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Abstract 

i 

 

AAbbssttrraacctt  

 

 Leishmaniasis and Human African trypanosomiasis are tropical diseases caused by 

kinetoplastid parasites that together affect over 12 million people, with an estimated 400 

million at risk worldwide.  Both are potentially fatal, yet the current treatments available 

are expensive and many have toxic side effects.  Emerging resistance to many current 

drugs is also a concern; novel therapeutic agents are therefore urgently required. 

 

 One novel target for drug discovery previously identified in the group is 

sphingolipid synthesis.  Sphingolipids are ubiquitous biomolecules found in nature and 

are both structural membrane components and signalling molecules.  Inositol 

phosphorylceramide synthase (IPCS) is an essential enzyme involved in kinetoplastid 

sphingolipid synthesis that has no mammalian equivalent, making it an attractive drug 

target.  Whilst specific inhibitors of the fungal IPCS are known, they are unsuitable as 

pharmaceuticals.  The overall aim of this project was to identify novel inhibitors of this 

enzyme that could be further investigated as potential antikinetoplastid drugs. 

 

 The first stage involved the construction of Saccharomyces cerevisiae strains as 

expression systems of the kinetoplastid IPCS enzymes.  The strain complemented with 

the Leishmania major enzyme was subsequently used in the development and 

optimisation of a robust high throughput screening (HTS)-compatible assay.  This was 

used to screen the 1.8 million compound library stored at the GlaxoSmithKline research 

site in Tres Cantos in what is believed to be the largest screening project undertaken by 

an academic group to date.  500 compounds were identified as selective inhibitors of the 

L. major IPCS enzyme, and 216 of these were selected for additional investigation. 

 

 Further compound triage was achieved by means of a screening process involving 

multiple in cellulo assays against both Leishmania parasites and mammalian cells.  Six 

compounds demonstrating both high potency and selectivity were identified.  Following 

additional biochemical testing, the two most potent compounds were found to share a 

common benzazepane chemical structure.  Investigation of analogues of these 

compounds permitted the identification of preliminary structure-activity relationship 

data, which identified several possible avenues for further investigation. 
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IInnttrroodduuccttiioonn  

 

1.1 Thesis Synopsis 

 

 The aim of this work is to identify novel small molecule inhibitors of the inositol 

phosphorylceramide synthase (IPCS) enzyme from trypanosomatid parasites, with a 

particular focus on Leishmania major.  This enzyme represents a promising drug target 

against the diseases caused by these parasites.  This chapter presents a review of the 

areas of work central to this project, beginning with an overview of the diseases 

leishmaniasis and human African trypanosomiasis, which are caused by trypanosomatid 

parasites.  The structure and function of sphingolipids will subsequently be summarised, 

along with the differences in metabolism observed between different kingdoms; these 

differences form the basis of this project.  Finally, the process of drug discovery by high 

throughput screening (HTS) will be discussed.  

 

 Chapter 2 reports the construction and testing of yeast strains engineered to produce 

the trypanosomatid IPCS enzymes, whilst the development and implementation of the 

HTS-compatible assay is covered in chapter 3.  Chapter 4 reports the identification of a 

lead compound family following further screening, with structure-activity relationships 

(SARs) being explored in chapter 5.  Conclusions and future work are discussed in 

chapter 6, whilst materials and methods are described in chapter 7. 

 

1.2 Neglected Tropical Diseases 

 

 The neglected tropical diseases (NTDs) are a group of infections which currently 

affect more than 1 billion people globally,
1
 with the majority of those affected living in 

developing countries characterised by poverty, poor sanitation and a lack of education 
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and appropriate medical care.
2, 3

  It is estimated that NTDs cause in the region of 

500,000 deaths per annum,
4
 as well as being responsible for approximately 48 million 

disability-adjusted life years lost each year.
5
  NTDs have also been linked to an 

increased susceptibility to the human immunodeficiency virus (HIV), with widespread 

co-infections observed across sub-Saharan Africa.
6
 

 

 Of the diverse group of NTDs, 17 have been prioritised by the World Health 

Organisation (WHO); these diseases are endemic in 149 countries and cost developing 

economies billions of dollars each year.
1
  These 17 diseases are collectively caused by 

four distinct types of infective pathogen; helminth worms, viruses, bacteria and 

protozoa.  In this last group, the three diseases – leishmaniasis (Leishmania spp.), 

human African trypanosomiasis (HAT, Trypanosoma brucei) and American 

trypanosomiasis (Chagas disease, Trypanosoma cruzi) – are caused specifically by 

trypanosomatid parasites. 

 

 Trypanosomatids belong to the phylogenetic class Kinetoplastida, a group of 

single-cell, flagellated parasites that are distinguished by the presence of a region 

containing a large mass of mitochondrial DNA, termed the kinetoplast, in their single 

mitochondrion.
7
  There are two separate orders within the Kinetoplastida class (Figure 

1–1): Trypanosomatidae, which are characterised by possessing only a single flagellum 

and a small kinetoplast; and Bodonidae, which are biflagellate and possess a larger 

kinetoplast.
8
  Another feature of the trypanosomatid parasites is that they are dixenous 

in nature, meaning they require two obligatory hosts to complete their life cycle.
9
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1.2.1 Leishmaniasis 

 

1.2.1.1 Introduction and Clinical Manifestations 

 

 There are more than 30 known species of Leishmania; these can be classified into 3 

distinct subgenera (Figure 1–1).  L. (Leishmania) spp. and L. (Viannia) spp. differ 

slightly in their colonisation of the insect host, whilst L. (Sauroleishmania) spp. infect 

reptile rather than mammalian hosts.
10

  In total, 20 species are known to be pathogenic 

to humans; these are distributed across 98 countries on 5 continents (Figure 1–2)
11, 12

 

and in total 310 million people are currently at risk of infection.  It is estimated that 

there are approximately 1.3 million new cases annually, although less than half of these 

are officially recorded with data from Africa being especially sparse.
13

  There are three 

distinct forms of leishmaniasis, with the clinical manifestations differing according to 

the infective Leishmania species. 

 

Trypanosomatidae Bodonidae 

Kinetoplastida 

Trypanosoma Leishmania 

T. brucei 

T. cruzi 

L. aethiopica 

L. braziliensis 

L. donovani 

L. infantum 

L. major 

L. mexicana 

L. tropica 

L. (Leishmania) 

L. (Sauroleishmania) 

L. (Viannia) 

Figure 1–1: The taxonomy of Kinetoplastida (for clarity, the only species 

of Leishmania shown are those of major medical importance to humans) 
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 Cutaneous leishmaniasis (CL) is the most common and least severe form of 

leishmaniasis and is predominantly caused by the Old World species L. aethiopica,      

L. major and L. tropica in the Eastern hemisphere, and by the New World species        

L. braziliensis and L. mexicana in the Western hemisphere.
14

  The disease first presents, 

often after two weeks to two months, as a papule at the site of infection which is 

commonly the exposed skin of the face, arms or legs.  This then evolves to form a 

nodular plaque before progressing to a large, ulcerative lesion;
15

 although this is usually 

painless, it can become uncomfortable if it is located close to a joint or if it becomes 

infected.  It is not uncommon for satellite papules or lesions, as well as subcutaneous 

a 

b 

Figure 1–2: The global distribution of (a) cutaneous leishmaniasis (reproduced from WHO
11

 

with permission) and (b) visceral leishmaniasis (reproduced from WHO
12

 with permission) 
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induration, to develop around the site of the primary lesion.
16

  The majority of cases of 

CL regress and cure spontaneously, although this often takes in excess of 12 months.  

As a result, patients are often left with permanent scarring which, whilst not generally 

debilitating, can be highly disfiguring. 

 

 Mucocutaneous leishmaniasis (MCL) is predominantly a disease associated with 

New World species of Leishmania with the majority of cases occurring in Brazil, 

Bolivia and Peru; however, cases due to the Old World species L. donovani, L. infantum 

and L. major have also been reported.
17

  The disease usually manifests several years 

after the presentation of the primary lesions of CL as an infection of the mucosal 

membranes.  The progression of the disease is slow in comparison to CL, with the 

mucosal lesions developing over a period of several years.
18

  Eventually these lesions 

can lead to the destruction of the mucosa and cartilage of the mouth, nose and throat 

which can, in some cases, be fatal if left untreated.
14

  Even if treated successfully, 

patients can be left with severe disfigurement of the face which may result in social 

stigmatism.
19

 

 

 Visceral leishmaniasis (VL), also known as kala-azar, is the most severe form of 

the disease and is usually fatal within 2 years if left untreated.
20

  The primary causative 

agents of the disease are L. donovani, which is prevalent in Africa and the Indian 

subcontinent, and L. infantum, which is responsible for cases in Mediterranean regions 

and the New World.
21

  New World cases of VL were historically attributed to               

L. chagasi, but this species is now known to be L. infantum and the names are used 

synonymously.
22

  Visible symptoms include prolonged fever and drastic weight loss, 

although the major damage occurs internally.  Enlargement of the liver and spleen 

(hepatomegaly and splenomegaly respectively) and pancytopenia are the major clinical 

characterisations.
23

  Gastrointestinal bleeding and liver or heart failure are the most 

common causes of death in patients,
21

 with the disease presenting an estimated annual 

death toll of 40,000–50,000.
24

  Even if treated successfully, a common outcome of VL 

caused by L. donovani is the development of the chronic disease post-kala-azar dermal 

leishmaniasis (PKDL), which manifests as a maculopapular and nodular rash.  The 

disease acts as a reservoir for Leishmania parasites and usually requires an additional 

course of treatment.
25

  In addition, VL is the form of the disease most closely associated 
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with HIV co-infection, with the parasite acting as an opportunistic pathogen of 

immunocompromised patients.
26

 

 

1.2.1.2. Life Cycle 

 

 The life cycle of the Leishmania species is shown in Figure 1–3.
27

  It can be 

described as both dixenous, meaning the life cycle is split between two different host 

species, and dimorphic, with the parasite exhibiting morphologically distinct forms in 

the different hosts.  The cycle can proceed anthroponotically (utilising only human 

reservoirs) or zoonotically (utilising multiple mammals as reservoirs).
28

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 The cycle begins with the transfer of metacyclic (infective or stationary phase) 

promastigote parasites to the human host (1) via a bite from a female phlebotomine 

sandfly, the genus of which is dependent on the geographical location.  Old World 

leishmaniasis in the Eastern hemisphere is spread by sandflies of the genus 

Phlebotomus whilst the New World disease in the Western hemisphere (primarily in 

South America although cases have been reported as far north as Texas) is transmitted 

by sandflies of the genus Lutzomyia.
10, 29

  The parasites are passed into the bloodstream 

along with saliva and promastigote secretory gel, which synergistically recruit 

Figure 1–3: The life cycle of Leishmania spp. (reproduced from CDC
27

 with permission) 
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macrophages to the site of infection.
30

  Promastigotes are subsequently phagocytosed by 

the recruited macrophages and skin dendritic cells (2)
31

 and, within 72 hours, undergo 

metamorphosis to the amastigote form (3) induced by the increase in temperature and 

acidity (in comparison to the sandfly midgut).
32, 33

  The amastigote form, which is the 

cause of the disease in humans, is smaller and more ovoid in shape with a severely 

diminished flagellum.  This flagellum is non-motile and is thought instead to be 

involved in host-parasite signalling.
34

  Intramacrophage amastigotes proliferate by 

binary fission, eventually resulting in macrophage rupture and the release of amastigote 

parasites, leaving them free to infect other cells (4). 

 

 Infected macrophages and free parasites can also be ingested by a sandfly during 

the taking of a blood meal (5, 6).  The decrease in temperature and increase in pH in the 

sandfly midgut (or hindgut in the case of L. (Viannia) spp.) triggers the transformation 

of amastigotes into flagellated procyclic (non-infective or log phase) promastigotes,
10

 

which are able to adhere to the midgut epithelial cells and rapidly proliferate (7).
35

  

Once stationary phase has been achieved procyclic promastigotes differentiate to 

metacyclic promastigotes (metacyclogenesis), which have an elongated body and longer 

flagellum.  The metacyclic promastigotes subsequently migrate via osmotaxis to the 

proboscis (8) in preparation for transmission to a mammalian host during the sandfly’s 

next blood meal. 

 

1.2.1.3. Currently Available Treatments 

 

 The preferred treatment for leishmaniasis depends primarily on the form of the 

disease contracted and the identity of the infective species,
36

 with several possible 

therapies (both single drug treatments and drug combinations) available.  The most 

common of the current antileishmanials are shown in Figure 1–4. 
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Paromomycin (5) 

 

 

 

 

 

1.2.1.3.1. Pentavalent Antimonials  

 

 Trivalent antimonial compounds were first reported for the treatment of CL and VL 

in 1912 and 1915 respectively.
37, 38

  These compounds, however, displayed acute 
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Figure 1–4: The structures of currently used antileishmanial drugs 
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toxicity and in 1922 a superior pentavalent antimonial named urea stibamine was first 

utilised by Brahmachari as a chemotherapeutic agent against VL.
39

  Further progress 

over the next couple of decades resulted in the discovery of sodium stibogluconate (1) 

in 1945 and later meglumine antimoniate (2) which have been the primary treatments 

for both CL and VL for over 60 years.
40

   

 

 Despite being the preferred front line drug for the majority of Leishmania 

infections, pentavalent antimonials display an extremely poor safety profile.  Common 

side effects range in intensity from headaches and joint or muscle pain to pancreatitis 

and cardiotoxicity that may be fatal.
41, 42

  Both drugs also require intravenous 

administration at a dosage of 20 mg of Sb(V)/kg/day for 20 days and treatment is 

therefore lengthy, costly and painful.
43

 

 

 The mode of action of pentavalent antimonial drugs has been extensively studied 

but is still not thoroughly understood; there are, however, two proposed mechanisms.  

The first is a prodrug model and suggests that Sb(V) is biologically reduced to Sb(III), 

and this is the species that exhibits antileishmanial activity.
40

  This reduction has been 

observed to be stage specific (which would explain the observation that amastigotes are 

more sensitive to Sb(V) than promatigotes) with parasite susceptibility to Sb(V) 

correlating with the level of Sb(V) reducing activity.
44

  The second proposed mode of 

action suggests that Sb(V) possesses intrinsic biological activity; sodium stibogluconate 

has been shown to specifically inhibit type 1 DNA topoisomerase in L. donovani, whilst 

Sb(III) does not.
45

 

 

 As with many antimicrobials, one of the major challenges facing pentavalent 

antimonials is resistance.  The current recommended dosage is now much greater than 

in historic cases (up to the 1970s, a dosage of 10 mg of Sb(V)/kg/day for 10 days was 

utilised)
40

 and in the year 2000 it was observed that up to 60% of cases in India did not 

respond to pentavalent antimonial treatment due to resistance.
46

  Multiple studies of 

antimonial resistance have suggested the mechanisms to be multifactoral, meaning it is 

not a problem that will be easily overcome.
47
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1.2.1.3.2. Pentamidine 

 

 Pentamidine (3) was first reported as a treatment for VL in India in 1949.
48

  

Typically administered as a formulation, treatment requires intramuscular or 

intravenous injection at a dosage of 4 mg/kg/day for pentamidine methanesulphonate or 

7 mg/kg/day for pentamidine isethionate.
49

  There are a number of side effects, the most 

serious of which is the irreversible condition diabetes mellitus type 1.
50

  Other side 

effects include fever, myalgia, myocarditis, hypotension, hypoglycaemia and renal 

toxicity.
51

 

 

 The mode of action of pentamidine is not fully understood, although the 

mitochondrion is known to be involved.  This is demonstrated by the observation that 

resistant Leishmania parasites show a reduction in pentamidine accumulation in the 

mitochondrion compared to wild types due to an increase in drug efflux.
52

  The drug has 

also been shown to bind preferentially to the kinetoplast DNA due to the high adenine-

thymine content, which could result in disrupted replication or transcription.
51, 52

 

 

 As mentioned above, pentamidine, like the pentavalent antimonials, faces problems 

due to resistance.  In the 1990s, pentamidine was abandoned as the second line 

treatment for VL in India due to the declining response, high costs and numerous side 

effects.
53, 54

  However, the drug remains the first line treatment for CL caused by          

L. guyanensis in French Guiana, where a single injection of pentamidine isethionate 

results in a cure rate above 75%.
55

 

 

1.2.1.3.3. Amphotericin B 

 

 Amphotericin B (AmB, 4) is a polyene antibiotic first isolated from Streptomyces 

nodosus in 1955,
56, 57

 and was first used to treat patients with VL in Brazil in 1963.
58

  

Treatment requires intravenous injection, and the drug is usually administered as a 

complex with deoxycholate.  Due to the multiple side effects (which include fever, renal 

failure and potentially fatal cardiovascular issues)
59

 AmB has historically been used as a 

second line treatment for leishmaniasis; however, increased resistance to pentavalent 

antimonials and pentamidine resulted in the adoption of AmB as the first line treatment 
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against VL in India in the 1990s.
60

  AmB deoxycholate is highly efficacious, displaying 

a 99% cure rate when administered at 1 mg/kg/day for 20 days.
61

  

 

 AmB can also be administered as a liposomal formulation.  This exhibits milder 

side effects than AmB deoxycholate due to an increased uptake of the drug by the 

reticuloendothelial system; this formulation targets the drug to the cells harbouring the 

parasite and reduces renal uptake of the drug, resulting in lower levels of 

nephrotoxicity.
53, 62

  When it first came onto the market the high cost of this formulation 

precluded its use in the majority of countries where it was needed the most, meaning the 

cheaper but more toxic AmB deoxycholate was still generally used.
63

  An agreement 

made in 2005 between the WHO and the manufacturer, however, has lowered the cost 

significantly and made the drug much more widely accessible.
64

  

 

 AmB functions by binding ergosterol, the predominant sterol component in 

Leishmania plasma membranes,
65

 for which it has a higher affinity than the cholesterol 

that is predominant in mammalian membranes.
66

  This initially results in the formation 

of non-aqueous pores which cause an increase in permeability of the cell membrane for 

monovalent cations, resulting in uneven ionic distribution.
67

  At larger concentrations of 

AmB aqueous pores form and allow greater movement of ions, protons and salts across 

the membrane, resulting in osmotic lysis.
68

  It has also been reported that the interaction 

of AmB with sterols in macrophage membranes actively prevents the entry of 

Leishmania parasites into the cell, which would help prevent the spread of the infection 

in the patient.
65

 

  

 In comparison to the other antileishmanial drugs, there has been little evidence over 

the years to suggest Leishmania resistance.  However, in 2012 an AmB-resistant clinical 

isolate of L. donovani was identified and was observed to have membranes completely 

devoid of ergosterol.
69

  This, along with the increased usage of liposomal formulations 

of AmB that have longer half lives, means that the increase of AmB resistance in the 

near future is a real possibility.
66
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1.2.1.3.4. Paromomycin 

 

 Paromomycin (5) is an aminoglycoside first isolated in the 1950s from 

Streptomyces krestomuceticus,
70

 and has been used to treat CL since the 1960s and VL 

since 1990.
71, 72

  Whilst CL can be treated by topical application of creams containing 

paramomycin,
73

 when treating VL the drug must be administered parenterally at a 

dosage of 11 mg/kg/day for 21 days.
74

  Compared to other antileishmanials 

paromomycin exhibits few side effects, the most common of which are injection site 

pain (or itching/tenderness if topically applied), mild bleeding and, rarely, ototoxicity.
54

 

 

 The mode of action of paromomycin is thought to be complex.  It has been shown 

to bind to the parasite ribosome and drastically increase the levels of misreading of 

mRNA during protein synthesis, whilst mammalian systems are affected at a much 

lower level;
75

 this could result in the formation of defective proteins which could 

hinder, or be actively detrimental to, parasite survival.  The drug has also been shown to 

affect vesicle-mediated trafficking, lipid metabolism and membrane fluidity.
76, 77

  

 

 Paromomycin has not been as widely utilised as the other major antileishmanials 

and hence widespread resistance has not yet been observed, although clinical isolates of 

L. aethiopica from patients given the drug showed decreased sensitivity in vitro 

following treatment.
78

  This acquired, or secondary, resistance is of concern for patients 

with VL/HIV co-infection due to the high relapse rate.
70

  Resistance is also readily 

inducible in vitro.
79

 

 

1.2.1.3.5. Miltefosine 

 

 The final drug of choice for treating leishmaniasis is the phospholipid-like 

compound miltefosine (6), which was originally developed to prevent the spread of 

breast cancer.
80

  However, in 1996 it was shown to possess antileishmanial activity and 

in 2002 was first orally-available drug approved to treat VL in India.
54, 81

  A dosage of 

100 mg/kg/day for 28 days results in cure rates up to 94%,
82

 whilst a dosage of           

2.5 mg/kg/day for 28 days can be used to treat CL, although the effectiveness is species 

dependent.
83

  The most common side effects of the drug are gastrointestinal symptoms 

such as nausea, vomiting, abdominal pain and diarrhoea, and less frequent effects 
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include hepatotoxicity and nephrotoxicity.
84

  Miltefosine is also teratogenic and 

therefore cannot be administered to pregnant women.
85

 

 

 As with many of the antileishmanials, the mode of action of miltefosine is not fully 

understood.  Evidence of apoptosis-like cell death, including nuclear condensation and 

DNA fragmentation, has been observed in both promastigotes and amastigotes in 

response to the drug; however, the mechanism by which it achieves this remains 

unclear.
86

  Another hypothesis suggests that miltefosine inhibits the synthesis of 

phosphatidylcholine (PC), an integral membrane component that is also involved in cell 

signalling.
84

  Other suggestions for possible effects include perturbation of lipid 

metabolism, mitochondrial dysfunction and, controversially, immunostimulation.
87

 

 

  As with paromomycin, resistance to miltefosine can easily be induced by drug 

pressure in vitro, but clinical cases are rare.
88

  However, it is possible for susceptibility 

to decrease during treatment, especially in HIV co-infection cases where relapse 

occurs.
89

  The long half life of miltefosine also encourages resistance and this fact, 

combined with the expense of treatment, suggests that miltefosine may be short lived as 

an effective antileishmanial drug.
90

   

 

1.2.1.3.6. Additional Treatments 

 

 Whilst the treatments described above are by far the most commonly utilised 

therapies against leishmaniasis, there are several additional drugs that are used on a 

smaller scale.  These include, but are not limited to: ketoconazole, an orally available 

antifungal agent primarily used in the treatment of CL;
91

 sitamaquine, an orally 

available compound that showed high efficacy against VL in recent clinical trials;
92

 

dapsone, an orally available drug originally used to treat leprosy and repurposed for 

CL;
93

 and imiquimod, a topically-applied drug that is highly effective when used as part 

of a combination therapy against antimonial-resistant CL.
94

   

 

 To date, however, there is no singular ‘wonder drug’ for the treatment of 

leishmaniasis, with all of those discussed above either displaying critical levels of 

human toxicity or being inaccessible, either geographically or financially, to those who 

most require them.  Although numerous drug targets in various Leishmania species have 



  1. Introduction 

14 

 

been proposed, there have been relatively few medicinal chemistry campaigns to 

investigate these further;
54

 for example, the Drugs for Neglected Diseases initiative 

(DNDi) is only investigating 3 new compounds as potential preclinical candidates 

whilst the rest of the projects are based on using new combinations of currently 

available drugs.
95

  Whilst this approach may produce improved treatment regimens in 

the short term, the long term aim is to produce novel drugs which better fit the proposed 

target product profiles (TPPs) that have been published by the DNDi.  These are lists of 

essential and desirable attributes for novel drugs, with requirements including oral 

administration (or topical for CL), a short (< 14 day) treatment schedule, zero fatalities 

from the treatment itself and activity against multiple species.
96, 97

  No current drug 

comes close to meeting most of these criteria and this fact, combined with the 

expanding emergence of resistance and lack of suitable vaccines,
98

 highlights the urgent 

necessity for novel, potent antileishmanial drugs. 

 

1.2.2 Human African Trypanosomiasis 

 

1.2.2.1 Introduction and Clinical Manifestations 

 

 Trypanosoma brucei, the causative agent of HAT (also known as African sleeping 

sickness), was first discovered by Bruce in 1894 and subsequently named in his honour 

in 1899.
99

   Later work identified two distinct subspecies that are geographically 

isolated; T. brucei gambiense is prevalent in central and Western Africa,
100

 whilst          

T. brucei rhodesiense is dominant in Eastern and Southern Africa (Figure 1–5).
101

  More 

than 60 million people are at risk of infection in 36 sub-Saharan African countries, with 

actual numbers of cases varying drastically over the years.
102

  The disease was brought 

under control in the 1960s; however, this was followed by an epidemic that lasted until 

the late 1990s, and at the height of this it was estimated that up to 300,000 new cases 

arose each year.  This trend was reversed in the early 21
st
 century, and in 2009 the 

number of reported cases dropped below 10,000 for the first time in 50 years.  Even 

fewer cases are reported today, although not all cases are documented and it is estimated 

that around 20,000 cases occur annually.
103
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 The disease manifests in two forms depending on the infective species.  T. brucei 

gambiense, which is responsible for more than 98% of cases, results in a chronic illness 

which may be a- or pauci-symptomatic for months or even years, whilst T. brucei 

rhodesiense causes acute illness with more than 80% of untreated cases resulting in 

death within 6 months of infection.
104

  Both forms of the disease are ultimately fatal if 

left untreated; however, cases where infected individuals have remained asymptomatic 

for up to 15 years have been reported.
105

 

 

 Despite their differing rates of progression, both diseases are clinically presented in 

the same two recognised stages.  The first, known as the early or hemolymphatic stage, 

usually occurs 1–3 weeks after infection and entails fatigue, malaise, headaches, 

arthralgia and weight loss as the parasites invade the lymph and systemic organs.  In 

addition, fever and vomiting may also occur and frequently result in the disease being 

misdiagnosed as malaria.
106

  If left untreated, the parasites will eventually cross the 

blood-brain barrier (BBB) and invade the central nervous system, marking the onset of 

the late (or encephalitic) stage of the disease.  This results in a broad spectrum of 

symptoms including: psychiatric disturbances ranging from mild conditions, such as 

a b 

Figure 1–5: The distribution of HAT caused by (a) T. brucei gambiense 

(reproduced from WHO
100

 with permission) and (b) T. brucei 

rhodesiense (reproduced from WHO
101

 with permission) 
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lassitude and irritability, to violence and hallucinations; loss of motor function 

including, in many cases, the ability to walk and talk; and sensory involvement such as 

pruritus and hyperaesthesia, with the latter being particularly common in European 

sufferers.
102, 107, 108

  Finally, the patient descends into the characteristic sleep 

disturbances that give the disease its name.  This is accompanied by seizures, cerebral 

oedema, coma, systemic organ failure and eventually death.    

 

1.2.2.2. Life Cycle 

 

 The life cycle of T. brucei gambiense and T. brucei rhodesiense is shown in Figure 

1–6.
109

  As with Leishmania spp., the life cycle is dixenous involving both an insect and 

mammalian host.  Due to the chronic nature of the disease caused by T. brucei 

gambiense the main reservoir of the parasites is likely to be human, whereas T. brucei 

rhodesiense requires a bovid reservoir because of the acute nature of the infection.
110

   

 

 

  

 As with Leishmania spp., the cycle begins with the transfer of metacyclic 

trypomastigote parasites to the human victim via a bite from an insect vector (1) which, 

in this case, is a tsetse fly of the genus Glossina.  More than 20 species of Glossina are 

responsible for disease transmission; these species have adapted to a wide range of 

Figure 1–6: The life cycle of T. brucei gambiense and T. brucei 

rhodesiense (reproduced from CDC
109

 with permission) 
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habitats which accounts for the highly endemic nature of the disease.
111

  In addition, the 

disease can be transmitted in a handful of other ways such as a prick from a 

contaminated needle or a mother to child infection during pregnancy.
103

 

 

 Following the bite, the inoculated metacyclic trypomastigotes transform into long 

slender bloodstream form (LS-BSF) trypomastigotes (2).  Unlike Leishmania spp., the 

parasites circulate freely in the bloodstream and lymph and are able to evade clearance 

by the host immune system by switching between variant surface glycoproteins.
112

  LS-

BSF trypomastigotes divide rapidly by binary fission (3); upon reaching a certain 

density the accumulation of a differentiation inducing factor produced by the parasites 

stimulates differentiation to short stumpy bloodstream form (SS-BSF) trypomastigotes 

(4).
113, 114

  SS-BSF trypomastigotes have a short half life (estimated between 24 and 72 

hours) and are non-proliferative in the mammalian host; instead, they are pre-adapted 

for the vector midgut and, following a blood meal by a tsetse fly (5), it is the SS-BSF 

trypomastigotes that continue the life cycle.
115

  

    

 In the tsetse fly midgut, the SS-BSF trypomastigotes transform into procyclic 

trypomastigotes which subsequently divide by binary fission (6).  Following midgut 

colonisation, which takes up to 6 days, the procyclic trypomastigotes migrate through 

the foregut and proboscis to reach the salivary glands; they also transform into an 

adherent epimastigote form during this time (7).
116

  Epimastigotes subsequently divide 

and multiply in the salivary gland before transforming into a detached metacyclic form 

(8) which is capable of being transmitted to a new host during the next blood meal.
117

 

 

1.2.2.3. Currently Available Treatments 

 

 The drug of choice for the treatment of HAT depends on both the infective 

subspecies and the stage of the disease, with those effective in the encephalitic stage 

being required to cross the BBB.  The number of drugs approved for HAT is therefore 

very limited, with those currently in use shown in Figure 1–7 (with pentamidine, also 

being used to treat leishmaniasis, previously shown in Figure 1–4). 
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1.2.2.3.1. Pentamidine 

 

 Pentamidine (3) was first developed and used to treat HAT in the 1930s.
118

  To this 

day it remains the drug of choice against hemolymphatic stagec T. brucei gambiense 

infections,
119

 but it shows only limited efficacy against T. brucei rhodesiense infections 

and is completely ineffective against encephalitic stage disease.
120

  Administered either 

intramuscularly or intravenously at the same dosage as against Leishmania infections, a 

course of 7–10 treatments results in cure rates up to 94% with the same side effects 

being observed.
121, 122
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 As discussed in section 1.2.1.3.2, the mode of activity of pentamidine is not fully 

understood.  However, it has been observed that T. brucei parasites possess a number of 

transporters with a high affinity for pentamidine, allowing accumulation of the drug to 

very high intracellular levels resulting in selective toxicity for the parasite over 

mammalian cells.
123

  Unlike Leishmania infections, resistance of T. brucei to 

pentamidine is extremely rare in the field,
120

 although overuse as a chemoprophylactic  

in some regions has led to decreased sensitivity to the drug.
119, 124

 

 

1.2.2.3.2. Suramin 

 

 Suramin (7), first used to treat HAT in 1922, is perhaps the oldest antimicrobial 

drug still in use today.
125

  It is the first line treatment for hemolymphatic stage T. brucei 

rhodesiense infections and is typically administered at a dosage of 20 mg/kg (up to a 

maximum of 1 g per treatment) by slow intravenous infusion every 5–7 days for 4 

weeks.
122, 126

  Although it is effective against T. brucei gambiense infections, suramin is 

generally avoided due to the high risk of co-infection with Onchocerca volvulus (the 

causative agent of onchocerciasis, or ‘river blindness’) against which it has high activity 

and can lead to severe adverse reactions including shock.
127

  It is also unable to cross 

the BBB so cannot be used to treat encephalitic stage disease.  Side effects from 

suramin use are frequent but generally mild and include fever, rash, nausea and 

reversible nephrotoxicity.
54

 

 

 Due to the multiple negative charges on suramin at physiological pH it is able to 

bind to numerous serum proteins, including low-density lipoprotein (LDL), which 

facilitate its uptake into the parasites by endocytosis.
125

  Accumulation of the drug is 

relatively slow, but at high enough concentrations there are a number of enzymes which 

have been reported to be inhibited by suramin including certain kinases, acid 

phosphatase and phospholipase A1.
128

  Perhaps key, however, are the numerous 

glycolytic enzymes located in the trypanosome glycosome.  Many of these carry a high 

positive charge and have been shown to be sensitive to micromolar levels of suramin,
129

 

whilst homologous enzymes from other organisms, including mammals, are less 

positively-charged and are insensitive to suramin.
128
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 As with pentamidine, field resistance to suramin is rare.  One possible reason for 

this is that LDL is essential for parasite proliferation and therefore its uptake into the 

parasites (and hence the uptake of suramin) cannot be drastically reduced if they are to 

remain viable.
130

  Despite this, clinical instances of decreased suramin sensitivity have 

been reported,
131

 and resistance can be readily selected for in the laboratory.
132

    

 

1.2.2.3.3. Melarsoprol 

 

 Melarsoprol (8) is an organoarsenical compound which has been used in the 

treatment of HAT since 1949.
133

  Whilst active against both stages of the disease in both 

T. brucei subspecies it is typically only used to treat the encephalitic stage due to its 

high toxicity, and it remains the only treatment available for late stage T. brucei 

rhodesiense infections.
134

  Historically the drug was administered intravenously as a 

series of three or four daily injections (at a dosage of up to 3.6 mg/kg per injection, 

although this varied between countries) followed by a rest period of 7–10 days, repeated 

up to four times; however, more recent studies have shown that a treatment regime of 

10 daily injections at a dosage of 2.2 mg/kg produces comparable cure rates.
135, 136

  

Melarsoprol is the most toxic of the antitrypanosomal drugs with a myriad of side 

effects including fever, vomiting, abdominal pain, polyneuropathy and 

thrombocytopaenia;
137

 by far the most dangerous, however, is encephalopathy which 

occurs in 5–10% of all patients and proves fatal in up to 70% of these cases.
138

 

 

 The mechanism by which melarsoprol kills trypanosomes is not fully understood, 

although it has been observed that the drug rapidly metabolises in the body to form 

melarsen oxide, which is thought to be the species responsible for trypanocidal 

activity.
139

  One observation is that the drug has the ability to interact with thiol groups 

and disulphide bonds in proteins, which could lead to a loss of function; this would 

explain the acute toxicity to the patient’s own cells.
63, 140

  Another is that melarsen oxide 

reacts with trypanothione to form a stable adduct which inhibits trypanothione 

reductase, ultimately leading to parasite death.
141

 

 

 In addition to its high toxicity, melarsoprol also exhibits a high treatment failure 

rate in comparison to the two aforementioned trypanocidal drugs.  During the first 50 

years of its use melarsoprol treatment was unsuccessful in 5–8% of cases, but over the 
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last 15 years this figure has risen alarmingly.
142

  This is particularly evident in the 

Democratic Republic of Congo, where the failure rate reached 20% in 2003 rising to 

57% in recent years, casting doubt on the future use of melarsoprol as a trypanocidal 

drug.
143, 144

     

 

1.2.2.3.4. Eflornithine  

 

 Eflornithine (9) was originally developed as an anticancer drug but was observed to 

be active against trypanosomes in vivo in 1980, and was first utilised in the field the 

following year.
145

  The drug is an irreversible inhibitor of ornithine decarboxylase, 

which is an integral enzyme in polyamine biosynthesis.  Inactivation of the enzyme 

results in arrested trypanosome division and transformation to the metacyclic form, 

which the immune system is capable of eliminating.
146

  However, this mode of action 

means that eflornithine is only effective against T. brucei gambiense given that the 

target enzyme has a very high turnover rate in T. brucei rhodesiense (as it also does in 

mammals).
147

   

 

 Although its primary use is as a safer alternative to melarsoprol for encephalitic 

stage disease, eflornithine still displays a variety of frequent side effects including fever, 

gastrointestinal symptoms, pneumonia, seizures and depression of bone marrow 

function.
148

  The major drawback of eflornithine, however, is that it has a half life of 

only 3–4 hours, meaning it has to be administered intravenously at intervals of 6 hours 

for 14 days.  Additionally, the required dose is extremely high (100 mg/kg in each 

injection for adults, or 150 mg/kg for children), hence the overall cost of treatment – 

both the drug price and extended hospitalisation – makes it inaccessible to many 

people.
149

   

 

1.2.2.3.5. Nifurtimox  

 

 Nifurtimox (10) was marketed in the 1960s as a treatment for Chagas disease 

(caused by the kinetoplastid parasite T. cruzi) and was first utilised as a treatment for 

arseno-resistant T. brucei in the 1980s.
150

  Its mechanism of action involves the 

reduction of the nitrofuran to produce free radicals which subsequently bind to, and 

disrupt, proteins and DNA.
151

  Although the drug shows limited efficacy as a 
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monotherapy,
152

 it is much more widely utilised in nifurtimox-eflornithine combination 

therapy (NECT) for the treatment of encephalitic stage disease caused by T. brucei 

gambiense.   

 

 NECT therapy was approved for use in 2009 and involves a treatment regime of 

intravenous eflornithine (200 mg/kg) every 12 hours for 7 days combined with oral 

nifurtimox (5 mg/kg) every 8 hours for 10 days.
153

  Although hospitalisation is still 

required, the burden on the patient is reduced by the increased dosing frequency and 

shorter total treatment time; furthermore, the treatment cost is roughly half that of 

eflornithine monotherapy.
154

  In addition, whilst some side effects (nausea, dizziness 

and tremors) were more common with NECT, the treatment displayed a more 

favourable overall safety profile with the incidence of major adverse effects being 

halved.
155, 156

  Finally, the prospect of resistance emerging is much reduced for a 

combination therapy compared to a monotherapy, and hence NECT could prove to be a 

long-lived antitrypanosomal treatment.
157

 

 

 Despite the encouraging development of NECT, however, it is far from a perfect 

treatment.  A TPP proposed by the DNDi, including requirements such as oral 

bioavailability, multi-target activity and activity against both T. brucei subspecies, 

highlights the large gap between currently available HAT drugs and what is perceived 

to be ideal.
158

  Ongoing efforts include novel combination testing and repurposing from 

the Malaria Box,
159

 and it is crucial that additional drug discovery programmes for HAT 

continue the search for potent, non-toxic drugs against both hemolymphatic and 

encephalitic stage disease. 

 

1.2.3 Towards New Antikinetoplastid Drugs 

 

 Historically, drug discovery efforts for tropical diseases have been 

underwhelming, hence the term ‘neglected’.  Between 1975 and 1999, only 1.1% of 

new chemical entities were for NTDs despite them being accountable for 11.5% of 

global disease burden.
160

  The situation failed to improve over the next decade; whilst 

4% of new therapeutic products registered between 2000 and 2011 were for neglected 

tropical diseases, these were predominantly new indications or formulations.  Only 1% 
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of the new chemical entities registered during this time period were for NTDs, and 

clinical trials for NTDs also only made up 1% of the total number registered.
161

  

 

A major step forwards was made in January 2012 with the launch of the London 

Declaration on NTDs.
162

  This declaration, with 22 original endorsers, committed to 

working towards eliminating five diseases (including HAT) and controlling another five 

(including VL) by 2020, and diverges from the classical viewpoint that drug discovery 

and development is the sole responsibility of pharmaceutical companies and instead 

requires collaborations such as product development partnerships and public-private 

partnerships.
163

  Thanks to this new initiative, the future of drug discovery for NTDs 

looks brighter than it has in years; however, in order to achieve this goal, new druggable 

targets first need to be identified and investigated. 

 

1.3 Sphingolipids 

 

 Sphingolipids are a class of natural molecules first identified in 1884 by 

Thudichum, who isolated three related compounds from human brain tissue.
164

  This 

category of compounds is now known to encompass thousands of structurally diverse 

molecules, and one of the major challenges in the field is keeping up with the rapid 

growth in understanding and knowledge.
165

   

 

1.3.1 Structural Features 

 

 The sphingolipid family has a common core structure that is distinguishable from 

other classes of lipids by the presence of an amide bond which links the amine group of 

a sphingoid base backbone to the acyl group of a fatty acid (Figure 1–8).  Sphingoid 

bases are aliphatic amino alcohols that are structurally similar to sphingosine (11) but 

may differ by a number of factors including alkyl chain length, saturation and 

modifications such as hydroxyl or methyl groups situated at various positions along the 

chain.
166

  Mammals predominantly produce sphingosine along with dihydrosphingosine 

(12, also called sphinganine) and, to a lesser extent, phytosphingosine (13) (which is the 

predominant sphingolipid found in plants and fungi)
167

 although smaller quantities of 

different chain length homologues are also produced.
168

  Sphingoid bases are readily   
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N-acylated in vivo to form N-acyl-sphingoid bases which are generically termed 

ceramides (Figure 1–9).
169

  

 

 
 

  

 

 

 

 

 

 

 

 

 Sphingolipids can be categorised into several major classes.  Simple sphingolipids 

include sphingoid bases and ceramides as discussed above along with basic derivatives 

such as ceramide-1-phosphates.  Complex sphingolipids (Figure 1–10) are extremely 

varied in nature and comprise molecules in which head groups are attached via 

phosphodiester linkages (phosphosphingolipids) or glycosidic bonds 

(glycosphingolipids, which can be either simple cerebrosides or complex 

gangliosides).
170

  Some aquatic organisms produce sphingolipids containing phosphono 

linkages or 1-arsenate groups,
171

 whilst certain bacteria have been shown to produce 

sulphonosphingolipids.
172
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Figure 1–9: The predominant sphingoid bases 

found in mammals and their respective ceramides 
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1.3.2 Biological Functions 

 

 Sphingolipids are essential and ubiquitous components of eukaryotic membranes,
173

 

although they have also been identified in some prokaryotes
174

 and a marine virus.
175

  

The acyl chains of sphingolipids tend to be fully saturated, unlike the unsaturated chains 

generally observed with other membrane lipids; as a result, sphingolipids are able to 

pack tightly together and increase the structural stability of the membrane.
176

  In 

addition, this packing of sphingolipids, both together and with sterols (thought to be due 

to the hydrogen bonding ability of the amide functionality),
177

 allows the formation of 

compact zones of condensed bilayer.
178

  This results in phase separation between the 

sphingolipid- and sterol-rich microdomains, known as lipid rafts, and the more 

disordered domains resulting from the unsaturated fatty acid chains of the membrane 

phospholipids.
179
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Figure 1–10: Structures of representative examples of the various classes of 

complex sphingolipids, where R
1
 and R

2
 are alkyl chains.  (a) ceramide-1-

phosphate; (b) phosphosphingolipid; (c) cerebroside glycosphingolipid when  

R
3
 = H or ganglioside glycosphingolipid when R

3
 = mono- or polysaccharide; 
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 It has been proposed that lipid rafts form in the trans-Golgi apparatus and are able 

to traffic apical and basolateral proteins into separate vesicles for transport to the correct 

localisation in polarised epithelial cells.
180

  This phenomenon was also observed in 

neurons, with proteins being sorted to either the axonal or dendritic localisation.
181

  

Lipid rafts have also been implicated in T-cell receptor signalling,
182

 as well as the 

assembly and activation of signal transduction complexes such as the Hedgehog and 

Ras signalling systems.
183, 184

 

 

 Simple sphingolipids have also been observed to possess roles as signalling 

molecules (second messengers) in cells.  For example, ceramide has been identified as 

an initiator of both apoptosis and autophagy,
185, 186

 and sphingosylphosphorylcholine as 

a stimulator of calcium mobilisation in various cell types.
187

  This activity is facilitated 

by the fact that many sphingolipids are uncharged at physiological pH and so are freely 

able to cross membranes.
188

   

 

1.3.3 Biosynthetic Pathway 

 

 The biosynthesis of sphingolipids is complex and involves an intricate network of 

interconnected pathways with ceramide, involved in both anabolism and catabolism, 

acting as a metabolic hub.
189

  Given that sphingolipids are essential cellular 

components, the biosynthetic pathway is largely conserved across organisms.  However, 

it is the mammalian pathway that is the most extensively studied, and an overview is 

shown in Figure 1–11. 
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Figure 1–11: An overview of mammalian sphingolipid metabolism (adapted from Bartke and 

Hannun
189

 with permission).  Bioactive sphingolipids are outlined in red, whilst those outlined 

in blue are predominantly membrane components.  Enzyme abbreviations are as follows: SPT, 

serine palmitoyltransferase; KDS, 3-keto-dihydrosphingosine reductase; CerS, ceramide 

synthase; CDase, ceramidase; DES, dihydroceramide desaturase; SK, sphingosine kinase; 

SPPase, sphingosine-1-phosphate phosphatase; S1P lyase, sphingosine-1-phosphate lyase; 

CK, ceramide kinase; C1PP, ceramide-1-phosphate phosphatase; GCT, galactosylceramide 

transferase; β-GCase, β-galactosylceramidase; GCS, glucosylceramide synthase; GCase, 

glucosylceramidase; SMS, sphingomyelin synthase and SMase, sphingomyelinase 

 

 

 

 Sphingolipid biosynthesis is compartmentalised between the endoplasmic reticulum 

(ER), where synthesis commences, and the Golgi apparatus, where the majority of 

ceramide metabolism occurs.
190

  Synthesis begins in the ER with the condensation of   

L-serine and palmitoyl coenzyme A (CoA) to form 3-keto-dihydrosphingosine; this is 

the rate-limiting step of sphingolipid synthesis.
191

  3-Keto-dihydrosphingosine is 
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subsequently reduced to dihydrosphingosine.  These first two metabolic steps (Figure 

1–12) are highly conserved across eukaryotes.   

 

 Following dihydrosphingosine formation, the metabolic pathways begin to diverge.  

In animals, dihydrosphingosine is acylated to dihydroceramide before being desaturated 

to form ceramide.  In higher plants and fungi, however, dihydrosphingosine is first 

hydroxylated to form phytosphingosine before being subsequently acylated to form 

phytoceramide (Figure 1–13).
192, 193

  The products of this synthesis are subsequently 

transported from the ER to the Golgi apparatus for further metabolism. 
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Figure 1–12: Eukaryotic biosynthesis of dihydrosphingosine 
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Figure 1–13: Divergent metabolism of dihydrosphingosine in different organisms 

 

 

   

 Once transported to the Golgi apparatus ceramide (or phytoceramide) can be 

utilised in a variety of metabolic processes as shown in Figure 1–11.  However, the 

predominant metabolic process is organism-dependent.  Mammalian cells possess a 

sphingomyelin synthase (SMS) enzyme which converts ceramide to sphingomyelin; this 

is the predominant sphingolipid in animals, forming up to 22% of cellular 

membranes.
194, 195

  In contrast, higher plants and fungi produce inositol 

phosphorylceramide (IPC) as their prevalent complex sphingolipid using an IPC 

synthase (IPCS) enzyme.
196

  Finally, kinetoplastid parasites form a distinct group and 

convert ceramide to IPC, also using an IPCS (Figure 1–14).
197
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1.3.4 IPCS as a Drug Target 

 

 Due to the high levels of conservation across kingdoms in the early stages of 

sphingolipid synthesis, inhibitors that target enzymes early on in the pathway do not 

make suitable drugs as they also result in host toxicity.
198

  However, given the fact that 

mammals produce SMS rather than IPCS this enzyme represents an attractive 

pharmaceutical target.  This concept was first demonstrated in yeast in the 1990s.  The 

model yeast Saccharomyces cerevisiae was observed to be susceptible to aureobasidin 

A (AbA, 17), a cyclic depsipeptide isolated from Aureobasidium pullulans.
199
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Figure 1–14: Divergent metabolism of ceramide in different organisms 
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Subsequent studies on an AbA-resistant strain of S. cerevisiae identified a single 

upregulated gene, which was named AUR1, which was responsible for the conference of 

resistance.  Subsequent depletion or deletion of this gene resulted in abnormal 

morphology and a loss of viability.
200, 201

  It was later shown that the AUR1 gene 

complemented the IPCS defect present in sphingolipid compensatory yeast strains 

(which produce glycerophospholipids to compensate for the lack of sphingolipids), 

hence confirming the identity of the AUR1 protein as an IPCS.
202

   

 

 IPCS homologues were later identified in multiple fungal species by polymerase 

chain reaction (PCR) amplification from genomic DNA libraries using degenerate 

primers;
203

 this resulted in the identification of four conserved domains, two of which 

were similar to domains present in the lipid phosphate phosphatase (LPP) family.
204

  

Two additional inhibitors of the fungal IPCS were also subsequently identified; 

rustmicin (18)
205

 and khafrefungin (19)
206

 (Figure 1–15).  However, neither of these 

compounds nor AbA display a favourable pharmacokinetic profile and their highly 

complex structures present a significant challenge to medicinal chemistry efforts.
207

  A 

recently published three-step method of modifying AbA resulted in the synthesis of a 

number of compounds which displayed either comparable or slightly improved activity 

over AbA against two different fungal species;
208

 other than this, however, attempts at 

improving the activities of these compounds have been unsuccessful.  

 

 The identification of IPCS in yeast also inadvertently led to the discovery of the 

mammalian SMS family of enzymes in the early 2000s.  Having noted that IPC was the 

fungal equivalent of SMS, Huitema et al. employed a bioinformatics approach to search 

for mammalian proteins of unknown function possessing a conserved sequence motif 

(H(YFWH)X2D(VLI)X2(GA)X3(GSTA)) shared by LPPs and the IPCS homologues.  

They identified a family of enzymes containing four highly conserved domains, named 

D1−D4; D3 and D4 contained the similar sequences shared by LPPs and the IPCS 

homologues.
209

  Despite these regions of similarity in the sequences, it is still 

acknowledged that IPCS represents an attractive pharmaceutical target; computational 

systems biology has confirmed this to be the case in Leishmania.
210
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Figure 1–15: Known inhibitors of the fungal IPCS 

  

1.3.5 The Kinetoplastid IPCS  

 

 The kinetoplastid IPCS enzymes were identified by Denny et al. in 2006, again by 

searching the relevant genome databases for the conserved motif given above.
196

  All 

the orthologues displayed two regions that were conserved relative to animal SMSs and 

similar to AUR1.
203, 209

  These regions contain the catalytic triad of His220, His264 and 

Asp268 (numbered for the L. major enzyme) and are located in the luminal domains of 

D3 and D4 (the conserved regions proposed by Huitema et al. for SMS)
209

 of IPCS, 

which is predicted to contain six transmembrane helices (Figure 1–16).
211
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Figure 1–16: (a) The predicted topology of kinetoplastid IPCS (adapted from Goren 

et al.
211

 with permission) with the domains proposed by Huitema et al.
209

 for SMS 

shown in red and (b) the alignment of highly conserved regions from human SMS, 

L. major IPCS and T. brucei brucei sphingolipid synthases (SLSs).  Stars indicated 

conserved residues and the residues in the catalytic triad are outlined in red 

 

 

 

   

 The enzyme has been shown to proceed via a double-displacement mechanism 

(Figure 1–17).
212

  Based on this model, functions for the three amino acids of the 

catalytic triad have been proposed.  In the first step, His264 and Asp268 are thought to 

operate as a charge relay system which facilitates nucleophilic attack by His264 on the 

electrophilic phosphorus in the phosphatidylinositol (PI) substrate.
213

  His220 is 

postulated to facilitate nucleophilic attack of the ceramide on the phosphorus in the 

second step, whilst a conserved arginine (Arg262 in the L. major enzyme) is believed to 

stabilise the transition state (Figure 1–18).
214
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Figure 1–17: The double-displacement mechanism of IPCS.  In the first 

step, the phosphorylinositol group is transferred to the reactive histidine 

(His264 for L. major) with the release of diacylglycerol.  In the second step, 

this group is subsequently transferred to the acceptor substrate ceramide 
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Figure 1–18: The proposed mechanism of action of L. major 

IPCS (adapted from Mina et al.
214

 with permission) 

Step 1 Step 2 

 

 As can be seen from the mechanism, in addition to regulating the production levels 

of the essential sphingolipid IPC, this synthetic step also plays a part in controlling the 

cellular levels of ceramide and diacylglycerol (DAG).  This is a crucial observation 

given that DAG is a mitogenic factor and hence is essential for cell growth,
215

 whilst 

ceramide (as noted in section 1.3.2) induces apoptosis.
185

  Therefore, compounds which 

inhibit IPCS would reduce parasite viability by affecting the levels of three different 

biomolecules and hence should ideally be highly effective and selective pharmaceutical 

compounds.  The potential for selectivity between closely related IPCS enzymes from 

different species has already been established; in the case of AbA, inhibitory activity 

against L. amazonensis IPCS
216

 and T. brucei sphingolipid synthase (SLS) isoform 4 

has been described, whilst the L. major IPCS is insensitive.
217

  As discussed above, 

however, the only known inhibitors of the fungal IPCS are not suitable drug candidates 

and hence small molecule inhibitors of this drug target, ideally based on novel chemical 

scaffolds, need to be identified.  
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1.4 Introduction to High Throughput Screening and Drug Discovery 

 

 The mounting public demand to identify cures for worldwide diseases (including 

those aforementioned), as well as the development of drug resistance in many infective 

species,
218, 219

 has resulted in high pressure being placed on the pharmaceutical industry 

to produce new drugs at a rapid rate.  The drug discovery process, however, is far from 

simple, involving many stages that are both time-consuming and costly.
220

 

 

 The first stage is the identification of a biological target involved in the disease or 

pathway of interest.  Following this, compounds are tested against this target to uncover 

some with activity; these compounds have the potential to become drugs and are hence 

known as leads.  Lead optimisation (a process undertaken to increase factors such as 

solubility and bioavailability) and preclinical studies in animal models to assess 

biological activity and safety can then last up to five years.  Phase I clinical trials (first 

time in man), where the leads are tested in healthy human volunteers to determine safety 

and dosage, generally take about a year whilst phase II trials, which evaluate efficacy 

and adverse effects in patient volunteers, normally last for two years.  Any long term 

adverse effects are identified in phase III, which monitors patient volunteers over a 

period of three years.
221

 

 

 Following this process it can be some years before the drug is registered and 

approved meaning that, on average, it takes around 12 to 15 years to progress a lead 

compound to the clinic.  The attrition rate of compounds during this period is 

significant; according to a recent study, over 92% of small molecule drugs that entered 

phase I clinical trials did not reach approval.
222

  As a result, the identification of a large 

number of high quality leads is of paramount importance for the drug discovery process 

to be successful, and in the 1990s many pharmaceutical companies began to turn to high 

throughput screening (HTS) for this stage in the campaign.
223

  It is a process that allows 

large libraries of compounds, ranging from several thousand to a few million, to be 

tested both rapidly and relatively inexpensively, hence it has the capacity to produce 

large numbers of potential lead compounds to be progressed further through the drug 

discovery pipeline.  
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1.4.1 Evolution of HTS 

 

 As with all highly advanced technology, HTS has a very modest background.  The 

foundations were laid in 1950 when Takatsky fashioned the first microtitre plate out of 

Lucite (a synthetic polymer of methyl methacrylate) in order to provide an easier 

method of performing low volume serial dilutions.
224

  His 72-well invention was well 

received and by the mid 1950s a moulded plastic version had been commercialised in 

the United States by Liner, making it a standard piece of equipment for use in 

immunoassays.
225

  This prompted the development of plate readers throughout the 

1970s, although these were specific to the biochemical industry.  The platform was 

launched into the standard research laboratory setting following the construction of the 

laboratory plate reader by BioTek in 1981.
226

  This incited an even larger surge in 

microplate manufacture, and by the mid 1990s the necessity for standardisation of 

microplate dimensions across manufacturers had been noted.
227

  This was eventually 

finalised in 2004 by the Society for Biomolecular Screening (now the Society for 

Laboratory Automation and Screening), who published a set of standards covering base 

(footprint),
228

 height
229

 and outside flange
230

 dimensions in addition to well positions for 

each of the common formats (96-, 384- and 1,536-well plates).
231

 

 

 The first reported attempts at developing HTS assays date to the late 1970s where 

continuous flow and automation techniques were used to screen blood metabolite 

levels.
232, 233

  These initial assays highlighted many of the problems still associated with 

HTS such as reagent variability, day-to-day variance of results and the need to carefully 

validate the assay prior to use.  Despite this, assays such as these paved the way for 

increasingly high throughput experiments, although it was not until the 1990s when 

standard automatic instrumentation and a choice of plate formats were introduced that 

HTS as it is known today emerged.
225

 

 

 Since that time, HTS has continued to adapt and evolve as required, primarily in the 

pharmaceutical industry where it has found a niche in drug discovery.  As compound 

libraries grew so did the need for miniaturisation; each well in a 96-well plate typically 

has an optimal working volume of roughly 200 µl (dependent on well shape), resulting 

in overly high reagent costs when working with large numbers of compounds.  As a 

result, very few assays carried out in 96-well format are now considered high 
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throughput, with that label mostly being reserved for those run in 384-well and 1,536-

well plates; these typically utilise volumes of 50–70 µl and 5–10 µl respectively.
234, 235

  

With 1,536-well plates it is possible to screen in excess of 100,000 compounds per day, 

a screen of this magnitude being termed ultra-HTS (uHTS).
236

 

 

 Increasing technological advancement has also resulted in increased availability to 

the extent that HTS has recently branched out into the academic environment.
237

  For 

example, the University of Dundee has compiled a library of more than 57,000 

compounds as a screening tool in drug discovery for neglected diseases;
238

 this has been 

successfully utilised to identify small molecule inhibitors of the N-myristoyltransferase 

from T. brucei.
239

  Another principle academic use is the identification of chemical 

probes which can be subsequently used to study biological pathways or targets.
240

 

 

 To date, the major drawback of HTS is that the results obtained using in vitro 

assays typically correlate poorly with those obtained in in vivo studies, usually due to 

issues such as off-target toxicity and poor biodistribution.
241

  In the past, HTS on animal 

models has not been practical given the sheer expense and animal numbers that would 

be required.  Recently, however, it was reported that HTS using zebrafish embryos, 

which can survive in 50 µl of water in 384-well plates, is a possibility;
242

 this has since 

been achieved by a number of research groups in 96-well plates.
243, 244

  Given the close 

genetic and physiological similarities between zebrafish and humans,
245

 it is predicted 

that screening using this model will greatly reduce attrition rates throughout the drug 

discovery process and increase the number of effective compounds that successfully 

make it to market. 

 

1.4.2 Stages of HTS 

 

 The HTS process encompasses several stages (Figure 1–19), none of which holds a 

greater importance than any other.  Consequently, unless the proper time and attention 

is spent on each stage of the HTS process the screen will undoubtedly end in failure.  As 

a result, HTS is a highly multidisciplinary process encompassing biologists and 

biochemists, technology experts, IT personnel and medicinal chemists, all of whom are 

essential for the screen to be successful and produce the much desired lead compounds.   

 



  1. Introduction 

39 

 

Figure 1–19: The stages of HTS 

 

1.4.2.1 Target Identification 

 

 The selection of an appropriate target for HTS involves the consideration of a 

number of factors, of which the three most important are: how well the target has been 

linked to the disease (target validity); how facile it would be to utilise or develop a 

screening assay for the target (assayability); and whether the target is likely to be able to 

interact with chemically tractable small molecules in a potent and selective fashion to 

produce a measurable response (druggability).
246

  The major issue with target validity is 

that there is an inverse correlation between this factor and the novelty of the target.  

Targets that have been well-studied and have established links to a particular disease 

may well have been previously screened for inhibitors (and hence potential leads could 

already be patented by another company), whilst highly novel targets are often poorly 

correlated to disease.
247

  The majority of pharmaceutical companies which are large 

enough to have several projects ongoing will normally study a range of targets which 

span the risk scale. 

  

 On the other hand, if a target is highly validated there is a strong chance that a 

successful assay format has already been established, or if not, that an existing protocol 

can be readily modified.  Novel targets may require an entirely new assay format to be 

developed, and the difficulty of this task cannot be predicted prior to commencing the 

next stage of HTS.
248

  However, if the screen can be implemented successfully then 

these targets are more likely to yield novel classes of compounds. 

Target Identification 

Screening Collection 

Reagent Acquisition 

Lead Selection 

HTS Implementation and Data Analysis 

Assay Validation 

Assay Development 
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 Druggability assessment of targets is theoretical, with predictions being made using 

available structural data.
249-251

  When tested against known protein/ligand combinations, 

programmes are capable of identifying binding sites with greater than 80% accuracy.
252

  

However, predicting druggability of non-protein targets or proteins for which structural 

information is lacking, such as many membrane proteins,
253

 is not possible by these 

methods; in these cases, druggability usually has to be estimated based on similarity to 

other members of the same gene family for which more data is known.
249

 

 

 Overall, target selection involves balancing the pros and cons of the above range of 

factors.  ‘Perfect’ targets that satisfy all the criteria for a high quality, successful screen 

are rare to the point of being non-existent, thus distributing the risk among the various 

factors is of paramount importance at this stage of the screening campaign. 

 

1.4.2.2 Assay Development 

 

 In a typical HTS campaign there is usually not one assay developed and utilised but 

two.  The primary assay is employed during the initial screen against the compound 

library whilst a second assay, or ‘counter screen’, is used as a follow-up to validate 

compounds that act via the desired biological pathway.  This is to ensure that any false 

positives (F+, compounds which produce the same effect via other mechanisms) are 

excluded from further studies.
240

 

 

 In order to achieve this validation primary and secondary assays are typically 

orthogonal, using either different methodologies or altering the way in which target 

activity is detected and read.  The most common way of achieving this is to develop 

both a biochemical and a cell-based (phenotypic) assay.  These assays study the target 

in different environments and hence utilise contrasting methods of activity detection; 

using a combination of both therefore ensures that only worthwhile hits will be taken 

forward for additional investigation. 

 

1.4.2.2.1 Biochemical Assay  

 

 A biochemical assay is defined as one in which the target of interest is isolated 

from cells and screened in vitro in an entirely artificial environment.  During the early 
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1990s, when HTS was established as a component of the drug discovery process, this 

was by far the preferred format due to the technical difficulties involved in running 

phenotypic assays on a high throughput scale.
247

  However, these initial biochemical 

assays were themselves far from technically simple. 

 

 The majority of assay formats utilised complex separation-based techniques, such 

as radiofiltration, as a means of detecting target activity.  This was a technique 

originally developed to measure serum immunoglobulin levels
254

 before it was adapted 

for screening purposes such as the search for drugs against human gastric cancer.
255

  

This technique subsequently evolved into the enzyme-linked immunosorbent assay 

(ELISA) which superseded the use of radioactive species and is still used today.
256

  

However, these assay formats are typically both time consuming and labour intensive as 

several washes have to be conducted between each step, limiting them to being 

performed in 96-well plates at a comparatively low throughput rate. 

 

 The majority of modern assays instead utilise a simple, homogenous format 

commonly referred to as ‘mix and read’.  The term was first coined by Toney et al. 

upon their development of an assay for measuring insulin levels in plasma samples that 

did not rely on the complex separation steps of the previously used ELISA assay but 

instead only required the mixing of the components in the well.
257

  Not only does this 

cut down on labour and cost, but the potential to use 384-well and 1,536-well plates 

dramatically increases throughput.
258

  For these assays, the majority of detection 

methods are optical and include absorbance, luminescence and fluorescence.  Of these, 

fluorescence is the most widely used as it is highly sensitive, permitting the use of very 

small volumes.
259

  This sensitivity, though, is also the biggest drawback as the potential 

for compound interference, either due to compound insolubility or intrinsic 

fluorescence, is high and can therefore give rise to F+ results.
260

  The main strategy for 

combating this effect is to avoid short excitation wavelengths (below 400 nm) as this is 

the range at which many small molecule library compounds, such as heterocyclic 

aromatics and compounds with low levels of conjugation, are also excited, resulting in 

intrinsic fluorescence in the 400−495 nm region.
261

  This can be achieved using a red-

shifted fluorophore as demonstrated by Simeonov et al., who screened a library of 

71,391 compounds using 8 different fluorophores with a range of excitation and 

emission values.  Whilst 3,643 compounds (5.1%) produced intrinsic fluorescence when 
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the blue-fluorescent fluorophore AlexaFluor 350 was used, no compounds produced 

intrinsic fluorescence when the far-red-fluorescent fluorophore AlexaFluor 647 was 

used.
262

 

 

 The major advantage of most biochemical assays is the certainty that the effect 

measured is due to the target and not to a different mechanism or pathway; however, 

there are multiple disadvantages.  The production and purification of the required 

protein is often a very time-consuming step and, in many cases, the yields obtained do 

not provide adequate material for a large HTS campaign,
263, 264

 limiting the screening 

process to smaller libraries.  In addition, many small-molecule library compounds are 

capable of forming aggregates which interfere with protein function, resulting in F+ 

results; this was demonstrated by McGovern et al., who studied 45 reported inhibitors 

identified by screening and observed that 35 also inhibited unrelated proteins by 

forming aggregate particles large enough to be observed under a microscope.
265

  With 

respect to screening for new antileishmanials, the major issue is that amastigotes are 

intracellular parasites localised inside macrophages, hence hit compounds identified in 

vitro often lose efficacy in cellulo due to the fact they are required to cross multiple 

membranes and remain stable in an acidic environment.
266

  A study in 2011 eventually 

suggested that an overreliance on target-based drug discovery was responsible for the 

high attrition rates and low productivity observed in the pharmaceutical sector over the 

previous decade;
267

 consequently, biochemical assays are now predominantly used as a 

secondary assay for confirming target specificity, whilst phenotypic assays form the 

majority of primary screening campaigns. 

 

1.4.2.2.2 Phenotypic Assay  

 

 Phenotypic assays were virtually non-existent in the HTS world until 1996, when 

Schroeder and Neagle reported the construction of a fluorescent imaging plate reader 

(FLIPR).
268

  This instrument was pioneering in the fact that it was capable of reading all 

the wells in a 96-well plate simultaneously, hence allowing transient signals in cells in 

response to different conditions to be quantified.  Early assays included investigating G-

protein coupled receptor (GPCR) activation by measuring the resulting increase in 

intracellular calcium
269

 and the characterisation of potassium channels by measuring 

changes in membrane potential.
270

  Since that time, phenotypic assays using FLIPR 
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technology have increased rapidly in popularity, resulting in the development of FLIPR 

machines for use with 384-well and 1,536-well plate formats.
234, 271

   

 

 Phenotypic assays can be classified as either target-blind or target-directed.  The 

former simply involves the testing of compounds against the target cells of interest and 

monitoring cell viability.  This type of screen has, in the past, been of particular 

importance in the discovery of anticancer agents;
272-274

 more recently, target-blind 

phenotypic screening has led to advances in drug discovery for infectious tropical 

diseases.  The Malaria Box, compiled in 2013, is a collection of 400 compounds active 

against Plasmodium falciparum parasites that is now available to researchers free of 

charge.
275

  In addition, three antikinetoplastid compound collections (Leish-Box, 

Chagas-Box and HAT-Box) have recently been identified by target-blind phenotypic 

screening and have been provided as an open access resource to, hopefully, further 

progress research in this area.
276

   

 

 The principal advantage of utilising this type of screen is that compounds are tested 

in a cellular context.  As a result, if test compounds act on targets that form part of 

pathways requiring several additional components to elicit a response, hit compounds 

will be identified that may have been overlooked using a biochemical format.
277

  In 

addition, the requirement for the production of purified target protein is negated.  This 

type of screening does, however, have one major disadvantage; no information about 

the target or mode of action is known, hence the investigation of structure-activity 

relationships (SARs) during the lead optimisation stage can prove more challenging and 

may require the development of an additional assay.
278

  Another downside is that 

protozoan parasites and mammalian cells can often be difficult, expensive and time-

consuming to culture. 

 

 The second type of phenotypic assay is cell-based target-directed, which attempts to 

screen a known target in a cellular context.  Perhaps the most prolific use of this type of 

assay has been in GPCR drug discovery, with a wide variety of assays utilising different 

technologies to measure different cellular events having been developed over the 

years.
279

  The majority of these assays require some form of cellular engineering or 

labelling and a wide variety of purpose designed cell lines are now commercially 

available for use in these assays.
280

  Genetic manipulation of protozoan parasites for 
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NTD drug discovery, however, is relatively challenging, and therefore the target of 

interest is instead engineered into a different organism, or vehicle, for study.  The 

simplest organisms to manipulate are bacteria; for example, Escherichia coli was 

successfully utilised as a vehicle by Eakin et al. in a screen for inhibitors of parasite 

enzymes involved in purine salvaging.
281

  A major drawback of using bacteria is that 

their cellular machinery for folding proteins is different to that of eukaryotes and 

misfolding can often occur.
282

  As a result, yeast (most commonly S. cerevisiae and 

Schizosaccharomyces pombe), which is highly tractable, is gaining increasing 

recognition as a potential vehicle for HTS.
283

     

 

 The most common use of yeast cell-based screening relies upon the substitution of 

an essential yeast gene with a functional orthologue from the organism of interest.  This 

approach has been widely utilised in the study of both mammalian
284

 and parasite
285, 286

 

proteins.  However, the first, and so far only, account of yeast-based HTS for NTD drug 

discovery was published by Bilsland et al. in 2013, whereby they co-expressed the 

essential dihydrofolate reductase genes from different species with different fluorescent 

proteins.  The fluorescence output could therefore be measured as an indicator of 

growth, and hence inhibition by test compounds.
287

   

 

 Although less common, yeast can also be utilised in different assay formats.  One 

of these is a lethal expression platform, whereby the introduction of a foreign protein 

results in growth impairment.  This was successfully demonstrated by Kurtz et al., who 

over-expressed an ion-channel forming protein from the influenza virus in S. cerevisiae 

resulting in reduced growth, which was corrected in the presence of enzyme 

inhibitors.
288

  In addition, yeast can also be used as a transactivation platform, whereby 

modulation of foreign protein activity affects the levels of secondary messenger 

substrates or products which therefore leads to an altered phenotype.  An assay of this 

type was developed by Middendorp et al. in their investigation of human β-secretase, an 

enzyme thought to be associated with Alzheimer’s disease.  They engineered a yeast 

strain in which the gene for histidine was under the control of a GAL promoter and      

β-secretase was responsible for the activation of invertase, an enzyme that catalyses the 

hydrolysis of sucrose to glucose.  Glucose subsequently repressed the GAL promoter 

and prevented the production of histidine, meaning the yeast was non-viable on medium 

lacking this amino acid.  On the other hand, in the presence of a β-secretase inhibitor no 
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invertase and hence no glucose was produced, permitting the growth of the yeast in the 

absence of histidine.
289

 

 

 The main advantage of cell-based target-directed screening is that the identity of the 

target is known, which makes the progression of hit compounds to the next stage of the 

drug discovery pipeline much more rapid.  Furthermore, yeast-based screening provides 

several additional advantages including: straightforward genetic engineering, especially 

with respect to protozoan parasites; low cost of culture; and rapid growth rate.
290

  One 

disadvantage of utilising either type of phenotypic assay is that hit compounds which do 

not cross the plasma membrane will not be identified, even though a simple resynthesis 

might solve the problem; this issue is exacerbated in yeast which has the additional 

barrier of the cell wall.  In addition, the target in yeast is tested in its non-native 

environment which could affect protein function and interaction.  As each assay format 

has its pros and cons, it is therefore necessary to take all of these into consideration 

when selecting the most suitable format for each individual HTS campaign. 

 

1.4.2.2.3 Assay Optimisation 

 

 Once the appropriate assay format has been selected it must be carefully optimised 

for several parameters, the primary one being cost.  The need to lower cost was the 

driving force behind the miniaturisation process from 96-well plates down to 384-well 

and 1,536-well plate formats.  However, it has been observed that reagent costs may not 

decrease linearly with the reduction in assay volume as proportionally more material is 

required in order to obtain the same signal and data quality.  For example, in a 

comparison of different assay formats for Kinase assays, Klumpp et al. observed that 

for luminescence assays, the total volume was reduced eight-fold in 1,536-well format 

compared to 384-well format but the amount of luminescence reagent could only be 

reduced four-fold.  In contrast, with fluorescence resonance energy transfer (FRET) 

assays and fluorescence polarisation assays the reduction in reagent required was 

proportional to the reduction in total volume.
291

 

 

 As HTS deals with large numbers of samples, the time required to run the assay on 

a day-to-day basis is another key factor.  Assays that require either a long setup period 

or exhibit a slow plate readout rate are highly disfavoured as they result in equipment 
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backlogs.
292

  It is also essential to determine the tolerance of the assay to the solvent the 

test compounds are delivered in, which is usually dimethyl sulphoxide (DMSO).  This 

solvent is utilised in the assay as a negative control, so during assay development it is 

necessary to check whether different concentrations of the solvent affect the readout;
293

 

this is particularly important for phenotypic assays as many organic solvents have 

damaging effects on cell membranes and are therefore toxic.
294

  For biochemical assays, 

buffer composition, pH and concentration is critical and must closely resemble the 

natural environment of the target to ensure it behaves as expected.
247

  Finally, running 

the assay at the optimum temperature will decrease the time required to obtain a signal 

of sufficient quality. 

 

 Overall, assay development is generally the longest part of the HTS campaign 

given the sheer number of variables to consider.  The process can take anywhere from a 

few weeks (if a similar screen has been conducted before and only a few modifications 

are needed) to several months (if an entirely new screening format is required for a 

novel target).  A few trial plates at the selected conditions are tested using a known 

inhibitor to ensure signal to noise ratio is high enough before progressing to the next 

stage. 

 

1.4.2.3 Assay Validation 

 

 The purpose of validation is to assess how the optimised assay will perform under 

high throughput conditions.  This includes obtaining predictions of hit rate, F+ and false 

negative (F−) rates as well as determining robustness and day-to-day reproducibility of 

the assay. 

 

 In order to achieve this, a representative sample from the compound library to be 

screened is selected at random.  The size of this sample is typically between 1% and 5% 

of the total library size; any smaller would reduce the usefulness of validation in 

predicting the factors mentioned above, whilst any larger would result in a large waste 

of material should any major problems be identified.
247

  These compounds are 

subsequently dispensed into triplicate sets of plates, with some wells being reserved for 

the solvent negative control and a known inhibitor as a positive control.  Each set is then 
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run on a different day using the conditions that have been optimised for the HTS 

assay.
295

 

 

 The first check performed upon undertaking assay validation is that there are no 

technical problems, such as issues with setup, robotics or plate readers, involved in 

running the assay.  One such issue was flagged by Maddox et al. during their screen for 

novel upregulators of the heat shock protein 70 promoter, where a linear trend between 

the order of plate preparation and the signal to noise ratio was observed.  Further 

investigation revealed that the time the plates were left at room temperature after setup 

but prior to incubation correlated proportionally with an elevation of background levels 

of activity, hence batch size had to be reduced to minimise the amount of time between 

dispensation and incubation.
296

 

 

 Upon obtaining numerical results from validation, computational analysis is then 

required to determine whether the assay is suitable to progress to the primary HTS 

screen.  Primarily, the data allows an estimation of the hit rate for the assay.  In order to 

be classed as a hit the compound must show a percentage activity above the 

statistically-defined threshold which is calculated as shown in equation 1.1.
297

  The 

ideal hit rate in a primary HTS is about 1%; anything much higher than this will result 

in many potentially valid compounds having to be discarded at the next step of the 

screening campaign.  One method of reducing a high hit rate is to lower the 

concentration of test compounds so as to remove those of lower potency; this technique 

was successfully employed by Urban et al. in a screen for chaperones of 

glucocerebrosidase, a protein which, when mutated, causes Gaucher’s disease.  Their 

initial screen produced too many compounds for them to investigate further, but they 

were able to reduce their hit rate from 4.3% to 0.7% by lowering the compound 

concentration from 76.7 µM to 15.3 µM.
298

  Significantly high hit rates (> 10%) are 

indicative of a problem with the assay, such as an excessive solvent concentration or 

elevated temperature affecting the target. 

     

 Another important statistical value calculated is the Z-prime factor (Z′), the formula 

for which is given in equation 1.2.
299

  This replaced the previously utilised signal to 

noise ratio which, whilst measuring the difference between positive and negative 

samples, does not take result variability into account.  Z′, on the other hand, is 
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(1.1) threshold = M + (3×SD) 
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


 (1.2) 

where: SD  =  standard deviation 

 M =  mean 

 C1 =  negative control 

 C2 = positive control

  

 

 

Figure 1–20: Idealised Gaussian distributions of the data and separation bands typically 

observed in an assay (adapted from Zhang et al.
299

 with permission).  Abbreviations are as 

in equation 1.2.  The variability is 3SD (from the standard threshold calculation, equation 

1.1) and encompasses 99.7% of the data points.  The greatest separation and highest Z’ will 

occur when the difference between the means is large and the standard deviation is small 

calculated using both the means and standard deviations of the samples so is a much 

more accurate measure of assay robustness.  It is essentially a measure of positive and 

negative population separation, as shown in Figure 1–20.  In order to obtain the most 

reliable Z′, a large number of control wells would ideally be spaced randomly around a 

test plate to ensure the values obtained were independent of each other.  In practice, this 

is not feasible; dispensing compounds, either manually or robotically, into random wells 

rather than a common layout would drastically decrease throughput.  In addition, the 

larger the number of control wells, the fewer wells available for test compounds.  As a 

result, two columns per plate are typically reserved – one each for the positive and 

negative controls – and these are preferably centralised to avoid edge-related bias.  

Whilst Z′ > 0.5 was originally considered very good,
299

 0.5 is now generally considered 

to be the minimum Z′ for a high throughput assay to be approved, with Z′ > 0.7 being 

excellent.
300-302
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Figure 1–21: Compound attrition through the HTS cascade 

 Finally, running the validation plates in triplicate allows an estimation of the F+ 

and F− rates for the assay.  Compounds which produce a positive result in one plate and 

negative in the other two are F+, with compounds that produce a negative result in one 

plate and positive in two being F−.  Of the two, the F− rate is more important; following 

primary HTS, compounds which are F+ can be identified and discarded after the 

confirmation screen, whilst compounds which are F− will be lost in the primary screen 

and have no chance of being recovered.  Therefore, whilst the F+ rate can reach as high 

as 10% without causing alarm, a F− rate greater than 2% is generally considered 

unacceptable.
303

 

 

1.4.2.4 HTS Implementation and Data Analysis 

 

 Following a successful validation the primary screen can finally be undertaken.  

Given the difficulties that often arise during target selection and assay development, the 

screen itself is often the easiest part of the whole HTS campaign although it involves 

several stages and can still be extremely time consuming (Figure 1–21).  The most 

difficult task is ensuring consistency across the entire time period of the screen, so it is 

preferable that all reagents used are from the same batch and all biological material used 

originates from the same source.  The throughput rate is dependent on the technical 

parameters of the assay, such as incubation time and plate reading time. 
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 Despite the care taken, there is a possibility that systematic errors will be observed 

in the HTS results.
304, 305

  Common causes of this include plate positional effects in 

either dispensation or reading (where certain rows or columns exhibit consistently high 

or low values in comparison to the rest of the plate)
306

 and uneven temperature or 

evaporation effects across the plate.
307

  The latter has become an increasingly common 

occurrence as assays have miniaturised; the loss of 1 µl of moisture from a 5 µl assay in 

a 1,536-well plate has a much more pronounced effect than the loss of the same volume 

from a 50 µl assay in a 384-well plate. 

 

 Compounds which are identified as hits are then screened again, in the same format 

as the primary HTS, in duplicate.  This step is termed confirmation and is used for two 

purposes: to identify and eliminate any compounds which were F+ in the first screen (as 

described in section 1.4.2.3); and to obtain average percentage activities for compounds 

which are true hits.
247

  Alternatively, an orthogonal secondary screen can be used at the 

confirmation stage to validate the hits from the primary screen, before active 

compounds are progressed to the next stage which is called dose response.  Here, 

compounds are screened in duplicate at a range of concentrations (these vary between 

screens and pharmaceutical companies but generally range from ~100 µM to ~1 nM) in 

order to calculate their half maximal inhibitory concentration (IC50).
308

  This stage may 

be carried out used either the primary or secondary assay, although the biochemical 

assay is generally utilised given that it is directly testing the response of the target. 

 

 The final phase of the HTS implementation process is a cytotoxicity assay.  This 

involves screening the hit compounds against human cells in order to check for off-

target toxicity.
309

  The cells used are usually HepG2 hepatoma cells given that the liver 

is the organ most commonly damaged by drugs; a study in 2003 showed that drug-

induced liver injury accounted for more than 50% of cases of acute liver failure in the 

United States,
310

 with more than 600 drugs being linked to hepatotoxicity.
311

  

Compounds which are active in this assay are therefore instantly discarded as they are 

too hazardous to progress further.             
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1.4.2.5 Lead Selection 

 

 Depending on the numbers of compounds which are inactive in the cytotoxicity 

assay, some or all of them are given lead status.  These may not necessarily be the 

compounds which produce the highest response; compounds with slightly less activity 

but more favourable pharmacokinetic profiles will be given priority as these are more 

likely to eventually make better drugs, as was demonstrated by Lipinski et al. in 

1997.
312

  The group studied over 2,000 drugs and drug candidates in clinical trials and 

found that the best oral drugs, which tended to be membrane permeable and hence 

readily absorbed by the body, tended to have properties which fell within certain limits.  

These guidelines are referred to as ‘the rule of 5’ and cover molecular weight (< 500), 

LogP  (< 5), number of H-bond donors (< 5) and number of H-bond acceptors (< 10).
312

  

These criteria are commonly used as a measure of drug-likeness, and any screening hits 

that match (or are close to) these criteria will certainly be considered for lead status. 

 

 It is, however, important to note the distinction between drug-like and lead-like 

candidate compounds.  As discussed above, the former display properties common 

among approved drugs; this does not, however, mean that they are amenable to a lead 

optimisation campaign.  In contrast, lead-like compounds tend to be smaller with 

simpler chemical structures, which facilitates subsequent modification, whilst retaining 

the other favourable physiochemical properties.
313

  Lead optimisation is therefore 

generally faster and more cost effective for these compounds.  As a result, an assortment 

of both drug-like and lead-like compounds may be delivered to the medicinal chemists 

for lead optimisation, marking the end of the HTS phase of the drug discovery process. 

  

1.4.3 Perspectives 

 

 In summary, HTS is a process which allows large libraries of compounds, ranging 

from several thousand to a few million, to be tested against a particular biological target 

or system.  It is therefore of paramount importance to many drug discovery campaigns, 

allowing the acquisition of large amounts of data in a timescale that would have been 

inconceivable just a few decades ago.  Despite this, its usefulness has been called into 

question by many groups given the low number of clinical successes that have resulted 

from this particular method.
314-316

  On the other hand, strong proponents of HTS argue 
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that the high number of lead compounds identified by this method is sufficient proof 

that it remains one of the most valuable tools in drug discovery.
317, 318

 

 

 Irrespective of personal opinion, HTS continues to be the method of choice for the 

lead generation stage of many current drug discovery campaigns.  As such, the field is 

continually advancing both in terms of technological developments and increasing the 

quality and diversity of chemical libraries.
319

  Consequently, it can be predicted that 

HTS will continue to play a vital role in drug discovery for many years to come.    

 

1.5 Project Aims 

   

1.5.1 Previous Work 

 

 Building on the discovery of the kinetoplastid IPCS enzymes by Denny et al., work 

in the group subsequently focussed on constructing a yeast expression system to 

produce the L. major IPCS (LmjIPCS).  This was achieved by bringing the yeast AUR1 

enzyme under the control of a GAL promoter which was repressed in the presence of 

glucose, meaning that the yeast was reliant on the expression of the LmjIPCS from an 

added plasmid.  Following this, further work revolved around formatting an assay to 

screen the enzyme biochemically, which was subsequently used to screen a synthesised 

library of substrate analogues.  The expression system was also successfully formatted 

for isoform 4 of the T. brucei sphingolipid synthase enzyme (TbSLS4) and plant 

orthologues.
212, 217, 320, 321

   

 

 However, doubt was later cast on the expression system by Sevova et al., who 

observed that TbSLS4 was capable of synthesising sphingomyelin and ethanolamine 

phosphorylceramide but not IPC.
322

  They suggested that this could be due to leaky 

expression from the GAL promoter, which would result in some AUR1 being produced 

and hence IPC product being observed.  This therefore threw the results obtained thus 

far in the group into question.  In addition, the biochemical assay developed is only 

suitable for low throughput screening in 96-well plate format due to the numerous 

manual separation steps that are involved. 
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1.5.2 Objectives 

 

 With the above limitations in mind, the aims of the project were as follows: 

 

1. To establish a new system to produce the LmjIPCS and T. brucei orthologues 

(referred to as sphingolipid synthases (SLSs) given that they are multifunctional)
211

 

that would eliminate the potential for leaky expression of AUR1 and hence confirm 

whether they are functional orthologues of the yeast enzyme.   

2. To design, develop and implement a novel assay utilising the constructed strains to 

screen the 1.8 million compound collection at GlaxoSmithKline (GSK) in order to 

identify novel small molecule inhibitors. 

3. To perform secondary screening (both biochemical and in cellulo against parasites) 

in order to determine whether any of the compounds selected were suitable for lead 

development. 

4. To explore SARs for this lead series in order to ascertain whether the efficacy of 

the lead compound(s) could be enhanced in order to produce the best possible 

candidate to be progressed further down the drug discovery pipeline. 
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2.1 Introduction 

 

 As discussed in section 1.5, Sevova et al. disputed the previously utilised 

expression system, citing the potential for leaky expression of the yeast AUR1 

protein.
322

  In order to address this claim, a novel expression system was required.  

Rather than keeping AUR1 expression under promoter control, the removal of the 

AUR1 coding sequence entirely would result in yeast completely dependent on a 

kinetoplastid SLS for growth.  This would therefore completely eliminate the possibility 

of leaky expression of AUR1.  Further characterisation of the kinetoplastid SLSs would 

hence be possible and would either confirm or disprove the results previously published. 

 

2.2 Construction of Complemented Mutant Yeast Strains 

 

 L. major contains a single IPCS enzyme, the gene sequence for which is located in 

the TriTrypDB genome database with the accession number LmjF.35.4990.  With much 

of the previous work in the group centring around LmjIPCS, this enzyme was the 

primary focus.  The TbSLS4 enzyme also required investigation as, as discussed in 

section 1.5.1, the ability of this enzyme to function as an IPCS was questioned in the 

literature.  This enzyme was therefore investigated along with T. brucei sphingolipid 

synthase isoform 1 (TbSLS1) in order to confirm this activity.  The gene sequences for 

TbSLS1 and TbSLS4 are located in the TriTrypDB database 

(http://www.tritrypdb.org/tritrypdb/) for the T. brucei Lister 427 strain with the 

accession numbers Tb427tmp.211.1030 and Tb427tmp.211.1000 respectively. 
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 The coding sequences were cloned into multiple cloning site (MCS) 2 in the pESC-

LEU (pEL) plasmid vector (Figure 2–1),
323

 bringing the enzymes under the control of a 

GAL promoter.  The plasmids were amplified in E. coli before being purified and used 

to transform the α ade
−
.lys

−
.leu

−
.Δaur1::TRP1.pRS316.URA

+
.ScAUR1

+ 
S. cerevisiae 

strain.  This is a strain in which the genomic AUR1 has been knocked out and replaced 

by the TRP1 gene encoding tryptophan, with the AUR1 gene, encoding the essential 

IPCS, being reintroduced on a plasmid.  A kind gift from Prof. T. Dunn, this strain had 

previously been utilised to confirm the function of the Arabidopsis thaliana protein 

ERH1 as an IPCS.
324

  In addition to the three kinetoplastid SLSs, the S. cerevisiae strain 

was also transformed with pEL.ScAUR1
+
 as a control.  The transformants were grown 

on permissive SGR medium; this contained galactose to induce expression of the IPCSs 

and raffinose to act as a carbon source, and lacked tryptophan and leucine in order to 

select for successful transformants.     

 

 In order to cure the yeast of the pRS316.URA3
+
.ScAUR1

+
 plasmid, the successful 

transformants were subsequently grown on medium containing 5-fluoroorotic acid 

(5FOA).  In cells maintaining the aforementioned plasmid the gene product of URA3, 

the enzyme orotidine 5′-phosphate decarboxylase, coverts 5FOA to fluorouracil, a toxic 

analogue of uracil, resulting in cell death (Figure 2–2).
325

  This process is known as a 

plasmid shuffle. 

 

 

Figure 2–1: The structure of the pEL plasmid.
323

  The genes for ampicillin 

resistance and LEU2 are selectable markers for E. coli growth and S. cerevisiae 

growth respectively.  The two MCSs are under the control of GAL promoters, so 

are active in the presence of galactose and repressed in the presence of glucose 
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 The yeast transformed with pEL.LmjIPCS
+
 (α-Lmj) was able to grow on 5FOA 

medium, and a successful plasmid shuffle was confirmed by colony polymerase chain 

reaction (PCR) (Figure 2–3 (a)).  Confirmation of L. major IPCS as a functional 

homologue of AUR1 was subsequently achieved using a complementation assay, in 

which α-Lmj and the control strain complemented with pEL.ScAUR1
+
  (α-AUR1) were 

streaked on both permissive and non-permissive medium (Figure 2–3 (b)).  The 

complemented yeast strains were only capable of growth on permissive medium, 

verifying that not only are they functionally homologous, but that a functioning IPCS 

enzyme is essential for yeast growth.  This was confirmed by Dr N. Wansadhipathi-

Kannangara, who observed that neither of the two human SMS enzymes is capable of 

rescuing aur1Δ yeast.
326

 

 

 The yeast transformed with pEL.TbSLS1
+
 (α-Tb1) or pEL.TbSLS4

+
 (α-Tb4) both 

plasmid shuffled successfully, as confirmed by colony PCR (Figure 2–4 (a)).  When the 

strains were tested in the complementation assay they exhibited the same growth pattern 

as both the previously tested α-Lmj and the α-AUR1 control (Figure 2–4 (b)).  As the 

engineered yeast strains are fully dependent on the T. brucei SLS enzymes in the 

absence of endogenous AUR1, this strongly suggests that TbSLS1 and TbSLS4 are 

functional homologues of AUR1 and are capable of synthesising IPC.   

 

 The results obtained thus far are in accord with those previously observed in the 

group.  However, in addition to questioning the expression system, Sevova et al. also 

reported that the TbSLS enzymes were insensitive to the fungal IPCS inhibitor AbA 

(17, Figure 1–15).
322

  This contradicts the group’s study in which TbSLS4 was observed 

to be sensitive to AbA.
217

  This discrepancy therefore required further investigation.  
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Figure 2–2: The conversion of 5FOA to fluorouracil by orotidine 5′-phosphate decarboxylase 
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a 

b 

SD –W –L AUR1 

LmjIPCS 

SGR –W –L AUR1 

LmjIPCS 

Figure 2–3: (a) Colony PCR of the plasmid shuffled strains, using primers designed to amplify 

fragments of the inserted coding sequences.  A refers to the α-AUR1 strain and AUR1-specific 

primers and L refers to the α-Lmj strain and LmjIPCS-specific primers.  No PCR product is 

observed when the α-Lmj strain is cycled with AUR1-specific primers, indicating that the 

plasmid shuffle was successful.  (b) Complementation of α ade
−
.lys

−
.leu

−
.Δaur1::TRP1 with 

pEL.LmjIPCS
+
 and the control pEL.ScAUR1

+
.  No growth was observed on glucose-containing 

medium (SD) due to the repression of expression from the GAL promoter.  Both strains 

displayed growth on galactose-containing medium (SGR) as this induces expression 
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Figure 2–4: (a) Colony PCR of the plasmid shuffled strains, using primers designed to amplify 

fragments of the inserted coding sequences.  A refers to the α-AUR1 strain and AUR1-specific 

primers, 1 refers to the α-Tb1 strain and TbSLS1-specific primers and 4 refers to the α-Tb4 

strain and TbSLS4-specific primers.  No PCR product is observed when the α-Tb1 or α-Tb4 

strains are cycled with AUR1-specific primers, indicating that the plasmid shuffle was 

successful. (b) Complementation of α ade
−
.lys

−
.leu

−
.Δaur1::TRP1 with pEL.TbSLS1

+
, 

pEL.TbSLS4
+
 and the control pEL.ScAUR1

+
.  No growth was observed on glucose-containing 

medium (SD) due to the repression of expression from the GAL promoter.  All strains 

displayed growth on galactose-containing medium (SGR) as this induces expression 
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a c b d 

Figure 2–5: Diffusion assay of (a) AUR1, (b) LmjIPCS, (c) TbSLS1 and (d) 

TbSLS4.  AUR1 and TbSLS4 demonstrate sensitivity to 100 µM AbA as can be 

seen by the formation of clearance zones, whilst LmjIPCS and TbSLS1 do not 

2.3 Sensitivity of Kinetoplastid SLSs to AbA 

 

2.3.1 Diffusion Assay  

 

 The sensitivity of the complemented yeast strains to 100 µM AbA was first tested 

in a diffusion assay.  This involved embedding the yeast in permissive medium 

solidified with agarose before applying the inhibitor as a solution in DMSO.  This was 

able to diffuse through the agarose and, if active, produce a clearance zone around the 

point of application where the yeast would be unable to grow. 

 

 The results are shown in Figure 2–5.  As expected, α-AUR1 exhibited sensitivity to 

AbA whilst α-Lmj did not, a result which mimics those obtained previously in the 

group.
212

  Notably, the TbSLS strains demonstrated differential sensitivity to AbA with 

α-Tb1 being insensitive and α-Tb4 being sensitive.  This difference is an extremely 

interesting observation given the high homology between the two coding sequences 

(90% identity) and protein sequences (86% identity) and hence a secondary, orthogonal 

assay was required in order to confirm this result. 

 

2.3.2 Biochemical Assay  

 

 In order to verify the results obtained in the diffusion assay, the sensitivities of the 

kinetoplastid SLSs were investigated biochemically.  This necessitated the production 

of microsomal membrane material, which was undertaken according to the established 
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protocol.
320

  However, low yields of below 0.05% were consistently obtained, which 

were far lower than those previously reported.  Increasing the number of vortexing 

cycles and the mass of glass beads used resulted in marginal improvements.  The crucial 

factor for increasing the yield was found to be the size of the glass beads; the maximum 

yield obtained using 212−300 µm beads was 0.08% whilst yields up to 0.45% were 

obtained using 425−600 µm beads; this therefore suggests that larger beads led to 

increased disruption of the yeast cells.   

 

 With the microsomal membranes in hand, the sensitivities of the kinetoplastid SLSs 

to 1 µM AbA were tested using the established high-performance thin layer 

chromatography (HPTLC) assay.
320

  This protocol involved the incubation of the crude 

microsomal membrane fractions (in the absence of additional PI) with NBD-C6-

ceramide, a fluorescent analogue of ceramide, in the presence of an inhibitor.  The 

turnover of this commercially available substrate to the fluorescent product NBD-C6-

IPC, as shown in Figure 2–6, was determined by separating the components of the 

reaction mixture on a HPTLC plate and visualising using a fluorescence scanner.  NBD-

C6-ceramide has an Rf of 0.96 whilst NBD-C6-IPC has an Rf of 0.57, resulting in well-

defined separation and resolution between the two bands.
212

 

  

 The results, shown in Figure 2–7, validate what was observed in the diffusion 

assay, confirming the differential sensitivity of the two TbSLS enzymes to AbA.  This 

observation is even more significant in this assay due to the lower concentration used 

for testing.  Unexpectedly, however, only a single product was observed for TbSLS4.  

Whilst a single product is the expected case for L. major, the SLS enzymes of T. brucei 

have previously been shown to be multifunctional; TbSLS1 synthesises both IPC and 

sphingomyelin, and different studies suggest that TbSLS4 is capable of synthesising 

IPC, sphingomyelin and ethanolamine phosphorylceramide.
211, 217

  Whilst a faint band 

for sphingomyelin can be seen for TbSLS1, IPC is the only band observed for TbSLS4.  

Figure 2–6: The conversion of NBD-C6-ceramide to NBD-C6-IPC by IPCS 

OH

OH

NH

H27C13

O

N
H

NO

N

O2N

O

OH

NH

H27C13

O

N
H

NO

N

O2N

P
O

O

O
-

OH

OH

OH

OHOH



 2. Analysis of LmjIPCS and TbSLS Enzymes 

61 

 

a c b d 

AbA 
 

NBD-C6-Cer 
 

 

 

 

NBD-C6-IPC 

 

 
 

 
 

Origin 

 

−    + −    + −      +   −       + AbA 
 

NBD-C6-Cer 

 

 

 
 

 

NBD-C6-IPC 

Sphingomyelin 

 

 
 

 

Origin 

 

No explanation can be offered for this observation, although it is possible that additional 

products are being produced in concentrations too low to be detected. 

 

 

 

 Although the reason for the observed differential sensitivity has not yet been 

determined, there are a few potential explanations.  One possibility is that the 

kinetoplastid SLSs interact differently with KEI1, an AUR1 accessory protein identified 

by Sato et al.
327

  Mutant S. cerevisiae lacking the KEI1 protein showed decreased IPC 

production and hypersensitivity to AbA, demonstrating its essentiality in the correct 

functioning of IPCS.  The ability of KEI1 to interact with IPCSs of different origins 

could therefore affect the activity observed, with poor interaction resulting in reduced 

activity and increased sensitivity.  Alternatively, slight differences in the protein 

sequences could be responsible.  As can be seen in Figure 2–8, whilst the TbSLS protein 

sequences are highly conserved there are a couple of regions where the sequences differ.  

The first of these regions is a putative transmembrane domain, and therefore unlikely to 

be involved.  The other is at the cytosolic C-terminus and is therefore more capable of 

interaction with other proteins or compounds.   

 

 

 

Figure 2–7: HPTLC assay of (a) AUR1, (b) LmjIPCS, (c) TbSLS1 and (d) TbSLS4 in the 

presence (+) or absence (−) of 1 µM AbA.  AUR1 and TbSLS4 demonstrate sensitivity to 

AbA, as can be seen by the lack of NBD-C6-IPC formation, whilst LmjIPCS and TbSLS1 do 

not.  The apparent differences in the Rf of NBD-C6-IPC is likely due to the high volatility of 

chloroform and hence slight variations in the solvent system used to run the HPTLC plates 
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 One additional possibility is that enzyme function is being affected by small 

variations in protein sequence.  The alignment of the amino acid sequence for TbSLS4 

determined in-house with those from Goren et al.,
211

 the TriTrypDB database 

(http://www.tritrypdb.org/tritrypdb/) and the UniProt archive (http://www.uniprot.org/) 

is shown in Figure 2–9 and demonstrates a lack of sequence consensus.  Whilst this may 

be explained for UniProt sequence due to the source strain being different (T. brucei 

TREU927 rather than Lister 427) there are still eight positions where amino acid 

identity differs between the other three sequences.  Notably, there is also a deletion in 

the Durham sequence compared to the other three, and this along with seven of the ten 

amino acid discrepancies are located in the C-terminal region beyond D4.   

 

 

 

 

 

Figure 2–8: Alignment of the four TbSLS coding sequences with the conserved domains 

proposed by Huitema et al.
209

 for SMS shown in red and the variable regions shown in green 

D4 
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 This could be significant given that there is still debate as to where AbA binds to 

the IPCS enzyme.  In an investigation of the yeast AUR1 enzyme, Aeed et al. observed 

conflicting results; synthetic compounds based on fragments of AbA showed 

competitive inhibition, suggesting binding in the active site, whereas AbA showed non-

competitive inhibition against an AbA-resistant AUR1 mutant.
328

  This resistance was 

due to the mutation of a single amino acid (F158Y) that is considerably removed from 

the residues of the catalytic triad, and whilst it is possible that this mutation results in a 

conformation shift that prevents AbA binding in the active site, it is equally possible 

that this residue is involved in AbA binding.  Interestingly, mutation of the 

neighbouring amino acid (H157Y) also generates a resistant enzyme,
200

 which might 

support the theory that AbA binding is distant from the active site.  The C-terminal 

region, which is a large cytosolic domain (and hence more accessible than the active site 

in the Golgi lumen), might therefore present a possible binding site in the kinetoplastid 

IPCS enzymes.   

 

Figure 2–9: Alignment of the TbSLS4 coding sequences with the 

conserved domains proposed by Huitema et al.
209

 for SMS shown in red, 

amino acid variations shown in green and the deletion shown in blue 
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 Furthermore, the C-terminus has been shown to be essential for IPCS function; 

Nagiec et al. demonstrated that a frame-shift mutation of AUR1 resulting in deletion of 

the C-terminus led to a loss of IPCS activity.
202

  It is therefore possible that some 

residues in this region may be essential for activity and, given that the TbSLS enzymes 

are multifunctional, it could be hypothesised that one or more of the mutations in the 

Durham sequence may be responsible for the apparent lack of sphingomyelin synthase 

activity demonstrated by TbSLS4.  Further investigation, such as site-directed 

mutagenesis to identify the key residues responsible for IPC and sphingomyelin 

synthase activity as well as AbA sensitivity, would be required to fully investigate this 

observation.    

 

2.4 Conclusion 

 

 The work described in this chapter involved the construction of yeast strains 

complemented with kinetoplastid SLS enzymes.  LmjIPCS, TbSLS1 and TbSLS4 were 

all shown to be capable of synthesising IPC, and whilst LmjIPCS and TbSLS1 were 

insensitive to AbA, TbSLS4 was found to be sensitive.  This supports the previous work 

undertaken in the group and is evidence that selective inhibition of related kinetoplastid 

SLSs is achievable. 

 

 Having constructed and validated the complemented strains, attention turned to the 

second aim of the project, which was to develop and implement a HTS-compatible 

assay.  Neither of the assays utilised thus far are suitable; both are low throughput and 

quantification of the results is possible but imprecise.  The 96-well plate format 

biochemical assay is also unsuitable due to the numerous manual handling steps 

required.
320

  A miniaturised cell-based assay using the constructed strains was therefore 

required, and the development of this will be described in the following chapter. 
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3.1 Introduction 

 

 With the engineered yeast constructs in hand, the next step was to establish a HTS-

compatible assay in order to screen the 1.8 million compound library held at the GSK 

facilities located in Tres Cantos, Spain.  As discussed in section 1.4.2.2.3, a number of 

factors had to be considered when designing the assay, with cost and time being the 

major issues.  As a result, the assay was required to be quick and easy to run, 

maximising the use of automation and minimising the number of reagents and 

components involved. 

 

 Of the three strains constructed, α-Lmj was selected to be used in the screen for two 

reasons.  Firstly, whilst the number of HAT cases has decreased by 76% since 2000, the 

number of cases of leishmaniasis has increased exponentially and consequently is it 

considered by the WHO, and therefore also by GSK, to be a greater priority.
1
  Secondly, 

Leishmania spp. possess only a single IPCS enzyme.  T. brucei has four and, whilst 

RNA interference studies have shown that inhibiting gene expression of all four 

isoforms results in arrested division and some cell death,
217

 it is not known whether the 

enzymes are redundant and therefore if the parasites could continue to divide and grow 

with up to three isoforms inhibited.  HTS against TbSLS would therefore have to be 

undertaken against all four isoforms in order to identify common inhibitors; this would 

be extremely time consuming, making α-Lmj the obvious choice. 
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3.2 Yeast Multiplexing Assay 

 

3.2.1 Assay Rationale 

 

 The first assay format proposed was a novel multiplexing assay in which the 

growth of two different yeast strains in the same well could be compared by engineering 

the strains to produce different, complimentary fluorescent proteins.  If, for example,   

α-Lmj produced green fluorescent protein (GFP) and α-AUR1 produced red fluorescent 

protein (RFP), the overall fluorescence readout from the wells containing test 

compounds would indicate which, if either, of the two strains was growing and hence 

which SLS had been inhibited (Figure 3–1).  An assay of this type would also allow 

compounds that act via off-target effects to be identified. 

 

 This strategy was possible due to the presence of two MCSs in the pEL plasmid 

vector, as shown in Figure 2–1.  With the required SLS already present in MCS 2, the 

gene for the required fluorescent protein could be cloned into the vacant MCS 1 which 

would place it under the control of the GAL promoter.  As a result, growing in medium 

containing galactose to induce SLS expression would also result in the same level of 

expression of the fluorescent protein, hence fluorescence levels should correlate with 

levels of growth. 
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Figure 3–1: Graphical representation of the potential well readouts of the proposed 

multiplexing assay.  If the test compound inhibits both AUR1 and LmjIPCS or is a general 

antifungal (1), growth of both strains will be low and low fluorescence will be detected.  If 

only LmjIPCS is inhibited (2) the readout at red fluorescence wavelength (580−590 nm) would 

be much higher than at the green wavelength (505−510 nm), and vice versa if only AUR1 is 

inhibited (3).  If the compound is inactive (4) both fluorescence readouts will be high 

 

AUR1 

 
LmjIPCS 
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3.2.2 Construction of Mutant Yeast Strains Expressing Fluorescent Proteins 

 

 The eGFP coding sequence was cloned into MCS 1 of the previously constructed 

pEL.LmjIPCS
+
 and pEL.ScAUR1

+
 plasmids.  Further work on the construction of 

fluorescent strains was undertaken at Tres Cantos by Dr J. Mina, who successfully 

cloned the fluorescent proteins tRFP, mTurquoise and Venus into the pEL.LmjIPCS
+
 

and pEL.ScAUR1
+
 plasmids.  These plasmids were used to transform S. cerevisiae as 

discussed in the previous chapter, although a plasmid shuffle to remove the 

pRS316.URA
+
.ScAUR1

+
 plasmid was not undertaken.   

 

3.2.3 Confocal Microscopy of Fluorescent Yeast Strains 

 

 The fluorescence profiles of the yeast strains were checked prior to further assay 

development by diluting the samples to produce a single cell layer on the bottom of the 

wells in a test plate, which was then analysed by confocal microscopy.  Very low 

proportions of cell populations proved to be fluorescent, with tRFP being the only 

fluorescent protein that was detectably expressed in more than 10% of cells (Figure     

3–2).  This low and variable fluorescence output made accurate comparison of the 

growth of two different strains in the same well unfeasible.  Consequently, although an 

assay of this type has since been reported,
287

 it was concluded that this assay format was 

not robust enough for HTS and the reason for the low fluorescence was not determined 

due to time restrictions.  
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Figure 3–2: (a) The % of the cell population expressing the various fluorescent 

proteins and (b) the microscopic image of a monolayer of cells expressing eGFP.  Low 

and uneven fluorescence readouts show that this was not a suitable option for HTS 
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3.3 Fluorescein Production Assay 

 

3.3.1 Assay Rationale 

 

 Given that the multiplex assay format based on fluorescent protein expression was 

non-viable for HTS, an alternative format was required.  It was subsequently proposed 

that the production of the extracellular enzyme exo-β-glucanase by S. cerevisiae could 

be exploited as a measure of growth.  Whilst the intrinsic function of this enzyme is 

modification of the cell wall in preparation for budding, it is also capable of hydrolysing 

the commercially available, non-fluorescent substrate fluorescein di-(β-D-

glucopyranoside) (FDGlu) to the fluorescent product molecule fluorescein, as shown in 

Figure 3–3.
329

  

 

 Although low levels of exo-β-glucanase are maintained throughout the cell cycle, it 

is thought that the enzyme is synthesised discontinuously with production limited to the 

G2 phase in order to prepare for budding and cell division.
330

  Therefore, in terms of a 

library screening assay, a compound which inhibits the SLS would prevent growth, 

resulting in little exo-β-glucanase production and hence low levels of fluorescence.  On 

the contrary, an inactive compound would have no effect on growth and as a result   

exo-β-glucanase levels would increase as the yeast divides and grows, causing a 

subsequent increase in FDGlu hydrolysis. 

 

3.3.2 Optimisation of Assay Parameters 

 

 FDGlu assays have been utilised in the past by GSK,
331, 332

 so it was hoped that 

adaptation of the assay for screening the α-Lmj yeast would prove straightforward.  This 

adaptation process comprised the optimisation of several parameters, the primary one 

being the constitution of the assay mixture.  This included the composition of the 

Figure 3–3: The hydrolysis of FDGlu to fluorescein by exo-β-glucanase 
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culture medium, the starting yeast culture concentration required to give sufficient 

growth and the concentration of FDGlu required to produce adequate fluorescence.  The 

necessity for a buffer and identity of a suitable positive control compound were also 

investigated. 

 

3.3.2.1 Galactose Concentration 

 

 As perhaps the simplest condition to study, the concentration of galactose in the 

culture medium was the first parameter to be investigated.  Whilst galactose is required 

for the induction of expression of the SLS gene and hence is essential for the growth of 

the yeast, raffinose results in faster growth and hence is preferred as the primary carbon 

source.
333

  The concentration of galactose therefore only needs to be high enough to 

induce expression. 

 

 In addition to investigating different galactose concentrations using glucose as a 

negative control, target validation was also permitted by the use of three test 

compounds.  AbA (17, Figure 1–15), which has been shown to be inactive against 

LmjIPCS, should inhibit growth of α-AUR1 but not α-Lmj whilst two general 

antifungals AmB (4, Figure 1–4) and cycloheximide (20) (Figure 3–4) should prevent 

the growth of either yeast strain. 

 

 

 Various conditions were tested in a matrix assay in a 96-well plate (Appendix A.1) 

against both α-Lmj and α-AUR1.  Compound concentration was decreased down rows 

A−F at a dilution factor of ¼; this resulted in a concentration range of 10 µM to 10 nM.  

Row G contained the DMSO vehicle control, and row H was a control row with no 

yeast cells.  Galactose concentration was decreased across columns 1−8 at a dilution 

NHO

O

O

OH
H

Cycloheximide (20) 

Figure 3–4: The structure of the general antifungal 

cycloheximide, which inhibits protein biosynthesis  
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factor of ½; this resulted in a concentration range of 10% to 0.08%.  Column 9 was a 

control column containing no galactose, and columns 10−12 were control columns 

containing increasing concentrations of glucose.  Monitoring of growth was achieved by 

measuring the optical density (OD) at 630 nm; whilst 600 nm is preferred, the imaging 

equipment utilised was only capable of reading ODs at set values, with 630 nm being 

the closest available option.   

 

 An initial experiment involved the setup of the assay using a starting yeast OD630 of 

0.02.  However, the readings after 24 hours (the maximum assay time permissible to 

achieve the required throughput rate) showed that growth of the yeast had been slow 

and no conclusions could be drawn.  The experiment was subsequently repeated using 

an increased starting yeast OD630 of 0.05.  Following this modification, 24 hours was 

sufficient to obtain adequate levels of growth for data interpretation and the results are 

shown in Figure 3–5. 

 

 

  



  3. Development of a HTS-Compatible Assay 

71 

 

A 

D 

G 
0.0 

0.2 

0.4 

0.6 

0.8 

1 2 3 4 5 6 7 8 9 10 11 12 

R
o

w
 A

b
so

rb
an

ce
 a

t 
6

3
0

 n
m

 

Column 

A 

D 

G 
0.0 

0.2 

0.4 

0.6 

0.8 

1 2 3 4 5 6 7 8 9 10 11 12 

R
o

w
 

A
b

so
rb

an
ce

 a
t 

6
3

0
 n

m
 

Column 

A 

D 

G 
0.0 

0.2 

0.4 

0.6 

0.8 

1 2 3 4 5 6 7 8 9 10 11 12 

R
o

w
 A

b
so

rb
an

ce
 a

t 
6

3
0

 n
m

 

Column 

A 

D 

G 
0.0 

0.2 

0.4 

0.6 

0.8 

1 2 3 4 5 6 7 8 9 10 11 12 R
o

w
 A

b
so

rb
an

ce
 a

t 
6

3
0

 n
m

 

Column 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 AbA, as expected, displayed inhibition of growth of α-AUR1 but was ineffective 

against α-Lmj.  In addition, glucose inhibited the growth of both yeast strains, a result 

that correlated with the previously performed complementation assay (section 2.2).  

These results confirm that a functioning IPCS is required for yeast growth and justify 
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Figure 3–5: Growth of (a, c and e) α-Lmj and (b, d and f) α-AUR1 in the presence 

of (a and b) AbA, (c and d) AmB and (e and f) cycloheximide.  As expected, AmB 

and cycloheximide inhibited the growth of both yeast strains whilst AbA only 

affected α-AUR1.  Column and row labels refer to the plate design in Appendix A.1  
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the use of yeast as a vector for the screen.  Cycloheximide, which is an inhibitor of 

protein biosynthesis,
334

 displayed comparable activity against the two strains; AmB, 

however, appeared slightly more effective against α-Lmj than α-AUR1.  As AmB 

functions by sequestering sterols, this result suggests a difference in membrane 

composition between the two strains.  Therefore, whilst LmjIPCS is functionally 

homologous to AUR1, the two enzymes may not operate at the same rate; possible 

reasons for differences in protein activity are discussed in section 2.3.2.  

 

 Somewhat surprisingly, growth for both strains was high in raffinose only medium 

(column 9).  This highlights the leakiness of the GAL promoter when unrepressed.  

Another interesting observation was that for both α-Lmj and α-AUR1, growth began to 

decrease at concentrations of galactose greater than 0.31% (columns 1−5).  This could 

possibly be attributed to adverse osmotic effects (the loss of water from the yeast cells 

due to the highly concentrated media).  Alternatively, high galactose concentrations 

may result in the overexpression of IPCS.  This could impact yeast growth in a number 

of ways; for example, the Golgi membrane composition could be significantly affected, 

which may in turn have a detrimental effect on the structure or folding of other proteins.  

Another possibility is that IPCS overexpression could adversely affect sphingolipid 

homeostasis.  As discussed in section 1.3.3, ceramide is the central metabolic hub in 

sphingolipid metabolism;
189

 overproduction of IPC would therefore reduce intracellular 

ceramide levels and impact on the levels of other complex sphingolipids.  As a result, 

the galactose concentration of the culture medium was set at 0.1%. 

 

3.3.2.2 FDGlu and Culture Concentrations 

 

 Having established a suitable medium composition attention then turned to 

maximising the fluorescence output of the assay.  As was observed previously, starting 

culture concentration needed to be investigated in order to produce sufficient growth 

during the time period of the assay.  In addition, the concentration of FDGlu required to 

give sufficient fluorescence output also needed to be determined, and it was predicted 

that a high starting culture concentration would require a low FDGlu concentration and 

vice versa.  This, however, led to competing demands as FDGlu is expensive and its use 

would ideally be minimised.  In contrast, large scale yeast culture is relatively cheap but 

is time consuming and requires equipment designed to deal with high volumes. 
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 In order to account for these limitations, two potential methods of minimising the 

concentrations required were proposed.  The first was the possibility that adding FDGlu 

post-incubation rather than pre-incubation may decrease the concentration required due 

to the fact that the quantity of the exo-β-glucanase enzyme could have built up to high 

levels in the culture medium during the 24 hour incubation period.  Therefore, by 

adding the reagent when enzyme levels are high, less FDGlu may be required to 

produce a sufficient difference in fluorescence between positive and negatives samples. 

 

 The other consideration made was the fact that S. cerevisiae grows well under 

mildly acidic conditions and can produce small quantities of organic acids such as lactic 

acid, succinic acid and pyruvic acid in order to acidify the culture medium.
335

  

Fluorescein, however, fluoresces best at neutral pH and therefore addition of a buffer at 

pH 7.0 often results in an improved fluorescence readout.
336

  As a result, the addition of 

a neutral buffer such as phosphate buffer post-incubation may reduce the concentration 

of FDGlu required to obtain a sufficiently strong fluorescent signal.   

 

 In order to investigate these possibilities, a matrix assay was designed (Appendix 

A.2) to test a range of concentration combinations in low volume 384-well plates.  

Starting culture concentration was decreased down rows A−L at a dilution factor of ⅘; 

this resulted in a concentration range of OD600 0.125 to 0.011 (yeast OD was measured 

at 600 nm using a standard spectrophotometer).  FDGlu concentration was decreased 

across columns 1−12 at a dilution factor of ⅘; this resulted in a concentration range of 

20 µM to 1.7 µM.  The matrix was repeated in A13−L24 to produce a duplicate set of 

results in a single plate. 

 

 Two test plates were prepared using α-Lmj, one with FDGlu added and one without.  

Monitoring of the plate to which FDGlu was added post-incubation showed that 

fluorescence increase over a 1 hour period was negligible, suggesting that either the 

enzyme has a very low turnover rate or that levels do not build up in the culture medium 

during growth and therefore little enzyme is present.  The addition of a pH 7.0 

phosphate buffer, however, proved successful and resulted in the fluorescence readout 

from both plates increasing approximately tenfold.  The results following the addition of 

phosphate buffer (Figure 3–6) highlight the distinction between the differential 

additions of FDGlu. 



  3. Development of a HTS-Compatible Assay 

74 

 

  

 From this experiment, it was clear that adding FDGlu post-incubation was not a 

valid option for HTS as, based on this evidence, a lengthy second incubation with 

FDGlu would be required which would add both time and complexity to running the 

assay.  On the contrary, the addition of phosphate buffer post-incubation proved highly 

successful resulting in a much higher fluorescence readout from the two plates, so this 

step was added to the assay protocol.  However, whilst the results show the basic overall 

pattern that would be expected (lower fluorescence at low starting culture and FDGlu 

concentrations than at high ones) when FDGlu was added pre-incubation, no definitive 
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Figure 3–6: The fluorescence readouts following the addition of phosphate buffer 

in response to varying starting culture and FDGlu concentrations when FDGlu was 

added (a) pre-incubation and (b) post incubation, plotted on the same scale.  Each 

column represents the average of the two fluorescence values that were obtained 
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conclusions in terms of optimal concentrations could be drawn given the general lack of 

trends down individual rows and columns and the high number of anomalous results.  

This was attributed to large errors due to the use of a manual multichannel pipette on 

such a small volume scale. 

 

 In order to improve upon the results obtained thus far, a repeat of the experiment 

was undertaken again in a low volume 384-well plate but using a higher volume to 

reduce the pipetting errors and a smaller range of conditions (Appendix A.3) to reduce 

the complexity of the assay.  Starting culture concentration was decreased down rows 

A−D at a dilution factor of ½; this resulted in a concentration range of OD600 0.125 to 

0.016.  Row E was a control row with no yeast cells.  FDGlu concentration was 

decreased across columns 1−4 at a dilution factor of ½; this resulted in a concentration 

range of 20 µM to 2.5 µM.  Column 5 was a control column with no FDGlu.  The 

matrix was repeated in A11−E15 to produce a duplicate set of results in a single plate 

and, following incubation, phosphate buffer was added and the fluorescence of the 

plates read.  The results are shown in Figure 3–7 and, unlike the previous experiment, 

they show excellent correlations between the concentrations of the two factors and the 

resulting fluorescence output.   

 

 

 

 

 

 

 

 

 

 

 

 

 As expected the highest readout was obtained from the highest FDGlu and culture 

concentrations tested, but sufficient fluorescence (> 1000 arbitrary fluorescence units 
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Figure 3–7: The fluorescence readouts following the addition of phosphate 

buffer in response to varying starting culture and FDGlu concentrations.  Each 

column represents the average of the two fluorescence values that were obtained 
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(AFU)) was also achieved using other combinations of concentrations.  From this, it 

was decided that two sets of conditions would be tested further: an FDGlu concentration 

of 20 µM and a starting culture OD600 of 0.031; and an FDGlu concentration of 10 µM 

and a starting culture OD600 of 0.063. 

 

3.3.2.3 Z′ Optimisation 

 

 Having identified two combinations to test further, finalisation of the assay setup 

was undertaken in 1,536-well plates in order to mimic the format in which the HTS 

assay was to be run.  It was decided that the origin of the starting α-Lmj culture (either 

fresh or from frozen stocks) should be investigated.  Whilst it was predicted that fresh 

culture would exhibit superior growth to culture of frozen origin, adjusting the OD600 of 

the fresh culture to the correct value at the start of every assay would be both time 

consuming and increase the potential for contamination; it would therefore be beneficial 

to utilise previously prepared frozen aliquots of culture if at all possible.   

 

 In addition, the compound most suitable for use as a positive control needed to be 

identified.  AmB (4) and cycloheximide (20) both showed inhibition of growth during 

the experiments to determine the optimal galactose concentration, so were retested in 

this assay format.  Two additional compounds were also tested; both clemastine (21) 

and suloctidil (22) (Figure 3–8) were identified in a previous small scale screen as 

having high activity both in the biochemical assay and against L. major promastigotes, 

so it was predicted that both would show inhibition of yeast growth in this assay. 

 

 

 The combinations of conditions were tested in 1,536-well plates (Appendix A.4) 

using both fresh and frozen yeast cultures.  Each set of conditions was tested across four 

S

OH

NH

N

O

Cl

Suloctidil (22) Clemastine (21) 

Figure 3–8: The structures of clemastine and suloctidil, which were 

both shown to be potent inhibitors of LmjIPCS in a previous screen 
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full rows, resulting in 192 data points.  A starting culture containing yeast at OD600 = 

0.031 and 20 µM FDGlu was used to fill rows A–L, whilst a starting culture containing 

yeast at OD600 = 0.063 and 10 µM FDGlu was used to fill rows Q–BB.  AmB or 

suloctidil was tested in rows E–H and U–X, whilst cycloheximide or clemastine was 

tested in rows I–L and Y–BB.  AmB and cycloheximide were tested at 10 µM, as this 

was shown to be effective in the assay to determine optimal galactose concentration, 

whilst suloctidil and clemastine, which were previously untested against yeast, were 

tested at 100 µM.  The DMSO vehicle was used a control for rows A–D and Q–T. 

 

 Upon plate reading, however, it was instantly obvious that there was a major issue 

with the assay setup.  Rather than the fluorescence readout being constant for each 

condition, the data obtained revealed a significant doming effect with high fluorescence 

values being obtained in the centre of the plate and a substantial decrease in 

fluorescence around the edges (Figure 3–9). 

 

 

 

 

 This doming effect was obviously a severe problem given that the very nature of 

the assay involved comparison of fluorescence values between different wells to 

determine the percentage inhibition of growth due to the effect of an added compound.  

Compounds are dispensed across the entire plate for a HTS assay and therefore an effect 

such as this would prevent the acquisition of any meaningful data; for example, 

compounds dispensed around the edges of the plate may appear active without 

possessing any inhibitory activity.  In addition, for this particular experiment, the 

Figure 3–9: The variation in fluorescence across row A (20/0.031, no test compound) 

and row Q (10/0.063, no test compound) in a plate for fresh culture.  20/0.031 refers to 

an FDGlu concentration of 20 µM and a starting culture OD600 of 0.031, whilst 10/0.063 

refers to an FDGlu concentration of 10 µM and a starting culture OD600 of 0.063  



  3. Development of a HTS-Compatible Assay 

78 

 

observation that 10 µM FDGlu and starting OD600 = 0.063 produced a higher 

fluorescence output could simply be due to the fact that this set of conditions was tested 

in rows Q−T along the centre of the plate, whilst 20 µM FDGlu and starting OD600 = 

0.031 was tested in rows A−D along the edge of the plate. 

 

 The explanation for this effect was increased evaporation during incubation from 

the wells around the edges of the plate in comparison to the wells in the centre.  A 

subsequent investigation into ways of reducing this evaporation showed that utilising a 

spare plate to cover the test plate rather than the provided lid significantly reduced this 

evaporation and resulted in constant fluorescence across the rows.  This was attributed 

to the fact that the lids used were generic and capable of covering any type of plate so 

did not produce an exact fit, whereas using a spare plate of the same type resulted in an 

improved fit hence reducing evaporation. 

 

 Having resolved the problem, the assay was subsequently repeated and comparison 

of sets of conditions at this stage was achieved by means of Z′ calculation with a value 

as close to 1.0 as possible being desirable (as discussed in section 1.4.2.3).  The results 

are shown in Figure 3–10.  Somewhat surprisingly, fresh and frozen cultures produced 

comparable fluorescence readouts suggesting that, providing numerous freeze-thaw 

cycles are avoided, there should be no problem with utilising frozen yeast stocks during 

HTS. 
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 The observation that clemastine appeared to be ineffective at inhibiting yeast 

growth was unanticipated.  Given that this compound demonstrated a high potency 

against the parasite promastigotes, this lack of inhibition could only be attributed to the 

differences between parasite and yeast biochemistry, either in terms of membrane 

composition and transport or compound metabolism.  This highlights one of the major 

drawbacks of the assay, as library compounds which may be highly active against the 

enzyme itself would not be identified if they were unable to cross the S. cerevisiae cell 

wall and plasma membrane. 

 

 The other three compounds tested all showed effective inhibition of yeast growth 

which translated into Z′ values sufficient for a high throughput screen.  As a result, the 

conditions selected were those that gave the highest Z′ value of 0.91.  These conditions 

were 10 µM FDGlu and a starting culture OD600 of 0.063 prepared from frozen yeast 

stocks using 10 µM cycloheximide as the positive control. 

 

3.3.3 Assay Validation 

 

 With assay optimisation complete, the next stage was to validate the assay against 

the GSK standard set of 9,766 compounds.  This was undertaken in triplicate against 
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Figure 3–10: The calculated Z′ values using four test control compounds 

and different culture conditions.  20/0.031 refers to an FDGlu concentration 

of 20 µM and a starting culture OD600 of 0.031, whilst 10/0.063 refers to an 

FDGlu concentration of 10 µM and a starting culture OD600 of 0.063 
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both α-Lmj and α-AUR1 to provide an initial appraisal of the specificity of the 

compounds for the two enzymes.  Given that the only difference between the two strains 

is the origin of the IPCS enzyme, compounds which inhibit the growth of the α-Lmj 

yeast but not the α-AUR1 yeast are highly likely to be specific for the LmjIPCS enzyme.  

Having no effect on the α-AUR1 yeast also suggests that compounds do not result in 

any significant off-target effects, which is a highly desirable criterion for a 

pharmaceutical compound. 

 

 The resulting Z′ values for each of the validation plates are shown in Figure 3–11. 

As discussed in section 1.4.2.3, the minimum Z′ for an assay to be approved is 0.5; for a 

screen requiring multiple test plates, this is the minimum mean Z′.  Some test plates 

may therefore be higher or lower than this value, but in order to ensure result reliability, 

the minimum Z′ threshold for an individual plate was set at 0.4. 

 

 One plate into which α-Lmj had been dispensed displayed a strong evaporation 

effect resulting in a Z′ less than the threshold and so had to be failed.  The Z′ values for 

the remaining plates were excellent with a mean of 0.82 for α-AUR1 and 0.68 for        

α-Lmj. 

 

 A numerical summary of the results is shown in Table 3–1.  As a result of the plate 

failure, data analysis for the α-Lmj culture could only be carried out on the 8,373 

compounds for which triplicate data was obtained.  The standard deviation and 

statistical threshold (equation 1.1) were both calculated in terms of % inhibition, which 
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Figure 3–11: The Z′ values for each set of eight test plates for α-

AUR1 (red) and α-Lmj (blue).  Two columns (64 wells) of each 

control were tested per plate.  Figure provided by Dr E. Alvarez 



  3. Development of a HTS-Compatible Assay 

81 

 

Table 3−1: Validation results 

was calculated according to equation 3.1.  The larger variation in the data for α-Lmj 

resulted in a higher threshold, indicating that a higher inhibition had to be exhibited in 

order for compounds to be considered as active.  The F+ (compounds active in one of 

the three plates) rates were excellent in both cases, meaning few negative compounds 

would be incorrectly progressed to the next screening stage.  The F– (compounds active 

in two of the three plates) rates were acceptable but slightly higher than ideal given that 

F– compounds cannot be recovered further down the line.  No extreme false positives or 

negatives (inhibition values that differ in one plate compared to the other two by more 

than three times the standard deviation) were recorded. 

 

 

 

 

 

 

 

 

 

 

 

 

 The measured hit rate was slightly higher for α-AUR1 than α-Lmj, a somewhat 

perturbing observation as it implies that more compounds were selective towards the 

yeast enzyme than LmjIPCS and therefore that few selective compounds would be 

identified in the primary screen.  However, further analysis showed that there were 

some compounds which were specific for LmjIPCS as they did not show inhibition of  

α-AUR1 growth.  Given that the validation collection is representative of the full 1.8 

million compound library, a reasonable number of selective compounds were therefore 

expected to be identified from the primary screen. 

 

  Descriptor α-AUR1 α -Lmj 

  Number of considered triplicates  9,766 8,373 

  Standard deviation / % inhibition 7.17 13.35 

  Statistical threshold / % inhibition 21.32 42.88 

  Hit rate / % 1.44 1.07  

  False positive rate / % 0.03 0.01 

  False negative rate / % 0.99 0.72 

  Extreme false positive rate / % 0.00 0.00 

  Extreme false negative rate / % 0.00 0.00 

(3.1) % inhibition = 100 × [(D −C1) / (C2 − C1)] 

where: D  =  data value 

 C1 =  mean negative control (DMSO) 

 C2 = mean positive control (cycloheximide)
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 Whilst validation was successful and sufficient evidence of an effective assay to 

commence the high throughput screen, it was noted that both of the control fluorescence 

means differed greatly to those observed during the optimisation stages.  The DMSO 

control wells suffered a drop in fluorescence whilst an increase was observed in the 

cycloheximide control wells.  Despite these differences in fluorescence output the Z′ 

values were still excellent (as shown in Figure 3–11).  The reason for these variances, 

however, was unclear. 

 

3.3.4 Primary Screen 

 

 Following validation, the next step of the HTS process was the primary screen 

against α-Lmj.  Given the hit rate of 1.07% obtained against α-Lmj during validation, 

approximately 19,000 compounds were expected to be identified from the 1.8 million 

compound library.  Further screening steps against both α-Lmj and α-AUR1 would 

subsequently be required to differentiate between compounds that act on LmjIPCS and 

those that act via generic S. cerevisiae biochemical pathways. 

 

 The assay was commenced utilising the optimised conditions.  Following the 

reading of the first test-set of 53 plates, however, it was immediately apparent that the 

cycloheximide control mean had risen further, implying a reduction in growth 

inhibition.  This had a profound impact on the Z′ values and resulted in the majority of 

the plates in this test-set failing.  A fresh cycloheximide solution was found to reverse 

this effect, suggesting that the numerous freeze-thaws that were undertaken during the 

optimisation and validation process contributed towards an elevated rate of breakdown 

of the compound in solution.  The resulting action was to prepare a fresh solution on a 

weekly basis for the remainder of the screening process.  In addition, the drop in 

fluorescence in the DMSO control wells was found to be due to the microplates used in 

the assay; during optimisation microplates were sterilised in house whereas for 

validation and screening they were purchased pre-sterilised.  However, given that the Z′ 

values were still excellent, the decision was made to continue using the pre-sterilised 

plates in order to allow the throughput to remain as high as possible. 

 

 With these matters addressed, screening the remainder of the library was 

undertaken on an ultra-high throughput scale; on average, 120 plates (> 165,000 
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compounds) were tested per day.  Following reading, plates were visualised using the 

GSK-developed statistical online data analysis (SODA) software providing an output as 

shown in Figure 3–12.  The brighter the colour, the higher the inhibition of growth (the 

cycloheximide control mean was set to 100%). 

 

 The SODA software was also used to calculate the Z′ for each test plate.  Data from 

the plates that were above the Z′ threshold of 0.4 were uploaded to the ActivityBase 

software package (IDBS, Guildford, Surrey, UK) which is specifically designed for 

scientific data management.
337

  A total of 1,312 plates were tested in the initial screen 

with 67 (5%) of these failing.  The majority of these failed plates, which subsequently 

had to be retested, originated from the first test-set due to the problem with the 

cycloheximide solution, whilst very few plates failed during the remainder of the screen.  

The distribution of Z′ values for the primary screen is shown in Figure 3–13 with the 

overall mean being 0.70. 

 

 

 

 

 

 

  

Figure 3–12: An example plate from the primary screen.  The DMSO control is in columns 11 

and 12 and the cycloheximide control is in columns 35 and 36.  Wells with inhibited growth are 

coloured yellow, whilst wells showing no inhibition are red.  Figure provided by Dr E. Alvarez 
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 Before the data could be analysed, further processing was required to remove the 

patterns that were observed in a non-negligible number of plates.  The majority of these 

were mild evaporation effects that were not significant enough to result in plate failure 

but still impacted on the numerical data obtained.  Dispensation effects, where 

individual tips dispensed a lesser or greater amount than required into blocks of four 

rows, were also sporadically observed.  In order to account for these effects the plate 

data were fed into a GSK-developed pattern recognition and fixing algorithm which 

subsequently corrected the affected data to diminish the effect of the pattern.  Two 

examples of this are shown in Figure 3–14.  
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Figure 3–13: The distribution of Z′ values for the primary screen 

a 

b 

Figure 3–14: (a) The correction of a dispensation (positional) effect and (b) 

the correction of an evaporation effect in a 1,536-well test plate; the brighter 

the colour, the greater the effect.  Figures provided by Dr G. Colmenarejo 
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 Following this rectification, the % inhibition threshold was calculated for each test-

set (to avoid day to day variation) using equation 1.1.  This yielded 10,807 compounds 

that were statistical hits; however, this was far below the 19,000 compound estimate 

made following the screen of the validation set.  Further analysis of the data revealed 

that there were many compounds with favourable drug-like properties (within the ‘rule 

of 5’ limits as discussed in section 1.4.2.5) that were just below the calculated threshold.  

To investigate this, the threshold was recalculated for all the compounds in each test-set 

with a calculated LogP (cLogP) less than or equal to 3 and a molecular weight less than 

or equal to 300.  In every case the recalculated threshold was significantly lower than 

the original, in some cases by as much as 13% (Figure 3–15). 

 

 These results mirrored a trend observed in the pharmaceutical industry in the early 

to mid 2000s whereby increasingly lipophilic compounds, rather than more polar ones, 

were being identified by screening and progressed to lead optimisation and clinical 

trials only to result in failure.  This was observed in a study by Leeson and Springthorpe 

who noted that compounds in drug development programmes showed a mean cLogP 

value 1.5 log units greater than the mean for oral drugs launched between 1983 and 

2007.
338

  However, rising attrition rates indicated that this was not the best strategy to 

take and suggested that high polarity compounds were more promising as potential 

drugs due to factors such as increased solubility and biodistribution. 
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Figure 3–15: The difference between the calculated thresholds 

for small, polar compounds and large, non-polar compounds 
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 It was therefore necessary to rescue these small, polar compounds that would 

otherwise be lost from the screening process.  In order to achieve this, the test-sets were 

separated into the two groups of compounds (cLogP ≤ 3, MW ≤ 300 and cLogP > 3, 

MW > 300) and reanalysed using the recalculated thresholds shown in Figure 3–15.  

This resulted in the inclusion of many drug-like compounds that were classed as 

inactive using the overall thresholds, and the total number of compounds that were 

classified as hits using this method was 19,382.  However, larger compounds that were 

classed as hits using the overall threshold but were inactive using the slightly higher 

threshold for the cLogP > 3, MW > 300 group were also included so as not to discount 

potentially active compounds.  As a result, the total number of hit compounds arising 

from the primary screen was 19,669. 

 

3.3.5 Confirmation of Hits 

 

 With these compounds in hand, the next stage was to retest them in order to 

confirm their activity and discount the possibility that they were false positives.  An 

extra consideration to take into account was the fact that the next stage of the HTS 

process, the production of dose-response curves, can only be undertaken on a maximum 

of ~5,000 compounds.  As this assay format proved very robust and produced 

consistently high Z′ values, the probability that retesting alone would reduce the number 

of compounds from 19,669 to fewer than 5,000 was low.  The decision was therefore 

made to run this assay against both the α-Lmj and α-AUR1 strains in order to allow the 

removal of compounds which inhibited the growth of both strains.  This meant that 

compounds targeting both the LmjIPCS and the yeast AUR1 would be lost, but this 

number was predicted to be small given that the majority of compounds that affect both 

strains would likely be acting via off-target effects.   

 

 The confirmation assay was undertaken in duplicate for each strain, and example 

plate images are shown in Figure 3–16.  The majority of the tested compounds showed 

activity against α-Lmj (Figure 3–16 (a)), as would be expected given that they were all 

above the inhibition threshold in the primary screen.  Gratifyingly, whilst many 

compounds were also active against α-AUR1, there were many that displayed lower 

activity than against α-Lmj or were inactive altogether (Figure 3–16 (b)). 
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 In order to select which compounds to progress to the dose-response stage, the 

separate inhibition thresholds for each strain were calculated and compounds that 

produced a response below the α-Lmj threshold were filtered out.  Of the remaining 

compounds, those that showed activity above the α-AUR1 threshold were also removed, 

leaving 3,573 compounds which demonstrated specificity for the LmjIPCS enzyme.  To 

these were added all the compounds which showed a response greater than 80% 

inhibition against α-Lmj regardless of the response against α-AUR1.  This step was 

performed to avoid highly potent compounds being lost due to the stringent filtering 

based on specificity.  As a result, there were 4,166 compounds that were progressed to 

dose-response studies. 

 

 

 

a 

b 

Figure 3–16: Example plates from the confirmation screen for (a) 10 µM against α-Lmj 

and (b) 10 µM against α-AUR1.  The DMSO control is in columns 11 and 12 and the 

cycloheximide control is in columns 35 and 36.  Wells with inhibited growth are coloured 

yellow, whilst wells showing no inhibition are red.  Figures provided by Dr E. Alvarez 
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3.3.6 Dose-Response Studies 

 

 The final stage of the high-throughput screen undertaken was the dose-response study, 

which involved testing the remaining compounds against both the α-Lmj and α-AUR1 

strains over a range of concentrations.  This would allow the determination of IC50 

values (the concentration of the compound required to give 50% inhibition) against both 

strains, hence providing a more comprehensive analysis of compound specificity.  The 

dose-response assay was undertaken in duplicate for each strain utilising a dilution 

factor of ⅓ for each compound; this resulted in a concentration range of 100 µM to     

1.7 nM with a total of 11 concentrations tested.  An example plate is shown in Figure   

3–17. 

  

 The results from this experiment were analysed using the ActivityBase software 

package (IDBS, Guildford, Surrey, UK) which was used to fit curves to the data 

(examples shown in Figure 3–18).  From these the pIC50 (−log10(IC50)) values for each 

compound were calculated against both α-Lmj and α-AUR1, and the resulting plot is 

shown in Figure 3–18 (c)).  Given that this is a log scale, a pIC50 of 4 corresponds to 

10
−4

 (100 µM), 5 corresponds to 10
−5

 (10 µM) and so on.  Therefore, in terms of the 

selectivity indices used to group compounds on the plot (with the corresponding 

numerical data in Table 3–2) a selectivity index (SI) of 1 indicates that a compound is 

10 times more potent against α-Lmj than α-AUR1.  Similarly, a SI of 2 indicates a 100-

fold difference in potency. 

Figure 3–17: An example plate from the dose-response screen.  Four compounds could 

be tested per row, two in the odd columns (1, 3, 5 ... 23 and 25, 27, 19 ... 47) and two in 

the even columns (2, 4, 6 ... 24 and 26, 28, 30 ... 48) with compound concentration 

decreasing from left to right.  The DMSO control is in columns 11 and 12 and the 

cycloheximide control is in columns 35 and 36.  Wells with inhibited growth are coloured 

yellow, whilst wells showing no inhibition are red.  Figure provided by Dr E. Alvarez 
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  Selectivity Index (x) Number of Compounds 

x ≤ 0.0 508 

0.0 < x ≤ 0.5 765 

0.5 < x ≤ 1.0 1,308 

1.0 < x ≤ 1.5 1,085 

1.5 < x ≤ 2.0 397 

2.0 < x ≤ 2.5 77 

2.5 < x 26 

Table 3−2: The number of compounds per 

selectivity index band in the dose-response assay 

a b 

AUR1 

LmjIPCS 

Figure 3–18: Example dose response curves for (a) a compound selective for 

LmjIPCS over AUR1 and (b) an unselective compound.  (c) A plot of the pIC50 

for AUR1 against the pIC50 for LmjIPCS for each compound, where x is the 

selectivity index for LmjIPCS over AUR1.  Figures provided by Dr E. Alvarez 
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 These data showed that, of the 4,166 compounds tested, there were 500 with a SI 

greater than 1.5 and 103 with a SI greater than 2.0.  These compounds were therefore 

highly active against the LmjIPCS enzyme yet showed little activity against the            

S. cerevisiae AUR1 enzyme and resulted in few off-target effects.  These numbers were 

unexpectedly high given the observations that were made during the validation screen of 

the HTS process (discussed in section 3.3.3), indicating that the screen was more 

fruitful than originally anticipated. 

 

 The compounds were subsequently clustered into structural families by Dr G. 

Colmenarejo (GSK Computational and Structural Chemistry group).  This was achieved 

using an in-house sphere exclusion algorithm as described by Butina.
339

  Briefly, the 

software first created a unique fingerprint for each compound by examining the location 

of each atom with respect to every other atom within 7 bonds.  The fingerprint for each 

molecule in the set was then compared to the fingerprint for every other molecule, and 

the compound with the largest number of neighbours was used to lead the first cluster.  

Any compounds with a similarity greater than 0.85 (where similarity is on a scale from 

0 to 1) were sorted into that cluster and removed from the list, excluding them from 

subsequent searches.  The compound with the next highest number of neighbours was 

subsequently selected and the process repeated until only compounds with no similarity 

to any other, named singletons, were remaining.  Two representatives from each cluster 

were selected at random for further testing along with all the singletons.  A total of 216 

compounds were ultimately selected for additional investigation. 

 

3.4 Conclusion 

 

 The work described in this chapter involved the development and optimisation of 

an assay that was suitable for HTS.  An assay format based on fluorescence output was 

selected over a multiplex assay and was subsequently used to screen GSK’s 1.8 million 

compound library.  A total of 216 compounds were ultimately selected for further 

investigation, which is described in the next chapter.  To the best of the author’s 

knowledge, this is the largest screening programme conducted by an academic group to 

date.   
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CChhaapptteerr  44    

  

IIddeennttiiffiiccaattiioonn  ooff  aa  LLeeaadd  CCoommppoouunndd  

SSeerriieess  

 

4.1 Introduction 

 

 Having selected 216 compounds from the HTS campaign, the next stage of the 

project was to identify a small number of compounds or compound series to investigate 

further.  This aim necessitated the use of a number of assays not previously utilised in 

the project.  This ongoing screening project was undertaken with the support and 

assistance of GSK. 

 

4.2 L. major Promastigote Screening 

 

 The continued screening commenced with the testing of the 216 compounds against 

the promastigote stage (found in the insect vector) of the wild type, Friedlin virulent 

strain (FV1) L. major parasites.  All of the compounds selected for continued testing 

displayed a pIC50 of 5.0 or greater in the dose-response assay against LmjIPCS, which is 

equivalent to 50% inhibition of growth at 10 µM.  Testing against L. major 

promastigotes at 10 µM would therefore give an indication of how many compounds 

retain activity against parasites. 

 

 As with the HTS yeast assay, the parasite cytotoxicity assay was based on 

fluorescence and involved the incubation of L. major promastigote parasites with the 

test compounds prior to the addition of resazurin (trade name AlamarBlue
®
).  This is a 

blue, weakly fluorescent dye that is reduced in cellulo to the pink, highly fluorescent 

compound resorufin (Figure 4–1).
340

  The fluorescence output is therefore representative 
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of parasite viability, with a lower readout indicative of decreased growth and hence an 

effective antiparasitic compound. 

 

 The first iteration of the assay followed an established protocol,
320

 whereby 

parasites at a concentration of 4.0 × 10
5
 ml

−1
 were incubated with the compounds (with 

the antileishmanial drug AmB (4, Figure 1–4) used as the positive control) for 24 hours 

prior to AlamarBlue
®

 addition.  However, the results between replicates were 

inconsistent and only 17 compounds repeatedly demonstrated inhibition above 50%.  

One possible explanation is that the number of cells per well between this assay and the 

HTS assay is extremely different, with this assay using 4.0 × 10
4
 well

−1
 and the HTS 

assay using approximately 3.9 × 10
3
 well

−1
.  The 10 fold increase in cells effectively 

reduces the relative concentrations of the test compounds and could explain why lower 

levels of inhibition were observed. 

 

 In order to address this, a lower starting concentration of parasites was required; 

this would, however, have to be accompanied by an increase in incubation time in order 

to maintain sufficient fluorescence readout.  The growth of various starting 

concentrations of parasites was subsequently examined over three different time periods 

(Appendix B) and, as predicted, reducing parasite concentration resulted in insufficient 

fluorescence output after 24 hours.  Whilst 48 hours resulted in a significant 

improvement, a 72 hour incubation period was selected in order to accurately mirror the 

protocol used for testing L. donovani axenic amastigotes (discussed later).
341

  On this 

curve, a linear relationship was achieved up to a starting concentration of 1.5 × 10
4
 ml

−1
, 

and a starting concentration of 5.0 × 10
3
 ml

−1
 was selected for use in the assay. 

 

 Testing of the 216 compounds was repeated using the modified protocol and the 

results are shown in Figure 4–2.  Of the 216 compounds, 99 retained inhibitory activity 

greater than 50%, with 43 of these demonstrating complete inhibition.  117 compounds 

therefore showed a reduction in activity compared to the yeast dose-response assay, 

Figure 4–1: The reduction of resazurin to resorufin 
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with many appearing to have a mitogenic effect.  This could potentially be explained by 

differences in membrane composition between the two organisms, or by an increased 

rate of drug metabolism in L. major compared to yeast.  Alternatively, there could be a 

difference in the rate at which the organisms transport compounds out of the cell using 

drug efflux pumps. 

 

 These results were promising, with 99 compounds demonstrating significant 

antiparasitic activity.  However, whilst CL, of which L. major is a causative species, is 

more prevalent than VL, its non-fatal clinical manifestation means that it is less of a 

priority for drug discovery for GSK.  VL, on the other hand, has been targeted for 

control by 2020,
162

 and therefore compounds that have inhibitory activity against the 

IPCS from a species that causes VL, such as L. donovani,
21

 would be favoured for 

progression.  The following cell-based screening assays described in section 4.3 were 

carried out with the support of GSK at Tres Cantos. 

 

4.3 Compound Triage 

 

4.3.1 Primary Compound Triage 

 

4.3.1.1 L. donovani Axenic Amastigote Screening 

 

 Testing of the 216 compounds against L. donovani was initially undertaken in a 

dose-response assay against axenic amastigote parasites.  As discussed in section 

Figure 4–2: The inhibitory activities of the 216 compounds tested at 10 µM 

against 5.0 × 10
3
 ml

−1
 L. major wild type promastigote parasites for 72 hours 
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1.2.1.2, amastigotes are the life cycle stage observed intracellularly in the mammalian 

host and are therefore more clinically relevant than the insect stage promastigotes.
33

  

Axenic testing was preferred at this stage due to the ease of assay implementation and 

the higher throughput achievable. 

 

 The assay was executed according to an established protocol,
341

 again relying on 

fluorescence resulting from resorufin production.  As with the L. major promastigote 

screening, 5.0 × 10
3
 ml

−1
 parasites were incubated with the compounds for 72 hours 

prior to resazurin addition.  A dilution factor of ⅓ was used for each compound; this 

resulted in a concentration range of 50 µM to 0.85 nM with a total of 11 concentrations 

tested.  This allowed the determination of the ED50 (the concentration required to 

produce 50% inhibition of growth) and subsequently the pED50 (−log10(ED50)) for each 

compound.  The results (Figure 4–3) were promising; whilst 56 compounds were 

completely ineffective, 75 demonstrated a pED50 greater than or equal to 5.0 (equivalent 

to 50% inhibition at 10 µM).   

 

 

 

 

 

 

 

 

 

 

 

 Of these 75 compounds, 51 showed inhibition greater than 50% at 10 µM against   

L. major.  This number was larger than expected as the difference in biochemistry 

between species,
342

 as well as between promastigotes and amastigotes, is significant.  

For example, the different forms utilise different energy sources; L. donovani 

promastigotes predominantly metabolise glucose whilst amastigotes utilise fatty acid 

metabolism,
343

 and one L. donovani glycolytic enzyme is only a pseudogene in             

L. major.
344

   The L. donovani assay is also conducted at pH 5.5 in order to mimic the 
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Figure 4–3: The pED50 values of the 216 compounds tested 

against 5.0 × 10
3
 ml

−1
 axenic L. donovani amastigotes for 72 hours 
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intramacrophage environment, and compounds therefore have to remain stable in an 

acidic environment.  However, the IPCS coding sequence from L. donovani is very 

similar to L. major (93% identity) so the fact that so many compounds retained activity 

against two different Leishmania species was reassuring as it suggests that the target is 

valid in at least these two species.  In addition, it verifies that the assays used are 

effective at identifying inhibitors of highly related targets. 

 

4.3.1.2 HepG2 Cytotoxicity Screening 

 

 With the ultimate aim of identifying a compound series suitable for entry into in 

vivo proof of concept studies, the next stage of compound testing was a cytotoxicity 

assay to identify compounds with significant host toxicity.  As a preliminary way of 

investigating host toxicity, the 216 compounds were tested against cells from the 

HepG2 line, which is derived from a human hepatocellular carcinoma.
345

  This cell line 

is commonly used as an indicator of cytotoxicity due to the fact that the majority of 

drug metabolism occurs in the liver and hence the effect of both the parent compound 

molecule and any modified metabolites can be observed and measured.
346

  

 

 The assay was executed according to an established protocol.
347

  Briefly,               

1.2 × 10
5
 ml

−1
 HepG2 cells were incubated with the compounds for 48 hours.  A 

dilution factor of ⅓ was used for each compound; this resulted in a concentration range 

of 100 µM to 1.7 nM with a total of 11 concentrations tested.  Compound toxicity 

following incubation was measured by the addition of CellTiter-Glo
®

 (Figure 4–4).  

This reagent allows the quantification of cell viability by producing a luminescent 

signal proportional to the quantity of adenosine triphosphate (ATP) present.  The 

luminescence output is therefore representative of cell viability, with a lower readout 

indicative of decreased growth and hence a cytotoxic compound. 
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Glo™ recombinant luciferase accompanied by the production of light 
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 The results are shown in Figure 4–5.  In total, 148 of the 216 compounds tested 

demonstrated a pED50 less than or equal to 4.0 and hence were classed as non-toxic 

against the HepG2 cells.  However, comparison with the L. donovani axenic amastigote 

assay results was required in order to select compounds of interest. 

 

4.3.1.3 Compound Selection 

 

 The primary compound selection was achieved using two factors (criteria set 1): 

 

1. The pED50 against axenic L. donovani amastigotes was required to be greater than 

or equal to 5.0.  This is equivalent to an ED50 of less than or equal to 10 µM. 

2. The pSI (logarithm of the selectivity index, as discussed in section 3.3.6) over 

HepG2 cells was required to be greater than or equal to 1.0.  This is equivalent to 

the compound demonstrating at least 10 fold greater potency against the                 

L. donovani amastigotes than the HepG2 cells. 

 

 The application of this set of criteria is shown in Figure 4–6.  Compounds which 

were inactive against L. donovani amastigotes, or which were active but also cytotoxic 

to HepG2 cells, were filtered out.  Of the 216 compounds, 53 fulfilled both of the above 

criteria and were investigated further. 
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Figure 4–5: The pED50 values of the 216 compounds 

tested against 1.2 × 10
5
 ml

−1
 HepG2 cells for 48 hours 
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4.3.2 Secondary Compound Triage 

 

 The secondary stage of compound selection was achieved based on 

physicochemical properties.  As discussed in sections 1.4.2.5 and 3.3.4, smaller and 

more hydrophilic compounds are favoured for progression due to their tendency to 

result in more effective drugs.  As a result, the secondary compound selection was 

achieved using two factors (criteria set 2): 

 

1. The number of aromatic rings was required to be less than or equal to 4.  Aromatic 

rings increase hydrophobicity, hence compounds with fewer rings are more likely 

to possess favourable overall drug-like properties. 

2. The property forecast index (PFI), calculated as shown in equation 4.1, was 

required to be less than or equal to 8.0.  This term is a measure of the intrinsic 

hydrophobicity of a compound; high PFI is indicative of high hydrophobicity and is 

often accompanied by low solubility and high compound promiscuity.
348

 

 

 

 

 

 

 Whilst PFI is sometimes calculated using the LogP value, this does not take into 

account the fact that ionisable compounds will be present in both the ionised and 

unionised forms dependent on the pH.  It is therefore more accurate to utilise the 
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pED50 against axenic L. donovani amastigotes 

Figure 4–6: The pSI for axenic L. donovani amastigotes over HepG2 

cells plotted against the pED50 against axenic L. donovani amastigotes 

for the 216 compounds, with the limits of criteria set 1 shown in green 

(4.1) PFI = LogD7.4 + #Ar 

where: PFI    = property forecast index 

 LogD7.4  = logarithm of the 1-octanol−water distribution coefficient 

 #Ar   = number of aromatic rings  
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LogD7.4, which is dependent upon the concentrations of both the ionised and unionised 

forms in octanol and water.  LogD is often measured pharmaceutically at pH 7.4, as this 

is the physiological pH of blood serum.  The LogD7.4 values of the 216 compounds, 

however, had not been determined and therefore PFI was predicted using cLogP values.  

 

 The application of this set of criteria is shown in Figure 4–7.  Of the 53 compounds 

studied, all possessed a maximum of 4 aromatic rings and therefore fulfilled the first 

criterion.  The suitability of the compounds for selection was therefore dependent upon 

the PFI, and 30 of the 53 compounds possessed a PFI value lower than or equal to the 

threshold and were therefore advanced for additional testing. 

 

4.3.3 Tertiary Compound Triage 

 

4.3.3.1 L. donovani Intramacrophage Screening 

 

 The 30 selected compounds were subsequently tested against intramacrophage      

L. donovani amastigotes.  This assay more accurately mimics the disease state than the 

previously utilised axenic assay and is therefore a better representation of how effective 

the compounds might prove to be in in vivo studies. 

 

 The assay was executed according to an established protocol.
341

  The human 

biological samples were sourced ethically and their research use was in accord with the 

terms of the informed consents.  Briefly, 6.0 × 10
5
 ml

−1
 THP-1 derived macrophages 

were infected with mutant L. donovani amastigotes expressing eGFP at an infection 
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Figure 4–7: The number of aromatic rings plotted against the predicted 

PFI for the 53 compounds, with the limits of criteria set 2 shown in green 
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multiplicity of 10 and incubated prior to the addition of the test compounds.  A dilution 

factor of ⅓ was used for each compound resulting in a concentration range of 50 µM to 

0.85 nM with a total of 11 concentrations tested.  Following a 96 hour incubation the 

cells were fixed and stained.  Wells were imaged by microscopy (an example is shown 

in Figure 4–8) and analysed using Acapella
®
 High Content Imaging and Analysis 

software, and inhibitory activity was determined by parasite count.  

 

 

 

 

 

 

 

  The results of this assay (Figure 4–9) were promising, with only 10 compounds 

being completely ineffective (pED50 less than or equal to 4.3) against the 

intramacrophage amastigotes.  The loss of activity for some compounds was expected 

given that, as discussed in section 1.4.2.2.1, they have to be capable of crossing multiple 

membranes.
266

  In addition, macrophages themselves express a range of drug 

transporters that control the uptake and efflux of the compounds being tested and hence 

will affect the concentration of the test compound that the parasites are exposed to.
349

  

Despite this, seven compounds displayed activity in the low µM range (pED50 greater 

than 5.5), with one compound displaying nM activity with a pED50 of 6.2. 

 

 

 

 

 

 

 

 

 

 

Figure 4–8: The infection of macrophages, the nuclei of which have been stained 

red, with L. donovani amastigotes expressing eGFP.  Figure provided by Dr J. Martin 

Figure 4–9: The pED50 values of the 30 compounds tested 

against intramacrophage L. donovani amastigotes for 96 hours 
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4.3.3.2 THP-1 Cytotoxicity Screening 

 

 In order to confirm the activities observed against intramacrophage L. donovani 

amastigotes, a second cytotoxicity assay was required against the macrophages 

themselves.  These were obtained by the differentiation of THP-1 premonocytes, a cell 

line derived from the blood of a human patient with acute monocytic leukaemia.
350

  

Differentiation is achieved by exposure to phorbol myristate acetate, which is an 

activator of protein kinase enzymes and a promoter of tumour growth.
351

  THP-1 

derived macrophages exhibit multiple advantages compared to those derived from 

commercially available peripheral blood mononuclear cells, including a faster growth 

rate, increased stability and, as they are derived from a single source, greater 

consistency between batches.
352

 

 

 The assay was conducted as in section 4.3.3.1 with the modification that                

L. donovani amastigotes were not added; instead, compound inhibitory activity against 

the macrophages was determined using HCS CellMask™ Deep Red dye and the 

subsequent cell count.  The results (Figure 4–10) show that 19 of the 30 compounds 

exhibited no cytotoxic activity on the macrophages (pED50 less than or equal to 4.3).  

However, as with the HepG2 cytotoxicity assay, comparison with the L. donovani 

intramacrophage assay results was subsequently required. 
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Figure 4–10: The pED50 values of the 30 compounds tested against THP-1 cells for 96 hours 
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4.3.3.3 Compound Selection 

 

 The tertiary compound selection was achieved using two factors (criteria set 3): 

 

1. The pED50 against intramacrophage L. donovani amastigotes was required to be 

greater than or equal to 5.0.  This is equivalent to an ED50 of less than or equal to 

10 µM. 

2. The pSI over THP-1 cells was required to be greater than or equal to 1.0.  This is 

equivalent to the compound demonstrating at least 10 fold greater potency against 

the L. donovani intramacrophage amastigotes than the THP-1 cells. 

 

 The application of this set of criteria is shown in Figure 4–11.  Compounds which 

were inactive against intramacrophage L. donovani amastigotes, or which were active 

but also cytotoxic, were filtered out.  Of the 30 compounds tested at this stage, six 

fulfilled both of the above criteria.  These compounds, which include two series and two 

singletons, are shown in Table 4–1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4–11: The pSI for intramacrophage L. donovani amastigotes over THP-1 

cells plotted against the pED50 against intramacrophage L. donovani amastigotes 

for the 30 compounds, with the limits of criteria set 3 shown in green.  10 

compounds are overlaid on the marker highlighted in yellow, 4 are overlaid on the 

marker highlighted in blue and 2 are overlaid on the marker highlighted in red 
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Table 4−1: The structures, properties and inhibition results 

of the 6 compounds which fulfil all the selection criteria 

 

 

 

 

  Compound 

L. mj % 

Inh. at 

10 µM 

Axenic 

L. don 

pED50 

InMac 

L. don 

pED50 

HepG2 

pED50 

THP-1 

pED50 

PFI #Ar 

N

F

S
N

O

O

OHF3C

O

 

CS100462-069A11B16 

(23) 

94.4 7.6 6.0 4.0 4.5 6.3 3 

N

N

S
N

O

O

F

OHF3C

O

CS100462-069A14B4  

(24) 

94.9 6.4 5.8 4.3 4.5 7.0 4 

S

NH2O

N
H

S
NO2

O  

ST/918837  

(25) 

105.9 6.6 5.9 4.0 4.9 4.0 2 

S

N
H

O

N
H

S
NO2

O  

ST/492114  

(26) 

104.2 5.7 5.8 4.0 4.3 4.6 2 

Cl

OH

N

N

 

ST/1098001  

(27) 

98.4 5.5 6.2 4.3 5.1 7.5 2 

OHF3C

O

OHF3C

O

N

N

NO2

N

 

MA102475-064A1B46  

(28) 

74.1 5.3 5.7 4.0 4.3 4.7 2 
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 From the data shown above, the two series appear to be the most promising options 

for further development.  The benzazepane compounds (23 and 24) demonstrate the 

most potent antiparasitic activity, with both active in the nM range against axenic 

amastigotes and in the low µM range against intramacrophage parasites.  However, their 

physicochemical properties are at the upper end of the limits set by the selection criteria, 

which could result in a reduced potency in vivo. 

 

 By contrast, the dithiophene compounds (25 and 26) possess comparable 

antiparasitic activities against intramacrophage parasites to the benzazepanes whilst 

their PFI values are far more favourable and well within the permitted limits.  The basic 

chemical structure of the dithiophenes is also simpler than the benzazepanes, meaning 

they may lend themselves more favourably to a medicinal chemistry campaign.  The 

presence of the nitro group, however, is a possible cause for alarm given that this 

functional group can undergo enzymatic reduction and has been linked to a range of 

toxic issues including hepatotoxicity, carcinogenicity and immunosuppression.
353

  

Whilst the presence of a nitro group does not necessarily preclude a compound making 

it to market (Nifurtimox (10, Figure 1–7) being one such example) it remains a cause 

for concern. 

 

 The singleton 28 is the least potent of the six compounds in both L. donovani 

assays.  In addition, this compound also possesses a nitro group.  Singleton 27, on the 

other hand, was the only compound tested in the intramacrophage L. donovani assay 

that exhibited a potency in the nM range.  This was, however, offset by significant 

activity against THP-1 cells, resulting in a pSI of only 1.1. 

 

 Overall, the continued screening campaign was successful in significantly reducing 

the number of compounds of interest.  However, all of the screens described above were 

conducted at the cellular level and provide no information on the specific activities of 

the compounds against the IPCS enzyme; the only information regarding this so far 

were the dose-response results against yeast.  Additional screens were therefore required 

in order to identify which, if any, of the six compounds were specific inhibitors of IPCS 

in vitro. 
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4.4 Lead Selection 

 

 In order to permit dose-response testing, additional quantities of compounds 25, 26, 

27 and 28 were provided by GSK.  The benzazepane compounds 23 and 24 were 

resynthesised as the free base compounds 29 and 30 respectively (Figure 4–12) by the 

pharmaceutical services company Aptuit (www.aptuit.com).  Of the six compounds, 

these were the most attractive due to the fact that they are obviously part of a series 

rather than singletons, and they lack the concerning nitro group.  In addition, there was 

no competing interest with regards to these compounds from other drug development 

campaigns within GSK. 

 

4.4.1 L. major pED50 Determination 

 

 The six selected compounds, which all showed greater than 50% inhibition against 

L. major promastigotes at 10 µM (Figure 4–2), were subsequently tested in a dose-

response assay.  In order to allow comparison, it was decided to conduct experiments 

against both wild type L. major FV1 parasites and L. major lcb2Δ mutants, which lack 

subunit 2 of the serine palmitoyltransferase enzyme.
354, 355

  These mutants still produce 

the IPCS but the enzyme is redundant due to the lack of available in situ substrate.  This 

strain should therefore be resistant to inhibitors specific for IPCS. 

 

 Before screening could commence, the starting concentration of parasites in the 

assay needed to be checked as slower growth is observed with the sphingolipid-

deficient mutants.  The resulting growth curve for an incubation period of 72 hours 

(Appendix B.4) showed that a concentration of 5.0 × 10
3
 ml

−1
, which was used 

previously against wild type L. major promastigotes, produced an insufficient 
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Figure 4–12: The structures of the resynthesised free bases 
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fluorescence output even after 8 hours incubation with AlamarBlue
®
.  The decision was 

therefore made to increase the starting concentration for both wild type and mutant      

L. major dose-response assays to 1.0 × 10
4
 ml

−1
.  This resulted in the doubling of the 

fluorescence readout for the mutants in a consistent, reproducible manner, whilst 

remaining as close to the original assay parameters as possible. 

 

 The dose-response assay was conducted with a dilution factor of ½ for each 

compound; this resulted in a test concentration range of 10 µM to 78 nM with a total of 

8 concentrations tested.  The results are shown in Figure 4–13.  Compounds 26 and 28, 

despite demonstrating significant inhibition of growth of L. major FV1 parasites at      

10 µM, were weakly inhibitory at lower concentrations and the pED50 values were 

calculated at less than or equal to 5.0.  Of the remaining four compounds, only 25 

showed a significant difference in inhibition between the wild type and mutant 

parasites, with a t-test producing a P value of 0.033 (meaning that, if there was no 

significant difference between the results, there would be only a 3.3% probability of this 

observation occurring).  However, the fact that the compound was more effective 

against the L. major lcb2Δ mutants than the wild type, and that no significant difference 

was observed for any of the other compounds, suggests that either IPCS is not being 

inhibited or that the compounds have additional effects on targets other than IPCS.  In 

order to clarify this, additional testing of the compounds in a biochemical format was 

required. 

 

 

 

 

 

 

 

 

 

Figure 4–13: The pED50 values of the 6 selected compounds tested against wild 

type L. major FV1 and sphingolipid-deficient mutant L. major lcb2Δ for 72 

hours.  Error bars show the standard error of the mean for a triplicate set of data 
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4.4.2 Biochemical Screening 

 

4.4.2.1 Primary Screening 

 

 The biochemical assay, as described in section 2.4.2, involved incubating LmjIPCS-

enriched microsomal membranes with NBD-C6-ceramide, a fluorescent ceramide 

analogue, to produce the fluorescent product NBD-C6-IPC (Figure 2–6).  However, due 

to the low throughput possible with the HPTLC assay, screening was instead conducted 

in 96-well plate format.
320

  The separation of the product from the starting material was 

possible using an ion exchange resin. 

 

 The assay was initially conducted according to the protocol previously developed in 

the group.
320

  However, further optimisation proved to be necessary as the preliminary 

trial results were extremely inconsistent.  This was postulated to be predominantly due 

to the use of the vacuum manifold during the separation steps, which appeared to apply 

an uneven vacuum across the plates.  This issue was resolved by using a centrifuge for 

these steps, although the spin time had to be carefully controlled to prevent the ion 

exchange resin drying out.  In addition, the duration of the incubation steps was 

modified; the pre-incubation step was reduced to 15 minutes and the assay time 

shortened to 25 minutes as this was also found to improve consistency. 

 

 Prior to commencing the screening, a suitable positive control compound had to be 

identified.  Clemastine (21, Figure 3–8), which had previously displayed a pIC50 of 6.4 

in the biochemical assay, was tested alongside the three ceramide analogues         

(Figure 4–14 (a)) with the highest inhibitory activity from a library synthesised and 

tested by Dr J. Mina.
212

  The results (Figure 4–14 (b)) were unexpected, with clemastine 

showing the least inhibition compared to the DMSO control; this resulted in a Z′ of 0.28 

when tested at 25 µM.  This was postulated to be due to compound instability in 

solution, although this was not explored further.  The best of the compounds tested was 

JM222 (32) which reduced the mean fluorescence output from 11,900 to 595.  This was 

equivalent to a Z′ of 0.75, and this compound was consequently selected for use as the 

control. 
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 Whilst only six compounds fulfilled the selection criteria as described previously, 

the decision was made to run the assay against all 216.  This was in order to validate the 

compounds which, due to the nature of the HTS screening process described in the 

previous chapter, should all be inhibitors of LmjIPCS.  This assay, being the only one 

performed in vitro, was also orthogonal to all the assays utilised thus far and therefore 

may identify potent inhibitors of LmjIPCS which were not active in cellulo. 

 

 The 216 compounds, plus the two resynthesised benzazepanes, were tested at       

10 µM and the results are shown in Figure 4–15.  Whilst 12 of the 216 showed good 

activity (inhibition greater than 50%), the inhibition values obtained were, in general, 

significantly lower than in any of the parasite assays, or the original HTS assay, thus 

far.  One possible explanation for this is that the amount of biological material in this 

assay (0.6 enzyme units (U) per well, where 1 U = 1 pmol(product) min
−1

) is 

significantly greater than that used in the HTS assay (approximately 4.0 × 10
–5

 U per 
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Figure 4–14: (a) The structures of the inhibitors tested in the biochemical 

assay and (b) the results of the inhibition testing at 25 µM.  Error bars 

show the standard error of the mean for a quadruplicate set of data 
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well); as discussed in section 4.2, this effectively reduces the relative concentration of 

the test compounds.  Whilst this variation is obviously not ideal, this is the minimum 

amount of microsomal material required in the biochemical assay to produce a 

measurable signal with sufficient signal to noise; the use of less also decreased result 

consistency.   

 

 One other factor that has to be considered is that the IPCS enzyme is membrane-

bound, and hence cannot be readily expressed in and purified from bacteria such as      

E. coli.  As a result, it is not pure enzyme that is being tested in the biochemical assay 

but microsomes which, whilst enriched in LmjIPCS, contain a variety of other proteins 

possibly including cytochrome P450s.
356

  These enzymes account for roughly 75% of 

drug metabolism,
357

 and it is possible that compound degradation could be occurring 

during the course of the assay despite the overall incubation time being reduced from 

the published protocol.  This hypothesis could be checked using a known cytochrome 

P450 inhibitor, such as quinidine,
358

 which would be incubated along with the test 

compounds in order to see if apparent inhibitory activity was improved. 

 

 Despite the inhibition values being lower than ideal, compound 27 along with both 

the original benzazepanes (23 and 24) and the free bases (29 and 20) showed greater 

than 25% inhibition, putting them in the top 15% of the compounds tested.  These 

compounds therefore warranted further investigation at the biochemical level.  
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Figure 4–15: The inhibitory activities of the 216 compounds and the 

resynthesised benzazepanes tested at 10 µM against LmjIPCS microsomes.  

From left to right, compound 23 is highlighted in red, compound 24 in yellow, 

compound 28 in green, compound 27 in blue, compound 26 in orange, 

compound 25 in purple, compound 29 in turquoise and compound 30 in pink 
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4.4.2.2 pIC50 Determination 

 

 The three selected compounds were subsequently subjected to IC50 determination in 

a dose-response assay, which was conducted with a dilution factor of ⅓ for each 

compound.  This resulted in a test concentration range of 100 µM to 46 nM with a total 

of 8 concentrations tested.  Examples of the curves produced are shown in Figure 4–16.   

 

 Compound 27, which displayed the highest inhibition of the three compounds in the 

primary assay, was the least active at 100 µM and was calculated to have a pIC50 of 4.5.  

This level of activity was not sufficient to warrant further exploration as a potential 

IPCS inhibitor.  On the other hand, the two benzazepane compounds yielded excellent 

results, with 29 exhibiting a pIC50 of 6.1 and 30 exhibiting a pIC50 of 5.7.  These two 

compounds have therefore proven themselves to be potent inhibitors of LmjIPCS, with 

this translating into good antileishmanial activity against both L. major and L. donovani.  

As a result, it was decided to utilise the benzazepanes as starting points for a hit-to-lead 

optimisation, which would hopefully result in a suitable candidate for clinical trials. 
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Figure 4–16: Example IC50 curves from a single experiment for (a) 

compound 29, (b) compound 30 and (c) compound 27.  The mean 

pIC50 values, calculated from a quadruplicate set of data, are shown 
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4.5 Conclusion 

 

 The work described in this chapter involved the further screening of 216 

compounds identified by HTS.  Six compounds with high antileishmanial activity, low 

mammalian cytotoxicity and favourable physicochemical properties were identified, and 

further biochemical testing identified two compounds from the same structural family as 

potent inhibitors of LmjIPCS.  Additional testing in order to determine whether this 

series was suitable for lead optimisation and subsequent progression to clinical trials 

was therefore required and is described in the next chapter. 
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CChhaapptteerr  55    

  

EExxpplloorraattiioonn  ooff  tthhee  BBeennzzaazzeeppaannee  SSeerriieess  

 

5.1 Introduction 

 

 Having identified a compound series worthy of further investigation, attention 

turned to the exploration of SARs in order to determine whether the antiparasitic and 

biochemical properties of the two compounds studied thus far could be improved upon.  

With the core benzazepane structure identical between the two compounds, the primary 

variations explored were the left and right hand sides of the compounds.  The simplest 

examples, the mix and match compounds with the right hand sides of compounds 29 

and 30 exchanged (Figure 5–1), were prioritised for analysis. 

 

5.2 Pyrrole-Pyridine Benzazepane  

 

5.2.1 Antileishmanial and Biochemical Activity 

 

 Compound 34 was initially subjected to a range of assays as previously described in 

chapter 4.  As can be seen from Figure 5–2, the biochemical activity (pIC50 = 4.2) was 

reduced more than tenfold from either of the parent compounds; this suggests that 
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VAPT/8555/173/1 (35) 

 Figure 5–1: The structures of the mix and match benzazepane compounds 
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biochemical activity is to a certain extent dependent on either the substituted indole ring 

on the left hand side of the molecule or the substituted benzene ring on the right hand 

side.  With little known about the structure of the IPCS protein, it is not clear why 

particular rings would be important, although they could either fit better into a pocket in 

the protein structure or be involved with π-stacking interactions with aromatic amino 

acids.
359

  This decrease in biochemical activity did not, however, result in a decrease in 

antileishmanial activity; on the contrary, pED50s of 5.6 and 6.3 were observed against   

L. major wild type promastigotes and intramacrophage L. donovani amastigotes 

respectively.  The high potency against intramacrophage L. donovani was particularly 

exciting given that the pED50 against THP-1 macrophages was only 5.0.  Whilst the 

physicochemical properties were not ideal – the PFI was 8.4, which would not have 

passed the selection criteria described in chapter 4 – the high potency against                

L. donovani intramacrophage amastigotes led to the decision to test the compound in 

vivo, which was carried out with the support of the London School of Hygiene and 

Tropical Medicine (LSHTM).  

  

 

 

 

5.2.2 In vivo Activity 

 

 The use of animal models is crucial in drug discovery as it is the only way, save for 

human clinical trials, to determine factors such as distribution, metabolism and 

bioavailability.  The most commonly used animal species that serve as experimental 
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Figure 5–2: The assay results for compound 34.  Note that due to assay restrictions, 

the lowest possible pED50 / pIC50 measurements are 5.0 for the L. major assays, 4.3 

for the L. donovani and THP-1 assays and 4.0 for the biochemical assay 
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hosts for VL are Syrian hamsters (Mesocricetus auratus) and mice (Mus musculus), 

although dogs and non-human primates are also occasionally used for testing.
360

  Whilst 

infected hamsters often exhibit clinical symptoms that closely mimic the human disease, 

their use in immunisation trials is precluded by a lack of reagents for immunological 

analysis.
361

  As a result, murine models are the most extensively used, although not all 

strains are equally susceptible to L. donovani infection.
362

  One of the most commonly 

used strains, due to the fact that it produces highly consistent levels of infection, is the 

BALB/c strain,
360

 and this was selected for the testing of compound 34. 

 

 Prior to in vivo activity determination, the compound was tested in a metabolic 

stability assay.  This involved incubating human and mouse liver microsomes with the 

compound and measuring the intrinsic clearance (CLint), with a higher value indicating a 

faster rate of clearance and hence greater metabolic instability.  The human biological 

samples were sourced ethically and their research use was in accordance with the terms 

of the informed consents.  Compound 34 was observed to have a CLint of                    

2.3 ml min
−1

 g
−1

 against human microsomes, implying a favourable low rate of 

clearance.  However, against mouse microsomes it produced a CLint of 29 ml min
−1

 g
−1

, 

which was outside of the desired range (above 15).
363

  Whilst a difference between 

microsomes from two different species is not unexpected and frequently observed,
364

 a 

high clearance in mouse microsomes prior to in vivo testing in mice was not ideal.  

 

 It was postulated that this high clearance level in mouse microsomes was due to the 

metabolically labile benzylic carbon; this atomic position is known to be readily 

oxidised to a benzylic alcohol by cytochrome P450 enzymes.
365

  This theory would 

support the speculation discussed in section 4.4.2.1 that drug metabolism, potentially 

due to cytochrome P450 activity, was responsible for the general low levels of activity 

observed.  In order to investigate this, the fact that cytochrome P450 oxidation of 

benzylic carbon atoms is known to exhibit a kinetic isotope effect, with the rate of 

oxidation for a carbon-hydrogen bond being 11 times greater than that for a carbon-

deuterium bond,
366

 was exploited.  The deuterated compound 36 (Figure 5–3) was 

therefore synthesised by Aptuit and provided for testing. This compound did not, 

however, display increased metabolic stability; the CLint values against human and 

mouse microsomes were 5.0 ml min
−1

 g
−1

 and > 30 ml min
−1

 g
−1

 respectively.  This 

indicates that the benzyl position is not labile to cytochrome P450 oxidation, meaning 
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the reason for the instability in mouse microsomes remained unclear.  Despite this 

result, both compound 34 and compound 36 were progressed to in vivo testing.  

 

 The in vivo testing was executed according to an established protocol.
367

  All 

animal studies were ethically reviewed and carried out in accordance with the Animals 

(Scientific Procedures) Act 1986 and the GSK policy on the Care, Welfare and 

Treatment of Animals.  Briefly, BALB/c mice were infected with L. donovani 

amastigotes and the infection was allowed to develop over 7 days.  Half the mice were 

subsequently dosed orally at 50 mg kg
−1

 twice a day for 5 days, before all the mice were 

sacrificed 14 days post infection.  Counting the number of amastigotes per liver cell 

allowed any effect on parasite burden to be determined.     

 

 Whilst compound 34 disappointingly demonstrated a 0% reduction on liver 

parasitaemia, treatment with compound 36 resulted in a 32% reduction in parasite 

burden.  This was unexpected given the microsomal stability results discussed above, 

but could possibly be explained by the different pharmacokinetic profiles exhibited by 

the two compounds (Figure 5–4).  Compound 36 achieved a maximum concentration 

three times larger than compound 34 and reached that level in less than half the time.  In 

addition, the dose normalised area under the curve (DNAUC) measurement, which is an 

indication of total dug exposure, for compound 36 was more than twice as large as for 

compound 34.  All of these measurements suggest that the oral uptake and 

biodistribution of compound 36 is greater; this is possibly due to the fact that some 

deuterated drugs, such as amphetamines, have been shown to exhibit different transport 

processes than their non-deuterated counterparts, although the reasons for this 

phenomenon are unclear.
368, 369

  In addition, in some drugs deuteration leads to 

metabolic switching, whereby the site of metabolism is altered and the process occurs 

via a different pathway.  Therefore, whilst compound 36 may not be more active than 

34, the parasites were exposed to a greater amount of it for a longer period of time.   
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  Figure 5–3: The structure of the deuterated analogue of compound 34 
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 Despite these differences, the compounds were less active than hoped for; as can be 

seen from the graphs, both were present at a concentration greater than the pED50 

against intramacrophage L. donovani amastigotes for several hours following dosing.  

One possible explanation for this was that the L. donovani strains used for the two 

assays were different; the intramacrophage testing utilised L. donovani 

MHOM/SD/62/1S-CL2D (LdBOB), whilst the in vivo testing utilised L. donovani 

MHOM/ET/67/L82.  These strains have different geographic origins (Sudan and 

Ethiopia respectively) and therefore may demonstrate slight variations in biochemistry.  

It is possible, for example, that MHOM/ET/67/L82 may possess more drug efflux 
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L. donovani InMac ED50 = 185 ng ml
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L. donovani InMac ED50 = 148 ng ml
−1

 

Figure 5–4: The pharmacokinetic profile of (a) compound 34 and (b) compound 36, 

where Cmax is the maximum blood concentration attained, tmax is the time after which 

the maximal concentration is reached, and DNAUC is a measure of total drug exposure 

over time.  The concentrations required to show 50% inhibition in the L. donovani 

intramacrophage assay are indicated.  Figure provided by DDW, GSK, Tres Cantos 
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Figure 5–5: The assay results for compound 35.  Note that due to assay restrictions, 

the lowest possible pED50 / pIC50 measurements are 5.0 for the L. major assays, 4.3 

for the L. donovani and THP-1 assays and 4.0 for the biochemical assay 

transporters or they may act at an increased rate, which would therefore decrease the 

susceptibility to drug compounds compared to LdBOB.   

 

 One other consideration is that whilst intramacrophage testing is the most 

biologically relevant assay possible in cellulo, it is still a very simplified model in 

comparison to in vivo testing.  The latter introduces a new range of factors to take into 

consideration, such as oral uptake, biodistribution, correct localisation and excretion.  

All of these affect the relative compound concentration the parasites are exposed to 

compared to in cellulo studies.  For example, if a compound acts as a prodrug and is 

metabolised into an active drug, this would remain present in the wells in an in cellulo 

assay but would face excretion in an in vivo model.  Irrespective of the reason for the 

results obtained, however, the potencies demonstrated by both compounds were 

insufficient to justify progressing them further towards clinical trials.   

 

5.3 Indole-Benzene Benzazepane  

 

 With compound 34 proving disappointing in the in vivo tests, attention turned to the 

other mix and match compound, 35.  This was subjected to the same range of assays as 

discussed in section 5.2.1, with the results being shown in Figure 5–5.  Whilst 

demonstrating a pED50 of only 4.7 against intramacrophage L. donovani amastigotes 

(and a pSI against THP-1 macrophages of 0.4), compound 35 produced a pIC50 of just 

above 6.0 in the biochemical assay.  This is comparable to the two parent compounds.   
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Figure 5–6: The IC50 curves and mean pIC50 values against L. major FV1 and lcb2Δ 

promastigotes for (a) compound 35 and (b) compound 34.  Error bars show the standard 

error of the mean for a sextuplet set of data for 35 and a triplicate set of data for 34 

 Compound 35 did, however, produce a unique result in that it demonstrated a 

pED50 of 5.7 against L. major wild type promastigotes whilst being completely 

ineffective at 10 µM against L. major lcb2Δ promastigotes.  This is more clearly visible 

from the IC50 curves produced (Figure 5–6).  This therefore suggests that compound 35 

is a specific IPCS inhibitor with few, if any, off-target effects. 

 

 

 

 

 

 

 

 

 

 

 

 In order to investigate this result further, compound 35 was tested alongside its two 

parent compounds, 29 and 30, in a metabolic labelling assay, which was undertaken 

using the L. major lcb2Δ mutants.  As discussed in section 4.4.1, these parasites are 

lacking subunit 2 of serine palmitoyltransferase, the first enzyme in the sphingolipid 

synthesis pathway.  Whilst this renders the rest of the enzymes in the pathway, 

including IPCS, redundant, they remain capable of performing their usual roles.  As a 

result, IPCS function can be measured by introducing a fluorescently-labelled ceramide 
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analogue, such as BODIPY FL C5-ceramide, and monitoring the conversion to 

fluorescently-labelled IPC (Figure 5–7) in the presence or absence of test compounds.  

Given the absence of in situ ceramide to act upon, there is no substrate competition for 

IPCS and therefore fluorescence output is proportional to the amount of fluorescent 

product produced, and hence IPCS activity.  

 

 Initial experiments were conducted according to an established protocol.
370

  Briefly, 

the parasites were incubated with the test compound for 1 hour in serum-free media to 

ensure the absence of competing ceramide.  The cells were subsequently incubated with 

BODIPY FL C5-ceramide for 1 hour prior to the extraction and analysis of the cellular 

contents.  However, the samples all produced comparable fluorescence, and this was 

postulated to be due to the short incubation time with the test compounds.  The 

incubation time was subsequently increased from 1 hour to 18 hours and this adjustment 

resulted in more promising results (Figure 5–8). 
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Figure 5–7: The conversion of BODIPY FL C5-ceramide to BODIPY FL C5-IPC by IPCS 
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Figure 5–8: (a) HPTLC of the metabolic labelling assay.  Lane allocation from left to 

right: media, DMSO control, compound 35, compound 30 and compound 29.  (b) The 

inhibition of L. major lcb2Δ promastigote growth in response to the test compounds at 

10 µM.  Error bars show the standard error of the mean for a triplicate set of data 

 

 

 

 

 

 

 

 

 

 

 

 Whilst compounds 29 and 30 both demonstrated approximately 30% inhibition 

compared to the media and DMSO controls, compound 35 inhibited BODIPY FL      

C5-IPC production by 80%.  This assay therefore verifies the results obtained in the in 

vitro biochemical assay and confirms compound 35 as a potent inhibitor of L. major 

IPCS in a cellular environment.   

 

 The low potency of compound 35 against intramacrophage L. donovani amastigotes 

coupled with a PFI of 12.8 suggests that the probability of developing this compound as 

an oral antileishmanial is low.  L. major, however, causes the cutaneous form of the 

disease, and it is therefore possible that this compound could be further developed as a 

topical therapy for localised CL.  Alternatively, it has a potential future as a chemical 
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probe with the possibility of being utilised to further our understanding of Leishmania 

IPCS enzyme function and role. 

 

5.4 SARs of the Benzazepane Series  

 

 Having identified a potent and selective IPCS inhibitor but not an antileishmanial 

lead with in vivo activity, attention turned to the exploration of SARs in order to 

determine whether the IPCS inhibitory and, in particular, the antileishmanial properties 

of the benzazepanes studied thus far could be improved upon.  The compounds exhibit 

the same three structural features (Figure 5–9); the left hand side (LHS) of the molecule 

is a heteroaromatic ring attached via a sulphonyl linkage to the benzene ring of a 

benzazepane core group, whilst the right hand side (RHS) is an aromatic ring attached 

by a single carbon linker to the nitrogen of the benzazepane core group.  With only the 

two parents and the two mix and match compounds, however, it is impossible to draw 

any conclusions; the left and right hand side rings may not need to be aromatic, or they 

may not need to be rings at all.  Similarly, is the benzazepane core necessary or is this 

simply a means of connecting the LHS and RHS functional groups of the molecule?  

 

 

 In order to investigate this, the 1.8 million compound library previously screened 

was searched for molecules with structural similarity to the two known benzazepanes, 

and 63 compounds were identified for further investigation.  A number of additional 

compounds were synthesised by Aptuit (www.aptuit.com) with the majority containing 

a pyrrole ring on the LHS to allow comparison with compound 34, which demonstrated 

the better antileishmanial properties of the two mix and match compounds.  This 

resulted in a range of compound structures for further study; these compounds were 

subjected to a range of assays as previously described in chapter 4 (full data are 
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Figure 5–9: The three separate structural features of the 

benzazepane compounds, indicated on compound 29 
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presented in Appendix C), although due to the overall aims of the project, the 

biochemical and intramacrophage L. donovani amastigote assays were prioritised. 

  

5.4.1 Right Hand Side SARs 

 

 Whilst many of the compounds identified from the GSK library possessed an indole 

ring on the LHS, like compound 30, a wide variety of substitution patterns were present 

which would render it difficult to draw accurate conclusions.  There were, however, 14 

compounds with unsubstituted pyrrole rings as seen in compound 29, so these were 

used alongside the Aptuit compounds as a starting point for SAR investigation.  

 

5.4.1.1 Steric Bulk 

  

 Whilst a degree of intramacrophage activity was retained when the RHS functional 

group was removed completely (compound 37), biochemical activity and activity 

against L. major was completely abolished (Figure 5–10).  This suggests that the RHS 

functional group is necessary for interaction with the IPCS enzyme; alternatively, the 

resulting N–H bond could result in novel hydrogen bonding with the protein leading to 

an alteration in binding and a loss of activity.  The addition of a small, single methyl 

group (compound 38) restored limited biochemical activity (pIC50 = 4.6), supporting the 

theory that H-bonding could be the reason for activity loss, although activity 

subsequently decreased with the 2,2-dimethylpentane RHS (compound 39).  This 

functional group is more sterically bulky (A-Value = 4.9) than either the benzene or 

pyridine rings (A-Values ~ 3.0) present in the parent compounds 29 and 30, meaning it 

may not fit into the same physical space as the parents and hence not be as active.  

Compound 39 does, on the other hand, display potent intramacrophage amastigote 

activity (pED50 = 6.1) whilst being non-toxic against THP-1 cells, suggesting it hits 

multiple parasitic targets.    
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5.4.1.2 Non-Aromatic Rings 

 

 The results for the three non-aromatic rings tested were somewhat surprising; 

whilst the cyclohexane (compound 40) and the piperidine (compound 42) demonstrated 

significant IPCS inhibition (pIC50s of 5.5 and 4.9 respectively), the tetrahydropyran 

(compound 41) was completely ineffective (Figure 5–11).  The reason for this striking 

difference is not clear, and this pattern was not observed with the antiparasitic activities.  

Whilst compounds 40 and 41 displayed modest activity against intramacrophage 

amastigotes (pED50 = 5.7), compound 42 displayed a pED50 of 6.9.  These results 

therefore suggest that H-bonding donor capability in the para ring position is critical for 

antiparasitic activity, at least in non-aromatic rings.  Future experiments on non-

aromatic rings of different sizes, and with the heteroatom in different positions, would 

help to elucidate this observation further. 
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Figure 5–10: (a) The structures of the analogues tested 

and (b) the effect of steric bulk on benzazepane activity 
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5.4.1.3 Aromatic Rings 

 

5.4.1.3.1 Benzene Rings 

 

 None of the three compounds with an oxy substituent (compounds 43, 44 and 45) 

demonstrated IPCS inhibitory activity or activity against L. major promastigotes.  In the 

L. donovani intramacrophage assay, however, a methoxy group in the ortho position 

resulted in a pED50 of 6.2 whilst activity in the meta position was significantly lower 

(Figure 5–12).  Exchanging the methoxy group for a hydroxyl group in the meta 

position subsequently restored activity against intramacrophage amastigotes; this could 

potentially be due to the H-bond donor capabilities of the hydroxyl group or its 

capability to act as a nucleophile.  Whilst it would be interesting to determine the effect 

a 

N R

S
N

O

O

NHO

H
40 41 42 

b 

3 

4 

5 

6 

7 

40 41 42 

p
IC

5
0
 /

 p
E

D
5

0
 

Compound Number 

Biochem 

InMac 

THP-1 

Figure 5–11: (a) The structures of the analogues tested and 

(b) the effect of non-aromatic rings on benzazepane activity 
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of an ortho hydroxyl group and both hydroxyl and methoxy substituents in the para 

position, the lack of in vitro and L. major promastigote activity suggests that these 

compounds are acting off-target in L. donovani and they are therefore not a priority for 

further investigation.  

 

 

 

 

 

 

 

 The other substituted benzene RHS groups tested are shown in Figure 5–13.  A 

meta nitro group (compound 46), whilst showing limited activity against LmjIPCS in 

vitro, only demonstrated a pED50 of 5.2 in the intramacrophage assay; this activity was 

the same as that obtained for the meta methoxy group (Figure 5–12).  A nitrile group, 

however, demonstrated potent antiparasitic activity against both L. major and               

L. donovani whether in the meta (compound 48) or para (compound 47) position.  

Nitriles are prevalent in pharmaceuticals due to their stability and biocompatibility; they 

also typically lower lipophilicity when used to replace groups such a hydrogen, methyl 

or halogen and hence result in more favourable pharmacokinetic properties.
371
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Figure 5–12: (a) The structures of the analogues tested and (b) the 

effect of oxy-substituted benzene rings on benzazepane activity 
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potential future strategy could therefore be based around the incorporation of the nitrile 

functionality into the parent and mix and match benzazepanes.  Finally, following 

continued speculation about the benzyl position, compound 49 demonstrated that 

introducing a carbonyl group into this position resulted in the loss of in vitro activity 

compared to the parent compound 29 (pIC50 = 6.1).  This therefore confirms that the 

benzyl position holds critical significance for compound function, although the nature 

of this effect remains unclear. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.1.3.2 Pyridine Rings 

 

 The observation made above regarding the benzyl position was further verified by 

the results from compounds 50 and 51, which both differ from the mix and match 

compound 34 by a substituent on the benzyl carbon (Figure 5–14).  These results 
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Figure 5–13: (a) The structures of the analogues tested and (b) 

the effect of substituted benzene rings on benzazepane activity 
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showed that substitution in this position also resulted in a loss of activity against 

intramacrophage L. donovani amastigotes; whilst compound 34 demonstrated a pED50 

of 6.3, compounds 50 and 51 displayed pED50s of 5.4 and 5.0 respectively.  

 

 

 

 

 

 

  

 The additional pyridine compounds investigated are shown in Figure 5–15 (along 

with the mix and match compound 34 for comparison).  Compound 52, which contains 

a pyridine ring with a fluorine in the para position (relative to the benzazepane core), is 

a fusion of the RHS groups of the parent compounds.  This is reflected in the results; 

whilst lacking in vitro activity, its effectiveness against intramacrophage amastigotes 

was greater than compound 29 (benzene with fluorine substituent) but lower than 

compound 34 (unsubstituted pyridine).  This therefore suggests that the fluorine in the 

para position has a detrimental effect on compound efficacy; one possible explanation 

is that the electrostatic interactions between the fluorine substituent and the π-faces of 
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Figure 5–14: (a) The structures of the analogues tested and (b) the 

effect of benzyl-substituted pyridine rings on benzazepane activity 
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Figure 5–15: (a) The structures of the analogues tested and (b) 

the effect of substituted pyridine rings on benzazepane activity 

aromatic amino acids could result in an offset in stacking geometry and hence hinder the 

ability of the compound to bind to that target.
372

  On the other hand, when the fluorine 

substituent was exchanged for a nitrile group (compound 53), intramacrophage activity 

was greatly improved.  This further solidifies the theory suggested in section 5.4.1.3.1 

that nitrile substituents could be an important route for further compound optimisation 

studies.  Finally, compound 54, in which the benzazepane core is ortho to the pyridine 

nitrogen rather than meta, demonstrated reduced antiparasitic activity compared to the 

other pyridine analogues.  It would not be possible to draw a definitive conclusion from 

this, however, given that the effect of the methyl substituent that has also been 

introduced is unknown.  
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Figure 5–16: (a) The structures of the analogues tested and 

(b) the effect of imidazole rings on benzazepane activity 

5.4.1.3.3 Imidazole Rings 

 

 In order to investigate whether a 6-membered ring was necessary, a small group of 

compounds containing imidazole rings were also investigated.  Those with a pyrrole 

LHS are shown in Figure 5–16; whilst neither demonstrated any activity against 

LmjIPCS, both compounds 55 and 56 proved to be potent in the intramacrophage assay 

with pED50s of 6.4 and 6.8 respectively.  This effectiveness was offset slightly in 

compound 56 by an increase in pED50 against THP-1 macrophages, but the difference in 

potency remained significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Four imidazole compounds with indole-based LHSs were also available for testing.  

Whilst high potency against intramacrophage amastigotes was maintained in compound 

57, substitution of the indole ring led to reductions in activity in the three other 

analogues tested (Figure 5–17).  As discussed above, this is possibly due to the effects 

of the substituents on π-stacking interactions.  These results do, however, suggest that 
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Figure 5–17: (a) The structures of the analogues tested and (b) the 

effect of imidazole rings and indole substituents on benzazepane activity 

the use of imidazole substituents on the RHS would definitely be worth further 

investigation, although this would have to be accompanied by the determination of 

suitable LHS groups to pair them with. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.2 Left Hand Side SARs 

 

 The investigation of SARs of the LHS of the benzazepane core was limited due to 

the fact that RHS functionality was incredibly diverse and hence comparisons, in many 

cases, were not possible.  The LHS functional group was, however, shown to be 
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Figure 5–18: (a) The structure of the analogue tested and (b) 

the effect of no LHS functional group on benzazepane activity 

necessary; compound 61, which lacks any LHS functionality, was ineffective in vitro 

and non-toxic to both L. major promastigotes and intramacrophage L. donovani 

amastigotes (Figure 5–18).  Combined with the observations for compound 37, this 

suggests that both the LHS and RHS functional groups are integral to compound 

efficacy.  Furthermore, the low potency of compound 61 suggests that the role of the 

benzazepane core is likely to be structural – keeping the LHS and RHS in fixed 

positions relative to each other – rather than interaction with the enzyme, although 

further investigation would be needed to confirm this. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 One analysis that was possible was the investigation of the effect of methyl 

substituents in every position of the indole ring (Figure 5–19).  The RHS for this 

analysis was a single methyl group, permitting comparison with compound 38 (methyl 

RHS with a pyrrole LHS).  The unsubstituted compound 62 was a full order of 

magnitude less active against intramacrophage L. donovani amastigotes than compound 

38 (pED50s of 4.7 and 5.7 respectively), which might suggest that the bicyclic ring 

system was unfavourable due to the increased steric bulk.  However, any substituent 

position resulted in an increase in activity against intramacrophage amastigotes 

compared to the unsubstituted compound 62; this was in contrast to the results shown in 

Figure 5–16 where the unsubstituted compound 57 demonstrated increased activity over 

the substituted compounds.  It is important to note, though, that the RHS functionalities 

of the molecules in these cases are very different, and the methyl substituent, in 
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comparison to those studied in Figure 5–17, is non-polar and so would interact 

differently to the polar groups previously studied.  Strikingly, compound 67 was the 

only one to show any activity against LmjIPCS, and compound 68 was unique in 

demonstrating activity against L. major promastigotes.  These results therefore indicate 

extremely specific mechanisms of action, such as fitting into a tight binding pocket, or 

being more resistant to metabolism than the compounds with substituents in other 

positions.  These observations would require further investigation to elucidate fully. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5–19: (a) The structures of the analogues tested and (b) the 

effect of the substitution position of indole on benzazepane activity 
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Figure 5–20: (a) The structures of the analogues tested and 

(b) the effect of RHS functionality on benzazepane activity 

 The results discussed above must, however, be viewed cautiously.  As was 

observed in section 5.4.1.1, the methyl group was far from the best RHS functionality 

when combined with a pyrrole LHS (compound 38) and exchanging for an alternative 

has drastic effects, as shown in Figure 5–20.  Compound 69 demonstrated no efficacy 

against LmjIPCS at 100 µM whereas compound 38 demonstrated a pIC50 of 4.6; this 

single result implies that the substituted indole LHS is detrimental to activity against the 

enzyme.  However, the mix and match compound 35 demonstrated a high in vitro 

potency, which would suggest that this is not the case.  It is therefore possible that 

compound activity is not simply dependent upon the individual LHS and RHS 

functional groups, but on the combination of the two groups acting in tandem.  Testing 

of molecular fragments, both individually and in combination, could help confirm or 

deny this hypothesis. 
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5.4.3 Benzazepane Core SARs 

 

 The final feature to consider was the benzazepane core.  Two possible alterations 

were considered: removing the azepane ring, and removing the benzene ring, to 

determine if either was necessary for function.  The results (Figure 5–21) were 

conclusive; in comparison to the mix and match compound 34, compound 70 lost all 

efficacy against both L. major promastigotes and L. donovani intramacrophage 

amastigotes at the concentrations tested.  On the other hand, the azepane compound 71 

maintained intramacrophage activity whilst displaying a slightly improved selectivity 

over THP-1 macrophages.  Therefore, the azepane ring appears to be necessary for 

antiparasitic activity but the benzene ring is not.  Compound 71 also has the additional 

benefit of having one less aromatic ring resulting in a much more favourable PFI than 

compound 34 (6.0 compared to 8.4).  It can therefore be predicted that compounds 

based on azepane cores would exhibit more favourable pharmacokinetic properties than 

their benzazepane counterparts, and this could potentially lead to compounds with more 

success in vivo than has so far been achieved. 
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Figure 5–21: (a) The structures of the analogues tested and (b) 

the effect of altering the benzazepane core on compound activity 

 

 

 

 

 

 

 

5.4.4 SAR Summary 

 

 Overall, it is difficult to draw definitive conclusions due to the fact that, as 

demonstrated above, both in vitro and in cellulo activity is dependent upon the LHS and 

RHS combination rather than being dependent upon the presence of a specific 

functional group.  The mix and match compounds originally tested at the beginning of 

this chapter remain two of the best; compound 35, along with the parent compounds 29 

and 30, remains the best LmjIPCS inhibitor with high potency being demonstrated both 

in vitro and in cellulo, with no compound studied in the SAR analysis being able to 

improve upon this.  Compound 34, on the other hand, has had its antileishmanial 

activity matched and even bettered, with two obvious trends being the high activities 

observed with nitrile substituents and imidazole rings on the RHS.  Further investigation 
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with these two functionalities, and possibly combining them with the azepane core, 

could therefore potentially lead to antileishmanial compounds with greater potency than 

has been observed to date.  

 

5.5 Conclusion  

 

 The work described in this chapter initially involved the screening of the two mix 

and match benzazepane compounds.  Compound 35 proved to be a potent and selective 

inhibitor of the L. major IPCS enzyme.  Compound 34 demonstrated increased 

antileishmanial activity but lower biochemical activity compared to the parents and 

ultimately proved to be ineffective in vivo.  The determination of SARs for the 

benzazepanes show overall disconnection between the cell-based and biochemical 

activity, suggesting that compounds in this chemical family are promiscuous and are 

capable of hitting multiple cellular targets.  Despite this, selectivity for the 

intramacrophage L. donovani amastigotes over the THP-1 cells was frequently 

observed, meaning that this compound class still shows the potential to produce a lead 

compound in the future.  Several possible solutions for improving antileishmanial 

activity, most notably shifting to an azepane core, have been proposed. 
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CChhaapptteerr  66    

  

CCoonncclluussiioonnss  aanndd  FFuuttuurree  WWoorrkk  

 

6.1 Conclusion 

 

 The changing landscape of drug discovery for NTDs brought about by the London 

Declaration in 2012
162

 means that the ideal of effective, affordable treatments for a wide 

range of diseases is closer now than ever before.  The work presented in this thesis has 

contributed towards the overall goal of finding new therapeutic agents for the 

widespread, potentially fatal NTD leishmaniasis and the related disease HAT. 

 

 In order to characterise the SLS enzymes from L. major and T. brucei, existing 

methodology was adapted to engineer novel mutant S. cerevisiae strains dependent on 

the expression of a kinetoplastid SLS for viability.  The fact that all the complemented 

strains prepared were viable showed that all the kinetoplastid SLSs investigated thus far 

are functional orthologues of the yeast AUR1.  This supports previous work in the 

group
217

 and contradicts claims that TbSLS4 does not synthesise IPC.
322

  Furthermore, 

differential sensitivity to AbA was observed between isoforms 1 and 4 of TbSLS.  

Whilst this observation is unprecedented in the literature (to the best of the author’s 

knowledge), it is known that a single F158Y mutation in AUR1 confers resistance of         

S. cerevisiae to AbA.
201

  It can therefore be hypothesised that AbA has an extremely 

specific mechanism of action, resulting in differential sensitivity between the two highly 

similar TbSLS enzymes.  Additional investigation will be required to identify the source 

of this variation and determine the binding site of AbA.   

 

 The complemented yeast strains were subsequently utilised to develop and optimise 

a HTS-compatible assay to screen the 1.8 million compound library.  Whilst the 

initially-proposed multiplex assay was not robust enough to pursue, an alternative assay 
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based on conversion of FDGlu to fluorescein proved successful.  The primary assay 

progressed smoothly with a mean Z′ of 0.7 and, following confirmation and dose-

response testing, a total of 500 compounds demonstrated a selectivity ratio greater than 

1.5 log units. 

 

  Whilst yeast-based assays are not common place, they are increasing in popularity 

with many screens being undertaken in recent years.  However, the majority of these are 

on the order of magnitude of tens of thousands of compounds
373, 374

 to a few hundred 

thousand compounds.
375

  To the best of the author’s knowledge this is the largest screen 

utilising a yeast-based assay recorded in the literature, and is quite possible the largest 

scale screen undertaken to date by an academic research group.  Additionally, the 

genetic tractability of yeast has allowed an otherwise difficult target – a parasitic 

membrane protein – to be readily and extensively tested in a fashion that would have 

been difficult in the more commonly-utilised bacterial vector.  This assay therefore 

verifies the use of eukaryotic organisms, and yeast in particular, as suitable vectors for 

HTS.   

 

 Following the successful HTS assay, the screening programme was continued 

against Leishmania promastigote and amastigote parasites.  Testing against mammalian 

cells was also achieved and allowed the identification of six compounds with high 

antileishmanial activity, low mammalian toxicity and favourable physicochemical 

properties.  Further biochemical testing narrowed this down to two compounds with a 

common benzazepane core that acted as potent inhibitors of the L. major IPCS enzyme 

in vitro. 

 

 Additional investigation of benzazepane analogues identified one compound which 

was a highly potent enzyme inhibitor in both in vitro and in cellulo assay formats.  This 

compound could therefore be utilised in the future as a chemical probe to further 

investigate LmjIPCS; there is also the possibility of further development as a topically-

applied treatment for localised CL.  The majority of the additional analogues 

demonstrated low inhibitory activity against the L. major IPCS enzyme; however, many 

of these retained antileishmanial activity.  This disconnection between biochemical and 

antiparasitic activity suggests that the compounds are promiscuous and hit more than a 

single target.  Despite this fact, 21 of the 40 benzazepane compounds tested (53%) 
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demonstrated greater potency against intramacrophage L. donovani parasites than 

macrophages (as defined by a SI greater than or equal to 1.0), suggesting that further 

lead optimisation could eventually result in a suitable candidate for clinical trials.   

 

 In summary, the work accomplished has fulfilled the original aims of the project 

and identified, from a library of 1.8 million compounds, a novel family of structurally-

related compounds which display high potency both in vitro and in cellulo.  This 

compound class forms the starting point for a future medicinal chemistry campaign, 

with the ultimate aim being the development of new treatments for leishmaniasis.  

 

6.2 Proposed Future Work 

 

 Building on the work achieved thus far, future work can be divided into two 

separate categories. 

 

6.2.1 Further Lead Optimisation 

 

 Perhaps the primary focus for future work would be the continuation of the SAR 

study described previously (Chapter 5).  Whilst a highly potent enzyme inhibitor was 

identified from this study, an active in vivo antileishmanial was not.  Given that this is 

the final stage before clinical trials, high in vivo potency is a necessity for compound 

progression.  Therefore, new benzazepane analogues with high potency against 

intramacrophage L. donovani amastigotes, low cytotoxicity against THP-1 cells and 

improved metabolic stability need to be identified.  From the SAR study, imidazole 

rings and aromatic rings with nitrile groups were both identified as resulting in high 

antileishmanial activity against intramacrophage L. donovani amastigotes, suggesting 

that a more focussed SAR study centred on these substituents could improve potency 

beyond what has been observed to date.  In addition, pairing these with the more 

physicochemically favourable azepane core could go some way towards improving oral 

absorption and biodistribution, and hence in vivo antileishmanial efficacy.   

 

 Also important is the determination of the mechanism of action by which the 

benzazepane compounds inhibit IPCS.  The ideal scenario would be to obtain a crystal 

structure of the IPCS protein which would then allow computational docking studies to 
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be undertaken.  This would provide information as to where the compounds bind to the 

enzyme and may allow further compound modification to be directed towards 

functional groups which would improve these interactions.  Unfortunately, membrane 

proteins remain one of the greatest challenges facing crystallographers; the number of 

entries in the Protein Data Bank (PDB, www.rcsb.org/pdb), an online repository for 

information about protein structures, topped 100,000 in 2014.  Of these, only 499 

(0.5%) were membrane proteins.
376

   

 

 One possibility, should crystallisation and structure determination prove 

unsuccessful, would be to attempt computational studies using LPP structures.  As 

discussed in section 1.3.4, this family of enzymes possess two domains similar to the 

fungal and Leishmania IPCS, with the residues of the catalytic triad located in these 

domains.  Whilst LPPs are also integral membrane proteins,
377

 the soluble enzyme 

epoxide hydrolase has been observed to possess LPP activity
378

 and structures for this 

enzyme have recently been published.
379

  It is therefore possible that computational 

docking experiments using these crystal structures could confirm or deny the binding of 

benzazepane compounds in the active site.   

 

6.2.2 Extension to Human African Trypanosomiasis and Chagas Disease 

 

 Much of the work discussed in this thesis has focussed on drug discovery for 

leishmaniasis, with only a limited analysis of the T. brucei SLS isoforms 1 and 4 

conducted as described in Chapter 2.  These basic experiments, however, generated 

interesting results with differential sensitivity to the fungal AUR1 inhibitor AbA being 

observed.  As discussed previously, the reason for this difference is not currently 

known; site-directed mutagenesis of the amino acid sequences of the two isoforms 

could therefore help to identify key residues involved in enzyme function and AbA 

sensitivity.  Furthermore, only two of the four T. brucei SLS isoforms have thus far 

been investigated.  The expansion of the analysis to include isoforms 2 and 3 could 

therefore aid the investigation into which amino acids are essential for function. 

 

 The project could also be extended further to include Chagas disease, the third 

disease caused by a trypanosomatid parasite.  Like Leishmania spp. and T. brucei,        

T. cruzi also synthesises IPC; the T. cruzi IPCS enzyme was first observed by 
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Figueiredo et al. in 2005,
380

 and the following year Denny et al. noted that two isoforms 

of the enzyme were present.
196

  The inclusion of these enzymes in the analysis, along 

with those from additional Leishmania species such as L. donovani, would result in a 

greater breadth of data that should facilitate the observation of trends between the 

enzymes from different species and allow more accurate, detailed conclusions to be 

drawn. 

 

 Finally, testing of any highly potent compounds from the further lead optimisation 

process against the variety of enzymes described above would allow the identification 

of any chemical entities with activity against a range of species.  If this is successful and 

a potential drug candidate is obtained, the future of the project lies with the 

pharmaceutical companies, or an organisation such as the DNDi, to ensure that the lead 

compound receives the best possible chance of succeeding in clinical trials and 

eventually progressing to market as a novel antikinetoplastid therapeutic agent. 
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CChhaapptteerr  77    

  

BBiioollooggiiccaall  MMaatteerriiaallss  aanndd  MMeetthhooddss  

 

7.1 Materials 

 

 In-Fusion
®
 HD Cloning Kit with Cloning Enhancer and Herring Testes Carrier 

DNA were obtained from Clontech.  Phusion Flash PCR Master Mix, SmaI restriction 

enzyme, 10× Buffer Tango, T4 DNA Ligase, 100 bp DNA ladder, 1 kb DNA ladder,   

6× DNA Loading Dye, ethidium bromide, HCS CellMask™ Deep Red stain, RPMI 

media 1640, pyruvate, glutamine and HEPES were obtained from Thermo Scientific™.  

QIAquick PCR Purification kit and QIAprep Spin Miniprep kit were from Qiagen.  

Protein LoBind tubes were obtained from Eppendorf.  Miller’s LB broth powder was 

obtained from Melford.  Raffinose pentahydrate, galactose, yeast nitrogen base,            

5-Fluoroorotic acid monohydrate, amino acids and amino acid dropout packages were 

obtained from ForMedium™.  Acid-washed glass beads (425−600 µm), glycerol, 

sucrose, glucose, agarose, agar, glacial acetic acid, phenol red, adenosine, folic acid, 

resazurin, Hemin, MES hydrate, PEG3350, IGEPAL
®
 CA-630, MgCl2, LiAc, KCl, 

CaCl2, HCl, NaOH, DMSO, BSA, PBS, EDTA, CHAPS, PMA, Trizma
®
 base, KH2PO4, 

K2HPO4, (NH4)2SO4, NaHCO3, HCO2H, HCO2K, Giemsa stain, ampicillin, 

amphotericin B, cycloheximide, suloctidil, trypsin, 100× RPMI vitamin solution,       

50× RPMI amino acid solution, Eagle’s Minimum Essential Medium and Schneider’s 

Insect Medium were obtained from Sigma Aldrich.  MgSO4 was obtained from Panreac.  

Aureobasidin A was a generous gift from AureoGen.  AlamarBlue
®
, Na2CO3, 

Penicillin/Streptomycin, NBD-C6-ceramide and BODIPY
®
 FL C5-ceramide complexed 

to BSA were obtained from Invitrogen.  CellTiter-Glo
®
 reagent was from Promega.  

Complete
®
 EDTA-free Protease Inhibitor Cocktail Tablets were from Roche Applied 

Science.  HBSS buffer was obtained from Gibco.  FDGlu was obtained from Marker 

Gene Technologies Inc. or Invitrogen.  Clemastine was obtained from Tocris 
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Bioscience.  Bradford Reagent and AG 4-X4 ion exchange resin was obtained from 

Bio-Rad.  Heat-inactivated FCS was obtained from Labtech.  L-α-phosphatidyl inositol 

(sodium salt, bovine liver) was obtained from Avanti Polar Lipids.  Reactions and 

media were prepared using distilled, high purity water.  All other solvents used were of 

the highest purity available commercially. 

 

7.2 Instruments and Equipment 

 

 Centrifugation steps were carried out using Beckman Coulter centrifuges or 

ultracentrifuges.  Eppendorf tubes were centrifuged using a Sigma 1-14 microfuge.  

Eppendorf contents were dried using an Eppendorf Vacuum Concentrator 5301 from 

Brinkmann.  Disruption of cells was performed using an IKA
®
 Vortex Genius 3.  

Agarose gels were imaged using a Bio-Rad Gel Doc™ XR+ System and Quantity One 

1-D Analysis software (version 4.6.6).  HPTLC silica plates were from Merck Millipore 

and were imaged using a Fuji FLA−3000 plate reader and AIDA Image Analyser
®
 

software (version 3.52).  Media were filtered using a Corning
®

 1000 ml Vacuum 

Filter/Storage Bottle System, 0.22 µm pore CA membrane.  Multiwell plates were read 

using a PerkinElmer Opera
®
 High Content Screening System, an Ultramark Microplate 

Imaging System, a PerkinElmer ViewLux ultraHTS Microplate Imager or a BioTek 

FLx800 Fluorescence Microplate Reader.  Multiwell plate readouts were analysed using 

GSK-developed Statistical Online Data Analysis Software (SODA) or Gen5™ 1.08 

Data Analysis Software from BioTek.  Macrophage screening assays were imaged using 

an Opera QEHS high-content microscope and the readouts analysed using the 

automated Acapella
®
 High Content Imaging and Analysis Software (PerkinElmer).    

96-well plates used were Corning
®
 Costar

®
 cell culture plates 3596 (clear), Corning

®
 

Costar
®
 cell culture plates 3595 (clear), Corning

®
 V-bottom 3897 (clear), MultiScreen

®
 

Solvinert filter plates from Merck Millipore or PerkinElmer OptiPlate-96 Black.      

384-well plates used were Greiner Bio-One FLUOTRAC™ 200 784076 (low volume, 

black base).  1,536-well plates used were either Greiner Bio-One FLUOTRAC™ 200 

782076 (non-sterile) or Greiner Bio-One FLUOTRAC™ 600 782077 (sterile).  Low 

volumes were dispensed using a Thermo Scientific™ Multidrop Combi Reagent 

Dispenser, a Thermo Scientific™ Multidrop Combi nL or a Labcyte Echo
®
 liquid 

handler.   
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Table 7−1: Buffer and solution compositions 

7.3 Buffers, Solutions and Media Compositions 

 

 Details of the buffers and solutions used are given in Table 7–1.  Media 

compositions are given in Table 7–2.  Solutions that are not sterilised prior to use, either 

by autoclaving or filtration, are indicated by an asterisk (*).  Components that must be 

sterilised by filtration and added after autoclaving are indicated by a hash (#). 

 

  Buffer/Solution Vol. / Mass Stock 

  TAE Buffer 

  (1 L, 10×) 

48.4 g 

11.4 ml 

20 ml 

968.6 ml 

Trizma
®
 Base 

Glacial Acetic Acid 

EDTA (0.5 M, pH 8.0) 

Water 

  TE Buffer  

  (1 L, 10×) 

100 ml 

20 ml 

880 ml 

Tris−HCl (1 M, pH 7.4) 

EDTA (0.5 M, pH 8.0) 

Water 

  TE/LiAc Buffer  

  (50 ml, 10×) 

5 ml 

5 ml 

40 ml 

LiAc (1 M) 

TE Buffer (10×) 

Water 

  PEG/LiAc 

  (50 ml, 10×) 

5 ml 

5 ml 

40 ml 

LiAc (1 M) 

TE Buffer (10×) 

PEG 3350 (50%) 

  STE Buffer 

  (50 ml)* 

12.5 ml 

1.25 ml 

0.1 ml 

1 tablet 

36.15 ml 

Sucrose (1 M) 

Tris−HCl (1 M, pH 7.4) 

EDTA (0.5 M, pH 8.0) 

Complete
®
 Protease Inhibitor Cocktail 

Water 

  Storage Buffer 

  (50 ml)* 

2.5 ml 

6.25 ml 

0.25 ml 

1 tablet 

41 ml 

Tris−HCl (1 M, pH 7.4) 

Glycerol (80% w/v) 

MgCl2 (1 M) 

Complete
®
 Protease Inhibitor Cocktail 

Water 

  Tris/EDTA/BSA Buffer 

  (50 ml)* 

12.5 ml 

2.5 ml 

750 mg 

35 ml 

Tris−HCl (1 M, pH 7.4) 

EDTA (0.5 M) 

BSA (Fatty Acid Free) 

Water 

HCl (to pH 6.0) 
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Table 7−2: Media compositions 

 

 

 

 

 

 

  Phosphate Buffer 

  (1 L, 0.25 M, pH 7.0)* 

13.1 g 

26.8 g 

1 L 

KH2PO4 

K2HPO4 

Water 

  Phosphate Buffer 

  (1 L, 71.4 mM, pH 7.0)* 

3.77 g 

7.71 g 

1 L 

KH2PO4 

K2HPO4 

Water 

Resazurin Solution 25 mg 

0.1 g 

1 tablet 

200 ml 

Resazurin 

IGEPAL
®
 CA-630 

PBS 

Water 

  Growth Media Vol. / Mass Stock 

  LB Broth 

  (1 L) 

 25 g 

20 g 

1.5 ml 

1 L 

LB broth 

±Agar (for solid media)  

±Ampicillin (100 mg ml
−1

) (#) 

Water 

  SD –W –URA 

  (1 L) 

20 g 

1.93 g 

 

5 g 

15 g 

634 mg 

 

60 mg 

1 L 

Glucose 

Yeast Nitrogen Base −Amino Acids −Ammonium 

Sulphate 

(NH4)2SO4 

±Agar (for solid media) 

Amino Acids Dropout Supplement −W −L  

−URA (#) 

Leucine (#) 

Water 

  SGR −W −L 

  (1 L) 

1 g 

10 g 

1.93 g 

 

5 g 

15 g 

1 g 

640 mg 

1 L 

Galactose 

Raffinose Pentahydrate 

Yeast Nitrogen Base −Amino Acids −Ammonium 

Sulphate LoFlo 

(NH4)2SO4 

±Agar (for solid media) 

±5-Fluoroorotic Acid Monohydrate (#) 

Amino Acids Dropout Supplement −W −L (#) 

Water 
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  Schneider’s Insect 

  Medium (stock) 

  (1 L, pH 7.0) # 

24.5 g 

0.4 g 

0.6 g 

 

 

1 L 

Schneider’s Insect Medium 

NaHCO3 

CaCl2 

HCl (for pH adjustment) 

NaOH (for pH adjustment) 

Water 

  Schneider’s Insect 

  Medium 

  (50 ml, pH 7.0, 

  15% FCS) # 

42.5 ml 

7.5 ml 

Schneider’s Insect Medium (stock) 

Heat-inactivated FCS 

Amastigote Growth 

Medium (1 L) # 

1.1 g 

19.5 g 

60 mg 

2.5 g 

4.5 g 

146 mg 

5 mg 

4.4 mg 

27 mg 

4.9 g 

4 mg 

10 ml 

20 ml 

500 U ml
−1

 

200 ml 

770 ml 

KCl 

KH2PO4 

MgSO4 

Na2CO3 

Glucose 

Glutamine 

Hemin 

Folic acid 

Adenosine 

MES hydrate 

Phenol Red 

100× RPMI Vitamin Solution 

50× RPMI Amino Acid Solution 

Penicillin/Streptomycin 

Heat-inactivated FCS 

Water 

THP-1 Growth 

Medium (1 L, pre-

differentiation) # 

110 mg 

365 mg 

6 g 

18.5 µg 

100 ml 

900 ml 

Pyruvate 

Glutamine 

HEPES 

±PMA 

Heat-inactivated FCS 

RPMI Media 1640 

THP-1 Growth 

Medium (1 L, post-

differentiation) # 

2.6 g 

18.5 µg 

20 ml 

980 ml 

Na2CO3 

PMA 

Heat-inactivated FCS 

RPMI Media 1640 

HepG2 Growth 

Medium (1 L) # 

9.6 g 

 

100 ml 

900 ml 

Eagle’s Minimum Essential Medium (with Earle’s 

salts, glutamine and non-essential amino acids) 

Heat-inactivated FCS 

Water 
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Table 7−3: Cycling conditions for PCR using Phusion Flash PCR Master Mix 

7.4 Protocols 

 

 All of the following biological procedures were carried out under sterile conditions 

unless otherwise stated. 

 

7.4.1 Molecular Biology Protocols 

 

7.4.1.1 PCR 

 

 PCR reactions were carried out using Phusion Flash PCR Master Mix according to 

the manufacturer’s protocol.  Each reaction typically contained 2× Phusion Flash PCR 

Master Mix (10 µl), sterile water (6 µl), forwards primer (10 µM, 1 µl), reverse primer 

(10 µM, 1 µl) and template DNA (5 ng µl
−1

, 2 µl).  The PCR reactions were cycled as 

shown in Table 7–3 before being purified using the QIAquick PCR Purification kit 

according to the manufacturer’s protocol and analysed by agarose gel electrophoresis. 

 

 

 

   

 

 

 

 

 

7.4.1.2 Agarose Gel Electrophoresis 

 

 The following protocol was carried out under non-sterile conditions.  0.8% w/v 

agarose in 1× TAE buffer was autoclaved prior to use.  Ethidium bromide (5 mg ml
−1

,   

3 µl) was added to the agarose solution (30 ml) and the gel allowed to set.  The DNA 

samples (5 µl) were mixed with 6× DNA Loading Dye (1 µl) prior to loading.  An 

appropriate DNA ladder (5 µl) was used as a reference.  Gels were run for 60 minutes at 

100 V using 1× TAE buffer as the running buffer.  

 

 

 Stage Time / s Temperature / °C Cycles  

  Initial denaturation  10 98 1  

  Denaturation 1 98   

  Annealing 5 Tm of lower Tm primer 30  

  Extension  15 kb
−1

 72   

  Final extension  
60 72 

1 
 

hold 4  
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7.4.1.3 Enzymatic Digestion (SmaI) 

 

 SmaI restriction enzyme (10 U µl
−1

, 1 µl) (where 1U = 1 µmol(substrate) min
−1

) 

was mixed with water (16 µl), 10× Buffer Tango (3 µl) and DNA (10 µl).  Following 

incubation at 30 °C for 16 hours the mixture was either stored at 4 °C or used 

immediately for ligation. 

   

7.4.1.4 Ligation (In-Fusion Cloning) 

 

 The insert and plasmid DNA were quantified using agarose gel electrophoresis with 

an appropriate DNA ladder.  The linearised vector was mixed with the insert DNA   

(200 ng total, insert:vector mass ratio at 3:1) and 5× In-Fusion HD enzyme premix       

(2 µl) and the volume adjusted to 10 µl with water.  Following incubation at 50 °C for 

15 minutes the mixture was either stored at −20 °C or used immediately for 

transformation. 

 

7.4.1.5 Ligation (T4 Ligation) 

 

 The insert and plasmid DNA were quantified using agarose gel electrophoresis with 

an appropriate DNA ladder.  The linearised vector (30 ng) was mixed with the insert 

DNA (insert:vector molar ratios at both 1:1 and 3:1), T4 ligase enzyme (0.5 µl), T4 

ligase buffer (1.5 µl) and the volume adjusted to 15 µl with water.  Following 

incubation at room temperature overnight the mixture was either stored at −20 °C or 

used immediately for transformation. 

 

7.4.1.6 Preparation of Competent E. coli 

 

 The E. coli strain DH5α (stored at −80 °C) was inoculated onto LB agar medium 

and incubated at 37 °C for 16 hours.  This was used to inoculate LB broth (10 ml) which 

was then incubated with shaking at 37 °C until OD600 = 0.5.  The culture was incubated 

on ice for 15 minutes prior to centrifugation (3,000 × g for 10 minutes at 4 °C).  The 

supernatant was discarded and the pellet resuspended in CaCl2 (0.1 M, 30 ml).  The 

suspension was incubated on ice for 30 minutes prior to centrifugation (3,000 × g for   

10 minutes at 4 °C).  The supernatant was discarded and the pellet resuspended in CaCl2 
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(0.1 M, 6 ml) containing 15% v/v glycerol.  Aliquots were frozen on dry ice and stored 

at −80 °C. 

 

7.4.1.7 Transformation of Competent E. coli 

 

 DH5α competent cells (50 µl, stored at −80 °C) were thawed slowly on ice and 

gently mixed with the transforming DNA (4 µl, 7 µl and 9 µl for In-Fusion ligation mix, 

T4 ligation mix and purified plasmid respectively).  The mixture was incubated on ice 

for 60 minutes before being heat shocked at 42 °C for 60 seconds.  The mixture was 

chilled on ice for 2 minutes.  LB broth (1 ml) was added and the mixture incubated with 

shaking at 37 °C for 1 hour.  200 µl was plated onto LB-Amp agar medium and 

incubated at 37 °C for 20 hours prior to storage at 4 °C. 

 

7.4.1.8 Preparation of Purified Plasmid 

 

 LB-Amp broth (5 ml) was inoculated with a single colony and incubated with 

shaking at 37 °C for 16 hours.  Frozen stocks were prepared by adding the culture    

(800 µl) to 80% glycerol (400 µl) and storing at −80 °C.  The remaining culture was 

treated with the QIAprep Spin Miniprep kit according to the manufacturer’s protocol 

and the product analysed by agarose gel electrophoresis.   

 

7.4.1.9 Yeast Culture 

 

 The S. cerevisiae strain α ade
−
.lys

−
.leu

−
.Δaur1

−
.pRS316.URA

+
.ScAUR1

+
 (stored at 

−80 °C) was inoculated onto SD –W –URA agar medium and incubated at 30 °C for   

48 hours prior to storage at 4 °C.  This was used to inoculate SD –W –URA medium    

(5 ml) which was then incubated with shaking at 30 °C until OD600 = 0.5−0.6. 

 

7.4.1.10 Yeast Transformation 

 

 5 ml of cells at OD600 = 0.5−0.6 were centrifuged (1,000 × g for 5 minutes at room 

temperature).  The supernatant was discarded and the cells were resuspended in sterile 

TE buffer (5 ml).  The cells were recentrifuged (1,000 × g for 5 minutes at room 
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temperature) and the supernatant was discarded.  The cell pellet was resuspended in 

freshly prepared, sterile 1 × TE/LiAc buffer (1 ml) to form the competent yeast cells. 

 

 Herring testes carrier DNA (10 µl) was boiled at 95 °C for 10 minutes.  To this 

were added purified plasmid (30 µl) and competent yeast cells (100 µl), with mixing 

achieved by vortexing.  Freshly prepared, sterile PEG/LiAc (600 µl) was added and the 

mixture vortexed followed by incubation with shaking at 30 °C for 30 minutes.  DMSO 

(70 µl) was added followed by mixing by gentle inversion.  The mixture was heat 

shocked at 42 °C for 15 minutes before being chilled on ice for 2 minutes.  The cells 

were centrifuged (14,400 × g for 5 seconds at room temperature), the supernatant was 

discarded and the cell pellet was resuspended in 1× TE buffer (200 µl).  The cells were 

plated onto agar plates of permissive medium (SGR –W –L) and incubated at 30 °C 

until sufficient growth was observed, followed by storage at 4 °C. 

 

7.4.1.11 Plasmid Shuffle 

 

 SGR –W –L medium (5 ml) was inoculated with transformed yeast and incubated 

with shaking at 30 °C until OD600 = 0.5−0.6.  200 µl was plated onto SGR –W –L 

+5FOA agar medium and incubated at 30 °C for 4 days prior to storage at 4 °C. 

 

7.4.1.12 Colony PCR 

 

 Water (4 µl) was inoculated with a single colony.  DMSO (1 µl) was added and the 

mixture vortexed.  PCR was subsequently undertaken following the standard protocol 

(section 7.4.1.1) using the prepared mixture (2 µl) in the place of the template DNA.  

The PCR reactions were analysed by agarose gel electrophoresis. 

 

7.4.1.13 Yeast Culture Scale-Up 

 

 Plasmid-shuffled yeast cultures were propagated in SGR –W –L medium.  Liquid 

medium (5 ml) was inoculated and incubated with shaking at 30 °C until OD600 ≥ 0.8.  

Fresh medium (600 ml) was added and the culture incubated with shaking at 30 °C until 

OD600 ≥ 0.8.  The culture was diluted into fresh medium (12 L) and incubated with 
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shaking at 30 °C until OD600 = 0.5−0.6.  Frozen stocks were prepared by adding the 

culture (800 µl) to 80% glycerol (400 µl) and storing at −80 °C. 

 

7.4.1.14 Preparation of Crude Microsomal Membranes 

 

 The following protocol was adapted from a literature procedure
320

 and carried out 

under non-sterile conditions.  The cells grown in large scale culture were harvested by 

centrifugation (4,000 × g for 10 minutes at 4 °C) and washed with cold PBS (3 ×         

20 ml).  The cell pellet was weighed and resuspended in STE buffer (volume in ml     

1.5 times the mass of the pellet in g).  The cells were disrupted using pre-chilled, acid-

washed glass beads (mass 1.5 times the mass of the pellet) by vortexing.  Disruption 

involved 30 cycles of 1 minute vortexing followed by 1 minute resting on ice.  The 

mixture was centrifuged (1,500 × g for 15 minutes at 4 °C) and the cell extract 

(supernatant) removed and stored.  To the pellet was added a further measure of STE 

buffer (0.5 times the mass of the pellet) and disruption repeated, followed by further 

centrifugation (1,500 × g for 15 minutes at 4 °C).   

 

 The cell extracts were combined and centrifuged (23,000 × g for 30 minutes at       

4 °C) to initially remove large organelles and any remaining cell debris.  The 

supernatant was recentrifuged (150,000 × g for 90 minutes at 4 °C) to obtain a pellet 

enriched with microsomal membranes.  The supernatant was discarded and the pellet 

resuspended in the minimal amount of storage buffer.  The protein content was 

determined using the Bradford assay and the membranes stored at −80 °C. 

 

7.4.1.15 Determination of Protein Concentration (Bradford Assay)  

 

 The following protocol was adapted from a literature procedure
381

 and carried out 

under non-sterile conditions.  A stock solution of BSA at a concentration of 100 µg ml
−1

 

in water was prepared and used to create a standard curve ranging from 0.625 µg to     

20 µg.  The volumes were adjusted to 800 µl with water prior to the addition of 

Bradford reagent (200 µl).  Following mixing the absorbance at 595 nm was measured 

and a standard curve produced.  Samples of the microsomal membranes (from 1 µl to   

20 µl) were diluted with water to give a final volume of 800 µl prior to the addition of 

Bradford reagent (200 µl).  Following mixing the absorbance at 595 nm was measured.  
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Correlation with the standard curve allowed the protein content of the microsomal 

membranes to be determined in mg ml
−1

. 

 

7.4.1.16 Preparation of Washed Microsomal Membranes 

 

 The following protocol was performed according to a literature procedure
320

 and 

carried out under non-sterile conditions.  The crude microsomal membranes were 

adjusted to a concentration of 10 mg ml
−1

 using STE buffer and a 5% CHAPS stock 

solution was diluted to 2.5% with STE buffer. Equal volumes of the membranes and 

2.5% CHAPS solution were mixed and chilled on ice for 1 hour. The mixture was 

centrifuged (150,000 × g for 90 minutes at 4 °C) and the pellet was resuspended in 

storage buffer.  The protein content was determined using the Bradford assay and the 

membranes stored at −80 °C. 

 

7.4.1.17 Determination of Protein Content in Enzyme Units 

 

 The following protocol was carried out under non-sterile conditions.  A stock 

solution of NBD-C6-ceramide at a concentration of 10 pmol µl
−1

 in DMSO was 

prepared and used to create a standard curve ranging from 0.2 pmol to 80 pmol.  The 

volumes were adjusted to 200 µl with 1 M potassium formate in methanol.  The 

fluorescence was read at Ex460/Em540 and a standard curve produced.  Samples of the 

washed microsomal membranes were incubated with NBD-C6-ceramide under assay 

conditions (section 7.4.2.1.2) and the product fluorescence read at Ex460/Em540.  

Correlation with the standard curve allowed the activity of the microsome preparation to 

be calculated in U µl
−1

 (where 1U = 1 pmol(product) min
−1

).  The membranes were 

adjusted to 1.5 U µl
−1

 and stored at −80 °C. 

 

7.4.1.18 Preparation of Samples for Confocal Microscopy 

 

 The following protocol was carried out under non-sterile conditions.  The frozen 

samples of transformed yeast (100 µl) were defrosted on ice and washed with HBSS 

buffer (900 µl).  Following centrifugation (660 × g for 3 minutes at room temperature) 

the pellets were resuspended in HBSS buffer (1 ml).  100 µl, 75 µl, 50 µl, 25 µl, 10 µl 

and 5 µl of each sample were loaded into separate wells in a 96-well plate and all the 
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volumes adjusted to 100 µl with HBSS buffer.  The plate was centrifuged (1,900 × g for 

5 minutes at 4 °C) and imaged using the confocal microscope. 

 

7.4.1.19 L. major Promastigote Culture 

 

 The frozen samples of L. major MHOM/IL/81/Friedlin promastigotes (1 ml) or     

L. major MHOM/IL/81/Friedlin/−/−lcb2 promastigotes (1 ml) were rapidly defrosted 

and added to Schneider’s Insect Medium (pH 7, 15% FCS, 5 ml).  Incubation was 

carried out at 26 °C and promastigotes maintained in Schneider’s Insect Medium (pH 7, 

15% FCS).  Frozen stocks were prepared by adding the culture (900 µl) to DMSO    

(100 µl) and cooling slowly to −140 °C. 

 

7.4.1.20 Differentiation of THP-1 Cells 

 

 This protocol was conducted by personnel at GSK, Tres Cantos.  THP-1 cells were 

added to THP-1 pre-differentiation growth medium (−PMA, 50 ml) to a concentration 

of 9.0 × 10
5
 ml

−1
 and incubated at 37 °C for 72 hours.  This was used to seed a culture   

(50 ml) of THP-1 cells at 6.0 × 10
5
 ml

−1
 in pre-differentiation growth medium (+PMA) 

which was incubated at 37 °C for 24 hours under 5% CO2.  Differentiation was 

confirmed by microscopy and the cells were washed with 2 × 50 ml pre-differentiation 

growth medium (+PMA). 

 

7.4.2 Biological Assay Protocols 

 

7.4.2.1 In vitro Assay Protocols 

 

7.4.2.1.1 HPTLC Assay 

 

 The following protocol was adapted from a literature procedure
320

 and carried out 

under non-sterile conditions.  PI (10 mM, 1 µl) was dried into each LoBind Eppendorf 

tube using the Eppendorf Concentrator.  To each tube was added Tris/EDTA/BSA 

buffer (20 µl) and the contents mixed by vortexing.  The tubes were centrifuged briefly 

to collect the material and the volume adjusted to 48 µl with water.  The test compounds 

(0.5 µl) were added followed by washed microsomal membranes (1.5 U µl
−1

, 0.5 µl) 
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and the tubes pre-incubated with shaking at 30 °C for 30 minutes.  The reaction was 

initiated by the addition of NBD-C6-ceramide (100 µM,  1 µl) and incubated with 

shaking at 30 °C for a further 25 minutes before being quenched with 

chloroform:methanol:water (10:10:3, 150 µl).  Following centrifugation (14,400 × g for 

5 minutes at room temperature), 20 µl of the organic layer were removed and loaded 

onto a HTPLC plate.  This was run using the solvent system 

chloroform:methanol:0.25% aqueous KCl (55:45:10) and the fluorescence was read at 

Ex475/Em520.   

 

7.4.2.1.2 96-Well Plate Assay 

 

 The following protocol was adapted from a literature procedure
320

 and carried out 

under non-sterile conditions.  All quantities are calculated for 96 reactions. 

 

 The test compounds and controls (1 µl) were dispensed into a 96 V-well plate.       

PI (10 mM, 40 µl) was dried into a LoBind Eppendorf tube using the Eppendorf 

Concentrator.  To the tube was added phosphate buffer (71.4 mM, pH 7.0, 1.4 ml) and 

the contents mixed by vortexing.  The contents were transferred to a glass vial and to 

this were added CHAPS (3 mM, 400 µl), storage buffer (160 µl) and CHAPS-washed 

microsomal membranes (1.5 U µl
−1

, 40 µl).  The solution (20 µl) was added to each 

well and the plate pre-incubated at 30 °C for 15 minutes.  CHAPS (3 mM, 450 µl),      

phosphate buffer (71.4 mM, 1575 µl) and NBD-C6-ceramide (200 µM, 112.5 µl) were 

mixed together by vortexing and the solution (19 µl) was added to each well.  The plate 

was incubated at 30 °C for 25 minutes before the reaction was quenched by the addition 

of methanol (200 µl). 

 

 Separation of the product and starting material was achieved using ion exchange 

resin in 96-well filter plates.  20% w/v AG 4-X4 resin in ethanol (100 µl) was added per 

well and sedimented by centrifugation (2,450 × g for 27 seconds at room temperature).  

The resin was incubated with formic acid (50 µl) for 5 minutes before being centrifuged 

(2,450 × g for 27 seconds at room temperature).  The resin was then washed with water 

(100 µl) and dried by centrifugation (2,450 × g for 27 seconds at room temperature).   
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 The reaction mixture (200 µl) was loaded onto the resin and the starting material 

removed by centrifugation (2,450 × g for 1 minute at room temperature).  The resin was 

washed with 5 × 200 µl methanol before the product was eluted into black plates using 

4 × 50 µl of potassium formate in methanol (1 M) (all centrifugations at 2,450 × g for      

1 minute at room temperature).  The fluorescence was read at Ex460/Em540. 

 

7.4.2.2 In cellulo Assay Protocols 

 

7.4.2.2.1 Diffusion Assay 

 

Agarose (280 mg) was added to SGR –W –L medium (14 ml) and autoclaved.  

To this was added liquid yeast culture to produce a solution of OD600 = 0.14, which was 

mixed by gentle inversion.  This was poured into a square plate and left to set.  A test 

compound and a control (DMSO) were spotted onto the surface of the agarose (1 µl,     

2 µl and 3 µl of each) and the plate incubated at 30 °C for 96 hours. 

 

7.4.2.2.2 HTS Assay 

  

 Cycloheximide (1 mM, 50 nl) was dispensed into the control wells of 1,536-well 

plates.  The frozen stock of the required strain(s) (OD600 = 10) was thawed on ice.  The 

required volume of assay mixture (10 µM FDGlu and α-Lmj or α-AUR1 of            

OD600 = 0.0625 in SGR –W –L) was subsequently prepared and dispensed (5 µl per 

well).  Plates were incubated at 30 °C for 25 hours prior to the addition of phosphate 

buffer (0.25 M, pH 7.0, 5 µl per well).  The fluorescence was read at Ex480/Em540. 

 

7.4.2.2.3 L. major Cytotoxicity Assay 

 

 The following protocol was adapted from a literature procedure.
320

  The test 

compounds and controls (1 µl) were dispensed into a sterile 96-well plate.  L. major 

promastigotes (99 µl) were added to a final concentration of 5.0 × 10
3
 ml

−1
 for the 

single shot assay or 1.0 × 10
4
 ml

−1
 for the dose-response assay and the plate incubated at 

26 °C for 72 hours.  AlamarBlue
®
 (10 µl) was added and the plate incubated at 26 °C 

for 4 hours for L. major FV1 promastigotes or 8 hours for L. major lcb2Δ mutant 

promastigotes.  The fluorescence was read at Ex540/Em600. 
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7.4.2.2.4 Metabolic Labelling Assay 

 

 L. major lcb2Δ mutant promastigotes were centrifuged (1,500 × g for 10 minutes at 

room temperature) and the pellet washed three times with stock Schneider’s Insect 

Medium (pH 7, no FCS).  The pellet was subsequently resuspended in Schneider’s 

Insect Medium (pH 7, no FCS) to a parasite concentration of 1.0 × 10
7
 ml

−1
 and 

dispensed into Eppendorf tubes (250 µl per tube).  Following a pre-incubation at 26 °C 

for 1 hour, the test compounds were added (1 µl) and the tubes incubated at 26 °C for 

18 hours. 

 

 The reaction was initiated by the addition of BODIPY
®
 FL C5-ceramide complexed 

to BSA (0.5 mM, 1.25 µl).  Following further incubation at 26 °C for 1 hour, the tubes 

were centrifuged (12,500 × g for 5 minutes at room temperature) and the pellets washed 

twice with PBS (250 µl).  The pellets were resuspended in chloroform:methanol:water 

(10:10:3, 200 µl) followed by sonication in a water bath for 15 minutes.  Water (25 µl) 

was added before centrifugation (14,400 × g for 10 seconds at room temperature).  20 µl 

of the organic layer were removed and loaded onto a HTPLC plate.  This was run using 

the solvent system chloroform:methanol:0.25% aqueous KCl (55:45:10) and the 

fluorescence was read at Ex475/Em520. 

 

7.4.2.2.5 Axenic L. donovani Cytotoxicity Assay 

 

 This protocol was conducted by personnel at GSK, Tres Cantos and was performed 

according to a literature procedure.
341

  The test compounds and controls (30 nl) were 

dispensed into a sterile 1,536-well plate.  L. donovani LdBOB amastigotes in amastigote 

growth medium (6 µl) were added to a final concentration of 5.0 × 10
3
 ml

−1
 and the 

plate incubated at 37 °C for 72 hours under 5% CO2.  Resazurin solution (2 µl) was 

added and the plate incubated at room temperature for 4 hours.  The fluorescence was 

read at Ex528/Em590. 

 

7.4.2.2.6 HepG2 Cytotoxicity Assay 

 

 This protocol was conducted by personnel at GSK, Tres Cantos and was performed 

according to a literature procedure.
341

  The test compounds and controls (250 nl) were 
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dispensed into a sterile 384-well plate.  HepG2 cells in HepG2 growth medium (25 µl) 

were added to a final concentration of 1.2 × 10
5
 ml

−1
 and the plate incubated at 37 °C 

for 48 hours under 5% CO2 and at 80% relative humidity.  The plate was incubated at 

room temperature for 30 minutes prior to the addition of CellTiter-Glo
®
 (25 µl).  The 

plate was incubated at room temperature for 10 minutes and the luminescent output 

measured. 

 

7.4.2.2.7 Intramacrophage L. donovani Cytotoxicity Assay 

 

  This protocol was conducted by personnel at GSK, Tres Cantos and was performed 

according to a literature procedure.
341

  Washed THP-1 cells at a concentration of           

6.0 × 10
5
 ml

−1
 (prepared using protocol 7.4.1.20, 50 ml) were infected with L. donovani 

LdBOB amastigotes to a final concentration of 6.0 × 10
6
 ml

−1
 and the flask incubated 

overnight at 37 °C.  Remaining extracellular parasites were removed by washing with   

3 × 50 ml PBS before the cells were harvested with trypsin.   

 

 The test compounds and controls (250 nl) were dispensed into a sterile 384-well 

plate.  Infected macrophages in post-differentiation growth medium (50 µl) were added 

to a final concentration of 6.0 × 10
4
 ml

−1
 and the plate incubated at 37 °C for 96 hours 

under 5% CO2.  Wells were fixed with 4% (v/v) formaldehyde in PBS at room 

temperature for 30 minutes before washing with 2 × 100 µl PBS.  Cells were stained 

with HCS CellMask™ Deep Red at room temperature for 30 minutes before washing 

with 2 × 50 µl PBS.  PBS (50 µl) was added to each well and the wells imaged at 

Ex405/Em460 and Ex488/Em509.  Images were analysed using the automated 

Acapella
®
 High Content Imaging and Analysis Software from PerkinElmer. 

 

7.4.2.3 In vivo Assay Protocol 

 

 This protocol was conducted by personnel at the London School of Hygiene and 

Tropical Medicine and was performed according to a literature procedure.
367

                 

L. donovani amastigotes were isolated from the spleen of an infected hamster and       

1.0 × 10
7
 parasites were intravenously injected into female BALB/c mice, which were 

randomly sorted into groups of 5.  The infection was allowed to develop over 7 days 

before the mice were dosed orally at 50 mg kg
−1

 twice a day for 5 days.  The mice were 
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sacrificed 14 days post infection and the livers and spleens were removed and weighed 

prior to the preparation of smears, which were fixed with methanol and stained with 

Giemsa.  The number of amastigotes per 500 liver or spleen cells × organ weight was 

calculated for treated and untreated mice and use as a measure of drug efficacy. 
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1. Galactose Concentration 
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 The layout of the 96-well plates used to determine the optimal galactose 

concentration, with sugar concentration gradients across the columns and compound 

concentration gradient down the rows.  Row H is a control row with no yeast cells. 
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2. FDGlu and Culture Concentration (12 by 12) 
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 The layout of the matrix to determine the optimal FDGlu and starting yeast culture 

concentrations, with an FDGlu gradient across the columns and a starting culture 

concentration down the rows.  The matrix was prepared in duplicate in low volume 384-

well plates, with the matrix in A1−L12 and repeated in A13−L24. 

 

3. FDGlu and Culture Concentration (5 by 5) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The layout of the second matrix to determine the optimal FDGlu and starting yeast 

culture concentrations, with an FDGlu gradient across the columns and a starting culture 

concentration down the rows.  The matrix was prepared in duplicate in low volume 384-

well plates, with the matrix in A1−E5 and repeated in A11−E15. 
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4. Z′ Optimisation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The layout of the plates to determine which conditions produced the optimal Z′ for 

the HTS assay.  Each set of conditions was tested across 4 rows, resulting in 192 data 

points.  Each plate was tested using both fresh and frozen yeast culture.  AmB and 

cycloheximide were tested at 10 µM, as this was shown to be effective in the assay to 

determine optimal galactose concentration, whilst suloctidil and clemastine, which were 

previously untested against yeast, were tested at 100 µM. 
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AAppppeennddiixx  BB  

  

LL..  mmaajjoorr  GGrroowwtthh  CCuurrvveess  

 

1. L. major FV1 24 hours 

 

 The fluorescence readout produced by various starting concentrations of L. major 

FV1 parasites following a 24 hour incubation period and 4 hours treatment with 

AlamarBlue
®
.  Error bars show the standard error of the mean for an octuplet set of 

data. 
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2. L. major FV1 48 hours 

 

 The fluorescence readout produced by various starting concentrations of L. major 

FV1 parasites following a 48 hour incubation period and 4 hours treatment with 

AlamarBlue
®
.  Error bars show the standard error of the mean for an octuplet set of 

data. 

 

3. L. major FV1 72 hours 

 

 The fluorescence readout produced by various starting concentrations of L. major 

FV1 parasites following a 72 hour incubation period and 4 hours treatment with 

AlamarBlue
®
.  Error bars show the standard error of the mean for an octuplet set of 

data. 

Starting Parasite Concentration / ml
−1

 

F
lu

o
re

sc
en

t 
R

ea
d

o
u

t 
/ 

A
F

U
 

50000 

40000 

30000 

20000 

10000 

20 

0 20000 40000 60000 80000 

70000 

60000 

Starting Parasite Concentration / ml
−1

 

F
lu

o
re

sc
en

t 
R

ea
d

o
u

t 
/ 

A
F

U
 

25000 

20000 

15000 

10000 

5000 

20 

0 20000 40000 60000 80000 



  Appendix B 

179 

 

4. L. major lcb2Δ 72 hours 

 

 The fluorescence readout produced by various starting concentrations of L. major 

lcb2Δ parasites following a 72 hour incubation period and 8 hours treatment with 

AlamarBlue
®
.  Error bars show the standard error of the mean for an octuplet set of 

data. 
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