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Abstract

African trypanosomiasis and leishmaniasis are @hbgegyarasites which belong to the genera
TrypanosomandLeishmaniarespectively. These diseases affect a large nuailpeople in
many parts of the world, and could be fatal if piatperly treated. These diseases are also animal
infective, where they also cause weight loss agdifstant number of deaths in domestic and
wild animals, posing a restraint on agriculturalpaus and economic prosperity, especially in
resource poor communities. While these diseasedsectiaated with the available chemotherapy,
this is faced with many challenges, including dregjstance, toxicity, high treatment cost and
lack of guaranteed supply. Hence, there is a r@atefv treatment approaches. Here, we aim to
examine than vitro efficacy of purified natural compounds, and synthetitochondrion-
targeting lipocations against these parasitesyabsir toxicity to human cells vitro, and

investigate the mode of their antiparasite acesiti

Natural products such as plant secondary metabaléreve as potent defence chemicals with an
intrinsic multifunctional mode-of-action on plamathogens, justifying their folkloric use as
medicinal herbs, and their remarkable contributimndrug discovery. Consequently, we here
report the results of the vitro screening of extracts from seven selected medigiaat species
(Centrosema pubescend/oringa oleifera Tridax procumbens Polyalthia longifolig
Newbouldia laevis, Eucalyptus maculagadJathropha tanjorensjsused traditionally to treat
various parasitic infections in North central regiaf Nigeria, the isolation of their bioactive

principles, and their mode of action

The selected plants were extracted with hexang| atlietate and methanol. Active principles
were isolated by bioassay-led fractionation, testom trypanocidal activity, and identified using
NMR and mass spectrometry. &@alues for their activity against wild-type and Ithdrug
resistanfTrypanosoma brucevere obtained using the viability indicator dysazurin.

The result shows that crude extracts and isolatBdeacompounds frorRolyalthia longifolia
and Eucalyptus maculatan particular, display promising activity agairmtug-sensitive and
multi-drug resistantrypanosoma bruceirhe EGq value of a clerodane (&éydroxy-cleroda-
3,13(14)-Z-dien-15,16-olide, HDK20) isolated frdPolyalthia longifoliawas as low as 0.38
pa/mL, while a triterpenoid (8133-dihydroxy-urs-11-en-28-oic acid, HDK40) isolatedrh
Eucalyptus maculatalisplayed an Ef of 1.58 pg/mL. None of the isolated compounds
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displayed toxicity towards Human Embryonic Kidnejl€at concentrations up to 400 pg/mL. In
addition, the isolated compounds were also actganatLeishmania mexicanas well as

againsftl. congolense

We further exploited various biochemical approadbagveal the mode-of-action of HDK-20
and HDK-40 on Wild-Typdrypanosoma brucdrypomastigotes. Growth curves Bf brucei
s427 wild-type grown in the continuous presendd@K20 or HDK40 at concentratiorsECsg
showed the compounds were trypanocidal, and tlifgicte were irreversible after a limited
exposure time of 1 hour. Fluorescence microscagsessment of DNA configuration revealed
cell cycle defects after 8 hours of incubation veitner compound: DNA synthesis could not be
initiated, leading to a dramatic increase in ceith 1 nucleus and 1 kinetoplast (1N1K). DNA
fragmentation became evident after 10 hours ofaation with compound HDK-20, visualised
by flow cytometry and Terminal deoxynucleotidyl rishkerase dUTP Nick-End Labelling
(TUNEL) assay. HDK-20 and HDK-40 also induced & fasd profound depolarisation of the
parasites’ mitochondrial membrane potential afteodr of incubation and this continued until a
near complete depolarization was achieved aftendiizs. Intracellular ATP levels of the
bruceiwere also measured and were found to be deplgt@odroximately 50% in treated cells.
However untargeted metabolomic assessmeniks lmfuceicells did not reveal the targeting of

any specific metabolic pathway.

Considering that lipophilic cations (LCs) can dg#uacross biological membranes (and also cross
the blood-brain barrier) to achieve therapeuticedom tissues, we investigated a chemical
strategy to boost the trypanocidal activity of #jAydroxybenzoate (2,4-DHB)- and
salicylhnydroxamate (SHAM)-based trypanocides wihhtenylphosphonium and quinolinium
LCs. The synthesized LC conjugates were activeerstibmicromolar to low nanomolar range
against wild-type and multi-drug resistant straihAfrican trypanosomed( brucei bruceand

T. congolense This represents an improvement in trypanocidétipcy of at least 200-fold, and
up to >10,000-fold, compared with the non-LC codpdarent compounds 2,4-DHB and SHAM
respectively. Selectivity over human cells rang®anf >500 to >23,000. Mechanistic studies
showed that the LC based inhibitors tested didimubit the cell cycle but affected parasite
respiration in a dose-dependent manner. Mitochahfimctions were also studied for selected

compounds, and we discovered that the compoundsldaiioit mitochondrial function after 1
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hour, and ATP generation was markedly reduced;estgy that the trypanosome alternative
oxidase (TAO) is the likely target of the two ser@d LC based inhibitors.

In order to carry out direct inhibition of TAO bwpsynthesized inhibitors, we expressed and
purified the physiological form of TAO that doestnoclude its N-terminal 25 amino acid
mitochondrial targeting sequen@a\{TS rTAO), and this was expressed in a haem defiée
coli (FN102). This physiologically relevant rTAO enzymas used to characterize the inhibitory
efficacy of 32 cationic and non-cationic compouadd develop structure-activity relationships
with these series of 2,4-DHB and SHAM derivativEfmetics of binding toAMTS rTAO
determined by Lineweaver—Burk plot analysis, andfé&®e Plasmon Resonance (SPR)
experiments indicated a non-competitive inhibit@milar to the parent compounds. The
inhibitors, which showed nanomolarsfQralues againsAMTS rTAO in the same range as
ascofuranone (I = 2 nM) for the most potent compounds, also digglan vitro efficacy
against wild type and resistant straind obruceiandT. congolenseThe cationic compounds
were extremely potent trypanocides withsg@lues similar or lower than the reference drugs
pentamidine and diminazene. Selectivity over huosdis was >8 (for non-cationic compounds)
and between >900 and 344,000 for the cationic deves. As a whole, the data are consistent

with TAO being the primary target of these inhilgtan the parasite cell.

Overall, we isolated several promising trypanocatashpounds from Nigerian medicinal plants;
these showed low toxicity, no cross-resistance witirent treatments, and were efficacious
against kinetoplastid parasites includingnexicanaand both human-infective and veterinary
Trypanosomapecies. Both compounds showed a parasite-spauifitt-target mechanism of

action, which provides a biochemical explanation tfeeir promising broad spectrum anti-
parasite activity. We also conclude that effecthnitochondrial targeting greatly potentiates the
activity of TAO inhibitors. Hence, further struceuactivity relationship analysis is required to
optimise these natural and synthetic lead compquvigige in vivoassays are ongoing to confirm

their anti-trypanosome and anti-leishmania effieaci
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Chapter 1: Introduction

1.1 Trypanosomes and trypanosomiasis

Trypanosomatids, includingrypanosomaand Leishmaniaspecies are uniflagellated protists.
Together with the biflagellated bodonids, trypamoss are categorized as kinetoplastids, which
are characterized by the presence of a single hotadrion possessing a large amount of DNA
(KkDNA) in a distinct organelle, known as the kirgtst.

Trypanosomes are unicellular flagellated paraspiotozoa which belong to the Genus
Trypanosomaof the Trypanosomatidae Class, and of the Praeté&dogdom. There are many
trypanosomes species and subspecies already dabsaribterature.

Some species of trypanosomes infect a diversitiyffgrent vertebrates, including humans. Most
of these species are transmitted by insect vecioch as the tsetse fly - which transmits
Trypanosoma brucgiambiensandT. b. rhodesienseausing Human African Trypanosomiasis
(HAT), as well as other species includifgb. brucei T. congolensandT. vivax which cause
African Animal trypanosomiasis (AAT). However, otii@ypanosomapecies have alternative
modes of transmission. For example, through thestaef an infected triatomine bug, commonly
known as 'kissing bugs', among several names, deygeon the geographical area, in which case
it is called Chagas disease, also known as Ametigpanosomiasis. This is a life-threatening
disease caused Ayypanosoma cruzvhich is endemic in 21 countries in the Ameridaar{eto-
de-Albuquerquet al, 2015). Somé@rypanosomapecies such a8gypanosoma equiperduane
transmitted by direct contact of the host withplaghogen itself, e.without an intermediate host
or vector. However, the majority ofrypanosomaspecies are spread by blood-feeding
invertebrates serving as intermediate hosts, rethre differences in pathology among the
various species. They are generally found in theé-guit of an invertebrate host, but usually

occupy the bloodstream when they invade the mamamalost.

The namdrypanosomas derived from two Greek worttypano(borer) andoma(body) due to

their corkscrew-like movement (Gerasimos and K2dit4). Except foll. equiperdumand the

insect parasites such as all species of Crithials¢t-to-insect transmission), all other pathogeni

trypanosomatids are heteroxenous (they need maneotie obligatory host to complete their life

cycle) or are transmitted by animal vectdng/panosomare a group of single-celled flagellates
2



that are transmitted by insects (Sternberg, 2004) they parasitize vertebrates. A basic
distinction between parasites with different lozations of their development inside the insect
vector, and the mode of transmission, necessitasedbdivision of the genldsypanosomanto

two sectionsSalivariaandStercoraria Salivarian trypanosomatids includimgbruceispp.,T.
congolenseandT. vivaxcomplete their life-cycle in the salivary glandstioe insect and are
transmitted to the host through saliva followingjte of an infected insecI. cruzi on the other
hand, belongs to tHetercorariasince their development occurs inside the hindfjthe vector
(triatomine bug) and transmission to the host isugh faeces (Edmundo, 2002). In addition,
transmission of bothlrypanosomatypes can also occur via blood transfusion, use of
contaminated needles or via the congenital rouderéBet al., 2003). In addition, although most
Trypanosomaparasites reside in the blood and tissue fluidgshefr hosts,T. cruzi lives
intracellular following entry into their host. Thieypanosomiases’ therefore are made up of a
group of important animal and human vector-borneagftc diseases, specifically American

(Chagas’ diseas@, cruz) and African (sleeping sicknesk, bruce) trypanosomiasis.

Several Trypanosomaspecies and subspecies are of economic importancéne African
continent where they cause the human and animaisf@f the disease, HAT and AAT (or
nagana) respectively, in which case are a hindiarfueman welfare, both affecting cattle rearing

and agricultural development in several resour@@ pommunities in Africa.

Two subspecies ofrypanosoma brucenfect humans, with each causing slightly différen
pathologies but whichever case, it is called HAlypanosoma brucei gambienisefound in
central and western Africa where it causes a xkabtichronic form of the disease which may
develop over a number of yeafsypanosoma brucei rhodesiense the other hand is found in
southern and east Africa where it causes an dtngss which could lead to death within weeks
or months. These two forms of sleeping sicknesasually fatal if left untreated (Rodené&bal,
2015; Alkhaldiet al, 2016), although there are emerging, sporadiortepof long-term

asymptomatic cases (Jamonneéaal, 2012).

1.1.1 Morphology and life cycle of Trypanosoma brucei

Trypanosoma bruces a distinctive unicellular eukaryotic organisreasuring between 8 and 50

um in length.T. bruceihas an elongated body with a streamlined and wargoshape. The cell
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organelles including mitochondria, nucleus, endeapia reticulum, Golgi apparatus
and ribosomes are all enclosed by the plasma memléigure 1.1). It also possesses a
distinctive organelle called the kinetoplast, mageof many DNA molecules (mitochondrial
DNA) which functions as a single large mitochondritn T. brucej the kinetoplast is situated
close to (and attached to) the basal body by whislndistinguishable under the microscope. A
single flagellum running towards the anterior enthaates from the basal body. The flagellum is
anchored to the parasites’ cell membrane alorigpily surface by an undulating membrane. At
the anterior end, only the tip of the flagellunfree (Gerasimos and Kent, 2014). There is also a
thick coat of variant surface glycoprotein (VSG)iglife 1.1) at the cell surface of the
bloodstream form (BSF); an equal dense coat ofyptims replaces this VSG whén brucei

differentiates into the procyclic stage in the nutlgf the tsetse fly (Ferrante and Allison, 1989).

VSG is known to be involved in several mechanismslved in evading the immune response
system of the host which includes preventing complat activation (Sternberg, 2004) as well as
the decrease in antibody titres against VSG, wisibelieved to take place by the endocytosis of
antibody-VSG complexes, which is subsequently edld by proteolysis of antibody followed by
the recycling of VSG back to the surface of theapde (Engstleet al, 2007). VSG is an
immunodominant antigen, and is capable of stimugatboth the T-cell-dependent and -

independent B-cell responses, which depends a@oitrmation (Mansfield, 1994).
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Figure 1.1 Schematic diagram of Trypanosoma brucei in its intermediate bloodstream form,
showing the major organelles. The arrow in the figure shows the direction of parasite movement.

Adapted from: http://agsavet.blogspot.co.uk/2011/12/trypanosomiasis.html

Trypanosomatids display more than a few differtages of cellular organisation. Among others,
T. bruceiadopt the following two major forms at variousg&s of their life cycle:

The epimastigote is the main insect stagé. dfruceiand it is found in the salivary glands of the
tsetse fly (vector) (Figure 1.2). Lying anteriortke nucleus at this stage is the kinetoplast and
basal body, a long flagellum is also attached althvegparasite’s cell body. The flagellum
originates from the centre of the parasite’s cetlyp(Stuaret al, 2008).

The form present in the mammalian hosts is callgdomastigote. The basal body and

kinetoplast at this stage are posterior of theeusl

The name flagellum is derived from the Greek waondstig’ which meaning whip, this refers to
the parasite’s whip-like motion of the flagellumti{&rt et al, 2008). There are two unique
structures on the flagellum of trypanosomes, adiste flagellar axoneme located parallel to the
paraflagellar rod, and a lattice structure of pgratevhich is exclusive to the kinetoplastida,

dinoflagellates, and euglenoids (Gerasimos and,Ki4).



Also extending from the basal body of the kinetepisa cytoskeletal structure. The flagellum is
attached to the cytoskeleton of the trypanosomaeis reell body by four specific microtubules

that run parallel to the flagellar tubulin in thense direction.

Trypanosomes flagellar functions as an attachneenie fly gut in the procyclic phase and
locomotion by oscillations along its attached flage and cell body. There are additional
functions, specifically in cell division and drign the very fast rate of VSG

endocytosis/turnover/recycling (Gerasimos and K2dit4).

Tsetse fly stages Human stages
Teatse (ly lakes
a blood meal

Epimastigotes multiphy {injects metacydlic : :

in salivary gland. They trypomastigotes) Injected metacyclic
fransform into metacyclic trypomastigotes transform
Irypomastigotes, ﬁ % - - a i blocdstream

e ﬁﬁ . trypomastigates, which
A

arg camred o other sites.

e

L

6 o< N

Trypomastigoles multiply by
binary fission in various
body flukds, e.g., bood,
Iymnph, and spinal fukd,

Procychic trypomastigotes
leave the midgut and transiorm
inlo epimastigolas,

Teetse fly takes
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: (bloodstream
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Bloodstream 1wpnma51igoms¥ Iy

, f N A

transform into procychic /\ )
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& = Diagnostic stage

Figure 1.2 Life cycle of Trypanosoma brucei. Image credit: Centres for Disease Control Public Health

Image Library.

In the life cycle ofT. brucei(Fig. 1.2), an infected tsetse fly of the ger@lsssinainjects
metacyclic trypomastigotes into the skin tissua mlammalian host during a blood meal from the
mammalian host. The parasites gain asses to thghtic system and then pass into the host’'s
bloodstream. They transform into bloodstream tryastigotes when inside the host, they are
transported to other sites throughout the bodytlaeygireach other body fluids (e.g., lymph, and
spinal fluid) then continue the cell division byhry fission. The entire duration of the life cycle

of African Trypanosomes is characterized by exthales stages. The tsetse fly becomes infested
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with the bloodstream trypomastigotes once takibpad meal on an infected mammalian host.
The parasites change into procyclic trypomastigotése fly’s midgut, where it then multiplies
by binary fission, it leaves the insect’s midgut aransforms into epimastigotes. When the
epimastigotes reaches the insect’s salivary glanhcisntinues its division via binary fission. The
cycle in the fly normally takes about 3 weeks. Aligh humans are the primary reservoifidb.
gambiensgthis species can also be found in animals. Wilthals are the key reservoir df b.

rhodesiense

1.1.2 Human African Trypanosomiasis (HAT): The disase, pathology and clinical

manifestation.

Human African trypanosomiasis (HAT) is also knoverséeeping sickness, and it is a parasitic
disease spread by the bite of an infected 'Glossisect, known as tsetse fly. HAT commonly
comes in two forms: West African and East AfricBoth forms are caused by a protozoan
parasite belonging to the genuypanosomaHAT has resurfaced over the past few decades as a
key threat to human health and wellbeing in manstspaf Africa. Trypanosoma brucei
gambiensés a subspecies of trypanosomes that is identé#gethe causative agent of sleeping
sickness in West Africa whil&rypanosoma brucei rhodesieniseknown to be the cause of
sleeping sickness in East Africa (Williams, 1998)ere are distinctive differences between the
clinical features and biology at. b. rhodesiensandT. b. gambiensdiseases, which perhaps is

due to an increased adaptationmob.gambiensgarasite to humans (Kennedy, 2004).

The discovery of HAT was made in 1910 followingeslier discovery of AAT in 1894. Since
these discoveries, several peaks of epidemics tnaeevhelmed the African continent (Cox,
2004). Eventhough an obvious reduction in the peexa of HAT was noticed between 1949 and
1965, the disease resurfaced over the past fevddedeecoming one of the causes of mortality
and morbidity in humans (Kennedy, 2006). Many fexctwe responsible for this resurgence, these
include: the parasites acquiring drug resistarmmoseconomic upheavals (especially (civil) war)
which in turn lead to disruption of disease monitgiand control; inadequate financial provision
of important resources to the disease in the tifrfgeace; changes to climate and vegetation;
movements of animal reservoirs; the appearancewvd wirulent parasite strains; and changes in

host disease vulnerability (Atouguia and Kenne@®2® Kuzoe, 1993). Many of these itemised



factors may operate at the same time, and theelbeen many substantial epidemics and focal

emergences of HAT in several regions of Africahia past few years (Kennedy, 2004).

According to the World Health Organization, in 2066 million people in 36 countries were at
risk of contracting HAT, while about 500,000 peoplere reported to be infected with the
disease, and at least 70,000 new cases were re¢porteally. However, with sustained control
efforts from stakeholders, the number of new casesdrastically reduced. In 2009 the number
of reported cases nosedived below 10,000 for teetfime in 50 years, and in 2014 about 3796
cases were recorded (WHO, 2016). This significamt gotwithstanding, HAT still signifies an
impediment to the welfare of humans, affecting d@lmme-third of the total land area of Africa
(Fig. 1.3), and as long as the disease is not caelpleradicated, it is likely to resurge once

control measures are once more relaxed.

Transmission of HAT takes place via the inoculatibmetacyclic trypomastigotes, which are the
infective form of the parasite, into the skin of tiost by the bite of an infected vector, the &sets
fly. This leads to an inflammatory nodule or ulkeown as a ‘trypanosomal chancre’ which is a
local skin lesion and may occur between 1-2 dajeWiong the bite (Cecchet al, 2009). After
this time, parasites move to the draining lymphesodghere they reach the bloodstream, thereby
initiating the haemolymphatic stage of HAT (Kenng2§06). Metacyclic trypomastigotes then
change into bloodstream trypomastigotes and spceather sites right through the body; they
also invade other blood fluids and continue cefision via binary fission. The haemolymphatic
stage is characterized by fever, headache andsedlaiizoe, 1993). Most people usually realise
their infection only when stage-two symptoms be@imappear and they may not seek out
treatment until then. In more acutedesiensenfection, pulmonary oedema, pancarditis and
congestive heart failure can lead to fatalitiesneakthis early stage (Cecati al, 2009). A
distinctive sign ofjambiens infection is a widespread lymphadenopathy wheskretbps after a
number of weeks, this is usually visible aroundtéek region and it is known as Winterbottom'’s
sign (Kennedy, 2006). Parasites can be deteclgthph, blood, and other tissue samples at this
stage. However, they are more often than not b#tevdetection level, particularly in infection
with gambiens€Kuzoe, 1993); this makes detection of HAT at thdyestage very difficult.
When tsetse flies feed on the blood of an infeotachmalian host, they become infected with the
bloodstream trypomastigotes that they ingest. la thidgut of the fly, bloodstream

trypomastigotes change into procyclic trypomastagdhen start multiplying by binary fission.
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They leave the midgut of the insect, transform e@gonastigotes, and get into the salivary glands,
then divide by binary fission and change into mgthe trypomastigotes. The complete life cycle

in the tsetse fly lasts about three weeks (Sttaat, 2008).

In the early stage of HAT, during the process ghanosome proliferation parasites invade the
host’s bloodstream and lymphatic system where taexge symptoms that include headache,
fever, chills, and lymphadenopathy. At this staggjvation of the immune system becomes
evident as seen in the enlargement of the lymple ngglenomegaly, and hepatomegaly. If left
untreated, the parasites can transcend the blaod-barrier where they invade the central
nervous system (CNS) in just a few weeks. The pafieogresses to the CNS stage, where the
symptoms of this stage include serious headachegtgssive mental deterioration, insomnia,
tremors, and psychiatric manifestations. If theeds®e is still left untreated, it may end in

somnolence, seizures, coma and, eventually, d&atlartet al, 2008).

T. b. gambiense

T. b. rhodesiense

Figure 1.3. Map of Africa showing the major subspec ies of Trypanosoma brucei, the
causative agents of HAT according to geographic dis tribution. Transmission of HAT presently
take place at a low level in most of the countries in tropical Africa, at least about 50 million people
are at risk with sporadic epidemic outbreaks. The regions with humans infected with T.b.
gambiense are shown in red while the areas with T. b. rhodesiense are shown in blue.

(http://lwww.dpd.cdc.gov/).

The transmission of HAT is caused as a result feiciron with the morphologically identical
subspecie$. b. gambienspresent in West and Central Africa ahdruceirhodesiens@resent

in East and Southern Africa (fig. 1.3). More th&@9@®of all HAT reported cases are believed to



be caused bY. brucei gambieng@arrettet al, 2003; Sternberg, 2004). b. rhodesiensen the
other hand accounts for fewer than 10% of all regubicases of HAT; nevertheless, it is
responsible for the most deadly form of the dise&gerogression to the late stage of the disease
happens in a matter of weeks, often leading tohdedthin 3 months (Cecclet al, 2009;
Simarroet al, 2009).

1.1.3 Diagnosis, Treatment and control of HAT

Diagnosing HAT is commonly centred on both investig and clinical data sets. A
characteristic clinical manifestation (e.g. detattf trypanosomes in the blood), put into context
the geographical region where HAT is identifiedb® prevalent, is obviously a significant
diagnostic hint. However, the broad-spectrum nadfirarious clinical features linked to HAT
makes it difficult to diagnose the infection anstofiguish it from other tropical infections such as
typhoid, malaria, HIV, tuberculosis, toxoplasmosisishmaniasis, viral encephalitis, or
hookworm infections (Atouguia and Kennedy, 2000sp¥cific challenge is that antimalarial
treatment for fever-like symptoms can in fact regltiee fever that is caused by HAT, therefore
mystifying and delaying accurate diagnosis; indekd two infections may also occur
simultaneously. Precise diagnosis, especiallyedhéimolymphatic stage of HAT, would normally
include using stained thin and thick films to comfithe presence of trypanosomes in patients’
peripheral blood (Atouguia and Kennedy, 2000; Teual, 2002). Despite the fact that detecting
parasites in the blood is often a success in iigieatith T. rhodesiensesince parasitaemia is
permanent, it is very difficult using this methadinfection withT. gambiensewhere a few
parasites are observed in the peripheral circulatiber than at times of cyclic parasitaemia.
Therefore, diagnosis @f. gambiensénfection is critically based on serologic testeesently an
antibody-detecting card agglutination trypanosomitesst (CATT) which is rapid, simple, and
easy to perform is commonly used for the seroldgi@gnosis ofT. gambiens€Truc et al,
2002).

The treatment of HAT at the moment is based onkexedrugs, which are pentamidine, suramin,
melarsoprol, eflornithine (difluoromethylornithiner DFMO), and nifurtimox. However, it
should be noted that majority of these trypanocidese developed within the first half of the
twentieth century, actually most of these drugstrikedy would not have passed the present high

safety standards (Fairlamb, 1990). Early-stage AT Hs treated with an intravenous (IV)
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injection of suramin inT. rhodesiensénfection at a dose of 4-5 mg/kg (test dose), tBén
mg/kg/day with a maximum dose of 1 g per injectiatra rate of one injection per week for five
weeks or with 4 mg/kg intramuscular injections ehfamidine once a day for seven consecutive
days in the case of. gambienseénfection (Docampo and Moreno, 2002). This treattris

effective only at this stage and prevents the dsé@m progressing.

Melarsoprol is a trivalent organic arsenical knawrhave the ability to cross the blood-brain
barrier (Atouguia and Kennedy, 2000; Legsisal, 2002), and because of that it is used for
treating late-stage disease in both forms of HAthoaigh it is presently being phased out for
gambiens@lAT. Precise treatment protocols differ signifitgibetween different places and also
depending on the parasite strain. Usually, a regiofie3-4 i.v. doses is administered on a daily
bases for a period of 3 - 4 weeks (Legrbal, 2002). Normally, patients are followed up every
months for a total of 2 years with CSF examinadiod clinical evaluation. However, this strategy
is difficult to execute as a routine practice ie field. While about 80-90% of all patients are
cured using the standard treatment protocol (At@ugod Kennedy, 2000), there is increasing
evidence of drug resistance, for instance, thénreat failure rate was put at 30% among patients
receiving treatment in Northern Uganda (Legebal, 1994; Legrot al, 2002). Nevertheless
the main challenge using melarsoprol is the serpasi-treatment reactive encephalopathy
(PTRE) which follows treatment in up to 10% of@dises, and has a fatality rate of about 50%
(Pepin and Milord, 1994). Consequently the oveillakth rate from melarsoprol treatment is

approximately 5%, which is still unacceptably high.

Eflornithine (difluoromethylornithine [DFMO]) an mbitor of ornithine decarboxylase initially
developed as an anticancer drug is used as a navaptfor treating late stage of HAT. Different
open studies showed its efficacy however, studiesnat placebo were difficult due to ethics
(Pepinet al.,1987). DFMO was at first unavailable due to somoelpction problems and high
pricing. It is now used for the treatmenfloth. gambiesin several countries where it showed its
potency and appeared safer than melarsoprol (Franeb, 2012). DFMO is also used in
combination with Nifortimox (Nifurtimox Efflornitie Combination Therapy, NECT). NECT is
currently the preferred treatment for late stggmbiense&ue to its reduced toxicity and relative

efficacy howevers; it is not used againsbdesienselisease (Francet al, 2012).
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Control of HAT would involve eliminating the vectbut this is difficult because of the large area
occupied by the tsetse fly vector. However, a cottehieffort aimed at controlling HAT like the
one which led to the recent decline in HAT incidendall require an increased public health
awareness strategy that will significantly reduargd eventually eliminate the human-tsetse fly
contact by spraying insecticides, using sophistdly traps in the infected areas, and using
molecular genetics strategies like the exchangerubfierable insect phenotypes with an
engineered refractory ones to reduce transmissiodAd (Aksoy, 2003). Additionally, a
combination of political will and stability, andsggnificant increase in funding will be needed to
improve infrastructure, a better surveillance sggtand screening humans and domestic animals
in areas at risk of HAT infection. Also, a moreeefiive treatment regimen is required for treating

human disease and of animal reservoirs.

1.1.4  African Animal Trypanosomiasis (AAT)

African animal trypanosomiasis (AAT) is a parasitisease caused by trypanosomes, and results
primarily in anaemia and severe weight loss, wiheelts to great economic losses in livestock
and reduced agricultural output. In most casesfital if left untreated (Acha, 2013). AAT is
commonly found mostly in those areas of Africa vehigs vector, the tsetse fly, is present. One
organism,Trypanosoma vivaxs reported to have established itself in Soutiefica, and it is
spread by biting flies that act as mechanical vsc®atisteet al, 2009; Davila and Silva, 2009).
Protecting livestock from trypanosomiasis is veaydhto achieve in the endemic regions, as bites
from the primary vector, the tsetse flies as welbtner insects would have to be prevented, or the

transmission cycle broken by successfully treagwery infected animal.

About 50 million heads of cattle are being threatehby African animal trypanosomiasis (AAT)
per year, resulting in about 3 million deaths a yéaha, 2013); this has a serious impact on the
production of cattle in sub-Saharan Africa. AAkiewn to be caused by a variety of species:

b. bruceli, T. congolense, T. evaraidT. vivax,cause “nagana” in cattle while equiperdunis
known to causes “dura” in horses (Rageal., 2001; Picozzet al, 2008). Numerous classical
parasitological and molecular approaches have Ilpegnto use in order to characterize
representative strains ©f evansiandT. equiperdunand these have in fact shown to be definite
petite mutants of. brucei Interestingly, these trypanosomes have losakihétoplastidy, Ak) or

part (dyskinetoplastidy, DKk) of their kinetoplasiNB (KDNA); consequently, they were
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considered as two subspeci&s,brucei evansiandT. brucei equiperdunnespectively, that

recently arose spontaneously (Gibsbml, 2001; Laiet al., 2008).

T. congolensean be grouped into three types, which are c#liedilifi, savannah, and the forest
types. Othefrypanosoma&pecies such ds godfreyandT. simiaecan also cause AAT (Asbeck
et al, 2004). There are some trypanosome infectioAdrina that are not known to be classified
as any of the currently recognized species (Hamétal, 2008). Co-infections can take place

with more than one species of trypanosome.

All domestic animals can be infected with trypamoss; the disease has been reported in goats,
cattle, sheep, camels, cats, pigs, dogs, watealbufiorses, donkeys, alpacas, llamas and other
animal species (Doket al, 1997; Gowet al, 2007; Dietmar, 2008). In most parts of Africa
where the disease exist, cattle are the majorep&aown to be affected. This is likely to be due
to the feeding preference of tsetse flies; in ¢ffeecause of the size differentials in grazing
animals, cattle can ‘shield’ other domestic aninh&is sheep, pigs and goats from the tsetse fly
bites. In addition, over 30 species in the wildgame reserves or in zoos, including ruminants
like the antelopes and African buffalos, whitedditleer, duikers, lions, leopards, as well as wild
equidae, warthogs, elephants, capybaras, nonhunmaatps and a range of rodents’ species are
also known to be at risk of AAT (Brown, 2008; Gusat al, 2015). The DNA of. vivaxhas
been observed by PCR in monitor lizardar@anus ornatusand crocodiles in Africa, but it is not
clear at the moment whethErvivaxcan become established in reptiles or it is sirmugulated
momentarily by insects (Desquesnes and Dia 200#gkbdlja et al, 2004). Experimental
infections have been reported in laboratory aninikés rats, mice, rabbits, and guinea pigs
(Albright and Albright, 1981). The preferencesdmuitable host by each species of trypanosome
differ, but T. congolense, T. b. bru¢ceand T. vivax have a broad range of hosts among
domesticated animals (Davila and Silva, 2009). ©hdu suisandT. godfreyinfections occur in
pigs however,T. simiaeappears to be dominant in pigs’ infection (Njiokeual, 2004),
nevertheless, it has also been reported in camceite, and horses by PCR (Pinchbetlal,
2008; Salimet al, 2011).

The major clinical symptoms of AAT are weight lossiaemia, an intermittent fever, and
lymphadenopathy. Animals become increasingly enedililk yield decreased in dairy animals

(Dietmar, 2008). In addition, neurological symptord&arrhoea, dependent oedema, cardiac

13



lesions, appetite loss, keratitis, lacrimation, atiger clinical symptoms have also been reported
(Njiokouaet al., 2004). Also, there is an established effecepmoduction like premature births,
perinatal losses, abortions and testicular danmaggale animals. Deaths are also very common in
animals that are chronically infected, and aninttzds are said to have clinically recovered may
relapse when they are stressed (Sekoni, 1994)amogomes can also cause immunosuppression
in animals, and coexisting infections may increthgeseverity of this disease (Thundtial,
2014; Olifiers, 2015). Also reported among Africaattle infected withT. vivaxis acute
hemorrhagic syndrome (Desquesnes and Dia, 2004k bften than not, affected animals will
have enlarged lymph nodes coupled with signs otrgeanaemia, and they will develop
widespread mucosal and visceral haemorrhages, ynaitiie gastrointestinal tract (GIT). This

syndrome can be rapidly fatal (Gutieregzal, 2006; Magonat al, 2008; Olifiers, 2015).

Morbidity and mortality is known to vary with tha@ianal breed, the strain and the inoculating
dose from the infecting organisms (Jones and D&0A1). It has been reported that some breeds
of small ruminants and African cattle on the baditheir genetics are resistant to developing
clinical trypanosomiasis; this phenomenon is knag/irypanotolerance (Dietmar, 2008; llboudo
et al, 2014 Yarcet al, 2016). Known trypanotolerant breeds of cattl&inca include West
African Shorthorn (also known as Muturu, Lagunajluae, Baoule, Samba/ Somba or Dahomey
cattle, Namchi) and the N'Dama breed of cattle {v&tral, 2016).

1.1.5 Chemotherapy of African trypanosomiasis

HAT is particularly problematic to treat due to tbheacceptable toxicity and the intricate
administration of the chemotherapies presentlylalvks for treatment. Besides, resistance to
current drugs by trypanosomes is another threatémotherapy.

A few drugs are at the moment registered for udeeimting HAT: pentamidine, melarsoprol,
suramin, eflornithine, and nifurtimox eflornithisembination therapy (NECT). NECT is really
the current recommended treatment for late staeghmbiens¢lAT. However, none of these
drugs are absolutely safe as all of them haveinattagree of toxicity. Pentamidine and suramin
are used in the first or early stagelob. gambiensandT. b. rhodesiensi@fections respectively.
Meanwhile three key drugs are used to treat AAMidazene aceturate (DA), homidium salts

(chloride or bromide), and isometamidium chloriti&\).
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1.1.5.1 Pentamidine

Pentamidine (PMD) is an aromatic diamidine thabisible in water, and was introduced in 1937.
It is the first choice of drug for treating earlgge of HAT caused by. b. gambiense
Pentamidine (Fig. 1.4) is reasonably well toleratieid administered by intramuscular injection
(i/m), with the most frequently reported adverserdgs been site pain, transient swelling,
abdominal pain, gastrointestinal complications, aggdoglycaemia. The use of PMD may,
nevertheless, be circumscribed owing to pancreatienal function in immune deficient patients,
cardiac dysrhythmias and hypotension, acute de&tlom of bone marrow, or induction of
abortion when used in pregnancy (Steverding, 2010).

Several researches have concentrated on the maidtiaf of PMD; however, none seems to
convincingly define the target (Soeieb al, 2008). PMD, being an aromatic diamidine, is a
compound that belongs to a class of the DNA mimooge binders. It is thought that formation
of complexes between diamidines and DNA may pretranscription, and/or may act through

inhibition of DNA-dependent protein complexes.

1.1.5.2 Melarsoprol

Melarsoprol is used for treating HAT, and is arrextely toxic compound that contains arsenic
and displays very strong reactivity with thiols (@dFakim, 2006).

Melarsoprol (Fig. 1.4) was formulated in 1949 fog treatment of HAT. Up until 1990, the only
chemotherapy existing for treating the late stafjath west and east African HAT was
melarsoprol. To the current date, it remains tHg cmemotherapy that is effective (and licensed)
for treating second-stage of HAT causedlby. rhodesiensélowever, toxicity remains a key
issue with the use of melarsoprol. The most imprsade effects is the encephalopathic
syndrome which take place in about 8.0%Tob. rhodesiensand 4.7% ofT. b. gambiense
patients, with an unacceptable high fatality r&eyerding, 2010). Exfoliative dermatitis and
cardiotoxicity are the other side effects thatsggous and, in the latter case, potentially life-
threatening. Treatment regimens are usually lodgnathnormally need hospitalisation. Besides,
melarsoprol-resistant trypanosomes are well regdrtam a growing list of countries. In more
than a few areas, treatment failures reached 30%eéarted patients (Steverding, 2010).
Though the mode of action of melarsoprol has besnpcehensively studied, it still remains

vague. Melarsoprol is unstable in plasma of padiant is quickly metabolised to melarsen oxide
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(Keiser and Burri, 2000). It has been suggestetktivalent arsenicals like melarsoprol have a
greater affinity for sulfhydryl-containing agentgd intracellular thiol in the cell, plus

dihydrolipoate and the closely neighbouring cystesidues of several proteins. For instance
trypanothione has been shown to form a stable aadtitthe aromatic arsenical drug melarsen

oxide [p-(4,6-diamino-s-triazinyl-2-yl) aminopheraisenoxide] (Fairlamét al, 1989).

1.1.5.3 Suramin

Suramin is a sulphonated naphthylamine (Fig. hdf)was developed in 1916, and it is used for
treating the early-stage of HAT causedThyb. rhodesiensdt causes certain unwanted side
effects especially allergic reactions and urineagttdiseases. There are several hypotheses that
have been put forward for surarifsrmechanism of action, but none of these have pexm@n
(Zoltneret al, 2016).

It has been shown that suramin inhibits the glyttolenzymes, including 6-phosphogluconate
dehydrogenase, which is an enzyme present in theogephosphate pathway, as well as
dihydrofolate reductase and thymidine kinase (Keiad Burri, 2000). However, suramin has six
negative charges which it uses for binding vialanteostatic interaction with positively charged
areas of several enzymes; therefore suramin mayitditrypanocidal action via several targets.

Thus, the pertinent question is how it selectiviters trypanosomes rather than host cells.

1.1.5.4 Eflornithine

Eflornithine, also called-difluoromethylornithine, DFMO, (Fig. 1.4) was apped for use in
1990; it still remains one of the newest drugs dsetreating HAT. Although it was originally
developed for use as an anticancer drug, it wasdizcovered to be active against the late-stage
of HAT caused by. b. gambiensgarticularly in patients that were not respondmtgeatment
with melarsoprol. Eflornithine is an irreversibidibitor of the enzyme ornithine decarboxylase
(ODC) - the initial enzyme in the biosynthetic pa#ty of polyamine (Oredssatal, 1980). The
result of ODC inhibition is the reduction in thenflyesis of the polyamines spermidine and
putrescine; because of that it results in the ddse distinctive and very important antioxidant
metabolite trypanothione. These metabolic changegept parasite cell division and the drug
treatment therefore must rely on an active immuystéesn to eliminate the cell-cycle arrested

forms from the host’'s system (Steverding, 2010).
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A major shortcoming of eflornithine use is the it nature of the regimen. For instance,
because of the short half-life of the drug in plasinis necessary to administer four i.v. infusion
per day, lasting for two weeks. The most commoa sitect is bone marrow suppression which

leads to leucopenia, anaemia, thrombocytopenisrggaiestinal symptoms.

1.1.5.5 Nifurtimox-eflornithine combination therapy (NECT)

Nifurtimox-eflornithine combination therapy (NECWas recently (2009) approved for use in
treating late-stage HAT causedyb. gambiensdNECT comprises of a basic co-administration
of intravenous eflornithine and oral nifurtimox (iYat al 2010).

Nifurtimox is a derivative of nitrofuran that wasriulated in the 1960s. Its anti-trypanosomal
activity was experimentally reported and ever sih®é7 it has been put to use for treating
trypanosomiasis (Chagadisease) caused byypanosoma cruan Latin America. NECT is now
the present day treatment for late-stage of HATt(@oet al, 2016). This is because it is more
effective and less toxic than melarsoprol, it isieato administer and cheaper than eflornithine
monotherapy: just two injections a day are admenéxt over a 10 days period (Yetal 2010).
The biological relevance for this treatment mosthyaibly lies in the ability of eflornithine to
deplete the level of trypanothione and the capgtoli nifurtimox to produce reactive oxygen

species in trypanosomes, however, the mechanigetioh of nifurtimox is not well understood.

1.1.5.6 Diminazene aceturate

Diminazene aceturate (DA) (Figure 1.4) is strudtyien aromatic diamidine that was obtained
from the experimental drug Surfen. DA is sold asaarturate salt and is made up of two
amidinophenyl moieties joined by a triazene brigigp:diamidinodiazoaminobenzene diaceturate
tetrahydrate.

When trypanosomes take up DA, it is mainly assediatith the kinetoplast DNA (kDNA),
where it binds specifically and interacts with siteat are rich in adenine-thymine (A-T) base
pairs. DA has a significantly greater affinity tads the 5AATT-3" than it has for the’5sI TAA-

3’ regions of DNA. It has been established that D#dbito the minor groove of double stranded
DNA via hydrogen-bond and electrostatic forces€gane and Mamman, 1993). Consequently,
DA inhibits the biosynthesis of RNA primers, leaglio the build-up of replicating intermediates

and consequent prevention of KDNA replication.
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Moreover, DA has been shown to inhibit mitochonldgipe 1l topoisomerases in trypanosomes
and blocks DNA replication (Rowgt al 2010). There have been proposals for its use nmalmu
patients, but its safety and potential for crossstance with melarsoprol (with P2 transporter
being the primary uptake route) remain a serionsem and it is highly unlikely that funding for
clinical trials could be obtained, especially silbp® does not cross the blood-brain barrier, and

can not be used against late stage trypanosomiasis.

1.1.5.7 Homidium salts

Homidium is chemically 3,8-diamino-5-ethyl-6-phgpiyenanthridinium (Figure 1.4). Homidium
is commonly known by its bromide salt (ethidiumipide) or its chloride salt called Novidifm
Homidium is known to be active agaifistvivaxandT. congolensenfections in cattle. In the
field, homidium is basically used as a curativegghut a prophylactic effect, which varies from 2
to 19 weeks, has also been reported (Detat, 1990; Stevenscet al, 1995). Homidium was
extensively used in the 1960s, however, the parasiin developed resistance, which spread. In
addition, it was highly mutagenic and, consequernty/use has been significantly reduced
(Stevensorret al, 1995). The recommendation is really to discargiits use in treating animals.
This is reasonable seeing the level of precautiaken by laboratory technicians when staining
DNA with this compound (ethidium bromide). Phenaittimium drugs exert their trypanocidal
activity through the inhibition of nucleic acid gkiesis. The drugs intercalate with DNA, thereby
inhibiting DNA and RNA polymerases (Ullet al, 2010). However, other biochemical
mechanisms are involved in the anti-trypanosomeigodf these drugs, these including selective
cleavage of KDNA minicircles, membrane transpbg,hodulation of glycoprotein biosynthesis,
and lipid metabolism (Rogt al, 2010).

1.1.5.8 Isometamidium chloride

Isometamidium (ISM) is a phenanthridinium salt whits chemically known as 8-[(m-

amidinophenyl-azo) amino]-3-amino-5-ethyl-6-phemgpanthridinium chloride hypochloride
(Figure 1.4) and differs from homidium by an adzhtl moiety of m-amidinophenyl-azo-amine.
This means ISM is essentially diminazene coupledamidium (Delespaux and de Koning,
2007).
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ISM is cationic drug which is amphiphilic, and =ld as a dark reddish-brown powder. ISM
product comprises 30% of a mixture of its two isesrand a little amount of a bis-compound and
70% of ISM and homidium (as Novidium® and Ethidiup®&M is used in agueous solution

mostly by deep intra muscular route.
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Figure 1.4 Some of the chemical structures of subst  ances known to be active against

African trypanosomiasis.

1.1.5.9 Drugs in development

Pafuramidine/furamidine (DB289/DB75) was desigrnadiiie treatment of HAT and has got to
advanced clinical trials (phase Ill). Pafuramidman amidoxime prodrug (Figure 1.5) which is

converted by cytochrome {3 to its active diamidine derivative, furamidine. daese
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Pafuramidine can cross the intestinal epitheliumh accumulates to a significant level in the
blood, it can be administered through an oral roufgake of pafuramidine occurs primarily
through the P2 transporter (Waetlal, 2011).
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Figure 1.5 Chemical structures of the prodrug pafur ~ amidine (DB289) and the active drug
furamidine (DB75).

However the active compound, furamidine is onlgetifve in treating first stage of HAT, but
ineffective against the late stage. Initially, #herere reported minor side effects such as fexker an
intermittent pruritis, but unfortunately, pafurareithiled at the end of the trials due to serious

concerns of nephrotoxicity in patients (Breinal, 2010).

Fexinidazole, and oxaborole SCYX-7158 are also oubés currently in clinical development for

use as trypanosomiasis drugs (Gregiadl.,2016).

SCYX-7158 is reported to be orally active, and pharmacokinetic and biological properties
suggest that this compound is efficacious andtsdfeat the neurological stage of HAT (Jacobs
et al, 2011).

On the other hand, pharmacokinetic data of fexaotashows that thie vivo killing activity is
caused by its sulfone and sulfoxide metabolitesirfi@azole and its metabolites however need
up to 48 h of exposure to induce maximal trypanalcattivityin vitro. Thein vitro andin
vivo trypanocidal activities of fexinidazole as welitsdwo main metabolites offer proof that this
compound has the prospects to be an effective cramotherapy for both th&. b.
rhodesiensandT. b. gambienstorms of HAT and both stages of the disease (Kasal,
2011).

20



1.1.6 Transporters involved in drug uptake and mecanisms of drug resistance in

trypanosomes.

The phenomenon of drug resistance was first diseoMa trypanosomes by Paul Ehrlich and co-
workers (Ehrlich, 1907). Consequently, Paul Ehrlicks the first to conduct an experiment to
determine &. bruceimechanism of drug resistance. Using acridine dyeke carrying out vital
staining reactions, he discovered that sensitiygatrosomes stained more readily than drug-
resistant ones. As a result of these results, &hpiopounded the ‘chemoreceptor’ hypothesis,
suggesting that drugs act through specific receptiso that a reduction of affinity of the
individual receptor is responsible for drug resis&a Following this finding, Hawking studied
tryparsamide resistance in trypanosomes using caégquantification of arsenic in trypanosomes
and in post-incubation medium. He submitted thaty othe tryparsamide-susceptible

trypanosomes absorbed the drug (Hawking, 1936).

More recently, reduced import of pentamidine waseobed in a multidrug-resistantb. brucei
(Carteret al, 1995), and isometamidium-resistantongolenséeld isolates were observed to
accumulate less isometamidium than the susceptiide (Sutherlandt al, 1991). There was
also a decreased accumulation of DFMO but increaseithine accumulation in procyclic
DFMO-resistant. b. brucethan in the drug-sensitive ones, suggesting sitte@ mutations, as
excess ornithine did not inhibit DFMO uptake (Rpg8l and Wang, 1987); rather, passive
diffusion is believed to be responsible for trypsmmal DFMO uptake (Bitongt al, 1986).

The recurring link of drug resistance with redudeag uptake highlights the significance of drug
transport in African trypanosomes. Either increadeay export or decreased drug import
(chemoreceptor hypothesis) is responsible for daiction of net drug uptake. Any of these
mechanisms suggest mutations in specific tranggaitece most anti-trypanosomal drugs do not
diffuse freely across the plasma membrane. Idengfgpecific drug transporters as well as
finding out whether such transporters are mutatetthé drug-resistant types is a worthwhile
strategy to elucidating the mechanisms of drugtasce in trypanosomes at the molecular level.
This mutation could involve loss of a drug importarerexpression of a drug exporter or a drug

transporter changing specificity for substrate.&gkes are discussed below.
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1.1.6.1 Reduced drug import is the mechanism for sestance associated with purine

transporters in trypanosomes.

Carter and Fairlamb performed @nvitro screen of various metabolites and nutrients feir th
ability to block melarsen-induced killing of bloddsam formdT. b. brucejthis they did in order

to ascertain the transporter that facilitates nselarol uptake in trypanosomes (Carter and
Fairlamb, 1993). Of all the various physiologicahpounds studied, only adenosine and adenine
protected trypanosomes, signifying that the arsénis taken up through an adenine
nucleoside/nucleobase transporter. This transpadsrnamed P2 (Figure 1.6), and melarsen
competitively inhibited it as was determined byi@rvitro transport assays on trypanosomes
(Carter and Fairlamb, 1993). Other trypanosomdklmsitde and purine base uptake systems have
been studied (de Koning and Jarvis, 1997a,b, 186&jberget al, 1998; de Koningt al, 1998),

but none of them was able to transport clinicgbdrnyocides.

It was afterwards discovered that pentamidine wgteks also through the P2 transporter (Carter
et al, 1995; de Koning, 2001); this provided a ratienfdr the repeated incidence of cross-
resistance involving diamidines and melaminyl aisas inT. bruceispecies (Fairlamét al,
1992; Pospichadt al, 1994).

1.1.6.2 LAPT1 and HAPT1 are also involved in pentardine transport and resistance in

trypanosomes

Only a marginal level of pentamidine resistance e@serred on trypanosomes by loss of the
TbATL1 gene alone. This means a non-P2 transport meshas also involved in pentamidine
uptake, as demonstrated BpAT1 negative trypanosomes retaining sensitivityntodest
concentrations of pentamidimevitro (Bridgeset al, 2007; Tekat al, 2011). Two adenosine-
insensitive transporters for pentamidine have bespgorted: a low-affinity pentamidine
transporter (LAPT1) and a high affinity pentamidimansporter (HAPT1) (Figure 1.6) (De
Koning, 2001). Although diminazene, a diamidinestrsicturally related to pentamidine, itis not
a good substrate for LAPT1 or HAPT1 (Matcetual, 2003; Bridgeet al, 2007; Mundat al,
2015). Studies have also revealed recently thatHAgimilarly contributed to thia vitro uptake

of the arsenical melarsen oxide by ThATttypanosomes, despite the relatively low affimity
the transporter for this drug (Bridgesal, 2007; Mundat al, 2015).
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Figure 1.6 Model showing the main transport protein s involve in the uptake of the commonly
available anti-trypanosomal drugs.  LAPT (Low affinity pentamide transporter); HAPT (High

affinity pentamide transporter); P2 (Purine transporter protein).

1.1.6.3 Loss ofTrypanosoma brucei aquaporin 2 (TbAQP2) is also responsible for

melarsoprol-pentamidine cross resistance

Using an RNAI library screenl. bruceiaquaporins 2 and 3 were identified to be candidate
resistance genes for melarsoprol-pentamidine cesggtance. These two genes are near-identical,
sharing 83% sequence identity, and are arrangetiromosome 10 in a tandem array (Alsfetrd
al., 2012; Mundat al, 2015). It was revealed thBbAQP2 was responsible for arsenical and
pentamidine sensitivity/resistance when these tereeg were individually expressed in agp2—
agp3 double null cells (Baket al.,, 2012).

The sensitivity of trypanosomes to cymelarsan ardgmidine was however restored upon re-
expressingTbAQP2 in B48 cells, re-establishing the lost HAPTiaty, establishing the
surprise identity of HAPT1 as an aquaporin chafieindayet al, 2015). The B48 cell line, a
derivative of T. brucei brucei which had theTbAT1 gene deleted through homologous
recombination, was shown to have additionally ltte¢ HAPT1 activity after passage in
increasing pentamidine concentrations, was showrat@ a recombined mutant AQP2 locus

instead of the wild-type allele (Bridgesal, 2007). Recently, it has been shown that these is
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correlation between mutations in the AQP2 locus methrsoprol treatment failure in central
Africa (Grafet al, 2015).

1.1.6.4 Increased drug export is responsible for thABC transporters associated drug

resistance in Trypanosomes.

The ABC transport proteins are large membrane bpuoteins having distinctive ATP-binding
cassettes, two of them per transporter. Substratege from whole proteins to inorganic ions
(Higgins, 1992). Substrate translocation coupledT®ase activity enables active transport to
occur. Many ABC transport proteins can serve astaxification efflux pump that can lead to
drug resistance (Maset al., 2003).

Members of the ABC transporter super family arerttaén transport proteins involved in drug
export.

Maser and Kaminsky (1998) characterised thirebruceiABC transporter gene3:bABC1,
ThABC2, andTbABC3. All the three genes were expressed in batiptbcyclic and bloodstream
forms, but to date it is unclear whether they dbnte significantly to clinical levels of drug
resistance; however, ireishmaniaandPlasmodiunspecies the evidence for involvement of

ABC transporter in drug resistance is much stroffigser and Kaminsky, 1998).

1.1.6.5 Alternative mechanisms for drug resistancalso exist in Trypanosomes.

There is information in literature regarding altime mechanisms for drug resistance in
trypanosomes, unconnected to drug transport.

A pentamidine-resistafit b. bruceBSF cell line has been reported with unchanged dptake
and a P2 transporter that was fully functional (feet al, 1995), although only one such report

has been made and there has been no other comdinnefisuch a mechanism.

In addition to the loss of P2 transporter, a redulggoic acid content was reported to be
associated with melarsen resistancd .if. brucei (Fairlambet al, 1992). Also,T. b. brucei
procyclics selected for high-level resistance tdvishowed not only a reduced DMFO uptake
and increased ornithine uptake, but also increlesets of ODC mRNA, although the gene copy
number of ODC was unaffected (Bellofaébal, 1987; Maseet al, 2003).
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Another drug been investigated for mechanism astasce is Isometamidium (ISM), and was
reported to have other mechanism of resistancensprat of ISM into the parasite is energy
dependent. From the cytoplasm, ISM crosses intartihechondrion of the cell by the same
energy dependent process (Delespetat, 2008). Development of resistance could therddere
due to: alteration of a potential transporter $¢dan the mitochondrial inner membrane, reduced
diffusion across mitochondrial membranes, or ineeeaexport of the drug through a transporter
which is situated in the cytoplasmic membrane epoiild possibly be a combination of these
processes. It was recently shown that ISM-resisteyfanosomes have a much-reduced
mitochondrial membrane potential due to a mutatidhe gamma subunit of thgfr ATPase,

and this greatly reduces the accumulation of tlg dr the mitochondrion (Ez=t al.,2016).

A totally different cause of drug resistance inpagosomes is the failure to undertake
programmed cell death (apoptosis). Damage whichused by drugs may not kill the parasites
directly but would activate apoptosis. DNA-bindihgigs can induce apoptosis which could also
be applicable to diamidines. However, there is mectl evidence so far that this potential

mechanism is involved in actual drug resistangaratozoa.

A more important one is the nitroreductase thavatgs nitro compounds such as benznidazole
and nifurtimox in trypanosomes. A single point ntigia in this gene can lead to a substantial

level of resistance to nitro drugs (Wilkinsehal., 2008; Mejiaet al, 2012).

Different mechanisms of drug resistance are notuallyt exclusive but are rather often
multifactorial (Campost al, 2014). Mechanisms like increased drug expoduced drug
import, and other mechanisms go together and canaitylead to a higher resistance level. For
instance, resistance to sinefungin of more thantlomesand-fold has been observed far. &.
bruceifield isolate that is multidrug-resistant (Kamigsknd Zweygarth, 1989). Conversely,
modest changes in the susceptibility of drug, adagxed above, may yet be important to the

effect of drugs on trypanosomes.
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1.2 Laeishmania and leishmaniasis

Leishmaniasis is a disease caused by an obligadée@hlular protozoan parasite belonging to the
genusLeishmania Transmission of the protozoa parasite is achiglienligh the bite of an
infected tiny insect vector (about 2 — 3 millimekoag) known ad utzomyiasandfly in the new
world and th@hlebotominesandfly in the old world. Although leishmaniasisrostly a zoonotic
disease affecting predominantly domestic animalsyut20 species dfeishmaniaare known to
be pathogenic in humans however; the taxonomic itapoe of a number of them is disputed
(Rogers and Bates 2007). These includeLthmexicanacomplex with three main specids (
mexicana, L. venezuelensis, L. amazongrtbisLeishmania donovamnwith 3 other specied (
infantum, L. donovani, L. chagadi. major; L. aethiopica,; L. tropicaand the subgend8annia
having four main specied..((V.) peruviana, L. (V.) guyanensis, L. (V.) lliamsis, L. (V.)
panamensis These species are indistinguishable morpholtgicaowever they can be
distinguished by molecular methods, monoclonabaxties, or isoenzyme analysis (Siraglal.
2014).

Clinical infection caused blieishmaniacomes in three main forms: visceral leishmaniasis,
cutaneous leishmaniasis, and mucocutaneous leisasmarHowever, asymptomatic cases have
been reported in endemic areas, which act as threreservoir for re-infection (Singh, Hasletr
al., 2014). Usuallyleishmaniainfection follows two distinct transmission cycles strictly
anthroponotic cycle, which is characteristicallgrsen densely populated urban areas with
humans being the host; and a zoonotic cycle, witfpsdas the host being the main animal

reservoir, which can also include other mammals.

1.2.1 Morphology and life cycle.

Leishmaniais a unicellular protist belonging to a class knoas the Kinetoplastida. All
kinetoplastids are flagellated at some stage iim lifie cycle, and also have a distinctive DNA-
containing organelle called a kinetoplast, whigbressent inside their mitochondrion, at the base
of the flagellum (Figure 1.7). The kinetoplast dstssof many circular copies of kinetoplast DNA

(kDNA), performing the same role as the mitochoaldyenome in higher eukaryotes.
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Figure 1.7 Schematic illustrations of the major int racellular organelles present
in Leishmania promastigote (left) or the amastigote (right) forms . The anterior end of the cell is

marked by the flagellar pocket (Besteiro et al., 2007).

Leishmaniahas a life cycle which is digenetic, and alteradtetween the mammalian host and
the sand fly vector (Figure 1.8). When an infedtadale sand fly feeds on a blood meal of a
suitable host, the parasite (metacyclic promastg)ois introduced into the host’'s skin.
Metacyclic promastigotes are the extracellular-dmding, and infectious stage (Bates, 2007).
Impaired uptake of the host blood results in trseat trying to feed with increased frequency,
thereby increasing the likelihood of transmittirig tparasite (Rogers and Bates 2007). The
parasite is therefore introduced into the skinhef host, as are the pro-inflammatory salivary
constituents. The resident phagocytic cells inthdeskin tissues of the host are then invaded by

the parasites.
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Figure 1.8 Sand fly and human stages of leishmanias  is. The vectors that spread Leishmania are the
sand flies, when they feed on the host blood they inject infective promastigotes. The promastigotes then
invade macrophages of the host via receptor-mediated endocytosis, they then transform into amastigotes
and start multiplying by binary fission. The cycle continues as sand flies get infected when they ingest
infected cells as they take a parasite-containing blood from an infected host. The amastigotes then
transform into promastigotes, then develop to an infective metacyclic promastigotes inside the midgut of

the sandfly (Image credit NIAID, http://www.niaid.nih.gov/topics/leishmaniasis/pages/lifecycle.aspx).

Once the parasite gets inside the host cell, feihtiates into the non-flagellated obligate

intracellular form known as amastigote. The paeastiarry on multiplying through mitotic cell

division, as intracellular amastigote, and re-irevather phagocytic cells, waiting to be picked up

in the blood meal of the next sand fly.

Once inside the midgut of sand fly, the amastifatiner differentiates into the early procyclic

promastigotes, which rapidly multiply by cell di\as, at the same time attaching itself to the

inside wall of the insect’s midgut. This attachmenthe midgut wall by the parasite is made

possible by lipophospoglycan (LPG) which coversadiésurface of the parasite (Pimeatal.

1994). This attachment to the midgut wall prevehtsparasite from being expelled like the

digested blood meal as part of the sand fly’s ererd. The parasite further differentiates into the

replicating promastigote form; it then moves furthe the midgut anterior and continues

replicating. This stage is followed by differeniiat into the metacyclic promastigotes that infect

mammals.

28



1.2.2Leishmaniases: pathology and clinical manifestation

The obligate intracellular protozoa parasite beioggo the genugeishmaniais the cause of
leishmaniases. It has a broad range of clinical ptgms: cutaneous, diffuse cutaneous,

mucocutaneous, and visceral.

1.2.2.1 Cutaneous leishmaniasis (CL)

The most common form of leishmaniases is the cotanrm (50-75% of all cases). It is caused
by Leishmaniaspecies such ak. mexicana, L. major, L. braziliensis, L. tropicand L.
panamensisThey usually affect the exposed parts of the Isadf as legs, face, neck, and arms.
The infection can cause large number of lesions tirees up to 200 — resulting in severe
disabilities which always lead to patients havimgnpanent scars, a stigma which can lead to

social discrimination (Bates, 2007).

1.2.2.2 Diffuse cutaeneous leishmaniasis (DCL)

L. aethiopicas the causative agent of this form of leishmasiasd causes chronic and dispersed
skin lesions similar to those of leprosy. Treatmeiftén fails since it mostly takes place in
patients having a reduced cell-mediated immuneoresp (Singlet al. 2014).

1.2.2.3 Mucocutaeneous leishmaniasis (MCL)

L. braziliensids the causative agent of the mucocutaeneous fofrfeishmaniasis and can result
in partial or the total damage of mucous membrafdélse mouth, nose, and throat cavities as

well as surrounding tissues. Secondary fungi antéba infections are also common (Rogers and
Bates 2007).
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1.2.2.4 Visceral leishmaniasis

Visceral leishmaniasis is also known as dumdunata &zar fever. This form of leishmaniasis is
caused by.. infantum, L. donovani, and L. chagdsis associated with considerable weight loss,
irregular bouts of fever, swelling of the liver asgleen, and anaemia. It is the most serious form
of leishmaniasis and if not treated, the deathaatebe as high as 100% in developing countries
(Singhet al.2014).

1.2.3 Treatment and control of leishmaniases

The chemotherapy presently available for treateghimaniasis is far from ideal. Pentavalent
antimonials remain the first-line drug treatmeivaver, resistance to these drugs is extensive in
India. Nevertheless, clear progress has been matthe miitefosine, amphotericin B, and

paromomycin, but treatment challenges remain asgiissue.

1.2.3.1 Pentavalent antimonials

Pentavalent antimonials are the first-line treathtgng for cutaneous leishmaniasis (CL), and
visceral leishmaniasis (VL). These drugs includegltn@ine antimoniate and sodium
stibogluconate. They were made available for ttst fime in 1945 and continue to be effective
but the variable efficiency against CL and VL ahd tondition for up to 28 days of parenteral
administration are the main limiting factors to thieg’s usefulness (Yesilovet, al, 2016). Also,

the occurrence of significant levels of resistamdach are most serious in India, makes the drug
outdated in these areas. They also have seriocaieetts such as renal toxicity, pancreatitis, and
cardiac problems. Their mode of action is undeisttmobe via the inhibition of glycolytic
enzymes and other metabolic pathways (Yesil@taal, 2016). The cause of antimonial
resistance in India has recently been identifie@ asutation in thé.. donovaniAQP1 gene

(Imamuraet al,, 2016).

1.2.3.2 Amphotericin B

The anti-fungal, polyene macrolide antibiotic amieizin B (Figure 1.9) has been demonstrated

to be very effective for treating antimonial-reaigi_. donovanvisceral leishmaniasis and cases
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of mucocutaeneous leishmaniasis. However, it igaheasant drug due to the requirement for a
4 h infusion administration, and its high toxic esiefffects. Nevertheless, lipid-associated
preparations of this drug have been formulated whecluced the nature of the drug and also
prolonged the plasma half-life. The most testedthaflse drugs is Ambisorfie(liposome

formation), which since has been given approvdtDy but then again high cost has restricted
its use. Amphotericin B interacts with ergosteanid in so doing changes the composition and

permeability of the membrane, killing the paragidedonez-Gutierreet al, 2007).

1.2.3.3 Pentamidine

The use of this diamidine (Pentamidine) has beweitdd by its toxicity, as it needs to be given at
higher dosage to treat leishmaniasis than Africgraihosomiasis. Consequently, it is only used
as a second-line drug via the intramuscular rotéelministration. Due to the unacceptable side-
effects elicited by the use of pentamidine, inahgdiypoglycaemia, and hypotension, this drug is
suggested for use in: (i) leishmaniasis resistaantimony (ii) when severe cardiac or hepatic
toxicity arises in the course of antimonial thergy when antimonials are contraindicated
(Croft et al, 2005).

1.2.3.4 Miltefosine

The first effective oral treatment of visceral leisaniasis is with miltefosine (Figure 1.9), and it
is one of the most recent progresses made in&islirhanial drug discovery. Miltefosine is an
alkylphosphocholine which was initially developedam anticancer agent. It is likewise active
against cutaneous leishmaniasis. The mode of aationiltefosine is by changing the sterol and
phospholipid structure of the parasites membratge.main constraint is teratogenicity;

consequently pregnancy is a contra-indicationH treatment (Sindermann and Engel, 2006).
1.2.3.5 Paromomycin
Paromomycin (Figure 1.9) was initially formulatesdean oral aminoglycoside for the treatment of

intestinal infections and had previously showneffeeness as a topical treatment for cutaneous

leishmaniasis in 1985, and as a parenteral chemagthdor visceral leishmaniasis in 1990.

31



However, it took until 2005 for the phase Il cbal trials against visceral leishmaniasis to be

finished — reflecting the inadequate funding sosi(€&roft,et al, 2002).

1.2.3.6 Allopurinol and azoles

The purine analogue allopurinol (Figure 1.9) wasgaized for its anti-leishmanial efficacy over
30 years ago, because it was extensively usedtlier glinical conditions, and has good oral
bioavailability it moved into clinical trials foelshmaniasis. But unfortunately, the outcome was
disappointing. At the moment, allopurinol is onlgrpof a maintenance treatment for canine
leishmaniasis. Azoles, like fluconazole, ketocoezand itraconazole have gone through a
number of trials for visceral leishmaniasis andaoebus leishmaniasis but presented an

unsatisfactory efficacy in the end (Martinetzal, 1997; de Macedo-Silvet al, 2013).
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Figure 1.9 Bioactive molecules used for the treatme  nt of leishmaniases.
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1.2.3.7 Drugs in development

Several potential drugs are right now at differgages of development. An oral chemotherapy
that might be effective on visceral leishmaniasisaiderivative of 8-aminoquinoline called
sitamaquine, which causes oxidative stredseishmania donovarpromastigotes by targeting
succinate dehydrogenase, but then again resistehimanidines have previously been reported
(Loiseauet al, 2011). However, 2-subtituted quinolines werenfbto be effective against these
resistant lines, which suggest that the 8-aminamjina and 2-substituted quinolin perhaps are
affecting different targets in donovan{Loiseauet al, 2011). Bisphosphonates like pamidronate
and risedronate have also been reported for tiéleashmanial efficacies in experimental
animals. Their major target is believed to be Hradsyl pyrophosphate synthase, an important
enzyme in the biosynthesis of isoprenoids (Shakwgh, 2011). The search for more active drugs

against leishmaniasis is ongoing.

1.2.3.8 Control of leishmaniasis

Vector control may be beneficial under certain winstances but are not appropriate in all
epidemiological situation and need infrastructund &igilance beyond the ability of several
endemic nations. The disease can be stopped bgnineg sandfly bites through the use of
insecticides or insect repellents. Vaccination s#ihains the best option for control of all types

of the leishmaniasis.

1.3 Natural products in drug discovery

The historical source of disease treatments hastegearal products such as plants, animals, and
minerals. However, antique wisdom remains the soafcontemporary medicine and a vital

basis of future medicine and therapeutics.

In contrast to the typical combinatorial chemistrgfural products continue to offer a unique
structural diversity, presenting the prospectsdiecovering mostly new low molecular weight
lead compounds. Not more than 10% of global biadiehas yet been explored for possible

biological activity (Cragg and Newman, 2005), cansantly, countless quantities of beneficial
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natural leads with a tremendous diversity of stiteg and pharmacological activities await

discovery.

The prospect for using natural products in comigadiseases can be understood with traditional
medicines. Historically, natural products have pthya significant part in combating and
preventing human diseases throughout the world. fifeeannals were found in cuneiform
inscribed on clay tablets, and date from aroundd2BG, from Mesopotamia (Purvis, 2000).
According to WHO, two thirds of the world’s poputat continue to depend largely on traditional
medicine for their health care needs. Natural pcothedicines originate from several organism
types including plants, bacteria, fungi, spongestjgis, and other invertebrates present in various

environments such as rain forests, hot springsdaeg seas.

1.3.1 Natural products from fungi: Antibiotics

For thousands of years now, micro and macro fuagetibeen playing a major role in human life.
They were used, and continue to be used for varieads. For instance, yeast is being used for
the preparation of alcoholic beverages, mushroomsused as food, and some are used as
medications in traditional medicine, while others &r cultural purposes.With the present
improvements in microbiology, their usage has m@anded to antibiotics, enzymes, biological

control, and other pharmacologically active prodytbrenzen and Anke, 1996).

Fungi are more normally found in the environmentns of them have part of their life cycle
residing in various tissues of plants without pradg any noticeable sign of infection (Tan and
Zou, 2001). They can be seen inhabiting grasses, therbaceous plants where they reside within
the intercellular space of plant stem, roots aaglds, algae and petioles, without affecting the
host organism. These fungi are altogether knowreraophytes. New bioactive molecules
obtained from these fungal sources have producey mgortant leads for the pharmaceutical

industry (Cragg and Newman, 2005).

One of the well-known natural product breakthroughtained from a fungus is undoubtedly
penicillin (Figure 1.10), obtained from the fundRenicillium notatumwhich was discovered in
1929 by Fleming. Old strategies for identifyjfidpctams were in use up until 1968, when it was

decided that all thg-lactams of natural origins had been discoveredvé¥er, the case was
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different with the 1970’s introduction of some newethods of screening, the productiornpef
lactams supersensitive bacterial strapiactamases inhibition tests and sulphur containing
metabolites specificity led to the discovery of newictural classes of antibiotic (carbapenems,

norcardicins, monobactams, imipenem and aztreo(@ampretti and Gualerzi, 2011).

Polypores are macro fungi and are of the phyla Agoota and Basidiomycota (basidomycetes);
they produce many pharmacologically active molecudeound 75% of all tested polypores have
strong antimicrobial activities, and may thereforeate a possible basis for the development of

new antibiotics (Zjawiony, 2004).

Edmund Kornfeld in 1953 isolated vancomycin, a gp@ptide antibiotic made lamycolatopsis
orientalis cultures, and was active against a broad speabfugram-positive microorganisms
such asStreptococcand Staphylococcand against gram-negative bacteria such as, furhi a
mycobacteria and as a result FDA in 1958 approvddriuse in the treatment of chronic
infections and against susceptible organisms irempigt hypersensitive to penicillin (Butler,
2004).

= HCI

Figure 1.10 Structure of the natural product based antibiotics: Penicillin G sodium salt (left),

vancomycin hydrochloride (middle), and erythromycin (right).

The antibacterial drug, erythromycin (Figure 1.MBjch is a macrolide antibiotic was isolated
from the microorganisnSaccharopolyspora erythrae&rythromycin has a wide range of
activities against gram-positivieacilli and cocci and is used for respiratory tract infections
(Dewick, 2002; Butler, 2004).
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1.3.2 Natural products from plants: Secondary metabolites

The synthesis and breakdown of carbohydrates, ipsptaucleic acids, and fats, which are
indispensable to all living organisms, is termeidhary metabolism and the molecules involved
in these pathways are callpdmary metabolitesThe mechanism with which a living organism
synthesize molecules knownsesondary metabolitéer natural products) is frequently found to
be exclusive to a particular living organism asirsply an expression of the distinctiveness of the
species and this is termsdcondary metabolisifMaplestoneet al, 1992). These secondary
metabolites are normally not critical for the degrhent, growth, or reproduction of a living
organism but are synthesized either to act a®lylikechanism for the survival of the organism
by defending it against herbivores, protectingrtiheproductive elements, protecting it from
disease-causing microorganisms (bacteria, fungiatedes or viruses), preventing other plants
from growing and competing with it, or could besault of a general adaption of the organism to

its surrounding environment (Dewick, 2002; Colegatd Molyneux, 2008).

The biosynthesis of secondary metabolites is theltref the basic processes associated with
photosynthesis, glycolysis and citric acid cycleptoduce biosynthetic intermediates which,
eventually, leads to the biosynthesis of seconatetabolites, which are generally referred to as
natural products (Dewick, 2002). It can howeversben that even though the number of the
precursor molecules are limited, the diversity@frsecondary metabolites is virtually unlimited.
The most significant precursor molecules used yottesizing secondary metabolites are the
ones obtained from the intermediates: Shikimic ,aéidetyl coenzyme A (acetyl-CoA), 1-
deoxyxylulose-5-phosphate, mevalonic acid. They plaignificant role in many biosynthetic
pathways, involving several different reactions emethanisms (e.g., decarboxylation, alkylation,

Claisen, aldol and Schiff base formation (Dewidk02).

It is therefore hypothesized that the secondarabwic pathways make use of the acetate, amino
acids and shikimate pathways to make intermed&sescalledshunt metabolitesvhich adopt

an alternate biosynthetic pathway resulting irbilbeynthesis of secondary metabolites (Sagker
al., 2006). Natural causes (such as environmentabesaor viruses) or unnatural causes (such as
radiation or chemicals) may be the reason foraheation in the biosynthetic pathways, which
could be an adaptation strategy or to make thex@sgelive longer (Sarkest al, 2006). It is this

distinctive biosynthesis of important natural prot synthesized by so many marine and
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terrestrial organisms that bring about the typatemical structures that have an assortment of
biological activities.

Natural products from plants are useful againgbuargroups of disease-causing organisms such
as fungi, bacteria, and viruses. Therefore thetgralacompounds from plants like phenolics,
guinones, terpenes, alkaloids, saponins, and tlegivatives are quite beneficial for human
consequent of their anti-parasitic activities arghly selective mechanisms of action. In addition
to direct use of natural product from plants sue@nine, morphine, etc., the scaffolds of many
of these metabolites have been effectively utilitedreate pharmacologically more active

molecules.

1.3.3 Compounds derived from plants as anti-protozoal ag#s

A number of well-established anti-protozoal drugs matural products or derived from them.
These include those from microorganisms such awatapcin B and paramomycin for treating
leishmaniasis; as well as those obtained from planth as artemisinin and quinine used for
treating malaria. The bark @inchonaspecies have been used for centuries by the satitke
Amazon area for treating fevers particularly maait was not until 1820 that the French
pharmacists, Pelletier and Caventou isolated thigeacompound quinine from the bark of
Cinchona officinalisin those early days, the curative agent for mel@as quinine but afterward
synthetic derivatives (amodiaquine, chloroquine,floggine and primaquine) have been
developed (Dia®t al, 2012). Regardless of the long history of usdiget as plant extract
preparations and later on as a pure compoundstienikatment, to an extent, is still depend on

quinine, particularly cerebral malaria.

The anti-plasmodial activities in the extractsArtemisia annuawas discovered in 1969.
Artemisia annuas another plant that was long used for treatengfs in Chinese folkloric
medicine. The successful isolation of the activengound artemisinin one year later from
Artemisia annuaiepresented one of the most important discovarit fight against infections
caused by protozoan parasites. Presently, a nushbemisynthetic artemisinin derivatives have
been approved and registered for use (artesummether, and dihydroartemisinin) (Chris and
Jay, 2014).
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1.3.4 Treatment of trypanosomiasis with natural productsand their derivatives

Several compounds isolated from natural source lhaem shown to inhibit the growth of
trypanosomesn vitro with ECso values in the submicromolar range and for soméhese
products this activity seems to be quite selecBug there is as yet a paucity of information ia th

literature regarding their experimentally deterndimeode of action.

Cordycepin (Figure 1.11-A) is a metabolite produogthe fungus known asrdyceps militaris
Cordycepin was initially used with deoxycoformy¢mCF), which is a potent inhibitor of the
enzyme adenosine deaminase. DCF prevents theviatiati of cordycepiim vivo, and was used
for treating certain forms of malignant tumourdiiman subjects, but it is not considered safe
enough for the treatment of sleeping sickness begetith cordycepin (Cuadra al., 2000),
although coadministration of these compounds wasdato be effective against late-stage
infections in mice experimentally infected withb. gambiensandT. b. rhodesieng&alcedcet

al., 2003).
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Figure 1.11 structures of cordycepin (A), Querceti  n (B), and proanthocyanidin (C)

The mechanisms responsible for the anti-trypanokacthigities were experimentally studied and
found that cordycepin causes apoptosis in trypanesp secondary necrosis was observed
afterwards upon propidium iodide aided measurefddNA degradation, also observed was the
translocation of plasma membrane phosphatidyls¢oitiee outer leaflet from the inner leaflet
(Salcedcet al, 2003).

Quercetin (Figure 1.11-B) and its derivatives asg/phenolic flavonoids commonly found in
plants such as tea, onions, biloba, and ginkgor&gtia has been reported to directly proniate

b. gambiensedeath via apoptosis (Mamani-Matsietal., 2004).
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A proanthocyanidin (Figure 1.11-C) has been putifiemKola acuminatanut and was reported
to have antiF. bruceipropertiesin vitro in a mouse model (Alvarez-Mirandd al, 2003).
Ultrastructural alterations were seen using artlaenicroscopy, and these were reported to be

caused by the rupture of plasma membranes aneldese of cellular contents.

1.3.5 Treatment of leishmaniasis with natural products awml their derivatives

There is significant progress with leishmanial egsk in recent time but an effective, safe,
inexpensive, and true antileishmanial drug is stiising. Several molecules especially of plant

origins have displayed potential as anti-leishmideed.

A bis-naphthoquinone, diospyrin extracted from teek of the plantDiospyros montana
(Ebenaceagp was shown to exhibit a substantial level of \agti againstL. donovani

promastigotes (de Aralg al, 2014). The mode of action of this compound aitiht to be via
binding to topoisomerase |, thereby inhibiting tiezyme’s catalytic activity, or through

stabilization of topoisomerase I-DNA binary complex

The monoterpene linalool, purified from the plaitoton cajucara(Euphorbiaceae), also
displayed strong anti-leishmanial potentials with@so of 28 nM against promastigotes and an
ICs00f 143 nM against intracellular amastigoted. ohmazonensi@Jstaet al, 2009).In vitro
experiments in mouse macrophages show that treafithgl5 ng/mL of the essential oil to
already infected macrophages of mice lowered thaecéstion between parasites and macrophages
by about 50% coupled with an elevated productiamtoic oxide. Further treatment with linalool
for 1 h resulted in a 100% complete eliminatiombfcellular amastigotes, and promastigotes, at
the same time exhibiting no toxicity to the munmacrophages. The mode of action was reported
to be likely through the destruction of the kindésp, and swelling of the mitochondrial followed

by disintegratiorof the parasite (Ustat al, 2009).

Also, the diterpene ribenol, an ent-manoyl oxidev@give purified from the plar@ideritis varoi
(Lamiaceae), as well as a 15-monomethyl estertofdtepinifolate purified from the stem bark
of another plantPolyalthia macropodgdAnnonaceae), were reported to haveitro activity

against_. donovanipromastigotes (Garcia-Granadsisal, 1997).
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In addition, the triterpene betulinaldehyde isalateom the stem of the plamoliocarpus
dentatugDilleniaceae), and ursolic acid purified from therk of the plandacaranda copaia

both had activity againét amazonensiamastigotes (Takahasttial, 2004).

Furthermore, the saponin, mimengoside-A, purifiedmf Buddleja madagascariensis
(Loganiaceae) leaves (Diegal, 1992), had activity againist infantunpromastigotes. Another
saponin, muzanzagenin, isolated frAsparagus africanu@.iliaceae) roots, was active against

promastigotes df. major.

Flavonoids can also have a significant level ofl@ishmanial activity, which is thought to be
through the inhibition of polyamine biosyntheticzgmes. Therefore, they remain promising
candidates to be developed as drugs used fomtgealtiforms of leishmaniasis (Muzitaroal.,
2006). Consequently, the flavonoids 8-prenylmuclatml, smiranicin and glyasperin H, all
purified from the planBmirnowia iranicawas reported to inhibit the growth of promastiganf

L. donovani These compounds’ mode of action was reporte@ foelbhaps via the induction of
kinetoplastid DNA cleavage and arrest of the oglein the G/G; phase which is mediated by
topoisomerase I, leading to a programmed cellldeaboth promastigotes &f donovaniand

intracellular amastigotes (Singtt, al, 2008).

Many of these isolated compounds were reportedie immuno-modulatory properties coupled
with anti-leishmanial activity, which makes themeavmore beneficial. This is because

leishmaniasis is associated with a compromised inenmasponse.

1.4 Mitochondrial biology of T. b. brucel

Most of the existing data concerniiig bruceimitochondrial function or structure is obtained
from the parasite’s procyclic form, while relatiyédittle is known regarding the mitochondrion of
the bloodstream form (Schneidsral, 2007). InT. bruceiprocyclics the mitochondrion performs
a significant function in the synthesis of cellulfP through substrate level and oxidative
phosphorylation, (Bringauelt al, 2012; Schneidest al, 2007), however, it is also believed to
contribute to the pentose phosphate pathway, aetiedlox balance maintenance (Bringatial,,
2012), metabolism of carbohydrate, biosynthesiscangersion of amino acids, nucleotides and
lipids.
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The structure of the mitochondria ©f bruceiis made up of a matrix, mitochondrial inner
membrane; mitochondrial intermembrane space; amtbahondrial outer membrane (Panigrahi
et al, 2008), which is identical to other eukaryotegachondria. Th&. bruceimitochondrion,
however, contains other features that differ frbat bf other eukaryotes. For instantehrucei
has a single tubular mitochondrion which stretcibesver the entire length of the céll. brucei
can alter the structure and function of its mitoulirion as a response to the different
environment of the host, as well as the substeatagability, that the trypanosomes meet in the
course of their life cycle (Fenn and Matthews, 200Te tubular shape of the mitochondrion can
also be branched, and depending onTthieruceilife cycle stage, it may in fact form a cellular
network (Schneider, 2001).

In procyclic forms ofT. bruceimost of the cellular ATP is obtained through degteon of
proline, as well as substrate level and oxidatitiegphorylation that occur in the parasite
mitochondrion (Schneidet al, 2007; Bringauet al, 2012). In addition, the mitochondrion also
has a well established mitochondrial respiratorgirthwhich is concerned with the task of
maintaining the cellular redox balance and ATPIsgsis through an ATP synthase (complex V)
which is situated on the inner membrane of the chibmdria (van Hellemondt al,, 2005). The
mitochondrion ofT. bruceiprocyclics is very much branched to enhance tinetion of its
membrane surface, which is in line with its rolemeducing ATP (Schneider, 2001). This is in
contrast to the parasite’s bloodstream form (B&Rgre the single mitochondrion has little or no
branching at all as it is reduced into a simpleutab structure (Schneider, 2001). The
bloodstream form of the parasite is completely ddpeat on the compartmentalised glycolytic
pathway and the glycosomes for its cellular ATPvmion considering that it resides in the
glucose-rich human bloodstream (Lametial, 2005). The joint action of an ATP synthase and a
mitochondrial alternative oxidase (TAQO) is what ntains the redox balance in BSHobrucei
(Schnaufeet al, 2005). The mitochondrion @t bruceiBSF also lacks a functional cytochrome

c, respiratory chain, and TCA cycle. (van Hellemendl, 2005).
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1.5 Trypanosome metabolism and drug targets

There are two ways by which the metabolic actiatytrypanosomes may affect its host: by
producing toxic metabolites or depleting the hosgsential nutrients, which the parasite requires
for growth and proliferation. There are many bicuoieal pathways present in a trypanosome,
some of which are very essential for the parasiteizal.

Studies on various biochemical pathways presemypanosomes have been done using NMR,
HPLC, and conventional biochemical techniques araymology. The pathways most studied
inclined towards carbohydrate metabolism (Haaretted, 2008), or the variations in oxidative
pathways (trypanothione synthesis) accompanyindekielopmental cycle of the parasites (Xiao
et al, 2009). Consequently, the detailed analyses oésustabolic pathways like mitochondrial
functions and glycolysis have made other areag/péhosome biochemistry somewhat under-
studied. However, the application of metabolomitg aystems biology to these challenges is
beginning to cover some of these gaps. The diftereim the end products of the metabolism of
glucose, the development of an active cytochromseesyin procyclics for which it is absent in
the bloodstream form, the difference in sensititdycyanide between the bloodstream and
procyclic forms, and the existence of the glycensghate oxidase pathway in the bloodstream
form are all important pieces of information, ahd knowledge of the parasites metabolism at
each stage of their life cycle is key to the depeient of effective inhibitors capable of killingeth
parasite without harming the host (Abuba&gtal, 2016).

1.5.1 Divergent metabolism provides many potential drugargets in trypanosomes

Trypanosomes possess a range of biochemical diggness, some of them are found to be
pharmacologically important (Opperdoes, 1985). T$iagle mitochondrion has a genome which
is structured into a system of more than a thoudalN4 circles which is catenated and of
variable sizes, known as kinetoplast DNA,; theretbiy are called kinetoplastids. This unique
characteristic of the kinetoplastids makes mitochiah replication a likely chemotherapeutic
target (Shapiro and Englund, 1995). The presentgmdnothione as part of the parasite’s redox
metabolic pathway is another distinctive charasteriof kinetoplastids. Trypanothione is a
covalent network of two glutathiones joined togethea spermidine (Fairlandi al, 1985). The
protein trypanothione reductase and its substrgamothione constitute a critical defence
against free radicals and oxidative stress (PerdaediKlein, 1986). The existence of spermidine
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in trypanothione draws pharmacological attentioth&biosynthesis of polyamines (Bacchi and
Yarlett, 1993), specifically to ornithine decarbtage and S-adenosylmethionine decarboxylase.
Purine salvage is another anti-trypanosomal chesnapleutic target, considering that
trypanosomes cannot synthesise purdeesovoinstead they depend completely on the uptake of
exogenous purine nucleosides and nucleobaseslienhbst’s milieu (Fislet al, 1982). Other
distinctive features of trypanosomes, and consedtypossible drug targets, are the editing of
mitochondrial RNA, trans-splicing of mRNA (Simpseiral, 2003), acidocalcisomes (Vercesi

al., 1994), and the glycosomes (Opperdoes and Bk9ET).

1.5.2 The glycosome and glucose metabolism

Glycosomes were first discovered Tinypanosoma bruceMost of the enzymes involved in
glycolysis are contained in these organelles; tkiswhy they are called glycosomes.
Compartmentation of glycolysis within these orgéaeein trypanosomes is very unique because
in other organisms glycolysis is essentially cytaso

Glycosomes belong to the family of organelle calpedoxisome, though initially there were
various disagreements on this affiliation becaustalase, being the hallmark peroxisomal
enzyme, is absent in glycosomes of trypanosomemanel so that because of the near complete
glycolytic role of the glycosomes ih brucej glycolytic enzymes make up approximately 90%
glycosomal enzymes in the bloodstream form of tipesasites (Hannaert, 2011), consistent with

glucose being the sole carbon source for the pgasaat this life cycle stage.

WhenT. bruceiis being introduced into the mammalian bloodstrégrthe bite of an infected
tsetse fly, it finds a basically constant environmineithin the bloodstream, which is very reach in
glucose, enabling it to proliferate quickly. Thenef it is able to produce all its ATP via aerobic
glycolysis or, rather by anaerobic glycolysis a@iogls where the oxygen tension is low. The major
part of the glycolytic pathway has been sequestesede glycosomes and has been shown to be
essential for glycolysis, ATP production and growth the bloodstream-form of the
trypanosomes and this has been shown to providehth a distinctive mechanism for rapidly
switching from aerobic to anaerobic glycolysis (&dtet al, 2005). Anaerobic glycolysis does
not allow them to make enough ATP to support growtwever, it permits trypanosomes to

overcome short periods of anaerobiosis (Cacetrat, 2010).
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Energy metabolism, particularly glycolysis, is retgd as a key chemotherapeutic targéef.in
bruceifor the reason that, when residing in the hostdidtream, the trypanosome is completely
dependent on the utilization of glucose from blaad body fluids, which it converts to pyruvate
for its energy (ATP) needs (Figure 1.12). Furtheenalycolysis in the trypanosomes is
distinctive because it is compartmentalised, angrse of its glycolytic enzymes show some
distinctive kinetic and structural features, the kkely adaptations to this tight packaging of
substrate and enzymes (Verlindeal, 2001). In contrast to glycolysis in other organs
including the mammalian host where the enzymeslvedoin glycolysis are situated in the
cytosol, the seven glycolytic enzymes metabolizigigcose and converting it to 3-
phosphoglycerate are present in the glycosomesekienythe last three glycolytic enzymes are
localized in the cytosol (Fig. 1.12). Consequemtlgood number of th€. bruceiglycolytic
enzymes have so far been confirmed by RNAI as gbedhotherapeutic targets (Albettal,
2005; Cacerest al, 2010).
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Figure 1.12 Schematic representation of glycolysis in the bloodstream-form of  T. brucei. Under
aerobic conditions, glucose is converted into pyruvate. Under anaerobic conditions equimolar amounts of
glycerol and pyruvate are produced. Abbreviations: 1,3BPGA, 1,3-bisphosphoglycerate; DHAP,
dihydroxyacetone phosphate; F-6-P, fructose 6-phosphate; FBP, fructose 1,6-bisphosphate; G-3-P,
glyceraldehyde 3-phosphate; G-6-P, glucose 6-phosphate; Gly-3-P, glycerol 3-phosphate; PEP,
phosphoenolpyruvate; 3-PGA, 3-phosphoglycerate; Pi, inorganic phosphate; UQ, ubiquinone pool; AQP,
aquaglyceroporin channel. Enzymes are: 1, hexokinase: 2, glucose-6-phosphate isomerase; 3,
phosphofructokinase; 4, aldolase; 5, triosephosphate isomerase; 6, glycerol-3-phosphate dehydrogenase;
7, glycerol kinase; 8, glyceraldehyde-3-phosphate dehydrogenase; 9, glycosomal phosphoglycerate kinase;
10, phosphoglycerate mutase; 11, enolase; 12, pyruvate kinase; 13, FAD-dependent glycerol-3-phosphate

dehydrogenase; 14, alternative oxidase.

Inside the glycosome, the glycosomal NADH, obtaias@ product of the catalytic reaction of
glyceraldehyde 3-phosphate dehydrogenase, is tisexi to NAD followed by transfer of
electrons to molecular oxygen through a glycerph®sphate oxidase (GPO) system present
inside the mitochondria. A glycerol 3-phosphateydiebgenase, which is dependent on NADH
and present in the glycosome is involved in theepss, it is a putative transport protein situated

in the glycosomal membrane where glycerol-3-phosph@s-3-P) is exchanged for
45



dihydroxyacetone phosphate (DHAP). The mitochohddRO is a system consisting of a
glycerol 3-phosphate dehydrogenase which is FAReli) ubiquinone and a terminal oxidase,
called the trypanosome alternative oxidase (TAOictis located in the inner mitochondrial
membrane (Hannaert, 2011). Since mammalian cellsotithave TAO, this indispensable re-

oxidation machinery of . bruceimight be explored as a chemotherapeutic target.

1.5.3 The alternative oxidase in trypanosomes

African trypanosomes can use distinct metabolitesys quite different from that of their hosts to

adapt and survive the low oxygen tension insidie lfwst. Rather than using the available oxygen
within their host to synthesize ATP, they prefereimploy anaerobic metabolic pathways

(Nakamureet al.,2010).

For instance, procyclic forms dirypanosoma brucediound in the infected tsetse fly vector
synthesise ATP by oxidative phosphorylation. Butethe trypanosomes enters the mammalian
bloodstream, both the oxidative phosphorylation@tdchrome respiratory pathway vanish and
are substituted with the trypanosomal alternatiidase (TAO), which begins to functions as the
only terminal oxidase, with a task of re-oxidizthg NADH (produced during glycolysis) back to
NAD" (Shibaet al, 2013).

Because no cytochrome system is found in the |dergder bloodstream form, this form of the
parasite instead utilizes the cyanide-insensitiyeegol-3-phosphate oxidase system to re-oxidize
the NADH produced during glycolysis. This speciatizystem specifically oxidizes the glycerol-
3-phosphate produced in glycosomes by using tlogrefetransport system present in the inner
mitochondrial membrane which consists of a glyc8rphosphate dehydrogenase, ubiquinone,
and a terminal oxidase known as Trypanosome Altem@®xidase (TAO) (Ingriet al.,2013).
This is a non-protonmotive ubiquinol oxido-reduetéisat catalyzes the 4-electron reduction of
molecular oxygen to water. Genes encoding altareatxidase were initially thought to be the
exclusive reserve of higher plants, yeast, aldiaee snolds, free-living amoebae, nematodes, and
eubacteria (Shibet al, 2013).

The alternative oxidase (TAO) of the long slendierodstream form off. bruceiis totally

different in structure compared with the cyanidesse&ve cytochrome C oxidase present in
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mammalian (and procyclic) mitochondria (Lukes al, 2005). In comparison with other
alternative oxidases (AOX), TAO contains two atoofivoound iron rather than haem as the
prosthetic group. It also has a characteristic icfamsensitive ubiquinol activity that can be
inhibited by salicylhyroxamic acid (SHAM) (Kidet al, 2010). It is a mitochondrial inner
membrane protein, contains fauhelices and has a mass of 30-38 kDa, with a dataiye that
contains the binuclear iron centre, which is cawaitkd by two helices, containing a conserved
Glu or Asp residueNihei et al, 2002).

TAO is considered a good chemotherapeutic targetriay development against trypanosomes
because this unique oxidase is very essentiah&rtespiration and survival since it re-oxidises
cytosolic NADH, and because this protein is nonidin the mammalian host but present in the

obligate parasite, trypanosomes, and is criticaitéosurvival.

1.5.4 TAO as a drug target — work done to date

The trypanosome alternative oxidase (TAO) has geeatically and pharmacologically validated
to be critical for the survival of the parasiteddistream form (Shibet al, 2013; Saimotet al,
2013). Following this validation, there have begnificant attempts to identify a potent inhibitor

of this interesting enzyme.

1.5.4.1 Salicylhydroxamic acid (SHAM) as a TAO inhibitor

Salicylhydroxamic acid (SHAM) (Figure 1.13) was first inhibitor of TAO to be discovered
(Opperdoe=t al, 1976). SHAM is a potent and irreversible intobiof urease in plants and
bacteria; therefore it is usually used for treatimgnary tract infections. Although SHAM is
similar to urea, it is not hydrolysed by the urepsesent in the urinary tract. However, it is
metabolized to salicylamide when administered prathich then exerts analgesic, anti-

inflammatory and antipyretic effects (Opperdegsl, 1976).
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Figure 1.13 Structure of SHAM.

Salicylic hydroxamic acid (SHAM) has been compredinegly studied as an inhibitor of the
cyanide-insensitive alternative oxidase preserthénrespiration system of plants. SHAM is
known to inhibit the alternative oxidase (AOX) enmyin plants and some fungi mitochondrial
electron transport chain system, where it inhithiesenzyme by blocking the mainly uninhibited
electron flow through the AOX. The AOX acts as arskircuit in the normal electron transport
chain where it dissipates electrons with a ratkduced translocation of protons therefore
diminishing the generation of ATP by oxidative pblasrylation (Bonneet al, 1986; Juszczubt

al., 2003). But when AOX is inhibited by SHAM, elemtis will be forced through the
cytochrome pathway and more specifically via cytoate 1V, thus allowing the operation of the

cytochrome pathway with no AOX activity to be sedl(Juszczukt al, 2003).

Following the interesting discovery of an identicghnide-insensitive alternative oxidase system
in the varioud rypanosomapecies, investigators assessed the potency oVsk$/an inhibitor

of Trypanosomaespiration. As the AOX pathway ifrypanosomaspecies is found to be the
exclusive electron transport pathway, SHAM woultdltyg shut down the oxygen consumption of
this organism. The inhibitory potential of SHAM aus the trypanosome alternative pathway has
been reported against trypanosomes, crude innebna@m extracts, and against purified TAO.
SHAM was reported to give an 4&(half-maximal inhibition of trypanosome respiratjat a
concentration of 15 uM (Evans and Brown, 1973; @gpeset al, 1976). At this time in the
research, the promisinigp vitro experimental results suggested that it was likelyhave

therapeutic potential that could be developed @ntioug for treating rypanosomanfections.

Regrettablyin vivoresearch using SHAM alone to treat trypanosomeziatl animals was found
not to have much therapeutic effect (Opperaéves, 1976). However, the efficacy was improved
when glycerol was co-administered with SHAM (Evand Brightman, 1980iheiet al, 2002).
Taking into consideration the structure of SHAMgauld be deduced why the vivo activity

was insufficient. Unlike many cationic trypanocidssch as diamidines (Stewattal, 2005),
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choline analogues (lbrahiet al, 2011) and bisphosphonium salts (Alkhatdal, 2016), SHAM

is not expected to accumulate sufficiently in thoohondria of trypanosomes because of the
very negative mitochondrial inner membrane poténkizerefore a goonh situinhibitor of TAO
would have a functional group to give a dispersesitive charge around the molecule in order to
enhance rapid accumulation of the inhibitor ingitke mitochondria (Alkhaldet al, 2016). In
combination with glycerol, SHAM was trypanocidatbese the glycerol via mass action would
inhibit glycerol-3-phosphate dehydrogenase- thedteyme in the glycerol-producing pathway
(Yabuet al, 2009, thus blocking the trypanosome’s final route tbPAproduction (Figure 1.12).

In the presence of a respiratory inhibitor suctSBAM, as well as under certain anaerobic
conditions, glycerol-3-phosphate (G-3-P) begindwddd-up inside the glycosome, this will
normally be converted to glycerol through a revaxd®n of an enzyme known as glycerol kinase
(Ohashi-Suzuket al, 2011). Nevertheless, once glycerol concentratidghe medium reaches
several millimolar, mass action will cause the eneyo reverse the reaction and start producing
glycerol-3-phosphate from glycerol consequenthgeanbic glycolysis taking place inside the
glycosome will ultimately stop, leading to respitgt arrest, energy deprivation and inevitable
death of the parasit&4buet al, 2006;0hashi-Suzuket al, 2011). Another reason for the paor
vivoresult observed using SHAM as a TAO inhibitor wa$ow aqueous solubility, as this limits

its bioavailability.

1.5.4.2 Ascofuranone as a TAO inhibitor.

Ascofuranone (Figure 1.14) is a prenylphenol aatibi which was isolated from a
phytopathogenic fungusiscochyta visiagYabu et al, 2006). The chemical structure of

ascofuranone is made up of three distinct moiegiestromatic ring, a linker and a furanone ring.

COH
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Figure 1.14 Structure of ascofuranone.

Ascofuranone was tested for its inhibitory propeton the mitochondrial electron transport
system of the ascomycetous yea$ansenula anomalaand was reported for its selective

inhibition of the enzyme succinate dehydrogenadesaternal NADPH dehydrogenase (Salajo
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al., 1993). Eventually, ascofuranone was found tabibithe Trypanosoma brucailternative
oxidase in the sub-nanomolar range, and is noveobiie lead compounds in an effort to produce
drugs which specifically targets this enzyme foe usthe treatment of trypanosomiasis. The
compound has also been found effective in lthtro cell culture and in infections in mice
(Yabuet al, 2006).

Ascofuranone was reported to strongly inhibit lgititose-dependent cellular respiration and the
glycerol-3-phosphate-dependent mitochondrialilization in long slender bloodstream forms
(BSF) of Trypanosoma brucei brucévlinagawaet al,, 1997; Niheket al, 2003). This observed
inhibition was thought to be the result of inhibiti of the mitochondrial electron transport
system, which is made up of the glycerol-3-phosplk@hydrogenase (EC 1.1.99.5) and TAO.
Ascofuranone was found to noncompetitively bloakrdduced coenzyme Q1-dependent uptake
of O, in the mitochondria with respect to ubiquino| £2.38 nM). Consequently, the susceptible
site action was suggested to be the ubiquinonexretchinery linking these two enzyme
activities (Minagaweet al, 1997). Unfortunately, this interesting obsematwas, as with
SHAM, not reproduced in a mouse model. Neverthelassofuranone in combination with
glycerol potently blocked energy production, anchptetely inhibited then vitro andin vivo
growth of the parasite (Yalmt al, 1998).

In order to elucidate not only the mechanism of Tis@ibition by ascofuranone but also the
inhibitor-enzyme interaction, derivatives of aseafione were recently designed and synthesized,
and the structure-activity relationship has beeswated. Saimotet al (2013) identified the
pharmacophore of AF that interacts with TAO basestcture-activity relationship. The
comprehensive inhibitory profiles of these anal@gumeplicated the 1-formyl and 6-hydroxyl
groups, as contributing to intramolecular hydrogemding and/or may serve as donor for

hydrogen-bonding, and that these were respongibliné direct interaction with TAO.

1.5.4.3 Ascofuranone derivatives as inhibitors of TAO

For drug development, structural adjustments demofecessary to increase the pharmacological
potential and the manufacturing process of a daudiclate after absorption, distribution,
metabolism, elimination and then toxicity studiasébeen carried out. The identification of the

charge distribution and steric features on a testpound that is required to guarantee the best
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interactions with an exact biological target, tgrélocking (or in some cases triggering) its
biological reaction could open the door to the mpation of an initial lead compound into a
novel drug. As part of that process of optimisatibmay be highly advantageous to change the
innate physical properties of the compound, anegdesscompound with a simple structure (to
reduce the cost of synthesis), and, for instang@nase water solubility for an effective vivo
absorption. Information from the study of structaicévity relationship (SAR) would therefore be

an essential component of the design of a promisamglidate drug.

Structure activity relationship (SAR) has been @enied on ascofuranone in order to establish a
link between the chemical (3-dimensional) structfrascofuranone and the observed biological
activity. This enabled the determination of therolel group(s) responsible for inducing the
intended biological effect on TAO. This has allowled modification of the effect or the potency

of ascofuranone by modifying its chemical strucf{ivakamuraet al, 2010; Saimotet al 2013).

As stated above, the chemical structure of ascofur@is made up of three distinct moieties: an
aromatic ring, a linker and a furanone ring (Figdr&4). Chemical modifications of the
functional groups at these three moieties have pednrmed.

Many Ascofuranone derivatives have been testedhieir inhibitory activity against TAO.
Saimotoet al. (2013) carried out SAR studies on ascofuranode@realed the following: (i) the
furanone ring on AF is not needed for inhibitioT@&O; (ii) the 3-chloro and/or 2-methyl groups
are contributory to the conformation of the enzymoend molecule; (iii) only one isoprene in
juxtaposition with the aromatic ring of AF is recoged by TAO; (iv) The direct interaction
between TAO and AF is consequent of the intramdéechlydrogen bonding and/or the 6-
hydroxyl and 1-formyl groups’ hydrogen-bonding doaotivity (Saimotcet al, 2013).

1.6 Aims

The aims of this work is to develop novel and &t therapeutic leads by investigating the anti-
trypanosomal efficacies of selected tropical plamid their active constituents, and of synthetic
trypanosome alternative oxidase inhibitors, essablineir selective toxicityn vitro, and

investigate the mechanism of their anti-parasiteie

51



Chapter 2: Materials and methods
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2.1 Parasites, cell lines and cultures

2.1.1Trypanosoma brucel and Trypanosoma congolense bloodstream forms (BSF)

A number of different strains dfrypanosoma brucei brucbloodstream form (BSF) were used
in this study: (1) Wild typd. b. bruceistrain Lister 427 (s427; MiTat 1.2/BS221); (2) #427-
WT derivedTbAT1 knockout that1”"), which had both th&bAT1/P2 transporter coding alleles
in the s427-WT strain deleted; this was achieved bynsecutive replacement of both alleles of
TbAT1 gene with resistance markers for the antibsotieomycin and puromycin resulting in
resistance to diminazene aceturate and some defreesistance to a number of other
trypanocides such as melarsen oxide and pentamiifiatovuet al, 2003); (3) A multidrug
resistant strain, B48 which was derived frombAT1-KO strain after increasing exposure to
pentamidine and lacks both tH&AT1/P2 transporter and the high affinity pentamedin
transporter (HAPT1) (Bridge=t al, 2007); (4) The pentamidine-resistant Aquaporgd@uble
null, and Aquaporin 1-3 triple nula@ip2/aqp3, aqpl-Bull strains respectivelygqp2/aqpull
was obtained by the knockout of the aquaporin gspesifically implicated in pentamidine —
melarsoprol cross-resistance in field isolatesf@ktset al, 2012); (5)T. bruceicell line (R0.8),
which upon increasing exposure became resistahBtpM of compound A (CpdA), which is
resistant to inhibitors of cCAMP phosphodiesterdB&3Es) such as CpdA, and cross-resistant to
membrane permeable cAMP analogues (Getldl, 2013); (6) A Trypanosome Alternative
Oxidase (TAO) over-expressing cell line obtainenhfiT. b. bs427 WT by over-expressing the
TAO gene under blasticidin pressure, which shoesult in reduced sensitivity to TAO

inhibitors.

All T. b. brucestrains were used only as bloodstream trypomassgand cultured in standard
Hirumi’'s Modified Iscove’s medium 9 (HMI-9), suppieented with 10% heat inactivated Fetal
Bovine Serum (FBS), 14 pLft-mercaptoethanol, and 3.0 g sodium hydrogen catbqes litre

of medium (pH 7.4). Parasites were cultured in @@ritasks at 37 °C in a 5% G&tmosphere
and were passage every 3 days (Yetrag, 2015; Rodenket al, 2015). Bloodstream forms ©f
congolensesavannah-type strain IL3000 were cultured exaadlylescribed by Coustet al.
2010.
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2.1.2L eishmania mexicana promastigotes

Leishmania mexicararomastigote (MNYC/BZ/62/M379 strain) were growrngemoflagellate-
modified minimal essential medium (HOMEM) (GifScd.ife technologies, Ghent, BelgiurfpH

7.4) supplemented with 10% heat-inactivated featlserum (FCS) at 25 °C. The medium was
sterilized using a 0.22 um filter prior to use atwred at 4 °C. The parasites were passaged three
times a week in 10 ml of HOMEM with 10% Fetal Cadrum (FCS).

2.1.3 Mammalian cell cultures

Human Embryonic Kidney (HEK) cells - 293T, or Hunfeoreskin Fibroblast (HFF) cells were
grown in a standard culture that comprised 500 attb&cco’s Modified Eagle’s Medium-DMEM
(Sigma), 5 mL Penicillin/Streptomycin (Gibco), 5 rhtGlutamax (200 mM, Gibco), and was
supplemented with 50 mL new-born Calf Serum (NBEH)co). All components were mixed in
sterile conditions and filtered with a 0.22 pneiilinto a 500nL sterile bottle, and stored at 4 °C.
The cells were cultured and incubated at 37 °C €&%and were passaged three times a week
when reaching 80-85% confluence in passage ratibharvented flasks, and removal of the
adherent cells was achieved with the help of 0.289psin-EDTA solution. The culture flasks
were horizontally placed to expose a larger surdaea in order to enable cell adherence, which is

crucial for cell growth as a monolayer.

2.1.4 Bacterial strains

Routine cloning ofT. b. bruceigenomic sequences was done using the XL1 bluensbfai
Escherichia col{E. coli). Top 10E. coliand a kanamycin resistant-haem deficient FNELG2 i
were respectively used for the cloning and expoassft recombinant TAOTheseE. colicells
were stored as glycerol stabilates at -80 °C usg&tl. The bacteria cells were grown in luria broth
(LB) (sigma) that was complemented with 18§mL of ampicillin (sigma) at 37 °C under an

overnight vigorous shaking (250 rpm).
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2.2 Preparation of stabilates

Stabilates were made from either genetically eregga cells or when necessary from the
routinely used strains. Usually, a cell suspensbr2 x 10 cells/mL is made in HMI-9
supplemented with 10% FCS, and diluted 1:1 with F@Wiontaining 30% of glycerol. The
prepared stabilates were aliquoted into cryo-\aatstransferred to a -80 °C freezer and stored for
between 24 - 48 h prior to transfer to liquid ngea for long-term storage. Stabilates were
brought out of liquid nitrogen when needed andvedid to thaw at room temperature. Cells were
harvested by centrifugation at a speed of 30§@x 10 minutes at 21 °C to remove the glycerol,

and the cells were then re-suspended in HMI-9 supehted with 10% FCS.

2.3 Materials

2.3.1 Growth media and chemicals

Dulbecco’s Modified Eagle’s Medium, 0.25% TrypsiDEA solution, and Propidium iodide
were all acquired from Sigma-Aldrich. L-GlutamaxO@® mM), New-borne Calf Serum,
Penicillin/Streptomycin, HOMEM medium and New-bddalf Serum were purchased from
GIBCO. Heat-inactivated Fetal Calf Serum (FCS) wasight from Biosera. Alamar blue
(Resazurin sodium salt) was purchased from Tregraistics (UK), while Troglitazone was from

Biomol.

2.3.2 Phytochemical extraction materials and solvents

The following materials were purchased: TLC gralitagyel coated aluminum sheet (Pre-coated
Silica gel Pks4, Merck, Germany)p-Anisaldehyde (Sigma-Aldrich, UK); Dragendorf’s geat
(Sigma-Aldrich, UK); Silica gel 60 BE4 containing gypsum for preparative TLC (Merck,
Germany); TLC grade silica gel 60H (Merck, Germafoy) vacumn liquid chromatography;
Lipophilic SephadeX (LH-20100, Sigma-Aldrich, UK); Column grade siligal (Silica gel 60,
mesh size 0.063-0.200 mm, Merck, Germany).

Dichloromethanep-Hexane, Ethyl acetate, MethaneiButanol, and Acetone were all of HPLC

grade, while Acetic acid was of Analytical grade.
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Solvents listed above were used at different stagfegextraction, analytical TLCs, and
chromatographic separations. They were purchas2dih glass bottles from Fisher Scientific
UK Ltd. All the solvents were either stored at rommperature or transferred to 500 mL solvent
bottles for routine use.

Deuterated (99.9%) solvents (CRCDMSO-d, and Acetone4) were bought from Sigma-
Aldrich UK Ltd, and were used for NMR analysis tddtions.

2.3.3 Test compounds and extracts.

All extracts and purified natural compounds welalsie in DMSO, therefore were dissolved in

DMSO at 20 mg/mL, and the stock solutions wereest@t —20 °C until use.

TAO inhibitors numbering from TAO-01 to TAO-53 wesynthesized and supplied by Dr
Christophe Dardonville of the Instituto de Quimidédica, CSIC, Madrid, Spain. The inhibitors
were soluble in DMSO, therefore were dissolved MID at 20 mM, and the stock solutions

were stored at —20 °C until use.

2.4  Phytochemical analysis

Phytochemical analysis of the selected mediciraltglwas conducted at the laboratory of Prof.
Alexander Gray of Strathclyde Institute of Pharmaog Biomedical Sciences, University of

Strathclyde, Glasgow. This was carried out as tepdvelow.

2.4.1 Plant collection and preparation of samples.

Following the method of Adewakt al, 2011, ethnopharmacological method was usedl&rto
the plants used in this research between the nodddnuary and February from Anyigba, Kogi
State, Nigeria. This involved engaging traditiohablers via interviews in order to establish
which plant/part of the plant preparations areammon uses and how it was administered. This
research area is located on latitufi@¢s — 7° 29 N and longitude 711’ - 7°32 E with an altitude

of 420 — 426 m above sea level. Plants were autated by taxonomists at the Herbarium
section of the department of biological sciencexjikState University, Nigeria. The plants were

confirmed to be:
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Plant A —Centrosema pubescer@tant B —Moringa oleifera;Plant C —Tridax procumbens;
Plant D —Polyalthia longifolia; Plant E -Newbouldia laevisPlant F -Eucalyptus maculata;

Plant G —Jatropha tanjorensis.

Following authentication of the plant materialsg fleaves of the plants were air dried to a
consistent weight in the laboratory. The plantsaxgound to a fine power using a grinder (fKA
Werke GmbH & Co. KG, Germany) before extraction.

The powdered dry leaves (20 g) from plants usehlisstudy were weighed into a thimble and
placed in a soxhlet apparatus. The plant mateaal xtracted consecutively using solvents of
increasing polarity starting with-hexane and followed by ethyl acetate and methéhblL
each). Each extraction stage was carried out tawestion. All extracts obtained were evaporated
at 40°C. Recovery of solvent and concentration of theasts was carried out under vacuum
using a rotary evaporator connected to a condeRssidual solvents were further allowed to
evaporate under the fume hood before samples wesee dried in a freeze dryer. The hexane,
ethyl acetate, and methanol extracts obtained lbetled as below, then stored at 22@rior to
analysis.

Samples were labelled accordingly as:

HDK-AE; HDK-AH; HDK-AM = Ethyl acetate, Hexane, arddethanol fractions from plant A
respectively.
HDK-BE; HDK-BH; HDK-BM = Ethyl acetate, Hexane, amiethanol fractions from plant B
respectively.
HDK-CE; HDK-CH; HDK-CM = Ethyl acetate, Hexane, aktkéthanol fractions from plant C
respectively.
HDK-DE; HDK-DH; HDK-DM = Ethyl acetate, Hexane, aikthanol fractions from plant D
respectively.
HDK-EE; HDK-EH; HDK-EM = Ethyl acetate, Hexane, aktethanol fractions from plant E
respectively.
HDK-FE; HDK-FH; HDK-FM = Ethyl acetate, Hexane, aMgthanol fractions from plant F
respectively.
HDK-GE; HDK-GH; HDK-GM = Ethyl acetate, Hexane, aktikthanol fractions from plant G
respectively.

2.4.2 Bioassay guided fractionation of crude extras

Following the exhaustive extraction of the plantenials, 21 crude extracts, itemised above,

were collected and tested for their anti-trypanasawtivity using a standard laboratory strain of
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Trypanosoma brucewild type s427 and the multi-drug resistant stfB#8. As a selection

criterion, only crude extracts having their g®elow 15 pg/mL were selected for further
purification. In addition to this criterion, samplshowing reduced sensitivity to B48 relative to
the wild type were excluded. The crude extracttvinnet these selection criteria were carried

further for isolation of their active principles.

2.4.3  Purification and characterization of promising extracts

Extracts that met the established selection caitesied in this work were further subjected to

purification using a combination of the several moels outlined below.

2.4.3.1 Thin layer chromatography

Thin layer chromatography plate, which is an aluoimsheet coated with silica gel (Merck
KGaA, Darmstadt Germany), was used for the semaratf compounds. Thin layer
chromatography (TLC) was used to i) screen thetpleaterial for the presence of compounds; ii)
determine the best eluting system for column chtography iii) monitor fractions during
column chromatography and iv) for preliminary asayf compounds. Plant extracts, fractions
or pure compounds were dissolved in an appropsalieent and spotted approximately 1cm
above the bottom edge of a TLC plate. The crudeaeitvas also spotted to serve as control
against the possibility of spotting artefacts. Spotre applied as bands to allow for an easy and
accurate visualisation and the bands were kerasw as possible to minimise the overlapping
of compounds. Solvent combinationsmehexane/dichloromethane;hexane/ethyl acetate or
ethyl acetate/methanol were used as mobile phaggnding on the expected polarity of the

sample under analysis.

Plates were first examined under UV light usingrsfie=254 nm) and long wavelengthis-G66
nm). Short UV is useful to detect aromatic comp@untile compounds with conjugated double
bonds were visible under long UV light. The essenfcgubjecting the TLC plate to UV light
(long and short wavelength) is to be able to idgm@tnd hence distinguish compounds based on
their UV properties.

Then, plates were sprayed with anisaldehyde-sulplanid to trigger an oxidation reaction

between anisaldehyde, sulphuric acid, air, heat,the compound(s). In addition, vanillin-
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sulphuric acid reagents, which allow visualisanbmost compounds (phenols, terpenes, sterols,
pigments and sugars), was also used. Dragendrefiigent was used for alkaloids. Various
colours were observed after spraying with anisgidetsulphuric acid or vanillin-sulphuric acid
reagent and heating for 1-2 minutes with a heat gilkaloids were detected as orange spots
against a yellow background after treating withdenadroff's reagent (Sherma and Fried, 2006).
A combination of the relative mobility of compounais TLC plate, UV property, and reaction

with anisaldehyde-sulphuric acid spray was usebdeabases for fraction combination for NMR.

2.4.3.2 Anisaldehyde-sulphuric acid spray

Anisaldehyde-sulphuric acid was used for the detedf sugars, steroid, and terpenes on TLC.
A solution of 0.5 ml anisaldehyde in 50 ml gla@aktic acid and 1 ml 97% sulphuric acid was

prepared fresh before use.

2.4.3.3 Treatment of Chromatogram

TLC plates were heated to 100 - 105 °C until makiigualization of the spots appeared. The
background was brightened by the presence of wadgour. Lichen constituents, phenols,

terpenes, sugars and steroids turned violet, bbde grey or green respectively upon heating.

2.4.3.4 Vacuum liquid chromatography

Vacuum liquid chromatography (VLC) was performediisintered glass funnel attached to a
water pump. Silica gel 60H (TLC grade) was loadetb ¢he funnel and vacuum was applied to
compress silica gel to a hard layer. The leastralixent was allowed to run through the column

to check whether the column was homogenously packed

Samples were dissolved in an appropriate solvéspraed on a small amount of silica gel 60
(mesh size 0.063-0.200 mm) and dried in the hoagheeve a free flowing powder. The powder
was loaded and packed as a uniform thin layer etojh of the compressed silica gel column and
the thin layer was covered with filter paper toyanat distortion of the arrangement when solvent

is added. The column was eluted starting withelastipolar solvenib{hexane) followed by ethyl
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acetatat-hexane mixtures of increasing polarity and finaigh mixtures of ethyl acetate and
methanol. The column was allowed to dry complebeliwveen fractions to improve resolution
and separation of compounds. Each fraction wasael, and evaporated to dryness at 40 °C
under vacuum using a rotary evaporator. The draxtibns were resuspended in dichlomethane
and checked by TLC. Finally, they were pooled adicqy to similar chemical profiles
(Pattaraporret al.,2014).

2.4.3.5 Size exclusion chromatography

For non-polar fractions, Sephadfexas soaked in a solution of 5#4hexane in dichloromethane
or 50% dichloromethane in methanol for several foline slurry was then poured and packed in
a glass chromatography column of appropriated simgaining about 10-15 mL of solvent
allowed to freely drip in order to prevent air bids Samples were dissolved in a small volume
of the solvent used for the mobile phase. The aunated sample was loaded at the top of the
column. Elution was done with 5%hexane in dichloromethane or 50% dichloromethane i
methanol. If needed, elution was continued with%0fichloromethane or 100% methanol,
respectively. For relatively polar fractions, Seqiénd was soaked in methanol and the column
was then eluted with the same solvent. When thenwolhad finish running, Sephafewas

washed with water then methanol and kept driedéarse.

2.4.3.6 Silica gel chromatography

Open Column Chromatography was performed on giet&0 (mesh size 0.063-0.200 mm). The
column was packed using the wet packing technijiliea gel 60 was made into slurry using the
least polar solvent of the eluting system and fhaured and packed in a glass chromatography
column of appropriate size. Air bubbles were eliatéd by tapping and allowing the tap to run
while packing. Excess solvent was allowed to ruaugh and the column was left to settle down.
Samples were dissolved in a suitable solvent asdradd on a small amount of silica gel 60
(mesh size 0.063-0.200 mm), then loaded at theftte column. Dry silica gel, or a cotton plug,
or filter paper was applied over the sample to @néany distortion when the solvent drops came

from the solvent reservoir. Elution was carried@ither isocratically (using a solvent system that
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does not change composition during the run) orguaigradient. The collected fractions were

analyzed by TLC and pooled according to similamaizal profiles.

2.4.4 Compound identification by Nuclear Magnetic Resonace (NMR) and Mass

spectrometric based techniques.

1D and 2D'H- and™*C-NMR experiments were carried out on a JEOL (JNMQ0) 400 MHz
and a Bruker 500 or 400 MHz instruments. NMR tudasm) purchased from Wilmad-labglass
were used for routine NMR experiments. Samples wiesolved in 0.6 mL of NMR grade
deuterated chloroform and taken in NMR tubes. Betoe tube was inserted into the spinner, it
was thoroughly wiped with a clean wipe to removg @rease or solvent on the outside of the
NMR tube which could contaminate the spinner ang caaise the spinner to fail to grip the tube
properly. The identification of pure compounds Viest carried out by one dimensiortél and

3C NMR spectroscopy. Spectra obtained for known ammgs were identified following
comparison with published spectral data. Further édperiments were carried out when
necessary to accurately assign proton and carbemichl shifts and determine relative

stereochemistry in some cases.

2.4.4.1'*H-NMR

'"H-NMR experiments were carried out for all compasiiblated and were used as the primary
means of structural identification. It provided armhation on the protons present in each
molecule, their chemical shifts, multiplicity (cdumg information) and estimated numbers from
the integration. The spectra obtained were alsa useassess the purity of any isolated

compounds, and to determine the relative molao @ftany components present as a mixture.
2.4.4.2"3C NMR

This gave information on the number and type obcas present in a compound. The spectra
obtained were either broad band-decoupled or J-fatetl In broad band-decoupled spectra, the

'H nuclei are irradiated during th&C acquisition so all protons were fully decoupleshi the

3C nuclei. When this was done each distifi€t environment in the molecule gave rise to a

61



separate singlet signal. In the J-modulated exparinthe carbons were distinguished according
to the extent of their proton attachments (C, CH; @nd CH).

2.4.4.3 Correlation spectroscopy (COSY)

This 2D experiment gavéH-'H coupling in the molecule and also revealed alipting
relationships in one experiment using a suitablegxsequence. The proton shifts were plotted on
both axes with the contour plotted along the diadah the square, and the correlations were
shown as cross peaks with the diagonal correspgridithe ordinaryH spectrum. Thus, the

cross peaks refer to the spin-spin coupled protons.

2.4.4.4 Nuclear Overhauser Enhancement spectroscoyOESY)

The NOESY experiment was performed in order tordatee compound structure and their
relative stereochemistry. In this experiment, alirelations between protons showing Nuclear
Overhauser Effect (NOE) were recorded two-dimeralgnThe NOESY spectrum was used to
measuresH-'H interactions arising from (through space) dipataupling. The spectrum

obtained was similar to the COSY spectrum (scaliaough bonds coupling), but the NOESY

spectrum showed cross-peaks representing NOE abores.

2.4.4.5 Heteronuclear Multiple Bond Correlation (HMBC)

The spectra obtained from this experiment revaad¢eionuclear shift correlations via long-range
couplings. The proton spectrum was arranged omwisevhile the carbon was on the other, and
the correlations were displayed as cross peakeddmtherwise stated, the HMBC experiment
carried out for different samples in the presamtigused a time delay of 0.00625 s (8«g.= 8
Hz). Since this pulse programme u¥ds-C polarization transfer, the detection was about fo

times more sensitive than th€ NMR experiment.
2.4.4.6 Heteronuclear Single Quantum Correlation (I3QC)

Heteronuclear Single Quantum Correlation (HSQ@BH-*C experiment which was carried
out to shows one-bondJj direct correlations. The pulse sequence applititis experiment uses

a time delay set t8% whereJ is the value similar to that of one-bohd-*C coupling. In the
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HSQC spectrum, thiéd and™*C (also called DEPT) spectrum was plotted alongbiseissa and
ordinate respectively. The cross-peaks indicatetbprand carbons that were directly connected

to each other.

2.4.4.7 Compound identification by Mass spectrometry

Mass spectrometry was used to identify the amouhtygpe of chemicals present in our sample
by measuring the mass-to-charge ratio and abundah@as-phase ions. High (and low)

resolution electron impact mass spectra were recooth a JEOL 505HA spectrometer using
direct probe at elevated temperature (110°j@t 70 eV. Positive ion and negative ion mode
Electrospray lonisation (ESI) experiments were grenkd on a Thermo Finnigan LCQ-Deca
lontrap or Orbitrap HRESI mass spectrometer (maakyser set up at 100,000 ppm, externally
calibrated at 3 ppm). According to the polarityngdes were dissolved in acetonitrile, methanol
or water (HPLC grade) or in a binary mixture ofgbesolvents to get a concentration of 100
ug/mL. Sample solution (10-320.) was injected along with a direct infusion of% formic acid

in acetonitrile: water (90:10) at a flow rate of030./min.

2.5 In vitro drug sensitivity assay using Resazurin (Alamar ble) dye

The sensitivity of the various class of compoureds$ed in this work was carried out using the
parasite viability dye, resazurin which in the prese of a viable cell is reduced to a pink
fluorescent compound called resorufin. Alamar bias used in various assays as reported

below.

2.5.1 Drug sensitivity using Alamar Blue in bloodseam forms of T. b. brucei

The drug susceptibilities of bloodstream form trypsomesT. bruceis427 and B48 were
determined using the resazurin (Alamar blue) asBaig. involves adjusting cell density to the
desired concentration of 2 x %dklls/mL of which 10QuL was added to all of the wells in the
plate having a 100l serially diluted test compound (20 top concentration) in HMI-9 + 10%
FBS, then incubating trypanosonsexl test compound for a period of 48 hours follolwgthe
addition of 20 ul filter-sterilised resazurin saturt prepared by adding 25 mg resazurin sodium

salt to 200 mL PBS. This was followed by furtheti&dirs incubation. Standard drugs including
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pentamidine and diminazene aceturate were usemksas/p control. Fluorescence was measured
in the 96-well plates with a FLUOstar Optima (BM@Httech, Durham, NC, USA) at
wavelengths of 544 nm for excitation, 590 for emeissand a gain of 1250. E§&values were
calculated by non-linear regression using an equndtir a sigmoidal dose-response curve with
variable slope (GraphPad Prism 5.0, GraphPad Sadtima., San Diego, CA, USA).
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Figure 2.1 Drug dilution (doubly diluted) down two rows across the plate. The red well is
the drug free well.

2.5.2 Drug sensitivity using Alamar Blue inL. mexicana promastigotes

The drug sensitivity assay in mexicanavas carried out using a method similar to theusezl
for bloodstream form trypanosomes and was detenising the viability dye resazurin, which
involves performing a serial dilution of drug sutiat there is 100 pL in each well as shown
above (Figure 2.1). To each well, 100 pL of a 2>cHlis/mL suspension is to be added to give a
final cell density of 1x10well. Because of the difficulty associated withintingLeishmaniaon
a haemocytometer, due to their rapid motility, tebbs were fixed in 1% formaldehyde and this
was achieved by taking 50 pl of culture and adthiggto 400 pl of the media (HOMEM, pH 7.4)
and 50 pl of 1% formaldehyde, making a 10% culwitation after which the count was
multiplied by the dilution factor of 10 to get thetual cell density. After adjustment of the cell
density to exactly 2xf0cells/ml, 100ul of the suspension was added to all wells in tlagep
each already containing 100 ul of the seriallytéitbdrugs (or medium in the no-drug controls).
The plate was incubated for a period of 72 houra5&C and 5% Cgfollowed by the addition
of 20 ul resazurinThis was followed by further 48 hours incubatioanfimidine was used as a
standard drug. Fluorescence was measured in theB@lates with a FLUOstar Optima (BMG
Labtech, Durham, NC, USA) at wavelengths of 544fanexcitation, 590 for emission, and a
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gain of 1250. Egy values were calculated by non-linear regressionguan equation for a
sigmoidal dose-response curve with variable sl@veghPad Prism 5.0, GraphPad Software Inc.,
San Diego, CA, USA).

2.5.3 Assessment of cytotoxicity of test compounda Human Embryonic Kidney (HEK)

293T cells or Human Foreskin Fibroblast (HFF) cellaising an improved protocol

Toxicity of drugs to mammalian cells was carried @sing Human Embryonic Kidney (HEK)
Cells (strain 293T) or Human Foreskin Fibroblagtfficells according to our improved protocol
(Rodenkogt al, 2015), with slight modifications. Briefly, HEKr ¢HFF cells were grown in a
culture containing 500 mL Dulbecco’s Modified Edgl&edium (DMEM) (Sigma), 50 mL
New-born Calf Serum (NBCS) (Gibco), 5 mL Peniciltreptomycin (Gibco) and 5 mL L-
Glutamax (200 mM, Gibco). Mammalian cells were imaied at 37 °C/5% CQand were
passaged when they reached 80 - 85% confluencenited flasks. For the assay, cells were
suspended at a density of 3 ¥ &élls/mL, of which 100 pL was added to each wel 86-well
plate. The plate was incubated at 37 °C + 5%fG124 hours to allow cell adhesion. Serial drug
dilutions were prepared in a separate sterile patg 100 pL was transferred to the wells
containing the cells; PAO was used as positiveroanthe plate was then incubated at 37 °C/5%
CO,for an additional period of 30 h followed by thed@wn of 10 uL of resazurin solution (125
mg/L in PBS) and a final incubation at 37 °C/5%,@@ 24 hours. The plate was read in a
FLUOstar OPTIMA fluorimeter at wavelengths 530 ranéxcitation and 590 nm for emission.
The data were analysed using GraphPad Prism S(platied to a sigmoid curve with variable
slope to determine Eg values. The selectivity index was calculated agoEBEK)/ECso

(trypanosomes).

2.6 Drug sensitivity assay using cell counts

Compounds of varying concentrations were testddypanosomes for determinationioivitro

cell growth using cell counts. Trypanosomes attiméd logarithmic phase of growth were taken
from cultures and cell density was determined usifgaemocytometer. The cell density was
adjusted to 2 x TOwith fresh HMI-9 medium. After predetermined peismf exposure to the test

compound, cell counts were taken in triplicategi@ch concentration of the compounds, typically
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for up to 32 hrs. The experiment was repeated te@riimes and the average counts were used

for plotting the growth curve against time in hours

2.7 Drug sensitivity assay using a Propidium lodidéP1)

This procedure was used to monitor the effecteetést compounds on trypanosome survival in
real time (Rios Martineet al, 2015). Trypanosomes become fluorescent wherpldsama
membrane is breached and PI enters the cell and bannucleic acids (Goulket al, 2008). In
this method, 10QL of HMI-9 was added to each well of a 96-well pland 10QL solution of
test compounds at different concentrations, al$d\t-9, was added to the first column; wells
receiving only media served as drug free contibéseach well was added 100 pL of HMI-9
containing 1x10trypanosomes and 18/ of PI. Wells containing the same final conceritrat

of PI (9 uM) in HMI-9 but no cells served to recdrackground fluorescence. The plates were
incubated in a FLUOstar OPTIMA fluorimeter (BMG ltabh) at 37 °C with 5% CO
atmosphere, and the fluorescence was recordedtaitrb4xcitation and 620 nm emission for 6

hrs.

2.8 Determination of oxygen consumption rate.

The Oxygen Consumption Rate Assay Kit (Cayman cbals)jiAnn Arbor MI, USA), designed to
measure extracellular oxygen consumption in mananalells, was adapted to trypanosomes
following the manufacturer’s protocol, but with stdntial modifications. Cells were seeded in a
sterile 96-well flat bottom tissue culture plat@ateeding density of 8x46ells/well (i.e. 5x10
cells/mL) in 15QuL of HMI-9 and test compounds were added in 10quthé appropriate wells,
immediately prior to measurement; three blank wedteived culture medium only. Glucose
Oxidase Stock Solution (4, provided by the kit), was added to a controllw@ldeplete all
oxygen from the medium, and 10 of SHAM was added to another control well (50 fival
concentration). Finally, 1QL of the probe solution was added to every wellegtd¢he blank
wells; all reagents used had been freshly prep&ssithg a repeating pipette, every well was
gently overlaid with 10QL of mineral oil (provided in the assay kit) pre+weed to 37 °C. The
plate was immediately read kinetically for 120 nieriusing a fluorimeter set at 37 °C and at a

wavelength of 380 nm for excitation and 650 nmdorission. Gain was adjusted so that the
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fluorescent signal of probe in 21% (air saturated) buffer was equal to 20% of the imaxn

measureable signal.

2.9 Determination of mitochondrial membrane potental (¥m) using flow

cytometry

Fluorescence Activated Cell Sorting technology (F)@as employed in the determination of
the change in mitochondrial membrane potential (MBIl to exposure of trypanosomes to the
test compounds by using tetramethylrhodamine et$tgr (TMRE) (Denninget al, 2007). The
cell density was adjusted to 1¥klls/mL with and without test compounds for ttertsof the
experiment. 1 mL of sample was transferred at ¢swch point into a microfuge tube and
centrifuged at 4500 rpm for 10 min at 4 °C. Thdgielas re-suspended in 1 mL PBS containing
200 nM of TMRE, followed by incubation at 37 °C 80 min. The suspension was placed onice
for at least 30 minutes before analysis by a Beblickinson FACS Calibur using a FL2-heigth
detector and CellQuest and FlowJo software (Ibradtial, 2011). Valinomycin (100 nM) and
troglitazone (1uM) were employed as negative (mitochondrial memédepolarisation) and
positive (mitochondrial membrane hyperpolarisatiooitrols respectively (Denninget al,
2007). Mitochondrial membrane potential was deteadiat 0, 1, 4, 8 and 12 h.

2.10 Assessment of cell cycle (DNA content assagjng flow cytometry

Fluorescence Activated Cell Sorting Technology (FA\®@as also used to study the effects of test
compounds on DNA contentiirypanosoma brucei bruce#27 WT. Cell density was adjusted
to 1x1d cells/mL with and without test compounds for theadion of the experiment. 1 mL of
sample was transferred at each time point intoafuge tubes and centrifuged at 1629fsr 10
min at 4 °C, washed once in PBS containing 5 mEDT A and re-suspended and fixed in 1 mL
of 70% methanol and 30% PBS/EDTA. The tube withcilés was left at 4 °C overnight in the
dark, and the samples were subsequently washedttice mL PBS/EDTA, re-suspended in 1
mL PBS/EDTA containing 10 pg/mL propidium iodidedancubated at 37 °C for 45 minutes.
RNase A (10 pg/mL) was added before the samples aealysed by a Becton Dickinson
FACSCalibur using the FL2-Area detector and CellQuoftware. The data obtained were
analysed using FlowJo software (FlowJo LLC, Ash|dDR, USA).
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2.11 Assessment of cell morphology and DNA configation using fluorescence

microscopy

The configuration of nuclei and kinetoplast DNAreiated and untreatddbruceiwas visualised
using a vectashield mounting medium with the dgeddamidino-2-phenylindole (DAPI) (Vector
Lab. CA, USA), which fluoresces when bound to DNwhile the mitochondrial integrity was
examined using the Mito-Tracker Orange CMTMRosrstgy dye (ThermoFisher Scientific,
UK), which is a cationic fluorophore that accumatain the mitochondria due to the highly

negative mitochondrial membrane (Géleal, 2015).

First, a stock solution of 100 uM was made by agidid pL of a 1 mM Mito-tracker stock to 90
pL DMSO. From this solution, 1 pL was added to 1@hlsample at each time point to make a
final concentration of 100 nM of Mito-tracker. Thample was then incubated at 37 °C and 5%
CQO, for 5 minutes. The incubated sample was washditten-sterilized 1x PBS and spun at
2,600 rpm for 10 minutes. After the final wash stép sample was re-suspended in 1 mL of 1 x
PBS. 50ul of the re-suspended cells were spread onto & giagoscope slide, and were left to
air dry, the cells were then fixed in methanol ovgint at -20 °C. The following day, the slides
were rehydrated using 1 mL of PBS and allowed hyaeate for 10 minutes after which it was
then allowed to evaporate but not completely. AodybVectashield antifade mounting medium
with DAPI (Vector Laboratories, USA) was addedhe slides and spread by a coverslip; the

coverslip was then applied and the edges weredseatle nail varnish.

Slides were observed for cell morphology under Eredta Vision core microscope using
softWoRx software, while DNA configuration was asssd using a Zeiss Axioplan microscope
using Hamamatso digital camera and Openlab softwatetal of 500 cells per slide were
counted for each sample using a cell counter, ances for DNA configuration were given
following these groups: 1IN1K, 1N2K, 2N2K (Early)daBBN2K (Late), where N is nuclear DNA,
and K is kinetoplast DNA.
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2.12 TUNEL assay

Fragmentation of parasite DNA after exposure wathous compounds was evaluated by TUNEL
assay using the APO-BrdU TUNEL Assay Kit (Invitrodefor the detection of DNA
fragmentation, following the manufacturer’'s protbcbhe cell density of the parasites was
adjusted to 1x10cells/mL and the cells were incubated with or withthe test compounds for
the period of the experiment. After the incubapeniod the cells at first underwent fixation such
that 1x10 cells were suspended in 5@00f PBS, followed by the addition of 5 mL of 1%/{y
paraformaldehyde in PBS to the sample and there@laa ice for 15 minutes. After this, the
sample was centrifuged at 2000 rpm for 5 minuted taen the cells were washed twice in 5 mL
PBS, before re-suspending them finally in p@CPBS. Eventually, 5 mL of ethanol (70%) was
added to the sample before storing at -20 °C. Befoalysis by flow cytometry, the sample was
centrifuged for 5 minutes at 2000 rpm in order @move the ethanol. The cells were re-
suspended in 1 mL of wash buffer, followed by aéungation for 5 minutes at 2000 rpm; this step

was repeated to remove any residual ethanol.

Following the wash step, %@ of DNA-labelling solution (31.2%L dH,0, 10uL of the reaction
buffer, 8uL of BrdUTP, and 0.7%L of Terminal deoxynucleotidyl transferase (TdTygme
were added and then incubated at 37 °C for one(atlr an intermittent shaking of the sample
every 15 min). At the end of the incubation peribanL of the rinse buffer was added and the
sample was spun for 5 minutes at 2000 rpm; this stas repeated, with the supernatants
removed each time. After this, 100 of the antibody staining solution (9% of the rinse buffer
and 5uL of the Alexa Fluor 488 dye-labelled anti-BrdU iady) was added to the sample and
then incubated at room temperature for 30 minutake dark. Finally, 50QL of propidium
iodide/RNase (also provided by the kit) was addedhe sample and the sample was then
incubated for 30 minutes at room temperature Viighsample protected from light. The sample
was analysed by flow cytometry using both FL3- Wwidhd Anti-BrdU FITC detectors and cell

Quest software. The data obtained were analysdédrieivJo (10) software.
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2.13 ATP level determination

Intracellular ATP was measured using an ATP Deteation Kit (Invitrogen), which contains
Luciferase (recombinant firefly) and Luciferin, limving the manufacturer protocol. Briefly,
culture containing 1x1Gcells of both treated and untreated parasites takesn and centrifuged
for 10 minute at 2800 rpm (4 °C). The resultindgielwere washed twice in 2QQ of 50 mM
Tris-HCI, pH 7.4, containing 0.1 mM Dithiothreit¢DTT). The cells were then lysed by
sonication on ice (twice for 10 seconds separaje80bseconds) using a Soniprep 150 with
amplitude at 8 micron. After this, it was centrifagat 14000 rpm for 10 min at 4 °C. The
resultant supernatant was frozen in liquid nitroged stored at -80 °C. Cellular ATP levels were
measured using the contents provided in the kit.Standard reaction solution was prepared for a
10 mL volume master mix [8.9 mL @B, 0.5 mL 20x reaction buffer, 0.1 mL of 0.1 M D&hd

2.5 uL firefly luciferase (5 mg/mL), 0.5 mL of 10 mM Dutiferin]. After this, 90uL reaction
solution from the master mix was added to each amdl the background luminescence was
recorded using a FLUOstar OPTIMA fluorimeter; tH€huL of each sample was added to the
well and incubated for 15 min at 28 °C and the heacence was recorded. A standard curve was
made using serial dilution of varying concentrasioh ATP (0.5uM — 500 pM) to calculate the

ATP concentrations in the samples.

2.14 Metabolomic assessments OF. b. bruce cells treated with natural

compounds.

Bloodstream fornT. bruceiwas seeded at the same cell density (2ril] in 75 cnf flasks (one

for the drug treatment, and another for the negatontrol) two days before the experiment in
order to have a mid-log phase culture. The celleweated with the appropriate compounds at
concentration equal to half their B®or 10 h at 37 °C, and 5% GCBamples of 1xfaells were
taken at the end of the incubation period, transteto a 50 mL falcon tube, and quenched by
rapidly cooling the cells to 4 °C by submergingduba dry ice/ethanol bath. During the cooling
process, the samples were continuously stirreddioldreezing and cell lysis; the tubes were then
wiped and placed on ice. Next, the samples were ap@i250xg for 10 minutes at 4 °C, after
which 10 pL of the supernatant was taken from saahple, transferred to a microfuge tube and
kept in a freezer at -80°C. This supernatant sampeeventually mixed with 200 pL CMW for

spent medium analysis. The supernatant havingrnestly removed, (keeping the tube onice) a
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small volume was left in which the cells were refgnded. This was transferred to a microfuge
tube and centrifuged at 4500 rpm for 5 minutes°&,After which the last of the supernatant was
carefully and completely removed. The pellet waslvea in 1 mL PBS at 4 °C and centrifuged at

4500 rpm, for 5 minutes at 4 °C and this step wpsated for 20 seconds in order to remove any
PBS left.

The pellet was then re-suspended in 200 uL of extrasolvent (Chloroform: Methanol: Water,
CMW, 1:3:1) at 4 °C and was vigorously mixed inardo break up the pelleThe samples
including the CMW solvent sample in microfuge t({®@0 pL) and the fresh medium sample (10
ML medium + 200 uL CMW) were left on the shaketthe cold room (4 °C) for 1 hour at
maximum speed. After this period of shaking, thagias were centrifuged at 13,000 rpm, for 10
min at 4 °C, and the supernatants (CMW extractsg¢weamoved (180 pL) and transferred to MS

vials, making sure no part of the pellet went itte sample.

About 10 pL from each sample was collected (witha@kception of the ‘no fresh medium’ and
CMW solvent samples) into the same microfuge tulgk \sas used as quality control (QC).
Argon (Ar) was added to each sample before sealghe samples were eventually stored at -
80°C until analysis by LCMS.

2.15 TAO over-expression

This was done with the aim of cloning the TAO gatie the pHD1336 plasmid in order to over-
express it inT. b s427 WT, creating a tool for the validation or otiiee of the proposed

mechanism of action of the designed TAO inhibitors.

2.15.1 Extraction of Genomic DNA

Genomic DNA (gDNA) was obtained froim bs427WT, and performed using standard gDNA
extraction kit (NucleoSpif) according to the method below.

The trypanosome culture was spun at 2600 rpm fanib@ites after which cell pellets were re-
suspended in PBS buffer in the wash step and sp@6Q® rpm for 10 minutes before re-
suspending the cell pellets in 500 of the NTE buffer (provided in the kit), 28 of 10% SDS,
and 50uL of 10 mg/mL RNase A. This mixture was then indglisat 37 °C for 5 minutes after
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which 25uL of 20 mg/mL Pronase was added to the sample hwhas then incubated overnight
at 37 °C.

The next day, 600L of phenol: chloroform: isoamyl alcohol (25:24uas added to the sample.
The tube was then spun at 12,000 rpm for 5 mimarteshe clear supernatant was removed and
dispensed into a separate sterile centrifuge fobbeywed by the addition of the same volume of
the same mixture and was centrifuged. Once mongdper phase was transferred to a new sterile
tube and 60QL of chloroform was added, and then centrifuget?a®00 rpm for 5 minutes. The
upper phase was then taken and transferred toike gtelystyrene tube after which 2.5 mL of
absolute ethanol was added to the sample in oalgrdcipitate the DNA, the tube was
centrifuged at 12,000 rpm for 5 minutes. The DNAanted was washed with 70% ethanol. The
tube was then centrifuged at a maximum speed aadDHA pellet was air-dried in the
microbiological safety cabinet before it was resumgted in 5L TE buffer and the DNA sample

was quantified with a nanoDrop then was stored usg at 4 °C.

2.15.2 Primer design for Polymerase Chain ReactiofPCR)

Primers were designed for &nd 3 ends of theTbAOX gene with Hindlll and BamHI as
restriction sites:

Forward- HDK560: GCGC AAGCTT ATGTTTCGTAACCACG

Reverse-HDK561: GCGGATCC TACACATGTTTGTTTACATT

2.15.3 Gradient PCR

Gradient PCR was performed to determine the TA@@rs’ annealing temperature{jTT. b
427 WT genomic DNA (gDNA) was used as templatas involves the use of: 10 uL GC buffer,
2 uL of 20 MM dNTPs, 2 pL forward primer, 2 puL reseprimer, 0.5 pL gDNA, 0.5 pL phusion
polymerase, and 33 pL,B. Next, 10 pL of the 150 pL master mix was addet PCR tubes.

Gene amplification was performed using a PCR machin
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2.15.4 Agarose Gel Electrophoresis of DNA

Agarose gels were prepared for the analysis of pGRucts. Briefly, 1% agarose was dissolved
in 1 x TAE buffer and the solution was boiled uiitbecame clear, signifying that the agar was
dissolved in the TAE buffer. After cooling the sttun until it became lukewarm, SYBRsafe
was added. The gel was run at 110 Volts and theldbavere observed under the UV

transilluminator. The size of the TAO gene was dote

2.15.5 TAO gene amplification

The TAO gene was amplified using PCR method sinhdléine one highlighted above, froimb
427 WT genomic DNA (gDNA) using a primer annealteghperature of 69.7 °C. The PCR
product was PCR-cleaned and DNA was quantifiecyusifhermo-Fisher Scientific NanoDrop -
a spectrophotometer that calculates the absorbaineevery small sample across different
wavelengths. Double digest for TAO and for the sepHD1336 was performed using Hindlll
and BamHI as restriction endonucleases. This whsifed by ligation of the TAO gene into the
pHD1336 backbone.

2.15.6 Transformation of XL1 BlueE.coli

In order to transform ligations into XL1 bldecoli, aliquot of competent XL1 blue cells were
defrost on ice. Then, 10 pL of ligation product wasinto a 1.5 mL microfuge tube followed by
the addition of 50 pL of XL1 blue cells. It was uimated on ice for 30 minutes and then heat
shocked at 42 °C for 45 seconds after which it puisback on ice for 2 minutes. This was
followed by the addition of 100 pL of LB broth, aimtubated at 37 °C for 1 hour with shaking.
Cells were spread using a sterile spreader on gaitet (at 37 °C for 30 minutes) ampicillin

containing Agar plates (100 pg/mL amp). It was timeuibated at 37 °C overnight.

2.15.7 PCR screening of colonies

Colonies on plate were screened the next day E&iH. Bacterial colonies from the agar plate
were picked with a sterile 200 pL pipette tip, amere streaked onto a new LB agar plate

(numbering each colony) and then using the residactieria for a PCR reaction, dipping the tip
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into the reaction mixThe new agar plate was then put into an incuba&toats37 °C while the
PCR was carried out as follows:

The lead was set to 112 °C for a hot start PCRj¢naturation temperature step was set at 95 °C
for 3 minutes; start cycle: x35; annealing tempemastep; Gradient step: 48.5 °C for 30 seconds;
extension step: 72 °C for 1 min. 40 seconds; Ertepy further extension step of 72 °C for 5
min.; Storage: 10 °C.

Samples were then run on 1% agarose gel to deterthen positive and negative colonies.
Overnight cultures of positive colonies were grdwradding 5 pL of 200 mg/mL ampicillinto 5
mL LB broth, followed by the addition of a stredltloe correct bacteria. These were kept in the
shaker overnight. The following day, DNA was isethfrom the colonies by miniprep, followed
by a test digest to excise the insert from theareG&amples yielding the correct sized dropout
band were then sent for sequencing. LinearizatigiH®1336 carrying the TAO insert was done
using Notl incubated at 37 °C for 4 hour after wattize digest was purified using standard PCR
cleanup kits (NucleoSp).

2.15.8 Transfection of Bloodstream form (BSFJ. brucel with TAO inserted into pHD1336

Transfection was carried out on 5XEBFT. bruceicells using cells with a density of around
1x1C Cells/mL. The number of cells needed was workednd the cells were spun at 1500xg
for 10 minutes after which the supernatant was k@da@ompletely. Then, 10 pug of digested
DNA was transferred to an electroporation cuveli! pellets were resuspended in 100 pL T-
cell buffer and added to the cuvette with the DIMAvas zapped in the Amaxa electroporation
machine using the X-001 programme on the machiter, @hich the electroporated parasites
were transferred immediately into 10 mL pre-warmdéti-9 medium where they were allowed to
recover for 6-18 hours at 37 °C, and 5%,CIhree 50 mL tubes were then set up and labelled
D1, D2, and D3 respectively. This was followed Iy aiddition of 23 mL, 33 mL, and 12 mL of
HMI-9 to D1, D2, and D3 respectively. Also, 23 |83 pL, and 12 pL of blasticidin (5 pg/mL)
was added to D1, D2, and D3 respectively. Aftes,thimL of culture was added to D1, 3 mL of
D1 was transferred to D2 and 12 mL of D2 was tramstl to D3. This ended up with a plate of:
1/24 dilution, 1/288 dilution, and 1/576 dilutiogspectively. From each of D1, D2, and D3, 200
pL was transferred into separate 96 well plates;hwvere labelled appropriately. After this, 10
mL of fresh HMI-9 media was added to the remaimulgure in the flask and 19 pL of blasticidin

(5 mg/mL) was added. Both plates and culture flaske incubated at 37 °C and 5% £O
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2.15.9 Real Time-PCR

This was performed on transfectants, empty veator \&ild type controls using a method
previously described (A&t al, 2013). Briefly, complementary DNA (cDNA) for ti&AO gene
was synthesized using a Reverse TranscriptasefRPrimerdesign, UK). The cDNA for each
of the samples was diluted 1:10 before using thenReal Time-PCR. Amplification of the
cDNA was performed using a 7500 Real Time PCR 8ystApplied Biosystems). The
dissociation curve was used to ensure the ampldicaof only one product, while samples
without RT or cDNA were used as controls. The ctustely expressed gene GPI8 (Lilliet
al., 2003; Capeweltt al, 2011) was used as endogenous control. Thisprsasr sequences
of 5- TCTGAACCCGCGCACTTC and’82CACTCACGGACTGCGTTT (Aleetal, 2013). For
TAO, theACT method was used for relative quantification (R&@hg WT cells in HMI-9 as an
internal control or a calibrator. All data was aisald using Real-Time PCR systems software
(Applied Biosystems 7500 SDS). Primers used for démeplification of TAO were
CGAAGTGGCTCGCGTGTA and'GATGAGGTCGCGGAATGT.The entire experiment was

carried out on three independent occasions, beginmith cell culture and RNA isolation.

2.16 Cloning, expression, and direct inhibitory stdies of physiologic
Trypanosome Alternative Oxidase AMTS-TAO)

In this section the direct inhibitory studies ateenbinant TAO (rTAO) using the novel designer
TAO inhibitors is described. However, because thieléngth TAO (I-TAO) doesn’t exist
physiologically in trypanosomes, considering theg initochondrial targeting signal (MTS) is
cleaved upon transportation of TAO into the mitautiida, it was therefore imperative to target
the physiological form of TAOAMTS-TAO) and carry out direct inhibitory studiestlwihe
potential inhibitors. Over-expression RfHissf SUMO-TAO without mitochondrial targeting

signal AMTS) was carried out in haem-deficient FN102 cells.

2.16.1 Plasmid construction for recombinant TAO expession

A previous plasmid construct, pTAO, which contaims cDNA for TAO fromT. brucei brucei
TC221 as previously described by Nikatial (2002; 2003), was used as template for the
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amplification of TAO using 5AGCCGTAACCACGCATCGAGG-3 and 5%
CTTGTTGAAGCAGAGAATGAGCGC-3as sense and antisense cloning primers, resdgctive
for full length TAO, while 5AGCGACGCCAAAACACCTGTGTGGG-3 and 5'-
CTTGTTGAAGCAGAGAATGAGCGC-3 primer pair was used to amplify the gene segment
lacking the MTS coding sequenc&MTS-TAO). Pfu Ultra Il Fusion HS DNA polymerase
(Stratagene, Ca, USA) was used for the initial P@Rplifications followed by Tagq DNA
polymerase for the addition of B-overhangs. Following the manufacturer’s procedgel-
purified PCR product (TAO) containing thé 8-overhang was inserted into pET SUMO
expression plasmid (Thermo-Fisher), and used ferctiemical transformation of One Shot
TOP10 E. coli cells. Colonies of transformants were grown on (gmL Kanamycin-
supplemented Luria-Broth (LB) plates. Constructipgsclones were confirmed by colony PCR
and were then selected for liquid culture in LB magidr the amplification of vector construct.
TOYOBO Magnetic Extractor kit (Osaka, Japan) wasdur plasmids extraction, and were
subjected to further confirmation by sequence aeasly The NHiESUMO-tagged TAO was
further sub-cloned into pET101 (Invitrogen) whidntained a carbenicillin resistance cassette.
Following PCR and gene analyses, the correct aactstras used to transform a haem-deficient
FN102 protein expressioB. coli host having a Kanamycin resistance gene. The mmbst
positive colonies were selected under carbenicdhd Kanamycin pressure, and selected for

storage and expression experiments.

2.16.2 SDS-PAGE of purified rTAO

SDS-PAGE was carried out following the method désd in Baloguret al. 2013 with slight
modifications. Bacterial lysate, membrane fractjdtmwn-through, and peak fractions from a
TALON column were subjected to discontinuous SDSSEAThe stacking and separating gels
were at 4% and 12% (w/v) acrylamide, respectiv@gmples were mixed in a 1:1 (v:v) with 2x
SDS PAGE loading buffer [4% (w/v) SDS, 125 mM TrSKpH 6.8, 0.2% (w/v) bromophenol
blue (Nacalai tesque), 15.8% (v/v) glycerol, anéol®/v) B-mercaptoethanol] and heated for 5
min at 95 °C. Protein preparations were then loadedwells of a 1.0 mm thick gel and run
alongside a lane containing broad-ranged PrecBlios1 Protein Standards (BIO-RAD, Hercules,
CA, USA) in 1x Tris-glycine running buffer [0.1% (W SDS, 14.3 g/L glycine, and 3.0 g/L
Trizma-base]. The gel was run at 20 A per gel fuyud 90 min and stained for 25 minutes in

GelCode Blue Safe Protein Stain (Thermo Fishenfiifi€) and de-stained in milli-Q water on a
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see-saw shaker with regular change of the millia@ewafter every 20 minutes until bands visibly
appeared. Gel documentation was performed by sognasing a colour imager (GT-7600U,

Epson).

2.16.3 Preparation of inner membrane-rich fraction

Membrane samples were prepared following a metimodis to the one described by Kigoal.
(2010) with some modification. Briefly, glycerobsk of NHigSUMO-TAO-pET101/FN102 was
streaked onto an LB plate containing 1@9mL carbenicillin, 5Qug/mL Kanamycin, and 50
ug/mL ALA (aminolevulinic acid) using a sterilizedabnum rod spreader under sterile
conditions. The plates were then incubated at 30vé&night. From the many colonies that
appeared, a single colony of the strain (FN102)yoay the cDNA forT. b. brucefull-length or
AMTS TAO was used to prepare a pre-culture in 100ofrlLuria Broth medium containing 10
mg carbenicillin, 5 mg kanamycin, and 5 mg 5-amegralinic acid (ALA) for 5 — 6 hours at 37

°C in a shaking incubator at 250 rpm for maximumaaen.

When the optical density (QE) was about 0.6, the pre-culture was transferrecetdrifuge
tubes. The tubes were centrifuged at 8000 rpm forirButes at 4 °C. The supernatant was
discarded and the pellets were re-suspended witmR®f fresh culture media, and then
centrifuged at 8000 rpm at 4 °C for 3 minutes. Mrash process was repeated 2 more times to
remove residual 5-aminolevulinic acid in the palléthe pellets were aerobically grown on a
larger scale at 30 °C in a total volume of 6 L eh8dium containing, 0.2% (w/v) glucose, 50 g
tryptone peptone, 25 g casamino acid, 25 g yedsa@x15 g KHPQO,, 52 g KHPQ,, 12.5 g
(NH,4),S04, 3.25 g trisodium-citrate.28, 0.25 g MgS® 7H,0O, 0.125 g FeGJ] 0.125 g
FeSQ-7H,0, 0.5 g carbenicillin, and 0.25 g Kanamycin. Th8 &L of the prepared culture was
dispensed into 10 flasks for maximum aeration aodith. The initial ORyo of the culture was
0.02.

Expression of soluble and active TAO was made ptesdiy induction with 25 uM of the
inducer, isopropyp-D-thiogalactopyranoside (IPTG) when optical dgnait 600 nm (Olgo)
reached 0.3, and post-induction growth was for d@2rd at 20 °C, after which the cells were
harvested by centrifugation at 8000 rpm at 4 °Gofarinutes. Pellets were re-suspended in 50
mM Tris—HCI (pH 7.5) containing 0.1 mM phenylmetleasulfonyl fluoride (PMSF), 40% (w/w)
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sucrose, and protease inhibitor cocktail (Sigmhg dells were broken by a French press with a
pressure of 150 - 200 megapascal. Unbroken cefis igenoved by centrifugation at 8000 xg for
10 minutes in a Beckman Optima, L-90K ultracengdu(USA). Inner membranes of
NHissSUMO-TAO-pET101/FN102 were fractionated in 40% sgerafter ultracentrifugation at
200,000 xg for 1 hour at 4 °C in a Beckman Optim80K (30 mL of 20% sucrose lysate was
overlaid on 30 mL of 50 mM Tris—HCI pH 7.5 contaigi40% (w/w) sucrose per ultracentrifuge
tube). The buoyant rich inner membranes were raated and the inner membrane pellets was
separated by further ultracentrifugation at 200,8Q0for 1 hour (Beckman Optima, L-90K,
USA). The brown coloured inner membrane pellet reasuspended in 50 mM Tris—HCI (pH

7.5) containing 20% (w/w) sucrose.

2.16.4 Membrane solubilisation

The buoyant rich innenembranes were treated with solubilisation bifeng/mL protein in 50
mM Tris-HCI, 14% (w/v) n-octyB-D-glucopyranoside (OG), 2 M MgSUH,0, 20% (v/v)
glycerol, pH 7.3) at 4 °C (in the cold room); thembrane sample was maintained at 4 °C
throughout the solubilisation process. The soleédimembranes were ultracentrifuged at 42,000
rpm for 1 hour at 4 °C. The total protein contemd éhe quinol oxidase activities of the samples

were determined at various stages i.e. beforeitgydtion, in the supernatant, and in the pellet.

2.16.5 Purification of recombinant TAO

Purification of rTAO was done by means of a hylisatch/column procedure using TALON
metal affinity resin containing Gdmetal ion which has a strong affinity for/inteaand binds to
the histidine tag on SUMO-TAO. This was carried @acording to the manufacturer's
instruction. Briefly, 4 mL of TALON metal affinityesin was equilibrated in a batch set-up with
100 mL of equilibration buffer (50 mM Tris—HCI ca@mhing 20% (v/v) glycerol, 1.4% (w/v) OG,
0.1 mM MgSQ, pH 7.3). OG extract (20 ml) was mixed with thel T3 resin for 20 minutes at
4 °C. The resin was washed twice with 100 mL ofwasffer containing a low concentration of
imidazole (0.1 mM imidazole , 20 mM Tris—HCI, 0.049%'v) n-dodecylp-D-maltopyranoside
(DM), 20% (v/v) glycerol, 50 mM MgS§pH 7.3) and the resin-bound rTAO was transfetoed
a column for additional washing with 20 mL of sedavash buffer (20 mM Tris—HCI, 0.1 mM
imidazole, 0.04% (w/v) DM, 50 mM MgS©020% (v/v) glycerol pH 7.3; flow rate 1 mL/min)én
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protein elution. Finally, rTAO was eluted with etrt buffer containing a higher amount of
imidazole (80 mM imidazole, 20 mM Tris—HCI, 0.04%/¢) DM, 160 mM NaCl, 50 mM
MgSOy, 20% (v/v) glycerol pH 7.3; at a flow rate of 1 firin). Fractions (2 mL each) were

collected in the cold room.

2.16.6 Preparation of Ubiquinol-1 (UQH;) from Ubiquinone-1 (UQy)

The quality of Ubiquinol-12,3-Dimethoxy-5-methyl-6-(3-methyl-2-butenyl)-1,&+izoquinoljs
critical to the overall study of TAO kinetics. Thésdue to the ability of ubiquinol-1 to quickly-re
oxidize to either theoartially reduced (semiquinone or ubisemiquinor@)nf or the fully
oxidized (ubiquinone)n the presence of molecular oxygen. Because of the following

procedure was carefully followed with all precansaluly observed.

Three bottles of UQ [2,3-Dimethoxy-5-methyl-6-(3-methyl-2-butenyl)-1,4+#zoquinonke
corresponding to 10 mg/bottle were emptied intoL3ofnabsolute ethanol, then transferred to a
separating funnel containing 15 mL of a 0.25 M eger 0.1 M sodium phosphate buffer (pH
7.5). This was followed by the addition of 2 mLtbé first separating solvent, cyclohexane, the
mixture was subjected to,Ng) bubbling. An equal volume of the second sepagasolvent,
ethanol (2 mL) was added to the mixture and traresfido a clamped separating funnel. This was
followed by the addition of 1 spatula of the redgcagent Dithionite, and the separating funnel
with its content was subjected tg flushing. The mixture was vigorously mixed urttiéthexane
part became clear, and a phase separation appeare?l— 3 minutes. After the lower phase
(ethanol phase) had been let down the funnel,gpenphase (hexane phase) was collected with

a Pasteur pipette into a pre-weighed (W1) cB@amL Pyrex Eggplant type flask.

Because the ubiquinol (U€,) produced would still be trapped in the aqueoussphand to
exhaustibly extract the U@, the ethanol phase was returned to the separatmge! after
which 2 mL of fresh hexane was added to it, amgag mixed vigorously and left until a phase
separation appeared. The hexane phase was collectedided to that previously collected in the
pre-weighed (W1) clea20 mL Pyrex Eggplant type flask followed byfNishing. This process
was repeated three more times to exhaustibly exttra¢rapped U¢H,. The content of the Pyrex
Eggplant type flask (U, in hexane) was vacuum dried in a rotary evapossbat 40 °C until

the content became syrupy and there was no moenbdgft. The flask was re-weighed (W2)
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and the weight of UgH, was calculated as W2 — W1. This was followed leyatidition of 2 mL
acidified ethanol (1% hydrochloric acid in ethartolyecover the ubiquinol from the flask. The
concentration was determined spectrophotometricaty 290 nM after which the
spectrophotometric values were fitted to Beer-La'dkaw using an extinction coefficient of 5.0
mM™*.cm?,

Aliquots were made in 5 mL amber bottles, and vaderexygenated with Nflushing and were

stored at -20 °C until required.

2.16.7 Ubiquinol oxidase/TAO inhibitory assay

The Ubiquinol oxidase activity of purified TAO waseasured by recording the absorbance
change of ubiquinol-1 at 278 nm on a double beaai-dwavelength spectrophotometer
(Shimadzu spectrophotometer UV-3000, Japan) ow@nRtes. Reactions were initiated by the
addition of ubiquinol-1 €7:=15,000 M* cm™) after 2 min of pre-incubation at 25 °C in the
presence of rTAO and 50 mM Tris—HCI (pH 7.4) irotat reaction volume of 1 mL. For TAO
kinetics/inhibitor assays, the reaction was ingiiaby the addition of varying concentration of
ubiquinol-1 after 2 min pre-incubation at 25 °Cle presence of fixed amounts of rTAO and
varying concentrations of Ubiquinol-1 and the intadh all in a 50 mM Tris—HCI (pH 7.4) buffer
containing 0.05%(w/v) octaethylene glycol-monodaodiether detergent.

2.17 Surface Plasmon Resonance binding analysisoizyme-inhibitor complex

Surface plasmon resonance (SPR) binding experinvegnts performed in order to study the
molecular interactions between the inhibitors amel TAO enzyme, according to the method
described by Dreschet al 2009. Briefly, the test compounds were in the megthase and the
recombinant TAO was fixed on a thin gold film. Imetexperiment, recombinant TAO was
immobilized by an amine-coupling reaction onto iasee chip (Biacore, Piscataway, NJ, USA)
and was inserted into the flow chamber of the Bi@acb200 (Biacore, Uppsala, Sweden).
Addition of the flow-through analyte (the test cavopd) to the chamber resulted in the binding
of the compound to the immobilized recombinant TA®@yeby producing a change in refractive
index at the gold surface which was then quantifigd precision. The sensorgram obtained was
fitted to a 1:1 binding model, and the binding riffes were obtained from the ratio of rate

constants, producing a rather straightforward attareation of the rTAO-inhibitor interaction.
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Chapter 3: Isolation of anti-parasitic compounds fom
Nigerian medicinal plants.
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3.1 Introduction

African trypanosomiasis and Leishmaniasis as aajlbealth challenge is compounded by the
lack of vaccines, making chemotherapy the onlyafilst alternative at the moment (La Greca and
Magez, 2011). In addition, existing antiparasiticgs are hampered by toxic side effects and the
emergence of resistance (Delespaux and De KonD@y;ZFairlambet al, 2016). However,
natural products have been identified as highlymsong starting points for the discovery of anti-
protozoan agents (e.g. Salem and Werbovetz, 200@y€l al.,2016; Siheret al.,2016; Dikeet

al., 2016), and indeed have a long and distinguibietdry as essential drugs in the fight against
tropical disease (e. g. Tu 2011). Indeed, oveptreod 1981-2002, 61% of all new chemical
entities approved for infectious diseases wererahttompounds or directly derived thereof
(Newmanet al., 2003).

Natural products derived from plants have playedhgrortant role in the control of diseases
caused by the protozoal parasites, a classical gram malaria caused bylasmodium
falciparum Current malaria treatment relies heavily on plerived products, including the
sesquiterpene lactone artemisinin (Wells, 2011 tlaa alkaloid quinine (Moyet al, 2016). The
success stories of artemisinin, isolated from thm€se wormwood planA¢temisia annupand

of quinine, isolated from the bark of cinchona $ré&nchona officinaliy, both used traditionally

as antimalarial therapies, justify drug discoveagdd on ethnopharmacological usage, as these
drugs were discovered following an intensive sadregof hundreds of plants traditionally used
for treating malaria (Tu, 2011).These achievemeatwithstanding, unfortunately, fewer efforts
have been put into investigating extracts fromaasiplants traditionally used for treating the
kinetoplastid diseases like trypanosomiasis arsthteaniasis despite the undesirable side effects

and effectiveness of the currently available drugs.

Centrosema pubescens, Moringa oleifera, Tridaxyndzens, Polyalthia longifolia, Newbouldia
laevis,andEucalyptus maculat@Appendix A)thrive well in Nigeria where they grow in the wild
except forMoringa oleifera,which is cultivated for food and for medicinal udéewbouldia
laevisis mostly used in northern Nigeria for boundary decation, whilePolyalthia longifolia
commonly called “mast tree” is used as an ornatalgulant. These plants (studied in this work)
are highly valued and are also used for treatingoua infections caused by the protozoan
parasites including speciesTafypanosoma, Leishmania, and Plasmodiespecially the strains
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that resists existing chemotypes (Adtial, 2011; Abubakaet al, 2012; Nwodcet al, 2015;
Bankoleet al, 2016). Because these plants grow on many gabtyare abundant in the wild, and

only their leaves are used, their utilization adbkremedies pose no danger to biodiversity.

The development of an effective chemotherapy basellocal resource will ensure new drugs
that will combat existing problems of drug resisgrand toxicity and provide additional
economic driver for famers, thus increasing ecomanutivity and contributing to a reduction in
poverty in resource poor communities where theseadies affect man and livestock. Hence, in
this study, we investigate the potentials of sel@tterbs traditionally used for treating infections

caused by trypanosomatid parasites in northernridige

Although leaves from the various plant speciesistiitierein are traditionally used in northern
Nigeria against various protozoan infections, mfbttunately none of the herbal preparations
from these plants have been standardized for nsextensively investigated for their toxicity on
mammalian cells, and their activity against protzgarasites has not been scientifically
validated. In search of improved and non-toxic\ecéintiprotozoal principles that are not cross-
resistant with current anti-parasitics, the resofthein vitro screening of extracts from seven
selected medicinal plant species used traditiomaliseat kinetoplastid infections in Nigeria, and
the isolation of their bioactive principles is rejeal, with the aim of investigating the efficacés
the medicinal plant extracts, and of compoundsaisdltherefrom, against kinetoplastid parasites,
assess cross-resistance to existing chemotherapgsaay their toxicity against mammalian cells
in vitro.

In order to achieve this aim, plants used localliyéat trypanosomiasis and other tropical fevers
were obtained and extracted with hexane, ethylaéeetnd methanol. Active principles were
isolated by bioassay-led fractionation, testingfgoanocidal activity, and identified using NMR
and mass spectrometry. gg@alues for their activity against wild-type andltrdrug resistant
Trypanosoma brucevere obtained using the fluorescent viability aedor dye resazurin. The

results are presented below.
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3.2 Results

3.2.1 Antitrypanocidal activity and cross resistane studies of extracts using wild type and

the multi-drug resistant strains of T. brucei.

A total of 21 dried extracts from the leaves ofgbgen plants studied in this work were screened
against protozoan parasites. Extracts were selémtéalther purification according to a slightly
modified version of the protocol of D al 2011. The trypanocidal activity of the primary
extracts was tested at a starting concentratiodD6fug/mL. None of the methanol fractions
showed measureable activity, probably becausehallattive ingredients had already been
extracted by the earlier hexane and ethyl acetath@s. Another notable observation was that
most of the extracts did not show reduced actagiginst the multi-drug resistant strain B48, and
are therefore not cross-resistant with first-limgpanosomiasis drugs such as pentamidine,
melarsoprol, diminazene and Cymelarsan. The oneption was the hexane extract of plant A,

which was in fact significantly more active agaiB48 (P<0.001; Fig. 3.1).

The trypanocidal activities of the hexane (H) athyleacetate (E) extracts with E§values <100
uM are depicted in Figure 3.1, and a full list isagi in Table 3. 1. Of particular interest were
those with an E€ value below 1g/mL, being the hexane extract of plant D (HDK-24 +
0.1 pg/mL), and the ethyl acetate extracts of pl&{HDK-EE. 4.2 + 0.7 ug/mL) and F (HDK-

FE, 12.3 £ 0.3ig/mL); these were selected for further purification
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Figure 3.1 Drug sensitivity assays with medicinal p lant extracts against T. brucei s427WT and B48
cell lines following 72 hours of exposures to extra cts. The figure shows all the EC50 values from
hexane (H), ethyl acetate (E) and methanol (M) extracts that could be obtained using the protocol
described in the Methods section. When not shown the EC50 value was >400 ug/mL, which is equal to the
highest concentration on the plate. The hexane fraction of Centrosema pubescens (HDK-AH) was more
active against multi-drug resistant strain B48 than against wild type s427; no other significant differences
(p<0.05) between the two strains were observed. Bars represent the average ECs, values and SEM of at
least three independent determinations. *** P<0.001 by Student’s unpaired t-test. The dotted line identifies

the fractions with ECsg values <15 ug/ml.

3.2.2Invitro selectivity of extracts: therapeutic index relatie to Human Embryonic Kidney

cells

All 21 crude extracts from the seven medicinal fdavere tested on Human Embryonic Kidney
(HEK) 293-T cellsin vitro, using a modified, and more sensitive, resaziggay involving a
total incubation period of 78 hours. The resultvgbo that at high doses extracts HDK-CH,
HDK-DH, HDK-EE, and HDK-FH displayed a cytostatiather than cytotoxic, activity against
HEK cells (EGo <100ug/ml), whereas other extracts displayed less tox{tiable 3.1). Indeed,
no EGy value could be obtained for 11 out of 21 extragsng a top concentration of 400
pag/mL. The selectivity index (Sl), defined as itmgitro ECso value of the extract against the host
cell divided by the Egg value against the target cell, reached >20 budaoot be determined

where either E€ value could not be obtained due to either lowcaffy or low toxicity.
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(H), and methanol (M) extracts from seven Nigerian

Table 3.1 EC 5 value, Resistance Factor (RF) and Selectivity Inde

x (SI) of crude ethyl acetate (E), Hexane

medicinal plants.

Fractions T. b. s427 WT| T. b. B48 RF HEK (293T) Sl
(ug/mL) | (ug/mL) cells (ug/mL)
HDK-AE 922+21 ND ND >500 >5.4
HDK-AH 74.3+4.2 40.3+2.1 0.84 386 +24 5.2
HDK-AM 233+11 ND ND >500 >2
HDK-BE 71.5+8.0 67.3+2.4 0.94 492 + 37 6.9
HDK-BH 41.0+1.9 42.6 £6.2 1.04 >500 >]12
HDK-BM >250 ND ND >500 >2
HDK-CE 50.1+5.2 60.8 £ 0.5 1.22 198 +12 4.0
HDK-CH 22.0+£2.6 27.1+£0.8 1.23 80.0 + 17 3.6
HDK-CM 222 +5 ND ND >500 >2
HDK-DE 15.2+1.0 16.9+0.2 1.11 114 +3 75
HDK-DH 2.4+0.1 6.8+0.1 29| 509+22 21.6
HDK-DM 129 + 18 ND ND >500 >3.9
HDK-EE 4.2 +0.7 54+0.1 1.28 56.2+1.9 13.3
HDK-EH 985+1.1 ND ND >500 >5
HDK-EM 150+ 10 ND ND >500 >3.8
HDK-FE 12.3+0.3 12.0+0.1 0.98 246 £ 17 20.1
HDK-FH 18.4+0.1 25.4 + 0.5 1.38 86.9+9.9 4.7
HDK-FM 141 + 16 ND ND >500 >2.8
HDK-GE >500 ND ND 378 +17 <1
HDK-GH >500 ND ND >500 ND
HDK-GM >500 ND ND >500 ND
Pentamiding 3.4+0.5 | 1040 +180 305 ND ND
PAO ND ND ND 118 +6 ND
Results were expressed as average EC 5, of at least three independent determinations. Extracts

HDK-CH, HDK-DH, HDK-EE, and HDK-FH were cytostatic rather than cytotoxic at high doses on HEK
cells. Values are average of ECs, values of 4 independent determinations, expressed in ug/mL. *EC50
values for pentamidine and PAO are given in nM. ’PAO, phenylarsine oxide. ®P<0.001, Student's unpaired

t-test, comparing WT and B48. ND, not determined.
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3.2.3 Anti-Leishmanial activity of the primary plant extracts

In order to determine the vitro anti-leishmania activity of extracts from the s¢éel plants, the
extracts were tested dreishmanial mexican&@M379) promastigotes (Fig. 3.2). The result
revealed that hexane extracts fréndax procumbenandPolyalthia longifolia(HDK-CH and
HDK-DH) gave the best activity againist mexicana in vitrdECso values of 16.8 and 17.2
png/mL respectively), while hexane extracts figloringa oleiferaHDK-BH), Newbouldia laevis
(HDK-EH), Eucalyptus maculattHDK-FH), and ethyl acetate fractions Dfidax procumbens
(HDK-CH) andPolyalthia longifolia(HDK-DH) all displayed moderate anti-leishmaniaivaty

in vitro (EG5o 50-70 ng/mL). Extracts not included in figure @@re inactive againgt mexicana
under our experimental condition. There is only erate correlation between the antileishmanial
and antitrypanosomal activities of these extrats,importantly, extract HDK-DH displayed the

strongest activity against both of the parasites.

300

2004

ECs (ug/ml)

100+

Figure 3.2 Effect of Nigerian plant extracts on L. mexicana promastigotes using a top/starting
concentration of 400 pg/ml. The data shown are the average EC5, + SEM of three separate experiments.

Inset: pentamidine (PMD), a standard drug, was used as internal control.
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3.2.4 Bioactivity-guided isolation of the active awmstituents from extracts

Between 150 - 200 fractions were collected from ¢bimn for each extract selected for
fractionation, and the isolation of active compowat guided by the activity of each fraction.
Progress of purification was monitored with NMR andss spectrometric techniques.

After column chromatography the HDK-DH crude extsagelded a fraction that was very active
against trypanosomes. This was followed by furtheification on a Sephadex column, which
gave a pure and active compound, analyzedtbyand **C-NMR (Appendix B). Nuclear
Overhauser Experiments, HMBC, HQSC, and COSY wexne tarried out to determine the exact
structure and relative stereoisomer. Mass spectrgmeas also performed to confirm the
structure and its purity. The result was a clerediype diterpenoid with aalpha,beta
unsaturated lactone ring in the side chain idesttiis clerodane (l&-hydroxy-cleroda-3-13(-
14)-Z-dien-15,16-olide; HDK-20).

In addition, polyalthialdioc acid (HDK-79) and Keknic acid (HDK-52) were also isolated pure

from other fractions of the crude hexane extragilant D,Polyalthia longifolia (Figure 3.3).

= g S
CHa
GHs

HDK-20 HDK- 79 HDK-52 HDK-40

Figure 3.3 Anti-kinetoplastid compounds isolated fr om Polyalthia longifolia (HDK - 20, 79 and 52)
and Eucalyptus maculata (HDK-40). HDK-20 is 16-a-hyroxy-cleroda-3-13(-14)Z-dien-15,16-olide; HDK-
79 is kolavenic acid; HDK-52 is polyalthiadioc acid; and HDK-40 is 3[3,13B-dihydroxy-urs-11-en-28-oic acid.

Fractionation of extract HDK-FE yielded a seriesaipounds, including triterpenes, aromatics
(xanthones), cinnamate/chalcone types, aliphatiabiriterpenoids. Some of these were found in
combination in the fractions, or with other impig®t However, the active fraction on

trypanosomes was, after chemical analyses, idedt#s an ursane type triterpenoigotsOs;
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HDK-40) with a molecular weight of 472.36 g/molgBals for seven skeletal methyl groups, of
which two were doublets and five were singlets,en@ntained in thtH-NMR spectrum. The
presence of 30 carbon atoms inf8-NMR, coupled with the signal from thd-NMR spectrum
was suggestive of the fact that this compound waaraane-type triterpenoid. Furthermore,
analyses of théH-NMR spectrum of this compound revealed two oiefiprotons and a
secondary hydroxyl group whose splitting patterth @memical shift were characteristic offi 3
equatorial hydroxy in the nucleus of a typical wesdype triterpenoid.

In addition, two active compounds were identifiemhi the crude extract of HDK-EE. The NMR
and mass spectrometry analyses revealed thenptegophytin A and B (HDK-28 and HDK-23
respectively) with molecular formulasé740sN4 and GsH72N4Os and molecular masses of 870

and 885.18 g/mol respectively.

3.2.5 Trypanocidal activity of the purified activecompounds

The isolated natural compounds were tested ontyid-s427 trypanosomes as well as a panel of
s427-derived cell lines adapted to high levelgsistance of current and experimental classes of
trypanocides. B48 is highly resistant to virtuallydiamidines and melaminophenyl arsenicals;
AQP2/3-KO lacks the AQP2/AQP3 genetic locus amdaslerately resistant to pentamidine and
melarsoproliThAT1-KO is somewhat resistant to pentamidine antdlizigesistant to diminazene;
RO0.8 is highly resistant to inhibitors of CAMP ppbsdiesterases TbrPDEB1 and B2 (Gaetld
al., 2013), an important class of new therapeutiddesgainst trypanosomiasis (Shaktial.,
2011; Goulcet al, 2011). The results are presented in the tabitawbe
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Table 3.2 Comparing the EC 5, values of purified natural compounds for the diffe rent trypanosomes strains (s427 WT, B48, AQP2/3KO, AQP1-3-KO,
TbAT1-KO, and R0.8) used in this study.
AQP1-3-KO RO.8
s427 WT B48 AQP2/3-KO TbAT1-KO
EC50 EC50 EC50 EC50 EC50 EC50
Compounds (1g/ml) (ng/ml) RF t-test (ng/ml) RF | t-test (ng/ml) RF t-test (ng/ml) RF t-test (ng/ml) RF| t-test
HDK-20 0.38 £0.05 0.40 = 0.00% 1.1 0.76 04200 1.1 0.53 0.23 0.37 £0.009 1.0 0.82 0.48 + 0.01 .2 0.069
0.46+0.02 | 1.2
HDK-23 1.58 +0.09 1.86+£0.092 1.7 0.097 2.70@80.| 1.7 | 0.0006 2.3E-5 2.43+£0.071 1.5 0.004 2.13+£0.24 1.3 4.04
3.32+0.04 2.1
HDK-28 25.0+2.8 28.8+4.2 1.2 0.46 22804 90 0.55 0.35 26.9+0.71 1.1 0.58 243 0.7 9.9 0.40
21.59+0.41 0.9
HDK-40 1.58 £0.03 1.55+0.012 1.4 0.40 1.39#0.1L 0.9 | 0.0046 0.024 1.75+£0.022 1.1 0.020 1.68+£0.01 1.08.020
1.194+0.11 | 0.8
HDK-52 12.3+0.5 10.1£0.5 0.8 0.026 6.86 £0.040.6 | 0.0002 1.0E-4 9.64+£0.78 0.8 0.029 14.2 £ 0.4 .1 0.007
3.40+0.21 0.3
HDK-79 3.57+£0.16 52+04 1.9 0.005 5.54+0.181.6 | 0.0011 0.0024 4.81+0.19 1.3 0.015 4.4+0.3 .2 0.019
6.29 +£0.32 1.8
PMD (M) 0.003 +£0.0004| 0.77£0.01 23p 1.3E- 0.046020| 15.5| 7.8E-6 1.1E-6 0.0074+0.001 2.9 0.0021 0.0072 £0.0021 | 0.0019
0.072 +0.0029 | 24.2
DA (UM) 0.23+0.04 2.14 +0.24 9.3 4.5E- ND - -- ND -- -- 2.06£0.74 9.0 3.8E-5 ND - --
SNPD-001 | 0.029 +0.005 ND - - ND - - ND - - ND - - B83+0.16 | 124 1.6E-6
(M)

Multi-drug resistant strains of T. b. brucei are not cross-resistant with the purified compounds.lPMD = Pentamidine, a known trypanocidal agent; DA, diminazene

aceturate; >NPD-001 is a trypanocidal phosphodiesterase inhibitor. RF = Resistance factor. An RF value of ~ 1 indicates no prospect for cross resistance; RF value

well above one indicates possibility of cross resistance; RF value below 1 indicates increased sensitivity. P-values (p<0.05) were calculated using the unpaired

Student’s t-test. ND, not determined.
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Compound HDK-20 displayed the highest activity agas427-WT trypanosomes, with anggC
value of 0.38 + 0.05, corresponding to approxinyaighM. HDK-23, HDK-40 and HDK-79 also
displayed activity below 5 pg/mL, but the activiyHDK-52 was rather disappointing at 12.3
pg/mL. HDK20, HDK-79 and HDK-52 are closely relatedmpounds from the same plant,
Polyalthia longifolig and most likely metabolites of each other. Clgdhe sidechain appears to
have a large impact on the trypanocidal activitthvihe close@-lactone highly effective; this
gives a potential starting point for derivatizatiomards even higher anti-parasitic activity.
Testing of all purified compounds on our panelfgiresistant trypanosome lines identified only
minor variations in sensitivity, which althoughtsttically significant in some cases, were always
well below even a 2-fold difference from Ef&alue against the wild-type control (Table 3.8), i
contrast to very high levels of resistance to thetiol drugs. As the resistance mechanisms for
these drug classes are now well understood bdlteilab strains here and in field isolates (@taf
al., 2003)we can conclude with confidence that the natunadmmunds reported here are not cross-
resistant with key trypanocide classes such adigmeidines, melaminophenyl arsenicals and PDE
inhibitors. Indeed, HDK-52 was significantly moretige against all the resistant strainsTof

bruceithan the wild type.

3.2.6 Cytotoxicity of the purified compounds

The purified compounds were tested for their effest human embryonic kidney (HEK) cells,
using the same protocol as used for the crudeas{iso as to determine whether the antiprotozoal
activity is the result of general toxicity or is recspecifically antiprotozoal. The toxicity assays
showed that the natural compounds that have antedfel. bruceihave almost no inhibitory
activity on HEK cell growth and viability. Seleciiy indices (Sl, EG, of HEK cells / EGy of
parasites) for trypanosomes are not shown as niotie @compounds tested were toxic to HEK
cells at the highest concentration tested (200 pp(Fig. 4). However, this means that Sl values
range between >8 for HDK-28 and >526 for HDK-20. ¥daclude that the purification increased
not only the activity of the plant extracts butcatiramatically improved the selectivity of the

product.
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Figure 3.4 Cytotoxicity assay of natural compounds on HEK 293-T cells, with 24 h cyto-adherence, 30

h incubation with drugs, and 24 h with sodium resaz urin (alamar blue). None of the isolated
compounds displayed sigmoidal curves, showing that they were not toxic to mammalian cells at
concentrations >200 mg/mL after 78 hours of incubation with the test compounds. The experiment shown

was representative of three independent repeats with identical outcomes.

3.2.7 Activity of Purified compounds againstTrypanosoma congolense and Leishmania

mexicana.

The purified compounds were next tested agalnstongolensean order to determine their
prospects of being developed and used as vetednagy to treat animal African trypanosomiasis
(AAT or nagana), a condition that causes billiohglallars in economic losses in sub-Sharan
Africa (Giordaniet al, 2016). Most of the compounds were somewhat pessnt against.
congolensdhan againsT. bruceiunder the assay conditions, but displayed a siroilder of
potency: HDK-20 >> HDK-40 > HDK-52 = HDK-79. In atfidn, the compounds were tested
againsL. mexicangromastigotes. As for the other two protozoan s ¢iDK-20 was the most
potent of the compounds tested, and the order stgaimexicanavas HDK-20 >> HDK-52 >
HDK-40 > HDK-79. Figure 3.5 displays the E¥alues against all three pathogens side-by-side.
The level of anti-parasite activity for HDK-20 makthis a promising lead compound against

kinetoplastid pathogens.
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Figure 3.5 Effects of purified natural compounds ag ainst three pathogenic protozoa: bloodstream
forms of T. brucei s427 and T. congolense strain IL3000, and promastigotes of L. mexicana strain
M379, using a top/starting concentrations of 200 ug/ml. ECsgvalues shown are the average and SEM of

4 independent determinations.

3.3 Discussion

There is an increased interest in the antiprotozo@ening of plant extracts related to traditional
therapy (Ndjakou Lentet al.,2007; Osoricet al, 2007) apparently due to their very low toxicity,
the stability of natural compounds, and their réggibireduced prospects for resistance or cross
resistance to existing drugs (Naairal,, 2009). We report here on the antiprotozoal égtof the

extracts of seven Nigerian medicinal plants.

Several of the crude ethyl acetate and hexaneotxtésplayed promising activity, whereas the
methanol extracts were markedly less active. TWealtivity of the methanol extracts may simply
be the result of the plants material already habegn extracted with hexane and ethyl acetate, or
genuinely indicate that the less polar solutes filoese plants have the best anti-protozoal activity

The polar compounds extracted by methanol genedadlglay less cellular penetration than
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hydrophobic ones (Orsi and Essex, 2010), and tlaig contribute to the lack o vitro anti-

parasite activity.

The extracts of. pubescens, M. oleifera, T. procumband]. tanjorensigplants A, B, C and G,
respectively) did not display any significaimt vitro anti-trypanosomal activity under our
experimental design. However, these plants mayagoobmpounds with other anti-protozoal or
antibacterial activities, for which we did not testhe current study. Furthermore, the plants may
in fact contain anti-trypanosomal compounds, buhges only in low amounts at the time of
gathering the material. It must also be remembéhad in the traditional usage the plant

preparations are taken orally and may be activiated/o.

It has previously been reported that Nigerian madlcplants contain active anti-parasite
constituents (Enet al, 2014; Igoliet al, 2011) However, the plants that we report on here have
not previously been investigated for their antidtoplastid activities, nor have their active
compounds been identified before now. The only pticr is a report that methanol extract&of
longifolia leaves (our plant D) inhibit the growthlafdonovanpromastigotes, with an igvalue

of 4.18 pg/mL (Paét al, 2011). In our screens, toB, longifoliadisplayed the most promising
anti-leishmanial activity, with the crude hexandragt displaying a similar l§ againstL.
mexicanapromastigotesP. longifolialeaf extracts have also bemported to possess activity
against pathogenic fungi such@andida albicansand against gram-positive bacteria, particularly

Staphylococcus aureygut not against gram-negative strains (Chandd\amng 2010).

The second-most promising medicinal plant in oudgtwaskE. maculatgplant F), with both the
ethyl acetate and hexane extracts displaying ypgahosomal E& values below 20 pg/mL; this
was apparently attributable to the presence adiitk@ne type triterpene HDK-40, isolated from the
ethyl acetate extract. Several previous studiesrteg anti-infectious activities ducalyptus
species. Extracts &. maculatdeaves with methanol-dichloromethane were prewosown to
have activity against gram-positive bacteria (Talshliet al, 2004). Extracts frorg. sideroxylon
and E. torquatasimilarly displayed activity against gram-positibacteria, and some fungi
(Ashour, 2008), and, the ethyl acetate fractiomfée. camaldulensislisplayed a 100% growth
inhibition against the protozodmichomonas vaginalig vitro at a concentration of 12.5 mg/mL
(Hassanket al, 2013).
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Extracts ofN. laevis(plant E) have been reported to exercise antiedialjethanolic extract of
leaves; Kolawole and Akaniji, 2013), bactericidagthanolic leaf extract; Usman and Osuiji, 2007),
analgesic and anti-inflammatory (ethanolic flowetract; Usmaret al, 2008) activities but we are
not aware of any studies regarding their anti-proém activities. Here, we report the anti-
kinetoplastid activity ofN. laevisand attribute its activities to the presence aéquhytin, a
compound that was previously isolated frboniera hypoglaucan a screen for activity against
hepatitis C virus, and was shown to inhibit its NSg8ine protease (Wasegal, 2009). We found
both pheophytin A and B to exhibit a good levehofi-trypanosomal activity, but pheophytin B

was approximately 15-fold more potent than phedpht

Our initial NMR data revealed the presence of soamemon classes of active compounds in these
plants under study, including terpenoids, aromadicd pheophytins (Salem and Werbovetz, 2006;
Wink, 2012). We attribute the remarkable anti-kaptastid activity ofPolyalthia longifolia
extracts and their isolated compounds observedis study to the presence of clerodane
diterpenes, of which the closed lactone form, HOKA2as more active against the kinetoplastids
than the aldehyde or carboxylic acid moieties om sbaffold. HDK-20 and HDK-79 have
previously been described in extract$?ofongifolia with antifeedant (Phadnet al, 1988) and
anti-inflammatory properties (inhibition of NO pnaction by macrophages; Wt al,, 2014).

Wink (2008) reported that lipophilic secondary niet#tes like the terpenoids have detergent-like
properties which can disrupt biological membraadtey their fluidity and inhibit the function of
membrane proteins, including those involved inuwafl signaling and transport. Although, we
observed no major differences in activity againsteell lines with altered drug transport (B48,
AQP2/3-KO, AT1-KO) or cAMP signaling (R0.8), HDK-&®nsistently displayed a significantly
higher activity against transporter mutants thaaregj the wild-type, a situation that was reversed
for HDK-79, and both were somewhat less effectiyairast clone R0.8 as well. However, we do
not propose that chemical disruption of the lipidyer can be the main mode of action of these
compounds, as this would fail to explain the coeablle selectivityis-a-visthe Leishmania

mexicanaor human cells.

The active principles isolated in this work coutdgmtentially developed to treat either human or
animal African trypanosomiasis (HAT and AAT, resipealy). Whereas HAT, commonly known

as sleeping sickness, is a devastating, fatalskséa disease burden is steadily declining (Swnar
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et al, 2015) while AAT continues to cause huge econdasises, and places serious limitations on
agriculture in sub-Saharan Africa — not just fottlearearing (beef, dairy) but also for draught
power for ploughs, carts, etc. The main AAT patimsgareTrypanosoma congolensand
Trypanosoma vivaxGiordaniet al, 2016), and we therefore also tested some ofathige
principles onn vitro cultures ofT. congolensdnterestingly, the same order of potency for ¢hes
compounds applied for boih bruceiandT. congolensewith HDK-20 again being by far the most
active agent. Together with the similarly poterthaites against multi-drug resistant trypanosome
lines, this appears to indicate that the clerodbileepenes may have general utility against African
trypanosomes. This is important, as African livektanay be infected by any of several
Trypanosomapecies and any drug must be able to act on #lleoh, as identification of (sub)-
species for individual animals is currently impreable. Although the bio-assay fractionation was
guided by activity againgt. brucej the extracts and their isolated compounds weretakted on

L. mexicanaas the plants are considered to have broad ycdigainst protozoan infections. The
antiLeishmaniaefficacy of some of these plants (hexane extratt$.procumbensandP.
longifolia) and their purified compounds (HDK-20), affirmsithcontinuous use in folkloric
medicine, and we propose that at least some @i#imes are good prospects for new drugs against

kinetoplastid diseases.
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Chapter 4: Investigations into the mode of action of natural

compounds againsT. brucel.
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4.1 Introduction

Medicinal chemists have been able to synthesizmd gumber of synthetic chemo-types, which
are being used for treating many but by no medrn@atozoan parasites. A particular problem
remains with drugs against parasites causing thgléated tropical diseases’. One of the major
problems is that the most of these drugs are algsiog parasitic strains to become resistant to
these drugs (Rodenlkat al, 2015). Unfortunately, the development of new affetient anti-
protozoan drugs has not received much attentidunaling from the pharmaceutical industry for
the reason that most of these diseases occur aureespoor communities where the people
suffering from these diseases cannot afford tofgathe high price of the drugs, but rely heavily
on subsidized or donated drugs (Wink, 2012). Camsetty, investing in drug development against
especially tropical parasitic diseases is rathéslky venture. The search for anti-parasitics from
natural sources especially from secondary metasadierived from plants is a good alternative to
synthetic drugs considering that medicinal plardsenbeen used for centuries for treating

infectious diseases.

Medicinal plants are a rich source of drug candisl@nd leads, and like synthetic compounds,
could be exploited as anti-protozoan agents thatdceolve the present problem of drugs’
inefficiencies(Schmidtet al, 2012; Wink, 2012). Some of the drugs in use ydda tropical
infections were originally from plant materials pi@usly used for treating these same infections,
which account for their long usage as traditiorsablal remedies (Mayet al, 2007). The success
story of the alkaloid artemisinin, isolated frometiChinese anti-malarial wormwood plant
(Artemisia annug and quinine from the bark of cinchona tre@s¢hona officinali¥ are classic
examples (Willcox, 2011). Several plant-deriveduratproducts from diverse structural classes
including various flavonoids, alkaloids, quinonoiasd terpenoids have been studied as anti-
kinetoplastid candidates against some parasitegtimm@s targeting specific metabolic pathways
such as nucleic acid biosynthesis, biomembraneis¢ynskeletal proteins and enzymes (Wink,
2007).

Natural products have played a significant roléhie development of new chemotherapies. For

instance in the years 1981 to 2006, 1,184 new dmaggs developed and registered for use, out of

which 28% were of natural origin. Another 24% dftaé new drugs registered within this period

had functional groups with pharmacological actiipharmacophores) derived from natural
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products (Newman and Cragg, 2007). Therefore, d gtating point for drug discovery, and in
particular to find anti-parasitic natural lead caupds would be traditional medicinal plants, such
as those from Nigeria, that have been used totesaius types of infectious diseases. Although
there have been many promising developments ttifgleads against tropical protozoan parasites
using various plant extracts the translation os¢heesults into actual drug candidates has not
occurred. In most cases the active principlesedétplant extracts remain unknown due to a lack
of research facilities and funding. Moreover, theafic mechanism of action of these reported
bioactive extracts or bioactive principle is rarditermined if at all [e.g., triptolide; curcumin
(Corson and Crews, 2007)]. However, a comprehensiderstanding of the interaction of a drug
lead with its molecular target is especially helgéu the process of drug development, for the
reason that it allows the use of medicinal chemegbproaches for optimization, and in some cases
a more suitable clinical trial design. This is d¢alido the development of new and efficient

chemotherapy that will replace the current inedfitiones.

Usingin vitro models off rypanosoma bruceethnopharmacological/bioassay guided fractionatio
approach was used towards the identification of lead compounds and evaluate their potency,
based on extracts from traditional medicinal pldrasn Nigeria. We have shown (see chapter
three) that neither the crude extracts, nor thwecompounds isolated from them, are toxic to
human cells. However, promising activity was foagainst a drug sensitive wild type strain of
Trypanosoma brucegs427-WT) and a multi-drug resistant strain, B@®jch lacks both the
TbAT1/P2 transporter and the high affinity pentamediransporter (HAPT). Therefore this chapter
reports the mode-of-action of two of the most psing isolated compounds @-®ydroxycleroda-
3,13(14)Z-dien-15,16-olide [HDK20; figure 4.1(Af#nd P,133-dihydroxy-urs-11-en-28-oic acid
[HDKA40; figure 4.1(B)JonT. bruceli

ECso = 0.38 pg/mL ECs = 1.58 pg/mL

Figure 4.1 Structure of 16 a-hydroxycleroda-3,13(14)Z-dien-15,16-olide, HDK20 ( A), and 3p,13B-
dihydroxy-urs-11-en-28-oic acid, HDK40 (B), and the ir in vitro EC50 against trypomastigotesof  T. b. brucei.
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4.2 Results

4.2.1 Effect of different concentrations of HDK20 ad HDK40 on the growth of bloodstream

form T. brucel brucel WT following long and limited exposures.

The effect of test compounds HDK20 and HDK40 oparyosome (s427 WT) proliferation was
studied after exposure of a limited duration. Fome drugs like the diamidines (i.e. pentamidine)
trypanosomes need only to be exposed for a shoddpo@ -3 hours); although this drug acts very
slowly, cell death does occur hours after the expowould have ceased (Barmtal.,2007). This
means that its early effects are irreversible ayjghhosomes will not recover once this effect is
initiated. For the translation inia vivo activity, a short minimum exposure time for a drsig
desirable and may reduce potential toxic effecso@ated with keeping compounds at peak
circulation levels for longer. Obviously pharmaaital data is crucial in the assessment of
potential trypanocides, with key implications faryacourse of therapy.

Consequently, the effects of limited exposureyganosomes to the test compounds were carried
out.

The initial seeding density was 2 x>k&lls/mL, the cells were treated with the apprateriest
compound concentrations (Figure 4.2 panel B anelkibgpt for the drug-free control. The cultures
were first incubated at 37 °C and 5% 4ar a brief period of 1 hour, after which the selere
washed with fresh media by centrifuging at 2400,mevseeded (2 x ¥6ells/mL) in fresh HMI-9
media, and samples were taken and counted at ipaelpoint. The counting was performed in
triplicate and the average values obtained werdegalagainst time using GraphPad prism 5

software.

100



» 1501 0.4 pg/ml ﬂ 1504== No dru J

S - 0.8 pg/ml 'S 0.4 ug/gr]nl B
-

9 —— 1.6 pg/ml » -=— 0.8 pg/ml

= -8~ No drug = ——

= = 1.6 pg/ml

5 100- 3 1004

8 8

= =

2 504 2 501

] [}

o ©

S 8

0 0 + T L
0 12 24 36 48 0 12 24 36 48
Time (h) Time (h)

. 1504 0.8 pgimi o 1504 0.8 pg/ml

5 1501 o 16 pg/ml C =) - 1.6 pg/ml D

9% == 3.20 pg/ml x A 3.2

— -¥- No drug = == No

c €

5 100- 2

g g

> 2

] (2]

c 504 S

g 8

Ko D

8 (@)

0
0 12 24 36 48
Time (h) Time (h)

Figure 4.2 Growth curve assays of HDK20 and HDK40t reated cells: Growth curve of T. brucei wild-type
s427 grown in the continuous presence of HDK20 or HDKA40 at indicated concentrations, or untreated (no
drug) (panels A and C respectively); and growth curve showing the effect of test compounds on
trypanosome proliferation after a limited exposure (1 hour) to the same concentrations of HDK20 and
HDK40 (Panels B and D respectively). Seeding density was 2 x 10° cells/mL, incubations were at 37 °C and
5% CO.. In panels B and D, the cells were treated with the appropriate concentrations, the cells were
washed with fresh media by centrifuging at 2400 rpm after 1 hours of exposure and were re-seeded at 2 x

10° cells/mL in fresh HMI-9 media, and samples were taken and counted at each time point. Microscopic cell
counts were performed in triplicate using a haemocytometer, and the values obtained were plotted against

time using GraphPad Prism 5 software.

The result shows that the growth pattern of ceilb l@ng time exposure were similar to those with
limited exposure to HDK20 (Fig. 4.2). However, time to achieve a complete clearance of
trypanosomes from the culture was somewhat extefodedis test compound at Oug/mL. For
HDK40, the compound seemed rapidly trypanocid#h@continuous presence of the two higher
concentrations, but following the wash after 1Heg effect appeared to be a long-term growth
arrest.

These results show that, over the duration ofakigeriment, the effects of HDK20 and HDK40 on

trypanosomes are irreversible after a limited exposme (1 h).
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Fluorescence

4.2.2 Monitoring the speed of action (Time to killpof HDK20 and HDK40 on Trypanosomes

by using a propidium iodide based assay.

The rationale for this assay is to examine thedpéaction of the test compounds (HDK20 and
HDK40) on wild type trypanosomes in real time. Tnaciple of the assay is that cells become
fluorescent as propidium iodide (PI) begins to etitem and become bound to nucleic acids. As PI
is not taken up by intadt brucej this can only occur when the plasma membraneedhed as a
result of loss of cellular integrity. Correspondinghe effects of varying concentrations of thest te
compounds on the cell viability or membrane pernigaltion were monitored over a 6-hour

period.

The parasites were incubated with and withoutésedompounds in HMI-9 medium, which has
10% FBS, at 37 °C with 5% GOPropidium iodide concentration was atu®, and the
fluorescence was measured over 6 hours at 544 nrexmtation and 620 nm for emission.
Separate traces (background fluorescence weredetam the absence of cells and these were

subtracted from those presented herein.
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Figure 4.3 Results showing the speed of action oft  est compounds, HDK20 (panel A) and HDK40

(panel B) on trypanosomes. The result presented here shows Propidium lodide (PI) permeabilization of
cells caused by the two test compounds on the bloodstream form of T. b. brucei in a dose dependent
fashion. The parasites were incubated with and without the test compounds in HMI-9 medium, which has
10% FBS at 37 °C with 5% CO,. Propidium iodide concentration was at 9 uM, and the fluorescence was
measured over 6 hours at 544 nm for excitation and 620 nm for emission. Digitonin, a compound known to

cause rapid cell permeabilisation was used as positive control. Separate traces (background fluorescence
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were recorded in the absence of cells and these were subtracted from those presented herein. a =
digitonin treated cells; b = 4 x ECgp; ¢ = 2 X ECsg; d = cells + PI (untreated); e = media + PI (no cells). Note
that the experiments with HDK20 and HDK40 were performed at the same time, allowing the positive

(digitonin) and negative control traces to be used in both panels.

Figure 4.3 shows that both compounds disruptegldsama membrane architecture leading to
loss of membrane integrity, consequently affectieitular viability during 6 hours of incubation
at concentrations of 2x and 4x theirdggalues, and there is a significant differencewieen
treated and untreated trypanosomes (0.4 pg/mL abdud/mL for HDK20 and HDKA4O0,
respectively).

Trypanosomes treated with u§/mL of HDK20 started becoming significantly flusoent after
approximately 2-3 hours of incubation; however, whileis concentration was doubled (1.6
pg/mL), the cells became significantly fluorescastearly as 1-2 hours after the start of the
incubation.

This period of increasing fluorescence was alsaairfor the HDK40 treated cells. None of the
treated groups reached the maximum fluorescerteessthe digitonin treated cells, reflecting a
slow entry of Pl into cells - either only part betpopulation became permeable to Pl or the cells

became increasingly permeable over the courseeadtperiment.

This result showed that HDK20 and HDK40 at conadigns above their Bg cause a
permeabilisation of the plasma membrane of trypames leading to lose of membrane integrity.
This experiment does not elucidate whether thexaethbranes become permeable as a result of a
loss of viability, or the other way around, where perturbation of the cell membrane causes the

cell death.

4.2.3 Natural products cause cell cycle arrest imgpanosomes

Some compounds purified from natural sources eheiir activity by inhibiting progression of
the cell cycle, for instance by binding to a prote2quired for cell division, or by intercalating
with DNA. Thus, an understanding of cell cycle egemay help in deciphering the mode of
action for anti-parasite compounds. Consequemtlihis study, and following on from the cell
viability (alamar blue) assay reported in chapteee¢, an attempt was made to study the effect of
these test compounds on cell cycle progressiomypanosomes using a wild-type strain of

Trypanosoma brucei427 (1x16cells/mL). Cells were stained with DAPI followiimgcubation
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with the test compounds at a concentration closestBG,, and viewed under a fluorescent
microscope at various time points within the indidraperiod and the result was presented as
percentage of 500 cells, and scores for DNA coméigon given as 1N1K, 1N2K, 2N2K (Early:
no cell division furrow) and 2N2K (Late, cell divas furrow apparent), where N is nucleus; and

K is kinetoplast.

The result showed that upon fluorescence microsa@mmination of DNA configuration, cell
cycle defects were noticed after 8 hours of indabatvith the natural compounds: DNA
synthesis could not be initiated, leading to a denncrease in the percentage of cells with just
1 nucleus and 1 kinetoplast, with a concomitantekese in cells in all stages of the cell division

process (see fig. 4.4).
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Figure 4.4 Cell cycle determinationin ~ T. b. s427 WT using DAPI. Fixed cells prepared on slides were
viewed under a fluorescence microscope after 32 hours of incubation with 0.2 pg/mL (HDK20) or 0.5
png/mL (HDK40) and the untreated control (ND, no drug) were incubated without the test compounds.
Values were expressed as percentage of 500 counted cells. N = nuclear DNA,; K = kinetoplast DNA; e =
early stage; L = late stage. Open symbols represents treated cells while filled symbols represent untreated
cells. Note that because the incubations with both compounds were performed in parallel, the same control

cell population was used in both panels.

HDK20 and HDK40 exhibited similar effects on thdl agcle of T. brucej although at the
concentrations chosen, the effect of HDK20 devalogmmewhat faster than that exhibited by
HDK40. Both compounds caused the near-disappeaddrice 2N2K-early and 2N2K-late cell

cycle stages from the cell population after 28 baifiincubation. On the other hand, there was a
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corresponding steady increase in the populatiaels with 1IN1K for the HDK20 treated cells
from 8 hours of incubation and from 10 hours ofuination for the HDK40 treated cells (Fig.
4.4).

This result showed that the cell cycle might barget for the trypanocidal activity of the test
compounds or at least may be contributing to theagies of these compounds. The apparent cell
cycle arrests induced by the continuous exposumtaoncentrations of the compounds for up

to 32 h are consistent with the growth inhibitiepatted in Figure 4.2.

4.2.4 Microscopical investigation of cellular morplology of T. brucei treated with

purified natural compounds

Microscopical investigation of cellular morpholog§ T. bruceitreated with purified natural
compounds was carried out after the cells werebatmd with the purified compound and sample
were taken at various time points, then incubatimg samples at each time point with
mitotracker® and then staining the prepared slide with DAPEWihg was with the aid of a

fluorescence microscope.

The result revealed that the cell population intetbavith HDK-20 (0.41g/mL) had one nucleus
and one kinetoplast (LN1K) DNA after 8 hours ofubation; however, DNA fragmentation
became evident after 10 hours of incubation witihhgound HDK-20 (0.4.g/mL). Although the
mitochondrion of the cells remained normal througttbe experiment, cells treated with HDK
20 appear swollen after 12 hours of incubation,iargbme cells the nucleus appeared to have
fragmented.

The Untreated (control) cells remained normal tgimut the period of the experiment as shown
in figure 4.5. The kinetoplast DNA also appeard¢onormal in both the treated and control
groups, and there were no monster cells foundampdtpulation to the extent that would suggest

inhibition of cytokinesis.
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Figure 4.5 DNA contents and mitochondrial examinati ~ on of treated and untreated (ND) cells.

Images of T. brucei s427 wild type showing DNA breaks following 10 hours of incubation with or without the
test compound (HDK20, 0.4 ug/mL), and these images were taken with the aid of a fluorescent microscope.
Treated cell population had 1N1K after 8 hours of incubation, and nuclear DNA fragmentation was noticed
after 10 hours of incubation. N = nuclear DNA; K = kinetoplast DNA; e = early stage; L = late stage; ND =

untreated control. DAPI = 4',6-diamidino-2-phenylindole; POL = Polarized light or bright field.

4.2.5 Assessment of DNA breaks using TUNEL assay

Cell cycle defects may lead to apoptosis or prognachcell death, and the latter is known to be
linked with DNA fragmentation. The microscopic exaation of cells treated with HDK 20
revealed cell cycle defect after 8 hours of incidmatDNA synthesis could not be initiated, leading
to a dramatic reduction of cells with more tharutlaus or kinetoplast, and DNA fragmentation
became evident after 10 hours of incubation withpound HDK-20 (0.41g/mL). Consequently, a
TUNEL assay was used to study DNA fragmentatiomupoubation with 0.3 pg/mL HDK20 or 1
pg/mL HDK40, and phleomycin (&/mL) was used as a positive control (Sleigh, 19%6j)le the
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negative control was drug free. Phleomycin, whecmixture of copper-containing glycopeptides
first isolated fromStreptomyces verticilluss known to bind to DNA where it induces DNA
breakage either via enzymatic or non-enzymatic iaeisims (Sleigh, 1976).

Fragmentation of parasites DNA after exposure thighaforementioned compounds was evaluated
by TUNEL assay using the APO-BrdU TUNEL Assay Hiitvitrogen) for the detection of DNA
fragmentation following the manufacturer protoddie cell density of the parasites was adjusted to
1x1@ cells/mL, the suspension was incubated with onexit the test compounds for 12 h, and the
results show that the drug-free culture was sigaifily different (p<0.05) from the cells treated
with HDK20 and HDK40 (Figure 4.6).
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Figure 4.6 DNA fragmentation of treated and untreat ed T. b s427 cells following 12 hours of
incubation with the test compounds (HDK20 and HDK40 ) or without the test compounds (untreated
cells). Phleomycin (2 ug/ml) was used as a positive control. **p<0.01; *p<0.05, and the result represent an
average of three independent determinations using a flow cytometer and flowJo 10.0 software. The result
revealed increase of cells with high fluorescence (Br-dU incorportation) after 12 hours incubation with
HDK20 and up to 70% with such levels of fluorescence in HDK40 treated cells, which was similar to that
observed with the phleomycin-treated control. The dot plot and histograms are presented in appendix D and

E respectively.

The result showed a strong increase in Br-dU flsiegace in cells after 12 hours incubation with
HDK20 and a slightly lower increase in cells treiagth HDK40. Although the positive control
(Phleomycin treated) exhibited a strong effecttwan ¢ell population, the cells treated with 0.3

png/mL HDK20 appeared to have undergone an even marked DNA fragmentation after 12 h
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(Figure 4.6, also see appendix D and E) at the esdrations used, whereas there was no

significant difference (p<0.05) between the phleomyreated and the HDK40 treated cells.

4.2.6 Effects of purified natural compounds on mitohondrial membrane potential ofT. b.

bruce treated cells.

HDK20 and HDK40 affected the cell cycle progresabm. bruceicells in this study leading to an
apparent accumulation of cells in the @hase of cell cycle and accumulation of 1IN1K célls
direct causal effect has been previously reporéadren the mitochondria membrane potential and
cell cycle progression iif. bruceicells (Alkhaldiet al, 2016). Consequently, we examined
whether these compounds affect the mitochondriattfan in T. bruceiand whether this is

connected with the cell cycle defects observedezarl

In this study, Fluorescence Activated Cell Sor{lR§CS) was employed for the determination of
the change in mitochondrial membrane potential (MBI to exposure of trypanosomes to the
test compounds using tetramethylrhodamine ethgr éSMRE) (Denningeet al,, 2007). A cell
density of 1x10 cells/mL with and without test compounds was ugmdthe start of the
experiment, and 1 mL of sample was transferrechel ¢ime point into a microfuge tube and
centrifuged at 4500 rpm for 10 min at 4 °C. Thdgielas re-suspended in 1 mL PBS containing
200 nM of TMRE, followed by incubation at 37 °C f8® min. The suspension was placed on ice
for at least 30 minutes before analysis by a BeBliokinson FACS Calibur using a FL2-heigth
detector and CellQuest and FlowJo software (Ibradtial., 2011). Valinomycin (100 nM) and
troglitazone (1QuM) were employed as negative (mitochondrial membm@epolarisation) and
positive (mitochondrial membrane hyperpolarisatiooptrols respectively (Denninget al,

2007). Mitochondrial membrane potential was deteediat 0, 1, 4, 8 and 12 h.

The values given are the percentage of cells hdluogescence greater than 100 arbitrary units
(AU), a value set to approximately 50% for the aated cells, so that a shift to a higher
fluorescence indicates hyperpolarisation (incred&®aq, while a shift to a lower fluorescence is

indicative of a decreasetim (depolarization) (Denninget al, 2007; Alkhaldiet al, 2016). The

result was presented as histograms of TMRE fluerese (See Appendix F).
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Figure 4.7 Mitochondrial membrane potential (%  ym) of treated and untreated T. b. s427 WT cells.
The analysis was measured with a flow cytometer using T. b. b. (bloodstream-form) incubated with 200 nM
tetra-methylrhodamine (TMRE). Troglitazone (10 pM) was used as mitochondrial membrane
hyperpolarization control, while valinomycin (100 uM) was used as mitochondrial membrane depolarization
control. The results shown here are the averages of three independent experiments; and the error bars
represent standard errors. A shift to a higher fluorescence indicates hyperpolarisation (increased ¥m), while

a shift to a lower fluorescence is indicative of a decreased Wm (depolarization)

The result shown above is a summary of the mitoghahpotential ¥m) following 12 hours of
incubation with or without the test compounds agatirat O, 1, 4, 8 and 12 h. As expected, there
was no change in the mitochondrial potential fdrested cells for the duration of the experiment
(12 h). However, valinomycin induced a very rapid atrong depolarisation of the mitochondrial
membrane after just 1 hour of incubation, wheresgitazone caused a clear hyperpolarisation of

the mitochondrial membrane (Fig. 4.7).

Compounds HDK-20 and HDK-40, even at relatively loancentrations (0.3 pg/mL and 1.0
pna/mL, respectively) induced a fast and profounglodeerisation of the parasites’ mitochondrial
membrane potential after 1 hour of incubation amtioued until a near complete depolarization

was achieved after 12 hours.

109



These results indicate that both HDK20 and HDK4fuoed a depolarisation of mitochondrial

membrane potential as an early effect on the pgasasi

4.2.7 Effects of purified natural compounds on ATRevels inT. b. brucel

The previous section described that HDK20 and HDKeHused depolarisation of the
mitochondrial membrane potential ®f bruceis427 WT and it is well understood that the
oligomycin-sensitive ATP synthase present in thamondrial membrane of bloodstream form
(BSF)T. b. bruceiis responsible for the maintenance of its mitochi@h membrane potential
(Brownet al, 2006). It is conceivable that a reduction inulell ATP levels leads to the reduced
mitochondrial membrane potential by denying thE;FATPase the ATP it needs to pump H
across the inner mitochondrial membrane. Conselyyémtse compounds were tested at the same
concentrations as that of the mitochondrial memdpotential above in order to study their effect

on ATP production.

Intracellular ATP level was measured using an AEeDmination Kit (Invitrogen) following the
manufacturer protocol. ATP was determined usingmeginant firefly luciferase and alongside its
substrate D-luciferin in the cell. This assay isdzhon luciferase activity which requires ATP as a
co-enzyme in an enzymatic reaction to produce dnescent light (emission maximum was
approximately 560 nm at pH 7.8). The luciferaseapssas found to be very sensitive (the
luminometer could detect as little as 0.1 piconwlATP). Known amounts of an ATP standard
(provided by the kit), prepared as a serial dilmtveere made and used to plot a standard curve

which was eventually used to quantifiyvivo ATP levels.

Accordingly, Trypanosoma bruceiultures containing 1x1@ells of both treated and untreated
parasites were taken at each time points and fiegeed for 10 minute at 2800 rpm (4 °C) and the

pellets was used for the assay using the assagrkit$ollowing the manufactures manual.

A standard curve was prepared using different cainggons of ATP (10 nM — 1 uM) to calculate
the ATP concentrations in the samples by imputieguminescence obtained from the test well in
the straight line equation generated from the stethdurve shown in Fig 4.5A.

The result showed that intracellular ATP levelsh&fT. bruceitreated with HDK20 and HDK40
were found to be severely depleted (Fig. 4.8 Bha@lgh the intracellular ATP level in the HDK20
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and HDK40 treated cells trended down after justlom@ of incubation, this became statistically
significant after 2 hours of incubation with bo#st compounds.

Oligomycin is a well-known inhibitor of ATP synthaslt was used in this study as a positive
control to prevent phosphorylating respirationrgbinosomes by inhibiting the trypanosomes
ATP synthase thereby blocking its proton channgls(fbunit), which in most mitochondria is
essential for the phosphorylation of ADP to ATPdigy generation) (Browet al, 2006), but in
BSF generates the mitochondrial membrane poteAsdhe oligomycin treated (control) cells had
the lowest ATP content it shows that the membranerial is essential for ATP production. The
fact that oligomycin induced a much more rapid degph of ATP, compared to that exhibited by
HDK20 and HDK40, seems to indicate that thesedastpounds do not directly inhibit theHr
ATPase.
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Figure 4.8 Determination of ATP levels in trypanoso  mes. (Panel-A) ATP standard curve determined in
parallel and under the same assay condition as that of the test samples, the luminescence gotten
expressed as artificial units were plotted against ATP concentrations (10 nM — 1 pM) to generate an
equation for a straight line from which the ATP concentrations in the test samples were extrapolated by
fitting their luminescence to this equation; (Panel-B) ATP concentrations in treated and untreated 10" T. b.
brucei cells using 50 mL extraction buffer. Incubation was for a period of 12 hours with samples taken at
each time point. The results shown here are the averages of four independent experiments; and the error
bars represent standard errors.
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ATP concentration in the oligomycin treated contn@s reduced to 8 nM after 1 hours of
incubation compared to HDK20 and HDK40 treatedscethich had an intracellular ATP
concentration of 16 nM under our experimental cbods (Fig. 4.8 B). However the ATP
concentration in the oligomycin treated cells thhemained steady until after 8 hours of
incubation before it fell further to a concentratiof 6 nM. Meanwhile the HDK20 and HDK40
treated cells exhibited a steady decline in ATRceotration for the duration of the experiment,
but had the lowest value of intracellular ATP levef 10 nM and 13 nM respectively. The

untreated cells had a rather steady intracellule? Boncentration throughout the experiment.

This result show that HDK20 and HDK40 depleteThéruceiintracellular ATP concentration
corresponding to their effect on mitochondria mesmler potential described in the previous
section. From the timelines of the two sets of expents it appears that the loss of mitochondrial
membrane potential precedes the reduction in AV€ldeand thus, like oligomycin causes the
low ATP levels. Much less clear is how these twaré@lated) compounds cause such a dramatic
collapse of#m. Usually, compounds with such effects are catiand accumulate in the
mitochondrion, but it is unlikely that either HDK20 HDK40 are charged.

4.2.8 Metabolomic assessments of b. brucea cells treated with sub-lethal doses of

purified compounds.

The biochemical investigation into the mode of@tf a biologically active compound has in
the past involved time-consuming assays on singiyraee activities. However, the use of a
modern metabolomics platform can rapidly give ihsigto a multitude of biochemical pathways

that could potentially be involved in the cellugarturbations induced by the test compound.

Metabolomics is a comparatively new technology #tlatvs for the identification of hundreds of
metabolites from a single sample, usually a ceftagx or a sample of growth medium. In
principle, if a drug inhibits an enzyme then iexpected that the substrate of this enzyme should
build-up and its concentration should rise withne system, while the concentration of the
product of the enzymatic reaction should fall. Algédahe drug perturbs the cell membrane by
altering its integrity, then it is expected thastloss of plasma membrane integrity would result

in build up of intracellular metabolites within thelture media relative to the untreated culture.
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Also if the compound inhibits the utilization ofyaromponent of the media, such component will
show as elevated (less depleted) in the metabokamailysis compared with the untreated groups.
Various authors have recently used metabolomicsoagpes to investigate metabolism in

trypanosomes (Creek al, 2011 and 2012; Barredt al, 2010; Kamlelet al, 2008; Burgesst

al., 2011; Vincenet al, 2012; Alkhaldiet al, 2015; Aliet al, 2013).

This section therefore utilises untargeted metahas to assess the impactobitro treatments
with HDK20 and HDK40 ori. brucei In untargeted metabolomics there is no prior ssjtjon

on a mode of action and the whole metabolome iestiuto the limit of the technology. We
directly compared the metabolic changes betweeuritreated control group and trypanosomes
incubated with the test compounds. The softwareCGAWas used for multivariate analysis such
as CV-ANOVA, while the false discovery rate (FDR)dgp-values were taken from the Meta-
Boanalyst website (http://www.metaboanalyst.caZZMétch (http://mzmatch.sourceforge.net/)
was used to extract metabolites and their massegtion times (RTs) and intensities. It was
immediately obvious from a global overview of daisualization of the principal component
analysis (PCA) of intracellular metabolome thatr¢éhis a clear-cut separation of the treated

replicates from that of untreated ones (Fig. 4.9).
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Figure 4.9 Data visualization of the Principal Comp  onent Analysis (PCA) of the intracellular
metabolome of HDK20 (3C, A-D) (panel A), and HDK40 (4C, A-C) (panel B) following 10 hours of
incubation of the cells with the respective compoun ds at concentration equal to halftheirEC  5q. The
untreated cells (5C, A-D) were used as control and were incubated and subjected to the same
experimental condition as the treated cells. The visualization shows clear separation between the treated
and untreated controls. The data presented here is that of four biological repeats, the experiment was

conducted using LC-MS, and the data generated were analysed using SIMCA software.
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We also analysed the spent media, and directly eoaapthe metabolite changes between the
untreated control group and trypanosomes incubaitdthe test compounds (HDK20 and
HDK40), as indicators for metabolic changes thatseaperturbations in nutrient uptake or
metabolite efflux (Fig 4.10). It was obvious fronglabal overview of data visualization of the
principal component analysis (PCA) of the extradall metabolome that there is a clear-cut
separation of the treated replicates from thahtfaated ones, and most of the replicates except
3SA and 4SC clustered together.

134228 * wof1]
= -

.

¥

]

1.24 286~ b 1]

4 10 $ 0 § 10 15 A0 3 0 5 0
100008 * 1] 100002 * ff]
{1) = 0.882 Rixo[1) = 0.0918 Ellipses wotelling's T2 (%) 11 =z0.71 R2tof1] = 0,138 E1lipse: Hotelling's T2 (%5%)

Figure 4.10 Data visualization of the Principal com ponent analysis (PCA) of extracellular
metabolome of HDK20 (3S, A-D) (Panel-A), and HDK40 (4S, A-D) (Panel-B) following 10 hours of
incubation of the cells with the respective compoun ds at concentration equal to halftheirEC  5q. The
untreated cells (5S, A-C) were used as control and were incubated and subjected to the same
experimental condition as the treated cells. The analysis shows clear separation between the treated and
untreated controls. The data presented here is that of four biological repeats, the experiment was

conducted using LC-MS, and the data generated were analysed using SIMCA software.

A general overview of the metabolome of the cetlshe multivariate level revealed the
identification of 422 metabolites (Table 4.1). Bdsa the number of significant metabolites, the
effect of the two compounds on the extracellulatainelome was more pronounced than that on
the intracellular composition. In terms of multiede analysis, HDK20 had a stronger

extracellular effect on the whole metabolome (42@taholites) of treated trypanosomes
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compared to its intracellular effect with predietivariability (0.443) higher than its orthogonal
effect (0.35). HDK20 significantly altered 14 exdeflular metabolites with highest predictive
effect (0.862) and very low orthogonal variabil{.092) compared to HDK40. The effect of

HDK?20 and HDK40 appear to be weak intracellular pared to their extracellular effect.

The predictive variation in table 4.1 refers tov#n-groups variation, which is caused by the
effect of the intervention (treatments) on the rneliées, while the orthogonal variation refers to
variations within the group, caused by systemdteceon metabolites. Other statistical analyses
used include the PCV ANOVA which is the p-valuecodss validated analysis of variance
between the two groups. From these analyses agdodme will be having a higher predictive
and a lower orthogonal variation and a signific@utANOVA (<0.05). Hence, a model having
an insignificant p-value and/or low predictive \eion with a high orthogonal variation was
regarded to be insignificant at multivariate levabwever this would not be the case at the

univariate level.

Table 4.1 General overview of the metabolome of tre  ated cells at multivariate level.

whole metabolome Selected metabolites
Cellular No. of Comparison | Pred. | Ortho. PCV- No. of Pred. | Ortho. PCV-ANOVA
part metabolites var. var. ANOVA | metabolites | var. var.
Intra 422 (whole 3Cvs5C 0.20 0.655 1.0 4 0.861 | 0.051 0.082
metabolome)
4Cvs 5C 0.13 0.766 0.945 7 0.779 | 0.028 0.033
Extra 3Svs 5S 0.357 | 0.485 0.949 14 0.862 | 0.092 0.0038
4S vs 55 0.443 0.35 0.952 15 0.751 | 0.186 0.043

Pred. var. = predictive variation = between groups variation, caused by the effect of intervention on
metabolites; Ortho. Var. = orthogonal variation = within group variation, caused by systematic effect on
metabolites; PCV ANOVA = p-value of cross validated Analysis of Variance between the two groups; the
good model = higher predictive and lower orthogonal variation + significant CV ANOVA (<0.05).
Insignificant p-value and/or low pred. var. and high Ortho. Var. = the model is insignificant at multivariate

level, but this is not the case at univariate level.

An overview of the intracellular metabolome at timvariate level for the HDK20 (3C) treated
cells compared to the intracellular metaboloméefuntreated cells revealed the perturbation of

four metabolites: Choline, and 3-(4-Hydroxypherigijtate were slightly elevated, while L-
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Tryptophan, and 2-oxobut-3-enanoate were moderegdlyced in the intracellular extract (see
table 4.2).

Table 4.2 Overview of differences in the intracellu lar metabolome after HDK20 or HDK40
treatment - univariate level

Putative Mass | *RT | 3C/5C p- **FDR Putative Mass | RT 4C/5C | p- FDR
Metabolite value Metabolite value
2-oxobut-3- 100.0 14.4 0.54 0.04 0.67 (R)-2- 300.3 3.814 2.33 0.030 0.75
Enanoate Hydroxystearate
Choline 103.1 20.39 3.04 0.03 0.67 N3- 155.1 17.51 0.53 0.041 0.77
hydroxyethylcyto
sine
L-Tryptophan 204.1 11.53 0.43 0.03 0.67 3-(4- 182.0 8.582 3.68 0.036 0.80
Hydroxyphenyl)la
ctate
3-(4- 182.1 8.582 1.91 0.03 0.67 N-Acetyl-beta- 131.1 14.28 0.50 0.002 0.79
Hydroxyphenyl) alanine
Lactate
L-Tryptophan 204.1 11.53 0.50 0.028 0.76
Choline 103.0 20.39 3.17 0.043 0.78
L-Histidine 155.0 14.77 0.47 0.019 0.80

3C and 4C are the intracellular metabolome of HDK20 or HDK40 treated trypanosomes respectively and it
is here compared with 5C which is the intracellular metabolome of drug-free control cells in order to identify

any changes in intracellular metabolism. *Retention time; **False discovery rate.

An overview of the intracellular metabolome at timevariate level for HDK40 (4C) compared to
the intracellular metabolome of the untreated tngs@mes shows the perturbation of 7
metabolites namely: (R)-2-Hydroxystearate, 3-(44dygphenyl) lactate, and Choline, all of
which were moderately elevated in the extracellodadium, while N3-hydroxyethylcytosine, N-
Acetyl-beta-alanine, L-Tryptophan, and L-Histidiwere slightly depleated. Most of these are

from the amino acid metabolic pool (see table 4.2).

An overview of the extracellular metabolome atitherariate level for the HDK20 and 40 treated
trypanosomes (3S and 4S respectively) comparduktaritreated control cells (5S) reveal the
perturbation of 12 metabolites in the spent medifithe HDK20 treated cells (Table 4.3) while

a total of 15 metabolites were observed to havagidin the extracellular metabolome (spent
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medium) after HDK40 treatment, compared to thahefuntreated trypanosomes (5S) (Table
4.4).

Table 4.3 Overview of the extracellular metabolome - univariate level (HDK20 treated cells)

Putative metabolite Mass *RT 3S/5S p.value **FDR
3-Oxo-5beta-cholanate 374.28 3.612 27.0912 0.010704 0.26991
Cholesterolsulfate 466.31 3.565 3.814068 0.002192 0.070549
Glycine 75.032 15.46 1.400403 0.038769 0.26991
Docosahexaenoicacid 328.24 3.698 1.288593 0.024936 0.26991
2-Oxoglutarate 146.02 14.96 1.668769 5.57E-04 0.019716
5S-hydroxy-12-keto- 334.21 4.165 494.5669 1.88E-06 1.33E-04
6Z,8E,10E,14Z-eicosatetraenoic
acid
13E-docosenoic acid 338.32 3.676 1.586402 0.023889 0.26991
1-octadecanoyl-2- 805.58 3.914 3.404562 0.011189 0.26991
nonadecanoyl-sn-glycero-3-
phosphoserine
AMP 347.06 13.31 387.5218 3.89E-07 3.44E-05
Adenine 135.05 9.549 2.405145 0.003438 0.10141
2-Methyl-3-oxopropanoate 102.03 14.84 1.582258 5.55E-04 0.019716

This table shows the result of the extracellular metabolomic perturbation of 3S - which is the average of 4
separate determinations of the spent medium of HDK20 treated trypanosomes, compared with the average
of 4 separate determinations of 5S - which is the spent medium of the drug free control cells in order to see
whether there is any changes in the extracellular metabolome. The sample preparation and analysis for the

3S and 5s samples were performed in parallel. *Retension time; **FDR = False discovery rate.

It could be clearly observed for both the HDK20 &taK40 treated cells that all the metabolic
changes observed in the extracellular medium (spedtium) i.e. 3S/5S and 4S/5S reflected
elevated metabolite levels, largely from the glgpgiospholipid metabolism (Tables 4.3 and 4.4).
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Table 4.4 Overview of the extracellular metabolome

- univariate level (HDK40 treated cells)

Putative metabolite Mass *RT 4s/5S p.value **FDR
1-Palmitoylglycerophosphocholine 495.33 4.604 843.4975 | 0.007954 0.23872
1-Oleoylglycerophosphocholine 521.35 4.495 5787.07 4.80E-06 5.34E-04
Ethyl (5Z,82,11Z,14Z)-icosa-5,8,11,14-tetraenoate 332.27 3.706 1.721136 | 0.015041 0.23872
Ethyl (5Z,82,11Z,14Z2)-5,8,11,14-icosatetraenoate 434.24 4.55 186.0807 | 0.032151 0.23872
1-Oleoyl-glycero-3-phosphate 436.26 4.518 1821.768 | 2.74E-05 0.001584
1-Stearoyl-2-meadoyl-sn-glycero-3-phosphocholine | 811.61 3.835 3.064126 | 0.040941 0.23872
(2R)-2-Acetoxy-3-(hexadecyloxy)propyl 2- 523.36 4.461 10063.61 | 1.25E-06 4.34E-04
(trimethylammonio)ethyl phosphate
1-Stearoyl-2-arachidonoyl phosphatidylinositol 886.56 3.623 8.814194 | 0.043642 0.23872
1-Hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3- | 836.54 3.629 8.640292 | 0.02004 0.23872
phospho-1'-myo-inositol.
1-(1Z-octadecenyl)-2-oleoyl-sn-glycero-3- 773.56 3.626 12.35933 | 0.043039 0.23872
phosphoserine
1-octadecyl-2-(6Z,9Z,12Z-octadecatrienoyl)-glycero- | 771.54 3.622 12.65741 | 0.043017 0.23872
3-phosphoserine
Adenine 135.05 9.549 1.48833 0.009708 0.23872
[ST dimethyl(5:0/3:0)] (5Z,7E,22E,24E)-(1S,3R)- 454.34 3.887 3962.885 | 3.69E-05 0.00183
26,27-dimethyl-24a-homo-9,10-seco-
5,7,10(19),22,24-cholestapentaene-1,3,25-triol
Reduced Vitamin K (phylloquinone) 470.38 3.966 441.9501 | 0.027529 0.23872

This table shows the result of the extracellular metabolomic perturbation of group 4S - which is the
average of 4 separate determinations of the spent medium of HDK40 treated trypanosomes, compared
with the average of 4 separate determinations of 5S - which is the spent medium of the drug free control
cells in order to see whether there are any changes in the extracellular metabolome. The sample
preparation and analysis for the 4S and 5S samples were performed in parallel. *Retension time; **FDR =

False discovery rate.

4.3 Discusion

The structural diversity of natural compounds adralfact that they usually possess highly
specific and selective biological activities basedtheir mode of action are the two main
reasons why natural products are of immense irtevedrug development. Two classical
examples of these are the tubulin-assembly promaittivity of paclitaxel, and the HMG-
CoA reductase inhibition displayed by statins saglovastatin, neither of which would have
been discovered and developed without the natucalyst leads and investigating their

mode of action (Cragg and Newman, 2013). A cometavledge of the interaction of a
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drug lead with its biological target is particularhelpful for the process of drug
development, because it allows the use of medichmatinistry strategies for optimization of
the compounds drug-like properties, and in somescasmore suitable design of clinical
trial. This is crucial to the development of nevd afficient chemotherapy that will replace

the current inefficient ones.

It is very rare nowadays for a new chemotherapeadent to be licensed without prior
knowledge of its MOA, hence understanding drug moflaction is of fundamental
importance. Yet, of the five drugs currently in @gminst human African trypanosomiasis
(HAT), convincing evidence on a specific mode di@thas only been proposed for the
polyamine pathway inhibitor eflornithine - whichsal is the most recently developed.
Knowledge of the MOA of a novel anti-parasite intob reduces the risk of unexpected
toxicity and also allows synergism and resistaneelranisms to be predicted (Vincenhal,
2012). Accordingly, the mode of action was stud@dwo of our purified compounds and

the findings are discussed here.

Although the two purified compounds studied in thisk were obtained from two distinct
plants and these compounds belong to differens dasompounds i.e. diterpenes (HDK20)
and triterpenes (HDK40), they, surprisingly, disgield similar mode of action, however they
both differ slightly in the extent to which theya# their trypanocidal activity. Previously,
the trypanocidal (mode of) action of some diterpgsa@nd triterpenoids has been studied
and reported in the literature. For instance, Eelane, a diterpene isolated from the ethyl
acetate extract of the marine aBjéurcaria bifurcatg was reported to inhibit the growth of
Trypanosoma brucei rhodesiengevitro with an 1G of 45.0 uM (Galleet al, 2013). The
diterpene HDK20 reported in this work also indueeépid, irreversible growth arrest of
Trypanosoma brucefFig. 4.1), probably by inhibiting mitochondrial Nreplication,
thereby preventing the initiation of the S-phasthefcell cycle and leading to accumulation
of cells with 1 nucleus and 1 kinetoplast.

It follows also that the diterpene tested herarigdting a significant part of the trypanosome
that once initiated, the trypanosomes lacks thenmacy of reversing it, at least not within a

short period of time following exposure.
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A clerodane 16-hydroxycleroda-3,13(14)Z-dien-15,16-olide (i.e. KZD), was previously
purified from the ethanolic extract of the leavdsPwmlyalthia longifolia var. pendula
(Annonaceae), and was tested agdiesthmania donovanwhere it was reported to be
potent, safe, and orally active (Miseaal, 2010). This diterpene was active against the
amastigote forms of the parasitevitro (ICso= 5.79 ng/mL). Theén vivo anti-leishmanial
studies of this compound were performed in hamstdested withL. donovani at oral
doses of 25, 50, 100 and 250 mg/kg/day (n= 6) fmrisecutive days, showing potency from
50 mg/kg/dayln vivo survival studies of up to 6 months as weliragitro cytotoxicity
studies on macrophages indicated that this compausdfe (Misraet al, 2010). This is
consistent with our own finding that the clerodawas not toxic to Human Embryonic
Kidney cells at concentrations >408/mL (see section 3.2.6 of chapter 3). These fgslin
present this clerodane as a potential lead fodibeovery of a safe trypanocide that will

replace the existing toxic ones.

It has previously been reported that clerodaneBeddy targets topoisomerase and thereby
the DNA of pathogens includingeishmania For instance, it has been shown that the
clerodane 1&hydroxycleroda-3,13(14)Z-dien-15,16-olide (HDK2GOnhibits DNA
topoisomerases | df. donovani(Misra et al, 2010). It is thought that topoisomerase
inhibitors block the ligation step of DNA replicati, thereby generating single and double
stranded breaks that eventually harm the integfitye genome. Introduction of these breaks
would subsequently lead to apoptosis and, ineyifalell death. HDK20 was also shown to
affect cell cycle progression in the work here preed (Fig. 4.4), and induced significant
DNA breaks in trypanosomes after 12 hours of intobgFig. 4.6), a phenomenon that was
also noticed with the DAPI microscopy (Fig. 4.5ende, the mechanism of DNA breaks
observed in this work may be similar to the ond theurs through inhibition of DNA
topoisomerases 1 reported in literature for thesardane; this, however, was not directly

confirmed with our data.

Triterpenes are C-30 terpenoids broadly distribiacdover the plant kingdom. These
compounds, have been reported to show a wide m@ngielogical properties, and can be
seen in their free form in so many cyclic skelgtpes, or sometimes linked to sugar moieties
(triterpene saponins). Triterpenes can also existadified forms owing to ring cleavage,

oxidations and loss of carbon atoms (limonoidstriterpenoids, quassinoids). These latter
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classes are often of particular interest with resfeetheir biological activity, and are limited
to some families of plants, mostly of the orderiBdgles, such &imaroubaceae, Rutaceae,
Cneoraceaeor Meliaceae (Schmidtet al, 2012). The most wide spread triterpenes
commonly found in plant species are the oleanatid arsolic acids, which have been
reported as been active against variceishmanisspecies (Peixotet al, 2011; Schmidet

al., 2012).

It was also observed in this work that both HDK2d 8#iDK40 depleted the mitochondrial
membrane potential of trypanosomes and depletadAm® concentration (Fig 4.7). From
the timeline observed, it appears that the deaton of the mitochondrial membrane
potential may occur first, and that ATP depleti®subsequently reduced as a result thereof.
Such a link is consistent with current models effimctioning of the mitochondrion of BSF
T. brucei(Alkhaldi et al, 2016).

The kDNA of trypanosomatids is a structure th&ighly organised, and is made up of tens
of maxicircles and thousands of minicircles (leual, 2015, Alkhaldiet al, 2016). To
ensure thafl. bruceidaughter cells receive identical KDNA networkse fbrocess of
replication is highly synchronized with replicatioh the nuclear materials, prior to cell
division; thus, the mitochondrial S phase for kDM#lication is initiated before the longer
nuclear S-phase (Mckean, 2003; Jensen and Engkxi®). Indeed, the initiation of
mitochondrial division appears to be an essenhakkpoint that must precede nuclear
division, leading necessarily to the creation oRkNcells before the onset of mitosis and
nuclear division (Chaneat al, 2006). The here observed accumulation of 1N1ls tdeus
appears to indicate a failure either to initiateéationdrial S-phase, or a failure of the
mitochondrial S-phase, i.e. of KDNA replication.tWihe mitochondrial S-phase not being

concluded, the nuclear S-phase would not commeeselting in cell cycle arrest at IN1K.

Replication of the kKDNA is dependent on intracetuATP and hundreds of mitochondrial
proteins (Beclet al,, 2013), that are mobilized to the mitochondrighf&ider et al., 2007) in
what is, in BSF, is also an ATP-dependent procegdligms et al, 2008). Thus it is
reasonable to conjecture that the severe depletiéiiP and the decrease of the parasites’
mitochondrial membrane potential interfered with sluccessful initiation or conclusion of

kDNA replication, resulting in cell cycle arrestatio the failure of cells to progress from the
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G1 phase, hence the reason why the cell populasasbserved in this study universally
contain only a single nucleus and kinetoplast. Binmbservations were also reported
following RNAIi knockdown of ATP/ADP carrier in prgclic forms of T. bruceicells, in

which failure of the overall cell division machigawras linked to reduced cytosolic ATP

levels (Gnipovaet al, 2015).

The above investigation thus gives rise to a mbgekhich HDK20 and HDK40 rapidly
depolarise the mitochondrial membrane, leadingrtmiah-reduced cellular level of ATP,
which in turn leads to cell cycle arrest at thegstaf the mitochondrial S-phase. What
remains unclear is what the primary target(s) mightthat by binding of either natural
compound causes the collapse¥oh. We considered that an analysis of biochemical
pathways by metabolomics might give an indicat®which protein(s) is/are targeted by the
test compounds. There are two approaches to stydyatabolomics-based mode of drug
action; firstly, the alterations that ensued atireig induction are observed using a metabolic
fingerprint, after which the metabolome is then paned with drugs whose mode-of-action
is already known by using a multivariate statistaszalysis (Yiet al, 2007). Unfortunately,
there are only a few trypanocides whose mode-obaes known, even though examples
subsist, such as the new N-myristoyltransferase INiRhibitors and Eflornithine (Vincent
et al, 2012). However, it is unlikely that a novel camopd with an unknown anti-
trypanosome mode of action would precisely mimedffects of either the NMT inhibitors
or eflornithine. A higher probability of successwa come with an unbiased approach,
focusing on individual metabolite abundance charigastake place after addition of the
drug (Le Rochet al, 2008); this facilitates the discovery of new med# action.
Correspondingly a non-targeted metabolomic-baspbaph was used in this work to enable
us to study pathways in response to the actiohefdolated compounds with the aim of

defining the mode of action of these trypanocides.

Metabolomic profiling of the effect of HDK20 and K40 onTrypanosoma bruceesulted

in the identification of 422 metabolites using LCSMBased on the number of significantly
changed metabolite levels, the effect of the twogounds on the extracellular medium (by
modulation of export and/or import rates) was higbempared to their effects on the
intracellular metabolite pools. In terms of multiede analysis, HDK20 had better

extracellular effect on the whole metabolome (422aholites) of treated trypanosomes
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compared to its intracellular effect with predietiwariability (0.443) higher than its
orthogonal effect (0.35). HDK20 significantly aker 14 extracellular metabolites with
highest predictive effect (0.862) and very low ogbnal variability (0.092) compared to
HDK40. The effect of HDK20 and HDK40 appear to beak intracellular compared to their

extracellular effect.

Although the metabolomic assessmentg.difruceicells did not clearly reveal the targeting
of any specific metabolic pathway, it appeared tinase compounds may have some effects
on the plasma membrane following 8 hours of indeibaat concentrations around their
ECso. The results of the metabolomic profile of theragellular metabolome may support
this speculation as most of the few metaboliteb witreased concentration compared to the
untreated control were found to be associated ghtterophospholipids metabolism. The
perturbation of the plasma membrane integrity felig hours of incubation which led to
permeabilization of trypanosomes’ plasma membrartkethe corresponding increase in
fluorescence brought about by the entry of propidiadide into the cells may also support
the suspicion that loss of plasma membrane integydty be a contributing factor. However
this finding needs to be interpreted with cautisraaotal loss of cell membrane integrity
would result in the wholesale release of cellutartents into the culture media, and this was
certainly not observed. Any serious effects onmpsnembrane integrity would therefore
occur much later than the observed biochemicalggson¥m and ATP levels, and even

cell division.

In summary, the mode-of action of HDK20 and HDK#pear to be similar and only differ
in the extent of damage they inflict on trypanossyrend in their metabolomic profile,
although the interpretation of the metabolomic dsatay no means straightforward. Hence
their activity timeline can be summarised thug: afast and profound depolarisation of the
parasites’ mitochondrial membrane potential afteodr of incubation and this continued
until a near complete depolarization was achieved 42 hours. The mechanism causing
this might be irreversible as shown by the expemirsbowing irreversibility of growth arrest
after 1 h. (2) Intracellular ATP levels of tAe bruceiwere found to be depleted on a
timescale closely following the loss of mitochomdirmembrane potential. (3) Fluorescence
microscopic assessment of DNA configuration rewetakd! cycle defects after 8 hours of

incubation with the natural compounds: DNA synthesiuld not be initiated, leading to a
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dramatic reduction of cells in the S phase. (4) Diklgmentation became evident after 10
hours of incubation with compound HDK-20, visuatidgy flow cytometry and Terminal
deoxynucleotidyl transferase dUTP Nick-End Labell{iTUNEL) assay, which revealed

significant DNA fragmentation after 12 hours.
Further mode-of-action studies, Structure Actiwglationship (SAR) analysis of related

compound libraries could improve the efficaciethese compounds, which would enahle

vivo animal work to confirm theiin vivo anti-parasite activity.
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Chapter 5: Evaluation of mitochondrion-targeting lipophilic cation

conjugates of Salicylhnydroxamate and 2,4-Dihydroxyénzoate as

potential drugs against African trypanosomes.
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5.1 Introduction

In contrast to mammalian cells, which contain hexdrof mitochondria per cell, trypanosomes
possess a single mitochondrion that is involvedtad cellular functions including maintenance
and expression of genetic information, energy naisin, RNA editing, Fe-S cluster biogenesis,
etc, yet is biochemically very different from mitandria in human cells (Vernet al, 2016).
Hence, this essential organelle represents a guadatherapeutic target for the development of
trypanocidal drugs (Lanteet al, 2008; Cortest al, 2015; Alkhaldiet al, 2016). Among the
many validated mitochondrial targetslofbrucei(e.g. KDNA and topoisomerases, tRNA import,
fatty acid biosynthesis) (Fidalgs al, 2011), the mitochondrial respiration of the géris a
particularly attractive target. In effect, duririeeir life-cycle, trypanosomes adapt their energy
metabolism to the availability of nutrients in thenvironment (Tielens and Van Hellemond,
1998). Hence, procyclic forms df. brucei have a fully functional respiratory chain and
synthesize ATP by oxidative phosphorylation in thikochondrion. In contrast, bloodstream
trypomastigotes of . brucei(i.e. the human-infective form) rely exclusively glycolysis for
energy production as they have no oxidative phagditmon, no cytochrome-mediated electron
transport systems, and no tricarboxylic acid cyderneret al, 2016). Clarksoret al have
shown that respiration @f. b. bruceitrypomastigotes is dependent on a plant-like raétieve
oxidase known as the trypanosome alternative ogi¢flg80), which is localized in the inner
mitochondrial membrane (Clarksat al, 1989). Because it is essential to the viabiity
bloodstream trypanosomes, and because it has mbecpart in the mammalian host, TAO is
considered an excellent target for chemotherapydidi al, 2002; Yabuet al.,2006; Chaudhuri

et al.,2006; Nakamurat al, 2010).

Earlier reports in the literature have shown theat/\simple chemical structures containing the
2,4-dihydroxybenzoate (2,4-DHB) and salicylhydroxaen(SHAM) scaffolds (Fig. 5.1) did
inhibit TAO (Clarksonet al, 1976; Gradyet al, 1986; Ottet al, 2006) however, their
trypanocidal activity proved disappointing becatrsz inhibitors did not effectively cross the

inner mitochondrial membrane to reach their target.
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Figure 5.1 Examples of 2,4-dihydroxybenzoate and sa  licylhydroxamate derivatives showing low

micromolar activity against  T. brucei.

In the present chapter, a strategy to enhance ritieypanosomal potency of this class of
compounds based on the conjugation of these trypde® with a mitochondrion-targeting
lipophilic cation (LC) (See Appendix C) (Madak aNgamati, 2015) was investigated. The
triphenylphosphonium (TPP) cation is one of thetrsascessful LC for mitochondria targeting
(Smithet al,, 2003; 2008; 2011), and the use of the “TPPesgsdtto deliver trypanocidal drugs
to the mitochondrion of trypanosomes has recemtinllemonstrated (Lorgal, 2012; Cortes
et al, 2015). Lipophilic cations can cross lipid bileydy non-carrier mediated transport and
accumulate specifically into mitochondria driven llie plasma and mitochondrial
transmembrane potentials (Ratsal, 2006; Luque-Orteget al, 2010; Taladrizt al, 2012;
Dardonvilleet al, 2015). The strong accumulation of dications iy ¢harged mitochondria
allows the inhibition of various essential funcowith relatively low extracellular drug
concentrations (Wilkest al, 1997; Ibrahinet al, 2011; Alkhaldiet al, 2016). In addition, LCs
can cross the blood—brain barrier (BBB) and gepdtarapeutically effective concentrations in
the brain (Smithet al, 2003), which is particularly relevant for thedatment of late-stage

sleeping sickness.

Accordingly, the activity of 3 series of LC conjuga based on the 2,4-DHB and SHAM
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scaffolds (Figure 5.2) is been reported here. Tdrapounds were evaluat@d vitro against
African trypanosome species. (b. brucei T. congolensg including wild-type and multi-drug
resistant strains in order to assess their effectshe parasite’s viability, their toxicity on

mammalian cells, and to evaluate their structutiicrelationship.

SHAM-TPP conjugates 2,4-DHB-TPP conjugates

O OH

O OH

e e o &

H Br. +Br

O——(CHy), P-"Q ©l--P—(CH2)n—o)©\
O O .

Scaffold with Linker Mitochondrion-targeting
trypanocidal activity lipocation
Methyl 2,4-DHB-TPP conjugates 2,4-DHB-quinolinium conjugates

O OH

O OH
—\ BI
Meo)ﬁ BQ \ /N—(CHz)n_O)ﬁ
O——(CHy)1g P,@ OH

Figure 5.2 Design and general structure of the SHAM and 2,4-DHB conjugates.

5.2 Results

5.2.1 Assessment of trypanocidal activity of mitoandrion-targeting lipophilic cations on
wild-type and multi-drug resistant trypanosome lines; determination ofin vitro selectivity

index.

Two different cationic groups were tested as mitomchion targeting moieties: the bulky TPP
cation and the flat heteroaromatic 1-quinoliniurtiadza Methylene spacers from 4 to 16 units
were tested to find the optimal length betweenli@ecarrier moieties and the trypanocidal
scaffold.
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As TAO is essential for parasite viability, inhibih of TAO should have a deleterious effect on
parasite growth. Also the test compounds weredesteann vitro culture of mammalian cell
[Human Embrayonic Kidney (HEK) cells, or Human ki@ Fibroblast (HFF) cells], and the
trypanocidal effect (E§ T. bruce) was compared with the cytotoxicity effect on huncalls

(CGCso HEK or HFF) in order to determine thevitro selectivity index of the test compounds.

5.2.1.2nvitro activity of lipophilic cation—TAOQO inhibitors on T. brucel (Lister s427)andT.

congolense (strain IL3000) bloodstream forms

In order to assess the trypanocidal activity oséhmitochondrion-targeting lipophilic cations,
drug-sensitive wild-type strains ©f brucei(Lister s427, andl. congolenséstrain IL3000) were
used, and this was done in parallel with the ndrtig resistant. b. bruceiine B48 which lacks
both theTbAT1/P2 transporter and the high affinity pentamélinansporter (HAPT), hence
became highly resistance (>200 fold) to pentamidmelarsoprol and diminazene. These
experiments were performad vitro using an Alamar blue-based assay (Table 5.1). The

structures of all the TAO inhibitors can be foundAppendix C.

The result showed that SHAM and 2,4-DHB, the sd¢dffased in the design of the new inhibitor
series, were active in the micromolar range agailestdstream trypomastigotesfb. brucei
s427 (WT). The cationic inhibitors were the mofeive against. bruceiWT with EGpvalues
ranging from the outstanding 0.6 nM (TAO52) to 1 A& (TAO46). The SHAM-TPP
conjugates (i.e. TAO4, 5, and 6) and the 2,4-DHBgjlinium conjugates (TAO - 23, 24, and
28) displayed submicromolar BLvalues (0.1 to 0.44M) against this trypanosome strain.
However, the 2,4-DHB-TPP derivatives (i.e. TAO 879, 10, 25, and 27) were 10- to 66-times
more active with low to mid-nanomolar E&alues (0.0012 to 0.04aV) - in the same range as
the reference drugs pentamidine and diminazeneld Tah). However, the TPP derivatives
(TAO49, TAO47, TAO45) were >24-fold more potent ththeir respective quinolinium
counterparts (TAO50, TAO48, TAO46), displaying $erdigit nanomolar E€ values. The 4-
formyl-3-hydroxyphenoxy-based inhibitors (TAO45, ©A6) were the least active of these
series, with EGy values of 0.133 and 1.75 pM, respectively.
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Table 5.1 EC, values (uM) against Wild Type and Resistant Strains of

T.b. brucei, T. congolense,

and Cytotoxicity against Human Cells (CC 55 UM).
Cmpd | T.brucei WT? SI° | T.brucei B4& | RF® T. Sl Human
congolense cellh
WT®

TAO 1 2.92 +0.70 46.92 Nd 15.28 +2.23| 8.97 137
TAO 2 0.30 £0.09 | 4396.7 Nd 4.62 £0.38 | 285.50 1319
TAO 3 2.42 £ 0.61 68.18 Nd 16.69+2.29| 9.89 165
TAO 4 0.40 +0.14 >1000 Nd 27.20 >14.7 >400
TAO 5 0.20 + 0.04 >2043 Nd Nd >490
TAO 6 0.14 +0.01 >2857 Nd 46.40 8.6 >400
TAO 7 0.073 +£0.003 106 | 0.359+0.004 0.94 39+27 2 73%0.79
TAO8 | 0.0059 +0.0025] 789| 0.056+0.004 14 0.21+0[1621.9 | 4.68+1.26
TAO9 | 0.0013+0.0010/ 1768 0.019+0.002 0/86 0.19+0)0312.2 | 2.33+0.58
TAO 10| 0.0012 +0.0012| 1334 0.021+0.003 0,96 0.03+0.02 .5 5 1.65+0.42
TAO 16 135 + 35 >3 Nd >100 >4 >480
TAO 17 30.7+3.8 >13 Nd >100 >4 >490
TAO 18 > 100 >4 Nd >100 >4 >400
TAO 19 32.72+£9.79 >12 Nd 55.48 >7 > 400
TAO 20 | 0.0018 +0.0004| 3433 0.015+0.001 0.7 0.95+0.,05180 6.01 + 1.4%
TAO 21 0.06 +£0.01 1966 0.19 +£0.02 3 1.50 £ 0.29 59 118
TAO 22 32.94+0.88 | >63 | 33.63+1.03| 10 >100 >2 > 200
TAO 23 0.33+0.01 609 | 0.347 +0.002 1.05 7.3+0.3 341 0227
TAO 24 0.10 £ 0.01 1657| 0.125+0.01p 1.21  3.6%0.1 958 172 + 14
TAO 25| 0.0015 +0.0003| 23378 0.0012+0.0001 0|78 Nd 58.74%
TAO 26 31.82+0.93| 869 | 22.11+4.09 | 0.69 >100 26964
TAOZ27 | 0.009+0.001 | 27714 0.008+0.001 0.91 0.118 +D,00>3384 249 + 66
TAO28 0.14 £ 0.01 2410 0.14 £0.01| 1.01 3.0+0.2 >132 345 + 24
TAO29 49.04 £ 7.79 >4 4158 +5.51 | 0.85 >100 >2 > 200
TAO30 42.12 +2.85 >5 36.55+0.88 | 0.87 >100 >2 > 200
TAO31 14.54 + 0.97 >13 1490+£1.02 | p9g8| 52.09 £3.70 >4 > 200
TAO32 26.71 £ 5.52 >7 31.94+7.99 | 1.19 >100 >2 > 200
TAO33 11.88 + 1.60 >10 12.95+3.71 | 1.09 >100 >2 > 200
TAO34 45.68 + 1.52 >4 48.96 + 0.64 | 1.07 >100 >2 > 200
TAO35 17.59 + 0.55 >11 15.50+0.78 | 0.88 | 42.62+6.32| >5 > 200
TAO36 >400 >400 >400 > 200
TAO37 3.77+0.12 >68 3.63+0.18 | 1.0 >400 > 200
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TAO38 14.40 £ 0.067 | >15 14.40+0.23 | 1.0 >400 > 200
TAO39 | 4.06+0.091 | >50 444+0.02 | 1.1 >400 > 200
TAO40 >400 >400 >400 > 200
TAO41 17.70 £ 0.48 >11 20.50+1.78 | 1.15| 72.85+22.49| >2.7 > 200"
TAO42 >400 >400 51.58+1.84| >4 > 200"
TAO43 1458 £0.22 | >15 | 15.62+0.21 | 1.07 >100 >2 > 200"
TAO44 >400 >400 Nd > 200
TAO45 | 0.13+0.0033 | 1538 | 0.11+0.02 | 09 | 0.27+0.12 | >740 > 200
TAO46 1.75+0.013 | >100 235+0.15 | 13| 2.11+0.70 | >100 > 200"
TAO47 | 0.0024 + 0.0008( 0.0022 + 12E-4| 1.0 | 0.039 +0.015| >5128 > 200
TAO48 0.21+0.023 | >1000| 0.30+£0.026 | 1.4 | 1.82+0.45| >100 > 200
TAO49 | 0.0016 + 0.00047 0.0019 + E4 | 0.9 | 0.005 +0.001| >40000 > 200
TAO50 | 0.032 +0.00058| >6666 | 0.089 +0.0010 2.7 Nd > 200"
TAO51 14.72 +0.14 >15 17.30+0.19 | 1.17 >50 >4 > 200
TAO52 | 0.00058 + 0.00001 0.00075 #E-5| 12 |0.018 +0.005| 11111 > 200
TAO53 >400 >400 >400 > 200
DHB' 17.1+1.0 Nd Nd Nd
PMD 0.0028 + 0.0003 0.94 +0.03 98 Nd Nd
SHAM" 38.7+4.38 Nd Nd Nd
PAO | 0.0011 + 0.00003 Nd Nd 0.036 +0.004
0.29 +0.02
DMZ 0.065 + 0.007 0.78 £0.04 0.15 +0.0Q2 Nd

*Trypomastigotes of T.b.brucei s427 (n 2 4). bSelectivity index (Sl) = CC so/ECso(T.brucei. WT). °T.b.

brucei strain resistant to pentamidine, diminazene, and m

elaminophenyl arsenicals.

dResistance

factor relative to WT. °®Trypomastigotes of T.congolense IL3000. fSelectivityindex (SI) =CC 5o/ECsg

(T. congolense WT). %Activity on human embryonic kidney cells;

"Activity on Human Foreskin

Fibroblast (HFF) cells. 'Not determined. J'2,4-Dihydr0xybenzoate. kSalicylhydroxamate. IPhenylarsine

oxide.
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TAO42: >400 uM (n=6)

TAO29: 43.5 uM (n=10)
TAO22: 32.9 uM (n=12)
TAO30: 42.1 uM (n=14)
TAO32: 26.7 uM (n=16)
TAO36: >400 uM (n=14)
TAO40: >400 uM (n=14)
TAOQ44: >400 uM (n=14)

TAOS53: > 400 uM (n=4)
TAO41: 17.7 uM (n=6)
TAO31: 14.5 uM (n=12)
TAO34: 45.7 uM (n=16)
TAO35: 17.6 uM (n=14)
TAO38: 14.4 uM (n=14)
TAO43: 14.6 uM (n=14)
1 14.7 uM (n=14)

TAO37: 3.8 uM (n=14)
TAO39: 4.1 uM (n=14)
TAO33: 10.7 uM (n=16)
TAO26: 31.8 uM (n=10)

Figure 5.3 comparing the trypanocidal efficacies of the 2,4-DHB based inhibitors.

an abridged structure of the test compounds and their corresponding EC50, as well as comparative

This figure shows

analyses of the trypanosomal activity of the structures with regards to their trypanocidal activity. The
direction of the arrow shows a decrease in activity from right to left for each series. The complete

structures can be found in appendix C.

The non-cationic TAO inhibitors displayed much reed activity against. bruceiwith EGsg
values in the micromolar range (Figure 5.3). Howglre formiate derivatives (TAO33, TAO39,
TAO37) were approximately 3-times more potent ttenbromo analogues (TAO34, TAO38,
TAO35 respectively), whereas the dimer compound€@d2, TAO29, TAO30, TAO32, TAO36,
TAO42, TAO44, TAO40) displayed very weak activityaanstT. brucei(ICso >25 uM). This
result was not unexpected as these compounds dbavet the lipocation mitochondrion-
targeting group and the observed low activity pbipaesults from poor uptake into the
mitochondrion of the parasite.

There was no clear trend as regards to the infeiefithe spacer length on the activity against

brucei but spacers with more than 8 methylene units sdamde favoured: 12 > 10 > 8
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methylene units for TAO — 4, 5, and 6 respectivéilgn 10 > 14 > 12 9 > 16 >> 8 methylene
units for TAO - 7, 8, 9, 10, 25, and 27 respectivAlso, 14 > 16 > 12 methylene units for TAO
— 23, 24, and 28 respectively (See Table 5.1 anmeAgix C). TAO18 and TAO16, lacking the
TPP or 1-quinolinium cations, were mostly inactisieowing that the LC-carrier moiety
effectively enhances the trypanocidal activityref tompounds. Another interesting finding was
the low activity displayed by the methyl ester agale TAO17 (30.4M) compared to its
benzoate counterpart TAO9 (0.004]). This finding illustrates the importance of #h&H for

higher activity in this series.

The compounds were generally less active ag&ingtngolensstrain IL3000 grown in culture
(from 20- to 250-fold). However, with Egvalues for the best compounds (TAO- 8, 9, 10, 27,
45, 47, 49 and 52) in the submicromolar range @#&bll), close to or better than that of the
widely used (Giordanet al, 2016) reference drug diminazene (€ 0.15uM), several

compounds showed significant potential for useraiahis species.

5.2.1.2 Assessment of cross-resistance with curreantti-trypanosome drugs

Strains that are resistant to current chemothesagaie be used as a model to study the possibility
of cross-resistance between the existing chemgilesiaas already exists in the field, and any
potential new trypanocides. Considering the curttamat of trypanosomes’ drug resistance, it is
important that a potential trypanocide, whetherfieman or veterinary use, be tested for cross
resistance, and this treatment should at leastenctoss-resistant with the diamidine and arsenic-
based drugs currently in use. Besides, the devedopof new drugs became a high priority
exactly because of the high levels of resistantldse classes of drugs. It is for this reason that
the compounds tested here were evaluated whetbgmnthuld be effective against a well-
characterised multi-resistant laboratory straif.df. bruceiwhich is resistant to the diamidines
and melaminophenyl arsenicals.

In the present study, all experiments were caroigdat least three times for each compound
tested and each of these experiments includeditiveasontrol, pentamidine, and diminazene;
drug-free incubations were used as negative canffble fluorescence intensities obtained were
analysed using the GraphPad Prism 5 software, la@sktdata were plotted by non-linear
regression to a sigmoid curve with variable slopesrder to determine the B&values (The

Effective Concentration that inhibits 50% of thexmmaal growth of trypanosomes).
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The result showed that a very little differencaativity was observed between WT and B48 cell
lines, with resistance factors (RF) consistentbselto 1 (Table 5.1), showing that the known
drug transporters TbAT1 and HAPT1 are not involiretheir uptake.

Normally, a resistance factor >1 signifies crossstance, while a resistance factor of <1 signifies
increased sensitivity of the resistant strain sotést compound.

However a resistance factor of approximately 1 whserved for the majority of the test
compounds reported in this assay (Table 5.1) aisdstgnifies nan vitro cross resistance of

these test compounds with the current diamidineaasenical trypanocides.

5.2.1.3 Cytotoxic activity of lipophilic cation—TAO inhibitors on human cells and

therapeutic index values

The high level of toxicity in the current sleepsigkness therapies is one of the main reasons for
the efforts to develop a new trypanocide. Hence téist compounds studied here were tested
using the cell viability dye, Alamar blue, for theiffects on human embrayonic (HEK 293-T)
cells or Human Foreskin Fibroblast (HFF) cellerder to assess whether the highly impressive
anti-trypanosome activity of these test compouragsligted in Table 5.1), is the result of a

general toxicity or is selectively targeting trypaomes.

The experiments were carried out at least threestiior each compound tested and each of these
experiments included a positive control, phenytesixide — a known cytotoxic agent (Alkhaldi

et al, 2016), drug-free incubations were used as negatintrols. The fluorescence intensities
obtained were analysed using the GraphPad PrisfitvEese, and these data were plotted by non-
linear regression to a sigmoid curve with variadd@gpes, in order to determine the 4galues

(the cytotoxic concentration that inhibits 50% toé tmaximal growth of HEK or HFF cells).

The results of the toxicity assays against the malmam cells revealed that the test compounds
that displayed the anti-trypanosome activity haveugh lower activity, or in some cases, no
effect on the growth and viability of these cellbe therapeutic index rates calculated ag,GIC
HEK or HFF cells / EG of wild-typeT. b. bruceiare shown in Table 5.1.
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In general, the compounds’ cytotoxicity was low@92M), except for TAO -7, 8, 9, 10, and 25
which displayed a cytostatic (as opposed to cytoj@ftfect in the low micromolar range. In most
cases the selectivity indices (SI) were >200, aA®@2Z7 reached S| >27,000.

It is however worth mentioning here that in thipesment, the higher limit of the therapeutic
index was not achieved as the highest concentratithre test compounds on HEK or HFF cells
were 400 uM and a large percentage of the test congs did not affect the growth of these
mammalian cells at this concentration. Whereasdhelts presented here appear to be highly
promising, it is however acknowledged that the liowitro toxicity may not necessarily translate
to a lowin vivotoxicity, given the complexity of whole organisnmredahe many varied tissues.
Hence, a far more toxicological and pharmacologoallyses of this test compounds need to be
performed if this series of inhibitors are to b&e&leped into genuine lead compounds for anti-

trypanosomal drug development.

5.2.2 Analysis of structural determinants of the ntochondrial-targeting inhibitors

contributing to their trypanocidal activity

The structural determinants for activity of thet tssmpounds against TA@re similar to those
previously found to be essential for anti-trypamosa@ctivity of some trypanocides. For instance
the presence of the 4-hydroxyl on the scaffold ld SHAM derivatives and the 2,4-
dihydroxybenzoate derivatives were found to begaicant requirement for improved anti-
trypanosome activity of these classes of inhibi{@se also Fig. 5.4). A hydroxyl substituted
benzoate moiety was previously reported to be éiseclstructural requirement needed to inhibit
the alternative oxidase activity in plants andargpsomes as reported for Ascofuranone (AF) and
its derivatives (Saimotet al, 2013). Saimoto and his fellow workers also idest the
pharmacophore of ascofuranone that interacts W@ Base on structure-activity relationship.
The comprehensive inhibitory profiles of these agaés implicated the 1-formyl and 6-hydroxyl
groups on AF, as contributing to intramoleculardoggn bonding and/or serving as donor for
hydrogen-bonding, and that these were respongibtbé direct interaction with TAO (Saimoto
et al, 2013).

Because the compounds tested in the present wetkrgeted at TAO, and the protein is located
in the mitochondria, the hydroxyl requirement farreased activity may be similar to that already

reported for SHAM and ascofuranone.
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Another very important groups on the scaffolds therly contributed to the anti-trypanosome
activity of these classes of inhibitor as obsernvethis assay is the presence of the lipophilic
triphosphonium or a 1-quinolinium cations (Figurd)5 For instance, TAO18 and TAOL16,
lacking the TPP or 1-quinolinium cations (See Tdbsnd Appendix C), were mostly inactive
showing that the LC-carrier moiety effectively enbas the trypanocidal activity of the
compounds. This same observation has been regortsaime tripanocidal triphosphonium salts
(Alkhaldi et al, 2016).

Another requirement for antitrypanosomal activitytos series of compounds is the number of
methylene units (n). It was clearly observed thattrypanocidal activity decreases when the
methylene units is less than 10 but increases wWiemumber of methylene units is more than 10,
up to when the number of methylene units is 12feISHAM derivatives. A similar observation
was also made for the anti-trypanosomal effecscbmiranone derivatives, where it was reported
that the methylene group is contributory to thefaonation of the TAO enzyme-bound molecule
(Saimotoet al, 2013).

Number of methylene units {(n}):
Activity decreases whenn <10
{TAO 7 vs 10}

| F>0H, me (TAO 49 vs 52) |

o R?
R?-(CH,;),- O =

|
/ R3™ ‘Rl\

Lipophilic cations is necessary for
submicromolar activity (TAO 51 vs52). OH is needed for
TPP > quinolinium Submicromolar activity.

(TAO 24 and 46)

| H=0H (TAO 49 and 47) |

Best compounds/series (in terms of activity againsts427 strain):
R*=TPP, R = OH, R?2 = F, R® = H (TAO52, EC, = 0.6 nM).
R% = Quinolinium, R! = R? =OH, RZ = Me (TAOS50, ECg, = 32 nM)

Figure 5.4 Summary SAR of DHA-based trypanocides wi  th triphenylphosphonium or quinolinium
lipophilic cations (LC); or its dimer, highlighting the unique structures on the scaffold that is

responsible for the trypanocidal activity on wild-t ype s427 BSF trypanosomes.
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Finally, the strategy that involves the use oftteépylphosphonium lipophilic cation conjugate is

more effective at killing the parasites than thabiving the use of quinolinium lipophilic cation.

5.2.3 Monitoring the rate of trypanosome lysis indaed by test compounds, using propidium
iodide

The purpose of this experiment was to monitor geed of action of the test compounds, in order
words, how fast these compounds act on trypanosommeal time, and whether they also cause
loss of membrane integrity, becoming permeableapidium iodide across the cell membrane.
The principle behind this assay is that trypanosobpeeome fluorescent when there is a breach in
the plasma membrane integrity (i.e., loss of cafliitegrity), allowing propidium iodide to enter
the cell and bind to nucleic acids.

Various dilutions of the test compounds were useditdy the dose dependence effect of the test
compounds on cell viability during 6 hours of exyppes. Digitonin was used as positive control,
while untreated wells served as negative controle effects of two representative LC
conjugates (i.e. TPP and quinolinium derivativethwhe same linker and high activity/selectivity
profile) were tested om. b. brucein real time. The effects of TAO25 and TAO24Tarbrucei
s427 trypomastigotes was dose-dependent; at desestimeir EG, values the compounds
induced increased rate of Pl influx only marginalbmpared with untreated control cells, over
the 6 hours of the experiments. For both compouatds3-fold of their EG values (1.5 nM and
100 nM, respectively), killing of the trypanosomeas complete in approximately 4 hours
(Figure 5.5). These results show that there ismmoediate disruption of the plasma membrane

from the administration of these nanomolar coneiuins of LC conjugates.
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Figure 5.5 Viability assay for TAO24 and TAO25.  Left panel: cells were incubated with 10 uM digitonin (a)
or with test compound TAO24 at 6x (b), 4x (c) or 2x ECsq (d), or no test compound (e) in the presence of 9
UM propidium iodide. Background fluorescence was recorded for wells containing media only (f). Right
panel: parallel experiment with compound TAO25, at 3x (b), 2x (c) and 1x Ecg, (d). An increase in
fluorescence recorded as arbitrary units (A.U.) correlates with increased permeability to propidium iodide,

reflecting membrane integrity.

5.3 Discussion

The chemotherapy of HAT is still deficient despiéeent efforts to discover new treatments
effective for both stages of the illness (Epegbal, 2014). Besides, drugs against animal African
trypanosomiasis (AAT, or nagana) are even morenilgaeeded than for the corresponding
human condition (Giordamit al, 2016). As current drugs are becoming ineffedtive to drug
resistance, cross-resistance between existing dndgy:iew ones is one of the most important
issues that must be tackled early in the searchdarantitrypanosomal agents (Rodeekal.,
2013).

In this work, two trypanocidal scaffolds (i.e. #rydroxybenzoate and salicylnydroxamate)
known to interact with mitochondrial targets weamjigated with a mitochondrion-targeting
lipophilic cation in order to boost their potengaast trypanosomes. Their activities against WT

and resistant. brucej and against a drug-sensitiVecongolensstrain, were studieith vitro.

The first important result came from the low nantanoange activities displayed by the 2,4-
DHB-TPP derivatives (TAO- 7, 8, 9, 10, 25, and 27, 49 and 52), and the submicromolar
activities of the 2,4-DHB—quinolinium derivative$AO- 23, 24, and 28, 48 and 50), as
compared with the mid-micromolar f¥alues of the parent compound. In contrast, thalgH
TPP derivatives displayed somewhat lower activitegen though this still represented an
approximately 100-fold improvement in potency rekat to SHAM. The superior
antitrypanosomal activities observed with the TBIgwinolinium conjugates is consistent with
earlier studies on diphenyl cationic trypanocidearflonvilleet al, 2015). It probably reflects
the higher lipophilicity and charge dispersion ardihe phosphorus atom in the TPP cation,

which is optimal for membrane permeation and acdatian in the mitochondrion.
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Secondly, the insignificant differences in susdsfty between the WT and the multi-drug
resistant B48 cell lines means that cross-resistaiih existing first line HAT and AAT drugs,
including pentamidine, diminazene, cymelarsan aethraoprol, is highly unlikely to appear
with these compounds, despite the diamidinesaat,lalso having mitochondrial targets (Lanteri
et al, 2008; de Macédet al,, 2015). Indeed, some compounds (e.g. TAO25) vifemaything,
slightly more effective against tiie bruceiB48 resistant line compared to WT, although tids d
not reach statistical significance. The lack ofssroesistance of 2,4-DHB and SHAM-LC
conjugates with diamidines can be attributed tdaleethat diamidine resistanceTinbruceiis
associated with loss of specific cell surface tpanters (Bakeet al, 2013; Mundagt al, 2014),
whereas the lipophilic LC conjugates are likelgifiuse across biological membranes.

Also noteworthy is the submicromolar to nanomodtivity displayed by compounds TAO- 8, 9,
10 and 27, 45, 47, 49, and 50 againstongolenseghe principal etiological agent of AAT. Their
ECso values are similar to, and in one case (i.e. TAQ&9-fold more effective than the
veterinary drug diminazene and their utility agai&T should be investigated further, as drugs
against this condition are even more urgently nedaien for the corresponding human condition
(Giordaniet al, 2016).

In conclusion, in this chapter, several highly poteypanocidal agents agaifistbruceiandT.
congolensavith very high selectivity indices up to >23,00@ano cross resistance with existing
trypanocidal drugs were synthesized. We showedtltledinking of a lipophilic cation to the 2,4-
DHB or SHAM scaffold drastically improved the adtyvagainst trypanosomasvitro. The 2,4-
DHB scaffold gave the most potent compounds and4hmethylene linker seemed optimal for
trypanocidal action. Since the compounds describede were designed as potential
mitochondrion-targeted molecules, more so that SH#&d 2,4-DHB are previously known to
target TAO, the mechanism of their derivatives &ddhere might also be via inhibition of TAO.
Hence their effects on parasite respiration needetdurther investigated in order to know

whether TAO might be involved in the observed aypéanosomal activity.

140



Chapter 6: Investigation into the mode of action of mitochondia

targeting lipophilic cations againstT. b. brucel bloodstream form
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6.1 Introduction

Respiration of bloodstream trypomastigotesToypanosoma bruceielies on a plant-like
alternative oxidase known as the trypanosome atimenoxidase (TAO) (Nihekt al, 2002;
Chaudhuriet al, 2006; Yabiet al, 2006; Nakamurat al, 2010). This mitochondrial enzyme,
which is essential to the viability of trypomastige and has no counterpart in the mammalian
host, is a validated target for chemotherapy (N#teal, 2002; Otet al, 2006; Nakamuret al,
2010). To boost the activity of a TAO inhibitor, 42jihydroxybenzoate (DHB), and
salicylhydroxamate (SHAM), which were hitherto faiactive against. bruceiin a whole cell
assay, we investigated a chemical strategy congisti the conjugation of these fairly active
TAO inhibitors with lipophilic cations (LCs) thata cross lipid bilayers by non-carrier mediated
transport, and thus accumulate specifically intdootiondria, driven by the plasma and
mitochondrial transmembrane potentials. In chdpterit was reported that this design afforded
three series of LC—TAO inhibitor conjugates activéhe submicromolar (i.e. TAO- 4, 5, 6, 23,
24, and 28) to low nanomolar (i.e. TAO- 7, 8, 9, 2B, 28, 47, 49, and 52) range against wild
type and resistant strains of African trypanosofiiebrucei bruceiT. congolense Selectivity
over human cells was >200 and reached >23,0004Q2b.

We therefore speculated in chapter 5 that the nmsimaof their anti-parasitic effect is most

likely via the intended target (TAO).

However, how easily enzyme inhibitors reach thairgétin vivo is determined by the
accessibility of the enzyme (either intra- or es#ddular) and the pharmacokinetics of the
inhibitor. It is not uncommon that excellent enzymigibitors designed for intracellular targets
are inactive when tested in whole cell assays lsscthe compounds simply do not reach the
requisite concentration at the target locationlf@iet al, 2013). In the case of antiparasitic
compounds whose target is located inside the natadtion of the parasite, the compound must
at a minimum cross the plasma and mitochondrial branes to reach the enzyme target
(Delespauxt al., 2013); additional membranes will have to beseddor intracellular parasites.
Consequently, effective delivery strategies thasteto ensure proper access of a drug to its

cellular target must be validated.

Hence, in this chapter, an attempt was made ty shgdeffect of the compound series on some

biochemical parameters including parasite respinatmitochondrial membrane potentid.()
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and the cell cycle, in order to understand whethese compounds do indeed, as designed,
effectively target TAQIn vitro. We also aim to investigate whether the LC-carsieategy
developed herein had successfully delivered thecifspeantiparasitic agents to their

mitochondrial target.

6.2 Results

6.2.1 Effects of TAO over-expression and aquaporiknockout in TAO activity against T. b.

bruce bloodstream forms

TAO was over-expressed in wild type trypanosomasgysHD1336 as expression vector (Fig.
6.1A). The purpose was to study the effect of ther-@xpressed TAO gene on the tolerance of
trypanosomes to the test inhibitors. Hence, we Ishioel able to know whether these classes of

inhibitors inhibit TAO activity in the mitochondriaf trypanosomes.

The result of over expression of the TAO gene @wviild type trypomastigotes @t bruceis427

is shown in Fig. 6.1B. Expression in clone 3 waszrapimately 80% higher than in the s427 WT
and empty vector (controls), while expression anel 2 was 60% higher than in the control cells.
As expected, the expression levels in the two obstrains (s427 WT vs Empty vector) were
identical.

Thus, the introduction of the construct resulted imoderate increase in the expression of the
mRNA (Figure 6.1C).
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Figure 6.1 Expression of TAO in T. b. brucei trypomastigotes . Panel A: pHD1336 plasmid map
showing strategy for TAO over-expression. Panel B: PCR confirmation/Agarose gel electrophoresis of
TAO insert in BSF T. brucei, L=1kb DNA ladder (ThermoFisher Scientific), lanes 1-3 = TAO over-
expressor clones 1-3, lane 4 = wild type T. brucei, lane 5 = water. Panel C: Relative levels of TAO
expression were determined by qPCR in wild-type Lister 427, in the same cell line transfected with the
‘empty vector’ pHD1336 (no insert) and with the TAO open reading frame in pHD1336. HDK0429 and
MBO0O035 are primers. Error bars are average and SEM of 6 determinations.

TheT. bruceicell line over-expressing TAQ HTAO) was used in parallel with other strains to
determine the E£ of the test series and compared with thesz&lues of the wild type control.
It was anticipated that genuine TAO inhibitorsjmagiprincipally on this protein, would display
reduced activity againEbTAQ, whereas compounds that predominantly acted bthano

mechanism against the parasite, would display ahamged activity against this strain.
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Hence, some of the compounds were testedlorbabruceicell line overexpressing TAO, as a
further test for activity through inhibition of TA@s it is not possible to delete the TAO gene, or
even reduce its expression by RNAI (Helfetral, 2001; Schnauferet al, 2002).

The aquaporins are known to be directly involvethamexport of glycerol, $D, urea, and other
small molecules across the bruceicell membrane (Mundagt al, 2015). We therefore
hypothesised that the export of glycerol would mee@ssential for the survival of BSFbrucei
especially when there is a blockade of the aemasigiration via TAO, with the attendant build-
up of glycerol in the cell. Trypanosomes lacking dguaglyceroporin (aquaporin) should die due
to mass action of glycerol which builds up inside tell and inhibits the anaerobic pathway of
glycolysis that is the cell’'s only pathway to ATHen TAO is inhibited. Similarly this mass
action effect should play-out if there is also ggal build-up in the media in the presence of
TAO inhibition (Yabuet al, 1998). Accordingly, two strains: one lacking #egiaporin 2 and
aguaporin 3 genes (aqp2/3 null) and the other ackll three aquaporin genes (agp1-3 null)
were tested. Also, the compounds were tested dghewild typel. bruceiBSF in the presence

of 5 mM glycerol.

The result showed that there was no significarieihce between the wild type and the TAO
over-expressor lines, only a few of the inhibitmsted were only slightly less active against the
TbTAOline. However, TAO25 and SHAM were significantg$ effective against this cell line
than against the wild-type control, by 2.6 (P=0D0&nd 1.6-fold (P<0.01), respectively,
indicating a possible involvement of TAO in the M@Aboth compounds (table 6.1) but, the
level of overexpression was really modest, as éshadal by gPCR (Figure 6.1), owing to the

already very high expression level of TAOTinbruceitrypomastigotes.
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Table 6.1 EC 5y values (uM) of LC TAO inhibitors against BSF  T. b. b. cell line over-expressing TAO, and glycerol (5 mM)
type BSF T. b. b.

potentiating effect on Wild

TAO inhibitor + 5 mM glycerolon T. b. b s427

s427 WT ¢ TAO-over-expressor WT ¢
AVG ° SEM °

COMPD (UM) (M) AVR (uM) SEM RF/ t-test ? AVG (uM) SEM RF t-test
TAO 7 0.073 3.28E-03 0.081 2.20E-04 1.12 0.12 0.08 0.01 1.16 0.33
TAO 8 0.0059 2.50E-03 0.0062 1.99E-04 1.05 0.94 0.01 0.002 0.88 0.86
TAO9 0.0013 1.03E-03 0.0012 2.19E-05 0.95 0.96 0.0017 1.1E-04 1.26 0.83
TAO 10 0.0012 1.17E-03 0.0012 3.58E-05 0.93 0.96 0.0012 3.4E-05 1.01 1.00
TAO 20 0.0018 3.55E-04 0.0019 1.23E-04 1.09 0.79 - - - -
TAO 21 0.062 0.0054 0.061 0.0020 0.97 0.87 - - - -
TAO 22 32.94 0.88 33.047 5.65 1.00 0.98 13.62 1.18 0.41 4.0E-05
TAO 23 0.33 0.014 0.37 0.024 1.11 0.21 0.23 0.01 0.69 2.7E-03
TAO 24 0.10 0.012 0.11 0.0021 1.07 0.63 0.08 0.01 0.75 0.19
TAO 25 0.0015 0.0002 0.0039 0.00014 2.60 1.35E-04 0.0008 6.7E-05 0.56 0.05
TAO 26 31.82 0.93 35.00 0.60 1.10 0.05 17.48 0.88 0.55 1.E-04
TAO 27 0.0092 0.0007 0.0077 1.05E-04 0.83 0.12 0.005 4.2E-05 0.54 3.7E-03
TAO 28 0.143 0.014 0.15 0.0041 1.07 0.59 0.09 0.003 0.62 0.02
TAO 29 49.04 7.79 44.64 1.12 0.91 0.71 12.25 0.61 0.25 0.01
TAO 30 42.12 2.85 50.88 2.24 1.21 0.07 15.88 1.48 0.38 7.5E-04
TAO 31 14.54 0.97 14.89 0.94 1.02 0.81 6.16 0.30 0.42 8.6E-04
TAO 32 26.71 5.52 32.18 0.34 1.21 0.44 12.41 0.30 0.46 0.08
TAO 33 11.88 1.60 10.92 0.53 0.92 0.70 5.14 0.52 0.43 0.02
TAO 34 45.68 1.52 50.70 1.96 1.11 0.09 11.08 0.65 0.24 8.6E-06
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TAO35 | 17.59 0.55 15.83 0.30 0.90 0.05 10.746 0.540 0.61 | 8.79E-04
TA037 | 3.77 0.12 4.17 0.087 1.11 0.05 1.798 0.011 0.48 | 7.19E-05
TAO38 | 14.40 0.07 14.26 0.062 0.99 0.21 7.498 0.120 0.52 | 9.48E-07
TAO39 | 4.06 0.09 4.17 0.054 1.03 0.36 7.800 0.392 1.92 | 7.50E-04
TAO41 | 17.70 0.48 21.58 0.60 1.22 0.01 12.093 0.538 0.68 0.001
TAO43 | 1458 0.22 13.97 0.098 0.96 0.06 7.707 0.027 0.53 | 6.29E-06
TAO45 | 0.13 0.003 0.075 0.0072 | 0.56 0.002 0.067 0.005 0.51 | 4.84E-04
TAO46 | 1.75 0.01 1.36 0.18 0.78 0.09 1.229 0.077 0.70 0.003
TAO47 | 0.0024 | 7.97E-04 | 0.0038 | 5.03E-04 | 1.56 0.22 0.003 0.0005 1.32 0.44
TAO48 | 0.21 0.02 0.16 0.017 0.78 0.18 0.145 0.007 0.69 0.06
TAO49 | 0.0016 | 4.70E-04 | 0.0023 | 8.82E-05 | 1.45 0.22 0.001 0.0001 | 0.92 0.81
TAOS50 | 0.03 0.001 0.056 0.010 1.76 0.07 0.071 0.002 2.22 | 2.07E-05
TAO51 | 14.72 0.14 13.57 0.052 0.92 0.002 7.185 0.067 0.49 | 1.13E-06
TAO52 | 0001 | 1.20E-05 | 6.9E-04 | 1.22E-04 | 1.19 0.41 0.00039 0.00003 | 0.66 0.01
DHB" 17.06 1.08 nd Nd Nd Nd 19.00 1.02 1.11 0.26
SHAM' | 38.73 4.78 60.31 4.97 1.56 0.01 7.01 0.31 0.18 | 1.3E-11
PDM’ | 0.0028 | 2.70E-04 | 0.0031 2.88E-04 | 1.08 0.57 0.0037 5.6E-04 | 1.32 0.13
DMZ* | 0.065 0.01 nd’ nd nd nd 0.06 2.1E-03 | 0.97 0.84
PAO™ | 0.0012 | 2.89E-05 | 0.0013 7.7E-05 | 1.14 0.12 nd nd nd nd

*Trypomastigotes of T. b. brucei s427 (n = 4). °T. brucei over-expressing TAO. T. b. b incubated with TAO inhibitors in the presence of 5mM glycerol.
dAverage of at least 4 independent determinations. *Standard error of mean of all determinations. 'Resistance factor. 9Unpaired Student’s t-test comparing
ECs value of WT against the various cell lines or determinations. h2,4-Dihydroxybenzoate. iSalicylhydroxamate. JPentamidine and “diminazene aceturate, both

are known trypanocides. 'Not determined. "Phenylarsine oxide, a known cytotoxic agent.
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Table 6.2 EC sy values (UM) of LC TAO inhibitors against BSF  T. b. b. cell line with double or triple knockouts of the aq

uaporin genes.

s427 WT* aqp2/3-double null . aqp1-3 triple null “.
AVG
COMPD | AVG?(uM) | SEM® (uM) |  (uMm) SEM TRF Iitest | AVG (uM) SEM RF t-test
TAO 7 0.073 3.28E-03 0.073 0.0013 1.00 0.99 0.08 0.002 1.16 0.06
TAO 8 0.0059 2.50E-03 0.0044 8.6E-04 0.75 0.70 0.01 2.2E-04 1.06 0.92
TAO9 0.0013 1.03E-03 0.0013 3.7E-05 0.98 0.99 0.001 4.5E-05 0.87 0.91
TAO 10 0.0012 1.17E-03 0.0016 2.0E-04 1.27 0.84 0.001 2.7E-05 0.86 0.91
TAO 20 0.0018 3.55E-04 0.0015 1.2E-04 0.87 0.70 0.0013 9.8E-05 0.76 0.49
TAO 21 0.062 0.0054 0.056 6.2E-04 0.89 0.47 0.06 2.2E-03 0.93 0.66
TAO 22 32.94 0.88 26.68 1.80 0.81 0.02 8.94 0.60 0.27 4.73E-06
TAO 23 0.33 0.014 0.26 0.021 0.78 0.03 0.12 0.01 0.38 8.13E-05
TAO 24 0.10 0.012 0.09 0.0012 0.89 0.44 0.04 0.01 0.37 0.01
TAO 25 0.0015 0.0002 0.0020 1.9E-05 1.36 0.09 0.0009 1.2E-05 0.61 0.06
TAO 26 31.82 0.93 27.43 0.67 0.86 0.02 15.64 0.38 0.49 3.26E-05
TAO 27 0.0092 0.0007 0.01 5.5E-04 0.92 0.49 0.01 1.5E-04 0.77 0.06
TAO 28 0.143 0.014 0.25 0.02 1.74 0.005 0.06 0.01 0.44 0.01
TAO 29 49.04 7.79 24.59 0.57 0.50 0.07 7.09 0.78 0.14 0.01
TAO 30 42.12 2.85 28.22 1.20 0.67 0.01 14.77 0.24 0.35 4.63E-04
TAO 31 14.54 0.97 10.04 0.09 0.69 0.01 4.69 0.33 0.32 4.14E-04
TAO 32 26.71 5.52 14.31 0.78 0.54 0.12 9.28 0.30 0.35 0.04
TAO 33 11.88 1.60 4.99 0.12 0.42 0.02 1.27 0.07 0.11 2.74E-03
TAO 34 45.68 1.52 14.52 0.72 0.32 1.52E-05 5.07 0.24 0.11 3.24E-06
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TAO 35 17.59 0.55 8.397 0.24450 0.48 | 0.000085 7.8700 0.39793 | 0.45 0.000136
TAO 37 3.77 0.12 1.426 0.09300 0.38 0.000056 1.8170 0.02515 0.48 0.000080
TAO 38 14.40 0.07 7.084 0.20000 0.49 0.000001 7.1617 0.55037 0.50 0.000199
TAO 39 4.06 0.09 1.396 0.04350 0.34 0.000014 1.8463 0.16086 0.45 0.000284
TAO 41 17.70 0.48 11.550 0.62000 0.65 0.000919 12.0700 0.14364 0.68 0.000367
TAO 43 14.58 0.22 7.302 0.00800 0.50 0.000005 6.7843 0.27070 0.47 0.000023
TAO 45 0.13 0.003 0.042 0.00549 0.32 0.000612 0.0531 0.00635 0.40 0.000364
TAO 46 1.75 0.01 0.954 0.02885 0.54 0.000474 1.0843 0.02700 0.62 0.000024
TAO 47 0.0024 7.97E-04 0.002 0.00012 0.92 0.835686 0.0049 0.00308 2.01 0.483710
TAO 48 0.21 0.02 0.098 0.01064 0.47 0.017224 0.0861 0.00472 0.41 0.006264
TAO 49 0.0016 4.70E-04 0.001 0.00016 0.51 0.259280 0.0014 0.00013 0.89 0.744033
TAO 50 0.03 0.001 0.035 0.00258 1.11 0.116814 0.0277 0.01012 0.87 0.693984
TAO 51 14.72 0.14 6.752 0.07900 0.46 0.000001 6.9927 0.19160 0.48 0.000005
TAO 52 0.001 1.20E-05 0.0002 0.00013 0.43 0.011882 0.00037 0.00005 0.64 0.016516
DHB" 17.06 1.08 nd nd nd nd 16.59 0.88 0.96 0.44
SHAM ' 38.73 4.78 31.86 0.95 0.82 0.36 8.91 0.35 0.23 0.0043
PDM’ 0.0028 2.70E-04 0.049 0.004 17.34 8.54E-08 0.07 5.6E-04 26.04 5.5E-16
DMz~ 0.065 0.01 nd’ nd nd nd nd nd nd nd
PAO " 0.0012 2.89E-05 0.0013 4.2E-05 1.17 0.02 0.0013 3.1E-05 1.11 0.04

*Trypomastigotes of T. b. brucei s427 (n = 4). bAquaporin2/3 double knockout and ‘aquaporin1-3 triple knockout BSF T. brucei. dAverage of at least 4

independent determinations. *Standard error of mean of all determinations. 'Resistance factor. %Unpaired Student’s t-test comparing ECs, value of WT against

the various cell lines or determinations. h2,4-Dihydr0xybenzoate. iSalicylhydroxamate. JPentamidine and diminazene aceturate, both are known trypanocides.

'Not determined. "Phenylarsine oxide, a known cytotoxic agent. It should be noted that the experiments reported in tables 6.1 and 6.2 were performed in

parallel, there have the same controls and experimental conditions.
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Co-incubation with glycerol, which inhibits the bruceianaerobic ATP production pathway
(Brohn and Clarkson, 1978), significantly (P<0.0feyeased the trypanocidal activities of most
of the compounds and SHAM, whereas it had no effethe efficacy of TAO-39, 47 and 50 and
the control drugs pentamidine and diminazene (T@ldlg These results are consistent with the
aerobic glycolytic pathway being a target of thesmpounds which is expected for compounds
inhibiting TAO. Meanwhile, TAO20 which lacks eith@SHAM or a 2,4-DHB group for binding
to TAO, displayed no differential effects agaiiisb. brucein the presence of 5 mM glycerol, or
against the AOX-OE line, indicating that indeed/iés not an inhibitor of TAO. However, with
an EGo of just 1.8 + 0.4 nM and a selectivity >3000 repdrfor it in chapter five, it might be

worth investigating its mode of action separately.

Similarly, most of the inhibitors were significapthore effective against thie bruceicell lines
from which both aquaporins AQP2 and AQP3 (aqp2IB auall aquaporins (aqpl-3 null) were
knocked out (Table 6.2). The effect of the compaund the AQP knockout lines may be
explained by a shift in metabolism of trypanosormeshe presence of the TAO inhibitors.
Inhibition of TAO forces the parasite to producgcglrol in large quantity to survive via the
anaerobic ATP-production pathway. In the absen@goéglyceroporins, trypanosomes are not

able to efficiently dispose of that glycerol, raésg in higher susceptibility to the TAO inhibitors

6.2.2 Lipophilic cation—TAO inhibitors strongly affect the mitochondrial membrane

potential (¥m)

If the lipophilic cations are, as designed, accwating in theT. bruceimitochondrion, then it is
expected that this will impact on the mitochondne@mbrane potentidl,,, as a result of (1) the
accumulation of cations in the mitochondrial matrand (2) disruption of mitochondrial
functions involved in maintaining the ion gradier@smilar effects have been shown for various
diamidines, choline-derived dications and bisphosjiim compounds (Lanteet al, 2008;
Ibrahimet al, 2011; Alkhaldiet al, 2016). Thus in this section, we show the resiuthe ¥, of

two representative molecules (TAO25 and TAO33) faumseries of compounds.

Fluorescence Activated Cell Sorting technology (FA@as employed for the determination of

the change in mitochondrial membrane potential (MiM&e to exposure of trypanosomes to
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TAO25 or TAO33 by using tetramethylrhodamine ettstier (TMRE) (Denningegt al., 2007),
using a cell density of 1xf@ells/mL with and without test compounds for thartsof the
experiment. 1 mL of these samples were transfatredch time point into a microfuge tube and
centrifuged at 4500 rpm for 10 min at 4 °C. Theghelas re-suspended in 1 mL PBS containing
200 nM of TMRE, followed by incubation at 37 °C &% min. The suspension was placed on ice
for at least 30 minutes before analysis by a Beblickinson FACS Calibur using a FL2-heigth
detector and CellQuest and FlowJo software (Ibradtial, 2011). Valinomycin (100 nM) and
troglitazone (1uM) were employed as negative (mitochondrial meméidepolarisation) and
positive (mitochondrial membrane hyperpolarisatiooitrols respectively (Denninget al,
2007). Mitochondrial membrane potential was deteadiat 0, 1, 4, 8 and 12 h.
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Figure 6.2 Histograms of TMRE fluorescence in popul ations of T. b. brucei trypomastigotes
incubated with 0.005 uM TAO25, Valinomycin (100 nM) (see appendix F), 10 uM troglitazone, or no
test compound for the indicated duration. Y-axis shows the number of cells (count) with a particular
intensity of fluorescence as shown on the X-axis in artificial units (A.U.). A shift of the TMRE fluorescence
to the left indicate depolarization while a shift to the right indicates hyperpolarization of the mitochondria
membrane potential.

The histograms above (Figure 6.2) are an extraot the results of the histograms for TMRE in

the FL2H channel. The histogram results for otest tompounds are presented in Appendix F.
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This assay was performed three times and the awevag plotted using the GraphPad prism 5

software as shown in figure 6.3.

The result showed that TAO25 and TAO33 indeed tgpildpolarized the mitochondrial

membrane, as measured by the fluorescent probe T{fiiREe 6.3).

-o— Untreated

- Troglitozone

-©- Valinomycin

-+ TAO25 (0.005 uM)
TAO 33 (10 uM)

100~ x *x

Wi (%)

Time (hour)

Figure 6.3 Mitochondrial membrane potential (%  W,,) of treated and untreated T. b. brucei s427 WT
cells. Data points represent average and SEM of flow cytometric determinations of TMRE fluorescence
and are expressed as the percentage of cells that exhibit >200 artificial units of fluorescence intensity in the
analyzed populations. Valinomycin and Troglitazone were used as controls for depolarization and
hyperpolarization, respectively. Statistically significant differences from untreated control populations were
assessed using an unpaired Student’s t-test; *P<0.05; **P<0.01; ***P<0.001.

Figure 6.3 shows the percentage of cells in thelladpn that accumulated >200 artificial units
of TMRE fluorescence, which was set at 50% foitthiene point of untreated cells; any increase
in fluorescence such as induced by troglitazonafssg a hyperpolarization of the mitochondrial
membrane and a decrease in fluorescence such asethdby valinomycin indicates

depolarization. It is thus clear that TAO- 25 ald'&pidly decreasek brucei¥,, although not
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as rapidly as the potassium ionophore valinomy€igure 6.3). The reduced fluorescence is not
simply the result of cells dying, as can be seemfihe histograms of TMRE fluorescence for the

individual determinations (Figure 6.2 aAgendix F).

6.2.3 Effects of lipophilic cation-TAO inhibitors an ATP levels inT. b. brucel

As mentioned in the last section, these compoundsskave a strong effect on trypanosomes’
mitochondrial function by depolarizing the mitoclloial membrane potentialF(,).

It is well acknowledged that the oligomycin-sen&tATP synthase located in the mitochondrial
membrane of bloodstream form (BSIF)b. b.maintains its mitochondrial membrane potential,
and it has been reported that there is a dirdcblatween the mitochondrial membrane potential
and ATP synthesis in BSF trypanosomes (Breival, 2006).Meanwhile ATP is an essential
source of energy for trypanosome and it obtairssftbm glycolysis; many trypanosome enzymes
and functions directly depend on ATP for their rbetac function (Alkhaldiet al, 2016).
Therefore, measurement of intracellular ATP legefundamental to understanding cellular
metabolism of trypanosomes in the presence andhebsd the test compounds. Accordingly,
these compounds were tested at the same concensras that of the mitochondrial membrane

potential above in order to study their effect oRPAproduction.

The intracellular ATP levels were measured usingAd® Determination Kit (Invitrogen)
following the manufacturer protocol. ATP was detered using recombinant firefly luciferase
and its substrate D-luciferin. This assay is basetliciferase activity which requires ATP as a
co-factor in an enzymatic reaction to produce aih@scent light (emission maximum was
approximately 560 nm at pH 7.8). Known amountsroPd P standard (provided by the kit),
prepared as a serial dilution were made and usplbt@ standard curve which was eventually

used to quantifyn vivo ATP levels (Figure 6.4, panel A).
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Figure 6.4 ATP concentrations in 10 "T.b. brucei. Panel A: ATP standard curve done in parallel and
under the same assay condition as that of the test samples, the luminescence gotten expressed as
artificial units were plotted against ATP concentrations (10 nM — 800 nM) to generate an equation for a
straight line from which the ATP concentrations in the test samples were extrapolated by fitting their
luminescence to this equation; Panel B: ATP concentrations in treated and untreated 10” T. b. brucei cells
using 50 mL extraction buffer. Incubation was for a period of 12 hours with samples taken at each time
point. The results shown here are the averages of four independent experiments; and the error bars

represent standard errors of 4 determinations.

155



The result shown in figure 6.4B shows the effe€fBA025, and TAO33 (at 0.005 uM, and 10
UM, respectively) on intracellular ATP levels Df b. brucei It was clear from the result that
these compounds depleted the intracellular ATR afte hour by at least 20%. This decline in
intracellular ATP level tended to persist with tinaad after 12 hours of incubation, the ATP
levels went down to about 50% for both TAO inhibitolnterestingly, there is a positive
correlation between depolarisation of the mitochi@anembrane potential and intracellular

ATP concentrations.

6.2.4 Effects of lipophilic cation-TAO inhibitors an oxygen consumption rate inT. b. brucei

The BSF trypanosomes require oxygen for respiratibich is their only means of generating
ATP via the glycerol-3-phosphate oxidase systenthvisomprises TAO as the only terminal
oxidase. Consequently, the oxygen consumptio{@I®R) of trypanosomes is a key indicator of
their normal cellular function mediated by TAOtherefore follows that trypanosomes with
dysfunctional mitochondria, caused by treatment &itest compound targeting mitochondrial

function, will show a reduced oxygen consumptide k@hen compared to untreated cells.

Accordingly, the effects of selected lipophilicicat TAO inhibitors on OCR were determined
using the Oxygen Consumption Rate Assay Kit (Cayof@micals, Ann Arbor MI, USA). This

method was designed to measure extracellular oxygiesumption in mammalian cells but was
adapted to trypanosomes following manufactureidsqmol with substantial modifications (See

section 2.8 of chapter 2).

The result of the oxygen consumption rate assesithtype T. bruceis427 BSF revealed that the
various LC-TAO inhibitors tested, at concentratiarigse to their E§, inhibited oxygen
consumption when compared to the untreated coFoAM, a known inhibitor of TAO also had

a similar effect on the OCR of these trypanosorhésife 6.5).
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Figure 6.5 Oxygen consumption assay of selected TAO inhibitors on T.b. b s427 following 2 hours
of incubation of the cells with the respective comp ounds at the indicated concentration, using the
MitoXpress®-Xtra HS kit (Cambridge Bioscience), whi  ch generates a fluorescence signal inversely
proportional to the oxygen concentration. SHAM, No cells, Drug free and Glucose oxidase wells were

used as controls. Blank wells were used to check background fluorescence.

Following the reduction in oxygen consumption briaugpbout by the incubation of the various
test compounds (Fig. 6.5), it was then necessadyta dose-dependency assay with a few of

these compounds.

The dose-dependent effects of TAO25 and TAO29 gm@x consumption by. b. brucei
bloodstream trypomastigotes were tested usingatime $luorescent oxygen reporter probe and it
was found that both test compounds inhibit oxygamsamption of WT trypanosomes in a dose-
dependent manner. The dose dependence pattehilofion of our test compounds correspond
well with a similar trend observed with the knowAQ inhibitor, SHAM (Figure 6.6). These
results clearly indicate a dose dependent effedtA@25 and TAO29 on the respiration Df
bruceitrypomastigotes.
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Figure 6.6 Dose dependent oxygen consumption assay of TAO25 (Panel A) and TAO 29 (Panel B)
on T. b. b s427, using the MitoXpress®-Xtra HS kit (Cambridge Bioscience), which generates a
fluorescence signal inversely proportional to the o Xygen concentration. Glucose oxidase was used
to rapidly deplete the cell suspension of oxygen over 2 hours, generating a maximum signal for reference,
whereas wells without cells were used to establish a null/background fluorescence level. Trypanosomes
nearly depleted the medium of oxygen in approximately 90 min (drug free control), a rate that was dose-
dependently reduced by TAO25 and TAO 29, and also by SHAM. Symbols represent the average and SEM
of 4 determinations.

We decided to carry-out this assay on the Aquapb8rtriple null trypanosome cell linaqpl-
3 null) in order to further confirm whether the irased susceptibility of this strain to the TAO
inhibitors reported for this strain (Table 6.2)e¢ated to a reduction in OCR. In Chapter 5, we
have shown that thaqpl1-3null strain is more susceptible to the inhibit@hTAO mediated

respiration by the test compounds.

These compounds were tested at concentrations tdbe EG, of these compounds on the
trypanosomeaqpl-3null cell line, which are lower than those usedrawild-type cells in order
to allow the parasites to survive the period otilmation. However, it was found that despite this
reduced concentration the effect of the test comgswn the OCR a@fgp1-3 null cell line were
found to be more profound (figure 6.7, Panel A)ntithat observed for the wild-type

trypanosomes (figure 6.5).
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Figure 6.7 oxygen consumption assay of TAO inhibitors on aqp1- 3 triple null trypanosomes (panel

A), and on Mammalian cells (HFF-T25) (panel B), usi ng the MitoXpress®-Xtra HS kit (Cambridge
Bioscience), which generates a fluorescence signal inversely proportional to the oxygen
concentration. SHAM or Antimycin-A wells were used as positive control (Panels A and B respectively)
while Drug free and Glucose oxidase wells were used as negative control. Blank wells were used to check
background fluorescence. SHAM and TAO29 had no effect on mammalian respiration (Panel B) over the 2

hours of incubation.

Also because mammalian cells lack the TAO but radbpend on a cytochrome system for their
respiration, and considering the high selectivntyeix obtained by our TAO inhibitors in chapter
5, we decided to test these compounds on a mammealbline (Human Foreskin Fibroblast,

HFF-T25) to further confirm this observation.

The result showed that TAO29 and SHAM at a highceotration of 70 uM and 100 uM
respectively did not inhibit the mammalian cellsnfrrespiring (figure 6.7, panel B). However,
the well-known respiratory toxin antimycin A wasedsas a positive control. Antimycin A is
known to bind to the Qi site of cytochrome c redset inhibiting the oxidation of ubiquinone
and disrupting the electron transport chain betwegnchrome b and c of the oxidative
phosphorylation, which in turn leads to a cessatiaespiration. Accordingly, the Antimycin A
used in this assay fully inhibited oxygen consumptn the mammalian cells (figure 6.7, panel
B). These results underscore the reduced toxictsdased selectivity and safety of our TAO

inhibitors and implicate TAO-mediated parasite negn as the possible target.
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6.2.5 Cell cycle analysis of lipophilic cation—TAGnhibitor exposed cells

It has recently been shown that the treatmeft bf bruceirypomastigotes with a different class
of lipophilic cations, consisting of symmetricalsphosphonium compounds, led to a rapid
inhibition of the cell cycle by preventing initiati of S-phase; these compounds were shown to
inhibit the mitochondrial i, ATPase (Alkhaldet al, 2016). We thus investigated whether the
lipophilic cation-TAO inhibitors might have a siraileffect on cell cycle progression. In order to

establish this, the DNA content was measured oer laour period.

Fluorescence Activated Cell Sorting Technology (FA@as used to study the effects of the test
compounds on DNA content in BSE b. b.s427 WT. Cell density was adjusted to 1%10
cells/mL with and without test compounds for theation of the experiment. 1 mL of sample
was transferred at each time point into microfwdpes and centrifuged at 162@ for 10 min at

4 °C, washed once in PBS containing 5 mM EDTA anduspended, then fixed in 1 mL of 70%
methanol and 30% PBS/EDTA. The tube with the aedls left at 4 °C overnight in the dark, and
the samples were subsequently washed once with PB&/EDTA, re-suspended in 1 mL
PBS/EDTA containing 10 pug/mL propidium iodide andubated at 37 °C for 45 minutes. RNase
A (10 pg/mL) was added before the samples wergsedby a Becton Dickinson FACSCalibur
using the FL2-Area detector and CellQuest softwahe data obtained were analysed using
flowJo software (Flowjo LLC, Ashland, OR, USA).

Figure 6.8 shows that TAO25 did not inhibit progrélsrough the cell cycle, as 0.005 pM of
TAO25 had no effect on the percentage of cellsin®or G2 phase after as much as 24 h, while
the lipophilic bisphosphonium compounds CD38 andl-BHearlier reported in literature
significantly reduced the percentage of S-phade atter 8 and 12 h of incubation, respectively
(Alkhaldi et al., 2016).
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Figure 6.8 Percentage of cells at various cell divi ~ sion stages in populations treated or not treated
with 0.005 uM of TAO25 over a 24 hour period.  The percentages are the average of three independent
determinations and SEM, obtained using flow cytometry after cell permeabilization and staining with

propidium iodide.

It is however possible that a higher concentratiiiihe inhibitor would impact on the cell cycle
or a longer incubation time would have changeddyramics of the action of the compound
tested on the cell cycle. Though this was not grrtested and there is no report in the literature
to support this, nevertheless, this observatiorthvis the first of its kind as far as TAO inhibitio

is concerned, might be correct.

6.3 Discussion

Our preliminary study of the MOA of these compousbewed that, contrary to the report that
bisphosphonium salt derivatives inhibit the mitootical F,F, ATPase (Alkhaldet al, 2016),

these compounds, although also lipophilic catideshot appear to inhibit progression through
the cell cycle. Since the compounds described Wwere designed as potential mitochondrion-
targeted molecules, we studied their effect onggraespiration and investigated whether TAO

might be involved in the observed antitrypanosoaatility.

It has been previously reported that glycerol, Wwhetgenerated endogenously or added
exogenously, is capable of inhibiting the anaergbjicolysis sufficiently to result im vitro orin

vivo cell death of BSH. brucei In some reports, the concomitant administratiocBldAM and
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glycerol to rats infected with. b. bresulted in a rapid clearance of parasitaemiatg(Clarkson
and Brohn, 1976; Brohn and Clarkson, 1978; Yabal, 1998).

Glycerol is known to inhibit anaerobic glycolysiscBATP generation that takes place in the
glycosome of the BSH. bruceiby mass action. More recently, glycerol was regbrto
potentiate ascofuranone by together completelykogcthe parasite’s energy production,
therefore inhibited then vitro growth of the trypanosome (Yalet al, 1999). However, the
combination of ascofuranone and the large volungiyokrol required to cure sleeping sickness

is pharmacologically impracticable.

The effects of our test compounds in combinatiah giycerol on then vitro cell growth were
also examined in this work, and it was clear tiyateyol did potentiate the trypanocidal activity
of our test compounds (Table 6.1). Earlirevitro reports also revealed that inhibitors of TAO are
trypanocidal when combined with the mass actiomglpéerol, which suppresses a glycerol-
producing pathway (Hammonet al, 1985; Kiaira and Njogu, 1989). This is becauss t
combination would simultaneously inhibit both tmaarobic glycolytic pathway and the aerobic
respiration, thus leading to a total inhibitionesfergy production (ATP) by the trypanosomes.
The anaerobic respiratory pathway is mediateddydberse action of glycerol kinase. In fact, the
trypanosome glycerol kinase under physiologic ciioilidoes not play a crucial role in the
trypanosome’s metabolism, and is therefore regaraeda sub-optimal drug target for
trypanosomiasis, but it becomes essential when iEA3abled (Verlindet al, 2001). However,
we observed that some of our test compounds hiadragsnhibitory effect on thia vitro growth

of trypanosomes, in the lower nanomolar range, @vtrout glycerol.

The combination of 5 mM glycerol with TAO inhibitosuch as SHAM and our synthesized TAO
inhibitors also increased the trypanocidal actiuitynost cases. SHAM is a well known iron
chelator that binds iron in the di-iron centreltd TAO active site and acts as an inhibitor of this
metallo enzyme (Gradst al,, 1993; Yabwet al, 1999). However our compound was designed to
specifically bind to TAO and avoid iron containimgolecules in the biological system. It
therefore follows that our test compounds bloclobier respiration via TAO inhibition while
glycerol potentiated the trypanocidal activitiesaf test compounds by blocking the anaerobic
respiration via a blockade of the reverse actioglgterol kinase. Indeed, most of the TAO

inhibitors tested hereiand the control, SHAM, were significantly more getagainst. brucei
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when co-administered with glyceialvitro, indicating that the aerobic energy metabolicwath

may be a target of these compounds.

Following the interesting result obtained from tteeadministration of our compounds with
glycerolin vitro, we decided to further test them on trypanosomesng the ability to export
glycerol out of their cell (Aquaporin knockout cll We reported some relatively small but
significant differences using a cell line from wicoth AQP2 and AQP3 were knocked out —
several compounds were significantly more effectagainst that cell line. Knockout
of all aquaporins ggp1-3 null) made the cells clearly even more susceptibléahe TAO
inhibitors: more compounds displayed a significatdiver EGg value, and by a larger margin.
The explanation for the effect of the AQP knockimés is that inhibition of TAO causes a shift
in metabolism from TAO-mediated aerobic respiratiomnaerobic respiration via the reverse
action of glycerol kinase, thereby producing glpten large quantities. We speculated that
trypomastigotes of. bruceiwithout aquaglyceroporins would not be able tecefhtly dispose of

that glycerol, and our observations are consistéthtthat hypothesis.

The observation that our test compounds (TAO inbibk) are more active against the aquaporin
knockout trypanosomes is a positive development dior anti-trypanosomal strategy, as
pentamidine and melarsoprol resistance in fiellhiss has been attributed to the loss of TOLAQP2
function (Grafet al, 2013). Wild-type AQP#vas reported to be absent in field isolate$.ds.
gambiensgcorrelating with the poor outcome of melarsoprehtment, but expression of a wild-
type copy ofThAQP2 gene in the most resistant strain complegetgnsed melarsoprol resistance
and re-introduced the High Affinity Pentamidine Asporter (HAPT1) function and transport
kinetics (Mundayet al, 2015), demonstrating the importance of the aguagin the transport,
effectiveness and resistance of key trypanocides asipentamidine and melarsoprol. Therefore
any drug that can specifically target this resissarain will be a solution to the problem of drug
resistance in trypanosomiasis caused dyrucei However, we did not test the effect of deleting
only TbAQP2 on the effectiveness of TAO inhibitcaiad expect that the impact of this will be
limited, given the continued expression of ThAQR#l abAQP3.

As TAO is essential for the respiration of bloodatn form trypanosomes we investigated
whether some of the compounds were actually indribf TAO mediated respiration. Several of

the inhibitors were tested for effects on oxygemstonption using a fluorescent oxygen reporter
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probe (kit); the compounds tested did inhibit oxygensumption in a similar way as SHAM, and
lower concentrations gave similar effects on théPA@Qockout line. A dose-response with a few
of the test compounds was also achieved, showatgitieed the reduced oxygen consumption is
most likely the result of the effect of the testgmounds on oxygen consumption, and the fact that
the compounds did not affect oxygen consumptianammalian cells clearly points to the major
difference between BSF trypanosomes respiration madhmalian cell respiration. This
difference is the presence of TAO in trypanosonmekiis role as the sole terminal oxidase, and
the absence of TAO in mammalian cells. Considetiva TAO catalyses the reaction using
oxygen in trypanosomes, inhibiting it thereforecstaut, exactly as observed in the oxygen

consumption assay.

From our data, we can conclude at this point that éxcellent anti-trypanosomal activity
displayed by our compounds, as reported in ch&pisrindeed via TAO inhibition. However, a
direct inhibitory study with purified recombinanAD (rTAO) and a study of its kinetics in the
presence of the inhibitors would be necessary tdirto these findings. This work will be

presented in Chapter 7.
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Chapter 7: Direct inhibition studies with purified recombinant

TAO lacking a mitochondria targeting signal.
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7.1 Introduction

Alternative oxidases (AOXs), which are found acradsroad range of organisms, including
plants, nematodes, algae, yeast and certain dismasg@ng microorganisms including
Trypanosoma bruceiare mitochondrial, cyanide—insensitive membraodd proteins that
catalyse the oxidation of ubiquinol and the fowgetlon reduction of oxygen to water (' Youe
al., 2013). InT. brucej a parasite that causes African trypanosomiastsuimans (sleeping
sickness) and livestock (hagana) throughout sula®ahAfrica,the trypanosome alternative
oxidase (TAO) is unique and essential for the rasipin of bloodstream form (BSF) parasites. In
effect, in BSF trypanosomes, TAO is the sole teafroidase enzyme, and required to ultimately
re-oxidize the NADH that is produced during glya$y As TAO has no counterpart in mammals
and it is conserved amorig bruceisubspecies (Yabet al, 2010), it has been validated as a
promising target for the chemotherapy of Africaypimosomiasis (Yalket al, 2003; Yabwet al,
2006; Menziest al, 2016).

TAO is a cyanide-resistant and cytochrome-independieiquinol oxidase, formerly known as
glycerol-3-phosphate oxidase, which is sensitivécsspecific inhibitors salicylhydroxamic acid
(SHAM) and ascofuranone (AF) (Grant and Sarger@D1Bvans and Brown, 1973; Clarksain
al., 1989; Minagawat al, 1997). The AOX gene in trypanosomes containsr@gfeotides
encoding the 330 amino acids full length proteisjuding the N-terminal 25 amino acid residue
“Mitochondrial Targeting Signal” (MTS) (Appendix GAs the MTS is usually cleaved after
transportation of the protein to the mitochondrittre physiologically functional and relevant
form of TAO is lacking the MTS sequence (Hamilegdral, 2014). However, only the full length
protein has been overexpressed and studied (8h#a2012; Kidoet al, 2010) so far, in spite

of the difficulties associated with its reducedogitey, poor solubility and low yield.

Because the full length TAO is not physiologicallgtive in trypanosomes, it is imperative to
target the physiological form of TAO and carry alitect inhibitory studies with potential
inhibitors. It was hypothesized that rTAO withdagtMTS AMTS rTAO) would be more active,
and more soluble, resulting in higher yield, andl ttinis could also increase the stability and
resolution of the protein. In addition, it was pospd that performing direct inhibitory studies of

the AMTS rTAO with potential TAO inhibitors would give @earer evidence for tham vivo
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inhibition and kinetics than when using the fulidggh protein, and that this could result in the

discovery of more potent inhibitors that specificgéhrgets the physiological form of TAO.

In addition, it was reported in chapter 5 thatribevly designed mitochondrion-targeted LC-TAO
inhibitors significantly improved the activity of£2dihydroxybenzoate and salicylhydroxamate
(SHAM) againstl. bruceiandT. congolensstrains in the lower micromolar to nanomolar range
and in chapter 6 that the mechanism of their ardgpte activities suggested inhibition of the
parasites’ respiration, most likely via inhibitioh TAO. Consequently in this chapter a direct
inhibitory study has been carried out ARITS rTAO to confirm whether this promising anti-
trypanosome activity is via TAO inhibition. We haused the computer program mitoprot
(http://www.expasy.org/tools/) to predict the MTae 23 to 25 amino acids long and decided to
try to produce pure TAO without the N-terminal 28ino acids AMTS rTAO).

Hence, in the present study, we report for the firee the production of a more active
physiologic rTAO enzyme lacking the MTS sequend@ S rTAO). We also report the novel
use of a SUMO expression system (Appendix G) tamope the production of rTAO. This
AMTS rTAO enzyme was used to study the activitywfiwew TAO inhibitors based on the 4-
hydroxybenzoate and 4-alkoxy benzaldehyde scaff¢fdgure 7.1). The results of rTAO
inhibition and trypanocidal activity against sevenald type and drug-resistant strains of
trypanosomes will allow the production of structacivity relationships (SAR) with these potent

TAO inhibitors.
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7:R'=Br (n=12) TAO31 do—«:mm—# O OH OH O
8:R'=Br (n = 14): Not tested HO CHs;
9:R'=Br (n=16) TAO34 HJ\@\ /©/U\H
10: R'= OCHO (n = 10) TAO26 17:- R'=Br TAO38 O—(CH2)14—O
11: R = OCHO (nh = 16) TAO33 18: R'= OCHO TAO39

32 TAO36
19: R"=TPP* TAO47

20: R' = Quin® TAO48

R'" O (@) R
Br’+N|
O—(CHp)14—R' O—(CH2),—O Quin® = =
HO HO R2 R2 OH

F (@]

12: R'=Br TAOS51 21:R'"=0OH, RP?=H (n=6) TAO42

13: R'=TPP* TAO52 22: R"=0OH, R?=H (n=10) TAO29
23:R'"=OH, R®=H (n=12) TAO22 Br
24:R'"=OH, R2=H (n=14) TAO30 TPP* = § +P—®
25:R'=0OH, R2=H (n=16) TAO32
26: R' = OH, R?2=CHj; (n = 14) TAO44
27:R'=H, R2=CHs(h=14) TAO40

Figure 7.1 Summarized structures of the TAO inhibit  ors. Detailed full list of structures can be

found in appendix C.

7.2 Results

7.2.1 Complementation by rTAO of FN10Z.coli lacking a terminal oxidase

Haem is a cofactor of enzymes such as peroxides@éases, sensor molecules, and cytochromes
of the P450 class. Four terminal oxidases includimeggquinol oxidases: cytochrome bo, and
cytochrome bd have previously been identifieR icoli cell membranes (Shiledal, 2012; Kido

et al, 2010). These four proteins catalyze similar reactionfA®, which makes it difficult to
measure the activity of TAO i8.colithat is engineered to express TAO. Haem is clificahe
synthesis of alE.coli’s quinol oxidases but is not required for TAO adyivil he synthesis of the
first committed compound, 5-Aminolevulinic acid (A), is known to take place via two separate
routes (Niheket al, 2003; Shibat al, 2012). The first is condensation of glycine andcinyl-

CoA (C-4 pathway), which occurs in fungi, and ansn&he second is the conversion of

glutamate to ALA (C-5 pathway), occurs in Archapkants, and most bacterig.coli is an
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organism which synthesises ALA, being the first catted compound in haem biosynthesis,
from glutamate (C-5 pathway) (Kidt al., 2010).

Therefore, to remove all quinol oxidase activityttod haem-containing cytochrome complexes
completely from the hodE.coli strain, a haem-deficieit.coli strain FN102 was used for the
overproduction of TAO. Thi&. colistrain was previously described by Nile¢al (2003) and
Elliott et al (2014), and involved the introduction of thiemA: :Knf® mutation into strain
BL21(DE3) by P1 transduction. Because the hemAedsft mutant lacks the enzyme glutamyl-
tRNA reductase which is needed to catalyze thé dosamitted step of haem biosynthesis in
E.coli, the mutant would not grow aerobically without Alhich is a precursor for protohaem
IX biosynthesis (but does grow anaerobically). Nthaless, the FN102 haem-deficiéntoli
strain that was transformed with a pETSUMO plasweictor (Figure 7.2) containing taMTS
rTAO sequence showed similar aerobic growth conipara the wild-type even without ALA
(Figure 7.3, panels C and D).

b TACE=
ll——J_L/ lacO | RBS ATG "=C.  SUMO " 17 term |

PETSUMO-fI-TAO \
6,633bp .

%

Figure 7.2 Plasmid map showing the point of inserti onofflor AMTS-TAO in pETSUMO expression
vector via the T — A cloning.

The pET SUMO expression system (ThermoFisher St®mwas used in this experiment with
the aim of producing highly soluble protein in hadgficientE. coli. It utilizes fusion with a
small ubiquitin-related modifier (SUMO), which belgs to the growing family of ubiquitin-

related proteins, to enhance the solubility of esped fusion proteins. In contrast to ubiquitin,
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SUMO is involved in the stabilization and localipat of proteingn vivo. After expression, the
11 kD SUMO moiety was cleaved by the ULP-1 (Ubiouliike-specific protease 1) protease at
the carboxyl terminal, producing the native TAO tpm. The TA cloning - a subcloning
technique which does not require the use of régtncenzymes - was used following the
manufacturer’s instructions and it was easier andkgr than traditional subcloning. The
technique depends on the ability of adenine (A)tagchine (T) on different DNA fragments to
hybridize and become ligated together in the preseha ligase (the T4 ligase was used in this
experiment). PCR products were amplified usingDBid\ polymerase which favourably adds an
adenine to the 3' end of the PCR product. The P@plied insert was then cloned into
PETSUMO, which is a linearized vector having a ctengentary 3' thymine (T) overhang.

L2 5 6
990 bp
915b 1.34 kb
P 34 1.26 kb
4
4 .
C ~ FLS D jli
FL6 pa
£ ~ FL8 ’Ea -~ d7
s T FL9 8 a8
=2 FL10 32 @
% s = RS«NA  § ~— 611 +ALA
- = N -
o / o FBeAA 84 P
Ny S - Etgﬁ ~ 07 +ALA
UO 5 1'0 1‘5 2'0 2'5 — FL10 +ALA 04 , == I8 +ALA
Time (hrs) ENTORWT B - d19+ALA
—~ FNI02WT + ALA FN102WT
~ FNI02WT +ALA

Figure 7.3 Comparative studies of the complementati  on of haem deficient FN102 E. coli by full-
length (fl) and AMTS-TAO. Panel A shows the PCR confirmation of AMTS-rTAO (lanes 1 and 3 =915
bp), and fl-rTAO (lanes 2 and 4 = 990 bp), while panel B is the PCR confirmation of these TAO genes in
the plasmid (pET101) vector; NHiseSUMO-AMTS-TAO (lane 6 = 1.26 kb), and NHisgSUMO-fl-TAO (lane 5
=1.34 kb). L1= BRG-100-02 DNA ladder; L2 = M2 DNA ladder (BIO-RAD)
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Panel C is a growth curve of selected clones of haem deficient FN102 E. coli with the fl-rTAO gene; while
panel D is for clones having the AMTS-rTAO. Wild type (haem deficient) FN102 E. coli were

simultaneously grown in plus or minus 50 ug/ml ALA media and were used as controls.

As expected, the result showed that terminal o@asivity of the haem deficient FN1&2coli
was restored in all native FN102 colonies havirgghiHisSUMO-pET 101 plasmid with the
TAO insert. There was no visible aerobic growtth@native FN102 (FN102 WT) in the absence
of ALA or NHisgsSUMO-pET 101 with TAO insert (Figure 7.3).

It was also observed that cultures of coloniesrmathe TAO insert plasmid plus p@/ml ALA
displayed a better growth pattern than those hati@d AO insert plasmid but without ALA and
also better than the native FN102 cultures witlé®nl ALA. This observation could be due to
TAO restoring the terminal oxidase activities ie thative FN102 cells but in addition boost the
terminal oxidase activities in native FN102 whee tiormal haem synthesis pathway was
restored in the presence of ALA (see figure 7.3).

However, there were no significant observable diffiee in the growth pattern of the FNID2
coli having the first 75 nucleotide sequence of TAO@ading frame deleted when compared
with the clones having the full length TAO (fl rTA@ene, showing thatiMTS-TAO is fully
active as terminal oxidase. This is consistent \thih fact that the MTS is cleaved off upon
transportation to the mitochondria in trypanosonTéss is to our knowledge the first direct
evidence that the trypanosome alternative oxidasei¢leotide Mitochondrial targeting signal is

not essential for TAO activity.
Hence, this result showed recombinant TAO funciiba® a terminal oxidase in the respiratory

chain of the haem deficient FN1& coli complementing the function of the deleted quinol

oxidases.
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7.2.2 SDS-PAGE analysis of purified rTAO at variousstages of purification and
purification table for AMTS-TAO/fI-TAO.

SDS-PAGE analysis of rTAO from various stages ofiffmation was carried out. FN102 lysate,
membrane fraction, flow-through, and peak fractitsaen TALON column were subjected to a
discontinuous SDS-PAGE using Bio-rad protein siaeker alongside (Figure 7.4). As expected,
a band corresponding to 48 kD which is the corsex for full length TAO (NHisSUMO-fl-
TAO) was observed in lanes 9 and 10 (duplicatepriJgeavage of the NHISUMO (11 kD)
with the highly efficient SUMO (ULP-1) protease duxes the native TAO protein of interest
with a band corresponding to 37 kD seen in lanesnt13 (Figure 7.4), which is the exact size
of full length TAO (TAO having MTS). On panel ‘Allane 4 shows a band corresponding to 45
kD, which is the size of NHESUMO-AMTS-TAO. But upon cleavage of the NgBJMO (11
kD) with SUMO (ULP-1) protease, a band equalgpraximately 34 kD was observed in lanes
6 and 7 (duplicate). This is the size of TAO withMIT'S.

Overall, a physiologically active TAO without theitdlchondrial Targeting Signal was

successfully purified.

12345673910111213

45KkD 48kD

34 kD S7kD

Figure 7.4 SDS-PAGE for the various purification st ~ eps involved in the purification of rTAO from
FN102 E. coli mitochondria membrane. Purification process of AMTS-TAO and full length (fl) TAO.
Lane: 1 = Marker protein (Bio-rad). 2 = Lysed FN102/ NHiseSUMO-AMTS-TAO cells. 3 = membrane
fraction. 4 = NHisgsSUMO-AMTS-TAO. 6, 7, and 11 = AMTS-TAO (NHisgSUMO is cleaved). 8 = Lysed
FN102/NHisgSUMO-fI-TAO cells. 10 = NHisgSUMO-fl-TAO. 5, 12, and 13 = fl-TAO (NHisgSUMO is

cleaved)
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Purified AMTS-TAO obtained from the column was clear whilattbf the fl-TAO was slightly
turbid; this may be because the MTS is known tsligitly hydrophobic (Shibat al, 2013).

In addition, although the two forms of purified TA@re very active, the purifiefMTS-TAO
was more active than fl-TAO, and was found to lghér in total and specific activity, and yield
(Table 7.1).

Also, the purifiedAMTS-TAO exhibited a better specific activity, adtiwrecovery, and fold of
purification (392.24umol/min/mg, 1.27%, and 7.91 respectively) than lkBAO (195.74
umol/min/mg, 0.33, and 7.91 respectively) (Table.7.1

Table 7.1 Purification and activity table for rTAO

Total Total Specific activity | Activity Purification
Purification step. activity protein (umol/min/mg) | recovery (x fold)
(umol /min) (mg) (%)

Lysate AMTS 142409 3690 38.59 100.00 1.00
TAO

FI TAO 60900 2460 24.76 100.00 1.00

Membrane AMTS 18492 310 59.65 12.99 1.55
TAO

FI TAO 7600.04 179.80 42.27 12.48 1.71

Co —column| AMTS 2211.20 8.60 257.09 1.55 6.66
TAO

FI TAO 335.01 2.20 152.27 0.55 6.15

Cleaved AMTS 1802.11 4.60 392.24 1.27 10.16
TAO

FI TAO 203.02 1.0368 195.79 0.33 7.91

7.2.3 Direct inhibitory studies with AMTS TAO: SAR studies with cationic and non-

cationic inhibitors.

The TAO inhibitors were tested for their direct ilmtory effect on physiological TAO (i.e.
AMTS). These compounds were specifically made tottthe TAO binding pocket and prevent
the binding of Ubiquinol-1, which is the physiologl substrate of TAO. The samples were
dissolved in DMSO to make a stock solution of 10 yaMich was stored at -20 °C and used for

the assay. Ascofuranone and salicylhydroxamic @i#tAM), two known TAO inhibitors were
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used as positive controls in the assay while amalegplume of DMSO was used as negative
control. The DMSO had no effect on TAO activityduét not shown). Control experiments were
also carried out. In one of the control experimgaiso-oxidation of Ubiquinol-1 was carried out
using the same protocol but without TAO. This washeck the quality of Ubiquinol-1, which
can be re-oxidized to Ubiquinone in the presenaaakcular oxygen. No auto-oxidation was
observed. In another control experiment, the qualitthe purified rTAO was tested in the
presence of 1 mM ascofuranone which completelybitdul the conversion of Ubiquinol-1 to
Ubiquinone-1. This result (not shown) indicates timother oxidase was purified together with
TAO.

We are aware that some of these compounds, bechilssr chemical structures, may complex
with the di-iron in the catalytic site of TAO thésechelating it and rendering it ineffective,
creating the possibility that these compounds algn-specifically bind with other haem-
containing proteinsirg vivo) in mammalian cells, or indeed form complexes withtals in
solution. It was because of this possibility thataecided to conduct a control assay where we
pre-incubate 1 mM iron (ll) chloride (Fefland 250 nM purified rTAO for 2 minutes before
using it for the TAO inhibition assay. This resulas compared with that of TAO without
incubation with FeGlunder the same assay condition. There was nadliite in TAO activity
with or without FeCJ. This observation rules out the possibility foe tassumption that the

mechanism of inhibition might be via chelating lo¢ i-iron in TAO catalytic site.
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Table 7.2 ECsy values (UM) against T. b. brucei WT and ICg, values of inhibition of rTAO  (uM)

Compoung EC50 (uM) T. b. brucei 2 IC 50 (ULM) ITAO °
TAO18 >100 1.9 +0.015
TAO22 32.94 £ 0.88 0.007 £ 0.00011
TAO24 0.1+0.012 1.36 £ 0.064
TAO25 0.0015 £ 0.0002 1.46 = 0.008
TAO26 31.82 £ 0.93 0.15 £ 0.0051
TAO29 49.04 £ 7.79 0.0069 + 0.00012
TAO30 42.12 + 2.85 0.0157 £ 0.0013
TAO31 14.54 + 0.97 0.0174 £ 0.0018
TAO32 26.71 £5.52 0.0123 £ 0.0041
TAO33 11.88+1.6 0.0144 £ 0.012
TAO34 45.68 + 1.52 0.0124 + 0.003
TAO35 17.59 £ 0.55 0.0728 £ 0.011
TAO36 >200 0.2403 £ 0.020
TAO37 3.77 £0.12 0.327 £0.23
TAO38 14.4 £ 0.07 0.0072 £ 0.003
TAO39 4.06 £0.09 0.0011 £ 0.0002
TAO40 >200 0.0125 + 0.0028
TAO41 17.7£0.48 0.241 £ 0.023
TAO42 >200 0.0565 + 0.010
TAO43 14.58 £ 0.22 0.0065 + 0.001
TAO44 >200 0.011 £0.011
TAO45 0.13 £0.003 0.221 £0.012
TAO46 1.75+0.01 1.23+0.018
TAO47 0.0024 + 7.97E-04 0.081 = 0.009
TAO48 0.21 £0.02 0.0295 £ 0.029
TAO49 0.0016 + 4.70E-04 0.0883 £ 0.013
TAOS50 0.03 £0.001 0.1043 £0.011
TAO51 14.72 £+ 0.14 0.0295 + 0.003
TAO52 0.001 = 1.20E-05 0.0303 £ 0.003
TAOS53 >200 0.45 £ 0.008

ASF ND 0.002 + 0.004
SHAM® 38.73+4.78 593+£0.13

*Trypomastigotes of T. b. brucei (n = 3). *Purified recombinant trypanosome alternative oxidase (n = 4).

“Standard Error of Mean (SEM).dAscofuranone, and °Salicylhydroxamic acid were used as controls for

TAO inhibition. Only the compounds showing some level of activity (<5 uM) against rTAO are shown in this

table.
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Most of the compounds tested against rTAO (25 680pdisplayed submicromolar inhibition
(Table 7.2). Among these, one compound (TAO39) twése as potent as the reference drug
ascofuranone (l6 = 2 nM), four inhibited TAO with 16 < 10 nM (TAO- 22, 29, 38 and 43),
and thirteen displayed 2-digit nanomolagd@alues (Table 7.2). The 2,4-dihydroxybenzoates
inhibited TAO in the low nanomolar (non-cationiaidatives: TAO- 26, 31, 33, 34, 41, and 53)

to low micromolar range (cationic compounds: TA@; 25, 27, 28) (Table 7.2).

With the non-cationic derivatives, a correlatiotvoeen inhibitory activity and methylene linker
length was observed, the longest linkers givingaest, low nanomolar, inhibitors (C16 > C12
>> C10 > C6 > C4). For the C16 linker, little difé@ce in activity was observed when changing
the R group from a bromine (TAO34) to a formiate grolipQ33). However, the introduction
of a lipocation such as TPP (TAO27) or quinolinigitAO28) in this position was highly
detrimental to TAO inhibition (>500-fold decreaagptency). As regards to cationic inhibitors, a
linker with 14 methylene units was preferred (corepaAO -25/27 and TAO- 24/28). Hence, this

linker was chosen to design the rest of inhibiforghe SAR studies.

The effect on TAO inhibition of the modification tfe phenyl ring substituents Bnd R is
shown in Table 7.2. The introduction of a methggy in R was favourable as shown by the 16-
and 13-fold increase in inhibition of TAO49 and TB@compared to TAO25 and TAO24,
respectively. In fact, the presence of a methyligralone in R(i.e. without OH group in B was
sufficient to get nanomolar range inhibitors (TA8B, 39, 47 and 48) of similar potencies
(compare TAO- 43/38, 49/47, 50/48) indicating that2-OH group is not essential for binding to
TAO. Replacement of the methyl group ifbiR a fluorine atom was favourable for the cationic
TPP derivative (TAO52 is 2.7-fold more potent tAi#&047) whereas it was unfavourable for the
non-cationic bromo analogue (TAO51 is 4-fold lestept than TAO38).

The 4-formyl-3-hydroxyphenoxy-based inhibitors TABS, 37, 45 and 46 were somewhat less
potent than the 4-hydroxybenzoate derivatives (@mpAO35 with TAO51/43/38, 37 vs 39,
and 45 vs 25/52/49/47) with the following ordeirdfibitory potency: R= Br >*PPh > OCHO

>> quinolinium. Interestingly, the cationic TPP e TAO45 was 5-fold more potent than the

guinolinium counterpart TAO46.

The 4-hydroxybenzoate dimers (TAO- 22, 29, 30,42,and 44) inhibited TAO in the low
nanomolar range (11-15.7 nM) whereas the 4-forripy®oxyphenoxy-based dimer TAO36
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was approximately 21-times less potent inhibit@s{l= 240 nM) (Table 7.2). For the dimer
series, a linker of 10 to 12 methylene units seeimée favoured (compare TAO- 29/22 vs TAO-
30/32) whereas the nature of&hd R was less influential (compare TAO30 with TAO- 434

Importantly, for the 2-fluoro-4-hydroxybenzoate (0B2), 2,4-dihydroxy-6-methylbenzoate
(TAO- 49 and 50), and 4-hydroxy-2-methylbenzoate@¥F 47 and 48) series, the addition of a
mitochondrion-targeting lipocation in*Rardly affected their inhibitory potency againgta

showing that the lipocation does not participatdainteraction with the binding pocket (or, at

the very least, does not interfere with bindind&D).

A comparative summary of the structure activityatieinship with respect to these compounds’
activities against. bruceiand rTAO is given in figure 7.5 (Panel A). Unfanately panel B of
figure 7.5 gave a negative corrolation betweenrtivro trypanocidal activity and inhibition of
ITAO, partly because optimisation for mitochondtaigeting does not necessarily run parallel

with optimisation of protein binding
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Figure 7.5 Comparative analysis of test compounds 0 n rTAQO inhibition. Panel A is a comparative
summary of the structure activity relationship with respect to the test compounds’ activities against T.
brucei and rTAO. Panel B is A scattered plot showing negative correlation between IC50 and EC50 of TAO
inhibitors, where the log of minimum inhibitory concentration (IC50) for rTAOQ inhibition [-log (TAO IC50]
was plotted against the effective concentration that brought about 50% of the maximal effect on

trypanosomes (EC50) on the —log(Tryps EC50) axis.

7.2.4 Michaelis-Menten kinetics and double recipraa Lineweaver-Burk plots for TAO

inhibitors

Some of the TAO inhibitors were used for TAO kinstassay. Briefly, 5 ul of a 50 ng/ul of
AMTS-rTAO prepared in 0.5 M Tris-HCI buffer (pH 7.3) was usthis gave a 250 nM TAO in
the 1 ml reaction mix. The inhibitor concentratiwas varied and 2 pl of the inhibitor was taken
each time. The reaction was in a total reactionwa of 1 ml 0.5 M Tris-HCI buffer (pH 7.3),
and in a 1 cm path length cuvette. The contenthefcuvette was well mixed and quickly
transferred to the UV- 300 double beam spectropheter (Shimadzu, Japan) set at 278 nM
wavelength, Ascale (2 cm/min), scan speed 2(5), temperatur@®&s The background activity
was measured for at least 1 minute before thedotrtion of Ubiquinol-1 to initiate the reaction.
Activity was measure for 2 minutes, and was reab@eunits of absorbance per minutes. The
data obtained were fitted for the Michaelis Mertat, which were then transformed to double-
reciprocal plots for estimation of kinetic paramstelrhe reciprocals of the specific activity
against that of the Ubiquinol concentration gawsdtuble-reciprocal/Lineweaver-Burk plot. The

enzyme inhibition constamt; was also determined and presented below.
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TheK; of TAO- 22, 29, 32, 33 were determined to be 411,32, and 71 UM, respectively. The
Lineweaver—Burk analysis indicated that, similadySHAM (Ott et al., 2006), the compounds

inhibit TAO non-competitively (Figure 7.6).
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Figure 7.6 TAO kinetic determinations in the presen  ce of varying concentrations of inhibitors and
substrate concentration (Q ;H,) (0 — 600 uM), with 250 ng TAO ina 1 ml (0.5 M Tr is-HCI buffer, pH

7.3) reaction mix. The figure shows the Lineweaver-Burk plots (main figures) for the test compounds
(TAO- 22, 29, 32 and 33) as well as their corresponding K; determinations (inset figures). All test

compounds revealed a non-competitive (mixed) type inhibition.
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While ICsp and K are both ways of determining an inhibitor's apild inhibit the action of an
enzyme, however they are not the same. TheakKie, is the true equilibrium constant, and is
regarded as a better measure, considering thKt tifean enzyme-inhibitor complex is always a
constant. IG value on the other hand will vary depending onssabe concentration.
Consequently, the Kalues were determined and reported in this wimide(ts of figure 7. 6).
The result showed the 4¢ values of the compounds tested correlate well ik K
determinations for each compounds, so that therldved G, the lower the K All the inhibitors

reported here behaved as a non-competitive inhibitoced type) with respect to,6..

7.2.5 Binding affinity of lipophilic cation—TAO inhibitor to TAO revealed by Surface

Plasmon Resonance (Biacore) spectrometry.

It was reported in the previous section that sohtleeoinhibitors tested for their direct inhibitory
activities on purified rTAO have a very good inhitn in the nanomolar range; also their
affinities for rTAO were determined in terms of ibiion constantsk;). However the direct
inhibitory studies alone are insufficient in higifiting how tightly bound the inhibitors are to the
ITAO, i.e.the constant of associatidiy], or their ease of dissociation from the rTAO otlezy

are bound to iti.e. constant of dissociationK().

It is more and more acknowledged that the ratesath drugs associate and dissociate from a
receptor (the binding kinetics) directly affect grefficacy and safety (Paat al, 2013). This
would, however, be important for the rational opsiation of kinetics during lead optimization of
these inhibitors (Copelaret al, 2006; Lu and Tonge, 2010).

Consequently, surface plasmon resonance (SPRhbiadalysis was used to study the molecular
interactions that exist between the test compoandsTAO, following the method described in
Drescheet al (2009). SPR is an optical technique used forddieig the interaction between two
different molecules where one is mobile and theiotme is fixed on a thin gold film (Schuck,
1997). In the work described here, using a singtdedinetics method, purified rTAO (10 mg/m|
in 10 mM acetate buffer pH 5.5) was immobilizedoatsensor chip by an amine-coupling
reaction (Biacore, Piscataway, NJ, USA) and it imaerted into the flow chamber of a Biacore
T200 instrument (Biacore, Uppsala, Sweden). Thanig Buffer used was made up of 10 mM
HEPES pH 7.4, 300 mM NacCl, 0.05% Tween 20, 0.2% @W%he flow rate was 10 ml/min,

182



and a final response of 17914 RU, where RU is respanit, and one RU represents the binding
of 1 pg of protein per square mm.
The detection limit was £0- 5x10 (1/Ms) for Ksand 10° — 1 (1/s¥or Kg,

The addition of the test compounds (0.5, 1, 2,adt&M in running buffer), which is the flow-

through analyte, into the chamber resulted in Inigdif the test compound to the immobilized
rTAO. This produced a small change in refractivdexat the gold surface, which was quantified
with exactitude. The binding affinities were thdstained from the ratio of the rate constants

obtained, which gave a straightforward charactéanaof TAO-inhibitor interaction.

The compounds tested had an unusually high buliibation that made the sensorgram shift
down during the injection and shifting up duringshiateps, however it did not drastically affect
the determinedq, (Ky), Kot (Kg) andKp (Kost/Kon).

Initially, an attempt was made to determine Ks of the test compounds by fitting the
sensorgram to a 1:1 binding model. However, theagnam from these compounds were fitting
much better when using a heterogeneous ligand nfmadei heterogeneity may have come from a
distinct binding site to TAO or from the immobiltean procedure considering that the amine
coupling method was used to immobilize TAO). Conssly two sets dkqn, Koif andKp were

calculated (for comparison, data from both modedsre@ported here).

In addition, another justification for using theérgeneous ligand model is that recently the co-
crystal structure of TAO29 with TAO was obtainedll(sinder refinement), and surprisingly,
TAO29 seems not to bind to the active site of T&® but to a different site supposed to interact
with membrane lipids. Although, the possibilitytbéir binding to the active site in addition to a
second site cannot be completely ruled out, ietfoee provides a "convenient” explanation to the

heterogeneity response seen in the SPR analyggdterminedps varied from 0.1 to 1 uM.
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Figure 7.7 Binding kinetics of TAO22 and TAO29 (Pan
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els A and B respectively) into rTAO.

The

models used were a 1:1 binding (left) and heterogeneous ligand (right) models. Method: Single-cycle
kinetics; Running buffer: 10 mM HEPES pH 7.4, 300 mM NacCl, 0.05% Tween 20, 0.2% DMSO; Analyte
concentrations: (0.5, 1, 2, 4 and 8 mM) in running buffer; Detection limit: K,= 10%-5x10’ (1/Ms) and Ky4=

10®° — 1 (1/s). The full result including other test compounds is summarised in table 7.3
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Table 7.3 Summary table for TAO inhibitors’ binding

experiments.

kinetics as revealed by SPR (BIACORE)

Model K.l Kql(1/s) Kol Ka2 Kg2(1/s) Kp2 Chi* U-
(1/Ms) (nM) (1/Ms) (nM) (RUY) | value
TAO22 1:1 binding 4. 72E+03 9.84E-04 208.6 0.225 2
Heterogeneoug 3.07E+03 | 6.42E-04 208.77 3.05E+04  1.34E-02 439.7 28.1 N/A
ligand
TAO29 1:1 binding 2.68E+03  3.21E-08 1200 0.393
Heterogeneoug 1.73E+04 | 6.92E-03 399.9 4.94E+01 2.44E-03 49360 17.1 N/A
ligand
TAO30 1:1 binding 8.06E+03  2.27E-083 280.9 0.183 2
Heterogeneoug 1.99E+04 | 5.85E-03 293.8 4.58E+02 2.66E-06 5,812 1M.1 N/A
ligand
TAO31 1:1 binding 4.87E+03 8.74E-03 1795 0.431
Heterogeneoug 1.09E+04 | 9.69E-03 888.9 1.29E+01 2.77E-03 215400 197.| N/A
ligand
TAO32 | 1:1 binding 3.96E+03| 2.32E-083 584.9 41G. 2
Heterogeneous| 2.80E+04 | 9.83E-03| 350.6 1.58E+Q2 3.56E-04 2256 5608 N/A
ligand
TAOS33 | 1:1 binding 7.56E+03| 1.26E-08 166.4 128. 2
Heterogeneous| 2.19E+04 | 2.79E-03| 126.3 9.24E+Q2 3.65E-04 395.4 3370| N/A
ligand
TAO34 | 1:1 binding 2.02E+04| 1.81E-083 89.45 0856 5
Heterogeneous| 2.77E+03 4.26E-06| 1.54 4.83E+Q4 8.31E-0B 172 0.0448/A
ligand

The chi-square value is a quantitative measure which shows the closeness of fit, so that in an ideal
situation it will approximate to the square of the short-term noise level. The U-value was obtained using the
1:1 binding model fitting, and it is also an additional indicator of the parameter significance. This is a
parameter that represents the distinctiveness of the calculated rate constants and R, (RU), where Rpax
corresponds to the analyte binding capacity of the surface, and this parameter is determined by testing the
dependence of fitting on correlated variations between selected variables. Lower values indicate greater
confidence in the results. A high value (above about 25) indicates that the reported kinetic constants
contain no useful information (Ndao et al., 2014).
Ka = constant of association (on rate); Kd = constant of dissociation (off rate); RU = response unit; KD =
equilibrium dissociation constant. N/A = not applicable.
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Figure 7.8 On-Off rate map of TAO inhibitors.  This map shows a pictorial view of the Kon and Koff for all
the test componds. It shows that apart from TAO 22, the compounds clustered closely, indicating how

close their constants of association (Kon) and dissociation (Koff) is from one another.

7.3 Discussion

At the moment, neglected tropical diseases (NTHH)remain a serious health emergency
requiring a serious effort in the investigatiomefv drugs to fight them, the WHO’s ambition of
eliminating African trypanosomiasis as a publicltreproblem (Simarr@t al, 2015), and the

United Nations’ goal of reducing poverty, obviouglyl be advanced by developing a new drug
that is affordable, safe and very effective for tieatment of both human and animal African
trypanosomiasis. However, these road maps arevstififar from realization. In fact, the drug
development pipeline in the field of NTDs is almabl, except for developments with

fexinidazole and the Scynexis oxaborole presemtlglinincal trials for late stage sleeping
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sickness (Jonext al, 2015). Therefore specific targeting strategnesitd be exploited in order to

identify new classes of possible drug candidates.

However, it is very important when developing aficegnt anti-parasitic drug to identify
molecular targets in the parasite, one that shbeldritical for growth and survival of the
parasite. Ideally this target should be absenbbimportant in humans or animals, and if at all
present in humans/animal, it should be structurdiyinct. We have identified an important
target protein in African trypanosome which is imtpat for their energy (ATP) generation and

survival in the human host; this protein is caligghanosome alternative oxidase (TAO).

We developed an integrated strategy to specifitaityet TAO using parallel synthesis that will
generate compound libraries, combined with phenoggsays that allow testing of compounds
in a rational period of time. This strategy prodeew hit compounds that can be progressed
further to hit-to-lead, followed by the lead optration steps in the drug discovery process. The
target-based approach is at present regardedserypefficient (Gilberet al, 2011). However, as
stated earlier, in order to rationally carry ous tbrocess of target-based drug discovery that will
target TAQ, itis of paramount importance to hageificant information on the molecular target
(TAO), and on the hit-target binding mode (TAO-ipitor complex), so that modification on the
hit scaffold can be reasonably guided by a comlunabf biophysical, biochemical, and
computational methods. For this reason, havingtifiet some of our molecules to be promising
by means of various cell-based experiments, it thasefore essential to verify the potential

target(s) using the available bioanalytical appheac

We have previous reported (Chapter 6) that in alevhell assay with the parasite, more than a
half of all the test compounds were significantlpre active against. bruceiwhen co-
administered with glycerol, or when tested agathst aquaporin knockout cell lines; the
compounds in addition also inhibited parasite m@sjin in arin vitro assay. A similar result was
obtained with the TAO inhibitor SHAM (but not wittontrol drugs that do not act on TAO),
indicating that the test compounds are most prgtadiing on parasite respiration through TAO
inhibition. This was further investigated, and éonkd, with our test compoundsvhich
inhibited oxygen consumption &t bruceiWT, in a similar dose-dependent manner as SHAM,
rapidly depolarized the mitochondrial membrane, digplayed reduced activity against a

trypanosome line over-expressing TAO.
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As a whole, these data are consistent with TAOd#kia primary target of these inhibitors in the
parasite which led us to carryout direct inhibitaggay and study the kinetics of rTAO, which is

reported here.

The TAO gene contains 990 nucleotides encodingg®df0 acids full length protein, including
the N-terminal 25 amino acid residue Mitochondfiaftgeting Signal (MTS). For the majority of
mitochondrial proteins, their transport into théouhondria relies on two key fundamentals: (i)
the presence of an MTS within the protein andtli@ presence of some specific translocators
within the mitochondrial membrane domain which graae the specific signals (Bausral,
2000) Basically, three types of MTS have been reportdzbtiound in proteins that are intended
for delivery into the mitochondria: A stop-transéersorting signal, an internal signal, and the N-
terminal signals (Neupert and Herrmann, 2007). NHerminal targeting sequence, also called
pre-sequence, is an amphipathic helix containirtly bpdrophobic and basic amino acid residues
(Hamiltonet al,, 2014).

Of the three MTS, only the N-terminal signal is albyicleaved after transportation of the protein
to the mitochondria (Hamiltoet al, 2014). Consequently, the physiological and fioneil TAO

is without MTS (Baueet al., 2000). Despite this phenomenon, only the fulbté protein has
been over-expressed and studied to date. Yetrtidgms of reduced stability, poor solubility
and yield, and poor X-ray diffraction resolutionooystals of the recombinant AOX are thought to
be due to the presence of the MTS (Stebal, 2013). Because the full length TAO is not
physiologically active in BSH. brucej it is important to target the physiological foohthe
TAO when developing inhibitors that would target@/And study the kinetics of the inhibitor-
AMTS TAO complex, mimicking what would actually hagwpn vivo.

We have reported the expression and purificatiothefphysiological form of the alternative
oxidase fromlrypanosoma brucdirAO) without its N-terminal 25 amino acid mitoatdrial
targeting sequencalMTS rTAO), and discovered that it was more solubtable, active, and
was produced in a higher yield (Table 7.1). Thigspblogically relevant rTAO enzyme was used
to characterize the inhibitory efficacy of 32 caimand non-cationic compounds and develop
structure-activity relationships with these seoib$-hydroxybenzoate and 4-alkoxybenzaldehyde

derivatives.
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Interestingly, the lipophilic cation (LC) compoundgh C-14 methylene linker which seemed
optimal for trypanocidal action reported in chafitex also provided improved inhibitory activity
against the pure recombinant TAO enzyme compare8HAM. However, the correlation
between inhibition of purified rTAO and the trypamntal effects of the reported LC conjugates is
much complicated by the fact that the local conmegioin of the test compounds in functional,
charged mitochondria remains unknowable for the BrdnAs intended, this makes the apparent
ECso concentratiomn vitro much lower than the Kgconcentration against the isolated enzyme,
exactly as recently reported for the inhibitiontb& T. brucei FiF, ATPase by lipophilic
bisphosphonium compounds (Alkhadédial, 2016). Although the evidence suggests that ssme
the LC conjugates have sufficiently lowslGralues to act principally through inhibition of
mitochondrial TAO, the possibility that (some of)et compounds also impact on other

mitochondrial functions cannot be excluded.

The kinetics of binding to TAO determined by Linewer-Burk plot analysis and Surface
Plasmon Resonance (SPR) experiments indicated -@aropetitive inhibition. Some of the
inhibitors showed nanomolar4gvalues againgfMTS rTAO in the same range as ascofuranone
(ICs0=2 nM) (Table 7.2). Ascofuranone has been foorizkta good inhibitor of TAO (Suzudd

al., 2004). However, it was observed that perfedinkjlof the parasites can only be achieved
when ascofuranone is given along with 5 mM glycenolitro. Ascofuranone, which is a
prenylphenol antibiotic that was previously obtaifitom Ascochyta visiaea phytopathogenic
fungus, was reported to strongly inhibit both theegrol-3-phosphate-dependent mitochondrial
O, consumption and glucose-dependent cellular ragmiraf BSFT. b. b This inhibition was
thought to be due to the blockade of the mitochahd¥lectron-transport system of the
trypanosome, which is composed of glycerol-3-phagptehydrogenase (EC 1.1.99.5) including
the alternative oxidase (TAO) (Suzuwial, 2004, Shibat al, 2013).

Ascofuranone was also reported to noncompetitiméljpit the reduced coenzyme Q1-dependent
O, consumption of th&. b. b mitochondria with regards to ubiquiné; & 2.38 nM) (Suzuket

al., 2004). Consequently, the susceptible site wasypanosomes’ ubiquinone redox machinery
that links the activities of the two enzymes. Wanalarried out some kinetics studies on some of
our compounds and discovered that they did havesdginge non-competitive mode of TAO

inhibition as ascofuranone.
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Salicylic hydroxamic aci@SHAM) is a known inhibitor of TAO, which non-spécally chelates

the iron in the di-iron centre of TAO. SHAM has he®mprehensively studied as an inhibitor of
the cyanide-insensitive alternative oxidase presethie respiratory system of plants, and more
recently it was reported to inhibit TAO, and alssptayed a non-competitive (mixed type) mode

of inhibition similar to the one reported for owwnspounds (Yabet al, 1998).

In conclusion, we have used the target-based agptoaynthesize a number of mitochondrion-
targeted LC inhibitors of TAO, which are based oHAM and DHB conjugated with
triphenylphosphonium or quinolinium cations. Outiah data on this are highly encouraging, and
revealed a great prospect for developing an effecthontoxic inhibitor against African
trypanosomes. In fact one of the advantages oétimsbitors/strategy is that unlike the non-
specific iron chelators such as SHAM, and 3,4-dibygbenzoate, our LC-TAO inhibitors are
specifically targeting TAO as shown by their veoyvltoxicity to mammalian cells, and we
showed previously that they did not affect the m$jon of mammalian cells. Therefore the
strategy for delivering these inhibitors acrosddgaal membranes as reported in this work is
safe, and is a strategy that can be easily useddilwvering other drugs across biological
membranes to their targets, thereby reducing #keafi drug toxicity due to off-target effects.
Considering our available data as reported in wosk, we conclude at this point that the
mechanism of action of these inhibitors is indeed MO inhibition. Therefore strategies to

optimize the trypanocidal activity of these promgscompounds should be given top priority.
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Chapter 8: General Discussion
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The burden of parasitic disease (both human anerimaty) is still disappointingly high,

particularly in resource-poor communities found imany less developed countries,
notwithstanding the enormous efforts and resoupésinto various measures targeted at
reducing this global burden by some organisatiahutiing the World Health Organization,

UNICEF, the Food and Agriculture Organization a thnited Nations (FAO), the Medicines for
Malaria Venture (MMV), DNDi, Medecins-sans-Frongthe Consortium for Parasitic Drug
Development, and the Bill & Melinda Gates Foundatioot leaving out the huge efforts

generated by the Millennium Goals.

These parasitic diseases include some of the meglected tropical diseases, such as
leishmaniasis, caused by more than 20 speciégisfimania,which affects approximately
200 million people living in areas including AfricAsia, South and Central America, and
southern Europe (Barrett, and Croft, 2012).

African trypanosomiasis on the other hand is a miagalth challenge facing the sub-Saharan
African region, and is both a human disease (stgepickness) and a veterinary condition in
livestock, including wildlife (nagana). The dise@&seaused by infection of humans and animals
with parasites called trypanosomes, usually throtigh bite of infected tsetse flies. The

agricultural losses alone attributed to this infathre estimated at USD 4.75 billion by the FAO,
and threaten food security for millions of peoH&Q, 2016).

The disease could be fatal unless adequately treatle one of the few drugs available, as there
is no vaccine or prophylactic medication, and ihsector control is barely effective given the
enormous areas that are tsetse habitat. Seveoalsefifave been made in order to control this
disease, including the use of drugs. However, HAFarticularly problematic to treat due to the
unacceptable toxicity and the complicated admiaigin of the chemotherapies presently
available for treatment. Besides, resistance teeatidrugs by trypanosomes is another threat to

chemotherapy (Mundast al.,2014).

A few drugs are at the moment registered for udeemting HAT: pentamidine, melarsoprol,
suramin, eflornithine, and Nifurtimox Eflornithi@mbination Therapy (NECT). NECT is the

current recommended treatment for late stAgb gambienseHAT (Giordaniet al, 2016).
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However, none of these drugs are absolutely sadél afthem have certain degree of toxicity.
Pentamidine and suramin are used in the first oy estage off. b. gambiensandT. b.

rhodesiensénfections respectively.

Meanwhile three key drugs are used to treat AAMmidazene aceturate (DA), homidium salts
(chloride or bromide), and isometamidium chlorid8M). However, many problems are
associated with the few available treatment optidinsse includes parenteral administration
requiring long term hospitalization. Another chatie is the lack of guaranteed supply and high
cost of drug in the resource-poor communities wileeedisease is concentrated. For instance,
between 2002 and 2010, the average cost to treatand-stagé. b. gambienselAT patient
with DMFO rose from €28 to €336 (Simaebal, 2012), while 400 USD/treatment was spent on
amphotericin B (AmBisome) for a patient infectedhwiiceral leishmaniasis in Sudan (Sadth

al., 2014). Moreover, the current drugs are veryasdnost of them were discovered in the early-
to-mid-twentieth century and are becoming inefiextdue to drug resistance; meanwhile
investment in new drug development for this mogtetted disease has been almost non-existent
for decades (Barrett, 1999; Roderétal, 2015).

Toxicity of some of these trypanocides is stille@igus challenge; for instance, melarsoprol, a
drug used for treating the second stage of HA3o i®Xxic that it was reported to cause deaths in
patient at an unacceptable rate of 10% due toah f@active encephalopathy (Barrett 1999,
Fairlambet al, 1992; Burri, 2010). Other side effects includeniting and nausea (Jannin and
Cattand, 2004; Garcia, 2007).

A major challenge facing chemotherapies of thesertgglected tropical diseases is the issue of
resistance to the current chemotherapies. Fomostanelarsoprol (Delespaux and de Koning,
2007; Grakt al, 2013) and eflornithine resistance (Vincenal, 2010) for late stage HAT, and
pentavalent antimonials for leishmaniasis (Suedlat, 2008) have all been reported, this further

reduces the available treatment options.

As a result of the limitations facing existing chaherapies, there is an urgent need for the
development of new drugs that will replace thetexgsinefficient ones and that will be used for

treating the most neglected tropical diseases, sgchrypanosomiasis and leishmaniasis.
However, it is important that the development ok raati-trypanosomiasis/leishmaniasis drugs

should be targeted at a reasonable price, andskiuald lead to a significant reduction in
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treatment costs, considering that these diseafees afostly poor communities. Such solutions
with the right cost/benefit balance could well u¢ natural products research, although the
search for new anti-trypanosomiasis/leishmaniasigsishould by no means be limited to this
strategy alone. However, the momentum to make empounds from natural products, such as

that from plant sources is considerable (Newmanr&gg, 2007).

There is strong evidence in literature that medicplants are a rich source of drug candidates
and leads, and, like synthetic compounds, coukkpéited as anti-protozoan agents that could
solve the present problem of drug inefficienciesh{8idtet al, 2012). Some of the drugs in use
today were originally from plants traditionally akfr treating the same infection as now their
isolated compounds do (Maggal, 2007). The success story of the alkaloid artemigrom the
Chinese anti-malarial wormwood plair{emisia annug and quinine from the bark of cinchona
trees Cinchona officinali} are classic examples. Several plant-derived abfuoducts from
diverse structural classes including various flaids, alkaloids, quinonoids and terpenoids have
been studied as anti-kinetoplastid candidates agaime parasite specific metabolic pathways
such as nucleic acid biosynthesis, biomembraneés;ynskeletal proteins and enzymes (Wink,
2012).

In search of improved and non-toxic active antipzogl principles that are not cross-resistant
with current anti-parasitics, seven plants usedllpt Nigeria to treat trypanosomiasis and other
tropical fevers were obtained and extracted wittahe, ethyl acetate and methanol. The plants
were evaluated for activity against selected kipletid parasites. Active principles were isolated
by bioassay-led fractionation, testing for trypadatactivity, and identified using NMR and

mass spectrometry. The extracts and their purd@dpounds of three out of the seven plants

were activan vitro againstl. brucei, T. congolensandL. mexicana

The result shows that crude extracts and isolatedeacompounds frorRolyalthia longifolia
and Eucalyptus maculatan particular, display promising activity agairmsug-sensitive and
multi-drug resistan®. brucei In addition, these compounds were active againgtterinary
trypanosome specie$, congolenseand againsk. mexicanaThis observation validates the
folkloric claims that extracts of the plants fronhiah there were isolated have activity against

protozoan parasites. None of the isolated compoutisislayed toxicity towards Human
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Embryonic Kidney cells at concentrations up to g@0mL. This is not surprising as these plants

have been used for treating infectious diseasméoy years without any known side effects.

Two of the isolated compounds (a diterpene anideagene, HDK20 and HDK40 respectively)
were studied for their mechanism of action agamabdel organisnd;. bruceis427 WT. It was
observed that fluorescence microscopic assessm@&itlA configuration revealed cell cycle
defects after 8 hours of incubation with the ndtacampounds: DNA synthesis could not be
initiated, leading to a dramatic increase of cefth 1 nucleus and 1 kinetoplast (1N1K). This
shows that these compounds both affect cell cycgrpssion and their effect may be on the G1
phase of the cell cycle. Nuclear DNA fragmentatadso became evident after 10 hours of

incubation with compound HDK-20 when visualisedfloyv cytometry.

In an additional investigation into the mode ofi@actof the HDK20 and HDK40, we tested
whether these compounds cause DNA fragmentaticimgisnduction of programmed cell death
(PCD or apoptosis) in the trypanosomes. Terminakgeucleotidyl transferase dUTP Nick-End
Labelling (TUNEL) assay was therefore used, remgadin increase in DNA fragmentation after
12 hours. Thuis may indicate that a prolonged irtglbd progress the cell cycle could lead to the
breakdown of DNA duplication machinery and thei@tibn of apoptotic process and subsequent
nuclear DNA fragmentation. However, a conclusionapbptosis would require substantial
additional evidence and it is possible that thesapounds interfere with some part of DNA
replication, so as to introduce errors and brealst the use of TUNEL assay to measure DNA
fragmentation in kinetoplastids needs to be baackaalith fluorescent microscopic examinations
of the nuclear DNA and kDNA as it is also possiblenormal replicating KDNA to be label by
this method.

Compounds HDK-20 and HDK-40 also induced a fast prafound depolarisation of the
parasites’ mitochondrial membrane potential afteodr of incubation and this continued until a
near complete depolarization was achieved after hdfrs, indicating that membrane
depolarization is likely the first event in theie@process that lead to cell death. This explanati
is likely so as it was also observed that intradail ATP levels offT. bruceiwere found to be
reduced shortly after depolarization of the meméramdicating a direct link between
mitochondria membrane potential and ATP generalidhus appears that the mitochondria may

be the primary target of the compounds, leadingdiniced ATP generation and the inability to
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initiate replication of KDNA, the essential firsep in the trypanosome’s cell cycle - causing cell

cycle arrest.

Metabolomic assessment is a pointer to metabotiagmations in the parasite and should give us
a clue if there were any of such perturbations Ived in the mode-of-action of the test
compounds. However, metabolomic assessments bfuceicells incubated with HDK20 or
HDK40 did not reveal the targeting of any specifietabolic pathway. Since the isolated
compounds have almost no toxicity against humals ¢elt are very activen vitro against
multidrug-resistant trypanosomes, these compounulsl serve as lead compounds towards the

identification of more efficient anti-trypanosomeugs.

Another way to develop safer and more effectivegdrihat will overcome the issues of toxicity
and resistance is to have a well-defined targ#terparasite, with a clear mechanism of action.
To accomplish this, highly selective compounds #fi@ct unique and essential molecular targets
in the parasites should be developed. Accordinghgrgy metabolism and the respiratory
pathways of these parasites have been identifibd. parasite specific cyanide-insensitive
Trypanosom@lternative Oxidase (TAO) has been validated asig thrget inT. bruce(Yabuet

al., 1998; 2003; 2006; Nakamuetal, 2010) TAO is considered a good chemotherapeutic target
for drug development because this unique oxidagerisessential for the parasite’s respiration
and survival since it re-oxidises cytosolic NADHhdabecause this protein is not found in the
mammalian host but present in many obligate pas@iNakamurat al, 2010). Earlier reports in
the literature have shown that very simple chemisaluctures containing the 2,4-
dihydroxybenzoate (2,4-DHB) and salicylhnydroxamé&lAM) scaffolds did inhibit TAO
(Clarksonet al,, 1989; Gradyt al, 1986; Otet al, 2006). However, their trypanocidal activity
proved disappointing because the inhibitors diceffectively cross the highly negatively charged
inner mitochondrial membrane to reach their targence in the second aspect of this thesis, a
strategy to enhance the antitrypanosomal potentlyeske classes of TAO inhibitors based on
their conjugation with a mitochondrion-targetingdphilic cation (LC) using quinolinium or

triphenylphosphonium (TPP) was developed and iinyatstd.

Their activities against WT and resistanbruceiandT. congolensstrains were studied vitro.
The first important result came from the low nantancange activities displayed by some of the

2,4-DHB-TPP derivatives, and the submicromolarvaws of the 2,4-DHB—quinolinium
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derivatives, as compared with the micromolagf/@lues of the parent compound. In contrast,
the SHAM-TPP derivatives displayed somewhat lowetivities, even though this still
represented an approximately 100-fold improvemerpiatency relative to SHAM. Superior
antitrypanosomal activities were observed with TiR® vs quinolinium conjugates, which is
consistent with earlier studies on diphenyl catdanypanocides (Dardonvillet al, 2015). It
probably reflects the higher lipophilicity and apadispersion around the phosphorus atom in the
TPP cation, which is optimal for membrane permeeadiod accumulation in the mitochondrion.
In some cases, these compounds were more act@veclihical drugs like pentamidine vitro.
Also noteworthy is the submicromolar activity desygd by some of the test compouadainst

T. congolensethe principal etiological agent of AAT. Their Efralues were similar to the
veterinary drug diminazene and their utility aghaiA&T would be interesting to investigate
further, as drugs against this condition are evererargently needed than for the corresponding

human condition (Giordarmt al, 2016).

A major issue for existing antiparasitic agentdrsg resistance. Accordingly, resistant strains
were used in this study as a model to determinsseresistance between existing classes of
trypanocides and the test compounds. This incladeslti-drug resistant strain, B48, which lacks
both the Trypanosoma bruceaminopurine transportefbAT1/P2 and the high affinity
pentamidine transporter (HAPT1). There were noisagmt differences in susceptibility between
the WT and both of these resistant strains, whieama that cross-resistance with existing first
line HAT and AAT drugs, including pentamidine, dmazene, cymelarsan and melarsoprol, is
highly unlikely to appear with these compounds pitesthe diamidines, at least, also having

mitochondrial targets (Lanteet al, 2008; de Macedet al., 2015).

Considering that resistance to these importantatrgpides such as the diamidines has been
previously linked to the loss of specific cell ao# transporters such as the P2/TbAT1 and HAPT
drug transporters (Matovet al, 2003; Bridgeset al, 2007), it therefore follows that these
specific surface transporters are not associatedtiag internalisation of these test compounds,
rather there are more likely to diffuse acrossdgalal membranes, ruling out any possibility for
cross resistance. Lipophilic cations can crosd liliayers by non-carrier mediated transport and
accumulate specifically into mitochondria driven flige plasma- and mitochondrial
transmembrane potentials (Taladeizal.,2012; Ros®t al, 2006; Luque-Ortegat al, 2010;

Dardonvilleet al, 2015). The strong accumulation of dications iy ¢harged mitochondria
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allows the inhibition of various essential funcgowith relatively low extracellular drug
concentrations (Wilkest al, 1997; Ibrahinet al,, 2011; Alkhaldiet al, 2016). In addition, LCs
can cross the blood—brain barrier (BBB) and geerdtarapeutically effective concentrations in
the brain (Smithet al, 2003), which is particularly relevant for thedatment of late-stage

sleeping sickness.

As stated before, it is imperative when developmgw chemotherapy that the new
chemotherapeutic agent should not be toxic to hureds; therefore, their efficacy against the
target parasites should be optimised whilst toxict reduced to an acceptable level, with
increased selectivity index (SI). Consequently tthécity levels for the LC inhibitors tested in

this work were determined vitro using mammalian cells such as Human Embryonic éydn

(HEK) cells or Human Foreskin Fibroblast (HFF). Tresults show that all of the compounds
were lower in toxicity on HEK cells, and in someses not toxic at a concentration of up to 400

KM in vitro. With many of them displaying an SI >200-fold.

The low toxicity of the LCs tested here is similarthat reported in literature. For instance, a
mitochondria-targeting antioxidant mitoquinone (@) comprising the lipophilic
triphenylphosphonium (TPP) cation covalently linkedubiquinone was developed and was
reported to be safe and protective in animal ma@sasryet al, 2010). MitoQ was also used in a
phase 1 human clinical trial to investigate whetheould act as a disease-modifying agent in
untreated patients with Parkinson’s disease. Itrejasrted to be safe and well tolerated by those
who took part in the clinical trial, further higghting the safety of TPP-LC conjugates (Baty
al., 2010).

The trypanocidal activity of our mitochondrion-tatmpg LC-TAO inhibitors, which inhibited
trypanosome growth with Egin the low nanomolar range, was further enhantéuki presence

of glycerol, and also showed enhanced activityresgaiqp2/3, and aqpl-3 KO trypanosomes, and
inhibited parasite respiration dose-dependentiyfioning that TAO is the cellular target of this
compound. Consequently, these compounds were tesaatirect inhibitory assay with purified
rTAO. More than 50% of these inhibitors effectivigliibited rTAO at concentrations as low as 1

nM - further confirmation that TAO is the cellul@rget of these compounds.
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The relationship between the biological activityaafompound and its structure is known as the
Structure Activity Relationship (SAR). SAR analysigas performed on our library of
mitochondrion-targeting LC compounds in order ttedaine the key functional groups of the
pharmacophore responsible for it anti-trypanosaottieity, this is an important tool in the further
optimisation of the scaffold. The structural detieants for activity of the test compounds against
TAO were similar to those previously found to besesgial for TAO inhibition of some
trypanocides. For instance the presence of theddelyl group on the scaffold of the SHAM
derivatives and the 2,4-dihydroxybenzoic acid deiixes were found to be a significant
requirement for improved activity of these classiEghibitors. A hydroxyl substituted benzoic
acid moiety was previously reported to be the bsisicctural requirement needed to inhibit the
alternative oxidase activity in plants and trypamoss as reported for Ascofuranone and its

derivatives (Saimotet al, 2013).

Another very important group on the scaffolds ttlaarly contributed to the anti-trypanosome
activity of these classes of inhibitor as obsenvethis assay is the presence of the lipophilic
triphosphonium or a quinolinium cations, as th@sxking it were mostly inactive showing that
the LC-carrier moiety effectively enhances the anypcidal activity of the compounds. This same
observation has been reported for some triphosphosalts as trypanocides (Alkhakti al,
2016).

The number of methylene units was another key rement for rTAO inihibition and
antitrypanosome activity of the series of test coumuls reported in this work. Because of the
large size of the TPP cation, long spacers (146 tméthylene units) are needed to accommodate
the pharmacophore in the enzyme binding-site, hepthie cationic moiety outside of the active
site cavity. In contrast, the flat quinolinium eatiseems to tolerate somewhat shorter linkers (14

> 16~ 12 methylene units) even though the tetradecakeriwas optimum with both series.

To investigate the mode of action of the LC - TA®npounds, various methods were employed.
A preliminary investigation into the cellular act®of some of the compounds was performed
using various strategies such as cell cycle pregresmitochondrial membrane potential, ATP
content of cells, oxygen consumption assay, and Did@mentation. It was discovered that all
LC-TAO inhibitors tested in this work led to a rdpeduction ofl. b. brucel¥m after 1 hour of

incubation with the test compounds and also deeceti®e intracellular ATP level soon after.
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These findings are very consistent with the mitoxh@ being the target of these compounds. It
was because of these findings that the cell cyele also studied. However, the compounds did

not significantly affect the cell cycle at the teshcentration and incubation period.

In conclusion, we have successfully developed piatieatrug leads for the treatment of African
trypanosomiasis. We are therefore confident thatfihdings from this work significantly
enhance existing knowledge on trypanocidal strategvith the identified hit compounds acting
as a structural guide, and contributing to the omgdrug development against trypanosomiasis.
We also hope that the strategies used in this waklgain application in the treatment of other
parasitic diseases. Further work including leadnoigation andin vivo assays with the most

promising inhibitors is in progress.
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Appendices

Appendix A: List of selected medicinal plants useth this research

Plant-B: Moringa oleifera Lam (Family Moringaceae)
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Plant C: Tridax procumbens (L.) L. (Family Compositae)

Plant D: Polyalthia longifolia (Sonn.) Thwaites (Family Annonaceae)
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Plant F: Eucalyptus maculata Hook. (Family Myrtaceae)

Plant G: Jatropha tanjorensis J.L.Ellis & Saroja (Family Euphorbiaceae)
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Appendix B: Proton NMR of purified natural compounds.
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Appendic C: Structure of synthesized TAO inhibitors

Reference
Cmpounds Structure
Number
O OH
PFG64 HO.
TAO1 H JBr
1-3 O—(CH,);—PPhg
Molecular Weight: 552,4
O OH
PFG53 HO.
TAO2 H JBr
1-5 O—(CH,)s—PPhg
Molecular Weight: 580,4
O OH
PFG64 HO.
TAO3 H JBr
1-6 O—(CH,)g—PPh;
Molecular Weight: 594,5
O OH
PFG59 HO.
TAO4 H JBr
1-8 O—(CH,)s—PPhy
Molecular Weight: 622,5
PFG64 O OH
HO‘N
TAO5 1-10 H B
O—(CH2)10'PPh3
CDVI25 Molecular Weight: 650,6
PFG64 O OH
HO‘N
TAO6 1-12 H B
O—(CH2)12‘PPh3
CIGI11 Molecular Weight: 678,6
Br O OH
CDVI20 PhyP—(CHp)s—O
OH
Molecular Weight: 485,5
- O OH
PFG63 o
TAO7 Ph3sP—(CH,)g—0O
1-8 OH
Molecular Weight: 527,6
- O OH
PFG63 o
TAOS Ph3P—(CH,)g—0O
1-9 OH
Molecular Weight: 541,6
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Br O OH

PFG63 +
TAO9 Ph3P—(CH,)1o—0
1-10 OH
Molecular Weight: 555,7
PFG63 B o OH
TAO10 1-12 PhsP—(CHz)12—0
OH
CDVI19 Molecular Weight: 583,7
O OH
eO
TAO16 PFG80 J\CL
O—(CHy)o—CH;
Molecular Weight: 308,4
TAO17 PFG82 k@xo —(CHy) P
2)10~
Molecular Weight: 508,6
0O OH
HO
TAO18 PFG83 k@
O—(CH,)g—CH,
Molecular Weight: 294,4
(CH2 -CHj,
TAO19 PEGS6 k@
O—(CHy)g—CHs
Br
TAO20 PEGT6 Br—(CH,);o-PPh;
TAO21 PFG95 )i@
O—(CHy)1o- PPh3
OH O O OH
TAO22 CDVI24/F3 D)L 0—(0“2%2—0)‘\@
HO Molecular Weight: 474,5 OH
OH
TAO23 ClGl 2 \ —(CH2)12—0
Molecular Weight: 530,5 OH
OH
TAO24 CIGl 4 \ ‘(CH2)14*0
OH

Molecular Weight: 558,5
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Phsp (CHy)14— )K@

TAO25 CIGI 5
Molecular Weight: 691,7
O
TAO26 CIGI 1/F2 0‘<CH2>10~0J\©
Molecular Weight: 338,4
TAO27 VBI 3 e O)A\Ej
Molecular Weight: 719,7
TAO28 CIGI 6 2\ /NﬂCHz 16— J\CL
Molecular Weight: 586,6
OH
TAO29 CIGI 1/F3 @* (CHgho= k@
HO
Molecular Weight: 446,5
OH
TAO30 CIGI 3/F3 @* (CHgh— k@
HO
Molecular Weight: 502,6
(o] OH
TAO31 CDVI24/F1 Br_(Cthz‘o)ﬁ
OH
Molecular Weight: 401,3
OH
TAO32 VBI 1/F3 D)L o- (C”z)1e‘o)ﬁ
HO
Molecular Weight: 530,6
o (CH2)16_0J\©\
TAO33 VBI 1/F2 Molecular Weight: 422,6
(6] OH
TAO34 VBI 1/F1 Br_‘CHz)‘G_OJ\@
OH
Molecular Weight: 457,4
(e} OH
H
TAO35 TDI 5/F3 )k@
O—(CH2)14_BT

Molecular Weight: 413,4
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O OH OH O
H H
TAO36 TDI 5/F5 )K@ /©)L
O—(CHz)14-0
Molecular Weight: 470,6
O OH
H H
TAO37 TDI 5/F4 J\(j b
O—(CH)14—0" ~O
Molecular Weight: 378,5
O CHj
TAO38 TDI 7/F4 _‘0”2)14_"*@
OH
Molecular Weight: 427,4
H O CH;
O)\O—(CH) —0
TAO39 TDI 7/F5 2na
OH
Molecular Weight: 392,5
CH; O
TAO40 TDI 11/F5 J@/k o- (CHZ)M—OJ\@
HO Molecular Weight: 498,7
O OH
TAO41 TDI 9/F3 Br_(CHz)e_OJ\@L
OH
Molecular Weight: 317,2
OH O O OH
TAO42 TDI 9/F5 @Ak 0‘(‘3”2)6_0)@
HO . OH
Molecular Weight: 390,4
O CHj
Br—(CH,)14—0
TAO43 TDI 13/F1
HO OH
Molecular Weight: 443,4
OH O O OH
TDI13/F3 O—(CHy)14—0
TAO44
HO CH3 Hs;C OH
Molecular Weight: 530,6
TAO45 TDI 15 J\Q
o— (CH2)14 PPh3
Molecular Weight: 675,7
TAO46 TDI 16 J\Q
O— (CH2)14 N\ /
Molecular Weight: 542,5
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Ph3P (CHa)14— J\CL

TAO47 TDI 17
Molecular Weight: 689,7
TAO48 TDI 18 \ ,N—<CH2)14~OK©
Molecular Weight: 556,6
Ph P- —
TAO49 TDI 20 o (Gl Jh
Molecular Weight: 705,7
TAO50 TDI 21 \ /N-(CH»M—OiniL
Molecular Weight: 572,6
(6] F
TAO51 TDI 19/F2 Br_(CHz)“_OJ\@
OH
Molecular Weight: 431,4
Ph P CH —
TAO52 TDI 26 F-on J\@
Molecular Weight: 693,7
O OH
TAOS53 LAGI 1 Br“C”Z"‘_Ok@
OH

Molecular Weight: 289,1
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Appendix D: TUNEL assay dot plot of treated and unteated T. brucel s427 WT
cells
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Appendix E: TUNEL assay histogram plot of treated ad untreated T. brucei s427 wt cells
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Experiment 3
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Appendix F: Mitochondrial membrane potential (%¥m) of untreated T.b.b s427 WT cells
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Mitochondrial membrane potential (%
with Troglitozone (10 uM).

Wm) of treated T.b.b s427 WT cells
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Mitochondrial membrane potential (%
with Valinomycin (100 nM).

Wm) of treated T.b.b s427 WT cells
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Mitochondrial membrane potential (%
with TAO 25 (0.005 pM)

Wm) of treated T.b.b s427 WT cells
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Appendix G: TAO cloning in pET SUMO showing he SUMO cleavage site.

T7 promoter lac operator

[ 1

201 CGCGAAATTA ATACGACTCA CTATAGGGGA ATTGTGAGCG GATAACAATT CCCCTCTAGA AATAATTTTG TTTAACTTTA

HisG epitope

RBS Polyhistidine region

| TE—— r 1
281 AGAAGGAGAT ATACAT ATG GGC AGC AGC CAT CAT CAT CAT CAT CAC GGC AGC GGC CTG GTG CCG CGC GGC AGC
Met Gly Ser Ser His His His His His His Gly Ser Gly Leu Val Pro Arg Gly Ser

SUMO fusion protein

o

354 GCT AGC ATG TCG GAC TCA GAAR GTC AAT CAA GAA GCT AAG CC
Ala Ser Met Ser Asp Ser Glu Val Asn Gln Glu Ala Lys Pr

o=

:AG GTC ARAG CCA GAA GTC ARG CCT GAG ACT
lu Val Lys Pro Glu Val Lys Pro Glu Thr

]
Gy Gy

426 CAC ATC AAT TTA RAG GTG TCC GAT GGA TCT TCA GAG ATC TTC TTC AAG ATC AARA AAG ACC ACT CCT TTA AGA
5 Ile Asn Leu Lys Val Ser Asp Gly Ser Ser Glu Ile Phe Phe Lys Ile Lys Lys Thr Thr Pro Leu A
SUMO forward priming site

H
ug

[
498 AGG CTG ATG GAA GCG TTC GCT AAA AGA CAG GGT AAG GAA ATG GAC TCC TTA lP_GA TTC TTG TAC GAC GGT ATT
Arg Leu Met Glu Ala Phe Ala Lys Arg Gln Gly Lys Glu Met Asp Ser Leu Arg Phe Leu Tyr Asp Gly Ile

570 AGA ATT CAA GCT GAT CAG ACC CCT GAA GAT TTC GAC ATG GAG GAT AAC GAT ATT ATT GAG GCT CAC AGA GAR
Arg Ile Gln Ala Asp Gln Thr Pro Glu Asp Leu Asp Met Glu Asp Asn Asp Ile Ile Glu Ala His Arg Glu

642 CAG ATT GGT GGT PCR product PNCACAAG CTTAGGTATT TATTCGGCGC ARAGTGCGTC GGGTGATGCT
GIC TAA CCA CCRS TCTGTTC GAATCCATAA
] e Gly Gly‘
SUMO cleavage site

701 GCCAACTTAG TCGAGCACCA CCACCACCAC CACTGAGATC COGCTGCTAA CARAGCCCGA AAGGAAGCTG AGTTGGCTGC

T7 reverse priming site

f 1
781 TGCCACCGCT GAGCAATAAC TAGCATAACC

Appendix H: Gene sequences and Primer design

Full length (FL) TAO

ATGTTTCGTAACCACGCATCGAGATCACTGCCGCAGCTGCGCCTTGGGTGCTCCGGACGGCTTGCCGCCA
GAAGTCTGACGCCAAAACACCTGTGTGGE&ACACACTCAACTGAACCGTCTCAGTTTTTTGGAAACCGTGC
CTGTCGTTCCTTTGCGTGTTTCCGATGAAAGCAGTGAGGACCGCCCCACCTGGAGCCTTCCCGATATTGAGA
ATGTGGCCATAACGCACAAGAAGCCAAACGGCCTCGTTGATACACTCGCCTACCGCAGCGTCCGCACCTGC
CGCTGGTTATTTGACACATTCTCTCTCTACCGTTTCGGTTCCATCACGGAGAGCAAAGTCATCAGCCGCTGC
CTTTTTCTTGAAACTGTTGCCGGTGTCCCGGGGATGGTCGGTGGAATGTTGCGCCACCTTTCATCRICGG
TACATGACGCGCGACAAGGGTTGGATTAACACTCTETTGTTGAAGCAGAGAATGAGCGAATGCACCTCAT
GACGTTCATTGAACTTCGCCAACCAGGGCTCCCCCTACGCGTTTCCATCATTATTACGCAAGCCATTATGTA
CCTCTTCCTCCTGGTCGCCTATGTGATTTCCCCCCGTTTTGTACACCGCTTTGTCGGTTACCTTGAAGAGGAA
GCCGTCATTACATACACCGGCGTTATGAGAGCAATTGACGAAGGAAGGCTGCGCCCTACCAAAAATGAGT
TCCCGAAGTGGCTCGCGTGTACTGGAACCTCAGCAAAAATGCCACATTCCGCGACCTCATCAACGTGATCC
GAGCTGACGAGGCGGAGCACCGTGTCGTTAACCACACATTTGCTGACATGCACGAAAAACGCCTGCAAAA
CAGTGTCAACCCCTTCGTTGTTCTGAAGAAGAACCCAGAGGAAATGTACTCCAACCAACCAAGTGGTABA
CAAGGACGGATTTTGGAAGCGAAGGCGCCAAAACTGGAGTAATGTAAACAAACACGTGTAA
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One letter amino acid sequence for full length TAO.

MERNHASRITAAAAPWVLRTACRQKSDAKTPVWGHTQLNRLSFLETVPVVPIRVSDESSE
DRPTWSLPDIENVAITHKKPNGLVYDTLAYRSVRTCRWLFDTFSLYRFGSIESKVISRCL
FLETVAGVPGMVGGMLRHLSSLRYMTRDKGWINTLLVEAENERMHLMTFIELRQPGLPLR
VSIITQAIMYLFLLVAYVISPRFVHRFVGYLEEEAVITYTGVMRAIDEGR LRPTKNDVP
EVARVYWNLSKNATFRDLINVIRADEAEHRVVNHTFADMHEKRLOQNSVNPFVVLKKNPEE
MYSNQPSGKTRTDFGSEGAKTASNVYNKHV

AMTS TAO sequence (915 bp)

TCTGACGCCAAAACACCTGTGTGG®&ACACACTCAACTGAACCGTCTCAGTTTTTTGGAAACCGTGCCTGTCGTTCCTTTGCGT
GTTTCCGATGAAAGCAGTGAGGACCGCCCCACCTGGAGCCTTCCCGATATTGAGAATGTGGCCATAACGTAAGAAGCCAA
ACGGCCTCGTTGATACACTCGCCTACCGCAGCGTCCGCACCTGCCGCTGGTTATTTGACACATTCTCTCTCTACCGTTIEG
CCATCACGGAGAGCAAAGTCATCAGCCGCTGCCTTTTTCTTGAAACTGTTGCCGGTGTCCCGGGGATGGEGTGGAATGTTG
CGCCACCTTTCATCATTGCGGTACATGACGCGCGACAAGGGTTGGATTAACACTCTTITGTTGAAGCAGAGAATGAGCGAAT
GCACCTCATGACGTTCATTGAACTTCGCCAACCAGGGCTCCCCCTACGCGTTTCCATCATTATTACGCAAGCCATTSITACCT
CTTCCTCCTGGTCGCCTATGTGATTTCCCCCCGTTTTGTACACCGCTTTGTCGGTTACCTTGAAGAGGAAGCTIITATTACATAC
ACCGGCGTTATGAGAGCAATTGACGAAGGAAGGCTGCGCCCTACCAAAAATGATGTTCCCGAAGTGCTCGCGTGTACTGGA
ACCTCAGCAAAAATGCCACATTCCGCGACCTCATCAACGTGATCCGAGCTGACGAGGCGGAGCACCGTGTCGTAECACAC
ATTTGCTGACATGCACGAAAAACGCCTGCAAAACAGTGTCAACCCCTTCGTTGTTCTGAAGAAGAACCCHBAGGAAATGTACT
CCAACCAACCAAGTGGTAAGACAAGGACGGATTTTGGAAGCGAAGGCGCCAAAACTGGAGTAATGTAAACAAACACGT

Primers design for rTAO production using SUMO vectg.

SUMO-TbAOX-DL-25-F1:AGCGACGCCAAAACACCTGTGTGGG

SUMO-TbAOX-FL-F1:AGCCGTAACCACGCATCGAGG

TbAOX-F2: CTTGTTGAAGCAGAGAATGAGCGC

SUMO-TbAOX-RV: TTACACGTGTTTGTTTACATTACTC

His6-SUMO-TbAOX-FW:CACCATGGGCAGCAGCCATCATCATC

Primers design for TAO over-expression in BSH. brucei s427WT
Forward- HDK559 GCG@AGCTT ATGTTTCGTAACCACG

Reverse-HDK560: GGGATCCTACACATGTTTGTTTACATT

Primers design forgRT-PCR

Forward-HDK637: CGAAGTGGCTCGCGTGTA

Reverse-HDK638: TGATGAGGTCGCGGAATGT
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APPENDIX I: PCR analysis of TAO overexpression, sho  wing amplification, standard curve and
PCR primer Efficiency.

y=-2.5431x+31.08

Standard curve Ct versus In (cDNA) R?=0.9953
45
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i \
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