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ABSTRACT
African trypanosomiasis is a disease caused by the parasitic protozoans of African trypanosomes.
Despite several efforts at chemotherapeutic interventions, the disease poses serious health and
economic concerns to humans and animals of various sub-Saharan African countries.
Commercially available drugs such as suramin, eflornithine, pentamidine, melarsoprol and
nifurtimox have reported cases of undesirable side effects, drug resistance, and difficulty in
regimen application. Studies have reported on the antitrypanosomal activities of several medicinal
plants although their mechanisms of action remain poorly understood. Zanthoxylum
zanthoxyloides (Lam.) Zepern. & Timler (Z. zanthoxyloides) and Bidens pilosa L. (B. pilosa) are
plant species of important phytochemical and pharmacological relevance found in several tropical
and temperate zones. However, their effects and mechanisms of antitrypanosomal action in
African trypanosomes remain largely unknown. The aim of this study was thus to isolate
antitrypanosomals from these plants and determine the effects and mechanisms of action of
selected antitrypanosomals in Trypanosoma brucei (T. brucei). The Kupchan method of solvent
extraction was used to prepare crude extracts and fractions from the air-dried pulverized plant
material of Z. zanthoxyloides (root) and B. pilosa (whole), thereby giving rise to methanol (ZRFM,
BPFM), dichloromethane (ZRFD, BPFD), hexane (ZRFH, BPFH) and butanol (ZRWB, BPWB)
fractions from the respective plants. Effects and mechanisms of action of selected fractions were
determined through analysis of cell viability, cell death, cell cycle, fluorescence microscopy and
RNA interference target sequencing. The fractions ZRFD, ZRFM, ZRWB, BPFD and BPFM were
selectively active against T. brucei with respective half-maximal inhibitory concentrations of 5.70,
3.89, 4.02, 3.29, and 5.86 pg/ml. Fractions ZRFD, ZRFM, ZRWB, BPFD, BPFM and BPFH

caused a significant induction of apoptosis-like cell death. The ZRFD, ZRFM, ZRWB, BPFD and

XXii



BPFM fractions caused significant inhibition and arrest of the GO-G1 and G2-M cell cycle phases
respectively, while ZRFD and ZRFM resulted in a significant increase in the S phase of T. brucei.
Fractions ZRFD, ZRFM, BPFD, and BPFM also induced distortion and aggregation of the
parasites. Antitrypanosomal compounds were isolated from the dichloromethane fraction of both
plant species in a bioactivity-guided process using high performance liquid chromatography.
Isolated compounds were identified through mass spectrometry, ultraviolet spectroscopy and
nuclear magnetic resonance spectroscopy as aromatic nitrogen-containing alkaloids. Promising
compounds included new and known alkaloids from Z. zanthoxyloides (root), as well as esters of
tryptophan from B. pilosa (whole plant). Compounds exhibited selective activities, significant
induction of apoptosis-like cell death and a marked alteration of cell cycle in T. brucei. Through
an RNA interference target sequencing, putative forms of leucine-rich repeat proteins, stumpy
formation signaling pathway proteins, receptor-type adenylate cyclase and other hypothetically
conserved proteins were identified for the most promising compounds, thereby suggesting the
potential interference of pathogenesis, growth, development and secretory pathways of T. brucei.
Taken together, the results indicate that Z. zanthoxyloides (root) and B. pilosa (whole plant) have
promising antitrypanosomal activities with implications for novel therapeutic interventions in

African trypanosomiasis.
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CHAPTER ONE

1.0 INTRODUCTION

1.1 BACKGROUND

African trypanosomiasis (AT) is a tsetse-transmitted disease of humans and livestock caused by
the parasitic protozoan of the genusTrypanosoma. Human African trypanosomiasis (HAT) and
Animal African trypanosomiasis (AAT) are the two main types of AT (Raper et al., 2001; Simarro
etal., 2012). HAT afflicts an estimated 70 million population in about 36 countries of sub-Saharan
Africa (Simarro et al., 2012). A large number of the most vulnerable people in HAT-affected
countries also engage in activities such as agriculture, animal husbandry and hunting as a means
of sustenance, thereby leading to significant losses in respect of health, economy and productivity
of livestock. Moreover, AAT, which continues to threaten the lives of several million herds of

cattle every year, is in need of new approaches to combat the disease (Morrison et al., 2016).

Type HAT is mainly transmitted in sub-Sahara Africa by at least 30 species and subspecies of the
tsetse fly vector (Simarro et al.,, 2012). Itis caused by two human-infective subspecies of
Trypanosoma brucei (T. brucei): T. b. gambiense and T. b. rhodesiense. Unlike HAT, AAT affects
several animal species such as deer, duikers, antelopes, buffalos, equidae, lions, leopards,
warthogs, capybaras and elephants. Moreover, several species of the parasite such as T. vivax, T.

brucei and T. congolense are capable of causing AAT.

T. brucei is a species of Trypanosoma with about 35 megabase of haploid genome organised into
about 10, 000 predicted genes and pseudogenes (Berriman et al., 2005; Daniels et al., 2010). The
species possesses 11 principal diploid nuclear chromosomes, several intermediate-sized
chromosomes of 300-900 kb and many minichromosomes of 50-100 kb. The intermediate and

minichromosomes serve as repositories of variant surface glycoproteins (VSG) genes (Horn and
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McCulloch, 2010). Among the three major genetically related subspecies of T. brucei, T.b. brucei
rarely infects humans due to its susceptibility to the innate immune system, thereby making the

subspecies a safe model organism for genetic studies (Barrett, 2003; Deborggraeve et al., 2008).

The prospect of vaccine development for African trypanosomiasis is beset with various challenges
partly due to several immune evasion strategies adopted by the parasite (Xong et al, 1998; Oli et
al, 2006; Kieft et al, 2010; Capewell, 2013). Currently, the most efficientand economically viable
option is chemotherapy (Steverding, 2010). However, there are challenges associated with drug
resistance, undesirable side effects, and difficulty in regimen application (Scott et al., 1996;
Matovu et al., 2001; Baker et al., 2011; Barrett et al, 2011; Franco et al., 2012). In order to meet
the urgent need for novel, less toxic and more efficient chemotherapy for African trypanosomiasis,
an understanding of metabolic pathways associated with the actionof antitrypanosomals in the

parasites is required.

About two-thirds of the world population depends on traditional medicinal products because
pharmaceutical products are not readily affordable and available (Tagboto and Townson, 2001).
Several studies have reported on the antitrypanosomal activities of various herbal extracts in
different parts of the world (Hoet et al., 2004; Al-Musayeib et al., 2012; Ibrahim et al., 2012;
Norhayati et al., 2013). However, most of these studies did not investigate potential mechanisms
of action of the active antitrypanosomal agents. Insights into the mode of action of
antitrypanosomals are required if novel drugs that may outwit resistance to commercially available

antitrypanosomal drugs are to be developed.

Zanthoxylum is a genus of mostly deciduous and evergreen trees and shrubs that comprises at least

500 species (Patino et al., 2012). It is a widely distributed plant genus native to most temperate



and sub-tropical zones of Africa, Asia, North America, South America and Australia.
Traditionally, the leaves, stem and roots of many species are employed in medicinal preparations
for the treatment of diseases such as coli, toothache, stomachache and oral infections (Adesina,
2005).Many of the species are also used in the building of houses, construction of talking drums
and decorative paneling (Adesina, 2005). Hence, the genus is considered to be of an important
medicinal and economical value. Zanthoxylum zanthoxyloides (Lam.) Zepern. & Timler (Z.

zanthoxyloides) is one of the most important species of Zanthoxylum on the African continent.

Bidens is an annual or perennial herbaceous genus that consists of at least 200 species (Karis and
Rydin, 1994; Pozharitskaya, 2010). Species are distributed in different parts of Africa, America,
Polynesia, Europe and Asia (Ganders et al., 2000). Botanically, Bidens pilosa L (B. pilosa) remains
one of the most well characterized species of Bidens. It is currently found in most temperate and

tropical zones though it is thought to have originated from South America (Ge, 1990).

Zanthoxylum and Bidens have been reported to exhibit several pharmacological properties such as
antidiabetic, anticancer, antiinflammatory, antioxidant, immunomodulatory, antibacterial,
antiparasitic and antihelminthic activities (Patino et al., 2012; Bartolome et al., 2013; Medhi et al.,
2013). Phytochemically, about 200 secondary metabolites have been isolated from Bidens pilosa
(Silva et al., 2011). These compounds include aliphatics, flavonoids, terpenoids, phenyl
propanoids, aromatics and porphyrins (Bartolome et al., 2013). Secondary metabolites have also
been isolated from Z. zanthoxyloides with acridones, citronellol and divanilloylquinic acids being
prominent examples (Ngassoum et al., 2003; Ouattara et al., 2004; Wouatsa et al., 2013). However,
the antitrypanosomal effects of these plantshave been reported in only a few studies (Ogiti et al.,
2009; Mann et al., 2011; Mann et al., 2012; Mwaniki et al., 2017). Even so, the potential

mechanisms of such antitrypanosomal effects remain to be elucidated. The present study,
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therefore, sought to isolate, characterize and determine the effects and mode of action of

antitrypanosomals from these plants in T. b. brucei.

1.2 PROBLEM STATEMENT AND JUSTIFICATION

Types HAT and AAT afflict an estimated number of 70 million humans and 50 million cattle
respectively (Raper et al., 2001; Simarro et al., 2012). The prospect of vaccine development against
AT is beset with various challenges partly due to several immune evasion strategies adopted by
the parasite (Xong et al., 1998; Oli et al., 2006; Kieft et al., 2010; Capewell, 2013). Therefore, the
most efficient and economically viable option is chemotherapy (Steverding, 2010). However,
commercially available drugs that are used to treat AT possess undesirable side effects,
physicochemical limitations, drug resistance and difficulty in regimen application (Fairlamb,
2003; Steverding, 2010). This necessitates the search for new antitrypanosomals that may

overcome these challenges.

Several studies about the potential antitrypanosomal activities of herbal extracts have been
reported (Hoet et al., 2004; Al-Musayeib et al., 2012; Ibrahim et al., 2012; Norhayati et al., 2013).
However, little is known about the identity as well as the mode of action of the active
antitrypanosomals in these extracts. Insights into the identities, effects, and mechanisms of action
of such antitrypanosomal agents is required if novel drugs that can outwit the challenges associated

with commercially available antitrypanosomal drugs are to be developed.

Z. zanthoxyloides and B. pilosa have been reported to possess useful phyotochemical and
pharmacological properties (Silva et al., 2011; Patino et al., 2012; Bartolome et al., 2013; Medhi
et al., 2013). However, little is known about their potential antitrypanosomal effects (Ogiti et al.,

2009; Mann et al., 2011; Mann et al., 2012; Mwaniki et al., 2017). Thus, the present study aimed



to identify, characterize and determine the mechanisms of action of selected antitrypanomals from

these plants to facilitate drug discovery in African trypanosomiasis.

1.3 HYPOTHESIS

If natural products of plants are potential sources of promising antitrypanosomal chemotherapy,
then the isolation, structure determination and target identification of plant antitrypanosomal
compounds in African trypanosomes will provide insights into their mechanisms of action and

facilitate the development of novel chemotherapy for the treatment of African trypanosomiasis.

1.4 CONCEPTUAL FRAMEWORK

Several studies have reported on the potential antitrypanosomal activities of plants (Hoet et al.,
2004; Al-Musayeib et al., 2012; Ibrahim et al., 2012; Norhayati et al., 2013). Yet, very little is
known about the identity and mechanisms of action of the antitrypanosomals. It is within this
framework that B. pilosa and Z. zanthoxyloides were considered for the purpose of drug discovery
in African trypanosomiasis. The present study aimed to apply the principles of target-based drug
discovery towards the isolation, structure determination, characterization and determination of the

mechanisms of action of promising antitrypanomals from these plants.

Even though plants synthesize a large number of phytochemicals, only a limited number of them
may be pharmacologically relevant to the control of African trypanosomiasis. The isolation and
structure determination of active antitrypanosomal compounds are therefore critical to the
identification of relevant antitrypanosomals. Chromatographic and spectroscopic approaches are
immensely useful in the isolation and structure elucidation of many phytochemicals, and may

therefore be applicable to B. pilosa and Z. zanthoxyloides as well.



Subsequent to structural identification, mechanisms of action are elucidated in order to facilitate
the identification of potential targets. Target identification is crucial at an early stage in the drug
discovery process, because it may pave the way for further optimization of the structure, potency,
toxicity and stability of the antitrypanosomals, thereby facilitating entry into preclinical and
clinical stages. Elucidation of mechanisms of action and identification of targets may be achieved

through a number of molecular, cellular and computational approaches (Schenone et al., 2013).

Effects on cell viability, cell death and cell cycle are particularly important to consider due to the
central role they play in the life of eukaryotes (Vaughan and Gull, 2008; Vega-Avila and Pugsley,
2011; Berghe et al., 2015). Moreover, advances in genomics, transcriptomics, proteomics and
bioinformatics have proven to be very important in the identification of targets (Schenone et al.,
2013). In this context, RNA interference target sequencing is an immensely useful loss-of-function
approach capable of elucidating metabolic mechanisms of a drug resistance and action in
trypanosomes (Alsford et al., 2012; Alsford et al., 2013). Moreover, properties of targets such as
essentiality, druggability, assayability, resistance potential, toxicity potential and structural
information are critical qualities of wvarying importance in drug discovery for African
trypanosomiasis (Gilbert, 2014). Hence, the application of these concepts, principles and methods
would enable a test of the hypothesis and a subsequent address of the challenges captured in the

problem statement.

1.5 AIM/SPECIFIC OBJECTIVES

1.5.1 Aim
To isolate and determine the effects and mechanisms of action of Z. zanthoxyloides and B. pilosa

antitrypanosomals in T. b. brucei.



1.5.2 Specific Objectives
1. To determine the effects and mechanisms of action of antitrypanosomal fractions (cell viability,

cell death, cell cycle, fluorescence microscopy).

2. To isolate and determine the structures of antitrypanosomal compounds of selected fractions

(chromatography, spectroscopy).

3. To determine the effects and mechanisms of action of selected antitrypanosomal compounds

(cell viability, cell cycle, RNA interference target sequencing).



CHAPTER TWO
2.0 LITERATURE REVIEW

2.1 MEDICINAL VALUES OF PLANTS

The potential medicinal effects of natural products from plants continue to receive an increasing
level of research and medical attention. These effects are largely due to the pharmacological and
phytochemical properties of several organic compounds synthesized by the plants. Herbs and
spices of plants such as garlic, thyme, mustard, and rosemary have been shown to be of

considerable medicinal and therapeutic values (Lai and Roy, 2004).

Traditionally, organic compounds of plants are classified into two main groups. The first class of
organic compounds that are involved in essential roles such as respiration, growth, photosynthesis
and development are referred to as primary metabolites. These include amino acids, nucleotides,
carbohydrates and lipids. The second group of compounds are not directly involved in these
essential roles, and may be referred to as secondary metabolites or phytochemicals. Major
secondary metabolites of plants include terpenoids, alkaloids (mainly containing nitrogen),

phenylpropranoids and related phenolics.

The medicinal properties of plants originate from the combined effects of primary and secondary
metabolites, with the latter involved in crucial pharmacological roles. These pharmacological
functions include antidiabetic, antibacterial, anti-inflammatory, antiparasitic, antiviral, antitumor,
antihelmitic and antinociceptive effects. Though secondary metabolites of plants are structurally
and functionally diverse, many also serve as protective barriers against pathogens, attractants for

pollinators and seed-dispersing animals, UV protectants and allelopathic agents (Croteau et al.,



2000; Dewick 2002). They are also employed in the production of dyes, waxes, flowering agents,

drugs and perfumes (Croteau et al., 2000; Dewick 2002).

2.2 CLASSIFICATION AND BOTANICAL DESCRIPTION OF ZANTHOXYLUM

Zanthoxylum, also known as the prickly ash or Hercules club, is a genus of mostly deciduous and
evergreen trees and shrubs that belongs to the subfamily of Toddalioideae comprising at least 500
species (Figure 2.1) (Patino et al., 2012). Members of Toddalioideae belong to the family of
Rutaceae and the order of Sapindales. Species are natives to the middle latitudes of both temperate
and subtropical zones in Australia, Africa, South America, Asia and North America. Many species
are of yellow heartwood from which the genus name originates etymologically. Notable species
include Z. americanum, Z. flavum, Z. acanthopodium, Z. ailanthoides, Z. armatum, Z. avicennae,

Z. capense, Z. fagara, Z. monophyllum, Z. rhoifoliumand Z. zanthoxyloides (Patino et al., 2012).

Z. zanthoxyloides, commonly known as the Senegal prickly-ash, remains one of the most important
species of Zanthoxylum as far as the African continent is concerned. The species is native to many
countries in West Africa such as Benin, The Gambia, Ghana, Guinea, Ivory Coast, Mali and
Nigeria. In Ghana, it is known as “’Okanto’’ (or Kanto), <> Xeti’’ (or Xetsi), ‘’haatso’’, ‘’hantso’’,
and “’kanfu’’ by the Akans, Ewes, Gas, Ga-Dangmes and Fantes respectively (Mshana et al.,
2000). The shrubs and trees of Z. zanthoxyloides are spiny and somewhat scandent in nature,
ranging between 6 and 12 m in height (Nacoulma, 1996; Arbonnier, 2004). The bark is of a grey
to beige color with fine vertical fissures and woody prickle-bearing protuberances. The slash is
odorous, yellow and orange-mottled beneath while the stem is glabrous and grey with solitary
prickles (Nacoulma, 1996; Arbonnier, 2004). The leaves are usually alternate, glabrous or
imparipinnately compound and are arranged in about 5 to 11 opposite leaflets. Leaflets may be
obovate, elliptical, apiculate or notched with cuneate to rounded base and obtuse to rounded apex.
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Leaflets are also endowed with many glandular dots. These dots are pinnately veined with about
10-14 pairs of lateral veins that are rigidly papery and smell of lemon or pepper when crushed.
Petioles are glabrous and spiny beneath with about 2 to 5 cm in length with recurved prickles

(Nacoulma, 1996; Arbonnier, 2004).

The inflorescence of Z. zanthoxyloides consists of a lax terminal or axillary panicle of 5-25 cm
long with short branches (Nacoulma, 1996; Arbonnier, 2004). The white or greenish flowers
themselves could be regular or unisexual with a sessile nature. Male flowers possess stamens that
are slightly exserted while female flowers consist of a one-celled superior ovary and a short style
(Nacoulma, 1996; Arbonnier, 2004). Fruits of Z. zanthoxyloides are in the form of brown,
dehiscent and one-seeded ovoid follicles of about 5-6 mm in diameter. Seeds may be black to

bluish in appearance (Nacoulma, 1996; Arbonnier, 2004).

Figure 2.1: A picture of Z. zanthoxyloides at the environs of Center for Plant Medicine Research, Mampong-
Akuapem, Ghana.
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2.3 TRADITIONAL USES OF ZANTHOXYLUM

Traditionally, many Zanthoxylum species find various economical and medicinal uses in different
parts of the world. The construction of houses, boats, talking drums, decorative paneling and the
making of industrial paper and pulp involve timber obtained from Zanthoxylum species such as Z.
lemairei, Z. tessmannii, Z. gillettii, and Z. leprieurii (Dalziel, 1937; Oliver-Bever, 1982). The
leaves, stem and roots of many species are used in medicinal preparations to treat coli, toothache,
stomachache, rheumatism, lumbago, leprous ulcerations and oral infections (Oliver-Bever, 1982;
Olatunji, 1983). Their medicinal properties are also employed in antiplasmodial, analgesic, and
antiseptic preparations. The stem bark and root of some species are utilized as piscicides,

vermifuges and febrifuges.

Macerations, decoctions and infusions of the root and stem bark of Z. zanthoxyloides are
traditionally taken to treat malaria, paralysis, oedema, fever, sickle cell anemia and body weakness
(Nacoulma, 1996). They are also used in the treatment of intestinal problems such as colic,
dysentery and worm infestations. Preparations from the bark of stems and roots are used as an
emmenagogue and stimulant, as well as to treat neuralgia and migraine (Nacoulma, 1996).
Particularly, the roots may be applied to wounds, sores, ulcers, swellings, abscesses, bites and
yaws to facilitate healing (Nacoulma, 1996). When chewed, the bark of roots and stems tend to
provide the palate with a warm, pungent and benumbing effect, thereby finding applications in the
treatment of oral infections, sore gums, toothache and dental caries. The root decoction is also used

to help fight sore throat (Nacoulma, 1996).

In Ghana, the root and the powder of the stem bark are used to treat whooping cough (Arbonnier,
2004). In Ivory Coast, sap of the bark may be applied in the treatment of conjunctivitis (Arbonnier,

2004). In the southern part of Nigeria, a decoction prepared from the stem bark and roots is used
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as an anticancer preparation (Arbonnier, 2004). The pulped bark of the stem and roots may also
be used as piscicides to stupefy fish (Arbonnier, 2004). In many parts of West Africa, Z.
zanthoxyloides is planted as a hedge due to its impenetrable nature (Arbonnier, 2004). The timber
is used for firewood and building purposes due to its hard and termite-resistant nature (Arbonnier,
2004). The roots, shoots, and twigs may be useful as chew-sticks (Arbonnier, 2004). The young
branches and bark of Z. zanthoxyloides may be used as torches on special occasions due to their
high quantity of resins (Arbonnier, 2004). Moreover, the leaves and seeds are commonly used in
the seasoning of food, as well as in feeding livestock (Arbonnier, 2004). The species of Z.
zanthoxyloides is believed to possess spiritual benefits thereby serving as a fetish plant in some

parts of West Africa (Arbonnier, 2004).

24 PHYTOCHEMISTRY OF ZANTHOXYLUM

Zanthoxylum is endowed with a vast array of diverse phytochemicals from all the major groups of
secondary metabolites. These include terpenes, sterols, flavonoids, amides, alkaloids, lignans and
coumarins (Patino et al., 2012; Medhi et al., 2013). Sabinene, elemol, f-myrcene, isobutyl amides,
benzohenanthridines, benzylisoquinoline alkaloids, berberine, aporphine alkaloids, quinolone
alkaloids, furcocoumarins, and diarylbutirolactones are specific examples of these secondary
metabolites isolated from Zanthoxylum (Adesina, 2005; Patino et al., 2012; Medhi et al., 2013). Z.
simulans, Z. integrifoliolum, Z. rugosum, Z. chiloperone, Z. monophyllum, Z. integrifoliolum, Z.
shinifolium, Z. liebmannianum, Z. monophyllum, and Z. fagara are some of the species from which
these compounds were isolated (Patino et al., 2012). Particularly, various secondary metabolites
have also been isolated from Z. zanthoxyloides. For instance, citronellol, citronellyl acetate, a-
terpinolene, a-pinene, limonene, trans-f-ocimene, geraniol, and f-myrcene were isolated from the

fruits of Z. zanthoxyloides (Ngassoum et al., 2003). Moreover, 3-hydroxy-1,5,6-trimethoxy-9-
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acridone, 1,6-dihydroxy-3-methoxy-9-acridone, 3,4,5,7-tetrahydroxy-1-methoxy-10-methyl-9-
acridone and 4-hydroxyzanthacridone (and related zanthacridones) were purified from the fruits
of Z. zanthoxyloides (Wouatsa et al., 2013). Again, citronellol, geraniol, citronellyl acetate,
limonene, citronellal, (E)-B-ocimene, myrcene, limonene and a-pinene were also purified from the
fruits of Z. zanthoxyloides (Fogang et al., 2012). Finally, three divanilloylquinic acid isomers
(burkinabines A, B and C) were isolated from the root bark of the same species (Ouattara et al.,

2004).

2.5 PHARMACOLOGY OF ZANTHOXYLUM

Different species of Zanthoxylum exhibit various biological activities, namely, antimicrobial,
insecticidal, anti-inflammatory, antioxidant, antiparasitic, antitumor, antihelmitic, antinociceptive
and antiviral activities (Patino et al., 2012). Studies of circulatory systems, central nervous systems
and enzyme inhibition have been employed to characterize the biological properties of members
of Zanthoxylum (Patino et al., 2012). Xanthoxyline, which is known to be allelopathic to various
plant species such as Amaranthus tricolor and Echinochloa crus-galli was isolated from the fruit
extract of Z. limonella (Charoenying et al., 2010). The methanol extracts of Z. capense exhibited
anticonvulsant activities in mice (Amabeoku and Kinyua, 2010). Leaf and bark extracts of ethanol,
hexane and ethyl-acetate from Z. fagara, Z. elephantiasis, Z. martinicense, Z. coriaceum and Z.
chiloperone exhibited promising anti-inflammatory activities (Bastos, 2001; Marquez et al., 2005;
Villalba et al., 2007). Dibenzylbutirolactonic lignin that was isolated from Z. naranjillo also
possessed anti-inflammatory properties (Bastos, 2001). Benzophenanthridine alkaloids, quinolone
alkaloids, lignans and coumarins from Z. nitidum gave rise to promising anti-inflammatory
activities (Chen etal., 2011). The triterpene lupeol found in many species of Zanthoxylum is known

to possess in vitro and in vivo inhibitory effects against inflammation (Saleem, 2009). The
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compounds 3B, 16B-hydroxybetulinic acid, 3p-acetoxy-16B-hydroxybetulinic acid and 2,6-
dimethoxy-1,4-benzoquinone that were isolated from Z. tessmannii gave rise to antimicrobial
activities against Chlorella sorokiniana, Mucor miehei, Escherichia coli, Bacillus subtilis,
Staphylococcus aureus, Streptomyces viridochromogenes, Candida albicans, Chlorella vulgaris,
and Scenedesmus subspicatus (Mbaze et al., 2007). The fruit extract of Z. armatum was shown to
exhibit antibacterial activities against Staphylococcus aureus, Escherichia coli, Pseudomonas
aeruginosa and Shigella boydii (Panthi and Chaudhary, 2006). The hexane, ethyl acetate and
ethanol extracts of Z. chilipiron, as well as the lupeol of Z. rhoifolium were shown to be
antinociceptive (Villalba et al., 2007; Pereira et al., 2010). Antioxidant activities were also
exhibited by the fruits and seeds of Z. alatum, Z. bungeanum, Z. piperitum, and Z. achanthopodium
(Hisatomi et al., 2000; Lee and Lim, 2008; Batool et al., 2010; Xia et al., 2011). Z. chalybeum, Z.
syncarpum, Z. gilletii, Z. limonella, Z. rhoifolium and Z. usambarense have been shown to have
antiplasmodial activities (Ross et al., 2004; Bertani et al., 2005; Ross et al., 2005; Jullian et al.,
2006; Charoenying et al., 2008; Kaur et al., 2009; Zirihi et al., 2009; Were et al., 2010).
Antitrypanosomal activities have been demonstrated in Z. naranjillo and Z. chiloperone (Bastos et
al., 1999; Ferreira et al., 2007; Ferreira et al., 2011). Canthin-6-one alkaloids and meglumine
antimonate of Z. chiloperone were shown to have activities against Leishmania (Ferreira et al.,
2002; Sen and Chatterjee, 2011). The methanolic stem extract of Z. beecheyanum possesses strong
antiplatelet activity (Patino et al., 2012). Z. coreanum, Z. planispinum, Z. schinifolium, Z.
ailanthoides and Z. integrifoliolum are known to possess antiviral properties (Patino et al., 2012).
Terpenoids isolated from Z. rhoifolium were shown to have antitumor activities (Da Silva et al.,
2007a, b). The chloroform fraction of Z. ailanthoides showed cytotoxic activity against human

promyelocytic and myelomonocytic leukemia cells (Chou et al., 2011). Pyranoquinoline alkaloids
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(zanthosimuline and huajiaosimulin) isolated from Z. simulans were active against thirteen human
cancer cell lines (Chen et al., 1994b). Berberine, an alkaloid isolated from the bark of Z.
monophyllum showed activity against colorectal cancer, breast cancer, larynx cancer and gastric
cancer cell lines (Cordero et al., 2004). Benzophenanthridine alkaloids such as fagaronine and
nitidine that are commonly isolated from most species of Zanthoxylum were characterized to

possess potent antitumor activity (Tillequin, 2007).

The plant species of Z. zanthoxyloides has been shown to possess analgesic, antidiabetic,
hypolipidaemic, hypotensive, gastroprotective, antiproliferative, antioxidant, antihelmintic,
antimicrobial and antiparasitic effects. The aqueous root extract of Z. zanthoxyloides was shown
to possess analgesic properties probably via the inhibition of prostaglandin (Prempeh and Mensah-
Attipoe, 2008). Aqueous and ethanolic extracts from the leaves of Z. zanthoxyloides exhibited
antihelmintic activities against Asaris lumbricoides, Haemonchus contortus and Trichostrongylus
colubriformis (Azando et al., 2011; Barnabas et al., 2011). The essential oils of Z. zanthoxyloides
were found to be active against bacteria and fungi (Ngane et al., 2000; Tatsadjieu et al., 2003;
Anne et al., 2013, Misra et al., 2013). The alkaloid extract of Z. zanthoxyloides, as well as the
benzophenanthridine alkaloid fagaronine obtained from the root extract inhibited the growth of
Plasmodium falciparum (Gansane et al., 2010; Adebayo and Krettli, 2011). Purified and semi-
purified root extracts also inhibited the growth of Plasmodium falciparum (Kassim et al., 2005).
The root extracts of Z. zanthoxyloides were found to be active against Leishmania (Ahua et al.,
2007). The leaf extracts were shown to have hypolipidaemic and antidiabetic properties (Aloke et
al., 2012). Stem extracts were shown to possess radical-scavenging and iron-chelating effects with
or without hydrogen peroxide, thereby demonstrating the antioxidant activities of the plant species

(Adekunle et al., 2012). The extract from the bark of the root of Z. zanthoxyloides was also shown
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to exhibit hypotensive effects (Zahoui et al., 2010). The extract of Z. zanthoxyloides reduced
vasodilatation and permeability of the capillaries during inflammation (Prempeh et al., 2009). The
ethanolic root bark extract was shown to exhibit gastroprotective effects in Sprague-Dawley rats,
and this might have occurred through antimuscarinic or antihistaminic mechanisms (Boye et al.,
2012). By employing the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay, the oils of Z. zanthoxyloides were shown to have antiproliferative effects (Fogang et al.,
2012). These pharmacological properties of Z. zanthoxyloides have been summarized in Table 2.1

below.

Table 2.1 Pharmcology of Z. zanthoxyloides

Pharmacological properties Plant part used References

Analgesic Root Prempeh and Mensah-Attipoe, 2008

Antihelmintic Leaves Azando et al., 2011; Barnabas et al.,
2011

Antifungal Essential oil Ngane et al., 2000

Antibacterial Essential oil Misra et al., 2013

Antiplasmodial Root Gansane et al., 2010; Adebayo and
Krettli, 2011

Gastroprotective Root Boye et al., 2012

Antiproliferative Oil Fogang et al., 2012

Antileishmania Root Ahuaetal., 2012

Antioxidant Stem Adekunle et al., 2012

Hypotensive Root Zahoui et al., 2010

The root, stem and leaves are pharmacologically useful parts of Z. zanthoxyloides. Qil extracts have also been reported
to exhibit antifungal, antibacterial and antiproliferative activities. Further details have been provided in the text.
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2.6 CLASSIFICATION AND BOTANICAL DESCRIPTION OF BIDENS

Bidens, commonly known as the beggarticks or black jack, is a genus of mostly annual or perennial
herbaceous plants (Figure 2.2). The genus belongs to the subfamily of Asteroideae and consists of
at least 200 species (Karis and Rydin, 1994; Pozharitskaya, 2010). Members of the Asteroideae
subfamily belong to the family of Asteraceae and the order of Asterales. Species may be found in
different parts of Africa, America, Polynesia, Europe and Asia (Ganders et al., 2000). Well-known
species include B. tripartita, B. aurea, B. pilosa, B. subalternans and B. bipinnata. Botanically, B.
pilosa remains one of the most well characterized species of Bidens. Though South America may
be considered as the original source, the plant may currently be found in different temperate and
tropical zones (Ge, 1990). Several varieties may be recognized, namely, B. pilosa var. pilosa, var.
minor, var. radiata and var. bisetosa. In Ghana, it is referred to as ’dwirentwi’’ and *’dzanikpikpi’’

by the Akans and Ewes, respectively (Mshana et al., 2000).

B. pilosa are usually glaborous or hairy. The leaves may be lobbed, serrate or dissected while
petioles could be slightly winged (Figure 2.2). It may possess white or yellow flowers that are
displayed in small heads with somewhat long peduncles. In favorable environmental conditions, it
may grow to a maximum height of 150 cm. Species are fast-growing, with individual plants
capable of producing between 3,000 and 60,000 seeds. Fruits may be slightly curved and stiff with
rough blackrods. The infructescence also forms spherical burrs about one to two centimeters in
diameter arranged in a radiating starlike pattern. Seeds are narrow or ribbed and may consist of
two to four barbed spines. Seeds usually germinate within 3 to 4 days when planted under favorable
climate, and are dispersed by the process of zoochory. The species is generally considered to be a

weed due to its invasive nature (Young et al., 2010).
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Figure 2.2: A picture of B. pilosa at the environs of Center for Plant Medicine Research, Mampong-Akuapem,
Ghana.

2.7 TRADITIONAL USES OF BIDENS

From the traditional point of view, Bidens has many ethnomedical values most of which may be
attributed to B. pilosa. These traditional values usually originate from the medicinal and nutritional
significance of the plant (Geissberger and Sequin, 1991; Noumi et al., 1999; Tan et al., 2000; Cano
and Volpato, 2004; Ayyanar and Ignacimuthu, 2005; Lans, 2007; Hsu et al., 2009; Namukobe et
al., 2011). The whole plant is used in various forms to treat snake bite, stomach ulcers, nose bleeds,
hemorrhoids, morning sickness, menstrual irregularities, sore throat, renal infections, bacterial
infections and malaria in different parts of Asia, Africa and Central America (Geissberger and
Sequin, 1991; Noumi et al., 1999; Tan et al., 2000; Cano and Volpato, 2004; Ayyanar and
Ignacimuthu, 2005; Lans, 2007; Hsu et al., 2009; Namukobe et al., 2011). It is also valued as an
anti-inflammatory, antidiabetic, antirheumatic and a potent hypotensive (Geissberger and Sequin,
1991; Noumi et al., 1999; Tan et al., 2000; Cano and Volpato, 2004; Ayyanar and Ignacimuthu,

2005; Lans, 2007; Hsu et al., 2009; Namukobe et al., 2011).
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2.8 PHYTOCHEMISTRY OF B. PILOSA

Most of the secondary metabolites known in Bidens were isolated from B. pilosa (Silva et al.,
2011; Bartolome et al., 2013). Phytochemically, about 200 secondary metabolites have been
isolated from B. pilosa (Silva et al., 2011; Bartolome et al., 2013). Isolated compounds consist of
at least 25 terpenoids, 19 phenyl propanoids, 13 aromatics, 70 aliphatics, 60 flavonoids, 8

porphyrins and a few other compounds (Bartolome et al., 2013).

Specific examples of these classes of compounds include ferulic acid, caffeic acid, eugenol, 4-O-
caffeoylquinic acid, pyrocatechin, pyrocatechol, p-vinylguaiacol, vanillin, bidenphytin A,
pheophytin A, a-tocopheryl quinone, 2-acetyl-thiophene, gallic acid, salicylic acid, chlorogenic
acid, squalene, Ilupeol, B-amyrin, stigmasterol, phytanic acid, campestrol, phytol,
bicyclogermacrene, quercetin, isoquercitrin, luteoside, myristic acid, palmitic acid, butein and

okanin (Silva et al., 2011; Bartolome et al., 2013).

2.9 PHARMACOLOGY OF B. PILOSA

Most of the pharmacological and biological importance of Bidens is attributed to B. pilosa because
it is perhaps the most studied species in the genus. Many studies have reported on the
pharmacological properties of the extracts or compounds of B. pilosa. These include antibacterial,
antifungal, antihypertensive, antitumor, anti-inflammatory, antidiabetic, antihyperglycemic,
antioxidant, immunomodulatory, antimalarial, vasodilatory and anti-ulcerative activities

(Bartolome et al., 2013).

The cytotoxic activities of chloroform, hydroethanolic, ethyl-acetate, and methanol fractions of B.
pilosa were demonstrated in different types of assays including brine shrimp, MTT and neutral red

uptake assays (Chiang et al., 2005). In the study, chloroform fraction stood out as the most toxic
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with ICsp values of 97 and 83 pg/ml in neural red uptake and MTT assay, respectively (Chiang et
al., 2005). Phenyl-1, 3, 5-heptatriene from B. pilosa leaves was identified as the cytotoxic agent in
different human cancer lines (Kumari et al., 2009). The ethyl acetate fraction of the methanol
extract of B. pilosa was shown to have the highest cytotoxicity against HeLa and KB cells
(Sundararajan et al., 2006). The antileukemic effect of hot water extract of B. pilosa var. minor
Sheriff assessed on several types of leukemia cells using the 2,3-bis (2-methoxy-4-nitro-5-
sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide (XTT)-based colorimetric
assays was demonstrated in all cell types (Chang et al., 2001). Luteolin, a well-known
phytochemical of B. pilosa was shown to prevent tumor cells from proliferating (Lee et al., 2006;
Seelinger et al., 2008). The regulation of topoisomerase | and Il, PI3K/Akt/MAPK/ERK/INK
pathways (phosphatidylinositol-3  kinase/protein  kinase = B/mitogen-activated  protein
kinase/ extracellular signal-regulated kinase/c-Jun N-terminal kinase), apoptosis, cell cycle arrest
and fatty acid synthase were identified as the main mechanisms by which luteolin might exhibit
its anti-tumor activity (Lee et al., 2006; Seelinger et al., 2008). The cytotoxic effect on human
colon cancer of butein, another flavonoid from B. pilosa, was shown to occur by affecting the
incorporation of **C-labeled amino acids or nucleosides, thereby inhbiting the synthesis of DNA,
RNA or protein (Yit and Das, 1994). The anticancer activity of centaureidin, another flavonoid
from B. pilosa has been reported in CA46 Burkitt lymphoma and NC160 human tumor cell lines
(Beutler et al., 1993; Beutler et al., 1998). Polyyne aglycones from B. pilosa exhibited significant

antiproliferative effects in primary human umbilical vein endothelial cells (Wu et al., 2004).

B. pilosa is also reported to exhibit several anti-inflammatory properties. The aqueous extracts of
B. pilosa suppressed the activation and production of p38, INK, ERK1/2, cyclooxygenase-2 and

prostaglandin (Yoshida et al., 2006). The oral administration of B. pilosa treated with cellulosine
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reduced the level of serum immunoglobulin E (IgE) in mice 10 days after immunization with
dintrophenylated Ascaris (Horiuchi et al., 2008). The phenolic luteolin was shown to inhibit the
release of tumor necrosis factor o (TNF-a)) and interleukin-6 (IL-6) in RAW 264.7 cells, as well
as to suppress the degradation of inhibitor of kappa B (IxkB-a) and the expression of nitric oxide
synthase in microglia (Kim et al., 2006). Ethyl caffeate exerted a nitric oxide synthase-mediated
anti-inflammatory effect in RAW 246.7 cells (Chiang et al., 2005). The methanol extract of B.
pilosa, and a polyyne isolated from B. pilosa were reported to suppress immune response and

inflammation in mice (Pereira et al., 1999).

The antidiabetic properties of B. pilosa have been reported in many parts of Asia, Africa and
America. The butanol fraction respectively inhibited and stimulated the proliferation of T-helper
cells thereby preventing type 1 diabetes in non-obese diabetic mice (Chang et al., 2004).
Cytopiloyne, a polyyne found in B. pilosa, was shown to exhibit potent activity against type 1
diabetes (Chang et al., 2007). Cytopiloyne was also demonstrated to reduce postprandial levels of
blood glucose, increase levels of blood insulin, improve glucose tolerance, suppress glycated
haemoglobin level and protect pancreatic islets in type 2 diabetes mouse models (Chang et al.,
2013). The aqueous ethanol extract of B. pilosa lowered the level of blood glucose in a type 2
diabetes mouse model (Ubillas et al., 2000). The aqueous extract of B. pilosa also exhibited an
antihyperglycemic effect in type 2 diabetes mouse models through an increase in the levels of
serum insulin (Hsu et al., 2009). A study about the antidiabetic properties of B. pilosa varieties in
type 2 diabetes mouse models demonstrated that the crude extracts of these varieties decreased

postprandial levels of blood glucose (Chien et al., 2009).

B. pilosa is known to exhibit several antioxidant properties in terms of its scavenging effects. A
study about the free radical scavenging effect of B. pilosa using 1, 1-diphenyl-2-picrylhydrazyl
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(DPPH) and hypoxanthine-xanthine oxidase assays resulted in the determination of at least nine
compounds with free radical scavenging effects (Chiang et al., 2004). The crude extract, as well
as the ethyl acetate, butanol and water fractions were also found to have free radical scavenging
effects in the same study. The methanol extract of B. pilosa that contained several compounds such
as hydroxybenzaldehyde, caffeic acid, coumaric acid, and ferulic acid also gave rise to DPPH
radical scavenging effects (Muchuweti et al., 2007). The essential oils of B. pilosa also exhibited

protective effects and antioxidant properties (Deba et al., 2008).

B. pilosa may also possess immunomodulatory properties. The hot water and butanol extracts of
B. pilosa displayed varying interferon gamma (IFN-y) promoter activities (Chang et al., 2007). In
the same study, centaurein and centaureidin isolated from the butanol fraction also gave rise to
IFN-y promoter activity (Chang et al., 2007). Three polyynes isolated from B. pilosa were shown
to regulate the differentiation and production of helper T cells and associated cytokines (Chang et
al., 2004). Butanol extracts of B. pilosa exacerbated pulmonary inflammation in mice thereby
affecting the infiltration of white blood cells (Chang et al., 2005). Cytopiloyne from B. pilosa also

decreased the levels of IFN-y-producing type 1 helper T cells (Chiang et al., 2007).

Hypotensive and vasodilatory properties have also been reported for B. pilosa. The vasodilation-
mediated hypotensive effect of B. pilosa leaves was demonstrated in normotensive and
hypertensive rat models (Dimo et al., 1999; Hsu et al., 2009). In the same study, B. pilosa leaves
were found to exert an insulin-independent hypotensive effect in rat models. In another study on
rat aorta, B. pilosa relaxed the rat aorta previously contracted by potassium chloride (Nguelefack
et al., 2005). The ethanol extract of the plant was also shown to facilitate wound healing in Wistar

rats (Hassan et al., 2011). B. pilosa also inhibited gastric ulcers in Wistar rats through the synthesis
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of prostaglandins (Tan et al., 2000). Nine hydroxychalcones of B. pilosa were reported to possess

gastric cytoprotective properties (Kandaswami and Middleton, 1994).

Finally, B. pilosa has been reported to possess antiplasmodial, antibacterial and antifungal
activities (Bartolome et al., 2013). The leaf extracts of B. pilosa was found to exhibit
antiplasmodial activity in two different strains of Plasmodium falciparum (Kumari et al., 2009).
The same active agent also resulted in the reduction of average parasitemia in red blood cells
infected with Plasmodium berghei (Tobinaga et al., 2009). Centaurein and centaureidin were
reported to enhance antilisterial activity in macrophages through the expression of IFN-y (Chiang
et al., 2004; Chang et al., 2007; Chang et al., 2007). A polyyne was reported to suppress bacterial
growth minimum inhibitory concentration similar to that of several commercially available
antibiotics (Tobinaga et al., 2009). Water and methanol extracts of the plant also exhibited
antifungal activities against several species of fungi (Deba et al., 2007; Ashafa and Afolayan,

2009). These properties have been summarized in Table 2.2.
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Table 2.2 Pharmcology of B. pilosa

Pharmacological properties

Plant extract or compound
used

References

Anticancer

Chloroform, ethanol,
aqueous, methanol,
ethylacetate (phenyl-1,3,5
heptatriene, luteolin, butein,
centaureidin, polyyne,
aglycone)

Beutler et al., 1993; Beutler et
al., 1998; Chang et al., 2001;
Chiang et al., 2015; Kumari et
al., 2009; Lee et al., 2006;
Seelinger et al., 2008; Yit and
Das, 1994; Wu et al., 2004

Anti-inflammatory

Aqueous, methanol, luteolin

Pereiraetal., 1999; Kimet al.,
2006; Yeshida et al., 2006

aqueous, methanol, essential
oil

Anti-diabetic Butanol,cytopiloyne, Ubillas et al., 2000; Chang et
aqueous-ethanol, aqueous al., 2004; Chang et al., 2007;

Hsu et al., 2009
Antioxidant Ethyl-acetate,butanol, Chiang et al., 2004,

Muchuweti et al., 2007; Deba
et al., 2008

Immunomodulatory

Aqueous, butanol, centaurein,
centaureidin, polyyne

Chang et al., 2004; Chang et
al., 2005, Chang et al., 2007;
Chiang et al., 2007

Hypotensive

Ethanol, hydroxychalcone

Kandaswami and Middleton,
1994; Hassan et al., 2011

Antibacterial

Centaurein, centaureidin,
polyyne

Chang et al., 2007; Chiang et
al.,, 2004; Tobinaga et al.,
2009

Antifungal

Agqueous, methanol

Deba et al.,2007; Ashafa and
Afolayan, 2009

Different solvent extracts of B. pilosa have been reported to exhibit several pharmacological properties. Activities
have also been linked to phytochemicals such as centaurein, centaureidin, polyyne, luteolin, butein and
cytopiloyne.Detailed descriptions have been provided in the text.
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2.10 TRYPANOSOMATIDAE: CLASSIFICATION AND BIOLOGICAL DESCRIPTION

Trypanosomiasis may be described as a broad group of protozoan diseases caused by the family
of Trypanosomatidae. Since the history of trypanosomatids dates back to about 100 million years
ago, trypanosomiasis is probably a very ancient group of diseases (Poinar and Poinar, 2004; Poinar
and Poinar, 2005; Simpson et al., 2006). The family of Trypanosomatidae belongs to the order of
Trypanosomatida and the class of Kinetoplastea. In accordance with morphological features and
host relationships, nine genera of trypanosomatids are generally recognized. These include both
monoxenous forms (Crithidia, Blastocrithidia, Herpetomonas, Leptomonas and Wallaceina) and
heteroxenous genera (Trypanosoma, Leishmania, Endotrypanum and Phytomonas) (Lopes et al.,
2010). Morphotypes by which trypanosomatids are commonly recognised include promastigotes,
opisthomastigotes, amastigotes, epimastigotes, trypomastigotes, choanomastigotes and

spheromastigotes (Lopes et al., 2010).

A set of features common or peculiar to the larger group of eukaryotes may be used to describe
trypanosomatids. Generally, the cell surfaces of all trypanosomatids are coated with
glycosylphosphatidylinositol (GPI)-anchored proteins or free GPI glycolipids that serve to protect
the surface layers or mediate host-parasite interactions (llgoutz and McConville, 2001; Nakayasu
et al., 2009). They also consist of membrane transporters that perform critical roles that include
the uptake of nutrients, expelling of metabolites, establishment of ion gradients, translocation of
compounds and the export of drugs (Landfear et al., 2004; Landfear, 2008; Dean et al., 2009; Gaur
et al., 2009; Landfear, 2010). Membrane transporters may constitute about 2-2.5% of proteins
encoded in the genome of trypanosomatids (Landfear et al., 2004; Landfear, 2008; Dean et al.,

2009; Gaur et al., 2009; Landfear, 2010).
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Trypanosomatids consist of flagella that help to propel the parasite forward through wave-like
beats of the microtubule-based flagellar axoneme (Landfear and Ignatushchenko, 2001; Gull,
2003; Ralston et al., 2009). The flagellum and cell body are held in close proximity by a network
of cytoskeletal and membranous connections called the flagellum attachment zone (FAZ). It also
consists of a fibrillar structure known as a paraflagellar or paraxial rod that is made of a matrix of
filaments connected to the axoneme (Portman and Gull, 2010). The flagellum is also involved in
motility, host-parasite interactions, morphogenesis, cell division and evasion from the host

immune system (Landfear and Ignatushchenko, 2001; Gull, 2003; Ralston et al., 2009).

Most trypanosomatids possess sub-pellicular microtubules distributed throughout the entire cell
body with the exception of the flagellar pocket region (Gull, 1999). These microtubules constitute
an axial helical pattern that underlies the plasma membrane together with a uniformly spaced
intermicrotubule. Even though microfilaments have not yet been observed in the cytoplasm of T.
cruzi, there is a possible role for an action-myosin system in this species based on biochemical and

genomic analyses (Corréa et al., 2007; Corréa et al., 2008; De Melo and Sant'Anna, 2008).

Most trypanosomatids also possess cytoplasmic organelles called acidocalcisomes which contain
several ions, amino acids and enzymes on the basis of X-ray microanalysis, NMR spectroscopy
and biochemical analyses (Moreno et al., 2000; Ruiz et al., 2001; Rohloff et al., 2003; Fang et al.,
2007). Acidocalcisomes, therefore, are critical for the storage of ions and pH homeostasis. They
possess a nucleolus-containing nucleus that is enveloped by a porous membrane (De Souza and
Meyer, 1974; Solari, 1995). The nucleus also encloses a condensed chromatin dispersed
throughout the nucleoplasm (De Souza and Meyer, 1974; Solari, 1995; Elias et al., 2001). During
cell division, intranuclear microtubules appear and the chromatin disperses while the nuclear

membrane remains intact (De Souza and Meyer, 1974; Solari, 1995; Elias et al., 2001).
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Most trypanosomatids contain bacterial endosymbionts that play important roles in the
biosynthetic pathways of the host protozoan (Gray, 1992; Motta, 1999). Members of the class
Kinetoplastea possess spherical structures called glycosomes, which harbor the glycolytic
pathway. Indeed, the glycosomal proteome of T. brucei, L. major, and T. cruzi showed that the
glycosome is a critical site for several important glycolytic enzymes in these species (Parsons,
2004; Waller et al., 2004; Opperdoes and Szikora, 2006). Glycosomes also function in purine
salvage pathways, biosynthesis of pyrimidines, synthesis of ether lipids and -oxidation of fatty

acids (Vickerman, 1994; Michels et al., 2000; Moyersoen et al., 2004).

Trypanosomatids possess mitochondria that are distributed in branches under the sub-pellicular
microtubules while appearing to dilate in regions of disk-like structures called kinetoplasts. The
kinetoplast DNA (kDNA) consists of circular topologically relaxed and interlocked network of
minicircles and maxicircles (Stuart and Panigrahi, 2002; Liu and Englund, 2007; Schneider et al.,
2008). There is a unique form of kinetoplast RNA editing mediated by short overlapping
complementary minicircle-encoded guide RNAs that provide the information for uridylate
insertion and deletion on messenger RNA (mRNAS) through a series of enzyme-mediated

cleavage-ligation steps (Blum and Simpson, 1990; Blum et al., 1990; Stuart and Panigrahi, 2002).

Trypanosomatids transcribe all protein-encoding genes polycistronically (Martinez-Calvillo et al.,
2010). Generally, they utilize both cis- and trans-RNA splicing for the processing and maturation
of pre-mRNAs although cis-splicing rarely removes introns due to the scarcity of intron-containing
genes in trypanosomatid genome (Cordingley, 1985; Stuart et al., 2005). Trans-splicing of a 39-
nucleotide spliced leader exon and 3’-end polyadenylation are particularly important for the
maturation of translatable monocistronic units (Boothroyd and Cross 1982; Liang et al., 2003,

Zamudio et al., 2009).
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2.11 GENOME ORGANIZATION OF T. BRUCEI

T. brucei are single-celled extracellular species of trypanosomatids that can live freely in the
bloodstream, lymph or cerebrospinal fluid. As in most trypanosomatids, the species possesses both
a nuclear and a mitochondrial genome. There are 11 principal diploid nuclear chromosomes,
several intermediate-sized chromosomes of 300-900 kb and many minichromosomes of 50-100
kb. The intermediate and mini-chromosomes serve as repositories of VSG genes (Horn and
McCulloch, 2010). Generally, the intermediate and mini-chromosomes are not diploid in nature.

Overall, the total genome size of T. brucei is about 35 Mb per haploid genome.

The surface of T. brucei is covered with a highly dense layer of approximately 108 molecules of
VSG homodimers attached to the cell membrane via GPI anchors. The species has about 1000
VSG genes and pseudogenes even though transcription proceeds monocistronic at a time from one
of multiple telomeric VSG expression sites. Antigenic variation in trypanosomes involves the
random switching of VSG genes in a continuous manner, and this enables the parasite to maintain
a state of chronic infection in the host (Horn and McCulloch, 2010). Gene conversion also leads
to the production of multiple chimeric genes thereby resulting in the rapid evolution of the VSG
family. As in most members of the trypanosomatids, the kinetoplast genome also contributes to
genome plasticity via RNA editing using a complex structure called editosome (Carnes et al.,
2011). Trypanosomes employ an extensive RNA editing process that appears to be unique to these

parasites.

2.12 CELL DEATH IN TRYPANOSOMATIDAE
Observations in rat embryos exposed to toxicants were initially used as a system of morphological
classification of cell death (Schweichel and Merker, 1973). Subsequent to this, different types of

cell death have been observed in eukaryotes. Even though some studies have even described more
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than five pathways of cell death (Melino et al., 2005), three main types are recognized in

trypanosomatids: apoptosis (type ), autophagy (type I1) and necrosis (type II).

Apoptosis is probably the best understood mechanism of cell death. Primarily, it is defined by
shrinkage of the cell, formation of apoptotic bodies, blebbing of the plasma membrane and
characteristic changes in nuclear morphology such as the condensation or fragmentation of
chromatin (Taylor et al., 2008). If the integrity of the plasma membrane is severely affected, early

apoptotis may eventually develop into late apoptosis.

In most mammalian cells, two main routes of apoptosis are recognized: the extrinsic death receptor
pathway and the intrinsic mitochondrial pathway (Debatin and Krammer, 2004; Green and
Kroemer 2004; Jiang and Wang 2004; Peter et al., 2007). The intrinsic pathway responds to various
forms of cellular stress that activates proapoptotic Bcl-2 homology (BH3-only) proteins in order
to sense death stimuli thereby relieving the inhibitory action of other antiapoptotic Bcl-2 proteins.
The activation of BH3-proteins oligomerizes Bcl-2 associated X (Bax) and Bcl-2 antagonist/killer
(Bak) proteins that may lead to the formation of pores in the outer mitochondrial membrane
causing the release of cytochrome c. Cytosolic cytochrome ¢ binds to the adaptor protein called
apoptotic protease activating factor 1 (Apaf-1) thereby initiating the formation of the apoptosome
and subsequent activation mechanisms. The extrinsic death receptor pathway is initiated by
binding of death ligands to cognate death receptors and subsequent recruitment of adaptor proteins
and death-inducing signaling complexes (DISC). In metazoans, the caspase family of proteases
such as caspase 3, 8, and 9 form part of the central machinery of apoptosis activation in both
intrinsic and extrinsic pathways (Los et al., 1999; Fuentes-Prior and Salvesen, 2004). However, in
most protozoans such as trypanosomatids, the set of specific proteases responsible for the caspase-
independent mechanisms in both pathways have not yet been characterized.
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As in apoptosis, autophagy is a genetically regulated type of cell death. Classically, autophagy is
activated during cellular development and differentiation, as well as in various conditions of
environmental stress. Autophagy is a catabolic process by which proteins and other biomolecules
are directed to lysosomes for recycling. It is characterized by the apparent encapsulation of
cytosolic materials by autophagosomes and the subsequent fusion of autophagosomes with
lysosomes. This fusion then triggers the degradation of autophagosomal contents in an autophagic

process of cell death (Levine and Yuan, 2005; Levine and Kroemer, 2008).

At normal physiological conditions, autophagy occurs at low basal levels that contribute to the
turnover of cytoplasmic components. Therefore, excess autophagy is usually the cause of
autophagic cell death. Autophagy and apoptosis are interrelated in that autophagy may both
promote and inhibit apoptotic cell death. In fact, regulators of apoptosis may also interfere with
the process of autophagy (Maiuri et al., 2007). Therefore, further studies are required to
characterize autophagy in the context of mechanism and interactions with other cell death

pathways.

Necrosis is characterized by swelling of the cytoplasm, rupture of the plasma membrane, moderate
condensation of the chromatin and the dilation of organelles such as mitochondria, endoplasmic
reticulum and Golgi apparatus (Festjens et al., 2006). Initially thought to be a form of unregulated
type of cell death, it is increasingly becoming clear that necrosis is more highly regulated than
previously thought (Berghe et al., 2015). The process leads to a substantial rise in mitochondrial
calcium overload that can depolarize the inner mitochondrial membrane and reduce ATP
production (Orrenius et al., 2003). Regulated necrosis may be categorized into multiple cell death
subclasses such as necroptosis, parthanatos, ferroptosis, netosis, pyroptosis, and ischemia

reperfusion injury-mediated necrosis (Berghe et al., 2015).
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A complex interaction also appears to occur between necrosis and other mechanisms of cell death.
Inhibition of regulators of apoptosis or autophagy may affect the mechanism of necrosis. For
instance, in most mammals, if phagocytes do not rapidly engulf apoptotic bodies during apoptosis,
they may undergo late apoptosis, also known as secondary necrosis, during which the integrity of
the plasma membrane can reduce significantly thereby triggering an inflammatory response
(Berghe et al., 2015). Necrosis may, therefore, serve as a backup mechanism when apoptosis or

autophagy fails.

All the canonical hallmarks of apoptosis, necrosis and autophagy have been reported in
trypanosomatids (Welburn et al., 1996; Schmidt and Butikofer, 2014; De Silva Rodrigues et al.,
2016; Sousa et al., 2017). However, the underlying mechanisms of cell death remain poorly
understood in trypanosomatids. Trypanosomatids, as in all protozoans, do not encode caspases in
their genome (Kaczanowski et al, 2011). In metazoans, caspases play important roles in apoptosis,
necrosis and autophagy because the major types of cell death overlap at the molecular level. The
absence of caspases in trypanosomatids, therefore, raises interesting questions about how the
underlying mechanisms are initiated and regulated in a caspase-independent manner in these

protozoans.

Evolutionarily distant homologues of caspases called metacaspases are found in trypanosomatids
(Vercammen et al., 2007). Five metacaspases are known to be encoded in the genome of T. brucei
(Szallies et al., 2002). However, none of these has been clearly shown to be responsible for cell
death in the parasite. Moreover, prostaglandin induced cell death in T. brucei occurred
independently of three of the five known metacaspases (Helms et al., 2006). In T. cruzi, even
though two metacaspases were reported to play a role in human serum induced cell death, an

enzymatic function for these enzymes was not demonstrated (Kosec et al., 2006). In L. major, a
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metacaspase was shown to be involved in the segregation of the nucleus and kinetoplast rather
than apoptosis (Ambit et al., 2008). Hence, much remains to be understood as far as cell death
pathways in trypanosomatids are concerned. Figure 2.3 summarizes the cellular mechanism of

apoptosis and necrosis as observed in most eukaryotes include trypanosomes.

Fragmentation of DNA;

Apoptosis Shrinking and blebbing formation of apoptotic bodies
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Preservation of DNA; destruction of
Necrosis Swelling plasma-membrane and cytoplasmic
organelles

Figure 2.3: A diagram depicting the cellular mechanisms of apoptosis and necrosis in eukaryotes. In most eukaryotes,
apoptosis is identified by shrinkage of the cell, formation of apoptotic bodies, blebbing of the plasma membrane and
characteristic changes in nuclear morphology such as the condensation or fragmentation of chromatin. Necrosis is
characterized by swelling of the cytoplasm, rupture of the plasma membrane, moderate condensation of the chromatin
and the dilation of organelles such as mitochondria, endoplasmic reticulum and Golgi apparatus. Apoptosis and
necrosis are the best undertood types of cell death in most eukaryotes (Berghe et al., 2015).

2.13 CELL CYCLE IN TRYPANOSOMATIDAE
As in most eukaryotic cells, there are 4 canonical phases of the cell cycle in trypanosomatids: first
gap phase (G0-G1), synthesis phase (S), second gap phase (G2) and mitosis phase (M). During the
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GO0-G1 phase, the cell ensures that energy and nutrients are available for entry into a new round of
DNA synthesis. The synthesis or replication of DNA takes place in the S-phase. During the G2
phase, the cell ensures that there are sufficient nutrients for the division of the nucleus
(karyokinesis) and cytoplasm (cytokinesis) during the subsequent M phase (Vaughan and Gull,

2008) (Figure 2.4).

In most eukaryotes, the molecular regulation of the cell cycle involves a set of key proteins with
cyclin-dependent kinases (CDKs) and associated cyclins playing central roles. The interaction
between cyclins and CDKSs regulates the progression of the cell cycle. Different types of cyclins
and CDKs are responsible for the regulation of distinct phases of the cell cycle (Murray, 2004;
Hammarton, 2007). For instance, in mammalian cells, the activation of CDK4 and CDKG6 through
their interaction with cyclin D regulates the progression of the G1 phase by inhibiting the
retinoblastoma (RDb) protein (a repressor of transcription of cyclin E) (Murray, 2004; Hammarton,
2007). Also, cyclins E and A interact with CDK2 to regulate progression through the S phase while
a complex of CDKZ1, cyclin A and cyclin B regulates the progression of mitosis (Murray, 2004;
Hammarton, 2007). In most eukaryotic cells, the activity of CDKs is also regulated by
phosphorylation. For instance, in mammals, phosphorylation of a threonine residue by the CDK-
activating kinase (CAK) activates the CDK:cyclin complex (Hammarton, 2007). Protein
phosphatases (PP) are also critical in the regulation of the cell cycle. For example, in mammals,
protein phosphatase 2A (PP2A) regulates the cohesion of sister chromatids and subsequent mitotic
exit while protein phosphatase 1 (PP1) controls the structure of chromatids and chromosomes
during mitosis (Trinkle-Mulcahy and Lamond, 2006; Hammarton, 2007). Moreover, the cell

division cycle (cdc25) phosphatases activate CDKs while cdc14 phosphatases are involved in the
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maturation of the centrosome, stability of the spindle and cytokinesis (Trinkle-Mulcahy and

Lamond, 2006).

However, trypanosomatids regulate the cell cycle in uniquely conserved and divergent ways.
Orthologs of conserved protein kinases such as MAPKSs, CDKs, aurora and polo-like kinases
(PLK) are present in T. brucei, albeit with divergent functions (Hammarton et al., 2003;
Hammarton et al., 2005; Kumar and Wang, 2006). Moreover, checkpoint regulators such as the
spindle checkpoint serine/threonine protein kinase (BUB1), centromeric histone (CenH3) and Rho
GTPases have not yet been reported in trypanosomatids (Hammarton et al., 2003; McKean, 2003).
Furthermore, receptor-linked tyrosine kinases have not yet been reported in trypanosomatids.
Approximately 30 putative protein phosphatases are important in cell cycle regulation
(Hammarton, 2007), thereby providing an explanation to the inhibition of kinetoplast segregation

in procyclic forms of trypanosomatids (Das et al., 1994).

Regulation of the G1 phase in trypanosomes is different from that of most metazoans. In
mammalians, the ERK/Ras and PI3K pathways act to promote the progression of the G1 phase in
mammals while the interactions of CRKs with CYC2, CYC4 and CYCE3 regulate G1 progression
in trypanosomatids (Hammarton, 2007). RNA interference (RNAI) of the CYC2 gene arrested both
bloodstream and procyclic forms of T. brucei during the G1 phase (Li and Wang, 2003,
Hammarton et al., 2004). Depletion of CYC2 resulted in active microtubule extensions at the
posterior end of the cell in procyclic forms of the parasite (Hammarton et al., 2004). RNAI
of CRK1 in blood stream and procyclic forms enriched G1 phase cells, an observation which was

further enhanced by the co-downregulation of CRK2 (Tu and Wang, 2004, 2005).
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Aside the interaction between specific CRKs and CYCs, other G1 events such as the duplication
of the flagellum, basal body and Golgi apparatus are also regulated by unique proteins
(Hammarton, 2007). The y/8-tubulins, TbCentrin1/2 and the NIMA-related kinase (NRKC) have
all been implicated in the regulation of the duplication of the basal body and flagellum in
trypanosomes (He et al., 2005; Gadelha et al., 2006; Pradel et al., 2006). Moreover, depletion of
PLK by RNAI in T. brucei may result in the production of aberrant cells thereby suggesting the
importance of PLK in the G1 phase (Hammarton, 2007). MAPKs regulate flagellar length
in Leishmania (Erdmann et al., 2006), while Parkin coregulated gene (PACRG) proteins maintain
outer microtubule doublets along the axoneme (Dawe et al., 2005). ThCentrin2 may be required
for the duplication of the Golgi apparatus (He et al., 2005), while the class 11l PI3K (Vps34)

facilitates the segregation of the basal body.

The regulation of the S phase in trypanosomatids has also evolved different molecular pathways.
In most eukaryotes, preparation towards the regulation of the S phase starts during the G1 phase.
This is achieved through the assembling of a highly intricate replication licensing system known
as the pre-replicative complex (pre-RC). The pre-RC comprises about 6 origin of recognition
complexes (ORC), cdc6, chromatin licensing and DNA replication factor-1 (Cdtl) and the
hexameric minichromosome maintenance complex (Mcm2-7) (D’ Amours and Amon, 2004; Blow
and Dutta, 2005). DNA replication is initiated by the S-phase CDK (S-CDK) and regulatory
subunit [(Dbf4)-dependent kinase (DDK)] or the Dbf4-Cdc7 complex (Labib, 2010). S-CDK may
phosphorylate two replication factors (Sld2 and Sld3) in order to generate binding sites for the
DNA replication initiation protein (Dpb11), an important component of the pre-loading complex
(pre-LC) (Araki et al., 1995; Tanaka et al., 2007; Zegerman and Diffley, 2007). SId3 complexes

with cdc45 for recruitment onto replication origins by interacting with the Mcm2-7 complex (Zou
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and Stillman, 2000; Masai et al., 2006; Sheu and Stillman, 2006). The Dbf4-Cdc7 complex
phosphorylates the N-terminal tails of several subunits in the Mcm2-7 complex, thereby forming
the Cdc45-Mcm2-7 complex that can subsequently function as components of the replication fork
to help unwind the duplex DNA (Calzada et al., 2005;Gambus et al.,2006; Moyer et al., 2006;

llves et al., 2010; Sheu and Stillman, 2010).

About five ORC proteins are expressed in trypanosomes, namely, TbOrcl1/Cdc6, TbOrclb,
ThOrc4, Th3120, and Th7980, which appear to be fundamental to the S phase progression.
However, most of these are distantly related to the metazoan orthologs. Homologs of Cdt1, Sld2,
Sld3, and the Cdc7-Dbf4 complex have not yet been reported in trypanosomes (Berriman et al.,
2005). Although Mcm3 may interact with both ThOrc1/Cdc6 and ThOrclb, recruitment towards
the origins of replication is still poorly understood in trypanosomes (Dang and Li, 2011).
Additionally, even though Mcm2-7 is exported from the nucleus after DNA replication in yeasts
(Nguyen et al., 2000; Blow and Dutta, 2005), it appears to remain in the nucleus throughout the
cell cycle in trypanosomes (Dang and Li, 2011). It appears to be Cdc45 that is exported out of the
nucleus instead of Mcm2-7 (Dang and Li, 2011). Interestingly, homologs of serine/threonine-
protein kinase tousled-like (TLK), nucleosome assembly factor (Asfl), and proliferating cell
nuclear antigen (PCNA) proteins have been shown to be essential for DNA replication in
trypanosomes (Li et al., 2007; Kaufmannet al., 2012). Moreover, an analogous DNA replication
licensing system regulates the replication of KDNA (Klingbeil and Shapiro, 2009). Furthermore,
it was shown that the heat shock protease/ATPase system (HslIVU) regulates KDNA replication in
the mitochondrion by controlling the abundance of the mitochondrial helicase TbPIF2 (Li et al.,

2008; Liu et al., 2009).
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Progression through the G2-M boundary in metazoans involves interactions between CDKs and
the associated B-type cyclins. In the budding yeast, at least four B-type cyclins (Clbl to Clb4)
activate Cdc28 to facilitate the progression of G2-M transition while two B-type cyclins (Cigl and
Cdc13) are involved in the same process in the fission yeast (Humphrey and Pearce, 2005). In
mammals, Cdk1 interacts with A- and B-type cyclins to regulate the G2-M transition (Harper and
Brooks, 2005). In the G2 phase of mammals, Cdk1, which appears to be in an inactive state via its
association with Weel- and Mytl-mediated phosphorylation, might be activated by Cdc25-
mediated dephosphorylation to stimulate mitotic entry (Harper and Brooks, 2005). Cdc25 may in
turn be activated by PLK, which is an effective regulator of M phase (Archambault and Glover,
2009). PLK is also involved in the degradation of the Cdk1 inhibitor Weel (Van Vugt et al., 2004).
In human cells, Aurora A kinase activates PLK1 in the G2 phase through phosphorylation of a
threonine residue of PLK1 to help facilitate the G2-M transition (Seki et al., 2008). Moreover,
Aurora A kinase may activate Cdc25 via phosphorylation at a site distinct from that of PLK

(Dutertre et al., 2004).

In trypanosomes, G2-M transition is primarily regulated by the CRK3 and CYC6 pair (Hammarton
et al., 2003; Li and Wang, 2003; Tu and Wang, 2004). Moreover, CRK3 also interacts with the
primary trypanosomal G1 cyclin (CYC2) (Van Hellemond et al., 2000; Gourguechon et al., 2007),
suggesting that CYC2 plays an important role in the G2-M transition. CYC6 may also form a
complex with CRK9 to help regulate G2-M progression (Gourguechon and Wang, 2009).
Furthermore, RNAI of CYC8 was reported to delay the G2-M transition in the procyclic form of
T. brucei (Li and Wang, 2003). Interestingly, even though trypanosomes encode the homolog of
Weel kinase, homologs of Mytl kinase and Cdc25 phosphatase have not yet been found in the

genome. Again, trypanosomes do express the PLK homolog (ThPLK) although it is not required
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for mitosis due to its exclusion from the nucleus (Kumar and Wang, 2006; Hammarton et al., 2007,

De Graffenried et al., 2008).

Cytokinesis initiation in mammals involves cooperation between Aurora B kinase and PLK to
regulate the centraspindlin complex. The centraspindlin complex recruits the guanine nucleotide
exchange factor (Ect2) to the mid-body, which then activates the small GTPase RhoA to further
activate the actomyosin contractile ring (Glotzer, 2005; Carmena, 2008). Moreover, a system of
septum initiation network (SIN) or mitotic exit network (MEN) is essential for cytokinesis even
though how they interact with PLKs is not fully understood (Gruneberg and Nigg, 2003;

D’ Amours and Amon, 2004).

The regulation of cytokinesis in trypanosomatids is also different from that observed in most
metazoans. In trypanosomes, cytokinesis is initiated at the anterior portion of the newly formed
FAZ and progresses posteriorly via an ingression of a cleavage furrow (Kohl et al., 2003; Vaughan
and Gull, 2008; Vaughan et al., 2008). Homologs of Aurora B kinase (TbAUK1) and PLK
(TbPLK) may play important roles in cytokinesis initiation, furrow ingression, and abscission
regulation (Kumar and Wang, 2006; Li and Wang, 2006; Tu et al., 2006; Hammartonet al., 2007).
However, trypanosomatids appear to lack homologs of interacting partners of Aurora B and Polo-
like kinases such as those found in other eukaryotes, which suggests that these protozoans have
evolved distinct ThAUK1- and ThPLK-mediated pathways for the initiation of cytokinesis.
Trypanosomes do express SIN/MEN pathway proteins such as homologs of monopolar spindle
(Mps) one binder 1 (MOBL1), yeast doubled PHD (plant homeodomain) fingers 2 (DPF2) kinase
and human nuclear DPF2-related (NDR1) kinase (PK50 and PK53). While MOB1 helps to
complete the cytokinesis in bloodstream forms, it positions the cleavage furrow in procyclic forms

(Hammarton et al., 2005). Additional proteins that are also important for cytokinesis include the
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type Il phosphatidylinositol 4-kinase (Rodgers et al., 2007), KMP-11 (Li and Wang, 2008),
arginine methyltransferase (Fisk et al., 2010), the small GTPase ARL2 (Price et al., 2010), Katanin
and Spastin (Benz et al.,, 2012), the F-box protein CFB2 (Benz and Clayton, 2007), the
microtubule- associated protein AIR9 (May et al., 2012), adenylyl cyclase (Salmon et al., 2012)
and the kinetoplastid-specific kinesin TbKIN-C together with its partner ToKIN-D (Humphrey
and Pearce, 2005; Hu et al., 2012). Hence, cytokinesis appears to involve an intimate coordination
between cell morphogenesis and cell division. The cellular mechanism of the cell cycle in T. brucei

is summarized schematically in Figure 2.4.
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G2-M
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K= Kinetoplast
N=Nucleus
F=Flagellum

Figure 2.4: A schematic diagram depicting the cell cycle phases in T. brucei. There are 4 canonical phases of the cell
cycle in T. brucei: first gap phase (G0-G1), synthesis phase (S), second gap phase (G2) and mitosis phase (M)
(Vaughan and Gull, 2008). During the GO-G1 phase, the cell ensures that energy and nutrients are available for entry
into a new round of DNA synthesis. The synthesis or replication of DNA takes place in the S-phase. During the G2
phase, the cell ensures that there are sufficient nutrients for the division of the nucleus (karyokinesis) and cytoplasm
(cytokinesis) during the subsequent M phase. Morphology and intracellular organelles are intact during GO-G1 phase,
while DNA synthesis leads to an increase in the size of the kinetoplast and nucleus during the S-phase. By the end of
the G2 phase, division of the kinetoplast is complete while karyokinesis is about half-way through. During the M
phase, karyokinesis is complete as cytokinesis begins by the indication of the orange arrows. In terms of DNA content,
the G2 and M phases are almost indistinguishable [~2 (K+N)], thereby essentially forming a single G2-M phase.
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2.14 CONTROL OF AFRICAN TRYPANOSOMIASIS

The two main types of AT are HAT and AAT (Raper et al., 2001; Simarro et al., 2012). While
HAT afflicts an estimated 70 million populations in about 36 sub-Saharan African countries
(Simarro et al., 2012), AAT continues to threaten the lives of several million herds of cattle every
year and requires new approaches of combating the disease (Morrison et al., 2016). Moreover,
even though there is no reported case of HAT in Ghana, AAT remains a burden albeit with scanty
reported data (Mahama et al., 2003). Through parasitological and serological detection methods,
bovine trypanosomiasis was characterized in the West Mamprusi (16% and 53%, respectively) and
Savelugu districts of Ghana (8% and 24%, respectively) (Mahama et al., 2004). In addition, distinct
parasite prevalence in tsetsefly (17.4%), cattle (57.5%) and pigs (28.6%) was characterized in the

Adidome and Koforidua regions of Ghana using molecular epidemiology (Nakayima et al., 2012).

The most comprehensive way to control AT involves an all-encompassing approach of different
strategies: vector control, reservoir control, vaccination and chemotherapy. Each control strategy
has its own set of advantages, strengths and limitations. Moreover, as far as prevention is
concerned, it is noteworthy that general hygiene procedures may also be helpful in the control of
AT. Furthermore, strategies may overlap or exert considerable impact on each other. For instance,
an effective diagnosis or detection of the parasite may be essential to the success of chemotherapy
for the host or reservoir. In Ghana, the use of insecticide-impregnated traps and blue screens, as
well as prophylactics and curative drugs may remain the most popular vector control and

chemotherapeutic strategies for AAT (Mahama et al., 2003).
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2.14.1 Vector control of African trypanosomiasis

Tsetse flies belong to the Glossina genus, Glossinidae family and the order of Diptera.
Classification of Glossina depends on external morphological characteristics such as color, shape
of antennae, nature of bristles on thoracic pleura, shape of genitalia, geographical distribution and
other bioecological features (Newstead, 1911). Nemorhina, Glossina sensu stricto (Glossina s.str.)
and Austenina form the three main subgenera of Glossina. Glossina Nemorhina palpalis (G. n.
palpali), Glossina Glossina longipalpis (G. g. longipalpis) and Glossina Austenina brevipalpis (G.
a. brevipalpi) are the standard subspecies of Nemorhina, Glossina s.str. and Austenina,

respectively (Newstead, 1911).

The only known cyclical vectors of human and animal trypanosomes are tsetse flies. The life cycle
of tsetse flies is a typical example of adenotrophic viviparity that involves the development of a
single larva in the uterus of the female fly. Infection of tsetseflies by trypanosomes can occur at
any time in the life of the fly. Both female and male flies are potential vectors since both do feed
on vertebrate blood. Generally, vegetation-determined climate and host availability determine the
density of tsetse fly populations. Moreover, there has not been any reported case of resistance to
insecticides in tsetse flies. Thus, effective vector control can have a positive impact on the overall

effort towards AT control.

Vector control remains crucial to the fight against AT because it is currently the only strategy that
is capable of protecting against the acquisition of infection. There are two main objectives behind
vector control: one objective is to reduce the density of tsetse flies thereby reducing the risk of
transmission to an acceptable level, while the other objective involves the complete eradication of

tsetse flies from a given area irrespective of the geographical scale (Knipling, 1955). In either case,
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preliminary surveys to help determine the spatial distribution of fly, species identity and critical

tsetse—human points of interaction are crucial to the success of the vector control strategy.

An integrated strategy that can exploit all the weaknesses in fly behavior as well as promote
synergy of different methods is the best approach towards vector control. Strategies commonly
applied include bush clearing (Ford et al., 1970), elimination of wild animal hosts (Potts and
Jackson, 1952; Robertson, 1983), autonomous control of tsetse flies (Courtin et al., 2009, 2010),
indigenous control of tsetse flies, spraying techniques (Jordan, 1986; Adam et al., 2013), zero
grazing practices (Bauer et al., 2006, 2011), bait methods (Challier and Laveissiere,1973; Challier
et al., 1977; Hargrove and Vale, 1979; Green and Cosens, 1983) and other forms of sterile insect

techniques.

Bush clearing and elimination of wild animal hosts are gradually fading off as large-scale vector
control methods due to environmental concerns. For instance, even though extensive bush clearing
is currently not commonly practised due to environmental concerns, local farmers still practise it
at least on a small scale. Clearing of vegetation is probably the oldest way of reducing vector
population (Ford et al., 1970). However, when the vegetation reappears, flies can reinvade. In the

same way, when games recover, fly populations may naturally be restored.

Autonomous control of tsetse flies refers to the spontaneous reduction of fly populations as the
influence, pressure or impact of the human factor increases. Typical examples of such pressures
include economic growth, deforestation, hunting and expansion of agriculture (Courtin et al., 2009,
2010). Furthermore, indigenous practices have been used by farmers and pastoralists to help limit
contact between tsetse and herds. Most farmers also tend to avoid tsetse-infested areas during

grazing. However, in the dry season, livestock may still be exposed to tsetse bites at infested areas.
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Ground and aerial insecticide spraying are also useful vector control techniques (Jordan, 1986;
Adam et al., 2013). In the twentieth century, ground spraying was useful for controlling tsetse
population in many African countries. For example, in Nigeria, about 200,000 km? of land was
eradicated of tsetse flies through the application of dichlorodiphenyltrichloroethane, dieldrin and
endosulfan between 1955 and 1978 (Jordan, 1986). Aerial spraying is accomplished in the form of
a sequential aerosol technique using fixed-wing aircrafts and helicopters. This approach has been
applied in different African countries such as Ghana, Angola, Botswana, Burkina Faso, Namibia
and Zambia (Kgori et al., 2006, 2009; Adam et al., 2013). However, spraying techniques have
certain limitations and disadvantages. First, it may have several adverse effects on non-target
organisms such as reptiles, mammals, fish, birds and other insects. In addition, as the use of
sequential aerosol technique depends on the landscape, it is generally difficult for aircraft to

operate in hilly areas. Again, the possibility of resistance to insecticides may exist.

In the method of zero grazing, livestock is constrained and fed in an enclosed and shaded area
without being allowed to roam about. In this approach, mosquito netting impregnated with
synthetic pyrethroids may be placed at a reasonable height around grazing units to protect the
animals from tsetse bites while simultaneously serving as a form of bait to attract and kill the flies.
Attracted flies are then captured by the netting, from where they pick up toxic or lethal doses of

insecticides (Bauer et al., 2006, 2011).

Bait instruments are available as less damaging, simpler and cheaper techniques for controlling
tsetse flies (Challier and Laveissiere, 1973; Challier et al., 1977; Hargrove and Vale, 1979; Green
and Cosens, 1983). The methods involve the use of well-designed traps or screens for catching

tsetse flies. Bait screens are particularly useful for drastically reducing fly populations. Biconical,
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monoconical, vavoua, lancien, pyramidal, epsilon, F-3, ngu and H-traps are common examples of
such screens. Efficiency of screens can increase several fold via the utilization of chemicals that
attract tsetse to their hosts. Attractants such as 1-octen-3-ol, 4-methylphenol, 3-n-propylphenol,
2-butanone, carbondioxide and para-cresol have been identified as promising attractants for
different species of Glossinidae (Hall et al., 1984; Hassanali et al., 1986; Saini, 1990, 1992; Saini
etal., 1993; Tour et al., 1995). Moreover, instead of using traps, host animals themselves may be
used as live baits to control tsetse fly populations. Animals can serve as mobile baits to capture

and kill flies when they are sprayed with insecticides (Bauer et al., 1995).

The sterile insect approach involves the sterilization of male tsetse with gamma radiation before
releasing them into the population of wild tsetse. Hence, females inseminated by sterile males
would produce no viable offspring thereby leading to a gradual decline of wild population. The
sterile insect approach is only useful if the targeted area is isolated in order to prevent reinvasion.
Moreover, in practice, the technique is usually preceded by methods such as live baits, traps,
targets and insecticide spraying, which may help to increase the efficiency of the control method.
The sterile insect technique was employed to eradicate G. austeni on Unguja Island, Zanzibar
(Vreysen et al., 2000; Hendrichs et al., 2005), after initial suppression of the fly population with
bait targets and insecticide-treated cattle (\VVreysen, 1996, 2005). However, the production and
logistics involved in the sterile insect approach are complicated and expensive (Shaw et al., 2013).

Moreover, it may not be feasible in areas of multiple species of tsetse fly.

2.14.2 Vaccine development for African trypanosomiasis
If the ultimate goal is the prevention of AT, then vaccination remains one of the most effective
options. It also remains a powerful approach to potentially eradicate AT from affected regions.

Even though no commercially available antitrypanosomal vaccine exists, several biomolecules of
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the parasite are potential targets for the research and development of effective vaccines against
AT. These include the expression site associated genes (ESAG6/7) transferrin receptor, actin,
tubulin, cation pump, sialidase, cysteine protease (CP), GPI and flagellar pocket antigens (La

Greca and Magez, 2011).

The flagellar pocket is a membrane invagination at the base of the parasite’s flagellum that plays
important roles in exocytosis, endocytosis, cell division, protein trafficking, virulence and immune
evasion (La Greca and Magez, 2011). Thus, invariant trypanosome antigens of the flagellar pocket
are potential candidates for vaccine development. Immunization of cattle with invariant antigens
of the flagellar pocket conferred a partial protection (Mkunza et al., 1995). Also, mice immunized
with preparations of flagellar pocket proteins provided partial protection of about 60%
(Radwanska et al., 2000). In a similar approach, vaccination with a DNA plasmid that encodes a
bloodstream form of invariant surface glycoproteins resulted in about 40% protection of mice with
a corresponding increase in IgG2a antibodies (Lanca et al., 2011). However, in most cases,
subsequent challenges with higher load of the parasite suggested that the induced protection was
short-term. Thus, only a marginal protection towards low-dose infections was probably induced

(Radwanska et al., 2000).

Actin is involved in cell division, motility and formation of coated vesicles (Garcia-Salcedo et al.,
2004). Mice immunized with actin displayed varying extents of protective immunity towards T.
evansi, T. equiperdum and T.b. brucei (Li et al., 2009). Mice immunized with recombinant [3-
tubulin were also protected from lethal challenge with trypanosomes through an antibody-
mediated response mechanism (Li et al., 2007). Moreover, tubulin immunization protected about

60-80% of mice in a parasite challenge of T. brucei, T. congolense and T.b. rhodesiense (Lubega
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et al., 2002). However, a short-term parasite challenge was utilized in all the studies, thereby

making it difficult to assess the functional implementation of immunological memory.

Trans-sialidases and cation pumps are membrane-associated proteins that also serve as potential
candidates for vaccine development. Sialidases are enzymes involved in the transfer of sialic acid
of sialylated glycoconjugates from the surface of the host cell to acceptor molecules on the surface
of the parasite (Schenkman et al., 1991). Immunization with a plasmid that encodes the catalytic
and N-terminal domains of sialidase provided about 60% protection to mice challenged with a low
dose of 500 T. b. brucei parasites (Silva et al., 2009). With respect to cation pumps, which are
essential for cation homeostasis in the parasites, vaccination was shown to cause a biased
stimulation of pro-inflammatory cytokines (Ramey et al., 2009). However, only a short-term

induction of the cytokines was observed.

Anti-disease approaches towards vaccine development may provide alternatives to anti-parasite
methods. GPIs and CPs are prominent examples of candidates utilized in anti-disease approaches
of vaccine development. Liposome-based GPI treatment of mice previously challenged with
parasites increased the expression of the anti-inflammatory cytokines while impairing the secretion
of pro-inflammatory mediators (Stijlemans et al., 2007). The treatment also prolonged the survival
of mice, as well as alleviated the clinical symptoms of infection such as liver damage, anemia and
weight loss. In addition, trypano-susceptible animals immunized with predominant families of
congopain (CP1 and CP2) displayed characteristics of weight gain and less severe anemia
(Boulangé et al., 2001). Particularly, CP2 might have been involved in immunosuppression based
on the prominent 1gG responses developed by the animals, which mimicked responses of a
trypano-tolerant animal (Boulangé et al., 2001). However, as in most cases of anti-parasite

candidates, short-term induction of immunity might have been the norm.
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2.14.3 Chemotherapeutic control of African trypanosomiasis

Currently, the most economically viable means of parasite control is chemotherapy. Different
drugs are used in the treatment of AAT and HAT (Figures 2.5, 2.6). AAT may be treated with
isometamidium, homidium, diminazine, pyritidium and quinapyramine (Melaku and Birasa,
2013). Species that may be treated with AAT drugs include T. vivax, T. brucei, T. congolense and
T. evansi (Melaku and Birasa, 2013). Pentamidine, eflornithine and nifurtimox are used in the
treatment of T. b. gambiense HAT while melarsoprol and suramin are involved in the treatment of
T. b. rhodesiense HAT (Fairlamb, 2003). Moreover, pentamidine and suramin are useful for early-
stage HAT while nifurtimox, eflornithine and melarsoprol are employed in the treatment of late-
stage HAT (Fairlamb, 2003). Elucidation of the action and resistance mechanisms of
antitrypanosomals is critical to drug discovery. Even though nucleoside transporters and changes
in mitochondrial electrical potential might be closely associated with antitrypanosomal activities
of AAT drugs, their exact action and resistance mechanisms remain largely unexplored (Melaku
and Birasa, 2013). However, the mechanisms of action for most of the HAT drugs have been fairly

studied, albeit poorly understood.

Suramin is a colorless, highly soluble polyanionic sulfonated naphthylamine that is given
intravenously by injection. The action mechanism of suramin might be linked to the inhibition of
various glycolytic enzymes (Fairlamb and Bowman, 1980). Suramin might also affect the
biosynthesis of polyamine with regards to its potential synergy with eflornithine (Clarkson et al.,
1984). Moreover, it might be capable of interacting with multiple targets thereby providing an
explanation as to why no significant resistance has yet been associated with its usage (Fries and

Fairlamb, 2003).
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The uptake of pentamidine may be linked to several receptors (De Koning, 2001). Pentamidine
was shown to disrupt the structure of KDNA possibly through the inhibition of topoisomerase 11
(Shapiro and Englund, 1990). It was also reported to inhibit the catalytic activity of group I intron
in Candida albican sand Pneumocystis carinii (Liu et al., 1994; Zhang et al., 2002). Pentamidine
may exhibit an in vitro effect on S-adenosylmethionine decarboxylase (AdoMetDC), and thus may
be involved in the inhibition of polyamine biosynthesis (Fairlamb, 2003). However, pentamidine
did not cause any changes in the levels of putrescine or spermidine in T. b. brucei in vivo (Berger
et al., 1993). Other potential targets of pentamidine may also involve the plasma membrane Ca?*
ATPase and the mitochondrial membrane potential (\Vercesi and Docampo, 1992; Benaim et al.,

1993).

Melarsoprol is administered intravenously when dissolved in propylene glycol due to its poor
solubility in water. It is administered as a prodrug that is rapidly converted to the
pharmacologically active form called melarsen oxide (Keiser et al., 2000). P2 purine transporters
are mainly involved in the uptake of trivalent arsenicals including melarsoprol (Carter and
Fairlamb, 1993). Melarsen oxide forms a stable but reversible product by reacting with
trypanothione. This product is competitively inhibited by trypanothione reductase, an enzyme

involved in maintaining the balance of thiol-redox within the parasite (Fairlamb and Cerami 1992).

Nifurtimox and eflornithine are typically used together in a combination therapy. Eflornithine is
an irreversible inhibitor of ornithine decarboxylase (ODC) within the first committed step of
polyamine biosynthesis. This may in turn cause a reduction in the levels of spermidine, putrescine
or trypanothione. It may also result in a disturbance of AdoMet metabolism (Fairlamb, 2003).
These may ultimately interfere with the biosynthesis of DNA, RNA or protein, as well as potential

morphological effects on the parasite (Fairlamb, 2003). Nifurtimox is a 5-nitrofuran that is
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administered orally. The cyclical oxido-reduction of nifurtimox’s nitro group produces
superoxides, hydrogen peroxides and free radicals that may result in the damage of the DNA, lipids

and proteins in the parasites (Docampo, 1990).
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Figure 2.5: Chemotherapeutic control of AAT: AAT is treated with isometamidium, homidium, diminazine,
pyritidium or quinapyramine. Species that may be treated include T. vivax, T. brucei, T. congolense and T. evansi.
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Figure 2.6: Chemotherapeutic control of HAT: Suramin and pentamidine are used to treat early-stage T. b
rhodesiense and T. b gambiense HAT respectively. Melarsoprol is used to treat late-stage T. b rhodesienseHAT while
nifurtimox and eflornithine are mainly employed in the treatment of late-stage T. b. gambiense HAT. Currently,
nifurtimox and eflornithine are used collectively as a combination therapy.

2.15 CHALLENGES IN THE CONTROL OF AFRICAN TRYPANOSOMIASIS

There are challenges associated with the various strategies of vector control. Whenever vegetation
reappears, flies and games usually re-invade an initially cleared area. Livestock are re-exposed to
tsetse bites when taken back to infested areas, thereby making an autonomous control of fly
population impractical. Spraying techniques may have inadvertent adverse effects on reptiles,
mammals, fish, birds and other insects. Sequential aerosol techniques depend on the landscape,
thereby making it difficult to operate in mountainous areas. The production and logistics involved
in the release of sterile insects are complicated and expensive to use, thereby limiting the utilization

of the sterile insect approach.

The control of AT via vaccination also comes with its own challenges. In most cases of vaccination

studies involving mammals, subsequent challenges with higher loads of parasites or their antigens
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show that only a short-term protection is induced. The limitation associated with vaccination is
mainly due to certain immune evasion strategies evolved by trypanosomes. The most important
immune evasion strategy appears to be the antigenic variation involving the VSGs. However, other
pathogenically useful strategies involve the trypanolytic factor defense, use of adenylate cyclase
to inhibit parts of the innate response and immune modulation of the death and proliferation of B

or T cells (Cnops et al., 2015).

Even though chemotherapy is currently the most economically viable mode of parasite control,
there are limitations associated with the commercially available antitrypanosomal drugs. These
challenges mainly originate from issues of side effects, drug resistance and physicochemical
limitations (Fairlamb, 2003). Side effects of suramin include exfoliative dermatitis,
agranulocytosis, haemolytic anaemia, nausea, vomiting, kidney damage and diarrhea. Due to its
large size, suramin has difficulties in penetrating the blood-brain barrier. Side effects of
pentamidine may include hypotensive reactions, liver damage, kidney damage and damage to the
pancreas. Moreover, pentamidine exhibits poor availability because it is highly protonated at
physiological pH. The use of melarsoprol may result in reactive encephalopathy, vomiting,
abdominal colic, peripheral neuropathy, arthralgia, thrombophlebitis, acute haemolysis. Aside
from being difficult to administer, eflornithine may cause bone marrow suppression. Moreover,
the superoxides, free radicals and hydrogen peroxides that result from the oxido-reduction of

nifurtimox may cause damage to host cells (Fairlamb, 2003).
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2.16 RNA INTERFERENCE IN T. BRUCEI

RNA.I is the regulation of gene expression by an array of approximately 20- to 30-nucleotide non-
coding small RNAs and their associated set of proteins in most eukaryotic cells. The process
involves the association of a small non-coding RNA with a class of proteins to form a gene-
silencing ribonucleoprotein called RNAi-induced silencing complex (RISC). The base pairing
between a target mMRNA of a gene and RISC then provides the specificity to regulate the level of
MRNA via degradation or transcriptional repression. RNAI controls critical processes such as cell
growth, tissue differentiation, heterochromatin formation and cell proliferation (Lu et al., 2008;

Carthew and Sontheimer, 2009; Berezikov, 2011).

At least 3 non-coding small RNAs are central to the formation of RISCs during RNAI in most
eukaryotes. These include microRNA (miRNA), short interfering RNA (siRNA), and piwi
interacting RNA (piRNA). The biogenesis of miRNA, which is the best understood noncoding
small RNA, starts from the nucleus as a primary miRNA (pri-miRNA). A pri-miRNA is at least
1000 nucleotides and may possess single or clustered double-stranded hairpins with single-
stranded 5’-and 3’-terminal overhangs together with approximately 10-nucleotide distal loops
(Saini et al., 2007). A pri-miRNA is processed by a complex of an RNase Il family enzyme
(Drosha) and the vertebrate DiGeorge syndrome critical region gene 8 (DGCRS8) protein (or the
orthologous invertebrate Pasha), a protein with two double-stranded RNA-binding domains
(dsRBDs) (Kim and Kim, 2007). The cropped approximately 70-nucleotide precursor miRNA
(pre-miRNA) associates with specific proteins to be exported to the cytoplasm (Lund and
Dahlberg, 2006). While miRNA is mostly endogenous in biogenesis, sSiRNA could be endogenous
or exogenous in origin. Furthermore, while sSiRNA precursor duplexes involve nearly perfect base-

pairing, that of miRNA helices contain mismatches and relatively extended terminal loops.
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However, once the processed RNA assembles into the RISC, subsequent molecular pathways of
miRNA and siRNA converge considerably. Moreover, despite the fact that piRNA is mostly
endogenous, its biogenesis pathway remains poorly understood except for a proposed ping-pong

mechanism (Brennecke et al., 2007; Aravin et al., 2008).

In the cytoplasm of eukaryotes, at least three proteins are responsible for the processing of the
precursor small RNA and the subsequent incorporation into RISC: dicer, Argonaute and dsSRNA-
binding protein (dsRBP). These proteins essentially constitute a RISC-loading complex (RLC) that
generates a diced double-stranded RNA (dsRNA) to be loaded onto Argonaute (MacRae et al.,
2008). The dsRNA that is produced is a duplex of about 21 to 25 nucleotides with a 2-nucleotide
overhang at the 3’- terminus and a phosphate group at the 5’- terminus (Schwarz et al., 2003). The
process of loading a RISC involves a strand selection step, in which one strand (guide strand) of
the duplex is bound to Argonaute to direct silencing while the other strand (passenger strand) is
discarded. Once a dsRNA helix is bound to Argonaute, the 3’ -terminus and 5’- phosphate of the
guide strand also bind to PAZ (PIWI/Argonaute/Zwille) and MID (middle) domains of Argonaute,

thereby forming RISC.

RISC examines the extent of complementarity between a target mRNA and Argonaute’s guide
RNA. Nucleotides 2 to 8 of the guide RNA constitute the critical seed sequence to initiate binding
to a target mMRNA. The extent of complementarity and base pairing may influence the nature of
subsequent silencing pathways. If the complementarity is perfect, direct cleavage of the mRNA
may be triggered through the catalytic activity of Argonaute. However, RISC can also trigger a
translational repression before or after initiation which may be followed by deadenylation or
degradation. Moreover, extra downstream pathways may be involved in subsequent silencing

processes of the target mMRNA. These include the recruitment of additional components to RISC
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as well as the localization of silencing activity to cytoplasmic loci known as processing bodies

(Eulalio et al., 2008).

The molecular mechanism of RNAI in T. brucei involves a similar level of detail and complexity.
T. brucei is probably the only parasitic protozoan in which RNAI has been demonstrated to occur
in a canonical and fully functional manner. In other parasitic protozoans such as Plasmodium and
Leishmania, RNAIi may only occur in relatively non-canonical pathways (Mueller et al., 2014).
RNAI in T. brucei was first observed when a plasmid bearing a portion of a-tubulin mMRNA was
transfected into T. brucei (Ngo et al., 1998; Ullu et al., 2002). Since the discovery of the

phenomenon, it has been immensely useful in the study of gene function in T. brucei.

The study of RNAI in T. brucei began with the utilization of two types of vectors, namely, hairpin
and double promoter vector cassettes (Ullu et al., 2002). The hairpin construct utilized a pLew79
vector backbone in which a luciferase gene is replaced by a cassette of two inverted repeats of the
MRNA target sequence separated by a stuffer sequence (Wirtz et al., 1999). In this construct, RNA
transcription occurs by tetracycline-inducible procyclic acidic repetitive protein (PARP) promoter
to produce a hairpin-like molecule of RNA (Shi et al., 2000). The double promoter vector
employed two opposing tetracycline-inducible T7 RNA polymerase promoters flanking the
MRNA target sequence (Shi et al., 2000). Although the double promoter vector has the advantage
of requiring only a single cloning step to insert the target MRNA between the promoters, there is
the possibility of leaky transcription of dRNA in the absence of tetracycline (Wirtz et al.,1999).

To a large extent, modern T. brucei RNAI vectors are improved inversions of both constructs.

RNAI is immensely useful in the study of gene function and subsequent validation of potential

drug targets in T. brucei. Through the construction of a library of genomic fragments in the
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appropriate vector and the subsequent generation of a library of transgenic trypanosomes, it is
possible to screen for mutant phenotypes of interest in T. brucei. This approach has proven to be
immensely valuable in the identification of potential targets and subsequent elucidation of
mechanisms of action of antitrypanosomals (Figure 2.7). For instance, it was utilized to screen for
potential genes involved in the action and resistance of HAT drugs (Alsford et al., 2012). The
possible existence of multiple targets was brough to light in the detection of about 28 genes in an
RNAI library screening of suramin in T. brucei (Alsford et al., 2012). Moreover, a screening of
pentamidine in T. brucei identified about 9 genes which may be involved in the resistance
mechanism of pentamidine, with the P-type ATPase and aquaglyceroporin-2 being important
candidates (Alsford et al., 2012). The approach also identified the amino acid transporter 6 (AAT6)
as a useful importer of eflornithine (Alsford et al., 2012). A flavin-dependent nitroreductase,
putative flavokinase and proteins for ubiquinone biosynthesis were identified as potential
candidates for the mode of action of nifurtimox. Aside trypanothione reductase, the screening of
melarsoprol also detected genes such as aquaglyceroporin-2 and large tumor suppressor (LATS1)-
related protein (Alsford et al., 2012). Therefore, RNAI promises to be a valuable tool for drug

discovery in AT.
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Figure 2.7: A schematic diagram of RNA interference target sequencing (RITseq). When RNA. library that contains
RNA.I target fragments are induced with tetracycline and subsequently exposed to an antitrypanosomal agent, RNAI
fragments are downregulated thereby leading to the reduction in the sensitivity of library strains to the
antitrypanosomal (Alsford et al., 2013). This facilitates the emergence of resistant strains. These strains can be
extracted, purified, PCR-amplified, sequenced and mapped to a reference genome to identify RNAI target fragments
involved in the mode of action and resistance of the antitrypanosomal agent under investigation.
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CHAPTER THREE

3.0 MATERIALS AND METHODS

3.1 CULTURE OF PARASITES AND HUMAN CELL LINES

Wildtype T. brucei blood-stream forms of the subspecies T. b. brucei (GUTat 3.1 strains) and
Jurkat cells were cultivated in vitro to the logarithmic phase using Iscoves Modified Dubelco’s
Media (IMDM, Thermo Fisher Scientific) with 10% foetal bovine serum (Thermo Fisher
Scientific) at 5% CO- and 37°C. Wildtype blood stream forms of the subspecies T b. brucei (2T1
strains) (Alsford et al., 2005), as well as mutant RNA. library strains were cultivated in vitro to the
logarithmic phase using Hirum’s Modified Iscove’s medium (HMI-9, Life Technology)
supplemented with 10% foetal bovine serum (Sigma-Aldrich) at 5% CO> and 37°C. Chang liver
(HeLa derivatives) cell lines were cultivated in vitro to the logarithmic phase using Minimum
Essential Medium (MEM, Thermo Fisher Scientific) with 10% foetal bovine serum at 5% CO and

37°C.

3.2 CRUDE EXTRACTION AND FRACTIONATION OF PLANTS

Plant species were collected from an arboretum and the environs of the Center for Plant Medicine
Research (CPMR), Mampong-Akuapem, Ghana. It was authenticated by Herone Blagogee, a
Senior Botanist at the Plant Development Department of CPMR and given the voucher specimen
numbers of CPMR 4120/4121/4122 (Z. zanthoxyloides) and CPMR 4123/4124/4125 (B. pilosa).
Crude extracts and fractions were prepared from the air-dried pulverized plant material using the
modified Kupchan method (Kupchan et al., 1973) of solvent extraction (Figure 3.1). Briefly, 250
g each of the pulverized air-dried plant materials was soaked in dichloromethane and left in the
cold to percolate for one week. The dichloromethane extracts were decanted and filtered through

a mixture of cotton and glass wool. The plant materials were then soaked in methanol for one week
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and the methanol extract was decanted and filtered. The methanol and dichloromethane extracts
were combined and dried under vacuum with a Heidolph Rotavap at 40 °C and 1 atm pressure to
give 1.5 g of total crude extract (TCE) for Z. zanthoxyloides and 1.0 g TCE for B. pilosa. The
TCEs were suspended in 200 ml water and extracted three times with dichloromethane. The
remaining aqueous layer was then extracted once with sec-butanol and the butanol fraction was
dried under vacuum to give the WB fraction (0.5 g for Z. zanthoxyloides and 0.4 g for B. pilosa).
The dichloromethane layer was dried under vacuum to give 0.9 g of extract which was suspended
in a 1:9 mixture of water and methanol (200 ml). This fraction was then extracted three times with
hexane (200 ml) after which the hexane layer was dried under vacuum to give an FH fraction (0.2
g for Z. zanthoxyloides and 0.2 g for B. pilosa). The remaining 1:9 mixture of water and methanol
layer was phase adjusted to a 1:1 mixture and extracted three times with dichloromethane and dried
under vacuum to give an FD fraction (0.6 g for Z. zanthoxyloides and 0.3 g for B. pilosa). The 1:1
water methanol layer was also dried under vacuum to give an FM fraction (0.1 g for both Z.

zanthoxyloides and B. pilosa) (Figure 3.1.).
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Figure 3.1: Schematic for modified Kupchan method of liquid-liquid extraction: The method gave rise to 4
fractions per plant sample: butanol fraction (WB), hexane fraction (FH), dichloromethane fraction (FD) and methanol
fraction (FM). In all, the 8 fractions prepared from both plant samples were BPWB, BPFH, BPFD, BPFM, ZRWB,
ZRFH, ZRFD and ZRFM. MeOH=methanol; DCM=dichloromethane, BuOH=butanol; Hex=n-hexane.
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3.3 CHROMATOGRAPHIC AND SPECTROSCOPIC ANALYSIS

Analytical normal phase silica-coated thin layer chromatography (TLC) was repeatedly run on
both Kupchan and gravity column fractions to estimate the levels of polarity and purity of all
fractions, as well as to determine the appropriate solvent systems for silica gel gravity column
chromatography. The solvent systems used in TLCs were selected based on the Kupchan fractions
(FH, FD, FM, and WB). For the FD fractions, the solvents used were ethylacetate,
dichloromethane, hexane and occasionally methanol to facilitate the movement of highly polar
compounds on normal phase. The data obtained from TLC runs were used to set up gravity column
chromatography. Apart from observing TLC plates under both long (365 nm) and short (254 nm)
UV wavelengths, phytochemical screening of TLC spots was conducted using a number of
reagents such as iodine, ninhydrin, Dragendorff and antimony (111) chloride. For the ninhydrin and
antimony (111) chloride tests, TLC spots were developed in 10% H>SO4 with heating at 110°C.
Appropriate solvent systems for silica gel gravity column chromatography were selected following
successful TLC runs. Silica gel gravity column chromatography was used in the further
purification of plant extracts following Kupchan solvent partitioning. The column used for this
chromatographic step was 120 cm long and 2.5 cm wide with ethylacetate, hexane and methanol

routinely used as mobile phases.

A Thermo Instrument MS system (LTQ XL/LTQ Orbitrap Discovery) coupled to a Thermo
Instruments high pressure liquid chromatography (HPLC) system (Accela PDA detector, Accela
PDA autosampler and Accela pump) was used to obtain high resolution mass spectrometric data.
Conditions used in data acquisition were: capillary voltage of 45V, sheath gas flow rate of 40-50
arbitrary units, mass range of 100-2000 amu (maximum resolution of 30,000), and capillary

temperature of 320 °C, spray voltage of 4.5 kV and an auxiliary gas flow rate between 10-20
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arbitrary units. Separation on HPLC was done using a Phenomenex reversed-phase (C-18, 250 6
10 mm, L x d) column which was connected to an Agilent 1200 series binary pump. An Agilent
photodiode array was used in monitoring and detection was carried out at a wavelength of 227 nm.
Purification was performed using a Biphenyl column and elution was carried out using a solvent
system of A= 80/20 (H.O/ CH3CN) and B= 95/5 (CH3CN/ H20) in 30 minutes and held for 20
minutes. Column flow rate was set at 1.5 mL/min. Nuclear magnetic resonance (NMR)
spectroscopy data was acquired on a 500 MHz Bruker spectrometer with deuterated methanol
(CD30D) as the solvent. NMR experiments included *H-NMR, 3C-NMR, HSQC, COSY, HMBC

and TOCSY.

3.4 ISOLATION AND STRUCTURE ELUCIDATION OF ANTITRYPANOSOMALS

About 1 mg each of the four Kupchan solvent partitioning fractions (FH, FD, FM and WB) from
Z. zanthoxyloides and B. pilosa was submitted for high resolution electrospray ionization liquid
chromatography tandem mass spectrometry (HRESI-LC-MS"). Analysis of the data obtained for
each solvent partitioning fraction in addition to antitrypanosomal activities suggested that the

fraction of highest priority was FD.

The 600 mg FD fraction obtained from the Z. zanthoxyloides Kupchan solvent partitioning was
divided into two 300 mg extracts. About 300 mg of this extract was loaded on a glass column (120
cm long and 2.5 cm wide) containing silica gel packed to the 80 cm mark. The column was
subjected to gradient elution using a mixture of hexane and ethylacetate (90/10, 80/20, 70/30,
60/40, 50/50, 40/60, 30/70, 20/80 and 100%). The remaining compounds on the silica column were
then flushed out using 100% methanol. The column fractions obtained were dried under vacuum
and labeled ZRFD-C1 to C11. The antitrypanosomal activities of the column fractions were

determined, after which fractions ZRFD-C3 (0.09 g) and ZRFD-C4 (0.25 g) were found to be the
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most promising. Fraction ZRFD-C3 (0.09 g) was further purified by HPLC. HPLC separations
were carried out using a Phenomenex Luna reverse-phase (C18 250 x 10 mm, L x i.d.) column
connected to a Waters 1525 Binary HPLC pump Chromatograph with a 2998 PDA detector,
column heater and in-line degasser. Detection was achieved on-line through a scan of wavelengths
from 200 to 400 nm. Each injection took 60 minutes and started at time 0 minutes with solvent A
(100% water) to 30 minutes with solvent B (100% acetonitrile) and hold at 100% acetonitrile for
another 30 minutes. About 10.6 mg of the purified ZRFD-C3 was obtained after 48 hour injections
and submitted for NMR data acquisition. Further purification of ZRFD-C4 (0.25 g) involved
another silica gel gravity column chromatography using a gradient solvent elution system similar
to that described above. This led to eleven sub-fractions that were labeled ZRFD-C4-C1 to C-11.
Fraction ZRFD-C4-C3 was further fractionated into ZRFD-C4-CA to CH from which ZRFD-C4-
CA to CD were found to be the most promising. Hence, ZRFD-C4-CA to CD were combined and
further purified on HPLC using the standard and routine procedures as already described. This led

to the isolation of 3.5 mg of the compound labeled ZRFD-AD-308.

The 0.3 g FD extract obtained for B. pilosa after Kupchan solvent partitioning was subjected to
silica gel gravity column chromatography. The sample was loaded on the column as described
earlier for ZR-FD and eluted with gradient solvent mixtures of hexane and ethylacetate (90/10,
80/20/, 60/40, 40/60, 20/80) after which 100% methanol was used to flush out all polar compounds.
The eleven fractions obtained were labeled BPFD-C1-C11. The antitrypanosomal activities of
these fractions were determined, and fractions BPFD-C2 and BPFD-C3 were found to be the most
promising. BPFD-C3 was further fractionated and purified using HPLC, thereby resulting in 3.2

mg and 4.0 mg of the pure compounds labeled as BP-FD-HB and BP-FD-HC respectively. After
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a determination of their antitrypanosomal activities, the structures of these compounds were

determined by a combination of spectroscopic and spectrometric data.

3.5 CELL VIABILITY ASSAY

Determination of cell viability involved colorimetric analysis through the use of resazurin (alamar
blue) (Vega-Avila and Pugsley 2011). T. brucei and human cell lines were each seeded at a cell
density of 1.5x10° cells/ml on 96-well plates in a two-fold dilution of antitrypanosomals at 37°C
and 5% CO>. A 10% (v/v) alamar blue dye or resazurin (0.125 mg/ml) was employed for tracking
changes in absorbance or fluorescence. Experiments were run in quadruplicates.
Spectrophotometric absorbance was read at a wavelength of 540 nm using a reference wavelength
of 595 nm. Fluorescence was read at wavelengths of 530 nm (excitation), 585 nm (emission), and
570 nm filter cut-off. Data was analysed with Graphpad Prism version 5 and Microsoft Excel. The
concentration that caused a 50% reduction (or increase) in cell viability (or growth inhibition) was
calculated as the half-maximal inhibitory concentration (ICso) [(or half-maximal effective
concentration (ECso)]. All 1Cso and ECso values were calculated from non-linear regression

analyses in the dose-response curves.

3.6 CELL DEATH ASSAY

Flow cytometry-based detection of apoptosis- and necrosis-like cell death using annexin-V and 7-
aminoactinomycin-D was employed (Wlodkkowic et al., 2009). T. brucei cell lines were seeded
at a density of 1.5x10° cells/ml on a 96-well plate in a two-fold dilution of antitrypanosomals for
24 hours. Cells were incubated with nexin reagent that contains annexin-v and 7-amino
actinomycin-D (EMD, Millipore) in a volumetric ratio of 1:1 with gentle shaking for 20 minutes.
Experiments were run in duplicates. Dot plots were recorded with the guava easycyte HT flow

cytometer. Data was analysed with the guavaSoft software 2.1.
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3.7 CELL CYCLE ASSAY

The cell cycle assay was based on a univariate analysis of DNA content upon staining with
propidium iodide (Pozarowski and Darzynkiewicz, 2004). All centrifugation steps were performed
at 1700 rpm for 10 minutes. T. brucei cell lines were seeded at a density of 1.5x10° cells/ml with
or without antitrypanosomals for 24 hours and centrifuged. Cell pellets were suspended in 1.5 ml
of 1x phosphate-buffered saline (PBS) with vortexing. Absolute ethanol was added (final
concentration of 70%) to fix cells at -20°C for 1 hour and centrifuged. Cell pellets were suspended
with guava cell cycle reagent that contained propidium iodide (EMD, Millipore). Suspended cells
were added to wells containing the same volume of fresh guava cell cycle reagent in a 2-fold
dilution. Cells were incubated for 30 minutes in darkness at room temperature. Distribution of cells
at distinct cell cycle phases was measured with the BD LSFortessa X-20 flow cytometer. Data was
analysed with BD FACSDiva 8.0.1, FlowJo V10, Microsoft Excel, and Graphpad Prism version

5.

3.8 FLUORESCENCE MICROSCOPY

All centrifugation steps were performed at 1700 rpm for 10 minutes. T. brucei cell lines were
cultured with or without antitrypanosomals for 24 hours and centrifuged. Cell pellets were
suspended in 375 pl of PBS and vortexed. Cell pellets were fixed with 125 pl of 16%
paraformaldehyde (final concentration of 4%) for 5 minutes at room temperature and centrifuged.
Cell pellets were suspended in 500 ul of PBS and 50 pl was incubated on a slide glass at room
temperature for 1 hour. They were rinsed once in PBS for 5 minutes, followed by a second rinse
in PBST (PBS with 0.1% Triton X) for 15 minutes. They were incubated with 4°, 6-diamidino-2-
phenylindole (DAPI) (5pg/ml in PBS) for 10 minutes in the dark at room temperature. Cells were

washed twice in PBS for 5 minutes each, followed by a second single wash in PBST for 5 minutes.
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Cells were mounted with 90% glycerol in PBS using a cover slip, sealed with manicure, and
observed with the Olympus DP72 reflected fluorescence microscope. Data was analysed with the

CellSens standard imaging software and Adobe Photoshop CS6.

3.9 ANTITRYPANOSOMAL SENSIVITY ANALYSIS

The wildtype 2T1 strain of T. b. brucei was grown to a density of 2x10° cells/ml and split into fresh
media with the antitrypanosomal compounds at 1.5x10° cells/ml. Cells were monitored and
counted for 5 days, splitting into fresh media with the compounds at 1.5x10° cells/ml as and when

was required by the growth of cells at a threshold of 5x10° cells/ml.
3.10 INDUCTION OF RNAI LIBRARY

An aliquot of approximately 1x10° cells/ml of the bloodstream-form RNAI library (Figure 3.2)
(Alsford et al., 2011) was thawed in 100 ml HMI-9 with 10% v/v FBS. After 4 to 6 hours of
growth, 1 pg/ml of phleomycin (RNAI library) and 5 pg/ml of blasticidin (TetR and T7
polymerase; Figure 3.2) were added. To ensure maintenance of library complexity, the RNAI
library was grown between 2x10° cells/ml and 2x10° cells/ml. RNAI library expression was
induced with 1 pg/ml tetracycline for 24 hours. The antitrypanosomal was added to the culture
medium at approximately 2xECso values. Cell density was monitored daily for approximately 8
days, splitting in fresh medium with blasticidin, phleomycin, tetracycline and the antitrypanosomal

to obtain a resistant population of library strains as estimated from the cumulative growth curve.
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Figure 3.2: A simplified diagram of the genetic constitution of the RNA:i library: The library strain is engineered
to express the tetracycline repressor (TetR) and the phage T7 RNA polymerase (T7 RNAP ) from the tubulin array
locus on chromosome 1 (chr 1) (Glover et al., 2015). Also, a pZJM-based RNAI plasmid construct is employed to
replace an inducible homing endonuclease (I-Scel) on chromosome 2 (chr 2) through a site-specific RNAI library
integration at a tagged ribosomal RNA spacer locus (RRNA). TetR is constitutively expressed in the presence or
absence of tetracycline (Tet). Tet competes with the tet operator for the binding of TetR (tet has a higher affinity for
TetR and its binding leads to a conformational change in TetR). Hence, in the presence of tet, TetR dissociates from
the operator enabling the uninterrupted expression of T7 RNAP. T7 RNAP binds to the phage promoter T7 (P7) on
chromosome 2 and transcribes the integrated RNAI fragment (RNAI) in the form of its cognate double-stranded RNA
(dsRNA). This results in the downregulation of the RNAI fragment through a canonical process of eukaryotic RNA
interference.  e=Tet-operator;  HYG=Hygromycin-resistance = gene; = BLE=Phleomycin-resistance  gene;
BLA=Blasticidin-resistance gene; Prrna= RRNA promoter; EP=procyclin isoform with a glutamate (E)-proline (P)
dipeptide repeat (Roditi et al., 1998; Roditi and Clayton, 1999); Pep= EP promoter.

3.11 INDUCIBILITY ASSAY

The selected RNA library and the antitrypanosomal under study were grown to a density of 1x10°
cells/ml. Cells were seeded to 1x10° cells/ml for 72 hours in the presence of blasticidin (5 pug/ml)
and phleomycin (1 pg/ml). Cells were split into two flasks (with and without tetracycline) at 1x10°
cellss/ml each for 24 hours. Each flask was then split into two flasks (with and without

antitrypanosomal) at 1x10° cells/ml each for 24 hours in the presence of blasticidin (5 pug/ml) and
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phleomycin (1 pg/ml). Cells were monitored and counted in each flask for 72 hours with 24-hour

splitting into fresh media with blasticidin, phleomycin and the antitrypanosomal.

3.12 EXTRACTION OF GENOMIC DNA FROM LIBRARY STRAINS

Extraction of genomic DNA from selected RNAI library (1x10° cells/ml) was carried out using the
DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer’s protocol. All
centrifugation steps were carried out at room temperature (15-25 °C). Final elution volume of DNA

was 50 pl.

3.13 AMPLIFICATION AND ELECTROPHORESIS OF RNAI TARGET FRAGMENTS

RNAI target fragments were amplified from the genomic DNA of selected RNAI library using a
standard polymerase chain reaction (PCR) (Tables 3.1 and 3.2). The sequences of the forward
(LibF) and reverse primers (LibR) were TAGCCCCTCGAGGGCCAGT and
GGAATTCGATATCAAGCTTGGC respectively. The unique RNAI construct sequences used to
track genuine RNAI fragments in the library strain were F-GTGAGGCCTCGCGA and R-
TCGCGAGGCCTCAC, where F and R represent the forward and reverse orientations
respectively. PCR products were separated on a 1% (w/v) agarose gel containing 1x Tris borate
EDTA buffer (TBE). Ethidium bromide (final concentration of 1 pg/ml in TBE) was added for
visualization of fragments through transillumination. Gel electrophoresis was carried out at 100V
for 50 minutes. Gel pictures were captured and analysed using the GeneSnap software (version

7.12).
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Table 3.1: PCR protocol for amplification of RNAI target fragments

COMPONENT VOLUME (ul)
Taq reaction buffer, To 1x 10
dNTPs, 10 mM 1
MgCl2, 25 mM 5
Forward (LIB2F) primer, 200uM 1
Reverse (LIB2R) primer, 200uM 1
T. brucei genomic DNA, 0.1 pug 1
Taq DNA polymerase, 1.25U 1

Distilled Water To 50

Table 3.2: PCR cycle reactions for amplification of RNAI target fragments

CYCLE NUMBER | DENATURATION ANNEALING POLYMERIZATION
1 2 min at 90°C
2-31 30 sec at 95°C 30 sec at 57°C 130 sec at 72°C
31 10 minat 72°C

3.14 PURIFICATION OF RNAI TARGET AMPLICONS

Purification of PCR products was performed using the QIAquick Gel Extraction Kit (Qiagen) with
slight modifications. All centrifugation steps were performed at 13000 rpm in a conventional table-
top microcentrifuge at 25 °C. DNA fragment was excised from the agarose gel, solubilized in a
solubilization buffer of a volumetric ratio of 3:1 (100 mg of gel slice ~ 100 ul) and incubated at
50°C for 10 minutes with regular vortexing. The sample was sequentially washed in isopropanol,
solubilization buffer and wash buffer containing 80% v/v ethanol. Distilled water was used to elute

the DNA.
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3.15 MOLECULAR CLONING OF RNAI TARGET AMPLICONS

A ligation reaction was set up by preparing a mixture of a 5 pl of a 2x ligation buffer (Promega),
1 ul of 50 ng/pl pGEM-T Easy cloning vector (Promega), 2 pl of RNAI PCR product and 1 pl of
a 3 U/ul ligase (Promega). After an overnight incubation at 4°C, 80 ul of distilled water and 100
ul of phenol-chloroform were added, vortexed for 5 seconds and spun at 13000 rpm for 2 minutes.
Glycogen (0.2 ul) and cold absolute ethanol (400 ul) were added sequentially to the aqueous phase
(supernatant). The mixture was precipitated for 10 minutes by keeping at -20°C, and centrifuged
for 20 minutes at 13000 rpm. After resuspension of the precipitate in distilled water, an aliquot
was used for electroporation. The ligation product (5 pl) was added to the competent cells (24 pl)
(Escherichia coli, DH5a strains) and the mixture was electroporated at 2.5 kV with time latency
between 5.5 and 6 milliseconds. Electroporated cells were collected in 1 ml lysogeny broth (LB)
media, centrifuged at 6000 x g for 60 seconds and resuspended in 50ul of the LB media before
streaking on ampicillin agar plates containing 50 pl mixture of 20 mg/mL X-gal (5-bromo-4-
chloro-3-indolyl-B-D-galactopyranoside) and 100 mM of IPTG (isopropyl-B-D-1-
thiogalactopyranoside) (Thermo Scientific) to enable the identification of individual colonies in a
blue-white screening. Plates were incubated overnight at 37°C. LB media (5 ml) containing 50
pg/ml ampicillin was inoculated with colonies containing the cloned RNAI target amplicons (white

colonies). Strains were incubated overnight at 37°C with constant shaking.

3.16 PURIFICATION OF LIGATION PRODUCT

The ligation product was purified using the QIAprep Spin Miniprep Kit (Qiagen) with slight
modification. All centrifugations, unless otherwise stated, were carried out at 13000 rpm at 25 °C.
Briefly, the inoculated 5 ml bacterial overnight culture was pelleted by centrifugation at 8000 rpm

for 5 minutes. Cell pellets were completely but gently resuspended in 250 pl of an RNAase A-
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containing resuspension buffer to which LyseBlue reagent has been added in a volumetric ratio of
1:1000. Lysis buffer (250 ul) was added to the suspension, mixed gently until the solution turns
completely blue before incubating for 5 minutes for lysis to proceed. Neutralization buffer (350
pl) was added and mixed gently until the solution turns colorless. After a 10-minute centrifugation
of the mixture and subsequent washing (wash buffer containing 80% v/v), the ligation product was

eluted from the supernatant with an elution buffer.

3.17 RESTRICTION DIGESTION OF RECOMBINANT PLASMIDS

A restriction digestion reaction was set up by adding 1 pl of 10x restriction enzyme buffer (New
England BioLabs), 0.25 ul of 10, 000 U/ml Not I restriction enzyme (New England BioLabs), 3.75
pl of distilled water and 5 pl of purified plasmid DNA (ligation product). The reaction mixture
was incubated at 37 °C for 2 hours to allow the digestion of ligation product by Not I. Digested
products were separated on a 1% (W/V) agarose gel containing 1x Tris borate EDTA buffer (TBE).
Ethidium bromide (final concentration of 1 pg/ml in TBE) was added for visualization of
fragments through transillumination. Gel electrophoresis was carried out at 100V for 50 minutes.

Gel pictures were taken and analysed using the GeneSnap software (version 7.12).

3.18 SANGER SEQUENCING

The pGEM-T Easy vector (100 ng/ul) was prepared for capillary sequencing. Concentration of
DNA fragments was determined using NanoDrop spectrophotometer (ND-1000 version 3.8.1).
Fragments were submitted for capillary sequencing at Source BioScience
(https://www.sourcebioscience.com). Forward and reverse sequencing primers employed were
M13-F: 5'-d (GTTTTCCCAGTCACGAC)-3" and M13-R: 5'-d (CAGGAAACAGCTATGAC)-3’
(Promega). Sequences were analysed using Chromas (version 2.6.5). Bioinformatics resources

used included BLAST, InterPro, MMESAT-SVM, MMESAT-2, Phyre2 and SignalP.
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3.19 STATISTICAL ANALYSIS

Data from cell viability assay was analysed with Graphpad Prism version 5 and Microsoft Excel.
The half-maximal inhibitory concentration (ICsp) was calculated as the concentration that caused
a 50% reduction in cell viability. The half-maximal effective concentration (ECsp) was calculated
as the concentration that caused a 50% growth inhibition. All ICsoand ECsg values were calculated
from a non-linear regression model as statistically appropriate. Dot plots from cell death and cell
cycle assays were analysed with the guavaSoft software 2.1 and BD FACSDiva 8.0.1, respectively.
Histograms for cell cycle were generated with FlowJo V10. Statistical analysis of percentage
counts was carried out with Graphpad Prism version 5 using the unpaired t-test. P-values <0.05

were considered significant.
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CHAPTER FOUR
4.0 RESULTS

4.1 ANTITRYPANOSOMAL ACTIVITY OF KUPCHAN FRACTIONS

In order to determine effects on general metabolism of parasites, hexane (BPFH, ZRFH),
dichloromethane (ZRFD, BPFD), butanol (ZRWB, BPWB) and methanol (ZRFM, BPFM)
fractions prepared using the modified Kupchan’s method of solvent extraction were tested for their
antitrypanosomal activities in a 48-hour alamar blue cell viability assay (Table 4.1). Potent
fractions are expected to reduce the viability or metabolic activity of the parasites thereby resulting
in low 1Csg values. The assay also included Jurkat cells (acute lymphoblastic leukaemia cells) and
Chang liver cells (HeLa derivatives) in order to investigate potential selectivity and toxicity

profiles of promising antitrypanosomal fractions.

Fractions ZRFM, ZRWB, ZRFD, BPFD, and BPFM stood out as the most promising
antitrypanosomals with respective 1Cso values of 3.89 pg/ml, 4.02 pg/ml, 5.70 pg/ml, 3.29 pg/ml
and 5.86 pg/ml (Table 4.1). Fractions were generally more selective to T. brucei as compared to
Jurkat or Chang liver cells, though the selectivity was higher in the latter. With regards to Z.
zanthoxyloides, ZRFD and ZRWB showed relatively higher toxicity against Jurkat cells with
respective selectivity indices (SI) of 9.13 and 6.29 while ZRFM, ZRFD and ZRWB displayed
lower toxicity profiles towards Chang liver cells with SI of 24.12, 15.78 and 93.43 respectively
(Table 4.1). In respect of B. pilosa, BPFD and BPFM exhibited higher toxicity against Jurkat cells
with respective Sl values of 2.91 and 2.82, while displaying relatively lower toxicity profiles

against Chang liver cells with Sl of 35.09 and 25.10, respectively (Table 4.1).
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Table 4.1: Effect of fractions on cell viability of T. brucei, Jurkat and Chang liver cells

FRACTIONS MEAN ICs0 + SE (ug/ml)
T. brucei Jurkat Chang liver Jurkat Chang liver
ZRC 3.410.06 NA NA NA NA
ZRFD 5.70+0.03 52.04 +0.04 89.93+0.03 9.13 15.78
ZRFH 13.26+0.11 NA NA NA NA
ZRFM 3.89+0.06 68.15+0.05 93.84+0.03 17.52 24.12
ZRWB 4.02+0.06 25.28+0.05 375.58 + 0.07 6.29 93.43
BPC 6.72+0.04 NA NA NA NA
BPED 3.29+0.03 9.57+0.10 115.45+0.05 201 35 09
BPEM 5.86+0.04 16.52+0.03 147.10£0.03 > 8 25 10
BPEH 6.64+0.05 NA NA NA NA
BPWE 12.97+0.12 NA NA NA NA
DA 0.54+0.05 NA 39.72+0.03 NA 73.56
DX NA 0.27+0.28 145.22 +0.02 NA NA

The effect of Kupchan’s fractions on T. brucei, Jurkat cells and Chang liver cell lines was determined through alamar
blue cell viability assay. Best-fit mean ICso values and standard errors (SE) were calculated from three distinct
experiments. Selectivity index (SI) was calculated as the ratio of 1Cso in human cell lines (Jurkat or Chang liver) to
ICso in T. brucei. ZR=Z. zanthoxyloides, root; ZRC=crude extract of ZR; BP= B. pilosa, whole plant; BPC= crude
extract of BP; FD=Dichloromethane fraction;, FM=methanol fraction; WB= butanol fraction; DA=Diminazene
aceturate, (an antitrypanosomal drug); DX=Doxorubicin, (an antileukaemia drug); NA=Not applicable; DA and DX
were used as positive controls.
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4.2 EFFECTS OF KUPCHAN FRACTIONS ON CELL DEATH/CELL CYCLE OF T.
BRUCEI

By focusing on the most promising fractions, parasites challenged with or without fractions for 24
hours were then used in a cell death assay in order to investigate mechanisms of cell death (Figure
4.2.1). Since they are the best understood in eukaryotes, apoptosis and necrosis were the two types
of cell death investigated. At the ICso values, ZRFD, ZRFM and ZRWB of Z. zanthoxyloides
caused a significant induction of apoptosis-like cell death from 0.8% of cells in the untreated cells
to 3.1%, 2.9% and 2.4% of cells respectively without practically inducing necrosis-like cell death.
For B. pilosa, BPFD, BPFM and BPFH significantly induced apoptosis-like cell death in 3.0%,
27.4% and 1.9% of cells respectively. BPFM was the only fraction that also induced necrosis-like

cell death in about 8.0% of cells (Figure 4.2.1).
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Figure 4.2.1: Effect of selected fractions on induction of cell death in T. brucei:

P-values were calculated from 3 distinct counts (n=4):[*:P<0.05]. Error bars originate from mean percentage count +
standard deviation of the mean (Mean £ SEM). ZR=Z. zanthoxyloides root; BP=B. pilosa, whole plant; WB=butanol
fraction; FD=Dichloromethane fraction; FM=Methanol fraction; CN=Negative control
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In order to identify any alterations in distinct cell cycle phases (G0-G1, S, and G2-M phases) of T.
brucei, cell cycle assay was performed with parasites challenged with or without the fractions at
the 1Cso values of the most promising fractions (Figure 4.2.2). The assay involved a flow
cytometric analysis of parasites fixed and stained with propidium iodide. For Z. zanthoxyloides,
there was a significant reduction of GO-G1 phase from 61.43% in the untreated cells to 50.30%,
52.60% and 55.25% in ZRFD, ZRFM, and ZRWB, respectively (Figure 4.2.2). Also, there was a
significant increase of G2-M phase from 22.93% in the negative control to 31.48%, 29.18% and
30.18% in ZRFD, ZRFM and ZRWB, respectively (Figure 4.2.2). Moreover, ZRFD and ZRFM
significantly increased the S-phase from 15.53% in the untreated cells to 19.08% and 19.03%,
respectively (Figure 4.2.2). For B. pilosa, there was a significant reduction of GO-G1 phase from
61.43% in the negative control to 49.48% and 52.48% in BPFD and BPFM respectively (Figure
4.2.2). Also, there was a significant increase of G2-M phase in about 35.38% and 33.20% of cells
in BPFD and BPFM, respectively (Figure 4.2.2). Fractions ZRWB, BPFD and BPFM did not cause

any significant change in the S-phase.
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Figure 4.2.2: Effect of selected fractions on cell cycle of T. brucei: P-values were calculated from 4 distinct counts
(n=4): [*:P<0.05; ns:P >0.05=not significant]. Error bars originate from mean percentage count + standard deviation
of the mean (Mean + SEM). ZR=Z. zanthoxyloides root; BP=B. pilosa, whole plant; WB=butanol fraction;
FD=Dichloromethane fraction; FM=Methanol fraction; CN=Negative control.

4.3 EFFECTS OF KUPCHAN FRACTIONS ON CELL MORPHOLOGY OF T. BRUCEI

The morphological changes of parasites challenged withthe most promising fractions were also
observed by fluorescence microscopy using DAPI. Parasites were challenged for 24 hours at the
ICso values of the respective fractions. All the fractions induced severe distortion of parasite
morphology thereby leading to the aggregation of a considerable number of the parasites (Figure
4.3). BPFM particularly gave rise to a remarkable clustering and distortion of parasites.
Interestingly, in comparison to BPFM and BPFD, ZRFD and ZRFM led to a relative reduction in

signal intensity of the kinetoplasts while the nuclei remained relatively intact (Figure 4.3).
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Figure 4.3: Effect of selected fractions on cell morphology and distribution of T. brucei: Cells were seeded
(1.5X10° cells/ml) at the ICsp values of fractions. Experiment was conducted for 3 distinct times. Cells were mostly
distorted or clustered as compared to the negative control (white arrows); red arrow=kinetoplast; green arrow=nucleus;
ZR=Z. zanthoxyloides (root); BP=B. pilosa, whole plant; FD=Dichloromethane fraction; FM=Methanol fraction;
CN=Negative control.
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4.4 EFFECT OF COLUMN FRACTIONS ON CELL VIABILITY OF T. BRUCEI

Due to the usually high quantities of secondary metabolites found in dicholoromethane fractions
with polarities between that of hexane and methanol or butanol fractions (Figure 3.1), ZRFD and
BPFD were selected for chromatographic separation. Normal phase analytical TLCs were initially
utilized to estimate levels of purity and polarity of each fraction. ZRFD and BPFD were separated
into column fractions via a gradient normal phase silica gel column chromatography using
methanol-ethyl acetate solvent system. Profiles of TLCs were used as a guide to combine similar

column fractions.

In order to select column fractions for subsequent purification, individual fractions were tested for
their antitrypanosomal activities through the alamar blue cell viability assay (Table 4.4). The ICxso
values of ZRFD ranged from 2.00 to 54.54 pg/ml while that of BPFD spun between 2.18 pg/ml
and 156.02 pg/ml (Table 4.4). Column fractions 3 and 4 (ZRFD), as well as 2 and 3 (BPFD) were
selected for subsequent analysis and purification on the basis of purity, potency and quantity.

Purification of column fractions was carried out by HPLC.
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Table 4.4: Effect of column fractions on cell viability of T. brucei

ZRFD MEAN ICso + SE (ug/ml) BPFD MEAN ICso + SE (ug/ml)
1 11.23+0.71 1 39.83 +0.39
2 13.41+0.47 2 2.18+0.1
3 9.27+1.73 3 5.89 + 0.22
4 2.00+ 0.20 4 7.54 +0.39
5 6.15+1.30 5 33.58 + 11.32
6 974+ 1.23 6 62.25+ 1.92
7 17.18+ 3.37 7 102.93 = 2.64
8 8.88+0.74 8 70.97 + 12.13
9 19.48+ 2.12 9 76.06 + 6.41
10 2832+ 1.06 10 37.95+0.45
11 5454+ 8.12 11 156.02 +5.69

DA 0.54+0.05 0.54 = 0.05

Eleven fractions each of ZRFD and BPFD (1-11) were tested for their antitrypanosomal activities. Best-fit mean 1Cs
values and standard errors (SE) were calculated from three distinct experiments. SE was expressed in terms of the
mean 1Cso values. DA=Diminazene aceturate, (an antitrypanosomal drug). FD=Dichloromethane fraction.

4.5 HIGH RESOLUTION ELECTROSPRAY IONIZATION MASS SPECTROMETRY
ANALYSIS OF KUPCHAN FRACTIONS

Kupchan fractions were analysed using high resolution electrospray ionization mass spectrometry
(HRESI-LC-MS") in order to characterize potential metabolites of individual fractions through
their masses. HRESI-LC-MS was utilized due to its ability to cause fragmentation through soft

ionization, which may facilitate identification of molecular ions.

Even though the HRESI-LC-MS" of ZRFH showed several interesting compounds, it was
notfurther purified in the present study because the fraction did not exhibit relatively promising

antitrypanosomal effects (Figure 4.5.1). Analysis of the HRESI-LC-MS" data for ZRFH also
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showed minute amounts of terpenes and alkaloids that were detected in the ZRFD fractions

amongst other molecules that could not be identified outright (Figure 4.5.1).

The HRESI-LC-MS" data for ZRFD contained fewer compounds compared to that of ZRFH. There
were two major compounds in this fraction with m/z 248.13 and 224.20 (Figure 4.5.2A). Since this
fraction gave rise to promising antitrypanosomal activities, the two major compounds present in
this fraction were targeted for isolation and structure elucidation. Furthermore, minute amounts of
the known compound armatamide (m/z 325.15) (Kalia et al., 1999), were detected alongside other
derivatives of this compound (Figure 4.5.2B). However, these compounds were not present in

isolatable quantities compared to m/z 248.13 and 224.20.

The HRESI-LC-MS" of ZRFM showed a similar profile to that of ZRFD but with relatively fewer
compounds (Figure 4.5.3). Furthermore, this fraction also contained the two major compounds
found in the ZRFD. It is not surprising therefore that the two fractions also exhibited similar
antitrypanosomal effects. This also suggests that the two major compounds detected were the

active principles responsible for the observed antitrypanosomal activities.

The ZRWB fraction contained several interesting compounds even though the antitrypanosomal
activity was not as promising as that obtained for ZRFD and ZRFM (Figure 4.5.4). Hence, ZRWB

was not further fractionated in this study.
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Figure 4.5.1: HRESI-LC-MS" analysis of ZRFH showing several isolatable metabolites.
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Figure 4.5.2A: HRESI-LC-MS" analysis of ZRFD, version 1. It depicts two major metabolites with m/z 248.13 and
224.20
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Figure 4.5.2B: HRESI-LC-MS" analysis of ZRFD, version 2. It depicts the known compound armatamide with m/z
325.15, which was isolated from Z. armatum (Kalia et al., 1999). Derivatives of this compound are also shown.
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Figure 4.5.3: HRESI-LC-MS" analysis of ZRFM. It shows the two major compounds with m/z 248.13 and 224.20 as
observed for ZRFD
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Figure 4.5.4: HRESI-LC-MS" analysis of ZRWB

The HRESI-LC-MS" data for the Kupchan fractions of B. pilosa was not as informative as those

of Z. zanthoxyloides. Apart from BPFH which showed the presence of some compounds (Figure
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4.5.5), the other Kupchan fractions did not show many distinguishable peaks in the mass
spectrometry run. However, since BPFD (Figure 4.5.6) and BPFM (Figure 4.5.7) gave rise to
promising antitrypanosomal activities, it is possible that the compounds present in these fractions
do not ionize properly in the LC-MS run. Such situations exist for extracts that contain highly
aliphatic and aromatic compounds, where the routine LC-MS run does not reveal these
compounds. In order to see compounds for such samples, specialized LC-MS conditions are
required to facilitate effective ionization and detection. BPFD was therefore prioritized for further

fractionation and isolation of active antitrypanosomals.
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Figure 4.5.5: HRESI-LC-MS" analysis of BPFH.
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Figure 4.5.6: HRESI-LC-MS" analysis of BPFD
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Figure 4.5.7: HRESI-LC-MS" analysis of BPFM
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4.6 STRUCTURE DETERMINATION OF A NEW COMPOUND FROM Z.
ZANTHOXYLOIDES

A new amide was isolated for the first time from ZR-FD-C3 after 48 hours of reverse phase HPLC
injections using a gradient of acetonitrile and water. In reference to the genus of Zanthoxylum, and
with respect to the fact that it is an amide, the name zanthoxylamide was assigned to this
compound. Zanthoxylamide was isolated as a yellow oil that was readily soluble in both
dichloromethane and methanol. The high resolution mass spectrometry data gave m/z 248.1281
[M + H] ", which suggests a molecular formula of C14H1sNO3* with A =+ 0.6 ppm and 7 degrees
of unsaturation. The *C-NMR of this compound gave rise to 14 carbons comprising 4 quaternary
carbons, 6 methines, 2 methylenes and 2 methyls. A detailed analysis of the *H, 1*C multiplicity-
edited gHSQC spectrum showed that the protonswere attached to the individual carbon atoms. *H-
NMR &H 7.49 (d, 15.5, 1H-D) and 6.33 (d, 15.5, 1H-G) confirmed the presence of a trans-alkene
which was substituted by different groups. The ¢ 140.4 (D) and 119.2 (G) provided evidence for
the substitution on the double bond. Also, 6+6.94 (d, 1.6, 1H-1), 6.90 (dd, 1.7, 8.1, 1H-F) and 6.71
(d, 8.0, 1H-H) along with &¢ 106.4, 123.7 and 108.4 ppm, respectively were direct indications of
a tri-substituted benzene ring in which carbons H and F formed a spin system whiles | was isolated
by virtue of substitution on the ring. The sp® hybridized carbon atom &c 101.4 (J) was unusual but
literature search along with chemical shift predictors indicated that this carbon was a dioxol
functionality that is known to be typical of isoflavones. HMBC correlations M-m along with
gCOSY correlations from m-I indicated the presence of an isopropyl functionality whose spin
system was further confirmed by the presence of isobutyl substructure. HMBC correlation A-k

confirmed the attachment of the isobutyl to an amide. HMBC correlations A-g and A-d gave the
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structure of zanthoxylamide as indicated below. The NMR and HRESI-LC-MS" data analyses are

summarized in Table 4.6.1, Figure 4.6.1 and Figure 4.6.2.

Table 4.6.1: NMR analysis of zanthoxylamide

# §13C 13C 51H Mult (Hz) 1H-1H 1H-1H NOESY HMBC
(ppm) mult (ppm) COSY TOCSY
NH 2.00
A 166.4 C d, g, K
B 148.9 C i, f
C 148.1 C h
D 140.4 CH 7.49 d, 15.5 g g g i,f g
E 129.4 C d, h, g
F 123.7 CH 6.90 dd, 1.7, h i, h d, i
8.1
G 119.2 CH 6.33 d, 15.6 d d d d
H 108.4 CH 6.71 d, 8.0 f f
| 106.4 CH 6.94 d, 1.6 f, h d, f
J 101.4 CH2 5.92 S
K 47.2 CH2 3.17 t,6.4 NH, | NH, I, m | I, m
L 28.7 CH 1.82 dh, 6.7, K, m NH, k, m K, m K, m
13.3
M 20.2 CH3 0.91 d, 6.7 | NH, Kk, | | K, I, m
175.04
653
603
3 B ZRFD-C3
554
50 4813
] 4:,5
Q v
§ 403 D
§ 3 14504
2 353
o 3
2 304
o3
£ 253 C
203 14907
153
10 A
] 19207
03314704 16305 |,
003l 12510 18128 | 20612 21812 23420 26290 27620 20087 31450 3221
v ] 1 I 1 i M| 1 | | i ) I 1 i ) ' I I i | 1} I | l ) 1 | 1 ' { 1 ) 1 ) 1 1
120 140 160 180 200 20 240 260 280 300 320
m

Figure 4.6.1: HRESI-LC-MS"analysis of zanthoxylamide showing other fragmentation peaks (A, B, C, D)
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From the analysis of the HRESI-LC-MS" chromatogram (Figure 4.6.1), the structures for the
fragmentation of zanthoxylamide based on the functional groups present in the compound were

proposed as shown below (Figure 4.6.3).

0 0 D|+
H
Ty NH. -
; | H ] | . |
H H H
< —» ( — - {
0 0 0
Chemical Farmula: C+2H+7NO; Chemical Formula: C1oHsNO3 ¢ hemical Formula: CqgH-05"
Fxact Mass 247 1208 Exact Mass: 191.0552 Exact Mass: 1;5_039['] i
A B

H
. |
I . “
SO Sl
0 0 Chemical Formula: CgHs05

Chemical Formula: C-H:0," Chemical Formula: CgH:05 Exact Mass 148 0524
Exact Mass: 121.0284 Exact Mass: 1450284 C
E D

Figure 4.6.3: Fragmentation (A-E) of zanthoxylamide via labile bond cleavage
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4.7 ISOLATION AND IDENTIFICATION OF THE STRUCTURAL FUNCTIONALITY
OF ZR-FD-C4-C3

Compound ZR-FD-C4-C3 was consistently isolated within retention times of 32.95 to 34.48
minutes after 64 hours of reverse phase HPLC injections using a gradient of acetonitrile and water
(Figures 4.7.1 and 4.7.2). ZR-FD-C4-C3 was isolated as yellow oil that was readily soluble in
dichloromethane. The UV absorption (Figure 4.7.2) of this compound showed prominent
absorption maxima at Amax 308 nm in methanol. The HRESI-LC-MS" analysis of ZR-FD-C4-C3
suggested an approximate m/z of 224.20, which was an inherently charged compound (Figure
4.7.3). The fragmentation pattern (Figure 4.7.4) which accounted for most of the peaks in the
HRESI-LC-MS" analysis suggested that ZR-FD.C4-C3 corresponded to the known acridine called

xanthocridone.
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2 1401
1.204 ZR-FD-C4-C3
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0201 L\
0.00

000 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Minutes

Figure 4.7.1: HPLC profile of ZRFD fraction showing the peak that yielded ZRFD-C4-C3
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Figure 4.7.2: HPLC-UV spectrum of ZR-FD-C4-C3. It depicts prominent absorption maxima at Amax 308nm
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Figure 4.7.3: HRESI-LC-MS" analysis of ZRFD-C4-C3
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Figure 4.7.4: Fragmentation pattern of ZRFDC4-C3 via labile bond cleavage analysis
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4.8 ISOLATION AND IDENTIFICATION OF THE STRUCTURAL FUNCTIONALITY
OF BP-FD-HB and BP-FD-HC

Compounds BP-FD-HB and BP-FD-HC were isolated at retention times of 33.38 and 34.65
minutes, respectively after 64 hours of reverse phase HPLC injections using a gradient of
acetonitrile and water (Figure 4.8.1). Both BP-FD-HB and BP-FD-HC were isolated as colorless
amorphous compounds that were readily soluble in methanol. The UV absorption spectrum (Figure
4.8.2) of BP-FD-HB indicated prominent absorption maxima at Amax221.5, 271.1 and 287.7 nmin
methanol. The fragmentation pattern of BP-FD-HB also suggested how BP-FD-HC could also be
formed through alkylation via the backbone of tryptophan (Figures 4.8.3 and 4.8.4). BP-FD-HB

and BP-FD-HC were thus identified as propyl and butyl esters of tryptophan, respectively.

1.80+

1.60+ HC

1.40+

1.20+

Solvent peak HP C
1.004 Plastic

2
< HB
0.80+

0.60] Al
0401
0201
HF
0.00 -
000 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500  60.0C
Minutes

Figure 4.8.1: HPLC profile of BP-FD fraction. It depicts the peaks that yielded compounds BP-FD-HB and BP-FD-
HC. Other peaks (HA, HD, HE, and HF) are also represented.
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Figure 4.8.2: HPLC-UV spectrum of BP-FD-HB. It depicts the major absorption maxima at 221.5, 271.1 and 287.7
nm
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Figure 4.8.3: HRESI-LC-MS" analysis of BPFD-HB.
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Figure 4.8.4: Fragmentation pattern of BPFD-HB (m/z=247.14) and BPFD-HC (m/z=261.16) via labile bond
cleavage. The pattern also suggests the formation of a dehydroxylated form of tryptophan (m/z=189.10). BPFD-HC
and BPFD-HB were respectively identified as butyl and propy! esters of tryptophan.
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4.9 EFFECTS OF COMPOUNDS ON CELL VIABILITY OF T. BRUCEI

In order to determine effects on general metabolism of the parasites, the compounds were tested
for their antitrypanosomal activities through the 48-hour alamar blue cell viability assay by
employing the absorbance property of resazurin (Table 4.9). The assay also included ZRFDA11,
an antitrypanosomal compound isolated from the root of Z. zanthoxyloides in preliminary
screening studies (unpublished data). Chang liver cells were usedto investigate potential selectivity
and toxicity profiles of the compounds. BPFD-C2 (BPFD-HC), BPFD-C3A (BPFD-HB), ZRFD-
All, ZRFD-C4-C3 and ZRFD-C3 (zanthoxylamide) exhibited antitrypanosomal activities with
respective 1Cso values of 0.66, 1.17, 1.58, 1.64 and 1.93 pg/ml (Table 4.9). They also displayed
low toxicity profiles with regards to their effects on Chang liver cells (Table 4.9). In the presence
of Chang liver cells, BPFD-C2 (S1=127.24) and ZRFD-A11 (S1=20.87) respectively exhibited the
highest and lowest selectivity towards T. brucei (Table 4.9). Compounds were more selective to

the parasites as compared to Chang liver cells.

Table 4.9: Effect of compounds on cell viability of T. brucei and Chang liver cells

COMPOUNDS MEAN ICso + SE (ng/ml) SI
T. brucei Chang liver

ZRFD-C3 1.93+0.03 68.71+0.04 35.60
ZRFD-C4 1.64+0.02 37.87+0.04 23.09
ZRFD-A11l 1.58+ 0.04 32.98+0.05 20.87
BPFD-C2 0.66+0.02 83.98 +0.03 127.24
BPFD-C3A 1.17+0.03 52.59+0.12 44.95
DA 0.54+0.05 39.72 +£0.03 73.56

The activity of antitrypanosomal compounds on T. brucei, Jurkat cells and Chang liver cell lines was determined
through alamar blue cell viability assay. Best-fit mean ICso values and standard errors (SE) were calculated from three
distinct experiments. SE was expressed in terms of the mean ICsp values. Selectivity indices (SI) were calculated as
ratios of 1Cso values in Chang liver and T. brucei cells. DA=Diminazene aceturate, (an antitrypanosomal drug), used
as a positive control.
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4.10 EFFECTS OF COMPOUNDS ON CELL CYCLE OF T. BRUCEI

Effects of compounds on the cell cycle phases (GO-G1, S, and G2-M phases) of the parasites were
also investigated through flow cytometry (Figure 4.10). There was a significant reduction of GO-
G1 phase from 61.40% in the negative control to 51.96%, 51.83%, 55.0%, 38.17% and 42.23%,
in ZRFD-C4-C3, ZRFD-Al1, ZRFD-C3, BPFD-C2 and BPFD-C3A respectively (Figure 4.10).
Again, there was a significant increase of S phase from 14.87 % in the negative control to 18.83%,
17.70%, 18.80%, 27.60% and 26.20% in ZRFD-C4-C3, ZRFD-A1l1, ZRFD-C3, BPFD-C2 and
BPFD-C3A respectively (Figure 4.10). Moreover, there was a significant increase of G2-M phase
from 21.90% in the negative control to 28.63%, 28.93%, 25.83%, 42.47% and 39.50% in ZRFD-
C4-C3, ZRFD-A1l, ZRFD-C3, BPFD-C2 and BPFD-C3A respectively (Figure 4.10). Overall,
BPFD-C2 and BPFD-C3A exhibited the most significant effects on the cell cycle phases in terms

of GO-G1 inhibition or G2-M arrest (Figure 4.10).
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Figure 4.10: Effect of compounds on cell cycle of T. brucei: P-values were calculated from 3 distinct counts (n=3):
[P :< 0.05(*); >0.05 (ns=not significant)]. Error bars originate from mean percentage count + standard error of the
mean (Mean + SEM). ZR=Z. zanthoxyloides root; FD=Dichloromethane fraction; CN=Negative control.
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4.11 GROWTH INHIBITION OF T. BRUCEI BY COMPOUNDS

The effect of selected antitrypanosomal compounds (ZRFD-C4-C3, ZRFD-A11, ZRFD-C3, and
BPFD-C2) from the dichloromethane fractions of Z. zanthoxyloides and B. pilosa on the growth
inhibition of parasites was determined in a 72-hour alamar blue cell viability assay by employing
the fluorescence property of resazurin (Figure 4.11). The assay also included a promising novel
antitrypanosomal terpenoid (MLF52) isolated from Morinda lucida Benth (M. lucida) (Kwofie et
al., 2016). MLF52 was included in order to determine potential similarities in the mechanisms of
action and resistance between terpenoid and the isolated alkaloids. MLF52, ZRFD-C4-C3, ZRFD-
C3, ZRFD-A11 and BPFD-C2 inhibited the growth of T. brucei at low cell density with respective
ECso values of 0.17, 0.67, 0.49, 0.64, and 0.69 pg/ml (Figure 4.11). All the selected compounds
also exhibited sigmoidal dose-response curves with Hill coefficients greater than 1 (Figure 4.11).

The Hill slope was highest for MLF52 (3.29) and lowest for ZRFD-C3 (2.03).
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Figure 4.11: Inhibition of growth of T. brucei by antitrypanosomal compounds: The half-maximal effective
concentration (ECsp) was calculated as the concentration that caused 50% growth inhibition of the parasites. The Hill
slopes are indicated in parentheses. ML= M. lucida; ZR=Z. zanthoxyloides, root; BP=B. pilosa, whole plant;

FD=Dichloromethane fraction.

4.12 EFFECTS OF COMPOUNDS ON INDUCTION OF RNAI LIBRARY

In order to facilitate the identification of potential targets involved in the mechanism of action and

resistance through a RITseq approach, the effect of selected compounds on the induction of

RNAIiwas first determined in a tetracycline-mediated library screening using the RNAI library
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(Figure 4.12.1). The library was selected at 2xICsp values of the compounds for approximately 8
days. The induction of RNAIi was estimated through the selection of resistant strains as estimated

via the generation of cumulative growth curves (Figure 4.12.1).

In comparison to the negative control, the growth curves of MLF52, ZRFD-A11 and BPFD-C2
were generally consistent with the growth of resistant strains in the population, with ZRFDA11
inducing the strongest resistance (Figure 4.12.1). However, ZRFD-C4-C3 and ZRFD-C3 resulted
in relatively unstable strains that eventually collapsed the library at the tail end of induction (Figure
4.12.1). Moreover, PCR was carried out to identify the presence of selected library strains (Figure
4.12.2). BPFD-C2 and ZRFD-A11 gave rise to relatively distinct though faint bands, as compared

to MLF52 (Figure 4.12.2).
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Figure 4.12.1: Induction of RNAI by antitrypanosomal compounds: Cumulative growth curves were generated
from library strains selected at 2x1Cso values of the compounds in the presence of tetracycline for approximately 8
days. ML=M. lucida; ZR=Z. zanthoxyloides, root; BP=B. pilosa, whole plant; FD=Dichloromethane fraction;
CN=Negative control.
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Figure 4.12.2: PCR of selected RNAI library strains: Selected strains obtained from the induction of the library
were used for PCR. Experiment was carried out for 3 separate times. ML=M. lucida; ZR=Z. zanthoxyloides, root;
BP=B. pilosa, whole plant; FD=Dichloromethane fraction; M=DNA ladder; Red stars: Bands selected for subsequent
cloning and sequencing.

4.13 SENSITIVITY OF SELECTED COMPOUNDS AGAINST T. BRUCEI

To verify the apparent lack of library induction with regards to ZRFD-C4-C3 and ZRFD-C3,
compound sensitivity analysis was carried out to assess relative metabolic stabilities of ZRFD-C4-
C3 and ZRFD-C3 in T. brucei (Figure 4.13). Assays were carried out at 2xICsovaluesof the

compounds for approximately 5 days.

ZRFD-C4-C3 and ZRFD-C3 did not result in a persistent inhibition of parasites as estimated from
the growth curves (Figure 4.13). This might have accounted for the apparent lack of library

induction observed in Figure 4.12.1.
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Figure 4.13.1: Antitrypanosomal sensitivity of compounds: Assays were carried out at 2xICsovalues of the
compounds for approximately 5 days. ZR=Z. zanthoxyloides, root; FD=Dichloromethane fraction; CN=Negative
control.

4.14 CLONING AND SEQUENCING OF RNAI FRAGMENTS

Compounds with promising effects on the induction and sensistivity of the RNAI library and
wildtype T. brucei (MLF52, ZRFD-A1l and BPFD-C2) were then selected for cloning and
subsequent sequencing of RNAI fragments to identify potential targets involved in the mechanism

of action and resistance of respective compounds in T. brucei (Figure 4.14.1).

Capillary sequencing and analysis of cloned fragments of ZRFD-A11l and BPFD-C2 identified
promising hit proteins with potential implications in the mode of action of the respective
compounds (Figure 4.14.2). Promising hits of ZRFD-A1l and BPFD-C2 included putative

leucine-rich repeat protein, putative receptor-type adenylate cyclase GRESAG 4 (gene-related
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expression site associated genes), putative stumpy formation signaling pathway protein and
hypothetical proteins (Figure 4.14.2). However, all the fragments of MLF52 gave rise to putative
variant surface glycoprotein (VSG) pseudogene, thereby suggesting that MLF52 failed to induce
the RNA. library (Figure 4.14.2). This is because the library genome is endowed with a vast array
of VSG genes and pseudogenes that could be frequently expressed without any reflection of
genuine inducibility. Hence, MLF52 was not considered in further anlysis. Promising hits were

mostly encoded on chromosomes 3, 4, and 11 (Figure 4.14.2).

ZRFDA11 MLF52

Figure 4.14.1: Cloning of selected RNAI fragments: RNAi fragments were cloned using pPGEM-T Easy vector in a
blue-white screening. ML= M. lucida; ZR=Z. zanthoxyloides, root; BP=B. pilosa; FD=Dichloromethane fraction;
M=DNA ladder; Blue line=cloned ZRFDA11 fragments; Green line=cloned BPFDC6 fragments; Purple line= cloned
MLF52 fragments. All cloned fragments were sequenced.
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Figure 4.14.2: Capillary sequencing of RNAI fragments: Cloned RNAI fragments were sequenced and analysed
to identify promising hits. Th927.3.1490= leucine-rich repeat protein, putative; Th927.4.2100=hypothetical protein;
Th927.4.3880= receptor-type adenylate cyclase (GRESAG 4), putative; Th927.11.9770= hypothetical protein,
conserved; Th927.11.1640= stumpy formation signaling pathway protein, putative; Th927.11.v5.0283= variant
surface glycoprotein pseudogene, putative; orange and red bars are unique RNAI construct identifier sequences (14-
mers used to track sequences that originate from the RNAI library): orange=GTGAGGCCTCGCGA;
red=TCGCGAGGCCTCAC; Chr= chromosome; ML= M. lucida; ZR=Z. zanthoxyloides, root; BP=B. pilosa, whole
plant; FD=Dichloromethane fraction.

4.15 INDUCIBILITY ANALYSIS OF COMPOUNDS

In order to confirm whether ZRFD-A11 and BPFD-C2 truly contributed towards the emergence
of resistance strains in the cumulative growth curve experiments that eventually led to the
identification of promising hits in the capillary sequencing, inducibility analysis was performed
using the RNAI library strains recovered at the tail end of the cumulative growth curves (Figure
4.15). ZRFD-A11 exhibited percentage inducibility of 30.8%, 20.6% and 45.7%, while BPFD-C2
displayed percentage inducibility of 29.3%, 36.2% and 18.0% on day 1, 2, and 3, respectively
(Figure 4.15). This confirmed that the emergence of resistance strains obtained from ZRFD-A11l
and BPFD-C2 probably arose from interactions between the compounds and potential targets in

the presence of tetracycline.

109



University of Ghana http://ugspace.ug.edu.gh

ZRFD-A11 BPFD-C2
100 120
O

g2 % 5 100
@ %0 308 £ s

/0 [T 4
s 560 - B
4= @ O £60
o ®0 206} £ 9
s £40 2 £
E §30 457 2 -
O 20 2 20
X 10 >

0
Days Days
M -tet+cpd M +tet+cpd M -tet+cpd M +tet+cpd

Figure 4.15: Inducibility analysis of selected compounds: Assay was carried out using the RNAI library strain.
Strains were initially split into two based on the presence or absence of tetracycline, and subsequently into two based
on the presence or absence of the compound under investigation. Cell density was then monitored for a period of 72
hours. If a compound contributes towards the emergence of resistance, the percentage growth of treated to untreated
cells in the presence of tetracycline is expected to be greater than the corresponding growth in the absence of
tetracycline. Percentage inducibility was calculated as the difference in percentage growth in the presence and absence
of tetracycline. ZR=Z. zanthoxyloides, root; BP=B. pilosa, whole plant; FD=Dichloromethane fraction;
tet=tetracycline; cpd= compound.
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CHAPTER FIVE

5.0 DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

5.1 DISCUSSION

Zanthoxylum and Bidens are endowed with several pharmacological and phytochemical properties
(Bartolome et al., 2013; Medhi et al., 2013). However, only a few studies have reported on the
potential antitrypanosomal effects of these plants (Ogiti et al., 2009; Mann et al., 2011; Mann et
al., 2012; Mwaniki et al., 2017). Even so, there is probably no reported data about the potential
effects of these plants on the cell cycle, cell morphology and induction of cell death in African
trypanosomes. Moreover, there is no reported data about the potential molecular targets involved
in the mechanisms of their antitrypanosomal effects in African trypanosomes. The present study
thus sought to determine the antitrypanosomal effects of the fractions of Z. zanthoxyloides and B.
pilosa in the context of cell viability, cell death, cell cycle and cell morphology, as well as to
isolate, identify, characterize and determine the mechanisms of action of antitrypanosomal

compounds via chromatography, spectroscopy, cell cycle analysis and RITseq.

Fractions were prepared from the crude extracts of Z. zanthoxyloides and B. pilosa using the
Kupchan method of solvent extraction. Fractions ZRFD, ZRFM, ZRWB, BPFD and BPFM were
the most promising fractions with regards to their 1Cso values and selectivity indices towards T.
brucei in comparison to Jurkat and Chang liver cells. In the presence of Chang liver cells, the
highest selectivity was exhibited by ZRWB while the lowest was displayed by ZRFM in the
presence of Jurkat cells. Moreover, in the presence of Jurkat cells, the highest and lowest selectivity
was displayed by ZRFD and BPFM, respectively. However, the relatively low activity of these
fractions towards Jurkat and Chang liver cells may not necessarily imply a generally low

anticancer profile of Z. zanthoxyloides and B. pilosa because they may possess the required activity
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of therapeutic significance towards other types of cancerous cell lines. Efforts to investigate
anticancer activities in different cancerous cell lines are thus encouraged. In particular, anticancer
properties of B. pilosa have been reported in a few studies (Sundararajan et al., 2006; Kumari et
al., 2009; Shen et al., 2018). Cytotoxic activities in different mammalian cell lines have also been
reported in other species of Zanthoxylum thereby serving to justify the need to investigate potential
anticancer properties of Z. zanthoxyloides in different types of mammalian cell lines (Cordero et
al., 2004; Da Silva et al., 2007; Ngoumfo et al., 2010; Kuetea et al., 2011; Misra et al., 2013).
Moreover, even though the selectivity indices in the Chang liver cells may suggest that Z.
zanthoxyloides and B. pilosa may be relatively less toxic for humans and other mammals, it is still
important to investigate toxicity profiles in both in vitro and in vivo conditions because in vitro
cytotoxicity studies are insufficient to completely assess safety profiles. Moreover, convincing
data about Zanthoxylum and Bidens genera with regards to toxicity in different types of
mammalian cells is limiting, and similar data about the Z. zanthoxyloides and B. pilosa species is

even more scanty.

Distinct mechanisms of cell death such as apoptosis, necrosis and autophagy have been observed
in Trypanosoma (Welburn et al., 1996; Schmidt and Butikofer, 2014; De Silva Rodrigues et al.,
2016; Sousa et al., 2017). Due to the degradation of DNA and flipping of phosphatidylserine across
the plasmamembrane during apoptosis and the contrasting preservation of DNA during necrosis,
a flow cytometry-based detection of apoptosis- and necrosis-like cell death using annexin-V and
7-aminoactinomycin-D was employed in the present study (Wlodkkowic et al., 2009). In this
study, ZRFD, ZRFM, ZRWB, BPFD and BPFM significantly induced apoptosis-like cell death in
T. brucei. However, BPFM was the only fraction that significantly induced necrosis-like cell death

in T. brucei. This may indicate that while apoptosis could be therapeutically more important to Z.
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zanthoxyloides, both apoptosis and necrosis might be therapeutically critical to B. pilosa. Even so,
the importance of other potential mechanisms of cell death not investigated in the present study
cannot be ruled out. The latter possibility is corroborated by the observation of autophagy in T.
brucei (Schmidt and Bitikofer, 2014). Future studies that will consider the induction of other types

of cell death by Z. zanthoxyloides should therefore be encouraged.

However, it is important to interpret with caution the induction of apoptosis and other mechanisms
of cell death in unicellular protozoan parasites. This is because these unicellular protists do not
encode caspases in their genome (Kaczanowski et al, 2011). Since caspases are generally pivotal
to the classical pathways of apoptosis in most eukaryotes, the absence of caspases in protists raises
interesting questions about the exact nature of the underlying mechanisms in this and other
reported studies of apoptosis in other protozoan parasites. Even though caspase-independent
mechanisms of cell death may play a role, reported data that could offer these mechanisms as

alternative explanation have been contradictory and incomprehensive (Kaczanowski et al, 2011).

As in most other types of eukaryotes, the cell cycle of trypanosomes involves 4 main phases: GO-
G1, S, G2 and M phases (Vaughan and Gull, 2008). Zanthoxylum has been reported to affect the
cell cycle of different types of cell lines (Chou et al., 2011; Dung et al., 2012; Li et al., 2016).
However, the present study is probably the first time Zanthoxylum is shown to affect the cell cycle
of trypanosomes. At the ICsg values, fractions ZRFD, ZRFM and ZRWB significantly altered the
GO0-G1 and G2-M phases. Moreover, both BPFD and BPFM significantly affected GO-G1 and G2-
M but not the S-phase. The significant decrease in the cell count at the GO-G1 phase could suggest
an inhibition of diploid cells while the corresponding increase at the G2-M phase may indicate the
stimulation or proliferation of tetraploid cells. Furthermore, ZRFD and ZRFM of Z. zanthoxyloides

significantly affected the S-phase of the parasite.
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The effect on DNA content during the cell death and cell cycle was corroborated by morphological
changes in which ZRFD, ZRFM, BPFD and BPFM led to clustering or distortion of parasites.
BPFM particularly gave rise to a remarkable clustering and distortion of parasites. This appears to
be in tune with the prominent induction of both apoptosis-like and necrosis-like cell deaths. Since
molecular mechanisms of cell death and cell cycle overlap extensively, effects on the cell cycle of
the parasite could also have contributed towards the aggregation and distortion of parasite
distribution. Collectively, these may serve to emphasize the role played by the mechanisms of cell

death and cell cycle as far as effects on cell morphology are concerned.

In the present study, ZRFD and BPFD were selected for the purification, identification and
elucidation of their major antitrypanosomal compounds (ZRFD-C3, ZRFD-C4-C3, BPFD-C2 and
BPFD-C3A) through chromatography and spectroscopy. ZRFD-C3 was isolated for the first time
from Z. zanthoxyloides as a new alkaloid, with the name zanthoxylamide assigned to it. The present
study, therefore, is the first time to report on the isolation and structural elucidation of this
compound from any source of natural products. ZRFD-C4-C3, ZRFD-A11 and ZRFD-C3 stood
out as the most potent antitrypanosomals with respect to their ICso values. In the presence of Chang
liver cells, ZRFD-C4-C3 and BPFD-C2 exhibited the highest and lowest selectivity towards T.
brucei respectively. Compounds were generally more selective to the parasites as compared to
Chang liver cells, even though their SI values were below that of diminazine aceturate. Again, all
the isolated compounds significantly inhibited the GO-G1 phase, stimulated the S-phase and
arrested the G2-M phase. In particular, BPFD-C2 and BPFD-C3A from B. pilosa exhibited the

most significant effects on each of the phases.

RITseq is a loss-of-function screening technique capable of elucidating metabolic mechanisms of

drug resistance and action (Alsford et al., 2013). In the application of RITseq to elucidate
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mechanisms of action and resistance, the present study focused on the isolated alkaloids ZRFD-
C4-C3, ZRFD-A1l, ZRFD-C3, BPFD-C2 and a novel antitrypanosomal terpenoid isolated from
M. lucida (MLF52). MLF52 was included as an independent compound in order to highlight
potential similarities in the mechanisms of action and resistance between the isolated alkaloids and
terpenoids (Kwofie et al., 2016). All the compounds strongly inhibited the growth of T. brucei,
with MLF52 and ZRFD-C3 exhibiting the most potent effects with regards to ECso values.
Moreover, all the compounds displayed Hill coefficients above 1, thereby suggesting positively
cooperative mechanisms of growth inhibition (Prinz, 2010). However, only ZRFD-A1l and
BPFD-C2 successfully induced the RNAI library, while ZRFD-C3 and ZRFD-C4-C3 resulted in
a collapse of the library probably through destabilization. MLFF52 produced an outgrowth of
library strains with the appearance of a successful RNAI library screen but without any changes in
a parasite driven process as suggested by the detection of VSG pseudogenes during Sanger

sequencing.

A structural and functional appreciation of MLF52 and BPFD-C2 may be helpful in the
understanding of their observed induction and growth inhibition properties, thereby providing
insights into its potential mechanism of action. MLF52 belongs to the terpenoid group of plant
secondary metabolites called iridoids (Kwofie et al., 2016). The pharmacological properties of a
large number of iridoids may originate from their aglycone components (llc et al., 2016). MLF52
has an ethyl ester functional group attached to the glycone component (Kwofie et al., 2016). Esters
are known to undergo enzymatic hydrolysis to the relatively stable cognate carboxyl groups which
may contribute to their usefulness in commercially available drugs (Laizure et al., 2013). These
drugs may be administered as esters so that they can be hydrolyzed to the cognate carboxylic acids,

which could be more or less active than the parent ethyl ester depending on the nature of the
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compound. Hence, MLF52 may be structurally unstable, thereby preventing any active interaction
with potential transporters, activators or essential targets. This may have contributed to the lack of
inducibility observed in the RNAI library screening. Moreover, due to the generally hydrophobic
nature of esters, MLF52 may not require a transporter to gain entry into the parasite which might
have also contributed to its inability to induce the RNAI library. Similarly, the presence of the
butyl ester functional group in the alkaloid BPFD-C2 might have reduced its stability even though

the compound successfully induced the RNA. library.

Zanthoxylamide (ZRFD-C3) belongs to the sub-group of alkaloids known as N-alkylamides
(Boonen et al., 2012). The mode of action of N-alkylamides may include regulation of lipid
biosynthesis and the interference of quorum-sensing mechanisms in pathogens (Boonen et al.,
2012). N-alkylamides may generally be inherently stable due to the amide functional groups.
Hence, the observed effects of ZRFD-C3 could be partially explained from other biochemical
characteristics. Due to their low critical micelle concentration, N-alkylamides have the tendency
of forming micelles (Boonen et al., 2012). This property might contribute to some level of
difficulty as far as the detection of potential targets are concerned due to the tendency to clump
together instead of freely interacting with key metabolic proteins. Aggregation may also affect the
long-term stability of parasites exposed to N-alkylamides. Collectively, these properties may
partially provide insights with regards to the observed effects of ZRFD-C3 in the sensitivity and

library screening.

Protein hits that were identified as potential targets included putative forms of leucine-rich repeats,
receptor-type adenylate cyclase GRESAG 4, stumpy formation signaling pathway protein and

other conserved hypothetical proteins encoded on chromosomes 3, 4, or 11 of T. brucei. These
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proteins were mainly identified from ZRFD-A11 and BPFD-C2. Even though the receptor-type
adenylate cyclase GRESAG 4 may only be predominantly useful in VSGs (Alexandre et al., 1996),
they are nevertheless important to characterize in future studies because intact RNAI construct
identifier sequences that are used to track genuine RNAI targets were present. Stumpy formation
signaling proteins may be involved in the quiescence- and starvation-related morphological
transformation to stumpy forms during survival and development of the parasites in the host (Mony
and Matthews, 2015). However, the putative leucine-rich repeat and hypothetically conserved
proteins were particularly interesting. Leucine-rich repeats are binding motifs known to be
involved in various protein-protein interactions (Kedzierski et al., 2004). While leucine-rich
repeats may be required for host defense systems of both plants and mammals, they may also be
paradoxically involved in the interaction with host cells and establishment of infection (Kedzierski
etal., 2004). Moreover, some of the hypothetical proteins identified also contained signal peptides,
which are generally involved in secretory and localization pathways. Hence, the antitrypanosomals
might act to interfere with the pathogenesis, growth, development and the secretory pathway of
the parasite. The elucidation of the physical and chemical properties of these proteins, as well as
the validation of these potential mechanisms of interaction with the antitrypanosomals might
therefore contribute considerably to the development of novel chemotherapy in African

trypanosomiasis.
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5.2 CONCLUSIONS

In this study, the antitrypanosomal activities and mechanisms of action of Z. zanthoxyloides (root)
and B. pilosa (whole plant) in the context of cell viability, cell death, cell cycle, morphology and
distribution of T. brucei were investigated. The antitrypanosomal fractions and compounds of Z.
zanthoxyloides (root) and B. pilosa (whole plant) were found to exhibit significant effects on
apoptosis-like cell death and cell cycle of T. brucei. They also affected the morphology and
induced aggregation of the parasites. The mechanisms of action and resistance of Z. zanthoxyloides
(root) and B. pilosa (whole plant) were also investigated in the context of RITseq. Putative leucine-
rich repeat proteins, stumpy formation signaling pathway proteins, putative receptor-type
adenylate cyclase and hypothetically conserved proteins were identified as promising hits for
selected compounds in the parasites, thereby shedding light on the antitrypanosomal mechanisms

of resistance and action of the compounds.

5.3 RECOMMENDATIONS

It is recommended that attention be paid to natural products from plants as alternative sources of
chemotherapy for African trypanosomiasis. In the same context, attention must also be paid to the
metabolic sensitivities and stabilities of antitrypanosomals because these properties are crucial for
the determination of mechanisms of action in T. brucei. Promising compounds with such
limitations should therefore be structurally optimized in the drug discovery process before
preclinical and clinical investigations. It is also important to investigate correlations between
structure and various biological properties of antitrypanosomals. Studies into structure-potency,
structure-stability, structure-resistance and structure-toxicity correlations could inform the design
and synthesis of new drugs that may circumvent current challenges of side effects, resistance and

physico-chemical limitations. These could also help in the structural modification and activity
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optimization of lead compounds and available drugs. Moreover, it is recommended that the
elucidation of the mode of action of antitrypanosomals be pursued comprehensively via the
utilization of all available tools in genomics, transcriptomics, proteomics and computational

studies that are of relevance to drug discovery and development.
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APPENDICES

Appendix 1: Full 33C-NMR spectrum of zanthoxylamide
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Appendix 2: gHSQC NMR spectrum of zanthoxylamide
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Appendix 3: gHSQC NMR spectrum of zanthoxylamide
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Appendix 4: Expanded *H-NMR spectrum of zanthoxylamide, version 1
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Appendix 5: Expanded *H-NMR spectrum of zanthoxylamide, version 2
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Appendix 6: Expanded H-NMR spectrum of zanthoxylamide, version 3
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Appendix 7: Expanded *H-NMR spectrum of zanthoxylamide, version 4
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Appendix 8: Expanded COSY-NMR spectrum of zanthoxylamide, version 1
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Appendix 9: Expanded COSY-NMR spectrum of zanthoxylamide, version 2
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Appendix 10: Expanded COSY-NMR spectrum of zanthoxylamide, version 3
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Appendix 11: Expanded COSY-NMR spectrum of zanthoxylamide, version 4
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Appendix 12: Expanded HMBC-NMR spectrum of zanthoxylamide, version 1
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Appendix 13: Expanded HMBC-NMR spectrum of zanthoxylamide, version 2
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Appendix 14: Expanded HMBC-NMR spectrum of zanthoxylamide, version 3
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Appendix 15: Expanded HMBC-NMR spectrum of zanthoxylamide, version 4
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Appendix 16: Expanded HMBC-NMR spectrum of zanthoxylamide, version 5
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Appendix 17: Expanded HSQCTOCSY-NMR spectrum of zanthoxylamide
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Appendix 18: HSQCTOCSY-NMR spectrum of zanthoxylamide

) H_ [ ,‘&'.'\ , _M ~ “ e

C3-DIL-B-HSQCTOCSY 116
117

118

— “ - @ 119
G-g 120
121

1122 §
| a

F-h ‘123 =

| F-i ) B
= .. 0 124
125
126

r127

r128

A 129

ey ey s e g g pu—g— T Yep—p—— Y p—— T e —————————

81 79 77 75 73 71 69 67 65 63 61 59 57

189



Appendix 19: Expanded HSQCTOCSY-NMR spectrum of zanthoxylamide, version 1
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Appendix 20: Expanded HSQCTOCSY-NMR spectrum of zanthoxylamide, version 2
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Appendix 21: Expanded HSQCTOCSY-NMR spectrum of zanthoxylamide, version 3
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Appendix 22: Expanded HSQCTOCSY-NMR spectrum of zanthoxylamide, version 4
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Appendix 23: Expanded HSQCTOCSY-NMR spectrum of zanthoxylamide, version 5
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Appendix 24: Expanded HSQCTOCSY-NMR spectrum of zanthoxylamide, version 6
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Appendix 25: Expanded HSQCTOCSY-NMR spectrum of zanthoxylamide, version 7
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26: Expanded NOESY-NMR spectrum of zanthoxylamide, version 1
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Appendix 27: Expanded NOESY-NMR spectrum of zanthoxylamide, version 2
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Appendix 28: 'H NMR spectrum of ZRFD-C4-C3
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Appendix 29: 13C NMR spectrum of ZRFD-C4-C3
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Appendix 30: *H NMR spectrum of BPFD-HC
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Appendix 31: gHSQC spectrum of BP-FD-HC
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Appendix 32: 'H NMR spectrum of BPFD-HB
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Appendix 33: Dose-response curves of Kupchan fractions
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Appendix 35: Effects of Kupchan fractions on induction of cell death in T. brucei
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Appendix 36: Effects of compounds on cell cycle of T. brucei
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Appendix 37: Protein sequence: Th927.4.2100, hypothetical

MTVIHLFLYVKMYFVALCFPMQLDVVITQDFCCCGITPIGAVFLVRLDTIDFAVTLPFLSE
YGAAYVDIVGRTGDCRRENGVVGASAAEYLNGAHHVDSVVYVGNVRTLWMRYRSAT
QTFELSCLLSSPTKIASYLLGKAWNCTASQKEKGRY
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Appendix 38: Protein sequence: Th927.3.1490, leucine-rich repeat protein, putative

MATQLNSDTVTDSFPKSGEQQSRSDSGLGERMNAARNKGWKELDISYFKEVEDVGNLC
EVAGLFLEDLNFSWCTNIRTTGLEKICTVECFPSLQRLYLNGTGTNDRCIDKLSRGNLRV
LECGYCRNITDVRPLERNETLEVLSLRGCQNIVHGLEDVCGRWLINLRELYLSDMVAVT
DACIEAIGNSKKSLVRLECENCERITNVSALGNVKTLKVLLLNHSKNIAEGVSNIFEISEL

QDLGFRGFAKITQVNLMPWQRCASLTTLDLSGCKKVTNLNLGGECRKLVCLKLSECPQ

LREVDITGCESLTALNISGRWHLKVVKLNGCKELKSIDLSVCPHLEDVYGVCDCKNLEIF
NLCFCSRLTKLELVELEKLKMLNLCGCKDLEDIGSPSRWGKNLVELNVSMCRKLNYMD
LSGRVKLEKLNLSQCDSLVEVNLSGCQNLSSLLDLSNSRELEILNLCNCGELPALNVDGC
VNLQILILSGCRSLSTMKLSECNNLRETDFSGCAKLSAIKLSSRRGIKLVKLDGCIDLMSL
DLSECVSLKDLIGVSGCTQLKSLNLSGCSRLADVAALKDLKGLVRLNLSRLVEVVDLSM
LTGHEDLEELNLSQCNALADISGLKGECSTKLISLNVSWCRSLSAICVLSECCRNLTTLDI
SGCWNLDDMSVLGSLKSLSVLNLSWCSQLTDINMLAGLNCLAVLNLSWCNQLVDASV

VSELESIAILNLSYCCELARLNLSGCIKLKCLDICGCVSLKHLTGLRKCTNLESLFACGYR
DAAEDVRDEFLNIPCSATLHIDESTDREVIQELMGWGVRVKTI
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Appendix 39: Protein sequence: Th927.4.3880, receptor-type adenylate cyclase GRESAG 4,
putative

MIYHSETDGPHTPAASKSAGSAVWHCRLSTVMALLLFSNVLPAHSEGNIKVKVY SFLSL
QRLPLRLTEAINAGLNASFAARQWTVAPNVTVQVVPPPPNNVSFMETLHDTINQNKGKF
IHHIGPMGDVETLHALPLLEREDLVAFAPITGSDSVRGWNPNIYFIRASPTAELIALVRYAV
SQLRLLRIGFMYLQDISFGDREHEHAVELFSHMGRELCGVFTVKSSMEAFADDRAFEAA
WEAFAKTRPQGVILFAPPAARDTVKFITKMVADKRTRDAYVLAPSALEFVVEVTWRFA
LAAAGKQLKPGQVILTGTNPLAADIRYQAIRRFQDHMRSYLSANPGVTVFNGTDNFHH
DDVDGELMVYGWIAGEVLSQALSSREWLTSRKAFMESLYNQRRYVIDDLVIGDFGGDC
KGGAGERGAACNCNQGGSVVYVKQFAENYKLLPAKNPVKVIQHGMCDADGIILYAPL
NGLFILSNESHRKKKINREIHKSASATNRNADMTQFHRLFFHSMASSSAESARTLQHQLD
TRSVTAVFGVVDDAMLSIAEVAFVDPVMLTPRLHHRGKNVIQLSPTLEQQLFVVVGYV
TNTSASAPMSAIVRGADATIHIEVALRKIVWMHGGTLQTVAVLDDNATLVGRLPNRGNA
FVIGLAPGDPSLLAAHLDRNPDVRVLIPFFDVALMYDELVSAFNGNPNAERVQFATSLP
HWADANTSSEIVREFHTALPDSSAWKPLPLLGYAAARFAQAVLPRMEYVTPKTLLDTIY
MQSIITADEMRYGPFEEEEEKECFTANDPVPEQGEVCVVNYGATRISMWSLARALNASV
PPLTSPVTPLIRYADPNAIKLSSAQLAGVIVGSLVALALFAAPLVVVLYVLRRGARDNDS
APKEPVEPVTLIFTDIESSTAQWAAHPELMPDAVSTHHRLIRSLIVQYGCYEVKTVGDSF
MIACKKPFAAAQLASDLQRCFLRHEWGTTAFDDSYREFERQRADDDNEYKAPSARLDP
EVYRQLWNGLRVRVGVHTGLCDIRHDEVTKGYDYYGRTSNMAARTESVANGGQVLLT
RAAYLSLSNSERGQLDVTALGSMSLRGVPEPVEMYQLNAVVGRSFAALRLDHEAGEDG
DLSSTSFSDTGSLRGSINASAQKFSISIKAVFGAFAPAHQQQLLMPLCERWQVSLPPSSKA
TWNEEYCEGVIRRIAVKVGRVADHCAASGSEHSVSTLGSASLIIISNHGLERELHGN
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Appendix 40: Protein sequence: Th927.11.9770, hypothetical, conserved

MAIARTTVTTVLDGLYFADRAVKMTHAAHRGCSFVCTPALLACTCPGTSVAVRLTPLS
TGRPPLARMELLGQCAVSLFRAQRLAFHCAGEEGRAQMHELTLKRGDVIAVLGGCELD
RDWGSVERTLKSVAHADLEYMAEEMLLELGRGTRRTGGGNGEVVSNSTCVMTVVQD
RPSGLLPQPPSCLG
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Appendix 41: Protein sequence: Th927.11.1640, stumpy formation signaling pathway,
putative

MSGQRNSLRDAPVEAVSRRPRTNDIVDNNQGEREVLYVKAPLTFTDPTPRVLPQSGYNQ
QYQSPPRVQRRRRGGGTKTLYVRTDDSESEKEGSSDGRNGMRQLVTAAEQPEGDSDVG
EEEDSSSFMGKLAACGDAFLRVANSIPGTVFGVCQKWHVTGILIFLFFFLCFMFFLMLSA
KQAQYAAKVIEHDNRQSLLFTASLVDQHLMAANEARKLMGSDSQRSAAALKEAKLHV
EELAELCDGSIKQLHSRILYPGPVEDIKFLLEEHVAYEANLVRLIKEEVEWFERHVHDHK
KVTTGPQTGVGNASSKKKERTPKHRQGQKFTLTKTGFYLGAGDGPEANSKDLLPFFRV
FLGGLLGNRVIVAVALLALVVLYRRLS
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