucleosomes (Hoeijmakers et al., 2012). 
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1.4.3.2. Histone post-translational modifications 
Nucleosomes consist of DNA wrapped around an octamer of histones (Figure. 

1.4). This octamer is composed of two copies of each of the core canonical 

histones (H2A, H2B, H3 and H4) (Munshi et al., 2009) and four variant 

histones namely, H2A.Z, H2Bv, H3.3 and the centromere specific H3 (CenH3) 

variant (Miao et al., 2006, Gill et al., 2010).  

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 1.4: Four canonical histones of P. falciparum parasites and their post-
translational modifications (PTMs). The four canonical histones form the 
nucleosome, which is the repeating unit structure of chromatin. The histones tails are 
subject to an array of PTMs such as methylation [Me], acetylation [Ac], and 
ubiquitination [Ub]. The PTMs are catalysed by various enzymes (PfGCN5, PfSET1, 
PfSET2, PfCARM1, PfPRMT1, PfMYST, and PfSET8) (Cui and Miao, 2010, Shechter 
et al., 2007). The PTMs are a form of epigenetic regulation, which is an important 
factor in cycling the parasites through a complex life cycle. 

 

Each histone octamer consists of a globular C-terminal domain (mediates 

histone-histone interactions) and dynamic N-terminal tails. These tails are rich 

in basic amino acids (lysine and arginine) and extend outwards from the 

nucleosome surface (Munshi et al., 2009). It is primarily on these N-terminal 

tails that PTMs occur (Sullivan et al., 2006). The PTMs affecting histones 

29). Treatment with 20 !M anacardic acid for 12 h induced
2-fold or greater changes in the expression of "5% of genes in
P. falciparum trophozoites, among which 76% were downregu-
lated (29). Another HAT protein, PfMYST (PF11_0192), with
homology to the yeast protein ESA1, is also an essential gene
in the malaria parasite (J. Miao et al., unpublished data). The
recombinant PfMYST prefers to acetylate histone H4 at K5,
K8, K12, and, to a lesser extent, K16. PfMYST is involved in
regulating the parasite cell cycle, and overexpression of this
enzyme results in a defect in schizogony of the parasite. Two

other HATs, PFL1345c and PFD0795w are probably the ho-
mologues of elp3 and Hat1 (a type B HAT), respectively.

In addition to HATs, three classes of histone deacetylases
(HDACs) have been identified in P. falciparum. PfHDAC1
(PFI1260c) is a class I enzyme homologous to yeast Rpd3 and
is a nuclear protein (79). PF14_069 and PF10_0078 are provi-
sionally assigned to class II HDACs (68). HDACs have been
evaluated as promising drug targets, and many HDAC inhib-
itors possess potent antimalarial activities (1). The HDAC
inhibitor apicidin, which may affect both class I and II HDACs
in the parasite, causes profound transcription changes in the
parasite, and deregulation of transcription is evident at as early
as 1 h posttreatment (18). Similar to the observation with the
more specific HDAC inhibitor FR235222 in T. gondii (11),
apicidin induces expression of stage-specific genes that are
otherwise suppressed during that particular stage of the
intraerythrocytic development cycle (IDC) in P. falciparum.
Two class III enzymes, PfSir2A (PF13_0152) and PfSir2B
(PF14_0489), also named sirtuins, have received considerable
attention because of their roles in regulating the mutually
exclusive expression of var genes. In vitro, PfSir2A catalyzes
NAD#-dependent deacetylation of a number of acetyllysine
peptides, including H3 and H4, and also shows ADP-ribosyl-
transferase activity on all histones (56, 107). The two PfSir2
paralogues are required for silencing the different var gene
promoter subsets. PfSir2A plays a more significant role in

FIG. 1. Schematic drawing of a nucleosome with the four canonical histones (H3, H4, H2A, and H2B) in P. falciparum. The covalent PTMs
of the histone tails (methylation [Me], acetylation [Ac], and ubiquitination [Ub]) and enzymes catalyzing the addition of the PTMs (PfGCN5,
PfSET1, PfSET2, PfCARM1, PfPRMT1, PfMYST, and PfSET8) are highlighted. PTMs on the tails of variant histones are listed in Table 1.

TABLE 1. Summary of PTMs identified on P. falciparum histones
Histone PTM(s)a

H2A...................N-term-ac, K3ac, K5ac
H2B ...................K112ub
H3......................K4me, K4me2, K4me3, K9ac, K9me, K9me3, K14ac,

K14me, R17me, R17me2, K18ac, K23ac, K27ac,
K36me3, K56ac, K79me3

H4......................N-term-ac, R3me, R3me2, K5me, K5ac, K8ac,
K12ac, K12me, K16ac, R17me, K20me, K20me2,
K20me3

H2A.Z...............N-term-ac, K11ac, K15ac, K19ac, K25ac, K28ac,
K30ac, K35ac

H2Bv .................N-term-ac, K3ac, K8ac, K13ac, K14ac, K18ac, T85ph
H3.3...................K4me, K4me2, K4me3, K9ac, K14ac, R17me,

R17me2, K18ac, K23ac, K27ac
a Bold indicates PTMs identified by antibodies only.

1140 MINIREVIEWS EUKARYOT. CELL
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result in the remodelling of chromatin into either euchromatin (accessible) or 

heterochromatin (inaccessible). Specialised adaptor proteins, known as 

“chromatin readers” bind the modifications, which are created by enzymes 

referred to as “chromatin writers”. Together, the actions of the chromatin 

readers and writers cause the above-mentioned chromatin remodelling via the 

recruitment of transcription factors and the RNA polymerase complex 

(Figure1.4). 

 

Chromatin “readers” 
Conserved protein domains have been discovered, which can be classified 

into several subgroups: 1) Bromodomains, 2) Royal Superfamily Proteins, 3) 

14-3-3 proteins, 4) Plant Homeodomain (PHD) Fingers and 5) WD40 Repeat 

Containing Proteins and 6) Chromodomains. These domains specifically 

bind/recognise histone PTMs and are referred to as histone “readers”. The 

recognition of specific PTMs by these “readers” facilitates downstream events 

via the recruitment of chromatin-associated proteins. Bromodomains are 

acetyllysine-binding modules whereas PHD fingers, the Royal superfamily 

and chromodomain protein folds are methyllysine-binding modules. The 

WD40 repeats are associated with the Su(var), E(z), Trithorax domain 

(SET1). P. falciparum parasites contains at least ten PHD domain proteins 

and more than ninety WD40 repeats. PfMYST (a histone acetyltransferases 

family) and heterochromatin protein 1 (PfHP1) contain single chromodomains 

whereas the helicase-DNA-binding protein 1 homologue contains double 

chromodomains. PfHP1 is associated with the sub-telomeric and intra-

chromosomal silent var genes and is essential for the IDC. PfGCN5 (histone 

acetyltransferase) and PfSET1 (histone deacetylases) both contain a single 

bromodomain (Cui and Miao, 2010). 

 

Chromatin “writers” 
A protein that places a histone PTM at a specific residue on the histone tail is 

referred to as a chromatin “writer”. The PTMs placed by the chromatin 

“writers” modulate chromatin dynamics, condensation and cohesion but also 
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transcription, DNA replication and repair, as well as recruiting chromatin 

“readers” to specific genomic loci in a combinatorial manner. There are a 

variety of PTMs: acetylation, phosphorylation, sumoylation, ubiquitination and 

methylation among others (Figure 1.4). These modifications change 

chromatin structure directly by modulating the interactions of the DNA with 

various proteins as well as creating an epigenetic marker to retrieve specific 

effector proteins (Cui and Miao, 2010).  

 

The “histone code” hypothesis confers that all the varieties and numbers of 

histone modifications in totality dictate a certain biological outcome. The 

“histone code” is interpreted by other proteins allowing them to control the 

structure and eventually function of chromatin fibres, directing the biological 

outcomes that follow (Cui and Miao, 2010). Histone modifications are an 

important part of epigenetic studies because the various histone modifications 

determine, in part, if a certain promoter is open and active or closed and 

repressed.  

 

Research on P. falciparum histones has identified more than 70 reversible 

PTMs (Miao et al., 2006; Duffy et al., 2014) signifying more activation marks 

than silencing marks, which correlates to the euchromatin status of P. 

falciparum parasites (Hoeijmakers et al., 2012). The sheer number of PTMs 

on canonical and variant histones as well as the possible synergistic 

relationships demonstrates the complexity of the “histone code” within the 

malaria parasite (LaCount et al., 2005). The most abundant PTMs are histone 

lysine acetylation and methylation. Many PTMs in Plasmodium histones 

confer synergistic relations to epigenetic regulatory circuits by lying densely 

clustered. Several of the transcriptionally active and repressive markers 

associated with H3 and H4 methylation and acetylation in P. falciparum 

parasites are indicated in Table 1.1 (Cui et al., 2008a; Duffy et al., 2014).  

 

o Histone ubiquitylation and sumoylation 

Ubiquitylation in P. falciparum has been linked to transcriptional activation and 

silencing as well as mRNA stability (Ponder and Bogyo, 2007) and is often 

found on canonical histones H2A and H2B (Cui and Miao, 2010). 
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Table 1.1: Validated histone 3 and histone 4 post-translational modifications 
and histone-modifying enzymes. Each PTM is labelled as an active or silent 
marker, showing its presence during a certain IDC stage consistent with a chromatin 
state. PTM enzymes responsible for each modification are also shown (Cui et al., 
2008a; Duffy et al., 2014). 

PTMs Marker IDC Stage Chromatin state Enzyme 
H3K4me1 Active Trophozoite and Schizont Euchromatin PfSET1;4;6 

H3K4me2 Active Trophozoite and Schizont Euchromatin PfSET1;4;6 

H3K4me3 Active Trophozoite and Schizont Euchromatin PfSET1;4;6 

H3K9me3 Silent Ring Heterochromatin PfSET3 

H3K9ac Active Trophozoite and Schizont Euchromatin PfGCN5 
H3K14ac Active Trophozoite and Schizont Euchromatin PfGCN5 
H3K27me Silent Ring Heterochromatin HKMT 

H3K36me Silent Ring Heterochromatin PfSET2 

H3K79me Silent Ring Heterochromatin HKMT 
H4ac Active Trophozoite and Schizont Euchromatin PfMYST 

H4K20me Silent Schizont Heterochromatin PfSET8 
H3R17me Active Trophozoite and Schizont Euchromatin HKMT 

H4R3me Active Trophozoite and Schizont Euchromatin PfPRMT1 

 

Through three enzyme activities: 1) an ATP-dependent activating enzyme, 2) 

a conjugating enzyme and 3) a protein isopeptide ligase, ubiquitin (a 76-

amino acid containing protein) is conjugated onto the histones, which are then 

targeted to the proteasome for degradation. During ubiquitylation, the C-

terminal diglycine of ubiquitin forms an isopeptide bond with the amino group 

of the histone lysine side chain. Within P. falciparum parasites, two ubiquitin-

like proteins have been classified: SUMO and Nedd8. 

 

Small Ubiquitin-like Modifier (SUMO) conjugation, also referred to as the 

process of sumoylation, is a PTM implicated in a variety of cellular processes. 

The SUMO protein is structurally related to ubiquitin, of similar size and is 

attached to lysine residues within its target proteins but does however, not 

mark the protein for degradation. It is believed to modify its substrate’s 

interactions with their partner proteins. Sumoylated proteins are involved with 

the regulation of transcription factors and chromatin remodelling proteins 

(Issar et al., 2008). In Plasmodium, histone H4 is often found sumoylated and 

is associated with decreased gene expression (Cui and Miao, 2010). 

Opposing ubiquitylation, P. falciparum parasites also have ubiquitin-

deconjugating enzymes (DUBs), which show specificities to both Nedd8 and 
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ubiquitin. DUBs have the ability to remove a single ubiquitin from a 

polyubiquitin chain and can remove ubiquitin from conjugated substrates 

(Ponder and Bogyo, 2007).  

 
o Histone acetylation 

Histone lysine residues are acetylated by histone acetyltransferases (HATs) 

and deacteylated by the opposing actions of histone deacetylases (HDACs). 

HATs bind transcription factors and chromatin remodelers (bromodomains), 

thereby directly or indirectly regulating gene expression, therefore acetylation 

is largely linked to active genes (Cui and Miao, 2010). As one of the most 

studied PTMs, acetylation is believed to neutralise the cationic charge found 

on the N-terminal amino tails of the histones. This affects the interaction 

between the histones and the DNA, making the DNA more accessible to 

transcription (Andrews et al., 2012).  

 

Five families of HATs are recognised: general transcription HATs, GNATs 

(GCN5 N-acetyltransferase), nuclear hormone-related HATS, MYSTs (MOZ, 

Ybf1/Sas3, Sas2 and Tip 60) and p300/CBP (CREB-binding protein). Within 

the malaria parasite genome, at least four HATs are found: PF08_0034 

(PfGCN5, preferentially acetylates lysine nine of histone 3 (H3K9) and H3K14 

in vitro), PF11_0192 (PfMYST, acetylates K5, K8 and K12 of H4), PFL1345c 

and PFD0795w. An essential P. falciparum gene encodes PfGCN5, which has 

an unusually long N-terminal extension involved in mediating protein complex 

formation and it appears to harbour the nuclear localisation signal. The H3K9 

mark is enriched in the promoters of active genes, which is consistent with its 

role in gene activation (Cui and Miao, 2010). PfMYST is an essential P. 

falciparum gene involved in the regulation of the parasite cell cycle. Its over 

expression results in a defect in the parasite cell cycle, causing accelerated 

schizogony and fewer merozoites per schizont (Croken et al., 2012).  

 

Inhibition of HATs is most common using compounds curcumin and anacardic 

acid, resulting in hypoacetylation of lysine residues. Curcumin inhibits several 

cell signalling pathways and cell enzymes, shows synergistic activity with 

artemisinin and its mode of action is presumably due to the formation of 
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reactive oxygen species (Cui and Miao, 2007). Anacardic acid treatment 

results in the down regulation of developmentally regulated genes but this 

could be due to off-site effects as it inhibits a wide variety of enzymes in other 

organisms (Cui et al., 2008b). 

 

o Histone deacetylation 

HDACs are responsible for removing acetyl residues, opposing the dynamic 

process of acetylation. Table 1.2 shows the three classes of HDACs that have 

been identified in P. falciparum parasites. PfHDAC1 is localised mainly in the 

nucleus, are small molecules and are expressed during multiple life cycle 

stages whereas P. falciparum class II HDAC proteins are present in both the 

nucleus and cytoplasm and are generally a bit larger. Both class I and II 

HDAC enzymes are zinc-dependent hydrolases. Class III HDACs (sirtuins) 

are an NAD-dependent subfamily involved in regulating the mutually exclusive 

expression of var genes (Patel et al., 2009).  

 
Table 1.2: Three classes of P. falciparum parasite histone deacetylase 
enzymes. P. falciparum proteins classified into three HDAC classes, showing their 
localisation within the parasite as well as the type of enzyme class they belong to. 

HDAC Class Protein Localisation Type 

I Pf11260c Nucleus Zn-dependent 

II Pf14_069 Nucleus and cytoplasm Zn-dependent 

II Pf10_0078 Nucleus and cytoplasm Zn-dependent 

III PfSir2A Undetermined NAD-dependent 

III PfSir2B Undetermined NAD-dependent 
 

Class III HDAC, PfSir2A is involved in silencing the sub-telomeric var genes 

and is transcribed towards the telomere and intra-chromosomal var genes, 

playing a key role in the maintenance of telomere length (Tonkin et al., 2009). 

A unique facet of PfSirA is that it shows ADP-ribosyl-transferase activity on all 

histones (Cui and Miao, 2010, French et al., 2008). PfSir2B silences a subset 

of var genes containing a different promoter to the PfSir2A silenced genes 

(Andrews et al., 2012). Although neither HDAC class III sirtuins are necessary 
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for survival, their regulation of var gene expression is a target for drug 

development.  

 

Inhibition of HDAC class I and class II enzymes, are based on binding the Zn-

containing tubular enzyme pockets (mode of action of apicidin). Due to 

apicidin having low selectivity and poor bioavailability, it is considered 

clinically unsuitable. Short-chain fatty acids have low activity against 

mammalian HDACs and have other targets, therefore cannot be classified as 

HDAC specific inhibitors (Andrews et al., 2012). Synthetic HDAC inhibitor 

suberoylanilide hydroxamic acid (SAHA) and natural HDAC inhibitor 

trichostatin A (TSA) are hydroxymate based HDAC inhibitors (Trenholme et 

al. 2014). TSA is not clinically suitable even though it has a low nanomolar 

IC50 for P. falciparum killing in vitro and recent results show that it has a low 

gametocytocidal activity between 70-90 nM (Trenholme et al. 2014). SAHA 

has a less potent in vitro IC50 than TSA, but is more selective towards the 

parasite. It inhibits ex vivo parasite growth and shows promising 

antiproliferative action against P. vivax. Ultimately, HDAC specific inhibitors 

should consist of a metal chelating group joined by a carbon chain linker to a 

hydrophobic capping element, which confers potency and selectivity (Patel et 

al., 2009).  

 

1.5. Histone methylation 
Histone methyltransferase enzymes (HKMTs) are responsible for the 

methylation of positively charged histone lysine and arginine residues, which 

is associated with maintenance of sub-telomeric heterochromatin and gene 

regulation (Cui and Miao, 2010). Unlike acetylation, methylation does not alter 

the charge of the histone tail but instead influences its hydrophobicity and 

basicity thereby affecting the affinity of DNA binding molecules (Spannhoff et 

al., 2009). HKMTs use S-adenosylmethionine as a co-substrate to transfer 

methyl groups (Spannhoff et al., 2009) and differentiation between gene 

activation and silencing depends on the residue methylated and the valency 

of the methylation (Lopez-Rubio et al., 2009). As an example, the differential 

methylation of histones H3 and H4 lysine residues can either activate or 



 22 

repress gene transcription depending on the location of the lysine or arginine 

residues and the degree of methylation (mono-, di- or trimethylation) (Hou and 

Yu, 2010). 

 

P. falciparum parasites encode a large family of ten methyltransferase 

members, which consists of the Su(var), E(z) and Trithorax (SET) domain 

(Cui et al., 2008a). The SET domains contain mostly β-sheets with N-terminal 

(SET-N) and C-terminal sequences (SET-C). The SET-C regions are well 

conserved in all PfSETs whereas the SET-N regions vary considerably 

(Chookajorn et al., 2007). With respect to parasite core histones, lysine 

methylation occurs mainly on H3 at K4, K9, K27, K36, K79 and on H4 at K20.  

Microarray analysis performed by Cui et al. indicated that during the IDC, 

transcript abundance of PfSET4 and PfSET8 peaked during the schizont 

stages (Cui et al., 2008a). However, PfSET1, PfSET5 and PfSET7 (unknown 

PTM specificity) all had a constitutive pattern of expression. PfSET6 transcript 

levels peaked during the ring and early trophozoite stages, however PfSET2 

transcripts are present at very high levels during the ring and schizont stages 

but decrease in the late trophozoite stage (Cui et al., 2008a). Each IDC stage 

of peak transcription correlates to the chromatin state and PTM present, 

predicting the modification as an active or silent gene marker (Table 1.1). The 

silencing, heterochromatin histone marker H3K9me3 is negatively correlated 

with global gene expression and is associated with silent var genes whereas 

the active gene marker, di- and trimethylated H3K4, is associated with the var 

promoter that is actively transcribed (Lopez-Rubio et al., 2007). P. falciparum 

parasites have three arginine methyltransferases of which only PfPRMT1 has 

been characterised. It is localised in the nucleus and cytoplasm, which 

correlates with its ability to methylate non-histone substrates as well as H4R3 

(Miao et al., 2006). Unlike lysine methylation, evidence shows that arginine 

methylation is mostly associated with gene activation.  

 

1.6. Histone demethylation 
The discovery of demethylases changed the view of methylation from an 

irreversible process to a reversible, dynamic process under enzymatic control 
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(Hou and Yu, 2010). Demethylases play an important role in chromatin-based 

cellular processes via the regulation of the steady-state levels of histone 

methylations (Hou and Yu, 2010). This regulation is based on demethylase 

enzymes broadly repressing gene expression with the removal of mono-, di- 

and tri-methylation marks from H3K4, among others (Zhu et al., 2012). To 

date, two families of histone lysine demethylases have been identified: 1) 

Jumonji C-domain-containing histone demethylases (JHDMs) and 2) lysine-

specific demethylases 1 (LSD1) (Cui et al., 2008a).  

 

1.6.1. Jumonji C-Domain-Containing histone demethylases 
Jumonji C-Domain-Containing histone demethylases (JHDMs) have narrow 

substrate specificities, prefer different methylation states and often target a 

single lysine residue within a substrate. They belong to the superfamily of 

iron-dependent di-oxygenases and is a predicted metalloenzyme catalytic 

motif (Tian and Fang, 2007). They adopt a jellyroll-like β-fold, within which the 

active site is concealed (Cui et al., 2008a). The jellyroll is surrounded by 

structural elements that help maintain the structural integrity of the catalytic 

core and contributes to substrate recognition (Hou and Yu, 2010).  

 

JHDMs use the cofactors, α-ketogluterate and iron (Fe2+), to demethylate 

proteins in the presence of oxygen (Figure 1.5). During the demethylation 

reaction the substrate and the two cofactors react with an iron-oxo 

intermediate while bound to the enzyme active site. A bond forms between α-

ketogluterate and iron resulting in the decarboxylation of α-ketogluterate. This 

decarboxylation results in the formation of succinate, carbon dioxide and Fe4+-

oxo species. The iron-oxo intermediate is reduced, while hydrogen is removed 

from the methylated substrate. Carbinolamine is formed, which degrades into 

formaldehyde and a demethylated product, while Fe2+ is regenerated 

(Spannhoff et al., 2009).  

 

JHDMs are able to remove all three degrees of methylation, as no free 

electron pair on the nitrogen is needed. P. falciparum encodes two JHDMs, 

PfJmjC1 and PfJmjC2. PfJmjC1 proteins seem to be specific for H3K36 and 
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have higher specificity for H3K9 demethylase activity due to the Serine-

Alanine residue substitution in the substrate-binding pocket (Cui et al., 

2008a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.5: Mode of catalysis of Jumonji C-Domain-containing histone 
demethylases. During the demethylation reaction, the substrate and the two 
cofactors react with an iron-oxo intermediate, while bound to the enzyme active site. 
A bond forms between α-ketogluterate and iron resulting in the decarboxylation of α-
ketogluterate, forming succinate, carbon dioxide and Fe4+-oxo species. The iron-oxo 
intermediate is reduced, while hydrogen is removed from the methylated substrate. 
Carbinolamine is formed, which degrades into formaldehyde and a demethylated 
product, while Fe2+ is regenerated (Spannhoff et al., 2009). 
 

Compounds known as 8-hydroxyquinolines (8-HQs) could be used as 

templates for novel inhibitors of demethylases. These compounds inhibit 

human JmjD2 by binding with the iron residue in the enzyme active site. 5-

can be modulated by other histone modifications. Acetylation
occurring at H3 K9 increases the catalytic activity of LSD1.[47] In
contrast, phosphorylation of H3 S10 abolishes it.[48] Moreover,
LSD1, which is specific in vitro
for H3 K4, changes its substrate
specificity when collaborating
with the androgen receptor.[42]

LSD1 then acts upon H3 K9 at
AR target genes such as pros-
tate-specific antigen or kallikrein.
The removing of methyl groups
from H3 K9 me1/2 results in sub-
sequent transcriptional activa-
tion.[49] LSD1 was found to act in
multiprotein complexes. This
complex contains two enzymatic
activities, performed by LSD1
and a histone deacetylase
(HDAC1/2).[40] Other members of
this complex are CoREST and the
PHD-domain-containing protein
BHC80. The interplay of HDACs
and LSD1 seems to result in a re-
moval of acetyl groups from ace-
tylated lysines and a subsequent
removal of methyl groups from
H3 K4.[50] This can be abolished
by adding HDAC inhibitors to
the system.[51] CoREST plays an
important role in bringing LSD1
to the H3 tail. It furthermore
protects LSD1 from proteasomal
degradation. BHC80, on the

other hand, seems to prevent demethylation main-
tained by LSD1. LSD1 is also found in a complex with
MLL, an H3 K4 methyltransferase.[52] Interplay be-
tween both enzymes seems to be important for reg-
ulation of gene activity.

JmjC domain histone demethylases

The JmjC domain, a predicted metalloenzyme catalyt-
ic motif, is conserved in organisms ranging from bac-
teria to humans. Over 100 JmjC-domain-containing
enzymes have been discovered so far, more than 30
of which are expressed in humans.[53] Five JmjC
domain subfamilies are able to maintain histone de-
methylation: JHDM1, JHDM2, JMJD2, JMJD3, and
JARID1.[54, 55] One of the first assumptions on histone
demethylating activity by JmjC-domain-containing
proteins was published in 2005 by Trewick et al. The
fission yeast protein Epe1 was thought to remove
methyl groups from histones in an FeII-dependent
manner.[56]

JmjC-domain-containing enzymes turn over their
substrates in a manner different from that of LSD1.
No free electron pair on the nitrogen atom is

needed, so they are able to act on trimethylated lysines as
well. They depend on two cofactors, a-ketoglutarate and FeII

ions,[57] to carry out the demethylation reaction (Scheme 3).

Scheme 2. Mode of catalysis by LSD1.

Scheme 3. Mode of catalysis by JmjC-domain-containing enzymes.
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carboxy-8HQ interacts with the active site nickel via the 8-hydroxy and 

quinoline-nitrogen, displaying tight-binding inhibitory behaviour (King et al., 

2010).  

 

Certain HDAC inhibitors such as pyridine-2,4-dicarboxylic acid (PDCA), have 

been found to inhibit the human JmjC2E at concentrations below 10 µM. 

PDCA has to be modified to a pro-drug form to enable it to move through cell 

membranes (King et al., 2010). Although there are currently no specific JHDM 

inhibitors, the known structures can be modified to synthesise more potent, 

selective inhibitors. 

 

1.6.2. Lysine-Specific Demethylase 1 
P. falciparum parasites encode at least one LSD1 (PFL0575w). LSD1 belongs 

to the superfamily of flavin adenine di-nucleotide (FAD)-dependent amine 

oxidases and consists of three structural domains: a C-terminal amine 

oxidase-like domain (AOL), an N-terminal SWIRM domain and a central 

protruding tower domain (Figure 1.6). The C-terminal AOL is made up of 2 

subdomains: an FAD-binding domain and a substrate-binding domain. These 

subdomains build the catalytic centre of the enzyme at their interface 

(Spannhoff et al., 2009), close to which a wide binding domain, acting as a 

second interaction site, can be found. The SWIRM domain is essential for 

enzyme stability and the tower domain regulates the enzyme’s activity 

allosterically when interacting with other proteins (Spannhoff et al., 2009). 

 

LSD1 is not a free-functioning enzyme in vivo. It is a component of the 

transcriptional co-repressor complex containing the REST complex (CoREST) 

and HDAC1/2 (Figure. 1.6). The LSD1-CoREST complex demethylates mono- 

and dimethylated lysines in nucleosomes (Hou and Yu, 2010). Following a 

stepwise manner, HDAC1/2 deacetylates the histone to create a 

hypoacetylated histone tail for CoREST binding. BHC80 (PHD-domain-

containing protein) binds to the demethylated histone lysine to prevent the 

restoration of methylation (Figure 1.7).  
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Figure 1.6: Human LSD1 in complex with CoREST and a peptide substrate. LSD 
(blue), consisting of a SWIRM domain, amine-oxidase domain and a tower domain. 
The tower domain allows for the association of LSD1 to the SANT domain of the 
CoREST complex (red). The histone tail, consisting of 16 residues (green), binds the 
amine oxidase domain (Forneris et al., 2008).  
 

The CoREST complex protects LSD1 from proteosomal degradation as well 

as aiding in targeting LSD1 to the histone (Spannhoff et al., 2009). 

 

 

 

 

 

 

 
 
Figure 1.7: LSD1 enzyme complex. Following a stepwise manner, HDAC1/2 
deacetylated the histone, creating a hypoacetylated tail for CoREST binding. FAD is 
reduced during the demethylation reaction, followed by BHC80 binding to the histone 
tail, preventing methylation restoration (Spannhoff et al., 2009). 
 

LSD1 demethylation reactions commence with the reduction of FAD to 

FADH2, which is then re-oxidized to hydrogen peroxide (H2O2) resulting in the 

formation of an imine intermediate. The intermediate is hydrolyzed in a non-

enzymatic manner to carbinolamine, which spontaneously degrades resulting 

in a demethylated compound and formaldehyde (Figure. 1.8). 
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LSD1 removes methyl groups from mono- and dimethylated lysines in 

peptides or bulk histones but not in nucleosomes and it does not demethylate 

trimethylated lysines. A lone pair of electrons must be present on the un-

protonated nitrogen of the methylated lysine to form the imine intermediate 

(Spannhoff et al., 2009). Therefore, LSD1 is unable to demethylate 

trimethylated lysine residues but it is still able to recognise and bind to 

trimethylated lysines (Hou and Yu, 2010). The demethylation activity of LSD1 

is hampered by the steric and electrostatic perturbations caused by the 

presence of epigenetic markers on H3. Therefore, HDAC enzymes must 

operate before LSD1 demethylation can commence (Forneris et al., 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.8: The mode of catalysis of lysine-specific demethylase 1 (LSD1). The 
reaction commences with the reduction of FAD to FADH2 that is then re-oxidized to 
hydrogen peroxide (H2O2) resulting in the formation of an imine intermediate. The 
intermediate is hydrolysed in a non-enzymatic manner to carbinolamine, which 
spontaneously degrades resulting in a demethylated compound and formaldehyde 
(Spannhoff et al., 2009). 
 
There is a range of interesting interactions with other PTMs such as the 

acetylation of H3K9, which positively affects the catalytic activity of LSD1 

can be modulated by other histone modifications. Acetylation
occurring at H3 K9 increases the catalytic activity of LSD1.[47] In
contrast, phosphorylation of H3 S10 abolishes it.[48] Moreover,
LSD1, which is specific in vitro
for H3 K4, changes its substrate
specificity when collaborating
with the androgen receptor.[42]

LSD1 then acts upon H3 K9 at
AR target genes such as pros-
tate-specific antigen or kallikrein.
The removing of methyl groups
from H3 K9 me1/2 results in sub-
sequent transcriptional activa-
tion.[49] LSD1 was found to act in
multiprotein complexes. This
complex contains two enzymatic
activities, performed by LSD1
and a histone deacetylase
(HDAC1/2).[40] Other members of
this complex are CoREST and the
PHD-domain-containing protein
BHC80. The interplay of HDACs
and LSD1 seems to result in a re-
moval of acetyl groups from ace-
tylated lysines and a subsequent
removal of methyl groups from
H3 K4.[50] This can be abolished
by adding HDAC inhibitors to
the system.[51] CoREST plays an
important role in bringing LSD1
to the H3 tail. It furthermore
protects LSD1 from proteasomal
degradation. BHC80, on the

other hand, seems to prevent demethylation main-
tained by LSD1. LSD1 is also found in a complex with
MLL, an H3 K4 methyltransferase.[52] Interplay be-
tween both enzymes seems to be important for reg-
ulation of gene activity.

JmjC domain histone demethylases

The JmjC domain, a predicted metalloenzyme catalyt-
ic motif, is conserved in organisms ranging from bac-
teria to humans. Over 100 JmjC-domain-containing
enzymes have been discovered so far, more than 30
of which are expressed in humans.[53] Five JmjC
domain subfamilies are able to maintain histone de-
methylation: JHDM1, JHDM2, JMJD2, JMJD3, and
JARID1.[54, 55] One of the first assumptions on histone
demethylating activity by JmjC-domain-containing
proteins was published in 2005 by Trewick et al. The
fission yeast protein Epe1 was thought to remove
methyl groups from histones in an FeII-dependent
manner.[56]

JmjC-domain-containing enzymes turn over their
substrates in a manner different from that of LSD1.
No free electron pair on the nitrogen atom is

needed, so they are able to act on trimethylated lysines as
well. They depend on two cofactors, a-ketoglutarate and FeII

ions,[57] to carry out the demethylation reaction (Scheme 3).

Scheme 2. Mode of catalysis by LSD1.

Scheme 3. Mode of catalysis by JmjC-domain-containing enzymes.
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whereas the phosphorylation of H3S10 negatively affects the catalytic activity 

of LSD1 (Spannhoff et al., 2009). 

 

The amino acid sequence of LSD1 has similarity to monoamine oxidases 

(MAOs) and polyamine oxidases (PAOs). MAOs bind to the mitochondrial 

membrane and play an important role in neurotransmitter metabolism. PAOs 

can be found in peroxisomes, where it degrades spermine, spermidine and 

other derivatives (Forneris et al., 2008). Due to the structural and mechanistic 

similarities between LSD1 and amine oxidases, MAO inhibitors such as 

pargyline and tranylcypromine are able to inhibit LSD1 activity (Figure 1.9). 

They do however bind with low selectivity and potency (Woster and Casero, 

2011).  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 1.9: Various monoamine oxidase inhibitors showing activity against 
LSD1. Compounds 16, 17 and 18 show specificity towards MAO A whereas 
compounds 18, 20 and 21 are not selective towards a specific MAO (Spannhoff et 
al., 2009). Tranylcypromine is an irreversible LSD1 inhibitor. 
 

Tranylcypromine is an irreversible LSD1 inhibitor and its mode of action 

involves the formation of a covalent tranylcypromine-FAD cofactor 

intermediate. It has an IC50 value of 21 µM against the human recombinant 

LSD1 enzyme and does not interact strongly with the LSD1 active site. 

Substitutions of the phenyl ring of tranylcypromine increased the selectivity 

good discriminators between true actives and false positives,
the authors focused not only on the derived GoldScores, but
used additional filters for selecting potential candidates for
biological testing (i.e. , compounds were automatically selected
which showed a binding mode similar to the known PRMT1 in-
hibitors). Among the top-ranked 100 docking poses that fulfil-
led the distance constraints, nine compounds from clusters of
similar molecules were selected and experimentally tested
using human PRMT1 and an antibody-based assay with a time-
resolved fluorescence readout. Among several aromatic amines
(inhibitors 12 and 13, Figure 3), an aliphatic amine (not shown)
and an amide (inhibitor 14) were also found to be active in
the micromolar range. A random HTS hit and its subsequent
synthetic optimization led to the identification of a potent se-
lective inhibitor of CARM1 (compound 15 ; see Figure 4).[113]

Inhibitors of histone demethylases

LSD1 inhibitors

Monoamine oxidase (MAO) A and B are also enzymes which
act in a flavin-dependent manner.[114] They are established tar-
gets for the treatment of neurological diseases. The MAO en-
zymes remove amine groups from neurotransmitters in an oxi-
dative manner similar to LSD1.[115] A large number of inhibitors
has been synthesized and tested for specificity toward MAO A
or B.[116] MAOs and LSD1 show homology in their catalytic site.
Therefore, known MAO inhibitors were tested for their ability
to inhibit LSD1. Three of them are specific for either MAO A or
B (pargyline (16), chlorgyline (17), and deprenyl (18) ; Figure 6),
whereas tranylcypromine (19), phenelzine (20), and nialamide
(21) show no specificity toward MAO A or B. All inhibitors
showed an inhibitory effect when tested against recombinant
LSD1 on bulk histones at rather high concentrations. However,
phenelzine and especially tranylcypromine, with an IC50 value
of 21 mm,[117] showed the highest potency. This inhibitory effect
could also be obtained when an assay was set up with
CoREST.[47] Tranylcypromine was characterized as an irreversible
inhibitor of LSD1. There is evidence that this inhibition arises

from the formation of a covalent tranylcypromine–FAD cofac-
tor intermediate.[42] In a later set of experiments the crystal
structure of a LSD1–CoREST complex treated with tranylcypro-
mine was also determined (Figure 7).[118]

Tranylcypromine does not influence the formation of the
LSD1–CoREST complex. Furthermore, tranylcypromine does not
seem to interact strongly with the active site of LSD1. The
phenyl ring of the FAD–tranylcypromine adduct makes only
weak interactions with the methyl groups of Thr 335 and
Thr 810. Because FAD is not covalently attached to LSD1, the
FAD–tranylcypromine adduct could be isolated. MALDI-TOF
mass spectrometry data suggested two possible structures (I
and II, see Scheme 4 and Scheme 5) for the FAD–tranylcypro-
mine adduct. Both arise from different pathways; however,
compound I is favored due to the observation of a peak that
corresponds to compound I a (see Scheme 3).

In the first step, FAD extracts an electron from the nitrogen
atom of tranylcypromine, creating a cation radical. In one pos-
sible pathway, opening of the cyclopropyl ring leads to the
creation of a benzylic carbon radical and an imine intermedi-
ate. This benzylic radical reacts with C4a of FAD. This step is
followed by hydrolysis of the imine and a subsequent cycliza-
tion resulting in compound I, a five-membered ring linking
C4a and N5 of FAD (see Scheme 4). The alternative pathway
leads to an energetically unstable primary carbon radical
which should be disfavored. Nevertheless, compound II, the
major adduct formed during the inactivation of MAO B by tra-
nylcypromine, could be obtained (see Scheme 5).[119] Pargyline
showed an inhibitory potential only when applied on LSD1 as-
sociated with the AR complex. This might be the result of con-
formational changes inside the active center of LSD1.[41]

In addition to the MAO inhibitors, the synthesis of peptide
inhibitors for LSD1 was also reported. This synthesis was also
based on the known mechanisms of action for MAO inhibition.
A propargyl lysine-derivatized histone H3 tail peptide with a
length of 21 amino acids was created (compound 22). A kinet-
ic assay revealed an irreversible inhibitory activity of this com-
pound. MS data suggest that this effect stems from a covalent
attachment of the inhibitor to the FAD molecule (Figure 8).[119]

It was recently reported that polyamine analogues (bisguani-
dine and biguanidine types) cause re-expression of aberrantly
silenced genes suppressing colon cancer development. The ef-
ficacy of the treatment was around 30 % of that observed with
a treatment with DNA-methyltransferase inhibitors.[101] This
opens new opportunities in the treatment of cancer. LSD1 in-
hibitors could be used as an alternative to or in combination
with DNA-methyltransferase inhibitors in relieving transcrip-
tional silencing. Kinetic in vitro analysis characterized the poly-
amines as acting in a noncompetitive manner.[101]

JmJ-demethylase inhibitors

N-oxalylglycine (NOG) as an analogue of a-ketoglutarate has
been shown to be a weak inhibitor of JMJD2C[79] and the cata-
lytic core of JMJD2A (c-JMJD2A).[58] Very recently, HDAC inhibi-
tors and pyridine carboxylic acids such compounds 23 and 24
(Figure 9) have been presented as micromolar inhibitors ofFigure 6. MAO inhibitors that show activity against LSD1.
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and potency of this molecule for LSD1 (Spannhoff et al., 2009). Phenelzine 

(Figure 1.9) exhibited high potency as an inhibitor of LSD1. The inhibitory 

potential of pargyline was associated with the LSD1-AR complex, which could 

be the result of a conformational change in the active site of the enzyme. 

Pargyline compounds were modified to proparylamine-derived H3 peptides, 

which are potent and highly selective (Woster and Casero, 2011).  

 

Recent reports show that bisguanidine and biguanidine polyamine analogues 

result in the re-expression of silenced genes suppressing colon cancer 

development due to LSD1 inhibition (Huang et al., 2007). As polyamine 

analogues represent a novel chemotype involved in epigenetic regulatory 

enzymes, they are discussed in more detail below. 

 

1.7. Polyamines and polyamine analogues 
The natural polyamines shown in Figure 1.10 (putrescine, spermidine and 

spermine) are aliphatic, poly-cationic nitrogenous bases consisting of 

methylene moieties. They are present in significant amounts in all prokaryotic 

and eukaryotic cell types and have the ability to stabilise acidic cellular 

constituents such as phospholipids, DNA and RNA (Clark et al., 2010). The 

interactions of polyamines and nucleic acids extend to DNA-protein binding 

and are especially important concerning gene-regulatory proteins such as 

histones and transcription factors (Woster and Casero, 2011). DNA is a major 

target of natural polyamines. Therefore, polyamine-nucleic acid interactions 

effect DNA conformational stabilisation, transitions and gene-regulatory 

protein binding (Wang et al., 2003).  

 

Polyamine analogues are based on the natural polyamine backbone, to which 

specific chemical groups (alkylating agents, anti-proliferative agents and DNA 

intercalators among others) have been conjugated. As polyamines are 

positively charged in physiological environments, they have a high affinity for 

DNA, which is hypothesized to be important in chromatin remodelling. Due to 

the similarities in structure, polyamine analogues might also alter chromatin 

structure, histone-modifying enzymes, apoptosis, cell cycle regulation and 
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specific gene expression. Polyamine analogues remain cationic in nature and 

typically possess a high affinity for the energy-dependent polyamine transport 

system. They are therefore accumulated by cells and target negatively 

charged chromatin (Holley et al., 1992, Feuerstein et al., 1988, Wallace and 

Niiranen, 2007). 

 

Generally, polyamine analogues could act as polyamine mimics, polyamine 

antimetabolites, or inhibitors of the polyamine transport mechanism(s); 

however, their function may also be completely independent of the polyamine 

pathway i.e. regulating epigenetic mechanisms. 

 

 

 

 

 

 

 

 
 
Figure 1.10: Three natural polyamines. Found in prokaryotic and eukaryotic cells, 
polyamines are aliphatic, poly-cationic nitrogenous bases consisting of methylene 
moieties.  
 

The similarity in structures between polyamine oxidases and MOA inhibitors 

prompted the testing of polyamine analogues as epigenetic regulators and 

more specifically as inhibitors of LSD1. Huang and colleagues tested a small 

library of bisguanidine and biguanidine analogues against purified, 

recombinant LSD1. Nine compounds exhibited >50% inhibition against LSD1 

activity at concentrations less than 1 µM. Verlindamycin (Figure 1.11) 

exhibited non-competitive inhibition kinetics at concentrations less than 2.5 

µM. This analogue does not seem to be competing directly with H3K4me2 at 

the active site of LSD1 and it is possible that it is blocking the FAD binding 

site. This might induce fundamental structural changes to LSD1, affecting its 

substrate binding affinity (Huang et al., 2007). In human colon carcinoma 

cells, this results in epigenetic changes on H3K4me2, evident then as 
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changes in gene expression due to re-expression of inappropriately silenced 

genes. A better understanding of the action of the polyamine analogues on 

LDS1 will aid in novel approaches for the treatment of cancer and cellular 

pathologies (Huang et al., 2007).  

 

From the bisguanidine and biguanidine analogue study stemmed a 

subsequent library of (bis)urea and (bis)thiourea compounds, which were 

studied by Sharma and colleagues. Results indicated that these compounds 

induced increased methylation of H3K4 in Calu-6 lung carcinoma cells 

(Sharma et al., 2010). This same series has subsequently been screened for 

antimalarial activity against chloroquine-sensitive and -resistant strains of P. 

falciparum parasites, based on the verlindamycin backbone (Verlinden et al., 

2011) (Figure 1.11). 

 

 

 

 
 
Figure 1.11: Verlindamycin. A polyamine analogue (1,15-bis{N5-[3,3-
(diphenyl)propyl]-N1-giguanido}-4,12-diazapentadecane) showing LSD1 inhibitory 
activity in colon and breast cancer cells (Zhu et al., 2012, Huang et al., 2007).  
 
The (bis)urea and (bis)thiourea polyamine analogues showed growth 

inhibitory activity against P. falciparum parasites at less than 3 µM 

concentrations with IC50 values in the 100-650 nM range (Verlinden et al., 

2011). The leading compound (compound 30; Figure 1.12) had a low 

nanomolar IC50 (88 nM), was >7000-fold more selective towards the parasites 

and arrested asexual parasite development within 24 hours of exposure 

(Verlinden et al., 2011). 

 

 

 

 

 

 

 

As polyamine analogs can mimic natural polyamines in

their regulation of polyamine metabolism, the cellular

polyamine content after 48 h of 2d or PG11144 treatment
was determined. PG11144 treatment reduced the levels of

all three intracellular polyamines in MDA-MB-231 cells.

By contrast, 2d treatment led to reduced putrescine (Put)
and spermidine (Spd) levels and a slight increase in

spermine (Spm) was observed (Table 3).

Induced ERa expression in MDA-MB-231 cells

by inhibiting LSD1

It has been demonstrated that there are densely methylated

CpG islands at the ERa promoter region in MDA-MB-231
cells (Ottaviano et al. 1994). By inhibiting DNA methyl-

transferase (DNMT) and/or histone deacetylase (HDAC)

activity using the pharmacological modulators of DNMT
and HDAC, Aza and/or TSA, ERa expression was induced

(Ferguson et al. 1997; Yang et al. 2001; Yan et al. 2003).

To test if polyamine analog-induced inhibition of LSD1
could also induce ERa expression, we first determined

dose- and time-dependent growth responses for 2d and

PG11144 (data not shown). To optimize ER gene re-

expression while maintaining minimum cellular toxicity,

5 lM of 2d or PG11144 was used in our treatments. As
shown in Fig. 2, ERa mRNA was induced three to five-fold

by treatment with 2d or PG11144, respectively. There are

no synergistic effects when 2d was co-treated with the
DNMT inhibitor Aza, and only a slight additive effect

when it was combined with Aza and MS-275. For
PG11144, although there is an additive effect between Aza

and MS-275, no synergistic or additive effects were

detected when all three agents were combined.

Gene expression profiles after 2d or PG11144 treatment

in MDA-MB-231 cells

Previous studies have used a candidate gene approach to

examine the effects of LSD1 Inhibition on gene expression
(Huang et al. 2007, 2009). To obtain a more comprehensive

genome-wide profile of genes whose expression is altered

by inhibiting LSD1, RNA from 2d- or PG11144-treated
samples were analyzed using the Agilent 44 K human

genome microarrays. Overall, after a 24 h treatment,
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Fig. 1 Cell growth inhibition
by polyamine analogs.
a Structures of natural
polyamines and polyamine
analogs used in this study.
Effects of 2d (b) and PG11144
(c) on the growth of MDA-MB-
231 cells. MDA-MB-231 cells
were seeded at a density of
3,000 cells/well in 96-well
plates and allowed to grow
overnight. Media was aspirated
and replaced with fresh media
and treated with increased
concentration of 2d or PG11144
for 96 h. After treatment, cell
viability was measured by
adding 200 ll of MTT reagent
(1 mg/ml) were added to each
well and incubated at 37!C
incubator for 4 h. The
absorbance was measured at
570 nm using a microplate
reader. The results are the
mean ± SE of three
independent experiments
performed in triplicate

Table 3 Intracellular
polyamine concentrations of
analog-treated cells

Put (nmol/mg protein) Spd (nmol/mg protein) Spm (nmol/mg protein)

24 h 48 h 24 h 48 h 24 h 48 h

Control N/A 0.625 ± 0.048 10.97 ± 0.53 12.23 ± 0.78 14.02 ± 0.99 15.62 ± 1.40

2d N/A N/A 7.78 ± 1.71 7.15 ± 0.31 19.93 ± 4.32 18.28 ± 1.98

PG11144 N/A N/A 6.36 ± 2.46 0.77 ± 0.03 8.84 ± 1.61 4.66 ± 0.70

LSD1 inhibition by polyamine analogs modulate gene expression

123
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Figure 1.12: Compound 30. A (bis)urea polyamine analogue (RJB-92-04: 1,1’-
((hexane-1,6-diylbis(azanediyl))bis(propane-3,1-diyl)) showing P. falciparum 
antimalarial activity at a low nanomolar concentration. 
 

However, although compound 30 seemed highly promising in vitro as a novel 

antimalarial agent, subsequent in vivo analysis of its ability to cure P. berghei 

infected murine malaria indicated that compound 30 was not curative in this 

murine malaria model. Dissection of the compound’s ex vivo 

pharmacokinetics and pharmacodynamics revealed that the compound was 

not metabolically stable as evaluated in a microsomal stability assay 

(Verlinden et al. Unpublished Results). These results imply that compound 30 

would need to be modified to result in a metabolically stable derivative whilst 

retaining its biological activity against P. falciparum parasites.  

 

Medicinal chemistry principles dictate that fluorination of a parent compound 

can increase its’ metabolic stability and lipid solubility, thereby enhancing the 

rate of absorption and transport of the fluorinated compound across the blood-

brain barrier (Filler R, 2009). As such, a series of compound 30 derivatives 

was synthesised, which incorporated fluorination on the terminal aromatic 

rings of the parent compound. The objective of this study was to investigate 

the antiplasmodial potential of a new series of compound 30-fluorinated 

derivatives. Additionally, the ability of the (bis)urea polyamine analogues to 

inhibit parasite LSD1 was investigated as a potential epigenetic target of 

these inhibitors.  

1.8. Null hypothesis of research objective 

Fluorinated (bis)urea polyamine analogues will not have improved 

antiplasmodial activity and will not specifically target lysine specific 

demethylase 1 in P. falciparum parasites.  
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1.9. Aims 
• Determine the antiplasmodial activity and selectivity of a series of 

fluorinated polyamine analogues. 

• Determine the activity changes in recombinant human LSD1 untreated 

and treated with fluorinated polyamine analogues. 

• Compare methods required to determine the global epigenetic changes 

in histone methylation in P. falciparum parasites. 

 
The following manuscript resulted from this study: 
Novel Symmetrical, Terminally Alkylated Oligoamine Isosteres with Potent 

Antimalarial Activity Against Intraerythrocytic Plasmodium falciparum 

Parasites 

Bianca K. Verlinden, Marna de Beer, Boobalan Pachaiyappan, Bernice 

Barnard, Warren A. Andayi, Janette Reader, Jandeli Niemand, Abraham I 

Louw, Colin Dubick, Ethan Marrow, Youxuan Li, Gloria Holbrook,  Fangyi Zhu,  

Lubbe Wiesner, Timothy Egan, Kiplin Guy, Patrick M. Woster and Lyn-Marie 

Birkholtz 

Submitted: Journal of Medicinal Chemistry. 
 
Research findings were also presented at the following international 
conferences: 

1. Bernice Barnard, Bianca Verlinden, Patrick Woster, Braam Louw and 

Lyn-Marie Birkholtz. Polyamine analogues, targeting epigenetic 

regulatory mechanisms, has anti-proliferative activity against 

Plasmodium falciparum. Malaria Gordon Research Conference: 

Molecular and Cellular Biology of Malaria. Tuscany, Italy. August 2013. 

Presented as a poster presentation. 

 

2. Bernice Barnard, Bianca Verlinden, Patrick Woster, Braam Louw and 

Lyn-Marie Birkholtz. Polyamine analogues, targeting epigenetic 

regulatory mechanisms, have anti-proliferative activity against 

Plasmodium falciparum. 6th MIM PAN-African Conference. Durban, 

South-Africa. October 2013. Presented as a poster presentation. 
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Chapter 2 

 

Materials and Methods 
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2.1. In silico compound pharmacokinetics 
The Discovery Studio Modeling Environment (Accelrys Software Inc., release 

3.0) was used to determine the ADME descriptors and Lipinski’s rule of 5 for 

all polyamine analogues. These physiochemical descriptors incorporate in 

silico models for intestinal absorption, aqueous solubility, blood brain barrier 

penetration, plasma protein binding, cytochrome P450 2D6 inhibition, and 

hepatotoxicity. Lipinski’s 5 rules state that a compound is more likely to exhibit 

poor absorption and permeation when two parameters are out of range. The 

parameters of a compound should not have a molecular weight more than 

500 g/mol, not have more than 5 Hydrogen Bond Donors (HBD) or 10 

Hydrogen Bond Acceptors (HBA) and a LogP value (the logarithm of the 

octanol/water partition coefficient) less than 5.   

 
The Quantitative Estimate of Drug-likeness (QED) was determined in silico 

using Silicos-it QED (Chemoinformatics Services and Software; Biscu-it). 

QED values range from zero (all properties unfavourable) to one (all 

properties favourable). The QED method is better at differentiating between 

drug and non-drug compounds than Lipinski's rules because it is not based on 

cut-off values of four rules only. 

 

2.2. In vitro cultivation of P. falciparum  
P. falciparum strain 3D7 (sulfadoxine resistant, CQ sensitive), strain W2 (CQ 

resistant) and strain HB3 (pyrimethamine resistant, CQ sensitive) (Llinas et 

al., 2006) were cultivated in 30 ml RPMI 1640 medium supplemented with 200	
 

µM hypoxanthine (Sigma-Aldrich), 25 mM HEPES (Sigma-Aldrich), 24 µg/ml 

gentamycin (Invitrogen), 20 mM D-Glucose (Sigma-Aldrich), 0.5% Albumax II 

(Invitrogen) and O+ human erythrocytes. HEPES is a zwitterionic buffering 

agent that is used when a cell culture requires extended periods of 

manipulation outside a CO2 incubator and buffers the incomplete medium 

between pH 7.2-7.6. Gentamycin, which is an aminoglycoside antibiotic is 

added to the medium to inhibit growth of bacterial contaminants. Albumax II is 

a lipid-rich supplemented bovine albumin based human serum replacement 

(Trager and Jensen, 1997). Thin Giemsa stained blood smears were 
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developed to determine the parasitaemia and parasite life cycle stage (Trager 

and Jensen, 1997). Giemsa is a combination of methylene blue, eosin and 

azure B and it is specific towards the phosphate groups of DNA (Shapiro et 

al., 2013). A thin blood smear is made and fixed in 100% methanol for 5 s. 

The slide is placed in a 5% (v/v) Giemsa solution prepared in distilled water 

for 5 min, rinsed and viewed under a light microscope. The parasitaemia is 

defined as the percentage of infected erythrocytes, calculated counting a 

minimum of 1000 erythrocytes (Allen and Kirk, 2010).  

 

The synchronisation process is based on the changes in membrane 

permeability of parasitised erythrocytes and the selective destruction of the 

later stages of parasites due to the activation of new permeation pathways 

(Lambros and Vanderberg, 1979). To pellet the cells, cultures were 

centrifuged at 3500g for 5 min and the supernatant discarded. Cultures were 

synchronised with 10 ml of a 5% (w/v) pre-heated D-sorbitol solution made in 

1×PBS (Lambros and Vanderberg, 1979) for 15 min at 37°C, to obtain ring 

stage parasites at >95% synchronicity. After synchronisation, the cells were 

centrifuged at 3500g for 5 min and the sorbitol discarded. To the pelleted 

cells, 10 ml incomplete culture medium was added and mixed well, in order to 

remove any excess sorbitol. Cells were centrifuged at 3000g for 3 min and the 

excess culture medium discarded. Using in vitro sterile techniques during 

cultivation, parasitaemia levels were maintained between 1-8% in 5% 

haematocrit by diluting the culture after synchronisation with the addition of 

fresh erythrocytes in 30 ml complete culture medium. The cultures were 

placed in 75 cm3 culture flasks containing a special gas mixture (5% O2, 5% 

CO2 and 90% N2) to optimise parasite proliferation. Culture flasks were 

incubated in a shaking incubator (Allen and Kirk, 2010) at 37°C. 

 

2.3. In vitro assessment of antiplasmodial activity 
The leading compound from a previous series was an alkylated (bis)urea 3-6-

3 carbon backbone polyamine analogue (Figure 1.12) with high selectivity and 

a nanomolar growth inhibitory concentration in P. falciparum strain 3D7 

(Verlinden et al., 2011). However, it was not metabolically stable (Verlinden et 
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al., Unpublished Results) and changes to its’ structure included the fluorinated 

series of compounds tested in this thesis. The antiplasmodial activity of the 

four fluorinated (bis)urea polyamine analogues were determined by using the 

Malaria SYBR Green I fluorescence based (MSF) assay to define dose 

response curves and the associated IC50 concentration (concentration of 

compound resulting in 50% inhibition of parasite proliferation) using the three 

above-mentioned strains of P. falciparum parasites. SYBR Green I is a DNA 

intercalating dye, which prefers G and C base pairs. It is highly fluorescent 

when intercalated with DNA showing a maximum blue absorbance 

wavelength at 497 nm with minor peaks at 290 nm and 380 nm and a green 

emission wavelength at 520 nm. However, it fluoresces poorly if it has not 

been intercalated with DNA (Bennett et al., 2004). The intercalation of DNA 

and SYBR Green I allows for the DNA content to be directly correlated to 

parasite growth, permitting the calculation of an IC50 value. 

 

The MSF assay was set up using sterile culturing techniques. Ring stage P. 

falciparum strain 3D7 parasite suspension (2% haematocrit, 1% parasitaemia) 

was treated with the fluorinated compounds and 0.5 µM starting concentration 

of CQ (positive drug control). The fluorinated polyamine analogues were 2-

fold serially diluted to 187.5 pM with a starting concentration of 100 µM. The 

96-well plates were incubated at 5% O2, 5% CO2 and 90% N2 within a 

stationary incubator at 37°C for 96 h. After incubation, lysis buffer (20 mM 

Tris, pH 7.5; 5 mM EDTA; 0.015% (w/v) saponin; 0.08% (v/v) Triton X-100) 

was prepared with the addition of SYBR-Green (0.2 µl/ml lysis buffer; 

Molecular Probes, Inc) and added to the 96-well plates. The plates were 

stored in the dark at RT for an hour and the fluorescence readings were 

recorded using a Fluoroskan Ascent FL microplate fluorometer (Thermo 

Scientific, excitation at 488 nm and emission at 522 nm).  

 

2.4. In vitro culturing of human hepatocellular liver carcinoma cells 
Human hepatocellular liver carcinoma cells (HepG2, kind gift from Duncan 

Cromarty, University of Pretoria) were maintained in Dulbecco’s Modified 
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Eagle’s Medium (DMEM), supplemented with 10% heat inactivated foetal 

bovine serum and 1% penicillin/streptomycin in a stationary incubator at 37°C 

(5% CO2, 90% humidity). Once flasks reached 70-80% confluence, cells were 

trypsinised as explained below, to obtain single cell layers once cells have 

been dislodged. The spent medium was aspirated and the monolayer washed 

three times with 1×PBS. To each flask, trypsin-EDTA was added and 

incubated in a stationary incubator at 37°C for 7 min. The EDTA helps to 

dislodge the cells by chelating calcium. Afterwards, DMEM media was added 

to deactivate the trypsin and cells were centrifuged at 1000 rpm for 2 min. 

Cells were counted using a haematocytometer and a 0.2% trypan blue 

solution. To new culture flasks, 200 000 cells were seeded and fresh DMEM 

media added, after which flasks were placed in a stationary incubator at 37°C. 

 

2.5. Lactate dehydrogenase cytotoxicity determinations in mammalian 
cells 
The Lactate Dehydrogenase Cytotoxicity assay is a fast and simple assay 

based on the quantification of activity of the enzyme lactate dehydrogenase 

(LDH). LDH is a stable cytoplasmic enzyme released into the culture medium 

when the plasma membrane is damaged. During this assay, LDH oxidizes 

lactate to pyruvate, which reacts with tetrazolium salt to form formazan. The 

amount of formazan released is directly correlated to the number of lysed 

cells and can be detected spectrophotometrically at 500 nm (BioVision) 

(Fotakis and Timbrell, 2006). 

 

HepG2 cells (±200 000) were seeded in a 96-well plate and allowed to 

proliferate for 24 h at 37°C. To the cells various concentrations (8000×IC50 

and 5000×IC50) of each of the four fluorinated polyamine analogues were 

added and maintained at 37°C for 48 h. After 48 h exposure, 10 µl of lysis 

buffer was added to each well and incubated at RT for 15 min. The cells were 

pelleted at 600×g for 10 min to precipitate the cells. The clear supernatant (10 

µl) of each well was transferred to a plate containing LDH reaction mix (100 

µl) and incubated in the dark at RT for 20 min. Colorimetric detection of NADH 

levels was measured at 450 nm every 10 min (BioVision). Experiments were 
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performed in triplicate for at least two independent biological repeats. The 

percentage cytotoxicity (GI50) was calculated from the raw data as presented 

in the results. 

 

2.6. Recovery of parasite proliferation 
The SYBR Green I Fluorescence dye was used to correlate the changes in 

treated parasite DNA levels, as explained below. The data were used to 

determine the changes in DNA concentration resulting from compound 

treatment. Highly synchronised ring cultures (2% parasitaemia; 5% 

haematocrit) were treated for 12 hours, with each of the two of the four 

polyamine analogues at their respective IC90 values. After the treatment, 

parasites were washed once with RPMI 1640 culture medium. A 1:40 dilution 

was made of the washed parasites and then further incubated for 2 days at 

37°C to assess proliferation at specific time points. 

 

2.7. Detergent Initiated β-Haematin Crystallisation assay 
The ability of the polyamine analogues to inhibit β-haematin formation was 

tested using the Detergent Initiated β-haematin Crystallisation Assay. During 

the digestion of haemoglobin, the parasite clears toxic heam from the system 

through sequestering haem aggregates into haemozoin. Native haemozoin is 

crystallographically identical to its synthetic analogue β-haematin. The 

process of haemozoin formation is thought to be a lipid-mediated process. 

This assay uses detergents, which effectively mimic the needed neutral lipid 

environment, allowing haem localisation for dimer formation (Carter et al., 

2010). 

 

Compound 30, fluorinated compounds (compound 3 and compound 4) and 

CQ were made to 20 mM stock solutions in DMSO. In a 96-well plate, the 

compounds were added at a starting concentration of 1 mM and 2-fold serially 

diluted in an NP40/DMSO buffer (70% water; 20% NP40 and 10% DMSO 

(v/v)). Haemin (25 mM; Fluka) was made up in DMSO and sonicated for 1 

min. To a 1 M acetate buffer (4.1 g sodium acetate and 2.4 ml acetic acid in 
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water, pH 4.75 – 4.9), haemin (222.2 µM) was added, vortexed and 

immediately plated into the 96-well plate. It is important for the haem to be 

uniformly suspended throughout the 96-well plate as it precipitates quickly. 

Plates were incubated for ±5 h at 37°C, after which a pyridine solution (20% 

water, 20% acetone, 10% 2 M HEPES and 50% pyridine (v/v)) and acetate 

was added. The absorbance was recorded at 405 nm and sigmoidal graphs 

plotted using GraphPad Prism. 

 

2.8. Lysine-Specific Demethylase 1 Chemiluminescence assay 
optimisation 
In order to determine if this series of polyamine analogues specifically target 

LSD1, a chemiluminescence assay was adapted from cancer cell research 

protocol (Huang et al., 2007). Chemiluminescence is the emission of 

electromagnetic radiation in the energy range of visible light as a result of a 

chemical reaction. The assay adapted in this dissertation, is based on the 

oxidation of luminol by horseradish peroxidase (HRP) in the presence of 

hydrogen peroxide (H2O2) as substrate, to form aminophthalic acid and 

nitrogen. The luminescence can be recorded using a luminometer at 430 nm 

(Deshpande, 2001). For these experiments, the demethylation reaction of 

H3K4me2 to H3K4me1 conducted by the parasites, resulted in the production 

of H2O2, which was used as the indicator to measure the activity of lysine-

specific demethylase via the oxidation of luminol. Experiments performed in 

Section 2.8.1 to Section 2.8.4 are based on the above experimental design. 

 

2.8.1. Kinetic study of luminol activity  
In the presence of H2O2, the chemiluminescent reaction occurs quickly and 

could easily be missed. This experiment was set up to determine the rate of 

decomposition of the chemiluminescent reaction once the H2O2 has been 

added to the reaction well. To a single well in a white 96 well luminescent 

plate, dddH2O was combined with 6 µg/100 µl HRP (0.4 mg/ml stock solution; 

Sigma-Aldrich) and 15 µM luminol (100 mM stock solution; Sigma-Aldrich). 

Prior to reading, 500 nM H2O2 (1 mM H2O2 stock solution; Merck) was added 
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to a final volume of 200 µl per well and the luminescence was continuously 

recorded for 2 min using a Bio-Tek Instrument (FLx800) at 425 nm and Gen5 

Software.  

 

2.8.2. Reagent effects on chemiluminescence 
The use of three reagents in the cancer assay (Huang et al., 2007) was 

confirmed by means of testing the effect of each reagent separately and all 

three in combination. Tris-HCl is a buffering agent and KCl and MgCl2 are 

cofactors, which enhance the chemiluminescent reaction (Blanchard, 1990). A 

final volume of 200 µl per well in a white luminescence 96-well plate was set 

up per experiment. In each well dddH2O was combined with 6 µg/100 µl HRP 

(0.4 mg/ml stock solution; Sigma-Aldrich) and 15 µM luminol (100 mM stock; 

Sigma-Aldrich). The HRP uses the H2O2 as a substrate to oxidise luminol. To 

a single well, 50 mM Tris-HCl (1 M stock) was added. To a single well, 50 mM 

KCl (1 M stock) was added. To a single well 5 mM MgCl2 (1 M stock) was 

added. To a single well 50 mM Tris-HCl (1 M stock), 50 mM KCl and 5 mM 

MgCl2 (1 M stock) was added. Seconds before placing the 96-well plate in the 

luminometer, 500 nM H2O2 (1 mM H2O2 stock solution; Merck), was added to 

each well and the chemiluminescence was recorded using a Bio-Tek 

Instrument (FLx800) at 425 nm and Gen5 Software.  

 

2.8.3. LSD1 enzymatic activity 
Due to the large size of the Plasmodium LSD1 gene and the unavailability of 

the recombinant parasite enzyme, the activity of the recombinant human 

LSD1 enzyme (1.2 mg/ml) was measured using the luminol dependent 

chemiluminescence assay. This assay served as a positive assay control, 

confirming the inhibition of LSD1. In a white luminescence 96-well plate, a 

buffer mix (6 µg/100 µl HRP, 50 mM Tris-HCl, 50 mM KCl, 5 mM MgCl2, 15 

µM luminol and 5 µM H3K4me2) and recombinant enzyme of 3 µg was 

added. Tranylcypromine, compound 30 and compound 3 (leading fluorinated 

compound) were added at 1 mM and 10 mM concentrations. Each well was 

placed at 37°C for 2 min and the luminescence was recorded at 425 nm (Bio-

Tek Instrument – FLx800) directly after the incubation step. 
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2.8.4. LSD1 activity of isolated parasites 
The activity of P. falciparum LSD1 enzyme was measured with the luminol 

dependent chemiluminescence assay, using parasites isolated from the 

erythrocytes. P. falciparum strain 3D7 trophozoite cultures (6-8% 

parasitaemia, 5% haematocrit) were treated with Tranylcypromine, Compound 

30 and Compound 3 at various concentrations (1xIC50, 5×IC50 and 10×IC50). 

To each treated culture, 10 ml of a 0.15% (w/v) saponin solution made in 

1×PBS was added and incubated on ice for 15 min. The culture was 

centrifuged at 3500g for 5 min and the supernatant discarded. The above step 

was performed again, without an incubation step on ice. The isolated pellets 

were re-suspended in 1 ml of 1×PBS and kept on ice till used. In a white 96-

well plate, a reagent mix (6 µg/100 µl HRP, 50 mM Tris-HCl, 50 mM KCl, 5 

mM MgCl2, 15 µM luminol and 5 µM H3K4me2) was added. Tranylcypromine, 

Compound 30 and Compound 3 (leading fluorinated compound) treated, 

isolated parasites were added (85 µl) to the 96-well plate one at a time. Each 

well was placed at 37°C for 2 min once isolated parasites were added and the 

luminescence was recorded (Bio-Tek Instrument – FLx800) directly after the 

incubation step. 
 

2.9. Comparison of histone isolation protocols 
Histones were isolated and used for mass spectrometry to determine if the 

fluorinated polyamine analogues caused notable epigenetic changes. Three 

histone isolation protocols (Issar et al., 2009; Trelle et al., 2009 and Merrick et 

al., 2008) were compared in terms of isolated histone concentrations. Many of 

the buffers contain useful reagents such as EDTA and EGTA, which are both 

metal chelators responsible for sequestering metals into solution where they 

have lowered activity and as such, prevent metals from reacting with proteins. 

EGTA has a lower affinity towards Mg2+ compared to EDTA and therefore, 

prefers chelating Ca2+ (Blanchard et al., 1990). Salts, such as NaCl, are 

added to selectively release the histones from chromatin (Yager et al., 1989). 

The Issar et al. (2009) protocol uses Nonidet-P40, a non-ionic surfactant, for 

the isolation of membrane complexes and to prevent the adsorption to 

surfaces. Merrick et al. (2008) uses the reducing reagent DTT, which could 
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counteract oxidative effects. Acid extraction partially neutralises the DNA 

phosphates, diminishing ionic interactions. The remaining lyophylisates are 

freely soluble in low ionic strength solutions. All three protocols use 

trichloroacetic acid (TCA) to precipitate proteins, after which acetone is used 

to remove any remaining TCA or acid (Sivaraman et al., 1997). To increase 

storage effectiveness, glycerol and sugar are added to certain buffers (Jiang 

and Nail, 1998).  

 

2.9.1. Issar et al. (2008) Protocol 
The centrifugal steps followed in the histone isolation protocol were performed 

at 4°C in a Thermo Scientific SL 16R centrifuge (Thermo Fisher Scientific). P. 

falciparum synchronised trophozoite cultures of 6-8% parasitaemia and 5% 

haematocrit were centrifuged at 3500g for 5 min. The supernatant was 

aspirated and the cultures were treated twice with 0.15% (w/v) saponin lysis 

buffer in 1×PBS, mixed gently and placed on ice for 10 min. After the 

incubation on ice, 1×PBS (137 mM NaCl, 2.7 mM KCl, 10 mM KH2PO4, 10 

mM Na2HPO4) was added to the samples and they were centrifuged at 3500g 

for 5 min. Samples were washed with 1×PBS multiple times, until the 

supernatant appeared clear of visible haemoglobin. Up to this point, all three 

histone isolation protocols followed the same isolation process and wash 

steps. 

 

The resulting pellet was washed 2-3 times with haemoglobin removal buffer 

(25 mM Tris-HCl, pH 7.8, 1 mM EDTA, 0.2% v/v Nonidet P40) and centrifuged 

at 12000g for 1 min until the supernatant appeared clear. The pellets were re-

suspended in 4°C dddH2O and centrifuged at 7500g for 2 min. A 0.8 M NaCl 

solution was added to the samples and after mixing, samples were 

centrifuged at 7500g for 2 min. The pellets were acid extracted with the 

addition of 0.25 M HCl. Following grinding with an eppie grinder, samples 

were incubated at 4°C for 2 h. 

 

The acid insoluble proteins were recovered by centrifugation at 4°C and 12 

000g for 30 min. To the supernatant, an equal volume of 20% (w/v) TCA was 
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added, mixed gently and incubated on ice for 15 min. After a 30 min, 12000g 

centrifugation step, the supernatant was discarded. The pellet was gently 

washed with 500 µl acetone and centrifuged at 12000g for 15 min. The 

supernatant was aspirated and the acetone was allowed to evaporate. The 

pellet containing histones was re-suspended in SDS-PAGE sample buffer 

(See section 2.11.) and stored at −20°C (Issar et al., 2009, Lopez-Rubio et al., 

2007). The protein concentration was calculated using the BCA quantification 

assay (See section 2.10) and protein pellets were dissolved in SDS-PAGE 

reducing buffer before analysis on SDS polyacrylamide gels as described in 

section 2.11. 

 

2.9.2. Merrick et al. (2010) Protocol  
The centrifugal steps followed in the histone isolation protocol were performed 

at 4°C in a Thermo Scientific SL 16R centrifuge (Thermo Fisher Scientific). P. 

falciparum synchronised parasites of 6-8% parasitaemia and 5% haematocrit 

were centrifuged at 3500g for 5 min. Samples were saponin lysed (0.15%) 

and washed with 1×PBS until the supernatant appeared clear of visible 

haemoglobin as described in section 2.9.1. The samples were centrifuged at 

6000g for 2 min. To the resulting pellet, NP-40 lysis buffer (20 mM HEPES, 

pH 7.8, 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1×Protease 

inhibitor cocktail (PI, Roche), 0.65% v/v NP-40) was added, mixed well and 

incubated on ice for 5 min. Following centrifugation at 2500g for 5 min at 4°C 

the supernatant, containing cytoplasmic proteins, was aspirated. The pellet 

containing nuclear proteins was washed another three times with the NP-40 

lysis buffer, without the incubation step, until the supernatant appeared clear 

and free of cytoplasmic protein contaminants (Voss et al., 2002). 

 

The remaining insoluble material, containing histones and DNA, was treated 

twice with 0.5 M ice-cold HCl (vortex and grind sample) and incubated at 4°C 

for 1 h. The sample was centrifuged at 12 000g for 30 min and the 

supernatant discarded. The pellet was treated with 20% TCA and placed on 

ice for 15 min. Following centrifugation at 12 000g for 30 min the supernatant 

was discarded and the pellet was washed in ice-cold acetone. Samples were 
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centrifuged at 12 000g for 15 min and the acetone allowed to evaporate. The 

pellet containing histones was re-suspended in SDS-PAGE sample buffer 

(See section 2.11) and stored at −20°C (Issar et al., 2009, Lopez-Rubio et al., 

2007). The protein concentration was calculated using the BCA quantification 

assay (section 2.10) and protein pellets were dissolved in SDS-PAGE 

reducing buffer before analysis on SDS polyacrylamide gels as described in 

section 2.11. 

 

2.9.3. Trelle et al. (2009) Protocol 
The centrifugal steps followed in the histone isolation protocol were performed 

at 4°C in a Thermo Scientific SL 16R centrifuge (Thermo Fisher Scientific). 

Synchronised P. falciparum trophozoite parasites at 6-8% parasitaemia and 

5% haematocrit were centrifuged at 3500g for 5 min. Samples were saponin 

lysed and washed with PBS until the supernatant appeared clear of visible 

haemoglobin as described in section 2.9.1. Following the addition of hypotonic 

lysis buffer (10 mM Tris-HCl, pH 8, 3 mM MgCl2, 0.2% NP-40, 0.25 M 

sucrose, 1×PI), the sample was homogenized with an eppie grinder and 

centrifuged at 500g for 10 min. The resulting pellet was washed twice in the 

hypotonic lysis buffer and washed once with a hypotonic buffer not containing 

NP-40 (10 mM Tris-HCl, pH 8, 3 mM MgCl2, 0.25 M sucrose, 1×PI). The 

sample was centrifuged at 500×g for 10 min and the supernatant discarded. 

 

The pellet was re-suspended, drop wise in a NaCl buffer (10 mM Tris-HCl, pH 

8, 1 mM EDTA, 0.8 M NaCl, 1×PI) and incubated on ice for 10 min. After 

centrifugation at 500g for 5 min, the nuclear pellet was re-suspended in 0.25 

M HCl and ground using an eppie grinder for further homogenisation. 

Samples were rotated at 4°C for 1 h (Heto Rotamix RK 20-1; Heto Lab 

Equipment) and after a centrifugation step at 11 000g for 30 min an equal 

volume of 20% (w/v) TCA was added to the sample. The sample was 

incubated on ice for 15 min, centrifuged at 12 000g for 30 min and the 

supernatant discarded. The pellet was washed in ice-cold acetone and 

centrifuged at 12 000g for 15 min, after which the acetone was allowed to 

evaporate. The pellet containing histones was re-suspended in SDS-PAGE 
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sample buffer (See section 2.11) and stored at −20°C (Issar et al., 2009; 

Lopez-Rubio et al., 2007). The protein concentration was calculated using the 

BCA quantification assay (section 2.10) and protein pellets were dissolved in 

SDS-PAGE reducing buffer before analysis on SDS polyacrylamide gels as 

described in section 2.10. 

 

2.10. Protein quantitation analysis 
To quantify the amount of protein isolated, the bicinchoninic acid Protein 

Quantitation Kit (BCA Kit; Pierce) was used. The assay is based on the 

reduction of Cu2+ to Cu+ by protein binding in an alkaline medium, resulting in 

a purple product with the binding of bicinchoninic acid to Cu+. The resulting 

absorbance is recorded at 562 nm. This assay is more detergent-compatible 

than the Bradford assay and the Lowry method (Smith et al., 1985).  

 

A BSA 10 mg/ml stock solution was used, from which standards (2000 µg/ml, 

1000 µg/ml, 750 µg/ml, 500 µg/ml, 250 µg/ml, 125 µg/ml and 62.5 µg/ml, 25 

µg/ml) were prepared. In a 96 well plate, replicates of 10 µl of each sample, 

standard and sample buffer (blank reading) was added to 200 µl of BCA 

working reagent (50 parts reagent A + 1 part reagent B). Reagent A consists 

of sodium bicinchoninate, Na2CO3, sodium tartrate, NaOH, and NaHCO3 (pH 

11.25). Reagent B consists of CuSO4.5H2O dissolved in dddH2O. Both 

reagents are stable at room temperature (Noble, 2009). The plate was 

covered in foil, mixed in a plate shaker for 30 s and incubated at 37°C for 30 

min-2 h. Longer incubations at 37°C result in improved protein-to-protein 

variability (Noble, 2009). After incubation, the plate was left for 30 min to cool 

to room temperature and the absorbance was read using a Multiskan Ascent 

V1.24 and software version 1.3.1 (Thermo Lab Systems) with a 595 nm filter. 

 

2.11. SDS-Polyacrylamide Gel Electrophoresis  
SDS-PAGE is the most widely used method for analysing protein mixtures 

quantitatively (Hames, 2001; Walker, 2010). The anionic detergent sodium 

dodecyl sulfate (SDS) gives the denatured sample a constant mass to charge 
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ratio and identical charge densities resulting in the proteins being separated 

according to size. On average, one SDS molecule binds every 2 amino acids 

on the rod-shaped, denatured protein structure. The protein samples were 

placed in SDS sample buffer (0.06 M Tris-HCl, pH 6.8, 10% glycerol, 2% (w/v) 

SDS) and boiled at 95°C for 4 min. The glycerol forms part of the running 

buffer to increase the samples’ density, preventing convective migration out of 

the wells (Walker, 2010; Pilch, 1964). The protein concentrations were 

calculated using the BCA protein quantitation kit. Samples were stored at -

20°C in SDS sample buffer.  

 

Once the samples were ready to be loaded onto the gel, the protein samples 

were diluted 1:1 or 4:1 in SDS reducing buffer (5% v/v 2β-mercaptoethanol, 

0.025% w/v bromophenol blue). The 2β-mercaptoethanol prevents the 

oxidation of cysteines and reduces the disulphide bridges keeping tertiary 

structures together. The ionisable bromophenol blue dye is used to track the 

electrophoretic run. Samples were loaded with the Spectra multicolour low 

range protein ladder (1.7–40 kDa, Thermo Scientific Pierce Protein Research 

Products). AnyKD (range of 10-100 kDa) precast SDS-PAGE gels were 

purchased from Bio-Rad and used to separate proteins using a Mini-Protean 

Bio-Rad system in a running buffer (25 mM Tris, 192 mM glycine and 0.1% 

SDS) at 300 V for 20 min. The stacking gel, with a large pore size, is used to 

concentrate the protein into a band before entering the separating gel. The 

SDS-protein complexes separate according to size as they move through the 

separating gel due to molecular sieving (Walker, 2010). 

 

After protein separation, gels were stained overnight at 37ºC using (0.1% 

(w/v) Coomassie Brilliant Blue R-250 (Sigma), 40% (v/v) methanol (Merck) 

and 10% (v/v) acetic acid (Merck), followed by an overnight de-stain with 25% 

methanol. Gels were then stored in 1% acetic acid solution for future analysis. 

 

2.12. Mass spectrometry analysis 
The basis of mass spectrometry is the conversion of sample molecules into 

gaseous ions, which are further separated and detected in a mass 
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spectrometer according to their mass-to-charge ratio (Walker, 2010). Mass 

spectrometry was performed by Dr Salome Smit at the Central Analytical 

Facility, University of Stellenbosch.  

 

All experiments were performed on a Thermo Scientific EASY-nLC II 

connected to a LTQ Orbitrap Velos mass spectrometer (Thermo Scientific, 

Bremen, Germany) equipped with a nano-electropsray source. The nano-

electrospray technique was used for improved sensitivity of limited amounts of 

sample (Walker, 2010). For liquid chromatography, separation was performed 

on an EASY-Column (2 cm, ID 100µm, 5 µm, C18) pre-column followed by 

XBridge BEH130 NanoEase column (15 cm, ID 75 µm, 3.5 µm, C18) with a 

flow rate of 300 nl/min. The gradient used was from 5-17 % B in 5 min, 17-

25% B in 90 min, 25-60% B in 10 min, 60-80% B in 5min and kept at 80% B 

for 10 min. Solvent A was 0.1 % (v/v) formic acid in water, and solvent B was 

0.1% formic acid in acetonitrile. 

 

The mass spectrometer was operated in data-dependent mode to 

automatically switch between Orbitrap-MS and LTQ-MS/MS acquisition. Data 

were acquired using the Xcaliber software package. The precursor ion scan 

MS spectra (m/z 400 – 2000) were acquired in the Orbitrap with resolution R = 

60000 with the number of accumulated ions being 1x106. The 20 most intense 

ions were isolated and fragmented in a linear ion trap (number of accumulated 

ions 1.5x104) using collision-induced dissociation. The lock mass option 

(polydimethylcyclosiloxane; m/z 445.120025) enabled accurate mass 

measurement in both the MS and MS/MS modes. In data-dependent LC-

MS/MS experiments, dynamic exclusion was used with 60 s exclusion 

duration. Mass spectrometry conditions were 1.8 kV, capillary temperature of 

250 °C, with no sheath and auxiliary gas flow. The ion selection threshold was 

500 counts for MS/MS and an activation Q-value of 0.25 and activation time of 

10 ms were also applied for MS/MS. Thermo Proteome Discoverer 1.3 

(Thermo Scientific, Bremen, Germany) was used to identify proteins via 

automated database searching (Mascot, Matrix Science, London, UK, and 

Sequest) of all tandem mass spectra against the PlasmoDB 7.2 database.  
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2.13. Statistical Analyses 
All statistical analyses were performed using a student t-test and the program 

GraphPad Instat (Version 3). The t-test was used to determine if the means of 

two groups were statistically different from each other, with a 95% confidence 

interval. Using ICEstimator, the IC90 values of all four polyamine analogues 

were calculated for the reversibility experiments. Figures were developed 

using GraphPad Prism (Version 5) and SigmaPlot (Version 11). 
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Chapter 3 

 

Results 
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3.1. ADME profile of fluorinated polyamine analogues 
Verlinden and collueges showed that a series of symmetrical alkylated 

(bis)urea and (bis)thiourea polyamine analogues exhibited antiplasmodial 

activity in the low nanomolar range (100-650 nM), additionally showing high 

selectivity to P. falciparum parasites (Verlinden et al., 2011). To further 

evaluate the antimalarial capacity of the (bis)urea and (bis)thiourea polyamine 

analogue series, the three leading compounds (compound 20, 30 and 39 from 

(Verlinden et al., 2011) were sent for ex vivo pharmacology evaluation and in 

vivo efficacy testing in the murine malaria model (Verlinden et al. Unpublished 

Results). The ex vivo pharmacology analysis was performed at St Jude’s 

Childrens Hospital, USA in the group of Kip Guy and the murine in vivo 

analysis was performed by Lubbe Wiesner at the pharmacology department, 

University of Cape Town.  

 

The solubility of the leading compounds was measured at various pH values, 

in order to mimic certain biological environments as closely as possible. 

These pH environments were mimicking the pH of an empty stomach (pH 3), 

the pH of a full stomach (pH 5) and the pH of blood (pH 7.4). The results 

showed that the average solubility was moderate to good for all three leading 

compounds, ranging from 9.3-62.5 µM (Table 3.1). Furthermore, the 

microsomal stability assay used assessed the half-life of the compounds, 

which is an indicator of in vivo clearance. Due to the majority of drug 

metabolism occurring in the liver, clearance times of the compounds were 

measured in mouse, rat, dog and human liver microsomes. Microsomal 

stability could not be determined for compound 30 and 39. However, the half-

life of compound 20 measured above 4 hours (Table 3.1) and the clearance 

time in rat and human liver microsomes is comparable to known antimalarial 

compounds. 

 

The predicted plasma levels of compounds, after oral administration, were 

measured using the Caco-2 cell permeability model, in order to assess the 

permeability of the leading compounds tested. The apparent permeability 

(Papp) measurement is indicative of absorption characteristics. Where a Papp 

value of >10×106 cm/sec are likely to be well absorbed, whilst those with a 



 52 

low Papp (<10×106 cm/sec) are less likely to have good absorption 

characteristics, compound 30 falls well within range of good absorption (Table 

3.1). An efflux ratio (Papp B>A/Papp A>B) of >2 indicates active efflux of the 

compound, via transporter molecules, from the cells’ apical surface. From the 

three leading compounds tested, compound 39 was the only one with an 

efflux ratio >2.  

 
Table 3.1: Solubility and permeability determination of selected compounds from the 
first (bis)urea and (bis)thiourea-alkylated polyamine analogue library, with in vitro 
metabolic stability determined in mouse, rat, dog and human liver microsomes  
(Verlinden et al. Unpublished Results). 
 

 

 

 

 

 

 

 

 

Furthermore, compounds 20, 30 and 39 were evaluated in a malaria infected 

mouse model for in vivo efficacy; compound 30 was further evaluated for in 

vivo bioavailability. During the in vivo pharmacokinetic evaluation, most of the 

concentrations of compound 30 were below the limit of quantification. The 

cause of the low bioavailability is unclear, but may be due in part to low 

absorption of the compound or rapid metabolism in the gastrointestinal tract of 

the mice.  As no effect on parasite multiplication was observed during in vivo 

studies and microsomal stability could not be indicated for this compound, the 

lack of efficacy could be explained by either low bioavailability or metabolic 

stability of compound 30. As such, it was decided to halogenate the lead 

compound, (compound 30) to create four altered analogues, each with a 

fluorination on the terminal phenyl substituents, without altering the 3-6-3 

backbone or the internal urea substituents (Table 3.2). 

 

 

Classification pH Avg. Solub. 
(uM)

AVG Papp 
A/B (nm/s)

Efflux Ratio 
(B2A/A2B)

Concentratio
n (uM)

7.4 73.4 452.88 0.96 ND
    Rifampin ND ND 16.38 3.44 ND

t(1/2) /hr CLint'    
(ml/mi t(1/2) /hr CLint'     

(ml/mi t(1/2) /hr CLint'      
(ml/mi t(1/2) /hr CLint'      

(ml/mi
3 14.5 High (20) 0.7 73.7 >4 <11.7 3.7 8.9 >4 <5.2
5 14.8 Medium (4) 0.7 72.1 >4 <11.7 1.3 24.7 >4 <5.2

7.4 33.7 Low (0.8) 3.3 14.3 1.1 30.5 >4 <5.2
3 9.3
5 13.5 ND

7.4 31.3
3 48.5
5 62.5 ND

7.4 43.6

Microsomal stability

39

30

20

  None detected

Mouse Rat Dog Human

      188.16             0.73

        10.88             3.24  

Compounds Solubility Caco permeability

Carbamazepi

        ND                ND
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Table 3.2: Alkylated 3-6-3 carbon backbone fluorinated polyamine analogues.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1. BP-113-15:1,1’-((hexane-1,6-diylbis(azanediyl))bis(propane-3,1-diyl))bis(3-(3-

fluorophenyl)urea) 
2. BP-113-17:1,1’-((hexane-1,6-diylbis(azanediyl))bis(propane-3,1-diyl))bis(3-

(2,4-difluorophenyl)urea) 
3. EM-109-35:1,1’-((hexane-1,6-diylbis(azanediyl))bis(propane-3,1-diyl))bis(3-(4-

fluorophenyl)urea) 
4. EM-109-37:1,1’-((hexane-1,6-diylbis(azanediyl))bis(propane-3,1-diyl))bis(3-(2-

fluorophenyl)urea) 
 

Considering the unpublished in vivo efficacy and ex vivo pharmacology results 

of compound 30, the series of four fluorinated polyamine analogues were 

evaluated by means of in silico ADME profiling to evaluate their ex vivo 

pharmacokinetic profiles. These physiochemical descriptors incorporate in 

silico models for intestinal absorption, aqueous solubility, blood brain barrier 

penetration, plasma protein binding, cytochrome P450 2D6 inhibition and 

hepatotoxicity. 
 

Compound 
number 

Compound 
ID 

Molecular 
Weights 

 
Chemical Structure 

Alkylation Type 

R1 R2 

30 RJB-92-04 541.56 

  

 
(Bis)diphenyl 

 
Urea 

1 BP-113-15 577.54 

  
(Bis)diphenyl Urea 

2 BP-113-17 613.52 

  

(Bis)diphenyl Urea 

3 EM-109-35 577.54 

  
(Bis)diphenyl Urea 

4 EM-109-37 577.54 

  

(Bis)diphenyl Urea 

 

R1 R2 





            


   






      





    





    





    




    




    




    
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Table 3.3: ADME data of the series of fluorinated polyamine analogues. In silico 
physiochemical predictors were obtained using the Discovery Studio Modelling 
Environment program. 

Properties CQ 30 1 2 3 4 

Molecular Weight 319.9 468.6 506.6 542.6 506.6 506.6 

Human Intestinal 
Absorption (HIA)a 0 0 0 0 0 0 

Aqueous Solubility -5.014 -1.372 0.39 -1.09 0.42 0.36 

Aqueous Solubility 
levelb 2 4 5 4 5 5 

Blood Brain Barrier 
(BBB) 0.755 N/A -1.34 -1.22 -1.34 -1.34 

BBB Level c 0 4 3 3 3 3 

Cytochrome P450 2D6 
(CYP2D6) 10.68 -3.90 -6.15 -6.15 -6.15 -6.15 

CYP2D6 prediction True False False False False False 

Hepatotoxicity 0.38674 0.7099
1 3.24 3.45 3.91 2.25 

Hepatotoxicity 
prediction True True True True True True 

Plasma protein binding 
(PPB) -1.84539 3.0968 -2.48 -2.66 -2.09 -2.16 

PPB prediction True True False False True True 
a Absorption: Good absorption (0), Moderate absorption (1), Low absorption (2), Very 
low absorption (3). 
b Aqueous Solubility: Extremely low (0), Very low but possible (1), Yes, low (2), Yes, 
good (3), Yes optimal (4), No, too soluble (5). 
c Blood brain penetration: Very high penetrant (0), High (1), Medium (2), Low (3), 
Undefined (4). 
 

Table 3.3 indicates that all four fluorinated analogues and CQ are predicted to 

absorb absorbed well due to predicted human intestinal absorption (HIA) 

scores of zero.  Compound 2 and compound 30 have optimal levels of 

aqueous solubility in terms of drug-likeness, whereas the other three 

fluorinated compounds are too soluble. The predicted solubility data of CQ is 

low. From these predicted values, the polyamine analogues seem to be more 

soluble than CQ. Expected values for blood brain barrier (BBB) penetration 

indicate: 1) the BBB value of the fluorinated analogues imply low BBB 

penetration, 2) compound 30 shows undefined BBB penetration values and 3) 
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CQ is predicted to easily penetrate the BBB. The program predicted 

hepatotoxicity values increasing from 0.3 (CQ) and 0.7 (compound 3) to 

values all above 3 for the fluorinated analogues.  

 

All values indicate hepatotoxic natures for the tested compounds possibly 

indicating that the fluorination makes polyamine analogues more hepatotoxic. 

For the fluorinated analogues, predicted plasma protein binding (PPB) values 

also changed drastically to negative values, similar to CQ (-1.84539), in 

comparison to the positive value of compound 30 (3.0968). This could indicate 

that the fluorinated analogues do not bind to as many plasma proteins as 

compound 30, which could result in improved permeability and absorption. 

 

Lipinski’s rule of five implies that a compound is more likely to exhibit poor 

absorption and permeation if two or more parameters are out of range. Ideal 

chemotypes should have molecular weights less than 500 g/mol. They should 

contain no more than 5 hydrogen bond donors (HBD) or 10 hydrogen bond 

acceptors (HBA) and should have a LogP (octanol/water partition coefficient) 

value less than 5.  

 

The Quantitative Estimate of Drug-likeness (QED) value was calculated 

because it is not based on cut-off values of four rules only, ranking 

compounds across a wide value range. The QED values range from zero (all 

properties unfavourable) to one (all properties favourable), ranking 

compounds according to their predicted drug-likeness (Bickerton et al., 2012). 
 
 

Data from Table 3.4 indicates that all four fluorinated analogues have less 

than 5 HBD, less than 10 HBA and AlogP values less than 5. Compared to 

the AlogP value of CQ (4.4), all polyamine analogues have lowered ALogP 

values (2.3-2.6) in the same range as compound 30. 
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Table 3.4: The Quantitative Estimate of Drug-likeness calculated for the series 
of fluorinated polyamine analogues. Physiochemical and QED predictors of the 
fluorinated polyamine analogues, compound 30 and CQ, predicted using the Biscu-it 
QED on Silicos-it program.  

Properties CQ 30 1 2 3 4 

Molecular Weight 319.9 468.6 506.64 542.62 506.64 506.64 

AlogP 4.4 2.6 2.375 2.654 2.375 2.375 

Hydrogen bond donors 1 6 2 2 2 2 

Hydrogen bond 
acceptors 3 8 6 6 6 6 

Number of rotatable 
bonds 8 17 21 21 21 21 

Number of aromatic 
rings 2 2 2 2 2 2 

QED* - 0.158 0.146 0.107 0.146 0.146 

*Quantitative Estimate of Drug Likeness 

 

Although the molecular weights of the analogues exceed 500 g/mol, the 

compounds comply with three of Lipinski’s rules, according to the Biscu-it 

QED on Silicos-it program. The predicted QED values for all five polyamine 

analogues are very low, ranging from 0.107-0.158. The range of values is 

very close to 0, which is associated with unfavourable properties for drug-

likeness or low drug-likeness (Bickerton et al., 2012).  

 

3.2. Antiplasmodial activity of polyamine analogues in P. 
falciparum parasites 
To determine if the fluorination of compound 30 (Table 3.1; Verlinden et al., 

2011) has an effect on the in vitro potency of the compound against P. 

falciparum parasite proliferation, the Malaria SYBR Green I Fluorescence 

assay was performed to determine the dose-response effects and the IC50 

values.  

 

The fluorinated analogues were tested against P. falciparum strain 3D7 (CQ 

sensitive), strain HB3 (pyrimethamine resistant) and strain W2 (CQ resistant). 

The recorded fluorescence values were used to create dose-response curves 
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for each compound in each strain. Using the data obtained from the dose-

response curves (Figure 3.1), the corresponding IC50 values for each strain 

were calculated as summarised in Table 3.5.  

 

Figure 3.1: Dose-response curves of four fluorinated polyamine analogues 
against three strains of P. falciparum parasites. The MSF assays were set up 
using synchronised ring stage P. falciparum parasite suspensions (1% parasitaemia, 
2% haematocrit), which were treated with the fluorinated analogues, 2-fold serially 
diluted to 187.5 pM and a starting concentration of 100 µM. The 96-well plates were 
incubated at 5% O2, 5% CO2 and 90% N2 within a stationary incubator at 37°C for 96 
h. P. falciparum strain 3D7, strain HB3 and strain W2 were used to obtain the dose-
response curves above, from which the corresponding IC50 values were calculated. 
Data are the means of at least three independent experiments performed in triplicate 
±S.E. 
 

Results of the antiplasmodial activity of the fluorinated polyamine analogue 

series against P. falciparum proliferation showed that compound 3 had the 

lowest IC50 value in all three tested P. falciparum strains (11 nM – 35 nM), 

followed by compound 1 (11 nM – 45 nM). Compound 2 (107 nM) and 
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Figure 3.1: Dose-response curves of four fluorinated polyamine analogues 
against three strains of P. falciparum parasites. The MSF assays were set up 
using synchronised ring stage P. falciparum parasite suspensions (1% parasitaemia, 
2% haematocrit), which were treated with the fluorinated analogues, 2-fold serially 
diluted to 187.5 pM and a starting concentration of 100 µM. The 96-well plates were 
incubated at 5% O2, 5% CO2 and 90% N2 within a stationary incubator at 37°C for 96 
h. P. falciparum strain 3D7, strain HB3 and strain W2 were used to obtain the dose-
response curves above, from which the corresponding IC50 values were calculated. 
Data are the means of at least three independent experiments performed in triplicate 
±S.E. 
 

Table 3.5 compares the IC50 values of compound 30 and the fluorinated 

polyamine analogues in three P. falciparum strains. The IC50 values 

calculated for the compounds in strain 3D7 were higher than the 

corresponding compound values calculated in strain HB3. Strain W2 resulted 

in the overall lowest IC50 values for each corresponding compound. 

 

0 2 4 6
0

50

100

Log [Compound 1] (nM)

Pa
ra

si
te

 P
ro

lif
er

at
io

n 
(%

)

0 2 4 6
0

20

40

60

80

100

Log [Compound 1] (nM)

Pa
ra

si
te

 P
ro

lif
er

at
io

n 
(%

)

0 2 4 6
0

20

40

60

80

100

Log [Compound 1] (nM)
Pa

ra
si

te
 P

ro
lif

er
at

io
n 

(%
)

0 2 4 6
0

50

100

Log [Compound 2] (nM)

Pa
ra

si
te

 P
ro

lif
er

at
io

n 
(%

)

0 2 4 6
0

20

40

60

80

100

Log [Compound 2] (nM)

Pa
ra

si
te

 P
ro

lif
er

at
io

n 
(%

)

0 2 4 6
0

50

100

Log [Compound 3] (nM)

Pa
ra

si
te

 P
ro

lif
er

at
io

n 
(%

)

0 2 4 6
0

50

100

Log [Compound 4] (nM)

Pa
ra

si
te

 P
ro

lif
er

at
io

n 
(%

)

0 2 4 6
0

20

40

60

80

100

Log [Compound 2] (nM)

Pa
ra

si
te

 P
ro

lif
er

at
io

n 
(%

)

0 2 4 6
0

20

40

60

80

100

Log [Compound 3] (nM)

Pa
ra

si
te

 P
ro

lif
er

at
io

n 
(%

)

0 2 4 6
0

20

40

60

80

100

Log [Compound 4] (nM)

Pa
ra

si
te

 P
ro

lif
er

at
io

n 
(%

)

0 2 4 6
0

20

40

60

80

100

Log [Compound 3] (nM)

Pa
ra

si
te

 P
ro

lif
er

at
io

n 
(%

)

0 2 4 6
0

50

100

Log [Compound 4] (nM)

Pa
ra

si
te

 P
ro

lif
er

at
io

n 
(%

)

P. falciparum 3D7 

C
om

po
un

d 
2 

P. falciparum W2 P. falciparum HB3 

C
om

po
un

d 
3 

C
om

po
un

d 
1 

C
om

po
un

d 
4 



 58 

compound 4 (136 nM) necessitated the highest concentrations for 50% 

inhibition of P. falciparum strain 3D7 parasite proliferation. From the data 

obtained in the panel of strains, the resistance index for the compounds could 

also be calculated (Table 3.5). 

 
Table 3.5: In vitro antiplasmodial activity of fluorinated 3-6-3 carbon backbone 
polyamine analogues. Analogues were screened against a panel of 
intraerythrocytic P. falciparum parasite strains using the MSF assay. Data from the 
various strains were used to calculate the resistance index and are representative of 
3 individual experiments, each performed in triplicate, ± S.E. 

Compound 
P. falciparum IC50 (nM) 

RIa 

3D7 W2 HB3 

30 88 ± 7 26 ± 1 - 0.29 

1 41 ± 5 11 ± 6 45 ± 7 0.27 

2 107 ± 1 20 ± 7 57 ± 6 0.19 

3 35 ± 2 11 ± 2 24 ± 6 0.31 

4 136 ± 2 68 ± 1 103 ± 3 0.50 

CQ 15 ± 7 62 ± 2 19 ± 2 4.13 

a Resistance index (RI) is defined as the ratio of the IC50 values of the resistant strain (W2) 
divided by the  IC50 values of the sensitive strain (3D7). 
 

Table 3.5 compares the IC50 values of compound 30 and the fluorinated 

polyamine analogues in three P. falciparum strains. The IC50 values 

calculated for the compounds in strain 3D7 were higher than the 

corresponding compound values calculated in strain HB3. Strain W2 resulted 

in the overall lowest IC50 values for each corresponding compound. 

Compound 3 had an IC50 value of 35 nM in P. falciparum strain 3D7, 24 nM in 

P. falciparum strain HB3 and 11 nM in P. falciparum strain W2 (Table 3.5). 

The same trend is followed by all four fluorinated analogues. These results 

indicate that the compounds show antiplasmodial activity against a wide 

range of P. falciparum phenotypes, and no cross-resistance is evident. 
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Both leading compounds (compound 1 and compound 3) are (bis)diphenyl, 

urea 3-6-3 carbon backbone polyamine analogues. However, compound 1 

has meta monofluorinated terminal rings and compound 3 has para 

monofluorinated terminal rings. Compound 2 has ortho/para difluorinated 

terminal rings and compound 4 has ortho monofluorinated terminal rings. The 

difference in placement of the fluorine molecules affects the reactivity of the 

compounds towards the parasites (Table 3.5). Possibly, the positioning could 

affect the binding of the compounds in the target active site, making the 

inhibition less effective or more effective. The resistance indices of this library 

of polyamine analogues are well below the RI value calculated for CQ (4.1). 

The low resistance indices could be indicative of a distinct resistance 

mechanism as compared to that of CQ, suggesting a distinct mode of action.  

 

3.3. Selectivity indices of the fluorinated polyamine analogues 
Selectivity of a compound is important for drug development, as the 

compound has to be specific to the parasite-infected red blood cells and not 

attack the host cells. The parent compound (Compound 30) has been shown 

to be >7000-fold selective towards the parasite as compared to mammalian 

cells (Verlinden et al., 2011). Therefore, the concentration responsible for 

50% inhibition of cell growth (GI50) was determined against human 

hepatocellular liver carcinoma cells (HepG2), after 96 h compound treatment 

with the fluorinated polyamine analogues (Table 3.6).  
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Table 3.6: Cytotoxicity and selectivity determination of 3-6-3 carbon backbone 
fluorinated polyamine analogues determined using HepG2 mammalian cells. 
Data represents the mean of 3 independent biological repeats, performed in triplicate 
± S.E.  

Compound 
HepG2 

GI50 (µM) 

Selectivity Index 
(SI)a 

CQ 43.09 ± 2.4 4787 
30 619.3 ± 25.8 7038 
1 126.2 ± 28 3078 
2 649.2 ± 2.1 6067 
3 9579 ± 3.9 >8000 
4 519.3 ± 2.7 3818 

a Selectivity index (SI) was determined as the compound GI50 mammalian cell/ IC50 P. 
falciparum. 
 

The GI50 values calculated (Table 3.6) were all in the µM range, one order of 

magnitude higher than that calculated for P. falciparum parasite IC50 values 

(Table 3.5). The selectivity index, which is defined as the ratio of HepG2 GI50 

over P. falciparum IC50, ranged from >3000-fold to >8000-fold more selective 

for P. falciparum parasites compared to mammalian cells. Of the four 

analogues, compound 3 was the most selective towards parasite cells, 

followed by compound 2. The lowest selectivity index for this series was 

compound 1, showing 3078-fold more selectivity towards P. falciparum 

parasites (Table 3.6). 

 

3.4. Recovery of parasites after short-term exposure with 
compounds 1 and 3 
The inhibition of polyamine biosynthesis results in an in vitro parasite 

cytostatic phenotype, which is not ideal for antimalarial drug development as 

re-infection can occur (Niemand et al., 2012). Parasite recovery experiments, 

based on work done by Malmquist et al. (2012), were performed to determine 

if the fluorinated polyamine analogues resulted in cytostatic or cytotoxic 

parasite phenotypes. Synchronised ring stage parasites (2% parasitaemia, 

5% haematocrit) were treated at 3×IC90 and 10×IC90 of compound 1 (IC90-

187.3 nM) and compound 3 (IC90-136.6 nM) following a short-term exposure 
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of 12 h. After incubation the cultures were washed with culture medium and 

parasite proliferation recorded at 4 time points using SYBR Green I 

fluorescence (Malmquist et al., 2012). 

 

 

 

 

 

 

 

 

 

 
Figure 3.2: Parasite proliferation measured using SYBR Green I Dye, after 
removal of drug pressure. P. falciparum ring stage parasites (strain 3D7) were 
treated with compound 1 (A) and compound 3 (B) for 12 h at 3×IC90 (upright triangle) 
and 10×IC90 (downward triangle). Parasites were washed with warm culture medium 
and subsequent parasite proliferation was measured at 4 time points using the 
Malaria SYBR Green I Fluorescence assay. A circle represents untreated parasites 
as positive growth controls. A square represents CQ treated parasites (0.5 µM) as 
negative growth controls. Data are the means of 3 independent repeats performed in 
duplicate ± S.E.  
 

Compound 1-treated cultures showed continued parasites proliferated after 

drug removal at 3×IC90 but no parasite proliferation was evident at 10×IC90. 

By contrast, compound 3-treated parasites were able to fully recover and 

continued to proliferate after drug removal when treated at both 3×IC90 and 

10×IC90 (Figure 3.2). Due to the proliferation assay being unable to distinguish 

between dead and living parasites, the parasite proliferation when treated with 

compound 3 at 10×IC90 could be as a result of the assay reading DNA of dead 

parasites. However, further time studies would have to confirm this. The data 

could lend itself to the assumptions that compound 1-treated parasites result 

in a cytotoxic phenotype. Only at 36 h after a low dose of compound-1 were 

the parasites able to start proliferating again. However, the data recorded 

from compound 3-treated parasites, after a 12 h pulse, indicated that the 

parasites were able to recover after drug removal. 

 

A B 
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Results recorded from all mentioned proliferation assays established that the 

different placements of the fluorine molecules did affect the inhibitory capacity 

of the compounds towards the parasites (Table 3.2) and provided information 

on the antiplasmodial structure-activity relationships (SAR) of compounds 1-4. 

Possible modes of action were investigated in the next sections.  

 
3.5. β-Haematin Crystallisation Studies 
The basic scaffold of the fluorinated polyamine analogues and CQ both 

consists of a benzene ring and the latter has been implicated as the mode of 

action of CQ in preventing haemozoin formation. In order to avoid haem 

toxicity, parasites sequester haem into aggregates of dimeric 

ferriprotoporphyrin IX called haemozoin (β-haematin crystals) (Carter et al., 

2010).  

 

Keeping this similarity in mind, β-haematin crystallisation studies were 

performed to investigate a possible similar mode of action for the polyamine 

analogues. The detergent initiated β-haematin crystallisation assay is based 

on the ability of compounds to inhibit the formation of β-haematin crystals, 

which can be detected by means of determining the amount of pyridine 

reacting with haemin and not β-haematin. The non-ionic and non-denaturing 

detergent NP-40 has been used in this assay to nucleate the formation of β-

haematin crystallisation, while pyridine coordinates with ferriprotoporphyrin IX, 

displacing water. Therefore the absorbance has been proven to be directly 

proportional to haematin concentration (Ncokazi and Egan, 2005). 

Investigations concerning current novel antimalarial compounds use this 

assay to determine if a mechanism of action similar to that of CQ is probable.  

 

Therefore, this assay was performed using the fluorinated series of polyamine 

analogues. Compound 30, compound 3 (leading analogue) and compound 4 

(weakest analogue) were therefore tested for the ability to inhibit β-haematin 

formation (Figure 3.3).  
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Figure 3.3: Sigmoidal IC50 graphs of β-haematin inhibition studies with 3-6-3 
carbon backbone polyamine analogues and CQ. Compound 30 (B), compound 3 
(C), compound 4 (D) and CQ (A) were used at a starting concentration of 1 mM from 
which they were 2-fold serially diluted in an NP40/DMSO buffer. To the compounds a 
haemin/acetate buffer was added and the 96-well plates were incubated at 37°C for 
5 h. After incubation, a pyridine/acetate buffer was added and the absorbance was 
measured at 405 nm. Data are representative of three independent repeats 
performed in duplicate ± S.E. 
  
CQ was determined to have an IC50 value of 11 µM for the formation of β-

haematin crystals. From Figure 3.3, it is evident that compound 3 had the 

ability to inhibit β-haematin formation but only at a concentration above 1 mM. 

This suggests that haematin inhibition may not be the primary mechanism of 

inhibition of compound 3. Comparatively, both compounds 30 and compound 

4 were unable to inhibit β-haematin formation at all of the concentrations 

tested (98 nM to 1 mM) indicating that these compounds do not have the 

ability to prevent haematin formation.  
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3.6. LSD1 Chemiluminescence Assay Optimisation 
Previously, the (bis)urea and (bis)thiourea polyamine analogues were shown 

to inhibit LSD1 activity in mammalian breast cancer cells (Sharma et al., 2010, 

Huang et al., 2007). Therefore, in this study, the fluorinated analogues of 

compound 30 (Verlinden et al., 2011) were tested for their ability to inhibit 

LSD1. An LSD1 chemiluminescent assay has been developed based on the 

oxidation of luminol by HRP in the presence of H2O2 (Parejo et al., 2000, 

Chen et al., 2007) and was optimised in this study for use against malaria 

parasites as described below. 

  

3.6.1. Kinetic study of chemiluminescence 
The reaction of this assay is based on the oxidation of luminol by HRP in the 

presence of H2O2 (Chen et al., 2007). This experiment was set up to 

determine the rate of decomposition of the chemiluminescent reaction once 

the H2O2 has been added to the reaction well (Figure 3.4). Luminol is oxidised 

in the presence of H2O2 to 3-aminophthalate anions, of which the 

luminescence was recorded using a luminometer at 425 nm.  

 

Figure 3.4 indicates that the activity of luminol decreased from ±275 000 

RLU/Sec to 225 000 RLU/Sec within the first 2 minutes of chemiluminescent 

recordings. From the rapid decrease in the rate of reaction shown in Figure 

3.4, it was optimal to record further experimental readings directly after the 

addition of recombinant enzyme or parasites. This is due to the recombinant 

enzyme and the parasites being able to activate the oxidation of luminol in the 

presence of HRP and H2O2. Once the rate of luminol decomposition was 

established, the negative or positive effects of various components of the 

reaction mixture on chemiluminescent readings were tested. 
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Figure 3.4: Kinetic study of the decomposition of luminol. The rate of 
decomposition of luminol, in the presence of horseradish peroxidase (HRP) and 
hydrogen peroxide (H2O2), recorded over a period of 2 min at 425 nm. Data 
represents two independent repeats performed in duplicate. 
 

3.6.2. Reagent effect on chemiluminescence  
The original LSD1 assay protocol (Huang et al., 2007) used for study in 

human colon carcinoma cells included the buffering agent Tris-HCl (pH 8.5) 

and two electrolytes KCl and MgCl2 in the reaction mixture containing luminol, 

HRP and the LSD1 substrate (H3K4me2). These reagents were tested 

individually and in combination in order to establish if their presence resulted 

in improved chemiluminescent readings (Figure 3.5). 

 

The data shows that Tris-HCl, as a buffering agent at pH 8.5, makes a 

considerable difference to the chemiluminescent reading as compared to the 

readings observed of the single electrolytes (KCl or MgCl2) without buffering 

(Figure 3.5). The combined effect of all three reagents resulted in an improved 

chemiluminescent reading just below 1.5×106 RLU/Sec compared to 0.9x106 

RLU/Sec for Tris-HCl alone. 
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Figure 3.5: The effect of reagent composition on chemiluminescent readings. 
Reagents were pipetted into a white 96-well plate at the following concentrations: 15 
µM luminol, 6 µg/100 µl HRP, 50 mM Tris-HCl (pH 8.5) or, 50 mM KCl, or 5 mM 
MgCl2. The plate was incubated at 37°C for 2 min, after which 500 nM H2O2 was 
added and chemiluminescence recorded at 10 s and 425 nm. Data are 
representative of three independent repeats performed in duplicate ± S.E. 
 

3.6.3. Inhibition of human recombinant LSD1 enzyme activity 
Recombinantly expressed P. falciparum LSD1 (350 kDa) enzymes are not 

currently available. To confirm the specificity of the assay towards LSD1 

activity, inhibition of human recombinant LSD1 activity was tested in the 

presence of an LSD1 specific inhibitor and the polyamine analogues (Table 

3.6). The recombinant human LSD1 enzyme, which is 103 kDa in size, was 

purchased (Sigma-Aldrich) and used to confirm the specificity and functioning 

of the LSD1 specific assay and the effect of the analogues on human 

recombinant LSD1 activity (Figure 3.6).  
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Figure 3.6: Effect of compounds on recombinant human LSD1 activity. Each 
reaction mixture consisted of 15 µM luminol, 6 µg/100 µl HRP, 5 µM H3K4me2, 50 
mM Tris-HCl (pH 8.5), 50 mM KCl, 5 mM MgCl2. The reactions were incubated at 
37°C for 2 min, 500 nM H2O2 was added and luminol chemiluminescence recorded at 
10 s and 425 nm. Data are representative of a single experiment performed in 
duplicate ± S.D. 
 

Tranylcypromine (trans-2-phenylcyclopropylamine hydrochloride), a known 

human LSD1 inhibitor (Maojun Yang, 2007) completely inhibited recombinant 

human LSD1 activity at both 1 mM and 10 mM. Compound 30 was able to 

inhibit LSD1 activity by 30% at 1 mM, with complete inhibition seen at 10 mM. 

However, compound 3 potently inhibited 84% of LSD1 activity at 1 mM, 

followed also by complete inhibition of the protein at 10 mM (Figure 3.6). The 

effect of these inhibitors on P. falciparum LSD1 activity was subsequently 

determined on parasite lysates.  

 

3.5.4. Antiplasmodial activity of tranylcypromine 
As a positive control for LSD1 inhibition, tranylcypromine was used in the 

luminol based chemiluminescence assay. This molecule is a non-specific 

monoamine oxidase inhibitor, which also targets LSD1. However, no 
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information is available on the effect of this drug on whole cell parasites and 

this necessitated determining this effect prior to using tranylcypromine as 

control to inhibit LSD1 activity in P. falciparum parasite lysates. A dose-

response curve was obtained and used to determine the 50% inhibitory 

concentration of tranylcypromine against intraerythrocytic P. falciparum 

parasites (strain 3D7)(Figure 3.7). The compound was 2-fold serially diluted 

from a starting concentration of 800 µM to a final concentration of 31.25 µM. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.7: A dose-response curve of tranylcypromine activity against 3D7 P. 
falciparum parasites. Using synchronised P. falciparum ring stage parasites, a 
Malaria SYBR Green I Fluorescence based assay was set up (2% haematocrit, 1% 
parasitaemia) with tranylcypromine at a starting concentration of 800 µM, which was 
2-fold serially diluted to 31.25 µM. The 96-well plate was incubated at 37°C for 96 h 
and absorbance was measured at 560 nm. The IC50 concentration was subsequently 
calculated from the sigmoidal graph. Data are representative of three independent 
repeats performed in triplicate ± S.E. Where not shown, error bars fall within the 
symbols. 
 
From the sigmoidal curve in Figure 3.7, it was calculated that tranylcypromine 

had an IC50 value of 150 µM against intraerythrocytic P. falciparum parasites 

(strain 3D7) as compared to the IC50 value of 20 µM in human colon 

carcinoma cells (Maojun Yang, 2007). Although there is a substantial 

difference in the IC50 values of tranylcypromine inhibitory activity in human 

cells compared to parasites, the IC50 values are both in the µM range. 
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Therefore, tranylcypromine could be used as a positive control for LSD1 

inhibition in further parasite specific LSD1 experiments.  

 

3.6.5. Inhibition of P. falciparum LSD1 activity in parasites 
This LSD1-specific chemiluminescent assay has never before been attempted 

in in vitro P. falciparum parasites. To determine the effect of compound 3 on 

P. falciparum strain 3D7 parasites, the LSD1-specific optimised assay was 

therefore performed using parasite lysates. The assays were performed using 

trophozoite stage parasites due to multiple rounds of nuclear division and 

increased activity of epigenetic enzymes such as LSD1 (Cui et al., 2008a).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8: The effect of compound 3 on LSD1 enzyme activity of isolated P. 
falciparum trophozoites. Synchronised, trophozoite parasites (6% parasitaemia, 
5% haematocrit) were treated with tranylcypromine (Tranyl) and compound 3 (Cmpd 
3) at three concentrations (1×IC50, 5×IC50, 10×IC50) as indicated, for 24 h. Parasites 
were isolated using 0.15% (w/v) saponin and were used in the LSD1 assay. The 
reactions were incubated at 37°C for 2 min, ± 1×107 parasites added and the luminol 
chemiluminescence was recorded at 10 s at 425 nm. Data are representative of a 
single experiment performed in duplicate ± S.D. Significance between the untreated 
results and compound 3 (1×IC50) and tranylcypromine (1×IC50) is indicated by P-
value ≤ 0.01 (**), as determined with a Student t-test. 
 

U
nt

re
at

ed

Tr
an

yl
 

C
m

pd
 3

0

5000

10000

15000

20000

25000

5 ¥
10 ¥

1 ¥

LS
D

1 
A

ct
iv

ity
 (R

LU
)



 70 

After a 24 h treatment of trophozoite-stage parasites in culture, the parasites 

were isolated from their erythrocytes and used in the LSD1 assay in the 

presence of various concentrations of the inhibitors (Figure 3.8). There was a 

significant difference (P ≤0.01) between the untreated and treated samples. At 

1×IC50 compound 3 is less active against LSD1 inhibition than 

tranylcypromine but at 10×IC50, compound 3 appears to be more active 

against LSD1 than tranylcypromine. Future repeats of this experiment could, 

according to the above results, confirm a possible concentration dependent 

reaction of compound 3. Results shown in Figure 3.8 indicate an inhibition of 

LSD1 enzyme activity in isolated P. falciparum trophozoite resulting from 

parasite treatment with the fluorinated polyamine analogue, compound 3. 

 

3.7. Isolation of P. falciparum histones 
To determine if possible epigenetic changes were affected due to LSD1 

inhibition observed in section 3.6, parasite histones were isolated and used 

for MS analysis to identify the presence of histones and possible PTM pattern 

changes. The inhibition of an epigenetic enzyme, such as LSD1, will cause a 

change in the histone code. Parasite histones were acid extracted and MS 

analysis used to compare three extraction protocols to identify and confirm 

which histones were present and the coverage rates of each histone.  

 

3.7.1. Protein concentration standard curve  
Dye based protein quantification methods include the Bradford assay, the 

BCA assay, the Lowry method, detergent-based fluorescent detection and 

amine derivatisation, to name a couple. The BCA assay was chosen for 

experiments as it is more detergent-compatible than the Bradford and Lowry 

methods (Smith et al., 1985). Bovine serum albumin (BSA) is often used as a 

protein standard as it is commercially available (Noble, 2009). Using the BSA 

standards, a line graph was plotted, from which the sample protein 

concentrations were calculated. 
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Figure 3.9: A regression line graph of BSA standards. Using the BCA kit and 
supplier instructions, BSA protein standards (2000 µg/ml; 1500 µg/ml; 1000 µg/ml; 
750 µg/ml; 500 µg/ml; 125 µg/ml; 62.5 µg/ml; 25 µg/ml; 0 µg/ml) were used to 
construct a line graph. Standards were incubated with 50 parts reagent A and 1 part 
reagent B and incubated at 37°C for 30 min-2 h. The 96-well plate was allowed to 
cool to RT and absorbance was measured at 595 nm. Data are representative of 
three independent experiments performed in duplicate ± S.E. Where not shown, error 
bars fall within the symbols. 
 

The BSA standards’ absorbance values were recorded at 595 nm and a 

coefficient of correlation (R2) was calculated equal to 0.99. R2 is a measure of 

the strength of the linear relationship of two variables and is calculated by the 

division of the covariance of the variables by their standard deviations. The R2 

of Figure 3.9 is acceptable (>0.95) and was used to determine the protein 

concentrations of the isolated histone samples listed in Table 3.7 and Table 

3.8. 

 

3.7.2. Concentrations of P. falciparum acid extracted histone proteins 
Data compiled in Table 3.7 compares the differences in protein concentrations 

when histones were isolated from freshly saponin lysed parasites as opposed 

to histones isolated from parasites stored at -20°C before saponin lysis 

occurred.  
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Table 3.7: Concentrations of acid extracted histone proteins from fresh and 
frozen P. falciparum parasites. Synchronised, trophozoite strain 3D7 parasites (6-
8% parasitaemia, 5% haematocrit) were lysed using 0.15% (w/v) saponin. Three 
histone acid extraction procedures (Issar and Scherf et al., Merrick et al., Trelle et al.) 
were used on both fresh saponin lysed parasites and saponin lysed parasites stored 
at -20°C before histone isolations (frozen parasites were allowed to thaw at RT). 
Protein concentrations were determined using the BCA protein quantitation kit and 
absorbance was recorded at 595 nm. Data are representative of two independent 
repeats.  

Samples 
[Protein] isolated from 

fresh samples 
(µg/ml) 

[Protein] isolated from 
frozen samples 

(µg/ml) 

Issar and Scherf et al. 246 1064 

Merrick et al. 276 671 

Trelle et al. 384 722 

 

Protein concentration values (Table 3.7) show that higher histone 

concentrations were obtained from parasite isolates after freeze-thawing than 

from fresh isolates. These results concurred with those of Merrick et al. who 

isolated only 276 µg protein/ml histones from fresh parasites but 671 µg/ml 

histones from frozen parasite samples. A possible reason could be because 

the ice crystals, which form during freezing of the samples, disrupt and burst 

parasites much better upon thawing than only extractions directly from intact, 

isolated parasites (Deutcher, 2009). Therefore, further experiments performed 

in this study used thawed parasite samples for histone extractions and 

comparisons. Furthermore, following protein quantification, samples were 

separated according to size on an SDS-PAGE gel and isolated histone protein 

bands were identified by MS analysis. 

 

3.7.3. SDS-PAGE separation of P. falciparum acid extracted histone 
preparations. 
Before analysis of histone preparations by SDS-PAGE their concentrations 

were determined using the BCA quantitation kit (Table 3.8). 
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Table 3.8: Concentration of acid extracted P. falciparum histone proteins. 
Histone samples were isolated using three acid extraction methods (Issar and Scherf 
et al., Merrick et al., Trelle et al.) and the concentrations determined using a BCA 
protein quantitation kit. From each sample, 10 µl was incubated with 50 parts reagent 
A and 1 part reagent B and incubated at 37°C for 30 min-2 h. After incubation, 
samples were allowed to cool to RT and absorbance was measured at 595 nm. Data 
are representative of two independent repeats. 

Samples [Protein] 
(µg/ml) 

Issar and Scherf et al.  
(Lane 1) 4334 

Issar and Scherf et al. 
 (Lane 2) 4145 

Trelle et al.  
(Lane 3) 4320 

Trelle et al.  
(Lane 4) 4009 

Merrick et al.  
(Lane 5) 4378 

Merrick et al. 
(Lane 6) 4290 

 

The concentrations calculated (Table 3.8) were all in the same range, 

indicating that all three histone acid extraction procedures were effective in 

isolating high concentrations of protein. Therefore, to determine which 

protocol resulted in the isolation of high concentrations of histone 3, MS 

analysis was used to determine the coverage ranges of isolated histones from 

all three extraction protocols, after SDS-PAGE separation. About 16 µg of 

each sample was loaded and separated on an AnyKD pre-cast SDS-PAGE 

gel (Bio-Rad) and stained with Coomassie Brilliant Blue dye (Figure 3.10). 

The pre-cast gel has an optimum separation range of 10-100 kDa and is run 

at a constant voltage (300 V) for 20 min.  
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Figure 3.10: Separation of acid extracted P. falciparum histones on an AnyKD 
SDS-PAGE gel. Separated histone proteins, indicated by the red block (10-17 kDa), 
were isolated using three acid extraction protocols: Issar and Scherf et al. (I+S); 
Trelle et al. (Trelle); Merrick et al. (Merrick). For each sample, about 16 µg of protein 
was loaded in each well of the AnyKD pre-cast SDS-PAGE gel. The gel was run at a 
constant voltage (300 V) for 20 min in a running buffer (25 mM Tris, 192 mM glycine, 
0.1% SDS). After protein separation, the gel was stained overnight in 0.1 % 
Coomassie Brillaint Blue R-250, 40% methanol and 10% acetic acid at 37ºC and de-
stained overnight at 37ºC in 25% methanol. Data are representative of two 
independent repeats, performed in duplicate. 
 

The separated histones on the SDS-PAGE gel were originally identified using 

mass spectrometry in the Salcedo-Amaya thesis (2012). There should 

preferentially be five clear bands representing all eight known P. falciparum 

histones (Trelle et al., 2009). From Figure 3.10, the two most prevalent 

histone bands separated from all three acid extraction protocols were 

speculated to be H3, H3.3 and H2A, H2Bv. The two bands representing H2B 

and H4 are very faintly visible just above the 10 kDa and 4.6 kDa markers, 

respectively. The band indicative of H2A.Z and centromeric H3 was not 

clearly visible using any of the three acid extraction procedures (Figure 3.10). 
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The ability to clearly draw distinct conclusions regarding band presence is 

affected negatively by the specific visibility on this gel, but the method has 

been validated previously (Trelle et al., 2009). Subsequently, MS analysis was 

performed on the potential histone bands to identify the proteins.  

 

3.8. Mass spectrometry analysis of isolated histone samples 
The bands containing the suspected histone proteins (red block, Figure 3.9) 

were analysed with MS at the CAF, University of Stellenbosch. The histones 

identified by the different isolation protocols are listed in Table 3.9. 

 
Table 3.9: The histones isolated using three acid extraction protocols and 
identified by mass spectrometry. Histone samples were isolated using three acid 
extraction procedures (Issar and Scherf et al., Merrick et al., Trelle et al.). The protein 
concentration was calculated using a BCA kit and about 16 µg proteins were 
separated on an anyKD SDS-PAGE gel. Histones were analysed with MS at the 
CAF, University of Stellenbosch. The coverage of all eight known histone proteins 
were compared and averaged for each sample. Data are representative of two 
repeats, performed in duplicate. 

Histones 
Issar and Scherf et al. Trelle et al. Merrick et al. 

Coverage Average 
(%) Coverage Average 

(%) Coverage Average 
(%) 

H2A 33 80 57 83 82 82 58 81 70 
H2A.Z 85 71 78 90 86 88 72 91 81 
H2B 74 100 87 97 76 87 92 69 80 

H2B.Z 83 85 84 93 80 86 72 86 79 
H3.1 73 79 76 98 78 88 77 84 81 
H3.3 47 88 67 74 88 81 - 74 37 

H3 cen - - - - - - - - - 
H4 68 85 77 93 75 84 78 84 81 

 

In Table 3.9, the MS analyses identified seven of the eight known histone 

proteins expected in P. falciparum parasites, which were isolated using both 

the Issar and Scherf et al. and Trelle et al. protocols. These two acid 

extraction protocols allowed for the isolation of all four canonical histone 

classes (H2A, H2B, H3 and H4) as well as an H2A variant (H2A.Z), an H2B 

variant (H2B.Z), and an H3 variant (H3.3). The protocol from Merrick et al. did 

isolate all four canonical histones but did not isolate H3.3 in both samples, 

and as such could not be accepted as significant. None of the protocols 

isolated centromeric H3 (H3 cen).  
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Chapter 4 

 

Discussion 
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Affecting mostly developing countries of the world, malaria is caused by the 

protozoan genus Plasmodia, which is transferred to the human host via 

female Anopheles mosquitoes during a blood meal. The most severe disease 

symptoms and highest rate of mortality is associated with P. falciparum 

parasites. According to the WHO report, malaria affects about 250 million 

people annually, of which sub-Saharan Africa carries the largest burden 

(WHO, 2013). Although progress in disease treatment and control has been 

achieved, continuous advances are required to eradicate and eliminate the 

disease. Due to increasing problems posed by parasite and mosquito 

resistance towards currently available control treatments, a continued search 

is justified for novel antimalarial chemotypes.  

 

Certain aspects of current cancer and antimalarial research have been 

focusing on polyamine analogues as inhibitory agents. Polyamine analogues 

are structurally similar to natural polyamines and in some instances can 

functionally replace polyamines therefore offering therapeutic value. 

Polyamines can be found at increasing concentrations in rapidly proliferating 

cells, such as cancerous cells and parasitic protozoa. They are essential to 

cell growth and development (Birkholtz et al., 2011) and interference in 

polyamine biosynthesis has been successfully applied to the treatment of 

African sleeping sickness, a disease caused by a closely related protozoan 

parasite. (Bellevue et al., 1996).  The death pathway resulting from polyamine 

analogues is exclusively apoptosis, defined as programmed cellular death. 

 

Polyamines are aliphatic amines functioning by means of reversible ionic 

interactions with negatively charged macromolecules such as nucleic acids 

and membrane proteins (Muller et al., 2008). In P. falciparum parasites, 14% 

of the metabolome consists of polyamines and due to distinct polyamine 

biosynthesis features in these parasites, novel drug targets in this pathway 

are being concentrated on (Birkholtz et al., 2011). The usefulness of single 

polyamine pathway enzyme inhibitors, such as DFMO is limited for a variety 

of reasons. The rationale behind polyamine analogue design and synthesis is 

that the analogues deplete polyamine content by single/multiple mechanisms. 

Traditionally, polyamine analogues can either inhibit polyamine biosynthesis 
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(polyamine antimetabolite), compete for uptake or displace the natural 

polyamines within the cell (polyamine mimetics), block polyamine uptake 

mechanisms, or induce both catabolic enzymes and polyamine export 

(Wallace and Niiranen, 2007). However, polyamine analogues can also act 

via mechanisms that are independent of the polyamine pathway, such as 

targeting epigenetic regulation. 

 

From previous studies concerning polyamine analogues, results indicated that 

the analogues were epigenetic modulators by means of their LSD1 inhibitory 

activity in cancer cells (Huang et al., 2007). From experimental results in 

cancer cells, the leading compounds of the two guanidine and biguanidine 

polyamine analogue libraries consisted of a (thio)urea and a bulky aromatic N-

terminal substituent (allowing for increased activity) as opposed to an alkyl or 

benzyl substituent (Sharma et al., 2010).  

 

Following the promising results from the above mentioned cancer studies, a 

third series of alkylated (bis)urea and (bis)thiourea compounds were 

synthesised and tested for antiplasmodial activity (Verlinden et al., 2011).   

These analogues showed growth inhibitory activity at low nanomolar IC50 

values (100-650 nM), were highly selective and cytotoxic and arrested 

parasite proliferation within 24 hours of exposure by means of arresting 

nuclear division. The leading compound (Compound 30) consisted of a 3-6-3 

carbon backbone and a (bis)urea constituent, exhibiting an in vitro IC50 of 88 

nM against P. falciparum parasites. (Verlinden et al., 2011).  

 

The predicted plasma levels, used to assess permeability, showed that 

compound 30 would probable be absorbed well. To assess the half-life of 

compound 30, a microsomal stability assay was used with human, rat, dog 

and mouse liver microsomes. However, the microsomal stability and rate of in 

vivo clearance for compound 30 could not be established. Furthermore, the in 

vivo efficacy studies in the P. berghei murine model revealed that most of the 

concentrations of compound 30 were below the limit of quantification. The 

reason for the low bioavailability is unclear, but could be a result of low 
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absorption or rapid metabolism of the compound in the murine gastrointestinal 

tract (Verlinden et al., Unpublished Results).  

 

There is increasing evidence that minor modifications to a drug candidate can 

result in major changes in pharmacological properties. The fluorination of a 

compound should allow for it to maintain or improve its inherent biological 

activity and metabolic stability (Skagerberg et al., 1989). Fluorine molecules 

are sufficiently similar in steric size and lipophilicity compared to hydrogen 

and should therefore be able to fit into the enzyme active site without added 

hindrance (Filler, 2009). The fluorine molecule acts as a hydrogen bond 

acceptor, which increases its binding strength to the drug target via hydrogen 

bond formation (Skagerberg et al., 1989). The carbon-fluorine bond is 

extremely strong, making compounds more resistant to metabolic degradation 

and allowing for increased lipophilicity. The best drug candidates are usually 

balanced – not too hydrophilic, nor too lipophilic. Therefore, four fluorinated 

structural polyamine derivatives, based on the 3-6-3 (bis)urea backbone of 

compound 30 were synthesised. Fluorine molecules were added to each 

compound at strategic positions on the aromatic rings, as indicated in Table 

3.1 and the analogues were tested for their drug-likeness and 

pharmacokinetic features, using ADME profiles. 

 

ADME profiles are used to predict the disposition of compounds within an 

organism and as such, its’ drug-likeness, which is expressed as rules such as 

Lipinski’s Rule of Five (Bickerton et al., 2012). Lipinski’s rules state that a 

compound is more likely to exhibit poor absorption and permeation when two 

parameters are out of range. The parameters are a compound should not 

have a molecular weight more than 500 g/mol, not have more than five HBD 

or ten HBA and a LogP value (the logarithm of the octanol/water partition 

coefficient) less than five. It is often referred to as the "rule of five" because 

the cut off values for all four parameters are most often close to the number 

five or multiples of five (Lipinski et al., 2001). To investigate the ADME 

properties of a compound it is important to review how the compounds are 

administered and the processes in the body that affect a good 

pharmacokinetic profile (Vugmeyster, 2012; Voet&Voet., 2011).  
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An orally administered drug needs adequate absorption from the gut wall into 

the blood circulatory system. It is transported to the liver where it is acted on 

by hepatic enzymes, after which the compound is excreted via the bile or 

metabolised. It is transported via arterial blood to the rest of the body and to 

its’ target organ. Once the effect of the drug has been triggered, it should be 

adequately eliminated to avoid bioaccumulation (Schneider et al., 2013). 

Increased lipophilicity refers to the improved ability of compounds to dissolve 

in fats, oils, lipids, plasma proteins and non-polar solvents. The increase in 

lipophilicity of the polyamine analogues due to the addition of fluorine 

molecules could improve compound quality and likelihood of therapeutic 

success (Arnott, 2012). 

 

The ALogP value refers to the lipophilicity of a compound and is important for 

compound absorption, drug-membrane interactions, metabolism, promiscuity 

and toxicity (Leeson, 2012). In terms of absorption from the gut wall into blood 

circulation, the predicted data ranges comparing the four fluorinated 

polyamine analogues to compound 30 are, however, very similar and it cannot 

be deduced from the model that the fluorination specifically impacted or 

improved lipophilicity of the polyamine analogues. However, the ALogP 

values differ a lot from that of CQ, possibly predicting that the compounds are 

more lipophilic than CQ. All five polyamine analogues and CQ exhibited HIA 

values of 0, which is indicative of good intestinal absorption with at least 90% 

predicted to be absorbed into the blood circulation. 

 

The aqueous solubility, which is critical to drug delivery, depends on a variety 

of factors such as the HBD and HBA properties of the molecule as well as that 

of water and the energy costs related to the disruption of the molecule's 

crystal lattice to allow for solubilisation (Lipinski et al., 2001). An excessive 

number of HBD and HBA has a negative effect on the permeability of 

compounds across a lipid bilayer due to them being too polar (Lipinski et al., 

2001; Voet&Voet., 2011). All five polyamine analogues showed HBA and HBD 

numbers, which were much higher than that of CQ (HBA-3 & HBD-1). This 

could be a factor further affecting solubility. Furthermore, the fluorinated 

polyamine analogues all have lowered HBA and HBD numbers, compared to 
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compound 30. Possibly, these results could be perceived as a positive 

prediction towards an improved metabolic profile for the fluorinated 

chemotypes. 

 

Data from Table 3.3 shows that compound 1, compound 3 and compound 4 

tested too soluble in water at 25°C, indicating that the compounds would be 

directly excreted without proper absorption. Compound 30 and compound 2 

showed data correlating to optimal solubility for drug-likeness. The solubility of 

compound 30 was confirmed with the in vivo efficacy data (Verlinden et al., 

Unpublished Results). The difference between compound 2 and the other 

fluorinated analogues being that: 1) it has difluorinated terminal rings and 2) 

the highest molecular weight of the series (613.52 g/mol). However, the high 

throughput screening of compounds often predicts compounds to be more 

soluble than the true thermodynamically solubility achieved in vivo (Lipinski et 

al., 2001). 

 

Results show a drastic difference in values of PPB between compound 30, 

the fluorinated analogues and CQ. Compound 30 has a high, positive PPB 

value (3.0968), whereas the values for the fluorinated analogues and CQ are 

negative, ranging from -1.84 to -2.66. Plasma proteins include proteins such 

as lipoproteins, glycoproteins and serum albumin. The lowered likelihood of 

binding to plasma proteins could result in the improved ability of compounds 

to diffuse though membranes and have greater therapeutic effects 

(KOMMMU, 2013). Due to plasma protein binding being important for 

improved in vivo efficacy, this result is an additional positive prediction 

towards an improved metabolic profile. 

 

The QED value can range between zero and one, a range from all properties 

unfavourable for drug-likeness to all properties favourable for drug-likeness, 

respectively (Bickerton et al., 2012). The QED method is better at 

differentiating between drug and non-drug compounds than Lipinski's rules 

because it is not based on cut-off values of four rules only. It was used to 

show that compounds, which do not comply with the five Lipinski rules, have a 

range of drug-likeness that can be correlated with those which do comply with 
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the Lipinski rules (Leeson, 2012). The polyamine analogues had low QED 

values, ranging from 0.107 to 0.14, which suggests that according to this 

classification these compounds have a low favourability for drug-likeness.  

 

It has been suggested that few classes (except most antibiotics, antifungals, 

vitamins and cardiac glycosides) do comply with the "rule of five" because 

these orally available classes can act as substrates for naturally occurring 

transporter molecules (Lipinski et al., 2001). According to the Biscu-it QED on 

Silico-it program, the fluorinated analogues comply with three of Lipinski’s 

rules, 1) an ALogP value less than five, 2) two HBD each and 3) six HBA 

each. These rules deal, however, only with permeability and solubility as 

barriers to absorption. Intestinal metabolism and intestinal wall transporter 

molecules, which influences the measurements of drug bioavailability, are 

mostly beyond the scope of these specific rules (Lipinski et al., 2001) and in 

vivo efficacy experiments on this series are underway. 

 

Ideally, an antimalarial should be selective and non-toxic to the human host. It 

should be orally bioavailable and cure the disease within a few days, so as to 

decrease the spread and materialisation of resistance (Birkholtz et al., 2011). 

Compared to compound 30, the fluorinated molecules share similar 

pharmacokinetic in silico results for several aspects. In vivo data (Verlinden et 

al., Unpublished Results) showed that compound 30 was unable to 

appreciatively diminish P. berghei parasitaemia. With the dosing scheme 

used, most concentrations were below the limit of quantification during 

pharmacokinetic in vivo experiments and results pointed towards a lack of oral 

bioavailablity or to metabolic instability. Therefore, due to similarity in the in 

silico predictions, one can assume that there is a chance that the fluorinated 

derivatives might not show improved in vivo model results. However, there is 

a drastic difference in the plasma protein binding capacity of compound 30 

and the fluorinated polyamine analogues. The fluorinated analogues have 

negative binding energies and as such, fluorination might have a significant 

effect on efficacy in vivo. However, the focus of this study was not to confirm 

improved bioavailability of the fluorinated series, but rather to investigate the 

antiplasmodial capacity and selectivity of this series. 
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The in vitro IC50 values of the fluorinated series of (bis)urea polyamine 

analogues were calculated using a panel of P. falciparum strains. These 

positive in vitro IC50 values in the low nanomolar range shows that there are 

no signs of cross-resistance and that the compounds are effective acting 

against a range of parasite phenotypes. The results show that the meta 

fluorinated compound 1 and the para fluorinated compound 3 are the leading 

analogues of this series. Both showed a decrease of approximately 50% in 

antimalarial activity (Table 3.5) compared to the IC50 value of the original 

unfluorinated compound 30 in strain 3D7 (drug sensitive) and W2 (drug 

resistant). The ortho/para fluorinated compound 2 and the ortho fluorinated 

compound 4 were the least active analogues. The para fluorination is prone to 

hydroxylation in the phase I metabolism and as such is important for improved 

metabolic stability. The hydroxylation converts lipophilic compounds into more 

water soluble compounds, resulting in the compounds being more readily 

excreted (Filler, 2009). Therefore, the presence of this fluorine molecule could 

aid the oral bioavailability of the compound in vivo, especially regarding the in 

silico bioavailability results obtained. 

 

The fluorine group may also affect the pKa and hydrogen bonding properties 

of the adjacent urea nitrogen (N). The proximity of the fluorine to the terminal 

urea N determines the strength of hydrogen bonding between the urea N-H 

and the F. Consequently the N-H easily forms a hydrogen bond with the ortho 

fluorine whereas the chances of it forming with the para and meta fluorine are 

remote (Filler, 2009). This hydrogen bonding and not the ortho fluorine steric 

bulk may distort the polyamine chain conformation and the aromatic ring 

spatial orientation. The uptake by the polyamine transporter could possibly be 

affected by this distortion. The hydrogen bonding on its own will also affect the 

cationic charge magnitude on the N and this could also potentially be affecting 

the binding to a polyamine transporter.  

 

The therapeutic activity of most current antimalarials is severely compromised 

due to either toxicity or resistance (Schrader et al., 2012). Due to the 

extremely high percentage of children under the age of five and pregnant 
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women who are prone and more susceptible to malaria, antimalarials need to 

act quickly and efficiently (Biamonte et al., 2013). Following the antiplasmodial 

activity results, the resistance index (Table 3.5) was calculated by dividing the 

IC50 value of the chloroquine resistant strain (W2) by the IC50 value of the 

non-resistant strain (3D7). The resistance index represents the drugs’ efficacy 

against resistant cell lines versus the corresponding non-resistant cell line.  

 

The RI values of all fluorinated compounds (except compound 4) are in close 

range to that of compound 30, which indicates a similar level of efficacy 

towards resistant cell lines. The ortho fluorination of compound 4 seems to 

increase the RI value and decrease the selectivity index of this compound 

with regards to that of compound 30, making it less effective against resistant 

cells lines and less selective towards parasite cells. In vitro data shows that 

compound 4 also had the highest IC50 value in this series. The para 

fluorination (compound 3) results in the lowest IC50 value, lowest RI and 

highest SI. All favourable in vitro results compared to that of compound 30 
with the added benefit of an IC50 value, which is 2.5-fold more active in terms 

of antiplasmodial activity. RI results indicated that fluorinated derivatives 

(0.25-0.5) are lower than that of CQ (4.1), indicating a probable different 

mechanism of resistance than for CQ. Therefore, the fluorinated series is less 

prone to be affected by resistance mechanisms associated with, e.g., 

mechanistically distinct modes of action such as mutations of the P. 

falciparum CQ Resistance Transporter (Janni Papakrivos et al., 2012; Zishiri 

et al., 2011). 

 

For further in vitro cytotoxicity and selectivity data (Table 3.6), compounds 

were screened using HepG2 cancer cells. Selectivity is an important drug 

property to evaluate as cytotoxicity of drugs may result in the death of 

mammalian cells once the compound has been ingested. These two 

parameters were investigated because ideally a new drug should be 

efficacious against drug-resistant strains and be safe and suitable for use by 

small children and pregnant women (Fidock et al., 2013). The calculated 

selectivity indices are an indication that all four compounds are indeed 

exceedingly more selective towards the parasites than mammalian cells. 
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From the cytotoxicity and selectivity data towards mammalian cells, 

compound 1 had the lowest selectivity index being 3078-fold more selective 

towards parasite cells than mammalian cells. Not only is the leading 

fluorinated compound (compound 3) more selective but also more effective 

against resistant strains and shows the lowest IC50 value, it has a mode of 

action, which is most probably not similar to that of CQ. 

 

Recent reports have shown that artemisinin-treated parasites, once in the ring 

stage of the life cycle, has the ability to enter into a state of hibernation 

(Hoshen et al., 2000; Teuscher et al., 2010). During this dormant phase, 

specifically ring-stage parasites are protected from lethal effects of drugs. 

Once the drug pressure has been removed, viable parasites return within a 

few days and parasitaemia increases accordingly (Codd et al., 2011). Owing 

to the important link between dormancy and antimalarial treatment failure, the 

two leading compounds of the fluorinated polyamine analogues series were 

screened for the ability to suppress parasite proliferation after removal of drug 

treatment. 

 

A recovery assay was performed as previously explained (Malmquist et al., 

2012) with slight modification. Parasite proliferation reversibility refers to 

excess available substrate competing and displacing inhibitor compounds or a 

secondary pathway delivering the missing elements, which allows for normal 

cellular processes to continue. Alternatively, parasite proliferation rescue 

refers to the required elements (of which production is inhibited) being 

absorbed from the environment. The results (Figure 3.2) showed that only 

compound 1 had a cytotoxic component, whereas compound 3 did not have a 

cytotoxic or cytotstatic component.  Future experiments should include both 

reversibility and rescue assays as the results might point to a possible mode 

of action or classify the analogues as polyamine antimetabolites or polyamine 

mimetics. The recovery assay results show that, similarly to dormancy, 

parasite proliferation continues after inhibitor removal. 
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Looking at the differences in results obtained for the fluorinated series, it can 

be assumed that the positioning of the fluorine molecule affects the efficacy of 

the compounds. More data, such as drug-active site binding strength needs to 

be collected or alternatively, computational models should be created to 

determine the best positioning of the fluorine molecules (meta versus para), 

resulting in optimum parasite inhibition. Parallel to this study, experiments 

were being performed using the fluorinated polyamine analogue series, to 

determine polyamine-dependent modes of action. Therefore, in order to shed 

light on the cellular pathways and proteins affected by these polyamine 

analogues, assays to establish or eliminate certain polyamine-independent 

modes of actions were done. These included β-haematin formation inhibition 

and LSD1 inhibition.  

 

Strategies for target identification and mode of action determination rely on 

genetic, computational and biochemical principles (Ong et al., 2009), and an 

antimalarial drug discovery goal is to achieve rapid parasite death (Malmquist 

et al., 2012). A possible mechanism of action considered, due to the 

heterocyclic nature of the analogues, was the inhibition of β-haematin 

formation (Carter et al., 2010). The haematin inhibition assays (Figure 3.3), 

revealed that compound 30 and compound 3 do not have a strong haematin 

inhibitory capacity, with higher IC50 values than that of CQ (11 µM). The 

results could indicate that the primary mode of action of these compounds is 

different compared to that of CQ, due to the difference in IC50 values 

calculated. The inhibition of β-haematin formation could be a secondary or 

tertiary mode of action of these analogues as compounds were not able to 

inhibit β-haematin formation at low inhibitory concentrations. This hypothesis 

is supported by the RI values of these analogues, which suggests that 

analogues have a mechanism of action that is distinct to that of CQ. These 

results are promising as novel mechanisms of action are beneficial for future 

antimalarial compound development. 

 

In 2010, a series of (bis)urea and (bis)thiourea polyamine analogues were 

shown to affect certain aspects of epigenetic regulation in cancer cells, such 

as the inhibition of LSD1 (Sharma et al., 2010). A demethylase enzyme 
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specific assay was used to confirm changes in epigenetic enzyme activity in 

the presence of these analogues. Compared to screens done with the 

previous (bis)urea and (bis)thiourea library of compounds (Sharma et al., 

2010), the chemiluminescent assay (Huang et al., 2007) was optimised for 

use on malaria parasites and used to determine the inhibitory effect on 

PfLSD1 activity.  Chemiluminescent assays are widely used due to the high 

sensitivity with low detection limits, rapid signal detection and a wide dynamic 

range (Chaichi et al., 2013). In order to optimise the reagents of the assay for 

later testing on the parasite, the recombinant human LSD1 enzyme was 

initially used as an indicator for changes in epigenetic regulation.  

 

Specific enzymatic activity of LSD1 was determined optimising a luminol-

dependent chemiluminescence assay, with H3K4me2 as substrate, to 

measure the production of H2O2 (Huang et al., 2007). The substrate 

purchased (H3K4me2) contained 21 amino acids because LSD1 requires at 

least 15 residues for efficient demethylation (Culhane et al., 2010). In the 

presence of H2O2 and luminol, HRP oxidised luminol, resulting in the 

production of chemiluminescence, which was recorded at 425 nm (Walker, 

2010, Vdovenko et al., 2012). Hydrogen peroxide is analytically the most 

useful oxidant of luminol but it requires the simultaneous use of an electrode, 

metal ion or enzyme such as horseradish peroxidase. Due to the assay being 

designed for use in cancer cells, the effect of each reagent on 

chemiluminescence was assessed. Luminol was oxidised at a very fast rate; 

about 50% of the activity was lost within 2 min after addition of substrate 

(Figure 3.4). Considering the buffer constituents, the presence of Tris-HCl 

showed a significant increase in activity due to its buffering capabilities at pH 

8.5 (Mohan et al., 2003). As supporting electrolytes, MgCl2 and KCl had no 

effect on activity when added separately. However, all three reagents together 

resulted in a noteworthy increase in the luminescent readings. These results 

validate that the chemiluminescent activity of luminol has been found to be 

optimal in an alkaline solution, in the presence of supporting electrolytes such 

as KCl (Vdovenko et al., 2012).  
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The recombinant parasite LSD1 enzyme is not commercially available and the 

possibility of recombinantly expressing the parasite enzyme was considered. 

As indicated on the PlasmoDB website (www.plasmodb.org), the enzyme is 

350 kDa in size. Many malaria proteins are much larger than their 

homologues in other organisms. This increased length is due to the presence 

of inserts, which are disordered, and of low complexity and due the nature of 

these inserts, recombinant expression is not amenable. Another problem 

involving parasite protein expression is the A+T richness of the genome, 

which results in different codon usage compared to E. coli. Furthermore, the 

introductions of sporadic mutations of low complexity sequences, which are 

introduced by E. coli, are also problematic to protein expression (Birkholtz et 

al., 2006). Therefore, the human recombinant LSD1 enzyme was purchased 

(Sigma-Aldrich), which was expressed in E. coli and had a molecular weight 

of 103 kDa.  

 

The active site of LSD1 has considerable sequence homology to monoamine 

oxidase A and B, N-acetylpolyamine oxidase and spermine oxidase (Sharma 

et al., 2010). Therefore, tranylcypromine, a monoamine oxidase A and B 

inhibitor was used as a positive control for LSD1 inhibition as no PfLSD1 

specific inhibitor has been identified to date (Hauser et al., 2012). 

Tranylcypromine, acting as a time-dependent inhibitor of LSD1, inactivates 

nucleosomal demethylation at the LSD1/CoRest complex (Culhane et al., 

2010). As a known human LSD1 inhibitor, tranylcypromine had a very high 

IC50 value in P. falciparum parasites, which was in the micromolar range 

(Figure 3.7). The high IC50 value of tranylcypromine could be due to parasite 

specific attributes, such as factors affecting the movement of the compounds 

into the cells. The polyamine analogues could be entering the cells via a 

polyamine-specific transporter molecule and as such, this could be a reason 

for their improved IC50 values when compared to tranylcypromine. 

 

Using the luminol-dependent chemiluminescent LSD1 assay, tranylcypromine, 

the parent compound and the leading fluorinated analogue was screened for 

human LSD1 inhibition. In this study, we showed that tranylcypromine 

inhibited 97% of recombinant human LSD1 activity at 1 mM compared to the 
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untreated control. At a concentration of 1 mM, Compound 30 showed 30% 

enzyme activity inhibition compared to the untreated human LSD1 activity and 

Compound 3 was 5-fold less effective than tranylcypromine, but showed 84% 

enzyme activity inhibition compared to the untreated control. At a 

concentration of 10 mM all the compounds exhibited 100% enzyme inhibition 

(Figure 3.6). 

 

Furthermore, P. falciparum parasites were isolated and tested for PfLSD1 

inhibitory activity. Compound 3 showed significant PfLSD1 inhibition 

compared to both the untreated control (Figure 3.8). Due to the high activity of 

the untreated sample compared to the treated samples, these results indicate 

that the isolated trophozoite parasites were able to take up the polyamine 

analogue and tranylcypromine as substrates, showing significant LSD1 

inhibition. The significant results obtained in Figure 3.8 are very promising 

because LSD1 is a validated drug target, involved in important epigenetic 

regulatory processes required for parasite survival, and there are currently no 

PfLSD1 specific inhibitors available. These highly selective polyamine 

analogues are a structurally distinct, novel class of antimalarials (Verlinden et 

al., 2011) that do not show general cytotoxicity in mammalian cells and do 

show appreciable antiplasmodial activity. To further validate the above-

mentioned results, three histone extraction procedures were compared. The 

best extraction procedure could be used in future experiments to determine 

the global epigenetic changes in histone methylation in compound 3 treated 

P. falciparum parasites.  

 

As highly conserved and abundant proteins (Shechter et al., 2007), histones 

are small, basic proteins that form nucleosomes of about 150bp DNA (Croken 

et al., 2012). They are bound to DNA by non-covalent forces, among which 

the ionic interactions between positively charged histone tails and DNA 

phosphate are the most important. Initial histone isolation studies showed that 

increased concentrations of histone proteins (≥ 50%) could be isolated from 

frozen and thawed parasites, instead of using freshly isolated parasites, due 

to disruption of red blood cell membranes by ice crystal formation (Deutcher, 

2009).  
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Looking at the three protocols comparatively, the salts added to the various 

buffers of all three protocols, selectively release the histones from the 

chromatin (NaCl) and maintain the ionic strength of the buffer (KCl and 

MgCl2). The addition of acid to the sample decreases the pH of the solution, 

allowing for the extraction of histones from the nuclear material. The proteins 

are precipitated with TCA and washed with acetone to remove acid from the 

solution without dissolving the protein pellet (Shechter et al., 2007). Acid 

extraction partially neutralizes the DNA phosphates, diminishing the ionic 

interactions. The histones are denatured but the lyophylisates are freely 

soluble in solutions with low ionic strength. The salts then allow the 

condensation of parts of the charged molecules into compact, globular 

structures that interact with one another or possibly other histone molecules.  

 

Furthermore, all three protocols used TCA for precipitation, although the 

mechanism of action by this monovalent anion is still not clearly understood. It 

has been shown that the three chloro- groups of the acetic acid molecule are 

very important for the precipitation reaction and that the pH of the solution is 

not the only determining factor of protein precipitation (Sivaraman et al., 

1997). The suggested mechanism of action is hydrophobic aggregation, due 

to an increase in intermolecular interactions and increased exposure of 

hydrophobic regions (Xu et al., 2003).  

 

Looking at factors affecting the differences in results obtained from the three 

protocols, the Trelle et al. protocol and the Merrick et al. protocol both added 

a protease inhibitor cocktail (PI) to their buffers, which was not present in the 

Issar and Scherf et al. buffers. The PI used, inhibits a broad-spectrum of 

serine, cysteine and metalloproteases as well as calpains and is used to 

prevent proteolytic degradation and preserves cellular protein compositions 

(cOmplete ULTRA tablets, Roche). As indicated in Table 3.9, the Trelle et al. 

protocol, using the PI cocktail had equal or higher coverage percentage for all 

eight histones present, when compared to coverage of Issar and Scherf et al. 

The Merrick et al. protocol had higher coverage for histones H2A, H2A.Z, 

H3.1 and H4, in comparison to Issar and Scherf et al. The only other notable 
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difference between the three procedures is the acid extraction times. Trelle et 

al. extracts histone proteins for an hour and a half, whereas Merrick et al. and 

Issar and Scherf et al. acid extracts for two and a half hours. Acid extraction 

does, however, denature cellular modifying enzymes and proteases faster 

than high-salt extraction procedures and this could be a factor affecting 

isolated protein yields (Shechter et al., 2007).  

 

Separation on an SDS-PAGE gel showed that the most prevalent histone 

bands separated by all three acid extraction protocols was firstly H3 and H3.3 

in line with the 15 kDa marker, and secondly H2A and H2B.Z (±14 kDa). Two 

slightly less visible but existent bands, indicative of H2B and H4, lay between 

the 10 kDa and 4.6 kDa markers respectively. The band indicative of H2A.Z 

and H3cen, which should be above the 15 kDa marker, was not even slightly 

visible to the naked eye in any of the three protocols used. The contaminating 

bands are a collection of human and P. falciparum proteins (Trelle et al., 

2009). MS analysis was used to determine the coverage percentage of each 

histone band present per extraction procedure, as seen on the SDS-PAGE 

gel (Figure 3.10).  

 

MS analysis is an extremely valuable analytical technique. It is based on the 

conversion of sample molecules into gaseous ions, which are further 

separated and detected in a mass spectrometer according to their mass-to-

charge ratio (Walker, 2010). According to the MS data of this study, all three 

protocols allow for the isolation of the 4 canonical P. falciparum histones 

(H2A, H2B, H3 and H4). Issar and Scherf et al. and Trelle et al. both allow for 

the isolation of three of the variant histones, namely H2A.Z, H2B.Z and H3.3. 

Merrick et al. allows for the isolation of all four canonical P. falciparum 

histones but isolates only 2 variant histones (H2A.Z and H2B.Z). The average 

coverage of the H3.3 variant is extremely low (37%) as isolated by the Merrick 

et al. protocol, due to it being present in a single sample only. This could be 

due to experimental error.  

 

None of the protocols compared isolated H3cen (Table 3.9). H3cen is 

primarily associated with chromosome centromeres and are involved in 
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chromatin condensation. Therefore, it is expected to be present at lower 

concentrations compared to the canonical histones (Trelle et al., 2009). 

Mostly, PTMs studied at genome level are associated with gene expression. 

However, P. falciparum H3cen is defined only as a structural domain within 

the genome (Duffy et al., 2014). From this data, no coverage of H3cen was 

recorded with any of the three extraction procedures used. In terms of further 

studies concerning LSD1 inhibition, the histone extraction technique used 

should result in optimal isolation of H3 because LSD1 demethylates 

H3K4me1 and H3K4me2 residues. Therefore, from the data collected, it is 

recommended that due to the high concentration of histone proteins extracted 

(± 4000 µg/ml), the ease of assay use, the coverage of H3 (± 85%), the Trelle 

et al. histone extraction protocol is the best extraction protocol for further 

studies. 

 

Due to the promising results discussed thus far, the effect of LSD1 inhibition 

on parasite PTMs by means of compound 3 treatment should be a definite 

future perspective. These changes could be selected for using polyclonal 

antibodies specific for core histone H3, H3K4me1, H3K4me2, H3K4me3, 

H3K9me3 and H3K9ac.  The canonical histone H3 detection can be used as a 

control to show it’s definite presence as all modifications that should be 

focussed on are on H3. Once the LSD1 enzyme is inhibited, there should be 

an increase in the concentration of H3K4me1 and H3K4me2 (Huang et al., 

2007). This is due to the enzyme being able to demethylate only mono- and 

dimethylated residues. The level of H3K4me3 residues should not be 

affected, as it is not a substrate for LSD1 (Huang et al., 2007, Sharma et al., 

2010).  

 

Results obtained from this dissertation shows that the fluorination of 

compound 30 led to improved antiplasmodial activity (at a low nanomolar IC50 

range) and improved selectivity. The leading fluorinated polyamine analogue 

(compound 3) inhibits the epigenetic P. falciparum enzyme LSD1. The best 

histone extraction protocol for future PTM studies was determined to be Trelle 

et al., as confirmed by MS data of histone coverage. Future experiments 

should consist of both MS data and Western Blot data comparing the levels of 
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methylated H3 residues of fluorine polyamine analogue treated and untreated 

P. falciparum parasite samples. 
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Chapter 5 

 

 

Concluding Discussion 
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After in vivo studies on the parent compound of a (bis)urea polyamine 

analogue series showed signs of metabolic instability, the terminal rings of the 

3-6-3 polyamine analogue backbone underwent minor changes to determine if 

improved antiplasmodial activity and selectivity could be achieved. 

Furthermore, this series of compounds were tested for their ability to inhibit 

the activity of the epigenetic enzyme LSD1 within malaria parasites. 

 

The results obtained from this research project showed that by changing the 

terminal ring constituents of the 3-6-3 polyamine backbone, with the addition 

of fluorine molecules, various positive changes occurred. Firstly, the in vitro 

antiplasmodial activity improved as tested against a panel of P. falciparum 

parasites, showing no signs of cross-resistance. The para and meta 

monofluorination of the terminal rings resulted in the lowest nanomolar IC50 

concentrations of 35 nM and 41 nM in P. falciparum strain 3D7 parasites. 

Secondly, the compounds had enhanced selectivity towards parasites, 

ranging from ~3000-fold to >8000-fold as compared to mammalian HepG2 

cells. Thirdly, studies concerning possible mode of action options showed that 

β-haematin formation inhibition is not likely the primary target of the parent 

analogue or of the fluorinated polyamine analogues. Low RI values were 

calculated for the fluorinated analogues, suggesting that they do most likely 

not have a mode-of-action similar to that of CQ. 

 

Moreover, this dissertation shows results concerning the optimisation and first 

time use of a luminol-dependent chemiluminescence assay in malaria 

parasites, specific towards epigenetic LSD1 enzyme activity inhibition. With 

using the human recombinant enzyme, results provided clear evidence that 

the leading fluorinated compound inhibited human LSD1 enzyme activity. 

There was a difference in inhibitory activity between the parent compound and 

the leading fluorinated analogue, of which the significance should be 

confirmed in future experiments. Furthermore, significant inhibition of P. 

falciparum LSD1 enzyme activity was achieved with the leading fluorinated 

compound. This assay, as has been adapted for use in malaria parasites, can 

be used to further establish the effect of novel and existing compounds on the 

validated, epigenetic drug target LSD1.  
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After comparison of three parasite histone protein acid extraction protocols, 

the Trelle et al. protocol resulted in the most accurate histone isolation results 

for further epigenetic-based studies. These future studies should include MS 

analysis (possibly also Western Blot Analysis) to show the differences in 

H3K4me2 and H3K4me1 methylation marks of untreated, compound 30 

treated and compound 3 treated parasites. This would confirm that PfLSD1 is 

the epigenetic target of the leading fluorinated polyamine analogue. 

Furthermore, this procedure can then be easily adapted for the analysis of 

novel LSD1 epigenetic inhibitory compounds.  

 

Additionally, these analogues are being tested for improved metabolic stability 

and bioavailability, and as such the results of this dissertation has made an 

impact on the study of fluorinated polyamine analogues on epigenetic factors 

in the field of antiplasmodial research. 
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 Appendix 1 
Ex vivo pharmacology and in vivo efficacy testing (work performed at St 

Jude’s Childrens Hospital, USA by Kip Guy) 

 

Solubility 
Solubility assay was carried out on Biomek FX lab automation workstation 

(Beckman Coulter, Inc., Fullerton, CA) using mSOL Evolution software (pION 

Inc., Woburn, MA). The detailed method is described as following. 10 ml of 10 

mM compound stock (in DMSO) was added to 190 ml 1-propanol to make a 

reference stock plate. 5 ml from this reference stock plate was mixed with 70 

ml 1-propanol and 75 ml citrate phosphate buffered saline (isotonic) to make 

the reference plate, and the UV spectrum (250 nm–500 nm) of the reference 

plate was read. 6 ml of 10 mM test compound stock was added to 594 ml 

buffer in a 96-well storage plate and mixed. The storage plate was sealed and 

incubated at room temperature for 18 hours. The suspension was then filtered 

through a 96-well filter plate (pION Inc., Woburn, MA). 75 ml filtrate was mixed 

with 75 ml 1-propanol to make the sample plate, and the UV spectrum of the 

sample plate was read. Calculations were carried out by mSOL Evolution 

software based on the AUC (area under curve) of UV spectrum of the sample 

plate and the reference plate. All compounds were tested in triplicates.  

 

Permeability  
Parallel Artificial Membrane Permeability Assay (PAMPA) was conducted by 

Biomek FX lab automation workstation (Beckman Coulter, Inc., Fullerton, CA) 

and PAMPA evolution 96 command software (pION Inc., Woburn, MA). The 

detailed method is described as following. 3 ml 10 mM test compound stock in 

DMSO was mixed with 597 ml of citrate phosphate buffered saline (isotonic) 

to make diluted test compound. 150 ml of diluted test compound was 

transferred to a UV plate (pION Inc., Woburn, MA) and the UV spectrum was 

read as the reference plate. The membrane on pre-loaded PAMPA sandwich 



 106 

(pION Inc., Woburn, MA) was painted with 4 ml GIT lipid (pION Inc., Woburn, 

MA). The acceptor chamber was then filled with 200 ml ASB (acceptor 

solution buffer, pION Inc., Woburn, MA), and the donor chamber was filled 

with 180 ml diluted test compound. The PAMPA sandwich was assembled, 

placed on the Gut-box and stirred for 30 minutes. Aqueous Boundary Layer 

was set to 40 mm for stirring. The UV spectrum (250-500 nm) of the donor 

and the acceptor were read. The permeability coefficient was calculated using 

PAMPA evolution 96 command software (pION Inc., Woburn, MA) based on 

the AUC of the reference plate, the donor plate and the acceptor plate. All 

compounds were tested in triplicates. 

 

Metabolic stability studies  
Compounds were incubated at 37°C with either pooled mouse, rat, dog or 

human liver microsomes (BD-Gentest, BD-Biosciences, Woburn, MA) at three 

concentrations (0.8 µM, 4 µM and 20 µM). The incubation mix consisted of 

compounds (0.8 µM, 4 µM and 20 µM), 0.2 mg/ml human microsomal protein, 

2.5 mM NADPH, and 3.3 mM MgCl2 in 100 mM phosphate buffer, pH 7.4. All 

incubations were performed in triplicate. Reactions were stopped at the end of 

incubation by the addition of cold acetonitrile (1×volume of reaction). The rate 

of loss of parent compound was determined at 0, 15, 30, and 60 min by LC-

MS/MS analysis. The amount of compound in the samples was expressed as 

a percentage of remaining compound compared to time point zero (100%). 

The slope (-k) of the linear regression from ln[test compound] versus time plot 

was determined, and t1/2 was calculated from the equation k= ln(2)/t1/2. 

 

 

In vivo efficacy evaluation (work done at University of Cape Town, 

Pharmacology Dept by Lubbe Wiesner) 
The compounds were administered at two different doses (10 and 50 mg/kg) 

each using the Peters 4-day suppressive test model.  Animals were infected 

with 2x106 parasitised erythrocytes and treated at pre-determined time points 

over 4 days. Physical examinations were conducted twice daily. The parasite 

used was the CQ-sensitive isolate Plasmodium berghei, a highly virulent and 
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lethal strain of malaria and a suitable model system for the tests described 

herein. Parasites were maintained in host animals until such time as the 

amount was sufficient to infect all the test animals on the same day. Two host 

mice were infected with parasites and left untreated to allow the parasites to 

multiply. Parasitemia was monitored occasionally until it was sufficiently high; 

at that time, parasites were harvested from the host mice via cardiac 

puncture. The two parasite stocks were pooled and average parasitemia of 

the pooled stock was determined microscopically. Additionally, the total 

number of erythrocytes per millilitre of the pooled stock was determined; this 

is necessary in order to ensure test animals obtain both uniform and correct 

amounts of parasite to establish the infection.  Test mice were divided into 

eight groups of five animals per group and weighed. Parasitised erythrocytes 

(pRBC) were transferred to microfuge tubes and maintained in phosphate-

buffered saline at a level of 5x107 pRBC/ml as a secondary stock, of which 

200µL was injected intraperitoneally to each test animal in order to introduce 

2x106 pRBC to each mouse. Immediately thereafter, the mice in each group 

were treated with the pre-determined regimen for that group (Table 1). 

Treatments were repeated 24, 48, and 72 hours post-infection. Parasitemia 

levels were monitored frequently and weights were also determined at each of 

these times. 

 

In vivo pharmacokinetic evaluation 
Compound 7 was evaluated for its pharmacokinetic properties in a mouse 

model (C57/BL6). Oral pharmacokinetic studies were conducted in two groups 

of mice and the exact procedures are described below: 

Group 1 (N = 5):  Compound 7 was administered via oral gavage at 10 mg/kg 

in DMSO:water (1:9, v/v).  The total volume per administration was 200 µL.  

Blood samples (50 µL) were collected via tail bleeding at 0.5, 2.5, 5 and 7 

hours post-dose in 0.5 ml lithium heparin microvials to prevent blood 

coagulation.  The samples were stored at – 80°C.    

Group 2 (N = 5):  Compound 7 was also administered via oral gavage at 50 

mg/kg in DMSO:water (1:9, v/v).  The same protocol was used as described 

for group 1. The concentration of compound 7 was determined using a 
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quantitative LC-MS/MS method.  Sample preparation was achieved with a 

protein precipitation extraction method, using 20 µL whole blood and 100 µL 

acetonitrile. Gradient chromatography was performed on a Phenomenex Luna 

PFP(2) (5µ, C18, 100A, 50x2 mm) analytical column (Phenomenex, USA) 

using acetonitrile and 0.1% formic acid mixed with HPLC water as mobile 

phase at a flow rate of 0.75 ml/min.  An AB Sciex API 3200 Q-Trap mass 

spectrometer was operated at unit resolution in the multiple reaction 

monitoring (MRM) mode, monitoring the transition of the protonated molecular 

ions at m/z 469.2 to the product ions at m/z 230.0 for compound 7.  The assay 

was validated over a range of 7.8 ng/ml to 125 ng/ml for compound 7. 

 


